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Neuronal activity results in long lasting changes in synaptic structure and function by
regulating mRNA translation in dendrites. These activity dependent events yield the
synthesis of proteins known to be important for synaptic modifications and diverse
forms of synaptic plasticity. Worthy of note, there is accumulating evidence that the
eukaryotic Elongation Factor 2 Kinase (eEF2K)/eukaryotic Elongation Factor 2 (eEF2)
pathway may be strongly involved in this process. Upon activation, eEF2K phosphorylates
and thereby inhibits eEF2, resulting in a dramatic reduction of mRNA translation. eEF2K
is activated by elevated levels of calcium and binding of Calmodulin (CaM), hence its
alternative name calcium/CaM-dependent protein kinase III (CaMKIII). In dendrites, this
process depends on glutamate signaling and N-methyl-D-aspartate receptor (NMDAR)
activation. Interestingly, it has been shown that eEF2K can be activated in dendrites
by metabotropic glutamate receptor (mGluR) 1/5 signaling, as well. Therefore, neuronal
activity can induce local proteomic changes at the postsynapse by altering eEF2K activity.
Well-established targets of eEF2K in dendrites include brain-derived neurotrophic factor
(BDNF), activity-regulated cytoskeletal-associated protein (Arc), the alpha subunit of
calcium/CaM-dependent protein kinase II (αCaMKII), and microtubule-associated protein
1B (MAP1B), all of which have well-known functions in different forms of synaptic
plasticity. In this review we will give an overview of the involvement of the eEF2K/eEF2
pathway at dendrites in regulating the translation of dendritic mRNA in the context of
altered NMDAR- and neuronal activity, and diverse forms of synaptic plasticity, such as
metabotropic glutamate receptor-dependent-long-term depression (mGluR-LTD). For this,
we draw on studies carried out both in vitro and in vivo.
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INTRODUCTION
The well conserved, ubiquitous eukaryotic Elongation Factor 2
kinase (eEF2K)/ eukaryotic Elongation Factor 2 (eEF2) pathway
involves the phosphorylation and inactivation of eEF2 on Thr56
by eEF2K, thereby leading to an arrest of mRNA translation

Abbreviations: AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor; Arc, activity-regulated cytoskeletal-associated protein; BDNF,
brain-derived neurotrophic factor; CaM, calmodulin; αCaMKII, alpha sub-
unit of calcium/CaM-dependent protein kinase II; CaMKIII, calcium/CaM-
dependent protein kinase III; cAMP, cyclic adenosine monophosphate; eEF2,
eukaryotic Elongation Factor 2; eEF2K, eukaryotic Elongation Factor 2
Kinase; ERK, extracellular signal-regulated kinase; FMRP, fragile X men-
tal retardation protein; GluR, glutamate receptor; LTD, long-term depres-
sion; LTP, long-term potentiation; MAP1B, microtubule-associated protein
1B; mGluR, metabotropic glutamate receptor; mGluR-LTD, metabotropic
glutamate receptor-dependent-long-term depression; NMDAR, N-methyl-D-
aspartate receptor; PI, phosphatase inhibitor; p70 S6K, p70S6 kinase; p90 RSK,
p90 ribosomal S6 kinase; PKA, protein kinase A; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; TTX, tetrodotoxin.

(Nairn et al., 1985; Mitsui et al., 1993; Ryazanov et al., 1997). Since
eEF2K activity is regulated by calcium/CaM (Nairn et al., 1985;
Mitsui et al., 1993), this pathway is of great interest to the field
of neuroscience. Numerous papers have shown that dendritically
localized eEF2K activity is altered by manipulating neuronal
activity and glutamate signaling, owing to downstream events
such as N-methyl-D-aspartate receptor (NMDAR) activation and
subsequent increases in calcium levels (Marin et al., 1997; Scheetz
et al., 2000; Lenz and Avruch, 2005; Maus et al., 2006; Sutton
et al., 2007; Barrera et al., 2008; Autry et al., 2011), as well
as metabotropic glutamate receptor (mGluR) activation (Park
et al., 2008; Verpelli et al., 2010). Additionally, the eEF2K/eEF2
pathway is associated with diverse forms of synaptic plasticity
(Chotiner et al., 2003; Kanhema et al., 2006; Davidkova and
Carroll, 2007; Park et al., 2008; Seibt et al., 2012), most notably
metabotropic glutamate receptor-dependent-long-term depres-
sion (mGluR-LTD), during which the pathway appears to regulate
dendritic mRNA translation (Davidkova and Carroll, 2007; Park
et al., 2008). Finally, while in general eEF2K activity and mRNA
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translation are negatively correlated in dendrites (Scheetz et al.,
2000; Sutton et al., 2007), for not well understood reasons the
translation rate of certain proteins like microtubule-associated
protein 1B (MAP1B), alpha subunit of calcium/CaM-dependent
protein kinase II (αCaMKII), and activity-regulated cytoskeletal-
associated protein (Arc) actually increases when eEF2K activity is
elevated in the context of altered neuronal activity and synaptic
plasticity paradigms (Scheetz et al., 2000; Chotiner et al., 2003;
Davidkova and Carroll, 2007; Park et al., 2008; Autry et al.,
2011). Since these upregulated proteins have well-known func-
tions at the synapse and in synaptic plasticity (Zalfa et al., 2003;
Davidkova and Carroll, 2007; Park et al., 2008; Dajas-Bailador
et al., 2012; Lisman et al., 2012; Wibrand et al., 2012) this raises
the exciting possibility that the eEF2K/eEF2 pathway may regulate
mRNA translation dendritically in a more complex manner than
elsewhere, especially during activity-dependent synaptic changes.
This may have the purpose of implementing the kind of local
proteomic modifications that are necessary for plastic changes
to take place at the postsynapse, a conceivable scenario, consid-
ering that dendrites harbor the components that are necessary
for protein translation (Asaki et al., 2003; Swanger and Bassell,
2013).

MANIPULATION OF N-METHYL-D-ASPARTATE RECEPTOR
(NMDAR) SIGNALING AND NEURONAL ACTIVITY AFFECTS
EUKARYOTIC ELONGATION FACTOR 2 KINASE
(eEF2K)/EUKARYOTIC ELONGATION FACTOR 2 (eEF2)
PATHWAY-DEPENDENT mRNA TRANSLATION IN DENDRITES
There are several studies which address an NMDAR-dependent
eEF2K/eEF2 pathway activation and subsequent dendritic
changes in mRNA translation. The NMDAR is an obvious target
for manipulating the eEF2K/eEF2 pathway at dendrites since
it is located at the postsynapse, is permeable to calcium and is
a crucial element of several signaling pathways (Collingridge
et al., 2004; Prybylowski et al., 2005; Kessels and Malinow, 2009;
Traynelis et al., 2010). Similarly, the eEF2K/eEF2 pathway at
dendrites may be activated by increased neuronal activity since
it involves glutamate signaling, which in turn leads to an influx
of calcium via glutamate receptors (GluRs) such as the NMDAR
and the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR) (Malenka and Bear, 2004; Bear et al.,
2007; Major et al., 2013). Additionally, alterations in neuronal
activity and associated glutamate signaling could trigger
other forms of dendritic eEF2K/eEF2 pathway activation,
e.g., due to stimulation of mGluRs (Davidkova and Carroll,
2007; Park et al., 2008) which will also be addressed in this
article.

In one study (Scheetz et al., 2000), 30 s pulses of glutamate and
NMDA were used to stimulate NMDARs in synaptoneurosomes
(fractions with enrichment of functional synaptic components)
prepared from the rat superior colliculus. The authors found
that even though total protein synthesis was reduced several
minutes after the pulse, the translation rate of αCaMKII was
actually increased. Importantly, NMDAR activation also led to
an increase of eEF2 phosphorylation, strongly suggesting the
involvement of the eEF2K/eEF2 pathway. They also demonstrated

that using cycloheximide, a substance that blocks translation
elongation independently of eEF2, lead to very similar proteomic
changes. The authors therefore propose the following sequence
of events: “NMDAR-mediated Ca2+ influx into dendrites acti-
vates Ca2+-dependent eEF2 kinase, which then phosphorylates
eEF2. This phosphorylation might slow the local rate of pro-
tein translation, and elongation, rather than initiation, would
consequently become the rate-limiting step in protein synthesis.
Such a shift should favor upregulation of translation of abun-
dant but poorly initiated transcripts such as αCaMKII in den-
drites” (Scheetz et al., 2000). In another elegant study (Sutton
et al., 2007), a microfluidic chamber was used which allows for
the fluidic isolation of pre- and postsynaptic neurons. Appli-
cation of tetrodotoxin (TTX) to the presynaptic compartment
silenced presynaptic generation of action potentials while not
interfering with miniature synaptic events/spontaneous neuro-
transmission. At the postsynaptic neuron a Green Fluorescent
Protein (GFP) translation reporter was analyzed for 100 min
after TTX application and interestingly an increase of eEF2
phosphorylation levels on Thr56 and a decrease of translation
were reported as compared to baseline. Instead, applying TTX
in addition with NMDAR blockers did not lead to this increase
in phospho-eEF2 levels or decrease in translation, implying that
NMDAR-mediated miniature excitatory synaptic events activate
the eEF2K/eEF2 pathway and thereby lead to a decrease in
translation. Additionally, using eEF2K inhibitors the authors
were able to show that the decrease of translation that occurred
during TTX treatment is due to activation of eEF2K, which
is expected since eEF2K is the only known kinase regulating
eEF2 (Nairn and Palfrey, 1987; Ryazanov et al., 1988; Mitsui
et al., 1993; Dorovkov et al., 2002). The study concludes that
the eEF2K/eEF2 pathway may act as a postsynaptic decoder
of spontaneous and evoked neurotransmission (Sutton et al.,
2007). A cautionary note, it is still unclear whether the avail-
able eEF2K inhibitors are well-suited to efficiently reduce eEF2
phosphorylation (Chen et al., 2011; Devkota et al., 2012), show-
ing the need for the generation of new and efficient chemical
compounds.

Two fascinating in vivo studies by Autry et al. (2011) and
Nosyreva et al. (2013) used the NMDAR antagonist ketamine and
eEF2K inhibitors to demonstrate that the eEF2K/eEF2 pathway
regulates the expression of brain-derived neurotrophic factor
(BDNF), a neurotrophin whose mRNA is found in dendrites
(Tongiorgi et al., 1997, 2004; An et al., 2008) and is involved
in numerous neuronal processes including synapse formation
and synaptic plasticity (Reichardt, 2006). More specifically, they
show that under resting conditions spontaneous glutamate release
activates NMDARs which in turn engages eEF2K, resulting in
the translational repression of BDNF. Consistently, acute admin-
istration of ketamine liberates BDNF expression and appar-
ently alleviates depressive behavior in wildtype mice but not
in eEF2K knockout mice, a fact that may prove to be useful
in the context of major depressive disorder (Monteggia et al.,
2013; Nosyreva et al., 2013). Importantly, the antidepressive
effect appears to stem from BDNF-induced (presumably local)
translation of AMPARs which become incorporated into the
cell membrane and contribute to increased AMPAR-mediated

Frontiers in Cellular Neuroscience www.frontiersin.org February 2014 | Volume 8 | Article 35 | 2

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Heise et al. eEF2 regulation of dendritic translation

synaptic transmission. In line with this fact, knockout mice for an
AMPAR called GluA2 do not exhibit the antidepressive response
induced by ketamin (Nosyreva et al., 2013). Interestingly, the
finding that the (dendritically localized) eEF2K/eEF2 pathway
leads to an activity-dependent upregulation of AMPAR currents
also suggests that the activity of the eEF2K/eEF2 pathway may not
only be dependent on network activity, but may itself determine
the extent of network activity. Noteworthy, in opposition to
the acute effect of ketamine, treatment with fluoxetine- another
antidepressant- upregulates eEF2 phosphorylation in multiple
brain regions only after chronic administration when antide-
pressive effects start taking place (Dagestad et al., 2006). This
suggests that changes in eEF2K/eEF2 pathway-dependent mRNA
translation enable not only acute but also chronic antidepres-
sive effects, depending on the signaling cascade engaged by the
antidepressant.

Most of the studies reviewed so far have implemented
acute perturbation of NMDAR- and neuronal activity to look
at eEF2K/eEF2-dependent changes of the dendritic proteome.
Another interesting field of research revolves around the study
of proteomic changes and associated events (such as changes in
dendritic or spine morphology and synaptic transmission) which
take place during prolonged modifications of network activity
(Ehlers, 2003; Turrigiano and Nelson, 2004; Perez-Otano and
Ehlers, 2005; Virmani et al., 2006; Turrigiano, 2008; Lazarevic
et al., 2011). Two related studies (Piccoli et al., 2007; Verpelli
et al., 2010) investigated the effect of prolonged changes in neu-
ronal activity in primary neuronal cultures on the eEF2K/eEF2
pathway. The authors showed that increasing neuronal activity
with bicuculline or lowering it with TTX for 48 h resulted in
a dendritic increase of phosphorylation eEF2 on Thr56 or a
decrease, respectively, strongly indicating an activation of eEF2K
if neuronal networks are activated over longer periods of time
(Verpelli et al., 2010). Verpelli et al. (2010) go on to show that
activity dependent morphological changes of spine morphology
depend on the presence of eEF2K, begging the question if there is
a protein regulated by the eEF2K/eEF2 pathway that can account
for the observed phenomenon. Indeed, the authors show that
this protein is BDNF, whose mRNA translation is upregulated in
dendrites in an eEF2K/eEF2 pathway-dependent fashion during
long term bicuculline treatment. Interestingly, the bicuculline-
induced increase of eEF2 phosphorylation and BDNF expression
appears to depend on the activation of mGluRs rather than on
the activation of AMPARs and NMDARs (Verpelli et al., 2010),
suggesting that eEF2K activity can be modulated by a variety of
GluRs.

Taken together, the data supports the notion that there
are numerous ways of activating the dendritically localized
eEF2K/eEF2-pathway, which can result from acute or prolonged
stimulation of signaling elements like the NMDAR and mGluR
(Nairn et al., 1985; Scheetz et al., 1997; Dorovkov et al., 2002;
Chotiner et al., 2003; Davidkova and Carroll, 2007; Park et al.,
2008; Verpelli et al., 2010; Autry et al., 2011; Tavares et al.,
2012). Worthy of note, the proteomic changes induced by the
activation eEF2K/eEF2 pathway can be quite diverse (and even
opposite as in the case of BDNF and Arc), depending on which
stimulation protocole is used. This may be due to the engagement

of other signaling pathways but it may also mean that there is
an extremely complex, protocole-specific eEF2K/eEF2 pathway-
dependent change in the dendritic proteome which remains to
be fully understood. For example, Im et al. (2009) show that the
consolidation of fear memory involves an upregulation of BDNF
and Arc synthesis in the hippocampus. However, hippocampal
eEF2 phosphorylation is actually decreased during this process
of memory consolidation, clearly contradicting the idea that a
certain pool of proteins (like BDNF and Arc) is always positively
correlated with an activation of the eEF2K/eEF2-pathway (Im
et al., 2009). Lastly, a positive correlation between the activation
of the eEF2K/eEF2 pathway and the translation rate of pro-
teins may actually be unrelated in certain cases. For example,
Panja et al. (2009) show that high frequency stimulation of
neuronal populations leads to a phosphorylation of eEF2 and
an increase Arc levels. However, the authors clearly show that
in this experimental setting the activated eEF2K/eEF2 pathway
is not responsible for the increase in Arc levels since pharmaco-
logically blocking the pathway during the high frequency stim-
ulation does not block the increase in Arc levels (Panja et al.,
2009).

EUKARYOTIC ELONGATION FACTOR 2 KINASE
(eEF2K)/EUKARYOTIC ELONGATION FACTOR 2 (eEF2)
PATHWAY-DEPENDENT mRNA TRANSLATION IN DENDRITES
IN THE CONTEXT OF SYNAPTIC PLASTICITY
Synaptic plasticity refers to a “modification of the strength or
efficacy of synaptic transmission” due to neuronal activity and
has been discussed as the molecular correlate of phenomena
like learning and memory (Citri and Malenka, 2008; Ebert and
Greenberg, 2013). Two well studied forms of synaptic plastic-
ity are long-term potentiation (LTP) and long-term depression
(LTD), which increase or decrease synaptic transmission effi-
cacy or strength, respectively, and whose maintenance appar-
ently requires general and dendritic protein synthesis (Malenka
and Bear, 2004; Citri and Malenka, 2008; Turrigiano, 2008).
Since neuronal activity, synaptic plasticity, and mRNA translation
are related events, the question arises whether the eEF2K/eEF2
pathway and synaptic plasticity are functionally related. Indeed,
this appears to be the case for at least three well-established
forms of synaptic plasticity, namely mGluR-LTD, chemically-, and
BDNF-induced LTP (Chotiner et al., 2003; Kanhema et al., 2006;
Davidkova and Carroll, 2007; Park et al., 2008).

Arguably, the most well understood relationship exists
between the eEF2K/eEF2 pathway and mGluR-LTD. This form
of synaptic plasticity can be electrically or chemically induced by
mGluR agonists, is protein synthesis dependent, involves group
I mGluRs (mGluR1 and mGluR5), and apparently also involves
AMPAR-endocytosis (Citri and Malenka, 2008). In a fascinating
study Park et al. (2008) pooled in vitro and in vivo data to show
that under resting conditions, inactive eEF2K associates with
group I mGluRs but can be liberated from the physical interaction
with these receptors when they are stimulated by ligands. Active
eEF2K then inhibits global translation at dendrites by phos-
phorylating eEF2. However, dendritic Arc mRNA translation is
upregulated, which under resting conditions is usually suppressed
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by fragile X mental retardation protein (FMRP). Newly translated
Arc then induces AMPAR-endocytosis, thereby completing the
process of mGluR-LTD (Park et al., 2008). The authors’ notions
are supported by their data showing that hippocampal slices
of eEF2K-knockout mice do not exhibit mGluR-LTD, whereas
previous work has shown that slices from FMRP-knockout mice
exhibit exaggerated mGluR-LTD (Huber et al., 2002). Another
study (Davidkova and Carroll, 2007), carried out in cultured
neurons, also demonstrated that AMPAR-endocytosis follow-
ing mGluR activation depends on the eEF2K/eEF2 pathway,
since knocking down eEF2K abolishes this phenomenon. More
specifically, after mGluR activation, eEF2K upregulates dendritic
mRNA translation of MAP1B, which leads to the endocytosis of
AMPAR, presumably because of an interaction of MAP1B and
the AMPAR-associated protein Glutamate receptor-interacting
protein 1.

The molecular basis of the relationship between the
eEF2K/eEF2 pathway and LTP is less clear, even though the
association visibly exists. It is also not clear whether this form
of synaptic plasticity involves a dendritically or somatically
located eEF2K/eEF2 pathway. The two forms of LTP that have
been studied in this context are chemically-, and BDNF-induced
LTP. Chemical LTP is induced by a combination of reagents
(such as forskolin and tetraethylammonium) and depends on
NMDARs, synaptic activity, cyclic adenosine monophosphate
(cAMP)/adenylyl cyclase signaling, mRNA translation and gene
expression (Chotiner et al., 2003; Zhao et al., 2012). BDNF-
induced LTP also requires mRNA translation and gene expression
but is induced by the infusion of BDNF (Kanhema et al., 2006).
Interestingly, Chotiner et al. (2003) found that 1 h after induction
of chemical LTP in the Cornu Ammonis area 1 of the mouse
hippocampus protein synthesis was reduced but Arc mRNA
translation was increased, reminiscent of the study of Scheetz
et al. (Chotiner et al., 2003; Scheetz et al., 2000). As expected,
eEF2 phosphorylation of Thr56 was increased which strongly
indicates an activation of eEF2K in this experimental setting of
chemical LTP. Since the increase of phosphorylation depended
on cAMP/adenylyl cyclase activation and therefore engages
protein kinase A (PKA) signaling (Voet et al., 2006), the authors
hypothesize that eEF2K is activated during the induction of
chemical LTP by PKA, which is known to phosphorylate and
thereby activate eEF2K (Redpath and Proud, 1993a), resulting in
the aforementioned changes in mRNA translation. Another study
(Kanhema et al., 2006) addressed changes that are associated
with BDNF-induced LTP. Among other things, the authors
showed that inducing LTP by infusing BDNF into rat dentate
gyrus lead to a transient phosphorylation of eEF2 on Thr56
in tissue homogenates, strongly suggesting an involvement of
the eEF2K/eEF2 pathway in this form of synaptic plasticity.
Worthy of note, the eEF2K/eEF2 pathway does not appear to be
activated in dendrites during BDNF-induced LTP, but rather at
non-synaptic sites, since the increase of eEF2 phosphorylation
was not obtained when executing BDNF-induced LTP in
synaptodendrosomes (fractions enriched in dendritic spine
structures).

Importantly, the involvement of the eEF2K/eEF2 pathway is
not limited to LTD and LTP, but instead has also been proven in

the context of other forms of synaptic plasticity. One example of
this is the participitation of the the eEF2K/eEF2 pathway in the
context of monocular deprivation, which causes a reorganization
of synapses and is a classical paradigm for inducing corti-
cal synaptic plasticity. Seibt et al. (2012) showed that during
sleep (when monocular deprivation-induced plasticity can occur)
there is an increase of eEF2 phosphorylation and an increase
in the translation of BDNF and Arc mRNA. These proteomic
changes, which are presumably related to the activation of the
eEF2K/eEF2 pathway, are necessary for synaptic plasticity to
occur, indicating a strong involvement of the eEF2K/eEF2 path-
way in the context of monocular deprivation-induced synaptic
plasticity (Seibt et al., 2012). Curiously, eEF2 phosphorylation
was observed in total lysates but not in synaptoneurosomes,
indicating that in this specific experimental design for synap-
tic plasticity, the eEF2K/eEF2 pathway may not be engaged at
the synapse but rather at the non-synaptic sites like in the
soma. This result and the results of aforementioned work of
Kanhema et al. (2006) suggest that not only the synaptically
located eEF2K/eEF2 pathway, but also the somatically located
eEF2K/eEF2 pathway may be important for synaptic plasticity
to occur. In a further study, a connection between stress/sleep
disruption were tied to the eEF2K/eEF2 pathway. More precisely,
inducing stress by a combination of different factors like food
deprivation, water deprivation etc., as well as sleep deprivation
led to an upregulation of eEF2 phosphorylation levels in dif-
ferent parts of the brain, indicating a connection between the
eEF2K/eEF2 pathway and these stressful events (Gronli et al.,
2012). Since stress/sleep deprivation are known to impair plas-
tic events at the synapse, this study highlights that there is,
indeed, a strong and multifaceted link between the eEF2K/eEF2

FIGURE 1 | Increase of eEF2 phosphorylation on Thr56 in neurons by
KCL. (A) Western blot analysis of neuronal lysates reveals a strong
upregulation of phosphorylated ERK and eEF2 upon KCL treatment.
Neuronal cultures were prepared from day 18 rat embryos (Charles River)
and plated at medium density (200 cells/mm2) on 12-well plates and
cultured with home-made B27 according to a protocole previously
described (Romorini et al., 2004). At days in vitro 18, neurons were
pretreated with TTX (1 µM) for 12 h and treated with KCL (55 mM) for 5
min. A strong increase of phosphorylated ERK on Thr202 and Tyr204 (pERK)
and phosphorylated eEF2 on Thr56 (peEF2) can be appreciated. (B)
Quantifications of normalized peEF2 band intensities (peEF2/eEF2) (vertical
axis shows the mean fold change vs. control). Error bars are SEMs; ** p <
0.01 vs. control (student’s t-test).
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pathway and synaptic plasticity, which is just beginning to be
understood.

NEW INSIGHTS INTO THE ACTIVATION OF THE EUKARYOTIC
ELONGATION FACTOR 2 KINASE (eEF2K)/EUKARYOTIC
ELONGATION FACTOR 2 (eEF2) PATHWAY AND
CALCIUM-DEPENDENT EUKARYOTIC ELONGATION FACTOR 2
KINASE (eEF2K) PHOSPHORYLATION IN NEURONS IN VITRO
In the course of this article several possibilities of activating the
eEF2K/eEF2 pathway in neurons have been pointed out. We have
found that a published protocol involving KCl, which leads to
depolarization of neurons (Sala et al., 2000), can be utilized to
increase eEF2 phosphorylation on Thr56 in primary neuronal
cultures. For this, neurons were cultured as previously described
(Romorini et al., 2004) and treated with KCl (55 mM) for 5 min
at days in vitro 18. As expected, western blot analysis of lysates
revealed a strong upregulation of phosphorylated extracellular
signal-regulated kinase (ERK) on Thr202 and Tyr204 and, inter-
estingly, a strong increase of phosphorylated eEF2 on Thr56 was

also observed (Figures 1A, B). This is in line with the concept
that depolarization of neurons and subsequent influx of calcium
triggers eEF2K activation.

But what happens to the phosphorylation of eEF2K itself in
neurons when it is activated by increasing levels of calcium? In
this context, levels of eEF2K phosphorylation may be the result
of calcium-dependent autophosphorylation (Mitsui et al., 1993;
Redpath and Proud, 1993b; Pigott et al., 2012; Pyr Dit Ruys et al.,
2012; Tavares et al., 2012), phosphorylation by another kinase, or
dephosphorylation by a phosphatase. There are several identified
upstream kinases of eEF2K such as PKA, p70S6 kinase (p70 S6K),
and p90 ribosomal S6 kinase (p90 RSK) that regulate eEF2K
phosphorylation in response to changes in cAMP-levels, ERK-
signaling, and mammalian target of rapamycin-signaling, respec-
tively (Redpath and Proud, 1993a; Wang et al., 2001; Browne
et al., 2004; Browne and Proud, 2004; Lenz and Avruch, 2005).
However, it has not been studied if the kinases upstream of
eEF2K change their eEF2K-phosphorylation activity in response
to increases in calcium levels though of course this is conceivable
due to the broad effects of calcium signaling (Clapham, 2007;

FIGURE 2 | eEF2K activity and total eEF2K phosphorylation are
negatively correlated in vitro. (A) Phosphorylation assays with varying
levels of freely available calcium and subsequent western blot and
autoradiographical analysis reveal a negative correlation between eEF2K
activity and total eEF2K phosphorylation. Assays were carried in a total
volume of 60 µl for 30 min at 37◦C and had the following final composition:
GST or GST–eEF2K preparations (3–5 µg), rat brain lysate (30 µg) or double
distilled water (condition “- lysate”), HEPES (20 mM) pH 7.4, MgCl2 (10
mM), DTT (20 mM), ATP (100 µM; for subsequent western blot) or
[γ-32P]ATP (100 µM; 5000 Ci/mmol; for subsequent autoradiography), and
CaM (40 µg/ml). Depending on the group, ethylene glycol tetraacetic acid
or CaCl2 (1 mM each) was added to mimic low calcium and high calcium
levels, respectively. For medium calcium levels double distilled water was
used to arrive at the total volume of 60 µl. For the condition “+ PIs”
phosphatase inhibitors were added to the mix. For western blot analysis,
the reactions were terminated by addition of sample buffer, whereas

autoradiography was carried out on pelleted GST-eEF2K (centrifugation at
500 g for 1 min followed by addition of sample buffer). Western blot
analysis (top) was done after phosphorylation assays containing lysates but
no PIs. Immunodetection was carried out against peEF2, eEF2, eEF2K at
117 kDa (corresponding to molecular weight of GST-eEF2K, view Figure 3),
and peEF2K (Ser 366; phosphorylation site of p70 S6K and p90 RSK) at 117
kDa. Autoradiography analysis (bottom) was done after phosphorylation
assays a) with lysate but without PIs, b) without lysate or PIs, and c) with
lysate and PIs. (B) Quantifications of normalized peEF2 (peEF2/eEF2) band
intensities and autoradiographical band intensities (32 P incorporation) of
assay (with lysate but without PIs) at 117 kDa (vertical axis shows the
mean fold change vs. GST, low calcium). Error bars are SEMs; *, **, and
*** p < 0.05, 0.01, and 0.001 vs. GST, low calcium; § vs. GST, medium
calcium; # vs. GST, high calcium; & vs. GST-eEF2K, low calcium; @ vs.
GST-eEF2K, medium calcium; % vs. GST-eEF2K, high calcium (ANOVA and
post hoc Tukey test).

Frontiers in Cellular Neuroscience www.frontiersin.org February 2014 | Volume 8 | Article 35 | 5

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Heise et al. eEF2 regulation of dendritic translation

Chuderland and Seger, 2008; Fortin et al., 2013). To address the
question of how eEF2K phosphorylation changes in response to
elevated levels of calcium we bacterially overexpressed eEF2K
as a fusion protein with glutathione S-transferase (GST) and
purified it as previously described (Tao et al., 2010; Pigott et al.,
2012; Pyr Dit Ruys et al., 2012). The resulting GST-eEF2K ran
at about 117 kDa in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE; Figure 3). The fusion protein was
then used for a phosphorylation assay with rat brain lysates in
which the availability of calcium ions was manipulated. After this,
a western blot analysis of eEF2 phosphorylation or an autora-
diographical analysis of GST-eEF2K phosphorylation was carried
out as previously described (Gardoni et al., 2001) with minor
modifications. As expected, eEF2 phosphorylation increased with
rising calcium levels (Figure 2A, top; Figure 2B), which suggests
an intact catalytic activity of the purified GST-eEF2K. Interest-
ingly, GST-eEF2K phosphorylation was higher in low calcium
than in high calcium (Figure 2A, bottom; Figure 2B) and this is
probably not due to autophosphorylation since eEF2K autophos-
phorylates itself preferentially when calcium levels are increased
(Mitsui et al., 1993; Redpath and Proud, 1993b; Tavares et al.,
2012). Accordingly, carrying out the assay in the absence of
lysate did not yield the aforementioned trend in GST-eEF2K
phosphorylation (Figure 2A, bottom). Instead, carrying out the
assay with the addition of phosphatase inhibitors (PIs) lead to
a comparable trend in GST-eEF2K phosphorylation (Figure 2A,
bottom). Altogether, this suggests that the higher phosphoryla-
tion of GST-eEF2K in low calcium is most likely due to upstream
(possibly calcium dependent) kinases of eEF2K though we can
exclude p70 S6K and p90 RSK since their phosphorylation site
Ser366 (Wang et al., 2001; Browne and Proud, 2004) does not
exhibit a calcium-dependent profile (Figure 2A, top). Possibly, the

FIGURE 3 | Coomassie Brilliant Blue staining of GST-eEF2K reveals
expected molecular weight of fusion protein. eEF2K was expressed as
the fusion protein GST-eEF2K (kind gift of Professor Chris G. Proud,
University of Southampton) in BL21 competent Escherichia coli and purified
as previously described (Tao et al., 2010; Pigott et al., 2012; Pyr Dit Ruys
et al., 2012). After SDS-PAGE, gels were stained with Coomassie Brilliant
Blue.

responsible kinases affect their phosphorylation sites on eEF2K
in a calcium-dependent manner in order to regulate its activity.
This would be an additional way to control the eEF2K/eEF2
pathway (and therefore mRNA translation) in response to changes
of intracellular calcium levels which would imply an even more
complex regulation of the eEF2K/eEF2 pathway than is already
known.

CONCLUSION
Phosphorylation of eEF2 via eEF2K in dendrites is one way for
neurons to regulate dendritic mRNA translation. In general, acti-
vation of the eEF2K/eEF2 pathway leads to a dramatic reduction
of mRNA translation. This also holds true for the subcellular
compartment of dendrites, but interestingly the mRNA transla-
tion rate of a small subset of synaptic proteins with well-known
synaptic functions is increased. Since eEF2K activity can be altered
by the state of neuronal activation, this suggests the intriguing
possibility that the eEF2K/eEF2 pathway may be utilized by neu-
rons to implement proteomic changes at dendrites to facilitate
activity-dependent plastic changes at the synapse.

AUTHOR CONTRIBUTIONS
Christopher Heise wrote the text, planned and carried out the
experiments; Fabrizio Gardoni corrected the text, provided exper-
tise for the experiments, and carried out the autoradiography;
Lorenza Culotta helped to carry out the experiments; Monica di
Luca provided expertise and funding for the experiments; Chiara
Verpelli corrected the text and helped in the organization of
the GST-eEF2K DNA; Carlo Sala corrected the text, provided
expertise and funding for the experiments.

ACKNOWLEDGMENTS
This work was financially supported by Comitato Telethon Fon-
dazione Onlus, grant GGP11095, Fondazione CARIPLO project
number 2012-0593, Italian Institute of Technology, Seed Grant,
Ministry of Health in the frame of ERA-NET NEURON, PNR-
CNR Aging Program 2012-2014. Christopher Heise was sup-
ported by SyMBaD (ITN Marie Curie, Grant Agreement no.
238608—7th Framework Programme of the EU).

REFERENCES
An, J. J., Gharami, K., Liao, G. Y., Woo, N. H., Lau, A. G., Vanevski, F., et al. (2008).

Distinct role of long 3′ UTR BDNF mRNA in spine morphology and synaptic
plasticity in hippocampal neurons. Cell 134, 175–187. doi: 10.1016/j.cell.2008.
05.045

Asaki, C., Usuda, N., Nakazawa, A., Kametani, K., and Suzuki, T. (2003).
Localization of translational components at the ultramicroscopic level at post-
synaptic sites of the rat brain. Brain Res. 972, 168–176. doi: 10.1016/s0006-
8993(03)02523-x

Autry, A. E., Adachi, M., Nosyreva, E., Na, E. S., Los, M. F., Cheng, P. F., et al. (2011).
NMDA receptor blockade at rest triggers rapid behavioural antidepressant
responses. Nature 475, 91–95. doi: 10.1038/nature10130

Barrera, I., Hernandez-Kelly, L. C., Castelan, F., and Ortega, A. (2008). Glutamate-
dependent elongation factor-2 phosphorylation in Bergmann glial cells. Neu-
rochem. Int. 52, 1167–1175. doi: 10.1016/j.neuint.2007.12.006

Bear, M. F., Connors, B. W., and Paradiso, M. A. (2007). Neuroscience: Exploring the
Brain. 3rd Edn. Philadelphia, PA: Lippincott Williams & Wilkins.

Browne, G. J., Finn, S. G., and Proud, C. G. (2004). Stimulation of the AMP-
activated protein kinase leads to activation of eukaryotic elongation factor 2
kinase and to its phosphorylation at a novel site, serine 398. J. Biol. Chem. 279,
12220–12231. doi: 10.1074/jbc.m309773200

Frontiers in Cellular Neuroscience www.frontiersin.org February 2014 | Volume 8 | Article 35 | 6

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Heise et al. eEF2 regulation of dendritic translation

Browne, G. J., and Proud, C. G. (2004). A novel mTOR-regulated phosphorylation
site in elongation factor 2 kinase modulates the activity of the kinase and its
binding to calmodulin. Mol. Cell. Biol. 24, 2986–2997. doi: 10.1128/mcb.24.7.
2986-2997.2004

Chen, Z., Gopalakrishnan, S. M., Bui, M. H., Soni, N. B., Warrior, U., Johnson, E. F.,
et al. (2011). 1-Benzyl-3-cetyl-2-methylimidazolium iodide (NH125) induces
phosphorylation of eukaryotic elongation factor-2 (eEF2: a cautionary note
on the anticancer mechanism of an eEF2 kinase inhibitor. J. Biol. Chem. 286,
43951–43958. doi: 10.1074/jbc.M111.301291

Chotiner, J. K., Khorasani, H., Nairn, A. C., O’Dell, T. J., and Watson, J. B.
(2003). Adenylyl cyclase-dependent form of chemical long-term potentiation
triggers translational regulation at the elongation step. Neuroscience 116, 743–
752. doi: 10.1016/s0306-4522(02)00797-2

Chuderland, D., and Seger, R. (2008). Calcium regulates ERK signaling by mod-
ulating its protein-protein interactions. Commun. Integr. Biol. 1, 4–5. doi: 10.
4161/cib.1.1.6107

Citri, A., and Malenka, R. C. (2008). Synaptic plasticity: multiple forms, functions,
and mechanisms. Neuropsychopharmacology 33, 18–41. doi: 10.1038/sj.npp.
1301559

Clapham, D. E. (2007). Calcium signaling. Cell 131, 1047–1058. doi: 10.1016/j.cell.
2007.11.028

Collingridge, G. L., Isaac, J. T., and Wang, Y. T. (2004). Receptor trafficking and
synaptic plasticity. Nat. Rev. Neurosci. 5, 952–962. doi: 10.1038/nrn1556

Dagestad, G., Kuipers, S. D., Messaoudi, E., and Bramham, C. R. (2006). Chronic
fluoxetine induces region-specific changes in translation factor eIF4E and eEF2
activity in the rat brain. Eur. J. Neurosci. 23, 2814–2818. doi: 10.1111/j.1460-
9568.2006.04817.x

Dajas-Bailador, F., Bonev, B., Garcez, P., Stanley, P., Guillemot, F., and Papalopulu,
N. (2012). microRNA-9 regulates axon extension and branching by targeting
Map1b in mouse cortical neurons. Nat. Neurosci. doi: 10.1038/nn.3082. [Epub
ahead of print].

Davidkova, G., and Carroll, R. C. (2007). Characterization of the role of
microtubule-associated protein 1B in metabotropic glutamate receptor-
mediated endocytosis of AMPA receptors in hippocampus. J. Neurosci. 27,
13273–13278. doi: 10.1523/jneurosci.3334-07.2007

Devkota, A. K., Tavares, C. D., Warthaka, M., Abramczyk, O., Marshall, K. D.,
Kaoud, T. S., et al. (2012). Investigating the kinetic mechanism of inhibition
of elongation factor 2 kinase by NH125: evidence of a common in vitro artifact.
Biochemistry 51, 2100–2112. doi: 10.1021/bi201787p

Dorovkov, M. V., Pavur, K. S., Petrov, A. N., and Ryazanov, A. G. (2002). Regulation
of elongation factor-2 kinase by pH. Biochemistry 41, 13444–13450. doi: 10.
1021/bi026494p

Ebert, D. H., and Greenberg, M. E. (2013). Activity-dependent neuronal signalling
and autism spectrum disorder. Nature 493, 327–337. doi: 10.1038/nature11860

Ehlers, M. D. (2003). Activity level controls postsynaptic composition and signal-
ing via the ubiquitin-proteasome system. Nat. Neurosci. 6, 231–242. doi: 10.
1038/nn1013

Fortin, D. A., Srivastava, T., Dwarakanath, D., Pierre, P., Nygaard, S., Derkach,
V. A., et al. (2013). Brain-derived neurotrophic factor activation of CaM-
kinase kinase via transient receptor potential canonical channels induces the
translation and synaptic incorporation of GluA1-containing calcium-permeable
AMPA receptors. J. Neurosci. 32, 8127–8137. doi: 10.1523/JNEUROSCI.6034-11.
2012

Gardoni, F., Bellone, C., Cattabeni, F., and Di Luca, M. (2001). Protein kinase C
activation modulates alpha-calmodulin kinase II binding to NR2A subunit of
N-methyl-D-aspartate receptor complex. J. Biol. Chem. 276, 7609–7613. doi: 10.
1074/jbc.m009922200

Gronli, J., Dagestad, G., Milde, A. M., Murison, R., and Bramham, C. R.
(2012). Post-transcriptional effects and interactions between chronic mild stress
and acute sleep deprivation: regulation of translation factor and cytoplasmic
polyadenylation element-binding protein phosphorylation. Behav. Brain Res.
235, 251–262. doi: 10.1016/j.bbr.2012.08.008

Huber, K. M., Gallagher, S. M., Warren, S. T., and Bear, M. F. (2002). Altered
synaptic plasticity in a mouse model of fragile X mental retardation. Proc. Natl.
Acad. Sci. U S A 99, 7746–7750. doi: 10.1073/pnas.122205699

Im, H. I., Nakajima, A., Gong, B., Xiong, X., Mamiya, T., Gershon, E. S., et al.
(2009). Post-training dephosphorylation of eEF-2 promotes protein synthe-
sis for memory consolidation. PLoS One 4:e7424. doi: 10.1371/journal.pone.
0007424

Kanhema, T., Dagestad, G., Panja, D., Tiron, A., Messaoudi, E., Havik, B., et al.
(2006). Dual regulation of translation initiation and peptide chain elongation
during BDNF-induced LTP in vivo: evidence for compartment-specific trans-
lation control. J. Neurochem. 99, 1328–1337. doi: 10.1111/j.1471-4159.2006.
04158.x

Kessels, H. W., and Malinow, R. (2009). Synaptic AMPA receptor plasticity and
behavior. Neuron 61, 340–350. doi: 10.1016/j.neuron.2009.01.015

Lazarevic, V., Schone, C., Heine, M., Gundelfinger, E. D., and Fejtova, A. (2011).
Extensive remodeling of the presynaptic cytomatrix upon homeostatic adap-
tation to network activity silencing. J. Neurosci. 31, 10189–10200. doi: 10.
1523/JNEUROSCI.2088-11.2011

Lenz, G., and Avruch, J. (2005). Glutamatergic regulation of the p70S6 kinase in
primary mouse neurons. J. Biol. Chem. 280, 38121–38124. doi: 10.1074/jbc.
c500363200

Lisman, J., Yasuda, R., and Raghavachari, S. (2012). Mechanisms of CaMKII
action in long-term potentiation. Nat. Rev. Neurosci. 13, 169–182. doi: 10.
1038/nrn3192

Major, G., Larkum, M. E., and Schiller, J. (2013). Active properties of neo-
cortical pyramidal neuron dendrites. Annu. Rev. Neurosci. 36, 1–24. doi: 10.
1146/annurev-neuro-062111-150343

Malenka, R. C., and Bear, M. F. (2004). LTP and LTD: an embarrassment of riches.
Neuron 44, 5–21. doi: 10.1016/j.neuron.2004.09.012

Marin, P., Nastiuk, K. L., Daniel, N., Girault, J. A., Czernik, A. J., Glowinski, J.,
et al. (1997). Glutamate-dependent phosphorylation of elongation factor-2 and
inhibition of protein synthesis in neurons. J. Neurosci. 17, 3445–3454.

Maus, M., Torrens, Y., Gauchy, C., Bretin, S., Nairn, A. C., Glowinski, J., et al.
(2006). 2-Deoxyglucose and NMDA inhibit protein synthesis in neurons and
regulate phosphorylation of elongation factor-2 by distinct mechanisms. J.
Neurochem. 96, 815–824. doi: 10.1111/j.1471-4159.2005.03601.x

Mitsui, K., Brady, M., Palfrey, H. C., and Nairn, A. C. (1993). Purification and
characterization of calmodulin-dependent protein kinase III from rabbit reticu-
locytes and rat pancreas. J. Biol. Chem. 268, 13422–13433.

Monteggia, L. M., Gideons, E., and Kavalali, E. T. (2013). The role of eukaryotic
elongation factor 2 kinase in rapid antidepressant action of ketamine. Biol.
Psychiatry 73, 1199–1203. doi: 10.1016/j.biopsych.2012.09.006

Nairn, A. C., Bhagat, B., and Palfrey, H. C. (1985). Identification of calmodulin-
dependent protein kinase III and its major Mr 100,000 substrate in mammalian
tissues. Proc. Natl. Acad. Sci. U S A 82, 7939–7943. doi: 10.1073/pnas.82.23.7939

Nairn, A. C., and Palfrey, H. C. (1987). Identification of the major Mr 100,000
substrate for calmodulin-dependent protein kinase III in mammalian cells as
elongation factor-2. J. Biol. Chem. 262, 17299–17303.

Nosyreva, E., Szabla, K., Autry, A. E., Ryazanov, A. G., Monteggia, L. M.,
and Kavalali, E. T. (2013). Acute suppression of spontaneous neurotrans-
mission drives synaptic potentiation. J. Neurosci. 33, 6990–7002. doi: 10.
1523/JNEUROSCI.4998-12.2013

Panja, D., Dagyte, G., Bidinosti, M., Wibrand, K., Kristiansen, A. M., Sonenberg,
N., et al. (2009). Novel translational control in Arc-dependent long term
potentiation consolidation in vivo. J. Biol. Chem. 284, 31498–31511. doi: 10.
1074/jbc.M109.056077

Park, S., Park, J. M., Kim, S., Kim, J. A., Shepherd, J. D., Smith-Hicks, C. L., et al.
(2008). Elongation factor 2 and fragile X mental retardation protein control the
dynamic translation of Arc/Arg3.1 essential for mGluR-LTD. Neuron 59, 70–83.
doi: 10.1016/j.neuron.2008.05.023

Perez-Otano, I., and Ehlers, M. D. (2005). Homeostatic plasticity and NMDA
receptor trafficking. Trends Neurosci. 28, 229–238. doi: 10.1016/j.tins.2005.03.
004

Piccoli, G., Verpelli, C., Tonna, N., Romorini, S., Alessio, M., Nairn, A. C.,
et al. (2007). Proteomic analysis of activity-dependent synaptic plasticity in
hippocampal neurons. J. Proteome Res. 6, 3203–3215. doi: 10.1021/pr0701308

Pigott, C. R., Mikolajek, H., Moore, C. E., Finn, S. J., Phippen, C. W., Werner,
J. M., et al. (2012). Insights into the regulation of eukaryotic elongation factor 2
kinase and the interplay between its domains. Biochem. J. 442, 105–118. doi: 10.
1042/BJ20111536

Prybylowski, K., Chang, K., Sans, N., Kan, L., Vicini, S., and Wenthold, R. J. (2005).
The synaptic localization of NR2B-containing NMDA receptors is controlled by
interactions with PDZ proteins and AP-2. Neuron 47, 845–857. doi: 10.1016/j.
neuron.2005.08.016

Pyr Dit Ruys, S., Wang, X., Smith, E. M., Herinckx, G., Hussain, N.,
Rider, M. H., et al. (2012). Identification of autophosphorylation sites in

Frontiers in Cellular Neuroscience www.frontiersin.org February 2014 | Volume 8 | Article 35 | 7

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Heise et al. eEF2 regulation of dendritic translation

eukaryotic elongation factor-2 kinase. Biochem. J. 442, 681–692. doi: 10.1042/
BJ20111530

Redpath, N. T., and Proud, C. G. (1993a). Cyclic AMP-dependent protein kinase
phosphorylates rabbit reticulocyte elongation factor-2 kinase and induces
calcium-independent activity. Biochem. J. 293(Pt. 1), 31–34.

Redpath, N. T., and Proud, C. G. (1993b). Purification and phosphorylation of
elongation factor-2 kinase from rabbit reticulocytes. Eur. J. Biochem. 212, 511–
520. doi: 10.1111/j.1432-1033.1993.tb17688.x

Reichardt, L. F. (2006). Neurotrophin-regulated signalling pathways. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 361, 1545–1564. doi: 10.1098/rstb.2006.1894

Romorini, S., Piccoli, G., Jiang, M., Grossano, P., Tonna, N., Passafaro, M., et al.
(2004). A functional role of postsynaptic density-95-guanylate kinase-associated
protein complex in regulating Shank assembly and stability to synapses. J.
Neurosci. 24, 9391–9404. doi: 10.1523/jneurosci.3314-04.2004

Ryazanov, A. G., Shestakova, E. A., and Natapov, P. G. (1988). Phosphorylation of
elongation factor 2 by EF-2 kinase affects rate of translation. Nature 334, 170–
173. doi: 10.1038/334170a0

Ryazanov, A. G., Ward, M. D., Mendola, C. E., Pavur, K. S., Dorovkov, M. V.,
Wiedmann, M., et al. (1997). Identification of a new class of protein kinases
represented by eukaryotic elongation factor-2 kinase. Proc. Natl. Acad. Sci. U S A
94, 4884–4889. doi: 10.1073/pnas.94.10.4884

Sala, C., Rudolph-Correia, S., and Sheng, M. (2000). Developmentally regulated
NMDA receptor-dependent dephosphorylation of cAMP response element-
binding protein (CREB) in hippocampal neurons. J. Neurosci. 20, 3529–3536.

Scheetz, A. J., Nairn, A. C., and Constantine-Paton, M. (1997). N-methyl-D-
aspartate receptor activation and visual activity induce elongation factor-2
phosphorylation in amphibian tecta: a role for N-methyl-D-aspartate receptors
in controlling protein synthesis. Proc. Natl. Acad. Sci. U S A 94, 14770–14775.
doi: 10.1073/pnas.94.26.14770

Scheetz, A. J., Nairn, A. C., and Constantine-Paton, M. (2000). NMDA receptor-
mediated control of protein synthesis at developing synapses. Nat. Neurosci. 3,
211–216. doi: 10.1038/72915

Seibt, J., Dumoulin, M. C., Aton, S. J., Coleman, T., Watson, A., Naidoo, N., et al.
(2012). Protein synthesis during sleep consolidates cortical plasticity in vivo.
Curr. Biol. 22, 676–682. doi: 10.1016/j.cub.2012.02.016

Sutton, M. A., Taylor, A. M., Ito, H. T., Pham, A., and Schuman, E. M. (2007).
Postsynaptic decoding of neural activity: eEF2 as a biochemical sensor coupling
miniature synaptic transmission to local protein synthesis. Neuron 55, 648–661.
doi: 10.1016/j.neuron.2007.07.030

Swanger, S. A., and Bassell, G. J. (2013). Dendritic protein synthesis in the normal
and diseased brain. Neuroscience 232C, 106–127. doi: 10.1016/j.neuroscience.
2012.12.003

Tao, H., Liu, W., Simmons, B. N., Harris, H. K., Cox, T. C., and Massiah,
M. A. (2010). Purifying natively folded proteins from inclusion bodies using
sarkosyl, Triton X-100 and CHAPS. Biotechniques 48, 61–64. doi: 10.2144/
000113304

Tavares, C. D., O’Brien, J. P., Abramczyk, O., Devkota, A. K., Shores, K. S.,
Ferguson, S. B., et al. (2012). Calcium/calmodulin stimulates the autophos-
phorylation of elongation factor 2 kinase on Thr-348 and Ser-500 to regulate
its activity and calcium dependence. Biochemistry 51, 2232–2245. doi: 10.1021/
bi201788e

Tongiorgi, E., Armellin, M., Giulianini, P. G., Bregola, G., Zucchini, S., Paradiso, B.,
et al. (2004). Brain-derived neurotrophic factor mRNA and protein are targeted

to discrete dendritic laminas by events that trigger epileptogenesis. J. Neurosci.
24, 6842–6852. doi: 10.1523/jneurosci.5471-03.2004

Tongiorgi, E., Righi, M., and Cattaneo, A. (1997). Activity-dependent dendritic
targeting of BDNF and TrkB mRNAs in hippocampal neurons. J. Neurosci. 17,
9492–9505.

Traynelis, S. F., Wollmuth, L. P., McBain, C. J., Menniti, F. S., Vance, K. M.,
Ogden, K. K., et al. (2010). Glutamate receptor ion channels: structure, reg-
ulation and function. Pharmacol. Rev. 62, 405–496. doi: 10.1124/pr.109.00
2451

Turrigiano, G. G. (2008). The self-tuning neuron: synaptic scaling of excitatory
synapses. Cell 135, 422–435. doi: 10.1016/j.cell.2008.10.008

Turrigiano, G. G., and Nelson, S. B. (2004). Homeostatic plasticity in the developing
nervous system. Nat. Rev. Neurosci. 5, 97–107. doi: 10.1038/nrn1327

Verpelli, C., Piccoli, G., Zibetti, C., Zanchi, A., Gardoni, F., Huang, K., et al.
(2010). Synaptic activity controls dendritic spine morphology by modulat-
ing eEF2-dependent BDNF synthesis. J. Neurosci. 30, 5830–5842. doi: 10.
1523/JNEUROSCI.0119-10.2010

Virmani, T., Atasoy, D., and Kavalali, E. T. (2006). Synaptic vesicle recycling adapts
to chronic changes in activity. J. Neurosci. 26, 2197–2206. doi: 10.1523/jneurosci.
4500-05.2006

Voet, D., Voet, J. G., and Pratt, C. W. (2006). Fundamentals of Biochemistry: Life at
the Molecular Level. 2nd Edn. Hoboken, NJ: Wiley.

Wang, X., Li, W., Williams, M., Terada, N., Alessi, D. R., and Proud, C. G. (2001).
Regulation of elongation factor 2 kinase by p90(RSK1) and p70 S6 kinase. Embo
J. 20, 4370–4379. doi: 10.1093/emboj/20.16.4370

Wibrand, K., Pai, B., Siripornmongcolchai, T., Bittins, M., Berentsen, B., Ofte,
M. L., et al. (2012). MicroRNA regulation of the synaptic plasticity-related gene
Arc. PLoS One 7:e41688. doi: 10.1371/journal.pone.0041688

Zalfa, F., Giorgi, M., Primerano, B., Moro, A., Di Penta, A., Reis, S., et al. (2003).
The fragile X syndrome protein FMRP associates with BC1 RNA and regulates
the translation of specific mRNAs at synapses. Cell 112, 317–327. doi: 10.
1016/s0092-8674(03)00079-5

Zhao, S., Studer, D., Chai, X., Graber, W., Brose, N., Nestel, S., et al. (2012).
Structural plasticity of spines at giant mossy fiber synapses. Front. Neural
Circuits 6:103. doi: 10.3389/fncir.2012.00103

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 09 September 2013; accepted: 23 January 2014; published online: 10
February 2014.
Citation: Heise C, Gardoni F, Culotta L, di Luca M, Verpelli C and Sala C (2014)
Elongation factor-2 phosphorylation in dendrites and the regulation of dendritic
mRNA translation in neurons. Front. Cell. Neurosci. 8:35. doi: 10.3389/fncel.2014.
00035
This article was submitted to the journal Frontiers in Cellular Neuroscience.
Copyright © 2014 Heise, Gardoni, Culotta, di Luca, Verpelli and Sala. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience www.frontiersin.org February 2014 | Volume 8 | Article 35 | 8

http://dx.doi.org/10.3389/fncel.2014.00035
http://dx.doi.org/10.3389/fncel.2014.00035
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive

	Elongation factor-2 phosphorylation in dendrites and the regulation of dendritic mRNA translation in neurons
	Introduction
	Manipulation of N-methyl-D-aspartate receptor (NMDAR) signaling and neuronal activity affects eukaryotic Elongation Factor 2 Kinase (eEF2K)/eukaryotic Elongation Factor 2 (eEF2) pathway-dependent mRNA translation in dendrites
	eukaryotic Elongation Factor 2 Kinase (eEF2K)/eukaryotic Elongation Factor 2 (eEF2) pathway-dependent mRNA translation in dendrites in the context of synaptic plasticity
	New insights into the activation of the eukaryotic Elongation Factor 2 Kinase (eEF2K)/eukaryotic Elongation Factor 2 (eEF2) pathway and calcium-dependent eukaryotic Elongation Factor 2 Kinase (eEF2K) phosphorylation in neurons in vitro
	Conclusion
	Author contributions
	Acknowledgments
	References


