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Synaptic Activity Controls Dendritic Spine Morphology
by Modulating eEF2-Dependent BDNF Synthesis
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Activity-dependent changes in synaptic structure and spine morphology are required for learning and memory, and depend on protein
translation. We show that the kinase for eukaryotic elongation factor 2 (eEF2K) regulates dendritic spine stability and synaptic structure
by modulating activity-dependent dendritic BDNF synthesis. Specifically RNAi knockdown of eEF2K reduces dendritic spine stability
and inhibits dendritic BDNF protein expression; whereas overexpression of a constitutively activated eEF2K induces spine maturation
and increases expression of dendritic BDNF. Furthermore, BDNF overexpression rescues the spine stability reduced by RNAi knockdown
of eEF2K. We also show that synaptic activity-dependent spine maturation and dendritic BDNF protein expression depend on mGluR/
EF2K-induced eEF2 phosphorylation. We propose that the eEF2K/eEF2 pathway is a key biochemical sensor that couple neuronal activity
to spine plasticity, by controlling the dendritic translation of BDNF.

Introduction
Dendritic spines are essential for nervous system functioning
(Bagni and Greenough, 2005; Carlisle and Kennedy, 2005;
Hayashi and Majewska, 2005; Tada and Sheng, 2006; Bourne and
Harris, 2008). Spine density and morphology are finely tuned
during development, and are further modified in response to
neuronal activity (Matsuzaki et al., 2004; Nägerl et al., 2004; Zhou
et al., 2004; Ethell and Pasquale, 2005; De Roo et al., 2008). It
known that protein synthesis is required for LTP, metabotropic
glutamate receptor-dependent LTD, and the regulation of ho-
meostatic plasticity (Huber et al., 2000; Kauderer and Kandel,
2000; Schuman et al., 2006). More recently it has been shown that
local protein synthesis is necessary for structural changes to occur
in dendritic spines (Korte, 2008; Tanaka et al., 2008); such
changes may be linked to the formation of long-lasting memories
in the hippocampus (Korte, 2008; Tanaka et al., 2008). However
the mechanisms whereby neuronal activity is translated into local

protein synthesis and long-lasting structural and functional
changes in dendritic spines remain largely unknown.

Local protein synthesis might be regulated during nascent
peptide elongation by eukaryotic elongation factor 2 (eEF2),
which controls the transit of mRNA through the ribosome. eEF2
phosphorylation at Thr56 by the specific eEF2 kinase (eEF2K)
usually slows protein translation and elongation (Ryazanov et al.,
1988; Ryazanov et al., 1991) but increases the translation of some
mRNAs localized in dendrites including �CaMKII and Arc
(Marin et al., 1997; Scheetz et al., 2000; Chotiner et al., 2003;
Belelovsky et al., 2005; Park et al., 2008).

It has been found that glutamate receptor activation modu-
lates eEF2 phosphorylation, suggesting that the eEF2K-eEF2 axis
plays a role in regulating neuronal activity-dependent protein syn-
thesis (Chotiner et al., 2003; Sutton et al., 2007; Park et al., 2008).

We showed previously, using a proteomic approach, that eEF2
phosphorylation is regulated by synaptic activity in hippocampal
neurons (Piccoli et al., 2007). In the present paper we show that
long-term bicuculline or TTX stimulation (proxies of neuronal
activity) modulate eEF2 phosphorylation and stably increase or
decrease, respectively, eEF2 phosphorylation. We also show that
eEF2 phosphorylation is mediated by mGluR signaling. When we
used a siRNA to specifically knockdown eEF2K and abolish eEF2
phosphorylation, the dendritic synthesis of proteins, including
brain-derived neurotrophic factor (BDNF), was impaired, and
spine morphology was altered. We further show that the den-
dritic synthesis of BDNF protein is dependent on eEF2 phosphor-
ylation in dendrites: specifically BDNF synthesis is reduced in the
absence of eEF2K and increased in neurons overexpressing con-
stitutively active eEF2K.
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Together our data indicate that spine plasticity and structure
are finely tuned by the eEF2K-eEF2 pathway via the regulation
dendritic BNDF expression. Alterations in this pathway are likely
to compromise long-lasting spine plasticity and lead to cognitive
dysfunction.

Materials and Methods
Hippocampal neuron culture, brain slice culture, and chemicals. Hip-
pocampal neuron cultures were prepared from 18- to 19-d-old rat em-
bryos from Charles River. High-density (750 –1000 cells/mm 2) and
medium-density (150 –200 cells/mm 2) neurons were plated and grown
as described by (Romorini et al., 2004) using home-made B27. Neurons
were plated onto 6-well plastic tissue culture plates (Iwaki, Bibby Sterilin)
or 18 mm diameter coverslips, and grown on 12-well plastic tissue cul-
ture plates (Iwaki). Cultures were infected with lentivirus-expressing
siRNA for eEF2 at 7 d in vitro (DIV) or transfected using calcium phos-
phate precipitation using the protocol described by Xia et al. (1996).
Treatments (comprising bicuculline 40 �M, AP5 100 �M, CNQX 20 �M,
MPEP 30 nM, and TTX 2 �M; all from Tocris Bioscience) were started at
16 DIV. Unless otherwise stated, other chemicals were from Applichem
GmbH. Neurons were fractionated to obtain the P1 fraction enriched in
cell bodies and probably containing large dendritic fragments, and the P2
fraction enriched in presynaptic and postsynaptic structures (Aakalu et
al., 2001; An et al., 2008). The enrichment of dendritic components in P2
was assessed by immunoblot.

Hippocampal slices (400 �m) were cut from postnatal 7- to 9-d-old
rats, cultured in medium for 8 d (Stoppini et al., 1991) and infected with
lentivirus and cultured for a further 15 d before treatments.

Western blotting and antibodies. Neurons were solubilized in Laemmli
buffer and loaded onto 6 –12% SDS-PAGE gels. Protein bands were
transferred to nitrocellulose membranes (Sigma) at 80 V for 120 min at
4°C. Primary antibodies were applied overnight in blocking buffer (20
mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween 20, and 3% dried nonfat
milk). Secondary antibodies (HRP-conjugated anti-mouse, anti-rabbit
or anti-goat) (GE Healthcare) were used at 1:2000 dilution. The signal
was detected using an ECL detection system (PerkinElmer Life Sciences)
and captured by a Versadoc 1000 digital camera (Bio-Rad). For quanti-
fication of immunoblot signals total band intensity was measured with
ImageQuant software (Bio-Rad). Proteins were normalized to the actin
signal but eEF2 phospho-specific intensity was normalized to the total
eEF2 signal in the same lane. Changes in protein levels and eEF2 phos-
phorylation then were compared with untreated levels and expressed as
fold increase. The results are expressed as the mean � SEM.

The following antibodies and dilutions were used (sources in paren-
theses): rabbit anti-P-eEF2 1:1000 and rabbit anti-eEF2 1:1000 (gifts
from A. C. Nairn, Yale University, New Haven, CT); rabbit anti-CaMKII
1:1000, rabbit anti-eEF2 kinase 1:1000, rabbit anti-ERK 1/2 1:500, rabbit
anti P-ERK 1/2 1:500, rabbit anti-S6K 1:500, rabbit anti-4eBP1 1:250 and
rabbit anti-GFP 1:500 (Cell Signaling Technology); rabbit anti-BDNF
1:500, rabbit anti-ARC 1:200, anti-NGF 1:1000 (Santa Cruz Biotechnol-
ogy); rabbit anti-GluR2 1:400 (NeuroMab, UC Davis/NIH NeuroMab
Facility); rabbit anti pro-BDNF 1:1000, mouse anti-vimentin 1:1000,
mouse anti-�-actin 1:1000, and mouse anti-�-tubulin 1:1000 (Sigma).

Immunocytochemistry. For immunostaining, neurons were fixed in 4%
paraformaldehyde and 4% sucrose at room temperature or in 100%
methanol at �20°C. Primary and secondary antibodies were applied in
GDB buffer (30 mM phosphate buffer, pH 7.4, containing 0.2% gelatin,
0.5% Triton X-100, and 0.8 M NaCl) for 2 h at room temperature, or
overnight at 4°C. The following antibodies and dilutions were used
(source in parentheses): rabbit anti-GKAP 1:500, rabbit anti-Shank1
1:200, rabbit anti-PSD-95 1:500 (gifts from E. Kim, KAIST, Daejeon,
South Korea); rabbit anti-P-eEF2 1:200 and rabbit anti-eEF2 kinase
1:2000 (gifts from A. C. Nairn, Yale University); rabbit anti-eEF2 kinase
1:2000 (Cell Signaling Technology); rabbit anti-GluR2/3 1:250 (Millipore
Bioscience Research Reagents); rabbit anti-BDNF 1:100 (Santa Cruz Bio-
technology); mouse anti-synaptophysin 1:1000 (Sigma); FITC-, Cy3- and
Cy5-conjugated secondary antibodies (Jackson ImmunoResearch). Texas
Red-conjugated phalloidin was purchased from Invitrogen.

Quantification of synaptic proteins. Neurons were transfected with var-
ious constructs on DIV11 using calcium phosphate precipitation, and
fixed on DIV18. Labeled transfected or untransfected neurons were cho-
sen randomly for quantification in at least four independent experiments
for each condition. Fluorescent images were acquired with a Bio-Rad
MRC1024 or Zeiss 510 (donated by the Fondazione Monzino, Milan,
Italy) confocal microscope with Nikon 60� or Zeiss 63� objective, re-
spectively, at a resolution of 1024 � 1024 pixels. Each image was a z series
projection of �7–10 images, each averaged twice and taken at depth
intervals of 0.5 �m. The morphometric analysis was done with Meta-
Morph image analysis software (Universal Imaging). The clusters, local-
ized at the dendrites of transfected neurons, were counted manually
using the merge images and divided in two categories, those localized at
dendritic protrusions and those not. The percentage of clusters localized at
dendritic protrusions relative to total was then calculated (Sala et al., 2001;
Romorini et al., 2004). All measurements were expressed means � SEM.

RNA interference and plasmids. For plasmid-based RNA inhibition,
eEF2K oligonucleotides were annealed and inserted into the HindIII/
BglII sites of the pSUPER vector (Oligo Engine30) or the pLVTHM vec-
tor for lentivirus production. We used siRNA sequences targeted against
rat eEF2K mRNA (GenBank accession number NM_007908): nucleo-
tides 362–380 (siRNA 362), 766 –784 (siRNA 766) and 2118 –2136
(siRNA 2118) (see supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). An eEF2K resistant (eEF2KR) to interference by
siRNA 2118 was generated by changing four nucleotides at the siRNA
2118 target site without changing the amino acid sequence of the kinase.
The specificity and efficacy of siRNA constructs in interfering with
eEF2K expression were first tested against endogenously expressed
eEF2K in normal rat kidney [NRK] cells transfected with Lipofectamine
reagent (Invitrogen) and starved for 48 h.

The point (Ser366Ala) mutation to generate an eEF2K (eEF2Kca) with
no phosphorylation site was introduced by PCR using the following
primers: S366Aup CGCATAAGGACACTCGCTGGCAGCCGGCCC
and S366Adown GGGCCGGCTGCCAGCGAGTGTCCTTATGCG.

Measurement of dendritic spine morphology and dendritic protein syn-
thesis. Neurons were cotransfected with siRNA vector and pEGFP at a
ratio of 2:1 (5 �g of total DNA/well) on DIV11, treated with drugs on
DIV16, and fixed on DIV18. Labeled transfected neurons were randomly
chosen for quantification in at least four independent experiments for
each construct. The numbers of neurons used for quantification are
shown in the figure legends. Morphometric measurements were made
using MetaMorph image analysis software (Universal Imaging). Individ-
ual dendrites were selected randomly and their spines were traced man-
ually. The maximum length and head width of each spine were measured
and archived automatically. To study dendritic protein synthesis, one of
the vectors pcDNA3.1-5�myrdGFP 3�, myrd1GFP-A*B, or myrd1GFP-A,
was cotransfected with siRNA and DsRed vectors in the ratio 1:2:1. Ter-
minal dendrites (dendrites without additional branches) and cell bodies
were manually traced using MetaMorph software on the DsRed channel.
GFP signal intensity (mean pixel intensity) was estimated as the
myrdGFP integrated fluorescence intensity divided by the area picked
out by the DsReD signal.

Total RNA extraction and real-time quantitative PCR analysis. Total
RNA was isolated from cells using the RNeasy Mini kit (QIAGEN) ac-
cording to the manufacturer’s instructions, treated with DNase I, and
then treated with ImProm-II reverse transcriptase (Promega) according
to the manufacturer’s instructions, to obtain cDNA. Real-time PCR was
performed using an iQ5 Real-Time PCR Detection System (Bio-Rad)
using the iScript One-Step RT-PCR Kit with SYBR Green (Bio-Rad).
Specificities of amplifications were assessed by electrophoretic separa-
tion of the products and melting curve analyses. The expression of the
genes of interest was quantitated and normalized against �-actin and
rpsa gene expression. The primers used for amplification were: forward
(F)-BDNF ORF (AGGTGAGAAGAGTGATGACCA), reverse (R)-BDNF
ORF (GCTCTCCAGAGTCCCATGG); F-BDNF L (TGGCCTAACAGT-
GTTTGCAG); R-BDNF L (GGATTTGAGTGTGGTTCTCC); F-bACT
(GCCTTCCTTCTTGGGTAATGG), R-bACT (AATGCCTGGGTAC-
ATGGTGG); F-RPSA (ACCCAGAGGAGATTGAGAAGG), R-RPSA
(TGGGGAACTGCTGAATGGGC).
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Statistical analyses. Data are expressed as
means � SEM. The significance of differences
was tested by unpaired Student’s t test (two
means) or ANOVA with post hoc Tukey test
(more than two means). The number of exper-
iments (n) performed and p values are reported
in the figure legends. Differences were consid-
ered significant for p values �0.05. The SPSS
statistical package version 13.0 (SPSS Inc.) was
used for the analyses.

Results
In a previous study (Piccoli et al., 2007) we
found that synaptic activity modulated
the phosphorylation status of eEF2 in hip-
pocampal neurons. In particular, long-
term (24 or 48 h) treatment with TTX (2
�M)—which blocks sodium channels and
inhibits propagation of spontaneous ac-
tion potential (Ehlers, 2003)—reduced
eEF2 phosphorylation. By contrast, the
GABA receptor antagonist bicuculline (40
�M for 24 or 48 h) increased excitatory
synaptic activity and also increased the
quantity of phosphorylated eEF2 (P-
eEF2) without affecting the total quantity
of eEF2 (see Piccoli et al., 2007) (Fig.
1A,B; supplemental Fig. 1, available at
www.jneurosci.org as supplemental ma-
terial). In the present study we found that
synaptic activity modulated eEF2 phos-
phorylation in dendrites but had no sig-
nificant effect on eEF2 phosphorylation in
neuronal soma (Fig. 1C, with quantifica-
tion in D). In the dendritic sites marked by
MAP2 (Fig. 1C), P-eEF2 staining was in-
creased by bicuculline and decreased by
TTX (Fig. 1C, with quantification in D).

To further probe the role of eEF2 phos-
phorylation in dendrites and dendritic
spines we generated the 362, 766 and 2118
siRNAs which specifically knockdown
eEF2K (the eEF2-specific kinase) and
reduce eEF2 phosphorylation without affecting a panel of other
endogenous proteins, both in NRK cells and in hippocampal neu-
rons (supplemental Fig. 2A–D, available at www.jneurosci.org as
supplemental material). We report results on 2118 siRNA (hereafter
sieEF2K), but closely similar results were obtained with 362 and 766
(data not shown).

We transfected hippocampal neurons with sieEF2K plus GFP
or scrambled siRNA plus GFP at DIV10, and assessed dendrites,
dendritic spines and synapses at DIV18. Endogenous eEF2K stain-
ing almost completely disappeared from sieEF2K-transfected neu-
rons, but not from those transfected with scrambled siRNA (Fig.
2Aa1–3,Ab1–3). Reduction in eEF2K also resulted in disappear-
ance of mature dendritic spines, which changed into filopodia-
like protrusions (Fig. 2Ab1–3) with increased average spine
length, and decreased average spine width and density (Fig.
2B–D; supplemental Table 1, available at www.jneurosci.org as
supplemental material).

The morphological effect was specific to dendritic spines:
eEF2K knockdown did not change the mean number of
branches or branch length in the dendritic arbor (numerical data
in supplemental Table 2, available at www.jneurosci.org as sup-

plemental material). Furthermore, the effect of sieEF2K on spine
morphology was rescued by cotransfection with a vector encoding
eEF2KR—an eEF2K containing four silent mutations that abolish
interference by siRNA (Figs. 2Ac1–3,B–D; supplemental Fig. 2E,
available at www.jneurosci.org as supplemental material, shows
eEF2K levels in cells transfected and not with eEF2KR).

Absence of organized spine structure in sieEF2K-transfected
neurons also markedly disturbed the expression and localization
of a panel of presynaptic and postsynaptic markers: GluR2/3
AMPA subunit, PSD-95, GKAP, Shank, F-actin and Synaptophy-
sin. Figure 3A shows that scramble-transfected neurons had syn-
aptic proteins highly localized at dendritic spines, whereas eEF2K
silencing massively depleted protein clusters present at the de-
generate dendritic protrusions (Fig. 3A,B) without affecting total
expression (supplemental Fig. 2B,D, available at www.jneurosci.
org as supplemental material).

The next step was to determine whether disturbed eEF2 sig-
naling interferes with the activity-dependent modification of
dendritic spine morphology previously demonstrated (Piccoli et
al., 2007). We transfected hippocampal neurons with sieEF2K or
scrambled siRNA and then treated them with bicuculline or TTX.

Figure 1. Synaptic activity regulates eEF2 phosphorylation in dendrites. A, Western blots of neurons treated with TTX or
bicuculline for 24 or 48 h and then solubilized in SDS sample buffer. B, Band intensity of P-eEF2, normalized against total eEF2. The
vertical axis shows the mean fold increase over no treatment (NT). Error bars are SEMs; at least four independent experiments were
performed per condition. *p � 0.05 versus NT; #p � 0.05 versus TTX samples (ANOVA, Tukey post hoc test). C, Hippocampal
neurons untreated (NT), treated with TTX, or bicuculline (Bic) at DIV16, fixed at DIV18, and immunostained to reveal P-eEF2 and
MAP2. TTX and Bic treatments modified dendritic but not somatic eEF2 phosphorylation. D, P-eEF2 signals in somatic and dendritic
regions expressed as mean pixel intensity (error bars SEM); �15 neurons from three independent experiments were used for
condition (soma: NT: 44.8 � 3.50; TTX: 36.9 � 3.09; Bic: 47.1 � 2.53; dendrite: NT: 36.2 � 4.63; TTX: 13.7 � 1.83, Bic: 65.2 �
6.83). *p � 0.01 versus untreated neurons, #p � 0.01 versus TTX-treated neurons (ANOVA, Tukey test). Scale bar, 20 �m for
low-magnification images; Scale bar, 10 �m for high-magnification images.
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Forty-eight hours of stimulation with bicuculline decreased the
number of spines and increased their width, whereas 48 h activity
depression by TTX increased the number and length of spines so
they became filopodia-like (Fig. 2E–H; supplemental Table 1,
available at www.jneurosci.org as supplemental material) (see
also Piccoli et al., 2007). Thus the morphological changes due to
chronic activity or inactivity were prevented by sieEF2K transfec-
tion: inhibition of eEF2 phosphorylation induced mature den-
dritic spines to change into filopodia-like protrusions (Fig.
2 E–H; supplemental Table 1, available at www.jneurosci.org as

supplemental material) while average
spine length increased, and average width
decreased, regardless of the pharmacolog-
ical treatments (Fig. 2F–H; supplemental
Table 1, available at www.jneurosci.org as
supplemental material). These data suggest
that eEF2K, and therefore eEF2 phosphory-
lation, is required for activity-dependent
regulation of dendritic spines morphology.

Synaptic activity regulates dendritic
spine maturation by regulating
eEF2 phosphorylation
To further probe the role of eEF2K in shap-
ing spines, neurons were transfected with
eEF2K or empty vector (and GFP), treated
with TTX or bicuculline on DIV16, and
fixed on DIV18 (Fig. 4A). Overexpression
of eEF2K (Fig. 4A, TTX panel) did not
change spine length, width or density in
neurons chronically depressed by TTX
(Fig. 4E–G, columns TTX and TTX�eEF2K;
supplemental Table 1, available at www.
jneurosci.org as supplemental material)
but, in bicuculline-stimulated neurons
(Fig. 4A, Bic panel), eEF2K overexpres-
sion accentuated changes in spine mor-
phology further increasing width and
reducing density (Fig. 4E–G, columns Bic
and Bic�eEF2K; supplemental Table 1,
available at www.jneurosci.org as supple-
mental material).

Since multiple signaling pathways con-
trol eEF2K activity (Browne et al., 2004;
Browne and Proud, 2004; Lenz and
Avruch, 2005) and since phosphorylation
of Ser366 by p70 S6K or p90 RSK inhibits
eEF2K activity (Wang et al., 2001), we in-
troduced the point mutation Ser366Ala in
eEF2K (producing eEF2Kca) that abolishes
the phosphorylation site. eEF2Kca had
greater baseline activity than wild- type
eEF2K: in a COS cell line transfected with
increasing amounts of wild-type eEF2K or
eEF2Kca plasmid, eEF2Kca saturated
P-eEF2 levels even with the smallest amounts
of DNA (Fig. 4B,C, which shows P-eEF2
levels normalized against total eEF2 levels).

Neurons were transfected with
eEF2Kca or an empty vector plus GFP
on DIV10 and fixed on DIV18 (Fig. 4 D).
Overexpression of eEF2Kca resulted in a
significant increase in spine width and

reduction spine density in the absence of chronic stimulation
(Fig. 4 E–G, columns vector and eEF2Kca; supplemental Table
1, available at www.jneurosci.org as supplemental material).

Together, these findings indicate that the synaptic activity
controlling dendritic spine morphology involves positive modu-
lation of eEF2K activity.

eEF2K regulates dendritic protein synthesis
Recent studies have shown that neuronal activity can modulate
the dendritic synthesis of Arc/Arg3.1 and CaMKII— key proteins

Figure 2. eEF2 phosphorylation by eEF2K plays a key role in remodeling spine morphology. A, Hippocampal neurons were transfected
withscrambledsiRNA,sieEF2KorsieEF2KpluseEF2KinsensitivetosiRNA(eEF2KR)togetherwithGFPatDIV10andfixedatDIV18. Inhibition
of eEF2K expression caused disappearance of mature dendritic spines and production of protrusions resembling filopodia; whereas coex-
pression of eEF2KR restored eEF2K staining and also spine morphology. B, C, Cumulative frequency plots showing distribution of spine
length and width in neurons transfected with the constructs indicated. D, Quantification of spine number (errors bars SEM) in neurons
transfected with the constructs indicated. Over 14 transfected neurons from four independent experiments (corresponding to�7000�m
in dendrite length) were examined for each condition. *p � 0.05 versus scrambled and sieEF2K�eEF2KR transfected neurons. E, Hip-
pocampal neurons were transfected with sieEF2K or scrambled siRNA together with GFP on DIV10, left untreated (NT) or treated with TTX
or bicuculline on DIV16, and fixed on DIV18. Knockdown of eEF2K disrupted spine structure despite continuing discharges. F, Quantification
of spine number (error bars SEM) in neurons transfected with indicated constructs and treated with indicated drugs. *p � 0.05 versus
scramble-transfected neurons same treatment; §p�0.05 versus untreated neurons same transfection (ANOVA, Tukey test). G, H, Cumu-
lative frequency plots of distribution of spine length and width in neurons transfected with the constructs indicated. Over 14 transfected
neurons from four independent experiments were measured for each condition. Scale bar, 10 �m.
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involved in synaptic plasticity— by regu-
lating eEF2K activity and eEF2 phosphor-
ylation (Scheetz et al., 2000; Park et al.,
2008). We therefore investigated whether
the perturbation of spine morphology in-
duced by eEF2K knockdown, had a nega-
tive effect on local protein synthesis. We
used the protein produced by a GFP re-
porter construct and monitored its syn-
thesis in dendrites (Aakalu et al., 2001;
Meyer-Luehmann et al., 2009). The con-
struct expresses a myristoylated (and de-
stabilized form) of the GFP protein, and
contains the 3�UTR sequence of
CaMKII� which target the mRNA to den-
drites (Mayford et al., 1996; Mori et al.,
2000).

Neurons were transfected with
sieEF2K or scrambled siRNA together
with DsRed (to label transfected neu-
rons) and the myrdGFP3�UTRCaMKII�
(myrdGFP) vector on DIV10, treated or
not with synaptic activity modifying drugs
on DIV16, and fixed on DIV18. The
myrdGFP signal, but not the DsRed sig-
nal, in terminal dendrites was regulated by
synaptic activity in scramble-transfected
neurons (Fig. 5Aa1,Aa3,Aa5). Quantifica-
tion of the myrdGFP signal (as GFP inten-
sity divided by the dendritic area under
consideration as picked out by the DsRed
signal) showed that TTX treatment re-
duced, while bicuculline increased, local
synthesis (Fig. 5B). When, however, eEF2K
was knocked-down (Fig. 5Aa2,Aa4,Aa6),
dendritic synthesis of the reporter was im-
paired both in nontreated and pharmaco-
logically treated (including Bic-treated)
neurons (Fig. 5B). eEF2K knockdown had
no significant effect on myrdGFP expres-
sion in the soma (Fig. 5C; supplemental
Fig. 3, available at www.jneurosci.org as
supplemental material). These findings
suggest that synaptic activity regulates
dendritic protein synthesis. Together the results reported so far
indicate that synaptic activity regulates dendritic protein syn-
thesis as well as dendritic spine morphology and maturation,
by modulating the phosphorylation and hence activity of
eEF2.

Dendritic synthesis of BDNF is controlled by the
eEF2K-eEF2 pathway
Neuronal activity has been shown to enhance the local synthesis
and secretion of BDNF, which in turn plays a crucial role in
synaptic transmission and plasticity. (An et al., 2008; Tanaka et
al., 2008) We investigated whether synaptic activity modulates
BDNF expression in our model. Neurons were treated for 48 h with
TTX or bicuculline and tested for BDNF expression by Western
blot (supplemental Fig. 4A, available at www.jneurosci.org as
supplemental material). We found that BDNF expression was
significantly reduced by TTX treatment and strongly upregulated
by bicuculline (supplemental Fig. 4E, available at www.jneurosci.
org as supplemental material), whereas expression of the

postsynaptic proteins CaMKII, Arc and the GluR2 subunit was less
strongly affected by these treatments (supplemental Fig. 4D,E,
available at www.jneurosci.org as supplemental material). As
shown in supplemental Figure 4A (available at www.jneurosci.
org as supplemental material) we used antibodies that mainly
label BDNF protein (14 kDa), less pro-BDNF (29 kDa). This
antibody recognized several other bands of higher molecular
weight not modified by TTX and bicuculline, we therefore mon-
itored the 14 kDa band only (supplemental Fig. 4A, available at
www.jneurosci.org as supplemental material). As expected, bicu-
culline treatment also increased the expression of pro-BDNF
(supplemental Fig. 4B, available at www.jneurosci.org as supple-
mental material) but not NGF (supplemental Fig. 4C, available at
www.jneurosci.org as supplemental material).

We next monitored the induction of BDNF protein expres-
sion over time. DIV16 neurons were treated with TTX or bicu-
culline for 1, 2, 6, 24 and 48 h, and BDNF and actin levels were
determined by Western blot at each time point (Fig. 6A). BDNF
levels were increased by bicuculline and reduced by TTX (Fig. 6B

Figure 3. eEF2 phosphorylation by eEF2K regulates synapse morphology. A, Hippocampal neurons were transfected with
scrambled siRNA or sieEF2K together with GFP on DIV10, and fixed on DIV18. The distribution of various presynaptic and postsyn-
aptic markers (GluR2/3, PSD-95, GKAP, Shank, F-actin and synaptophysin) at the dendritic sites, were analyzed after staining with
specific antibodies. B, Quantification of stained protein clusters localizing at dendritic protrusions in scrambled and sieEF2K
neurons (mean � SEM), from at least 10 neurons from three independent experiments per condition for each staining. *p � 0.05
versus scrambled transfected neurons (Student’s t test). Scale bar, 10 �m.
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shows BDNF levels normalized against no treatment and actin
expression). In particular, BDNF expression was substantially
increased by bicuculline stimulated activity by 6 h and reached a
plateau at 24 h (Fig. 6A,B). At the same time points we measured
levels of phosphorylated eEF2, finding that bicuculline increased
eEF2 and TTX reduced eEF2 phosphorylation with changes over
time similar to BDNF protein expression changes (Fig. 6A,C; in
Fig. 6C P-eEF2 levels are normalized against no treatment and
total eEF2).

The transcription of BDNF mRNA is regulated in a time-
dependent manner by neuronal activity (Zafra et al., 1991; Tao et
al., 1998; Lauterborn et al., 2000). BDNF mRNAs are transcribed
from multiple promoters regulated by different signaling path-
ways (Tabuchi et al., 2000; Sakata et al., 2009) and are polyade-
nylated at two alternative sites, leading to mRNA populations

with either short or long 3� untranslated
regions (3�UTRs) (Ghosh et al., 1994).
Short 3� UTR mRNAs are restricted to
soma, whereas long 3� UTR mRNAs also
localize in dendrites (An et al., 2008). Us-
ing primers that specifically amplify either
the long UTR of BDNF, or the open read-
ing frame (BDNF-ORF), we determined
BDNF mRNA levels (by quantitative RT-
PCR) in neurons chronically stimulated
with bicuculline and assess whether the
increase in BDNF protein was due to in-
creased transcription. Neurons were
bicuculline-treated for 1.5, 3, 6, 18 and
24 h and the BDNF mRNA quantified.
BDNF mRNA peaked at 6 h (Fig. 6D) but
gradually decreased with longer bicucul-
line treatment, thus the kinetics of expres-
sion of BDNF mRNA differed from that of
the protein (Fig. 6B). The kinetics of
BDNF-L and BDNF-ORF mRNA expres-
sion were closely similar (Fig. 6D). These
findings are compatible with BDNF pro-
tein expression at 24 h and beyond being
sustained by translational control of
BDNF mRNA. We therefore hypothesized
that eEF2 phosphorylation was involved
in controlling BDNF translation follow-
ing transient induction of BDNF mRNA
transcription by neuron activity. To in-
vestigate this we knocked down eEF2K in
hippocampal neurons and hippocampal
slice cultures, using lentivirus encoding
sieEF2K or GFP as control. In eEF2K-
knocked down cells, BNDF protein ex-
pression was increased after 6 h of
bicuculline stimulation but had decreased
almost to control levels after 24 h (Fig.
6E,F). In GFP-infected neurons, BDNF
protein expression after 6 and 24 h did not
differ from that in uninfected neurons
(Fig. 6E,F). eEF2K knockdown in brain
slices also significantly inhibited eEF2
phosphorylation and the BDNF produc-
tion induced by 24 h of bicuculline treat-
ment (Fig. 6G,H). These findings indicate
that eEF2 phosphorylation is required for
the sustained activity-dependent expres-

sion of BDNF protein.
To provide further evidence of eEF2K-eEF2 pathway involve-

ment in regulating BDNF translation, we overexpressed eEF2Kca
in hippocampal neurons. As shown in Figure 6, I and J, BDNF
and P-eEF2 protein levels were higher in neurons infected with
lentivirus expressing eEF2Kca than in neurons infected with GFP.
Furthermore the BDNF and P-eEF2 increases obtained were re-
lated to the titer (low versus high) of the lentivirus preparation,
and the level of eEF2Kca expression (Fig. 6 J).

To demonstrate that neuronal activity modulates BDNF pro-
tein expression specifically in dendrites, treated and untreated
neurons were fractionated into P1 enriched in cell bodies, and P2
enriched in synaptosomes and dendrites (An et al., 2008). We
found that in untreated neurons BDNF protein was mainly
localized in P2 in which the synaptic marker PSD-95 was also

Figure 4. Activity regulates eEF2K-dependent spine morphogenesis. A, Neurons were transfected or not with eEF2K together
with GFP on DIV10, treated with TTX or bicuculline on DIV16, fixed on DIV18 and immunostained to reveal eEF2K. Overexpression
of eEF2K (lower panels in both treatments) modified spine morphology only in bicuculline-treated neurons. B, COS-7 cells were
transfected or not with the indicated amounts of eEF2K or eEF2KSer366Ala (eEF2Kca), and solubilized in Laemmli buffer after 48 h.
Levels of eEF2K, P-eEF2 and total eEF2 were analyzed by Western blot. C, Mean (error bars SEM) P-eEF2 levels (normalized against
total eEF2 signal) in cells transfected with the indicated amounts of each construct (data collected from four independent exper-
iments). *p � 0.05 (Student’s t test). D, Neurons were transfected with an empty vector or eEF2Kca together with GFP on DIV10,
fixed on DIV18 and immunostained to reveal eEF2K. eEF2Kca overexpression changed spine morphology even in the absence of
stimulation. E–G, Mean length, width and number of dendritic spines (error bars SEM) in neurons transfected with indicated
constructs at reported treatments. Over 10 neurons from three independent experiments were measured at each condition; *p �
0.05 versus Bic�eEF2K; #p�0.05 versus Bic; §p�0.05 versus vector transfected neurons (ANOVA, Tukey test). Scale bar, 10 �m.
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enriched (Fig. 7 A, B). Interestingly
BDNF protein was reduced in the P2
fraction in TTX-treated neurons, and
increased in the P2 fraction in bicuculline-
treated neurons (Fig. 7A,B). Similarly,
both P-eEF2 (reduced by TTX, induced
by bicuculline) and eEF2K were enriched
in the P2 fraction (Fig. 7A,B; B shows the
P2/P1 ratios of P-eEF2 and BDNF in un-
treated, TTX- and bicuculline-treated
neurons). BDNF immunostaining also in-
dicated that neuronal activity modulates
BDNF expression in dendrites (Fig.
7C,D): activity stimulation with bicucul-
line significantly increased BDNF staining
in dendrites (picked out by Shank), while
activity depression with TTX reduced
BDNF staining relative to untreated
(Fig. 7D).

To provide further evidence that
eEF2K activity regulates BDNF expression
in dendrites, neuronal cell cultures were
infected with either GFP, sieEF2K or
eEF2Kca and the P1 and P2 fractions pro-
duced. As shown in Figure 7, E and F, in
the absence of sieEF2K, levels of both
BDNF and P-eEF2 were preferentially re-
duced in the P2 fraction, while overex-
pression of eEF2Kca increased the level of
P-eEF2 and BDNF in the P2 fraction (Fig.
7E,F, ratio P2/P1 � SEM). These find-
ings strongly support the hypothesis
that eEF2 phosphorylation is required
for the activity-dependent expression
of BDNF protein in the dendritic
compartment.

BDNF overexpression can rescue the
effect of sieEF2K on spine morphology
We finally tested whether the effect of
eEF2K knock-down on spine morphology
can be rescued by means of postsynaptic
BNDF overexpression. Neurons were
transfected with GFP alone or GFP plus
sieEF2K or sieEF2K and the BDNF-expressing plasmid
(pcDNA3mycBDNF, containing a CMV promoter and an SV40
3� UTR) on DIV10, and fixed on DIV18 (Fig. 8A). Morphological
analysis showed that, although the overexpression of BDNF
(confirmed by antibody staining) induces moderate modifica-
tions in the dendritic protrusions, the coexpression of BDNF and
sieEF2K completely reverted the spine phenotype associated
with eEF2K knock-down, as demonstrated by the measurements
of spine length and width (Fig. 8B–D; Table 1).

mGluR receptor activity regulates long-lasting
eEF2 phosphorylation
Glutamate receptor activation modulates eEF2 phosphorylation
(Marin et al., 1997; Scheetz et al., 2000; Cossenza et al., 2006;
Kanhema et al., 2006; Sutton et al., 2007), and physical and func-
tional interactions between eEF2K and mGluR1 have been doc-
umented (Park et al., 2008). We therefore investigated the
glutamate receptor subtypes involved in the eEF2K activation
(that sustains eEF2 phosphorylation) caused by long-term stim-

ulation with bicuculline. On DIV16, neurons were treated for 24 h
with bicuculline with or without one or more of the following: AP5
100 �M (A), CNQX 40 �M (C) and MPEP 30 nM (M)—antago-
nists of NMDA, AMPA and metabotropic glutamate receptors
respectively—and analyzed by Western blot (Fig. 9A). Blockade
of metabotropic glutamate receptors almost completely abol-
ished the eEF2 phosphorylation induced by bicuculline (Fig. 9B,
which shows P-eEF2 induction normalized against total eEF2)
whereas antagonizing NMDAR or AMPAR did not significantly
reduce eEF2 phosphorylation (Fig. 9B). Blockade of all three
GluRs reduced bicuculline-induced eEF2 phosphorylation only
slightly more than the mGluR antagonist alone (Fig. 9B).

These findings therefore suggested that mGluR plays a major
role in regulating activity-driven P-eEF2, suggesting further in-
vestigation as to whether mGluR is also involved in modulating
the local protein synthesis and dendritic spine maturation arising
from bicuculline stimulation. Neurons were transfected with
DsRed and myrdGFP vector on DIV10, treated with drugs on
DIV16, and fixed on DIV18 (Fig. 9C). Quantification of

Figure 5. eEF2 phosphorylation by eEF2K regulates local protein synthesis. A, Neurons were transfected with sieEF2K or
scrambled (Scram) siRNA on DIV10 in both cases together with DsRed and also the pcDNA3.1–5�myrdGFP 3� vector, and treated
with TTX, bicuculline or untreated on DIV16, and fixed at DIV18. The intensity of the myrdGFP signal (indicating extent of local
myrdGFP protein synthesis) in terminal dendrites was proportional to, and regulated by, synaptic activity in scrambled (Scram,
labeling on right of panels) transfected neurons (a1, a3, a5). When eEF2K was knocked down, local myrdGFP synthesis was
impaired despite pharmacological treatment (a2, a4, a6 ). Dendritic process areas (b1– b6 ) were used to normalize myrdGFP
intensity. The merged channels are shown in c1– c6. B, C, The signal intensity of myrdGFP was calculated as the ratio between
localized GFP intensity and dendritic (B) or soma (C) areas, and expressed as mean pixel intensity (error bars SEM). At least 14
neurons per condition from four independent experiments were analyzed [mean � SEM control neurons: 59.1 � 9.0 (untreated),
22.2 � 9.6 (TTX), and 72.8 � 7.8 (bicuculline); sieEF2K: 26.4 � 2.5 (untreated), 8.2 � 2.9 (TTX), and 16.3 � 5.4 (bicuculline)].
*p � 0.05 versus scramble-transfected neurons for each treatment; §p � 0.05 versus untreated neurons transfected with the
same siRNA (ANOVA, Tukey test). Scale bar, 5 �m.
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myrdGFP signal intensity showed that, in
the presence of MPEP (Bic�M), bicucul-
line stimulation failed to increase myrdGFP
synthesis (Fig. 9E). Similarly, bicuculline did
not induce spine alterations in the presence
of MPEP as shown by spine length, width
and density, in fact spine morphology with
Bic�M was similar to in untreated neurons
(NT) (Fig. 9F–H; supplemental Table 1,
available at www.jneurosci.org as supple-
mental material).

To ascertain whether mGluR stimula-
tion is also required for bicuculline-induced
BDNF expression, we treated neurons for
24 h with bicuculline in the presence and
absence of MPEP (30 nM) and AP5 (100
�M), and then analyzed BDNF protein and
mRNA expression (Fig. 9I–K). MPEP (M,
mGluR antagonist) significantly reduced
Bic-induced BDNF protein (Fig. 9I,J), but
not BDNF mRNA expression (Fig. 9K),
while antagonizing NMDAR with AP5 (A)
significantly reduced both BDNF protein
and transcript (Fig. 9I–K).

Together these results suggest that dur-
ing bicuculline treatment, mGluR activa-
tion regulates local protein translation,
BDNF protein translation and dendritic
spine morphology, and does so by promot-
ing eEF2 phosphorylation.

Discussion
The present paper has delineated a causal
link between synaptic activity and den-
dritic spine morphology in rat hippocam-
pal neurons. We have shown that synaptic
activity (as modulated pharmacologically
by long-term treatment with bicuculline
or TTX) regulates eEF2 phosphorylation
and hence the activity of eEF2. We provide
evidence that synaptic activity influences
eEF2 phosphorylation via the activation
of mGluR receptors. We have further
shown that activity-dependent eEF2 phos-
phorylation occurs in the dendrites and
correlates with protein translation in the
dendrites. In particular we showed that
eEF2 phosphorylation is required for den-
dritic BDNF synthesis, with indications
that control is exerted at the level of BDNF
mRNA translation. In turn BDNF—known
to be involved in LTP, synaptic remod-
eling, homeostatic plasticity and neuro-
nal survival—directly regulates dendritic
spine morphology.

Figure 6. Neuronal activity modulates BDNF protein and transcripts in a biphasic manner, through the eEF2-eEF2K pathway.
A,NeuronsweretreatedwithTTXorbicucullineforupto48h,solubilizedin SDS sample buffer, and levels of BDNF, P-eEF2 and total eEF2
analyzed by Western blot. B, Mean BDNF levels (error bars SEM) normalized against actin are shown as fold increases relative to
time 0; *p � 0.05 versus untreated neurons; **p � 0.01 versus untreated neurons (ANOVA, Tukey test, n 	 6). C, Mean P-eEF2
levels (error bars SEM) normalized against actin and shown as fold increase relative to time 0; *p � 0.05 versus untreated neurons
(ANOVA, Tukey test, n 	 6). D, Whole-cell levels of BDNF-ORF and BDNF-L mRNA were measured by RT-quantitative PCR after
bicuculline treatment. Transcripts increased during the first 6 h of bicuculline stimulation but decreased subsequently (fold ex-
pression relative to untreated neurons normalized against actin mRNA: 1.5 h	7.5�0.60, 3 h	12.5�0.32, 6 h	16.3�2.32
for BDNF-ORF; 1.5 h 	 8.6 � 3.20, 3 h 	 14.4 � 2.57, 6 h 	 15.9 � 2.76 for BDNF-L, 18 h 	 7.8 � 2.09; 24 h 	 5.2 � 0.71
for BDNF-ORF; 18 h 	 8.6 � 3.70; 24 h 	 4.8 � 0.35 for BDNF-L), *p � 0.01 versus time 0, §p � 0.05 versus time 6 h. (ANOVA,
Tukey test, n 	 7). E, Neurons were infected with sieEF2K lentivirus or control virus on DIV8, treated as shown, and BDNF, eEF2K,
P-eEF2 and eEF2 levels analyzed by Western blot. F, BDNF and P-eEF2 levels (error bars SEM) after treatments in neurons infected
with GFP virus or sieEF2K virus (n 	 7) (P-eFF2 levels normalized against total eEF2: NT�GFP 1.0 � 0.09; Bic 6 h�GFP 1.5 �
0.07; Bic 24 h�GFP 1.7 � 0.09; NT�sieEF2K 0.8 � 0.09; Bic 6 h� sieEF2K 0.8 � 0.07; Bic 24 h� sieEF2K 0.8 � 0.10; BDNF
levels normalized against actin: NT�GFP 1.0 � 0.10; Bic 6 h�GFP 7.1 � 0.76; Bic 24 h�GFP 9.4 � 0.57; NT�sieEF2K 1.0 �
0.09; Bic 6 h� sieEF2K 6.5 � 0.90; Bic 24 h�sieEF2K 2.5 � 0.77). *p � 0.05 versus GFP-infected neurons, §p � 0.01 versus
untreated neurons. G, Hippocampal slices were infected with sieEF2K lentivirus or control virus on DIV8, treated as shown, and
BDNF, eEF2K, P-eEF2 and eEF2 levels determined by Western blot. H, BDNF and P-eEF2 levels (error bars SEM) after the treatment
of hippocampal slices infected with GFP virus or sieEF2K virus (n 	 7) (BDNF, NT�GFP 1.0 � 0.12, Bic 24 h�GFP 5.6 � 0.41,
NT�sieEF2K 1.0 � 0.02, Bic 24 h�sieEF2K 2.1 � 0.19; P-eEF2, NT�GFP 1.0 � 0.09; Bic 24 h�GFP 1.8 � 0.10; NT�sieEF2K
0.8 � 0.09; Bic 24 h� sieEF2K 0.7 � 0.07). *p � 0.01 versus GFP-infected neurons, same treatment; §p � 0.05 versus untreated
neurons same transfection (ANOVA, Tukey test). I, Neurons were infected with low and high titer lentivirus preparations expressing
eEF2Kca and BDNF; eEF2K, P-eEF2 and eEF2 levels were determined by Western blot. J, BDNF, eEF2K and P-eEF2 levels (error bars

4

SEM) after infection (n 	 5) (BDNF: GFP 	 1.0 � 0.80,
eEF2Kca low 	 1.5 � 0.20, eEF2Kca high 	 2.6 � 0.36;
eEF2K: GFP 	 1.0 � 0.12, eEF2Kca low 	 1.9 � 0.09, eEF2Kca
high 	 2.5 � 0.20; P-eEF2: GFP 	 0.9 � 0.05, eEF2Kca low 	
1.4 � 0.11, eEF2Kca high 	 2.2 � 0.35). *p � 0.05 versus
GFP-infected neurons, §p � 0.01 versus GFP-infected.
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eEF2 phosphorylation regulates spine morphology via an
effect on protein synthesis
We found that reducing eEF2 phosphorylation—by eEF2K knock-
down or by action potential silencing with TTX—abolished spine
maturation, shifting morphology to immature filopodia-like pro-
trusions. By contrast, increasing eEF2 phosphorylation— by
overexpression of constitutively active eEF2K, or by synaptic
stimulation with bicuculline—induced dendritic spine maturation.

We were able to correlate these effects with the regulation of
dendritic, but not somatic, protein synthesis, using a previously
characterized reporters of dendritic protein synthesis (Aakalu et

al., 2001; Meyer-Luehmann et al., 2009) (Fig. 5; supplemental
Fig. 3, available at www.jneurosci.org as supplemental material).
It is noteworthy that eEF2 kinase was enriched in the dendritic
compared with the somatic compartment, so phosphorylated
eEF2 would control protein translation mainly in dendrites.

Dendritic protein synthesis can be regulated at the translation
level by activation of the translation initiation complex (eIF4F)
(Banko et al., 2004; Richter and Sonenberg, 2005; Banko et al.,
2006) or during the elongation of nascent peptides by eEF2 activ-
ity (Scheetz et al., 1997; Sutton et al., 2007; Park et al., 2008). In
fact it was initially shown (Ryazanov et al., 1988) that phosphor-

Figure 7. Activity modulates BDNF synthesis in dendrites. A, Neurons were untreated, TTX-treated, or Bic-treated for 48 h, and fractionated into cell body-rich and dendrite-rich fractions. By
Western blots, the dendrite-rich (P2) fraction appeared free of nuclear protein H3 and glial marker GFAP, but was enriched in the postsynaptic marker PSD-95. B, BDNF and P-eEF2 were also enriched
in P2 as shown by the ratios (P2/P1) of band intensities (means with SEM error bars, n 	 6) for BDNF and P-eEF2 in untreated (NT), TTX and bicuculline-treated (Bic) neurons (BDNF: NT 	 3.1 �
0.22, TTX 	 1.8 � 0.19, Bic 	 7.9 � 0.91; P-eEF2: NT 	 2.4 � 0.16, TTX 	 1.0 � 0.21, Bic 	 3.8 � 0.43). *p � 0.05 versus untreated neurons (Student’s t test). C, Neurons were untreated,
TTX-treated, or Bic-treated for 48 h, then immunoprocessed to reveal BDNF and Shank. The panels show dendrites at high magnification. D, Quantification (mean pixel intensity with SEM error bars)
of BDNF signal in dendritic fraction. Over 20 neurons from four independent experiments were assessed for each condition (NT 	 17.8 � 2.50, TTX 	 13.3 � 1.95, Bic 	 45.0 � 3.28). *p � 0.01
versus bicuculline-treated neurons (ANOVA, Tukey test). Scale bar, 10 �m. E, Neurons were infected with lentivirus expressing either GFP, sieEF2K or eEF2Kca, and the P1 and P2 fractions obtained:
BDNF, eEF2K and P-eEF2 are enriched in the dendrite-rich P2 fraction. F, The histograms show by the ratios (P2/P1) of band intensities (means with SEM error bars, n 	6) for BDNF, eEF2K and P-eEF2
in GFP, sieEF2K and eEF2Kca-infected neurons (BDNF, GFP 2.8 � 0.23, sieEF2K 1.1 � 0.17, eEF2Kca 4.7 � 0.46; eEF2K, GFP 2.7 � 0.26, sieEF2K 2.1 � 0.19, eEF2Kca 3.6 � 0.48; P-eEF2, GFP 2.5 �
0.24, sieEF2K 0.7 � 0.10 eEF2Kca 4.7 � 0.46). *p � 0.05 versus GFP-infected neurons (ANOVA, Tukey test).
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ylation eEF2 by eEF2K inhibited protein synthesis. However,
phosphorylated eEF2 also reduces translation errors and pro-
motes the translation of specific mRNAs (Walden and Thach,
1986; Scheetz et al., 2000) necessary for sustaining LTP (Chotiner
et al., 2003), for mGluR-induced LTD (Park et al., 2008) and for
memory formation (Belelovsky et al., 2005). So far eEF2 phos-
phorylation has also been directly correlated with the dendritic
upregulation of Arc/Arg3.1 (Park et al., 2008) and CaMKII�
(Scheetz et al., 2000).

Recent data indicate that dendritic protein synthesis could be
regulated by mTOR activity (Jaworski et al., 2005; Kumar et al.,
2005). Interestingly, inhibition of mTOR by rapamycin mainly
altered dendrite morphogenesis, while in our study eEF2K knock
down did not alter dendrite morphology (supplemental Table 2,
available at www.jneurosci.org as supplemental material) but
dendritic spine morphology. These considerations suggest that
the two kinases may control the translation of different subsets of
mRNA. However the two pathways could also be connected be-
cause mTOR is able to phosphorylate and activate p70S6 kinase
which in turn phosphorylates and inactivates eEF2K (Wang et al.,
2001).

Involvement of mGluR activation
How does synaptic activity regulate eEF2K activity? Subsequent
experiments we performed suggested that mGluR activation was
required for bicuculline to induce greater eEF2 phosphorylation
at steady state. Other findings add support to this idea, thus
mGluR is known to directly modulate two of the pathways regu-
lating eEF2K activity: ERK (which activates p70 S6KA and p90 rsk

by phosphorylation) and local Ca 2� levels (Wang et al., 2001;
Lenz and Avruch, 2005). There is also a close association between

eEF2K activity and mGluR-mediated endocytosis of AMPAR, as
a result of the regulation of dendritic synthesis of MAP1B
(Davidkova and Carroll, 2007). It is noteworthy that a physical
interaction between eEF2K and type I mGluR has been demon-
strated: DHPG stimulation induces eEF2K disassociation from
mGluR and eEF2K activation (Park et al., 2008). It is plausible
that one of these mechanisms is involved in mGluR-dependent
eEF2K activation.

eEF2 phosphorylation and BDNF protein expression
in dendrites
We next found that BDNF protein expression in dendrites and
eEF2 phosphorylation status were related. In particular we
showed that BDNF protein in the P2 dendrite-rich fraction was
reduced in the absence of eEF2K and in TTX-treated neurons
(characterized by low P-eEF2 levels) and increased in neurons
overexpressing constitutively active eEF2K, as well as in
bicuculline-treated neurons (high levels of P-eEF2). We also
showed that mGluR activation is required for the synthesis of
BDNF protein that occurs after the transient increase in BDNF
mRNA transcription mediated by NMDA receptor activation (Jia
et al., 2008). In particular we found that AP5 blocked BDNF
mRNA and protein synthesis but not eEF2 phosphorylation in-
duced by bicuculline (Fig. 9A,B,J–L) and MPEP blocked
bicuculline-induced eEF2 phosphorylation and BDNF protein
synthesis, but not BDNF mRNA transcription (Figs. 9A,B,J–L).

It is known that BDNF is involved in synaptic plasticity
(Levine et al., 1995; Thoenen, 1995; Korte et al., 1996). In partic-
ular, BDNF scales up synaptic transmission and is involved in
hippocampal LTP (Korte et al., 1996; Patterson et al., 1996; Ying
et al., 2002); while neuronal activity increases the distal localiza-

Figure 8. BDFN overexpression rescues spine phenotype due to eEF2K knock-down. A, Neurons were transfected with GFP, BDNF, sieEF2K, or sieEF2K�BDNF vectors on DIV10, fixed on DIV18, and
stainedwithBDNFantibody.BDNFcoexpressionincreasedtheBDNFsignalalongthedendritesandpositivelyaffectedspinenumberandmorphologyincomparisonwithsieEF2Kalone. B–D,Meanlength,width
and number of dendritic spines (�SEM) in neurons transfected with the indicated constructs; �10 transfected neurons (corresponding to �5000 �m in dendrite length), were measured for every
condition; *p � 0.05 versus GFP, BDNF and sieEF2K � BDNF, Student t test. Scale bar, 10 �m.
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tion of BDNF mRNA in dendrites (Ton-
giorgi et al., 1997) where it is required for
pruning and enlarging dendritic spines
(Shimada et al., 1998; An et al., 2008; Tanaka
et al., 2008).

It has been shown that in neurons ex-
ogenous BDNF decreases the eEF2 phos-
phorylation and enhances global protein
synthesis (Takei et al., 2009), while
BDNF-induced LTP in live rats increases
eEF2 phosphorylation (Kanhema et al.,
2006) suggesting that BDNF signaling in
dendrites might contribute to eEF2 phos-
phorylation. However the major differ-
ence between our studies and those of
Kanhema et al. and Takei et al., is that
while they looked at the effect of exoge-
nous BDNF on neurons, we induced the
expression of endogenous BDNF by in-
creasing synaptic activity with bicuculline
and the locally produced BDNF may have
a different effect on eEF2 phosphorylation
than added BDNF. For example mGluR
activation was required for synaptic
activity-induced eEF2 phosphorylation in
our model. However it is possible that en-
dogenous BDNF may also counteract
mGluR-induced eEF2 phosphorylation at
some point. Takei et al. also showed that
eEF2 phosphorylation is reduced in mice
overexpressing BDNF and increased in
BDNF knock-out mice. Thus in their
model BDNF levels were inversely propor-
tional to P-eEF2 levels in vivo. Another a
possible explanation for this difference is
that Takei et al. were looking at eEF2 phos-
phorylation in basal conditions and not af-
ter synaptic stimulation.

Our data suggest that the lack of BDNF
protein in dendrites induced by sieEF2K
correlates with reduced spines maturation
and number, a hypothesis that is strongly
supported by the finding that overex-
pressing BDNF restored spine morphol-
ogy after it had been altered by eEF2K
knockdown. We used a cDNA coding for
BDNF mRNA that contains a CMV pro-
moter and an SV40 30 UTR. This mRNA
should remains localized in the cell body
(An et al., 2008) and that it might be trans-
lated efficiently even in absence of eEF2K
and hence rescue the effect of eEF2K
knockdown on dendritic spines. However
it has recently been shown that in trans-
fected neurons the coding sequence for
BDNF contains a dendritic targeting sig-
nal (Chiaruttini et al., 2009). Thus it is
possible that the mRNA for BDNF con-
structs we used in this study may have localized to the dendrites.
If this is the case, then to account for our finding—the rescue effect
of eEF2K knockdown on dendritic spines—we suggest that the
translation of this mRNA is not controlled by the eEF2K-eEF2 axis
because is missing regulatory elements.

Similarly An et al. (2008) have found that in vivo maturation
and pruning of the spines is impaired in neurons lacking the long
3�UTR and dendritic BDNF synthesis. Thus our study and that by
An et al. (2008) suggest that the level of BDNF mRNA translation
in dendrites (controlled by eEF2 phosphorylation) correlates

Figure 9. Activity-dependent phosphorylation of eEF2, local protein synthesis and dendritic spine maturation is regulated by
mGluR signaling. A, Neurons were treated or not with the indicated drugs for 48 h, then solubilized in SDS sample buffer. Blockade
of metabotropic glutamate receptors with MPEP markedly impairs activity-driven eEF2 phosphorylation. Blockade of all three
glutamate receptors appears to deplete P-eEF2. B, Mean P-eEF2 levels (error bars SEM), normalized against total eEF2 and shown
as fold increase relative to untreated (NT) condition; n 	 7 (Bic 	 1.7 � 0.08, Bic�M 	 1.1 � 0.10, Bic�A 	 1.5 � 0.07,
Bic�C 	 1.6 � 0.07 Bic�A�C�M 	 0.9 � 0.22). *p � 0.05 versus bicuculline-treated neurons. C, Neurons were transfected
with DsRed and pcDNA3.1–5�myrdGFP 3� vector on DIV10, untreated, treated with bicuculline or treated with bicuculline plus
MPEP (Bic�M) on DIV16, and fixed on DIV18. MPEP coadministration antagonized bicuculline-induced local protein synthesis as
shown by impaired myrGFP expression in dendrites. D, In neurons transfected with GFP on DIV10 and treated as above, MPEP
appeared to reduce spine modifications induced by bicuculline. E, Mean myrdGFP signal intensity (error bars SEM), expressed as
mean pixel intensity divided by dendritic area considered, is reduced by MPEP compared with Bic alone: NT 	 55.3 � 2.98; Bic 	
69.7 � 5.48; Bic�M 	 56.3 � 4.22, average intensity. *p � 0.05 versus bicuculline-treated neurons. At least 10 neurons
analyzed per condition, from three independent experiments. F–H, Mean length, width and number of dendritic spines (error bars
SEM) in neurons untreated or treated with bicuculline or bicuculline plus MPEP; at least 8 neurons were analyzed per condition,
from three independent experiments; *p � 0.05 versus bicuculline-treated neurons (ANOVA, Tukey test). Scale bar, 10 �m.
I, Neurons were treated or not with the indicated drugs for 48 h, and then solubilized in SDS sample buffer. J, Mean BDNF protein
levels (error bars SEM) normalized against actin and shown as fold increase relative to untreated conditions after indicated
stimulations, n 	 8 (Bic 	 9.9 � 1.24-fold relative to untreated neurons, Bic�M 	 2.1 � 0.51 Bic�A 	 4.2 � 0.19). *p �
0.01 versus untreated neurons; §p � 0.01 versus Bic 24 h neurons. K, BDNF mRNA, normalized against �-actin were measured by
RT-quantitative PCR after the indicated treatments, n 	 7 (Bic 	 6.0 � 0.30-fold relative to untreated neurons, Bic�M 	 5.5 �
0.37, Bic�A 	 2.9 � 0.27 for BDNF mRNA). *p � 0.01 versus untreated; §p � 0.01 versus Bic24 h neurons; °p � 0.01 versus
Bic24 h�M-treated neurons (ANOVA, Tukey test).
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with the maturation of dendritic spines. However the two studies
show a difference in dendritic spine number, which was reduced
in our study, and increased in the study by An et al. (2008). The
discrepancy might be due to the difference between in vitro versus
in vivo models or by the fact that eEF2 phosphorylation regulates
the synthesis of other proteins controlling dendritic spine num-
ber. We used embryonic neurons in culture, and cannot exclude
that the control mechanisms elucidated occur mainly during de-
velopment, and eEF2K-eEF2 regulation and function may differ
in adults (Panja et al., 2009).

Recently it has been shown that eEF2 undergoes phosphory-
lation during LTP in the dentate gyrus, but such phosphorylation
is not required for LTP consolidation or for enhanced Arc syn-
thesis (Panja et al., 2009). At present it is unclear whether the
pathways we have elucidated are concerned with LTP consolida-
tion or whether they are mainly involved in the regulation of
spine morphology.

To conclude we have delineated a causal chain between link-
ing synaptic activity to spine morphology, which represents an
important advance in our understanding of the molecular mech-
anisms of synaptic plasticity in general and dendritic spine mor-
phology in particular. It seems likely that eEF2 is a key
biochemical sensor controlling spine plasticity and hence mem-
ory and learning.
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