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Abstract
Major Depressive Disorder is a devastating mental disorder. Current antidepressant medications
can be effective for some patients with depression, however these drugs exert mood-elevating
effects only after prolonged administration and a sizable fraction of the patient population fails to
respond to treatment. There is an urgent need for faster-acting antidepressants with reliable
treatment outcomes and sustained efficacy that could impact individuals with depression in
particular those contemplating suicide. Recent clinical studies report that ketamine, an ionotropic
glutamatergic N-methyl-d-aspartate (NMDA) receptor blocker, shows fast-acting antidepressant
action, thus bringing fresh insight into preclinical studies investigating novel antidepressant targets
and treatments. Our recent studies show that the effects of ketamine are dependent on brain-
derived neurotrophic factor (BDNF) and subsequent activation of the high affinity BDNF receptor,
TrkB. Our findings also suggest that the fast-acting antidepressant effects of ketamine require
rapid protein translation, but not transcription, resulting in robust increases in dendritic BDNF
protein levels that are important for the behavioral effect. These findings also uncover eukaryotic
elongation factor 2 kinase (eEF2K), a Ca2+/calmodulin dependent serine/threonine kinase that
phosphorylates eEF2 and regulates the elongation step of protein translation, as a major molecular
substrate mediating the rapid antidepressant effect of ketamine. Our results show that ketamine-
mediated suppression of resting NMDA receptor activity leads to inhibition of eEF2 kinase and
subsequent dephosphorylation of eEF2 and augmentation of BDNF synthesis. This article will
outline our recent studies on the synaptic mechanisms that underlie ketamine action, in particular
the properties of eEF2K as a potential antidepressant target.
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Major Depressive Disorder and the need for faster-acting antidepressants
Major Depressive Disorder is one of the most common mental disorders. Current estimates
suggest that the 12-month prevalence of depression is ~6.7% of the US adult population
with a larger percentage of the population affected by milder forms of the disorder [1].
Depression can be effectively treated with any of several antidepressant medications or
electroconvulsive shock (ECS) in some individuals. Serotonin selective reuptake inhibitors
(SSRIs) are the most widely prescribed antidepressants but require prolonged administration
(several weeks to months) to trigger antidepressant efficacy in treatment responders. The
mechanism of action of SSRIs, and other conventional antidepressants, is not well
understood past their acute effects, which has impacted the development of new and
improved antidepressants. There is an urgent need for faster-acting antidepressants that
could impact not only individuals with depression but also other patient populations
including individuals with bipolar illness and those contemplating suicide. Indeed, suicide is
a major public health problem in the US accounting for over 34,000 deaths in 2007 with an
overall rate of 11.3 completed suicides per 100,000 people [2]. A drug with rapid
antidepressant action would be an improvement to traditional antidepressants in treating
suicide.

A treatment advance for antidepressant medication would be expected to fulfill three main
criteria for effective use. First, antidepressants should act fast, delivering symptomatic relief
within hours to days. This issue is especially important for suicidal patients who typically
need emergency attention. Second, medications with antidepressant action should produce
their effects in a predictable manner by producing positive outcomes in a large fraction of
the patient population within a well-defined time frame with limited side effects. Finally,
these medications would ideally provide sustained relief over the long-term to help patients
successfully reintegrate into society.

Recent studies offer hope with respect to the future development of faster-acting
antidepressants with reliable treatment outcomes and sustained efficacy. Clinical studies
report that ketamine, an ionotropic glutamatergic NMDA receptor antagonist, and
scopolamine, a muscarinic acetylcholine receptor blocker show rapidly acting antidepressant
action, thus bringing fresh insight into preclinical studies investigating novel antidepressant
targets and treatments [3-6]. While there is a great deal of enthusiasm about these
compounds, and importantly they provide a proof of principle that it is possible to generate a
rapid antidepressant response in a patient population, there are also questions about their
abuse liability and psychomimetic effects. This review will outline our recent studies
focused on understanding the synaptic mechanisms that underlie these fast-acting
antidepressant effects, in particular the molecular basis of ketamine action.

Ketamine as a fast-acting antidepressant
An exciting and rather unexpected finding in the field of depression has been the
demonstration that ketamine has rapid and long-lasting antidepressant effects in depressed
individuals [3, 5, 6]. A single, low-dose intravenous infusion of ketamine has been shown to
alleviate symptoms of depression within two hours with effects lasting up to two weeks in
patients with Major Depressive Disorder as well as bipolar patients. In these studies
ketamine appeared to be relatively safe and well tolerated by patients with no evidence of
the treatment producing psychomimetic effects. However, it remains unclear whether
ketamine can be used routinely without encountering potential adverse effects.

It is intriguing that an NMDA receptor antagonist would mediate an antidepressant response
since NMDA receptor activation is typically critical for triggering various forms of synaptic
plasticity, including long-term potentiation, and learning processes [7]. While there is a large
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body of literature suggesting increased baseline glutamatergic transmission may be involved
in depression and stress-related behaviors [8], it remains unclear whether suppression of this
increase in baseline glutamatergic neurotransmission is the main end point of ketamine in
triggering an antidepressant effect. In recent work we set out to investigate the mechanism
that triggers ketamine's fast-acting antidepressant effects. Our studies have revealed that the
mechanism necessary to elicit the effects of ketamine share a number of strong similarities
to mechanisms that underlie homeostatic synaptic plasticities triggered after blockade of
glutamatergic neurotransmission in central synapses [9]. Importantly, the mechanisms that
triggers ketamine's antidepressant effect and those involved in homeostatic synaptic
plasticities elicit augmentation of synaptic efficacy that compensates for the suppression of
neurotransmission induced by activity blockade and/or inhibition of postsynaptic ionotropic
receptors. In our recent work [10] we found that ketamine administration to hippocampal
slices in the absence of stimulation elicited a potentiation of synaptic transmission mediated
by AMPA receptors. A better understanding of the mechanism that underlies this synaptic
potentiation may uncover a novel target for future antidepressant design.

eEF2 kinase as a target of ketamine action
We have recently demonstrated that ketamine elicits a fast-acting antidepressant response in
mice following chronic unpredictable stress [10]. We also found that ketamine as well as
other NMDA receptor antagonists, MK801 or CPP, produce fast-acting antidepressant
behavioral effects in naïve mice [10]. The effects of these NMDA receptor antagonists are
dependent on BDNF and the subsequent activation of the high affinity BDNF receptor,
TrkB, as these effects are lost in inducible BDNF knockout mice as well as in conditional
TrkB knockout mice. Our findings also suggest that the fast-acting antidepressant effects
require protein translation, but not transcription, resulting in rapid increases in dendritic
BDNF protein levels that are important for the behavioral effect. BDNF is a well-
characterized neurotrophin linked to the action of traditional antidepressant compounds as
BDNF expression in the hippocampus is increased by antidepressant treatment [11] and
BDNF deletion in the hippocampus impairs behavioral responses elicited by administration
of classical antidepressants [12, 13]. Moreover, a single intraventricular or intrahippocampal
BDNF infusion causes rapid and sustained antidepressant effects in the forced swim test
lasting up to 6 days [14, 15]. These observations implicate BDNF-dependent signaling as a
common pathway where classical antidepressant action and the fast-acting effects of
ketamine merge. However, a single application of ketamine can elicit an elevation in BDNF
in a short time frame (~ 30 min.) [10], while classical antidepressants require repeated
administration to reach the same endpoint [16]. BDNF, in turn, may act on several
downstream signaling cascades that impact synaptic plasticity as well as overall neuronal
activity [10, 16].

This rather swift action of ketamine on BDNF translation is in line with recent work which
suggests a strong causal link between blockade of resting NMDA receptor activation and
rapid increases in local dendritic protein translation [17, 18] (Figure 1). In agreement with
these in vitro studies, we find that ketamine causes a decrease in phosphorylation of
eukaryotic elongation factor 2 (eEF2), which normally impedes protein translation,
suggesting translational de-repression of BDNF mRNA. Importantly, we find that inhibitors
of the eEF2 kinase (e.g., rottlerin or NH125), which prevent eEF2 phosphorylation, also
trigger a fast-acting antidepressant-like effect in mice. These findings suggest a behavioral
and clinically relevant correlate of dendritic translational de-repression through blockade of
NMDA receptors at rest and highlight eEF2-kinase-dependent regulation of BDNF
transmission as a potential target for antidepressant action [10].
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A key aspect of NMDA receptor activity and eEF2 kinase regulation is its specificity toward
distinct forms of neurotransmission. Within the brain there are two forms of
neurotransmission, evoked transmission in which neurotransmitter is released in response to
action potentials, and spontaneous transmission that occurs independent of action potentials.
Evoked neurotransmission is presynaptic action potential firing driven neurotransmitter
release that then acts on postsynaptic receptors to mediate specific effects on intracellular
signaling cascades. Spontaneous neurotransmission occurs as a result of a low but not
negligible probability that a synaptic vesicle will fuse with the presynaptic membrane.
Recent work has suggested that spontaneous neurotransmitter release activates postsynaptic
signaling pathways and postsynaptic receptors distinct from evoked neurotransmission [19].
Moreover, NMDA receptor antagonists have been shown to augment dendritic protein
synthesis via blockade of spontaneous but not evoked transmission. Spontaneous NMDA
receptor activation triggers eEF2K to phosphorylate eEF2 and releases this factor from the
translational machinery thereby effectively halting translation, whereas acute NMDA
antagonist treatment inhibits this tonic eEF2K activity leading to dephosphorylation of eEF2
thus increasing translation of target transcripts [10, 20].

eEF2 kinase as regulator of dendritic protein translation
Our recent studies highlight eEF2K as a major molecular substrate mediating the rapid
antidepressant effect of ketamine. eEF2K is a Ca2+/calmodulin-dependent serine/threonine
kinase important for the regulation of elongation of protein translation. eEF2K is a member
of the atypical alpha-kinase family [21]. The alpha-kinase family is unusual because
members of this family can phosphorylate serine and threonine residues found in α-helices
on the substrate protein [22] whereas typical kinases phosphorylate residues within loops, β-
turns, or unstructured domains. eEF2K contains three functional domains, an N-terminal
calmodulin-binding domain (aa51-96), an α-kinase catalytic domain immediately
downstream (aa100-350), and an eEF2 binding domain in the C-terminus (aa521-725) [23].
eEF2K specifically phosphorylates eEF2, which represses eEF2 activity. Active eEF2 is
important for the elongation step of protein translation; it catalyzes the translocation of
peptidyl-tRNA from the A-site to the P-site on the eukaryotic ribosome to allow for the
addition of a new amino acid to a growing polypeptide strand. The phosphorylation of eEF2
at threonine (Thr) 56 by eEF2K causes eEF2 to release from the ribosome, halting
translation elongation of most proteins [24, 25]. However, increased translation of
αCaMKII, MAP1B and other proteins has been associated with phosphorylation of eEF2
[26-30]. There are many ways in which eEF2K activity is regulated (see Table 1).

How does synaptic activity regulate eEF2K function and ultimately protein translation?
eEF2K and eEF2 are both found in the post-synaptic compartment of dendrites, along with
many other proteins necessary for protein translation, initiation, and elongation [27, 28, 31].
The presence of translational machinery at the synapse enables local protein synthesis
following synaptic activity and mediates synapse specific long-term potentiation and long-
term depression [31]. During synaptic transmission and plasticity a major source of calcium
influx in dendrites is mediated by activation of NMDA receptors. Calcium entry from
NMDA receptors has been well characterized as a key activator of numerous calcium
calmodulin dependent substrates (e.g., CaMKII, calcineurin, nitric oxide synathase).
Accordingly, earlier studies have shown that direct NMDA receptor activation elicits eEF2K
function leading to eEF2 phosphorylation and inhibition of elongation [29]. Interestingly,
inhibition of elongation by phospho-eEF2 can paradoxically increase translation of certain
mRNAs but suppress others [29].

Synaptic activation of NMDA receptors can also increase eEF2K activity and lead to the
inhibition of protein translation [27]. Calcium influx following NMDA receptor activation
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and NMDA receptor-mediated miniature excitatory post-synaptic currents (mEPSC) have
been shown to cause an increase in eEF2 phosphorylation [20, 27, 32, 33]. Therefore,
blocking NMDA receptor-mediated miniature neurotransmission reduces eEF2
phosphorylation in a synapse-specific fashion and mediates increases in local protein
translation [20]. Another way the phosphorylation status of eEF2 is affected is by
metabotropic glutamate receptor (mGluR) signaling [30]. eEF2K is physically associated
with the group I mGluRs, including mGluR1 and mGluR5, by its binding to the postsynaptic
scaffolding protein Homer [28]. It is important to note that eEF2K knockout mice are viable
and fertile [21] supporting the notion that targeting eEF2K function for treatment advance
may result in limited peripheral side-effects. These eEF2K knockout mice show a deficit in
phosphorylated eEF2 coupled with deficits in mGluR receptor activation-mediated long-
term synaptic depression [28], which requires dendritic protein translation [34]. These
examples highlight the complexity of how synaptic activity can regulate eEF2 function and
impact dendritic protein translation. Future studies that utilize a combination of both
presynaptic and postsynaptic approaches are needed to better delineate the mechanisms
controlling the eEF2 kinase pathway and ultimately its role in mediating rapid
antidepressant effects.

Implications and Future Directions
The finding that ketamine elicits its antidepressant effect via its blockade of resting NMDA
receptor-mediated neurotransmission has several implications for fundamental synaptic
mechanisms underlying neuronal signaling. In particular, studies to date highlight a key role
for spontaneous glutamate release mediated activation of eEF2 kinase as a substrate for
ketamine action as well as an important regulator of synaptic efficacy. These findings
bolster the need to investigate neuronal signaling at the level of single synapses to uncover
previously untapped novel targets for potential treatment advance.

Despite the robust effect of currently available eEF2K inhibitors in preclinical animal
models, their low specificity raises significant concerns about their clinical potential.
Therefore, future design of more specific eEF2K inhibitors may alleviate some of the
specificity concerns and result in drugs with better efficacy and fewer side effects. It is
important to note that eEF2K is closely related to the alpha-kinase family that can exert
other neuronal effects [21], which further emphasizes the need to specifically target eEF2
kinase and avoid impairing the functions other related kinases.

One advantage of directly targeting eEF2K is that it may bypass some side effects of NMDA
receptor antagonists like ketamine, which at high dose or after repeated administration will
lead to cognitive impairments including memory problems. The development of a fast-
acting antidepressant without these potential caveats is a research area of critical importance.
However, since eEF2K itself also has a broad range of substrates including but not limited to
BDNF, this specific target may cause unforeseen side effects although the eEF2K knockout
mice appear largely normal [21].

While there is a clear need for faster-acting antidepressants, there is also a need for these
drugs to have sustained antidepressant efficacy. However, it is unclear whether other fast-
acting antidepressants use a similar mode of action as ketamine to exert their effect. A
salient example of a relatively rapidly acting antidepressant with a sustained effect is
scopolamine. Scopolamine is muscarinic antagonist that produces rapid antidepressant
effects in depressed patients with initial improvement observed within 3-5 days after acute
treatment, although there were mild side effects reported. Importantly, in patients
administered scopolamine the antidepressant effects persisted for at least 12-16 days after
the final scopolamine administration. The fact that scopalamine blocks muscarinic
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acetylcholine receptors, which are G-protein coupled receptors, instead of ionotropic
NMDA receptors, like ketamine, suggests that the molecular trigger for the behavioral effect
is likely different. However, one would predict a downstream point of convergence between
the effects of ketamine and scopolamine. Better understanding the synaptic mechanisms
underlying the action of ketamine as well as scopolamine, including their potentially
converging targets as well as differences, can guide future design of much needed rapidly
acting, reliable antidepressants that can provide sustained relief to patients suffering from
this currently intractable condition.
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Figure 1.
Synaptic mechanism underlying ketamine action. Top: Under resting conditions,
spontaneous glutamate release and NMDA receptor activation leads to activation of eEF2
kinase triggering eEF2 phosphorylation and silencing BDNF translation. Bottom: Ketamine-
mediated use-dependent blockade of tonic NMDA receptor activity at rest ceases activation
of eEF2 kinase resulting in a gradual loss of eEF2 phosphorylation and de-suppression of
BDNF translation.
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Table 1

Regulation of eEF2K by phosphorylation and the effect on eEF2K kinase activity

Stimulus Phosphorylation of eEF2K Effect on eEF2K kinase activity Reference

Ca2+/CaM binding Yes, autophosphorylation at Thr348, Ser500 Increase [38]

AMPK Yes, phosphorylation at Ser398 Increase [36]

PKA Yes, phosphorylation at Ser499 Increase [37]

Decrease pH (7.4 to 6.8) Yes, increased autophosphorylation Increase [21]

p70 S6 Kinase Yes, phosphorylation at Ser366 Decrease [40]

p90 ribosomal S6 kinase Yes, phosphorylation at Ser366 Decrease [40]

Ca2+/CaM: calcium/calmodulin; AMPK: AMP-activated protein kinase; PKA: cAMP-dependent protein kinase A; Thr: Threonine; Ser: Serine
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