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The translation eukaryotic elongation factor 1� (eEF1A) is a
monomericGTPase involved in protein synthesis. In addition, this
protein is thought to participate in other cellular functions such as
actin bundling, cell cycle regulation, and apoptosis. Here we show
that eEF1A is associated with the �2 subunit of the inhibitory gly-
cine receptor in pulldown experiments with rat brain extracts.
Moreover, additional proteins involved in translation like riboso-
mal S6 protein and p70 ribosomal S6 protein kinase as well as
ERK1/2 and calcineurin were identified in the same pulldown
approaches.Glycinereceptoractivation inspinal cordneuronscul-
tured for 1 week resulted in an increased phosphorylation of ribo-
somal S6 protein. Immunocytochemistry showed that eEF1A and
ribosomal S6 protein are localized in the soma, dendrites, and at
synapses of cultured hippocampal and spinal cord neurons. Con-
sistentwith our biochemical data, immunoreactivities of both pro-
teins were partially overlapping with glycine receptor immunore-
activity in cultured spinal cord and hippocampal neurons. After 5
weeks inculture, eEF1A immunoreactivitywas redistributed to the
cytoskeleton in about 45% of neurons. Interestingly, the degree of
redistribution could be increased at earlier stages of in vitro differ-
entiation by inhibition of either the ERK1/2 pathway or glycine
receptors and simultaneousN-methyl-D-aspartate receptor activa-
tion. Our findings suggest a functional coupling of eEF1A with
both inhibitory and excitatory receptors, possibly involving the
ERK-signaling pathway.

Inhibitory glycine receptors (GlyR)4 and some subtypes of
GABAA receptors (GABAAR) in the central nervous system

colocalize with gephyrin, a scaffolding protein, which is essen-
tial for the formation of densely packed receptor clusters at
postsynaptic membrane specializations (1). It is believed that
gephyrin-dependent cluster formation is achieved by anchor-
ingGlyRs to themicrotubular and actin-based cytoskeleton (2).
In addition, gephyrin binds to collybistin (3), a guanine nucle-
otide exchange factor for the monomeric GTPase Cdc42 (4),
and to mTOR/RAFT (5), a kinase involved in NMDA receptor-
mediated signaling in the hippocampus (6).
The binding of gephyrin to the GlyR is mediated by the large

cytoplasmic loop (M3M4 loop) of the GlyR � subunit (7). This
polypeptide can form pentameric receptor complexes with �1,
�2, and �3 subunits in spinal cord, brain stem, and cerebellum.
In addition, extrasynaptic homo-oligomeric �2 receptors may
exist in the developing central nervous system (8). So far it is
unknownwhether the homologousM3M4 loops ofGlyR� sub-
units can also contribute binding sites for cytoplasmic proteins.
Here we investigate whether the large cytoplasmic loop of the
GlyR�2 subunit, which is about 37% homologous to the gephy-
rin-binding loop of the� subunit, can interact with cytoplasmic
proteins. In pulldown experiments frombrain extracts using an
�2 M3M4 loop GST fusion protein, we identified eukaryotic
elongation factor 1� (eEF1A), ribosomal protein S6 (rpS6),
p70 S6 kinase, MAPK ERK1/2, and calcineurin as potential
binding partners of GlyR �2 subunits. Consistent with these
biochemical data, immunocytochemistry revealed that rpS6
and eEF1A colocalize partially with postsynaptic GlyR clus-
ters in cultured hippocampal and spinal cord neurons. Sur-
prisingly, in aged spinal cord neurons, eEF1A and to a lesser
extend rpS6 was translocated to the microtubular cytoskel-
eton. The redistribution of eEF1A could be modulated by
GlyR and NMDA receptor activity.

EXPERIMENTAL PROCEDURES

Plasmids

DNA fragments encoding the cytoplasmic loop sequences
between transmembrane region M3 and M4 of the GlyR �2
corresponding to amino acids 342–420 of humanGlyR�2 sub-
unit (9) and the complete coding sequence of rat gephyrin (P1
clone) (10) were amplified by PCR, creating suitable flanking
restriction sites. These fragments and the rat cDNA of eEF1A
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were cloned in the bacterial expression vector pGEX-4T1
(Amersham Biosciences) resulting in N-terminal fusion con-
structs with glutathione S-transferase (GST) (GST-�2 loop).
All fusion domains were tagged at the C terminus with hexahis-
tidyl peptide sequences.

Production and Binding of Fusion Proteins

The expression of all fusion proteins in Escherichia coli was
performed according to the instructions of the supplier of the
expression system (Amersham Biosciences). Bacterial cells of
500-ml cultures were harvested by centrifugation and resus-
pended in 25 ml of bacterial lysis buffer (50 mM Tris-HCl, pH
7.5, 5% glycerol, 10mM �-mercaptoethanol, 2.5mMMgCl2, 500
mM NaCl, and EDTA-free protease inhibitor mixture (Roche
Applied Science)). The cell suspensions were sonicated on ice
to break the cells, and soluble proteins were obtained by cen-
trifugation for 10 min at 10,000 � g at 4 °C. The supernatant
was applied for binding of the GST fusion proteins on fast flow
glutathione-Sepharose beads (GE Healthcare) using an
Ettan-LC 900 purifier (GE Healthcare).

Pulldown Assay

Adult Wistar rat brain (1 g) was homogenized in 30 ml of
tissue-lysis buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 50
mM KCl, 14 mM Na2HPO4, 1 mM MgCl2, 1 mM CaCl2, 1 mM
ATP, 2% (w/v) Triton, and EDTA-free protease inhibitor mix-
ture). The homogenate was incubated at 4 °C for 1 h and
centrifuged for 30 min at 4 °C with 15,000 � g. The column
with bound GST-�2 loop fusion protein was unpacked, and
the beads were incubated with 30 ml of brain extract at 4 °C
by gentle agitation overnight. The column was then
repacked, and the beads were washed with tissue-lysis buffer
and a step gradient of 0.2 to 1 M NaCl in modified tissue-lysis
buffer. Bound proteins were eluted with elution buffer (50
mM Tris-HCl, pH 8.0, 100 mMNaCl, 5 mMMgCl2, and 20 mM
reduced glutathione). All protein fractions from washing
and the elution step (eluates) were collected and used for
SDS-PAGE and immunoblotting. 60 �l of the 10� concen-
trated eluates were separated on 10% SDS-PAGE, and gels
were stained with Coomassie Blue for detection of protein
bands. For pulldown experiments using GST-eEF1A as bait,
1 g of spinal cord was used to prepare Triton X-100-solubi-
lized protein extracts as described previously (11).

MALDI-TOF MS In-gel Digestion

Coomassie Blue-stained protein bandswere excised and sub-
jected to in-gel digestion protocols as described previously (12,
13). Peptides were extracted three times with 50% (v/v) aceto-
nitrile in 5% (w/v) formic acid. All fractions were pooled and
dried in a vacuum centrifuge prior to analysis.

Sample Preparation, Acquisition, and Interpretation of
MALDI-TOF Spectra

The proteolytic digests were solved in 5 �l of 50% acetoni-
trile, 1% trifluoroacetic acid (v/v) (Fluka, Buchs, Switzerland).
0.5 �l of the sample was mixed with 0.5 �l of matrix (2 mg/ml
1-cyano-4-hydroxycinnamic acid (Fluka) in 50% acetonitrile,
0.5% trifluoroacetic acid) directly on a stainless steel target

(PerSeptive Biosystems, Framingham, MA) and dried in ambi-
ent air. MALDI-TOF mass spectra were recorded on a Voyag-
er-DE STR instrument (PerSeptive Biosystems). Data base
searches were performed using a nonredundant data base
downloaded from NCBI. In addition peptide mass fingerprint
analysis was performed by a commercial analysis supplier
(Toplab, Martinsried, Germany).

Cell Culture

Rat spinal cord and hippocampal neurons were prepared as
described (14, 15).

Immunocytochemistry

Cultured neurons were fixed with absolute methanol at
�20 °C for 10 min. Fixed cells were incubated after blocking in
1% (w/v) bovine serum albumin in PBS for 1 h with the follow-
ing primary antibodies, mouse monoclonal anti-eEF1A (1:100;
Upstate Biotechnology, Inc.), rabbit anti-GlyR antibody (1:100,
Sigma), rabbit anti-synaptophysin (1:400; Synaptic Systems),
rabbit anti-vesicular inhibitory amino acid transporter
(VIAAT; 1:2000; Sigma), mouse anti-gephyrin (mAb5; 1:100),
and rabbit anti-MAP2 antibody (1:2000; Chemicon). The sec-
ondary anti-mouse antibodies were conjugated to Cy3 (1:800);
anti-rabbit secondary antibody was conjugated to Cy2 (1:400)
or Alexa 647 (1:400). Confocal analysis was done as described
(17). Analysis of fixed and labeled cells was also performed
using a Zeiss Axiovert 200M motorized microscope (Zeiss,
Jena, Germany) attached to a SPOT cooled CCD camera (Vis-
itron Systems, Puchheim, Germany). All images were collected
using 100�Plan-Neofluar oil objective, and digital imageswere
analyzed using Metamorph software (Visitron Systems).
To evaluate the amount of colocalization with each receptor

type or synaptic marker, we randomly selected five dendritic
regions with a length of 15 �m. After setting a threshold for
these regions, a quantification of the colocalization with the
eEF1A immunoreactivity was determined by the software. Data
analysis was done using Excel software.
Glycine-treated cells were double-stained with phospho-

specific rpS6 antibody and mAb5. Settings for all image acqui-
sitions were identical. Statistics of total pixel intensities and
total cell area were calculated as mean pixel intensities using
Metamorph software.

Immunohistochemistry

For immunohistochemistry a male adult Wistar rat was
deeply anesthetized with diethyl ether and perfused with 4%
(w/v) ice-cold phosphate-buffered paraformaldehyde. The spi-
nal cord was post-fixed for 1 h in 4% (w/v) paraformaldehyde.
The tissue was cryoprotected overnight at 4 °C in PBS with
increasing sucrose concentrations (10–30% w/v) and mounted
on dry ice with Tissue Tek embedding media. Spinal cord was
cut at �20 °C into 20-�m cross-sections using a cryostat. The
slices were rinsed three times in PBS, and the aldehyde groups
were then blocked by incubation with 0.1% sodium borohy-
dride followed two times for 10 min with 2% (w/v) H2O2 with
10% (w/v) methanol in PBS. The sections were permeabilized
with 0.4% (w/v) Triton X-100 and blocked for 1 h in blocking
buffer (1.5% (w/v) horse serum and 1% (w/v) bovine serum
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albumin). Primary antibody incubation followed overnight at
4 °C in blocking buffer. Before incubation with the secondary
antibody solution for 1 h at room temperature, sections were
rinsed in PBS and incubated in blocking serum for 1 h. After
washing the slices were mounted onto microscope slides and
coverslipped (Marienfeld Lauda-Königshofen, Germany).

Pharmacological Treatment of Cultured Neurons

Treatment of Cells with Glycine—Spinal cord neurons
were cultured for 6 days in vitro (DIV). At DIV6 cell culture
medium was removed, and cells were washed once with PBS,
and medium was replaced by the following salt solution:
CaCl2 7�H2O, 207mg/liter; KCl, 354mg/liter;MgSO4 7�H2O,
160 mg/liter; MgCl2 6 � H2O, 48.3 mg/liter; NaCl, 6.52 g/liter;
NaHCO3, 2.55 g/liter; NaH2PO4, 62.3 mg/liter; Na2HPO4, 62
mg/liter; KH2PO4, 9 mg/liter, glucose 10mM, pH 7.4). To avoid
NMDA receptor-mediated ion fluxes within cultured neurons,
the salt solutionwas supplemented after 5min at 37 °Cwith the
NMDA receptor open channel blockerMK801 (10 �M). After a
further 15 min of incubation at 37 °C, the salt solution was
supplementedwith glycine (2mM), and cells were incubated for
5–30 min (in general 15 min) at 37 °C. In another set of exper-
iments glycine stimulation was repeated once. Therefore, the
glycine-containing solution was replaced for 15 min by salt
buffer followed by an additional 15 min of glycine treatment.
Wortmannin and nifedipine were used in a final concentration
of 10 �M each. After treatments the salt buffer was removed,
and cells were washed oncewith 1� PBS, and cell culture plates
were put on ice. Cells from 1 well (of a 6-well plate) were
scraped off with 200�l of cell lysis buffer (250mMTris-HCl, pH
6.8, 4% (w/v) SDS, 1mM sodiumorthovanadate, protease inhib-
itor mixture (Roche Applied Science)) and treated for 5 min at
95 °C.
Treatment of Cells with NMDA, Strychnine, and ERK1/2

Inhibitor—Cultured spinal cord neuronswere treated at DIV14
for 4 days by supplementing the media with 2 �M strychnine, 5
�M NMDA, 1 �M ERK1/2 inhibitor (catalog number 328006,
Calbiochem), respectively, or as a combination of strychnine
withNMDAor ERK1/2 inhibitor withNMDA. To identify cells
with different intracellular localization of eEF1A, cells were
double-labeled with rabbit antibody against VIAAT for presyn-
aptic terminals and with anti-eEF1A antibody. For quantitative
evaluation, cultures were coded, and 100 cells/treatment were
selected by positive VIAAT staining. These cells were analyzed
with respect to the subcellular localization of eEF1A. The num-
ber of cells with cytoskeletal localization of eEF1A was com-
pared with control cells. The statistical analysis wasmade using
Excel software.

Immunoblot Analysis and Statistical Analysis

Protein content was measured using 10 �l of cell lysate in 1
ml of a BCA assay (Pierce), and equal amounts of proteins were
separated on NuPAGE 4–12% gels (Invitrogen). Proteins were
blotted on polyvinylidene difluoride membrane (Millipore, Bil-
lerica) according to the manufacturer’s instructions. Mem-
branes were probed with mouse monoclonal eEF1A antibody
(1:10,000; Upstate Biotechnology, Inc.), with rabbit phospho-
rpS6 (Ser-235/236) antibody (1:4000; catalog number 2211,

Cell Signaling Technology, Inc.), with rabbit phospho-rps6
(Ser-240/244) antibody (1:4000; catalog number 2215, Cell Sig-
naling Technology, Inc.), with mouse rpS6 antibody (1:2000;
catalog number 2317, Cell Signaling Technology, Inc.), with
phospho-p70 S6 kinase (Thr-389) antibody (1:2000; catalog
number 9205, Cell Signaling Technology, Inc.), with phospho-
p70 S6 kinase (Thr-421/Ser-424) antibody (1:2000; catalog
number 9204, Cell Signaling Technology, Inc.), and with a
monoclonalGlyR antibody (mAb4) (1:50) (16). The horseradish
peroxidase-linked secondary antibodies were detected using
ECL Plus fromAmersham Biosciences. After suitable exposure
times films were developed and signals were scanned and ana-
lyzed using Kodak Digital Science one-dimensional software.
Values of phospho-specific rpS6-signals were normalized to
total rpS6-specific signals, and values are presented as relative
signal intensities.

RESULTS

Identification of eEF1A and Calcineurin as Binding Partners
of the GlyR �2 Subunit—To identify proteins interacting with
the GlyR �2 subunit, we used a fusion protein of glutathione
S-transferase (GST) and the large cytoplasmic loop of the GlyR
�2 subunit (GST-�2 loop) as bait in pulldown experimentswith
rat brain extracts. GST-�2 loop or GST was expressed in Esch-
erichia coli, and after extraction, GST and GST-�2 loop fusion
proteins were immobilized on glutathione-Sepharose. The
beads were subsequently incubated with adult rat brain
extracts. After column washing, GST fusion proteins together
with bound proteinswere elutedwith reduced glutathione, sep-
arated by SDS-PAGE, stained with Coomassie Blue, and the
resulting protein patterns compared (Fig. 1a). Seven protein
bands with apparent molecular masses ranging from 45 to 140
kDa were present in eluates of GST-�2 loop fusion protein col-
umns but not visible in GST pulldowns and were analyzed by
MALDI-TOF MS. One protein with an apparent molecular
mass of about 52 kDa was identified as the translation elonga-
tion factor 1A, a monomeric GTPase involved in protein syn-
thesis (Fig. 1a). Here a match of 23 peptides with a minimal
coverage of 53% of the eEF1A2 sequence was found. A second
proteinwith an apparentmolecularmass of around 58 kDa (Fig.
1a) was identified as the Ca2�-calmodulin-dependent type II
phosphatase calcineurin. The other proteins identified in
these experiments were LANCL1 (NCBI accession number
CAB63943); eEF1B� (accession number 13626388); CRMP4
(accession number AAK64497); Nedd4 (accession number
U50842), and nardilysin (accession number NP037125). By
subsequent immunoblot analysis, LANCL, CRMP4, andNedd4
were shown to be bound in GST pulldown experiments and
thereforewere excluded from further analysis. eEF1B� and nar-
dilysin were not yet further analyzed. To ensure binding speci-
ficity of eEF1A and calcineurin to the GST-�2 loop fusion pro-
tein, we repeated the pulldown experiments applying higher
salt washes (1 M NaCl) and included GST-gephyrin in addition
toGSTalone as another negative control protein. Immunoblot-
ting experiments of protein eluates with anti-eEF1A- and anti-
calcineurin-specific antibodies confirmed that both proteins
bound specifically to the GST-�2 loop but not to GST alone or
gephyrin-GST columns (Fig. 1, b and c). As an additional con-
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trolwe performed immunoblot analysiswithGST-�2 looppull-
down experiments with rat brain extracts using an antibody
directed against the presynaptic protein synaptophysin and
showed that this protein did not bind to theGST-�2 loop fusion
protein (Fig. 1d). To investigate whether the binding of eEF1A
and GlyR �2 loop sequences might be direct or indirect, we
cloned eEF1A1 and eEF1A2 coding sequences from rat brain

cDNA into a bacterial plasmid vector allowing the expression
and purification of His-tagged fusion proteins. However, using
purified eEF1A1 and eEF1A2 proteins in GST-�2 loop pull-
down experiments, we could not prove a direct binding of both
proteins, suggesting that a bridging protein was missing in
these experiments (data not shown).
Identification of Additional Components of the Translational

Machinery as Binding Partners of the GlyR�2 Subunit—eEF1A
is an essential component of the translational machinery.
Therefore, we tested the eluted column fraction by immuno-
blotting for the presence of additional proteins known to be
involved in regulation of protein synthesis.With this approach,
we identified the rpS6 (Fig. 1e), which is positioned at the RNA-
binding site of the 40 S small ribosomal subunit. This protein
also bound to a small degree to GST alone, but could be washed
off by 1 M NaCl. No rpS6 was detected in glutathione eluates
from GST control experiments. The second protein identified
by this approach was p70 S6 kinase, which is known to phos-
phorylate rpS6. Similarly, this protein was detected by immu-
noblotting in pulldown complexes eluted from the GST-�2
loop fusion protein but not from gephyrin-GST or GST alone
(Fig. 1f). Again, the binding of rpS6 protein to the GST-�2 loop
fusion protein was resistant to high salt washes, suggesting a
high affinity binding to the GlyR �2 loop domain. To further
corroborate the interaction of eEF1Awith theGlyR �2 subunit,
we constructed an eEF1A2-GST fusion protein expression con-
struct and performed pulldown experiments with the purified
eEF1A2-GST fusion protein and solubilized membrane pro-
teins from rat spinal cord. These experiments revealed that
eEF1A2-GST pulldown eluates contain GlyR � subunits, con-
firming our previous findings (Fig. 1g).
The Phosphorylation of rpS6 Is Modulated upon GlyR

Activation—The identification of eEF1A, rpS6, and p70 S6
kinase as putative interaction partners of the GlyR suggested
that the activity state of this ligand-gated ion channel might be
relevant for the regulation of protein synthesis within neurons.
Conceivably, the activity of p70 S6 kinase could be regulated by
GlyR activity and thus the phosphorylation state of rpS6 might
be dependent onGlyR activation. As rpS6 phosphorylation was
shown to be one cellular mechanism for the regulation of pro-
tein synthesis (18), this scenario would have important impli-
cations for the role of GlyR activation in neurons. To further
test this hypothesis we activated GlyR by increasing concentra-
tions of glycine in cultured spinal cord neurons for a short
period of time, and we subsequently analyzed the phosphoryl-
ation level of rpS6 by immunoblot experiments with cell lysates
and phospho-specific antibodies directed against phospho-
serine 235/236 of rpS6. For GlyR activation we replaced the
culture medium by a defined buffered salt solution and supple-
mented the solution with 2mM glycine. Immunoblotting of cell
lysates revealed that short term glycine application resulted in
increased phosphorylation of serine 235/236 of rpS6 (Fig. 2a).
Applying glycine for different time periods (ranging from 5 to
30 min) showed that increased phosphorylation of rpS6 was
first observed within 5 min after glycine application and
remained at an increased level even after prolonged activation
times of 30 min. These effects were blocked by preincubation
with strychnine, a competitive inhibitor of glycine binding at

FIGURE 1. Pulldown experiments with GST-�2 loop fusion protein and
immunoblot analysis of isolated proteins. a, Coomassie Blue staining of
SDS-PAGE with enriched proteins of GST-�2 loop affinity chromatography
experiments. Enlargement of gel-area with indication of two stained protein-
bands detected in lane 1 (GST-�2 loop) but not in lane 2 (GST-control). Arrow-
head points to eEF1A band and arrowhead with star to calcineurin. b–f, immu-
noblots of different protein fractions from pulldown experiments with
immobilized GST-�2 loop fusion protein (�2 loop GST, upper sections), GST-
gephyrin (Gephyrin GST, middle sections) or GST (GST, lower sections). All gels
were loaded according to the same scheme. Brain homogenate (lane 1), col-
umn washing step after binding of GST-fusion proteins (lane 2), flow-through
after loading the column with brain homogenate (lane 3), column washing
steps with NaCl-concentration step-gradient, 0.3 M NaCl (lane 4), 0.4 M NaCl
(lane 5), 0.5 M NaCl (lane 6), 1 M NaCl (lane 7) and fusion protein elution with
glutathione (eluate) (lane 8). Using specific antibodies (b) eEF1A, (c) cal-
cineurin, (d) S6 ribosomal protein (e) p70 S6 kinase were detected in GST-�2
eluates, but not in GST-gephyrin or GST-control experiments. f, synaptophy-
sin was not detected in eluate protein fraction. g, isolation of GlyR subunits
(arrowhead) with GST-eEF1A pulldown experiments. Input (lane 1), pulldown
with GST (lane 2) and with GST-eEF1A fusion protein (lane 3) using solubilized
membrane proteins from rat spinal cord.
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GlyRs (Fig. 2b). Cultured spinal cord neurons that were treated
with glycine displayed significantly increasedmean pixel inten-
sities when probed with an antibody specific for phosphoserine
235/236 of rpS6 (p � 0.0001; two-tailed t test), whereas the
mean pixel intensities using an antibody specific for gephyrin
were not changed upon glycine treatment (Fig. 2c).
The Phosphorylation of rpS6 Is Not Dependent on the PI 3-Ki-

nase Phosphorylation Pathway—To get further insight into possi-
ble signaling pathways involved in the glycine-dependent phos-
phorylation of rpS6, we analyzed the phosphorylation of p70 S6
kinase at position Thr-389, which is known to increase p70 S6
kinase activity. Immunoblot analysis with a phospho-Thr-389-
specific antibody revealed that the phosphorylation of Thr-389
was not altered upon glycine application, whereas the phospho-
rylation of rpS6 was increased significantly (p � 0.032; two-
tailed t test) under the same conditions (Fig. 3, a and b).
To further corroborate that the cellular pathway responsible

for Thr-389 phosphorylation of p70 S6 kinase is indeed not
involved in glycine-dependent rpS6 phosphorylation, we
applied wortmannin, an inhibitor for PI 3-kinase during gly-
cine-stimulating experiments of cultured spinal cord neurons.

As shown in Fig. 3c, the presence of
wortmannin did not result in a
reduction of phosphorylated rpS6,
suggesting that PI 3-kinase, an
upstream kinase of mTOR, is not
involved in the glycine-dependent
increase of rpS6 phosphorylation
(Fig. 3c).
It has been shown that the GlyR

activation in young cultured spinal
cord neurons results in depolariza-
tion rather than hyperpolarization
of the postsynaptic membrane,
which may induce opening of the
L-type voltage-dependent Ca2�

channels and possibly resulting in
the regulation of cellular signaling
pathways (19). Therefore, we used
the L-type Ca2� channel blocker
nifedipine to analyze whether the
glycine-induced increase of rpS6
phosphorylation might be depend-
ent on L-type channel-mediated ion
fluxes. However, as shown in Fig.
3d, nifedipine did not inhibit the
glycine-mediated increase of rpS6
phosphorylation, indicating that a
yet unknown signaling pathway is
involved in glycine-dependent
rpS6 phosphorylation. Taken to-
gether, our results indicate that
the PI 3-kinase-mTOR pathway,
known to mediate NMDA receptor-
dependent signaling in the hip-
pocampus, is not responsible for
GlyR-dependent cellular signaling
at young stages of spinal cord neu-

rons differentiating in vitro.
TheMAPKs ERK1/2 are other candidate protein kinases that

could be involved in rpS6 phosphorylation (20). Therefore, we
reinvestigated whether ERK1/2 might also be detected as a
binding protein of GlyR �2 large cytoplasmic loop by perform-
ing additional pulldown experiments using rat brain extracts.
Immunoblot analysis of eluates from GST-�2 loop pulldown
experiments in comparison with pulldown experiments using
GST and GST-gephyrin as baits revealed that indeed ERK1/2
was present even under stringentwashing conditions and could
be eluted by glutathione together with the GST-�2 loop fusion
protein (Fig. 4a). To test the putative involvement of the
ERK1/2 signaling pathway in regulating glycine-dependent
rpS6 phosphorylation, we stimulated cultured neurons with
glycine and analyzed cell lysates using a phospho-specific anti-
body against MAPKs ERK1/2. These experiments revealed no
significant (p � 0.08; two tailed t test) increase of MAPK acti-
vation upon glycine application (Fig. 4b). Furthermore, prein-
cubation of cells withMAPK/ERKkinase inhibitors (U0126 and
PD23635) did not reduce the glycine-induced increase of rpS6
phosphorylation (data not shown). These findings suggest that

FIGURE 2. Glycine-dependent phosphorylation of rpS6. Glycine treatment of spinal cord neurons cultured
for 6 days resulted in increased phosphorylation of rpS6 at position serine 235 and 236. a, phosphorylation of
rpS6 was analyzed with an antibody specific for phosphorylated serines 235/236 of rpS6. Glycine treatment (2
mM) was repeated twice and led to increased phosphorylation of rpS6 (lanes 2, 4 and 6). Lower panel shows the
same immunoblot probed with an antibody detecting total amount of rpS6. b, analysis of levels of rpS6
Ser235/236 phosphorylation in cultured spinal cord neurons treated with glycine for different time periods
(5–30 min) and by glycine and strychnine (30 min, lane 6), a competitive inhibitor of glycine binding at GlyRs.
c, immunofluorescence microscopy of cultured spinal cord neurons treated for 15 min with glycine using
phospo-rpS6-specific antibody and quantification of mean pixel intensities (right). Data are expressed as
mean � S.D. of 10 cells analyzed (*, p � 0.05, two tailed t test). Note that mean pixel intensities were not
changed for gephyrin immunofluorescence (lower panel) whereas mean pixel intensities detected for phos-
phorylated rpS6 were significantly increased upon glycine treatment (upper panel). Bar, 10 �m.
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ERK1/2 signaling may not be involved in regulating GlyR-de-
pendent rpS6 phosphorylation.
Subcellular Localization of rpS6 in Cultured Spinal Cord and

Hippocampal Neurons—The finding that rpS6 can bind to the
large cytoplasmic loop GlyR �2 subunit and that glycine-medi-
ated activation of GlyRs in cultured spinal cord neurons
resulted in increased phosphorylation of rpS6 led us to study
the subcellular distributions in cultured spinal cord and hip-
pocampal neurons by immunofluorescence microscopy. After
about 1week (DIV6), phospho-rpS6-specific immunoreactivity
was found within the soma and at low levels within proximal
dendrites of cultured spinal cord neurons (Fig. 5a). At later
stages of differentiation (DIV21), phospho-rpS6 immunoreac-
tivity within dendrites increased (Fig. 5b). In cultured hip-
pocampal neurons we compared DIV8 and DIV18 stages of in
vitro differentiation. At both stages phospho-rpS6 immunore-
activity was detected within the soma and dendrites, as
described for spinal cord neurons, but in addition, immunore-
activitywas found in small clusters near the cellmembrane (Fig.
5, c and d). Double labeling experiments with antibodies spe-
cific for phospho-rpS6 (green) with either antibodies specific
for VIAAT (red) as a marker for inhibitory presynaptic termi-
nals (Fig. 5e) or gephyrin (red) (Fig. 5f) revealed that some of
these spots of phospho-rpS6 are partially colocalized with the
aforementioned synaptic proteins suggesting that phospho-
rpS6 protein is indeed present at inhibitory synapses (Fig. 5, e
and f). In addition we observed that in a small number of cells
phospho-rpS6 immunoreactivity was concentrated in filamen-
tous structures overlapping with tubulin immunoreactivity,
suggesting that in these cells phospho-rpS6 is attached to

microtubules (Fig. 5g). In addition we compared the localiza-
tion of rpS6with L7a, another ribosomal protein (large subunit)
in double detection experiments at DIV21 stages of hippocam-
pal neurons. As shown in Fig. 5h both antibodies detected anti-
gens distributed throughout the dendritic compartment. How-
ever, the spatial resolution of fluorescencemicroscopy does not
allow the determination whether these proteins are colocalized
within 80 S ribosomes or not. In addition to this overall stain-
ing, L7a- and rpS6-specific immunoreactivities were also seen
in separated, punctated structures (Fig. 5h).
Subcellular Localization of eEF1A in Cultured Spinal Cord

and Hippocampal Neurons—To analyze the subcellular local-
ization of eEF1A in neurons, we cultured hippocampal and spi-
nal cord neurons for 1–5 weeks (DIV6–DIV35). To determine
whether eEF1A was present at synapses, we performed double
labeling experiments using an eEF1A-specific antibody in com-
bination with either anti-synaptophysin antibody as a general
marker for presynaptic boutons or in combinationwith an anti-
body directed against VIAAT and a polyclonal antibody for the
detection of GlyRs. As shown in Fig. 6, we identified eEF1A
immunoreactivity in hippocampal neurons (DIV28) within the
soma and dendrites. Small immunoreactive puncta were dis-
tributed in dendrites, and larger punctate structures apposed to

FIGURE 3. Analysis of putative upstream kinases pathway. Glycine-
dependent increase of rpS6 Ser235/236 phosphorylation is not dependent
on phosphatidylinositol 3-kinase (PI3-kinase)-mTOR/RAFT pathway. a, immu-
noblot analysis of phosphorylation of p70 S6 kinase at position threonine 389
and of rpS6 at position Ser235/236. Total rpS6 was analyzed as a loading
control (lower panel). b, quantification of total pixel intensities of immunob-
lots shown in a. Error bars represent � S.D. of at least three independent
experiments (*, p � 0.05, two tailed t test). c, immunoblot analysis of rpS6
phosphorylation at Ser235/236 in the absence or presence of the PI3-kinase
inhibitor wortmannin. Note that there is still glycine-dependent increase of
rpS6 phosphorylation upon PI3-kinase inhibition. d, immunoblot analysis of
glycine-dependent rpS6 phosphorylation in the absence or presence of the
L-type Ca2�-channel blocker nifedipine.

FIGURE 4. Analysis of putative MAPK upstream pathway. a, immunoblot of
pulldown experiments with immobilized GST-�2 loop fusion protein (�2 loop
GST, upper sections), GST-gephyrin (Gephyrin GST, middle sections) or GST (GST,
lower sections) were probed with an antibody specific for phosphorylated MAPK
(ERK1/2) protein. The loading scheme was according to Fig. 1, b–f. Note that
phosphorylated MAPK is detected in eluted proteins (lane 8), whereas this pro-
tein is not detected in eluates from GST-gephyrin or GST. b, immunoblot analysis
of protein extracts from cultures treated with glycine in the absence or presence
of strychnine using an antibody specific for phosphorylated MAPK (ERK1/2) and
quantification of total pixel intensities.
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presynaptic synaptophysin immunoreactivities could be seen
(Fig. 6a). Quantification of eEF1A-specific puncta in apposition
to synaptophysin revealed that the majority of eEF1A-immu-
noreactive puncta (66 � 5%) was located close to synaptophy-
sin-specific immunoreactivities (Fig. 6a). Double detection
experiments with an eEF1A-specific and a VIAAT-specific
antibody confirmed that about 58% of punctate eEF1A immu-
noreactivities were apposed to VIAAT-positive boutons, sug-
gesting the localization at or near inhibitory synapses (Fig. 6b).
Finally, we performeddouble detection experiments using anti-

eEF1A antibody in combination with antibodies specific either
for GlyRs or GABAARs. These experiments revealed that at
DIV28, about 49% of eEF1A puncta were colocalized with GlyR
immunoreactivity (Fig. 6c), whereas only aminority of punctate
eEF1A immunoreactivity colocalized with GABAARs (data not
shown). These observations suggest that specific subpopula-
tions of inhibitory synapses might be associated with eEF1A.
Similarly, we detected overlapping immunoreactivities of
eEF1A with GlyR-specific immunoreactivity in cultured spinal
cord neurons (DIV14–21) (data not shown), suggesting that in
both types of cultured neurons a subpopulation of GlyRs carry-
ing postsynaptic membrane specializations is associated with
domains enriched in eEF1A protein.
Colocalization of eEF1A with Microtubules in Spinal Cord

Neurons—In spinal cord neurons cultured for up to 4weeks, we
observed that in about 19% of the cells with VIAAT-positive
boutons eEF1A immunoreactivity was not localized at synapses
and dendritic puncta but instead was associated with filamen-
tous structures within dendrites (Fig. 7a). This distribution was
similar to the distribution of phospho-rpS6 immunofluores-
cence observed in some hippocampal neurons, which we had
identified as microtubules. To test whether eEF1A was also
associated with microtubules in these cells, we performed dou-
ble detection experiments for eEF1A and MAP2. These exper-

FIGURE 5. Localization of rpS6 in cultured spinal cord and hippocampal
neurons. Spinal cord neurons were cultured for (a) 6 days and (b) 21 days and
double-stained for phospho-rpS6 (green) and gephyrin (red). Hippocampal
neurons were cultured for (c) 12 days and (d) 28 days and double-stained for
phospho-rpS6 (green) and gephyrin (red). e– g, enlargements of dendritic
areas from hippocampal neurons cultured for 28 days double-stained for (e)
phospho-rpS6 (green) and VIAAT (red); f, phospho-rpS6 (green) and gephyrin
(red); g, phospho-rpS6 (green) and tubulin (red) revealing a partial overlap of
phospho-rpS6 with either VIAAT, gephyrin or tubulin immunoreactivities.
The superimposition of green and red single channel recordings reveals in
yellow color. h, rpS6 (green) and L7a (red) double staining of hippocampal
neurons (DIV21). Bars, 10 �m.

FIGURE 6. Localization of eEF1A in cultured hippocampal neurons. Hip-
pocampal neurons cultured for 28 days were double-stained with antibodies
directed against (a) eEF1A (green) and synaptophysin (red), (b) eEF1A (green)
and VIAAT (red), (c) eEF1A (green) and GlyR (red). Diffuse eEF1A-immunofluo-
rescence (IF) extends from the cell soma into dendrites, where a more punc-
tuate distribution is detected (enlargements, green color). This IF-puncta
overlap largely with punctuated synaptophysin- (66%), VIAAT- (58%) and
GlyR- (49%) IFs. Bars, 10 �m.
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iments revealed an extensive overlap of eEF1A and MAP2
immunoreactivities (Fig. 7b), suggesting that eEF1A is indeed
associated with microtubules at DIV28 (Fig. 7b). Interestingly,
this association with microtubules could rarely be detected in
cells cultured for less than 21 days but gradually increased upon
prolonged differentiation in culture, and after 5 weeks 45% of
cells displayed a cytoskeletal association of eEF1A (Fig. 7c).
Thus, our experiments revealed a redistribution of eEF1A
immunoreactivities during later stages of neural differentia-
tion. To investigate whether the redistribution of eEF1A to
microtubules occurs also in vivo, we performed immunohisto-
chemistry with cryosections of adult spinal cord tissue. As
shown in Fig. 7d, we found a widespread distribution of eEF1A
immunoreactivity in adult spinal cord sections. In different
regions of cranial spinal cord sections, we detected filamentous
eEF1A localizationwithin extensions similar to the distribution
observed at DIV28 of cultured spinal cord neurons. Double
detection experiments with anti-MAP2 antibody, revealed an
overlap of eEF1A-specific immunoreactivity andMAP2 immu-
noreactivity, suggesting that eEF1A is associated with dendritic
microtubules both in cultured spinal cord neurons and in vivo
(Fig. 7e, enlargement).
The Colocalization of eEF1A withMicrotubules Is Dependent

on the Activity of Inhibitory and Excitatory Ion Channels—To
further elucidate themechanisms of eEF1A redistribution from
synapses to the cytoskeleton, we investigated whether this
process might be influenced by the activity of GlyR and/or
NMDA receptors. For this purpose we blocked GlyRs in cul-
tured spinal cord neurons between DIV14 and DIV18 by sup-
plementing the culture media with 2 �M strychnine. In addi-
tional experiments we stimulated NMDA receptors of cultured
neurons for the same period of time with 5 �MNMDA, or used
a combination of both ligands. After these treatments, cells
were double-immunolabeled with anti-eEF1A and VIAAT
antibodies. Out of 300 cells, identified by detection of VIAAT
staining, the number of cells displaying filamentous eEF1A
immunoreactivity was counted.We found no significant differ-
ences in the proportion of cells with eEF1A immunoreactivity
at microtubules in control and strychnine-treated cells (Fig.
8a). A different result was obtained with cultures that had been
treated with NMDA. NMDA receptor activation increased the
number of neurons with eEF1A immunoreactivity at microtu-
bules about 6-fold (Fig. 8a). Interestingly, a 19-fold increase of
eEF1A redistribution was observed in cultures of spinal cord
neurons treated with strychnine and NMDA simultaneously.
Under these conditions, 19%of the cells displayed a cytoskeletal
localization of eEF1A compared with 1% in untreated cultures.
This observation suggests that the GlyR and NMDA receptor
activity may act antagonistically on the eEF1A redistribution,

FIGURE 7. Redistribution of eEF1A during maturation of neurons. Spinal
cord neurons were cultured for different time periods (DIV18 –36) and double
detection experiments of eEF1A and VIAAT were performed. a, in cultures
from spinal cord neurons (DIV28) about 19% of neurons revealed eEF1A-IF
(red) which was concentrated central within dendrites not overlapping with
VIAAT-IF (green) in addition to strong somatic localization. b, double detec-
tion experiments with antibodies specific for MAP2 (green) and eEF1A (red)
revealing an overlapping localization of both proteins (yellow), suggesting
that eEF1A might be associated with microtubules. DAPI staining (blue) is

shown in a and b. c, in spinal cord neurons cultured for longer than 18 days an
increasing number of neurons displaying an altered (cytoskeletal) subcellular
localization of eEF1A were evaluated. The percentage of cells with filamen-
tous eEF1A localization within dendrites of neurons rises from 1% at DIV18 to
45% at DIV36 (*, p � 0.05 and ***, p � 0.0001, two tailed t test). d, immunohisto-
chemical detection of eEF1A in rat spinal cord section. Double detection experi-
ments with cranial cross-sections of spinal cord using antibodies specific for
eEF1A (red) and MAP2 (green) showing partially overlaps of the IFs. e, magnifica-
tion of boxed region in d. In the enlarged sector overlapping of filamentous orga-
nized eEF1A- and MAP2-IF is detectable. Bars, 10 �m.
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i.e. GlyR activation seems to impede whereas NMDA receptor
activation stimulates eEF1A redistribution to the cytoskeleton.
To exclude thatNMDAand strychnine treatment induced neu-
ronal cell death, we probed cell viability using calcein experi-
ments andDAPI staining after 4 days of treatment withNMDA
and strychnine. Treatment with both ligands did not increase
the number of cells destined to cell death in our culture system
(data not shown); furthermore, cells of these cultures did not
reveal any indication of increased induction of apoptotic cell
death (Fig. 8c). In addition, we treated neurons from DIV7 to
DIV11 with strychnine and NMDA and analyzed eEF1A by
immunofluorescence microscopy; however, no induction of
redistribution was observed. In conclusion, these experiments
suggest that the cytoskeletal association of eEF1A seems to be
tightly correlated to age, activity, and differentiation state of
cultured spinal cord neurons.
Our biochemical experiments indicate that the MAPK path-

way may be involved in GlyR-dependent signaling. Therefore,
we tested whether the inhibition of GlyRs by strychnine in our
NMDA-strychnine treatment experiment could be mimicked
by inhibition of ERK1/2 (Fig. 8b). Interestingly, 12% of cells
revealing eEF1A redistribution to microtubules upon stimula-
tion of NMDA receptors and simultaneous inhibition of
ERK1/2 compared with about 6 or 2% with NMDA or ERK1/2
inhibitor treatment, respectively, suggesting that GlyR-
dependent activation of the ERK1/2 pathway indeed might be
involved in the regulation of the eEF1A redistribution to the
cytoskeleton.

In conclusion, our data show that important components of
the translation machinery are present at or near glycinergic
synapses and that their activation status may be regulated by
GlyR activation. Moreover, the ERK pathway seems to be
involved in regulating the subcellular localization of eEF1A in
cultured spinal cord neurons.

DISCUSSION

The elongation factor eEF1A is a GTPase, essential for the
binding of aminoacyl-tRNA at the A site of the 80 S ribosome
(20). In addition, several other noncanonical functions of this
protein have been described. These moonlighting functions
range from alterations in actin andmicrotubules dynamics (21,
22) to protein degradation (23), regulation of M4 muscarinic
acetylcholine receptor recycling (24), apoptosis, and modula-
tion of cellular life span (25, 26). Very recently eEF1A2, one of
two isoforms expressed in vertebrates, was shown to be essen-
tial for the survival of motor neurons in mice (27).
By using a biochemical approachwe demonstrate that eEF1A

is a putative interaction partner of �2 subunits of GlyRs. More-
over, we demonstrate binding of two additional components of
the translational machinery, namely ribosomal S6 protein and
p70 S6 kinase to the GlyR �2 subunit sequence. Further bio-
chemical experiments revealed that in young cultured spinal
cord neurons GlyR activation through glycine treatment
increased the phosphorylation of rpS6. In addition, we demon-
strate a partial colocalization of rpS6 and eEF1AwithGlyRs and
also GABAARs in the somato-dendritic compartment of cul-
tured spinal cord and hippocampal neurons at defined stages of
in vitro development. Therefore, it needs to be emphasized that
not all of the receptor clusters colocalized with eEF1A or rpS6
immunoreactivities, respectively. These observations suggest
that eEF1A and rpS6 might be associated with a defined subset
of synapses, reflecting different states of activity or plasticity
related processes.
For excitatory NMDA receptors, the functional role in regu-

lating postsynaptic signaling complexes in addition to its func-
tion as ion channel is well established (28). For inhibitory recep-
tors like GlyR and GABAARs, the association with signaling
molecules is less clear. So far, bridging proteins such as gephy-
rin are known to be essential for the formation of GlyR and
some subtypes of GABAAR clusters, probably by anchoring
these receptors to the cytoskeleton. Other proteins like colly-
bistin, a guanine exchange factor for Cdc42, was characterized
as protein binding to gephyrin; however, the functional role of
this interaction at synapses is unknown.
The identification of eEF1A, rpS6, and p70 S6 kinase as bind-

ing partner of the GlyR �2 subunit suggests a coupling of GlyR
activity to protein synthesis. Interestingly, in Aplysia eEF1A
was found to be involved in synaptic facilitation (29). In those
experiments the long lasting phase of specific synaptic facilita-
tion was dependent on the transport of eEF1A mRNA into the
dendritic compartment and the synthesis of eEF1A next to syn-
apses. Therefore, the authors speculated that eEF1A might be
involved in determining the synapse specificity ofmemory stor-
age by regulating local subsynaptic protein synthesis. Our find-
ing that the functional coupling of the GlyR activity to phos-
phorylation and thus the activity state of rpS6 as one important

FIGURE 8. Activity-dependent cytoskeletal localization of eEF1A. Quanti-
fication and statistical analysis of percentage of neurons revealing a cytoskel-
etal association of eEF1A immunoreactivity upon (a) strychnine, NMDA,
strychnine-NMDA treatment and (b) ERK1/2 inhibition, NMDA, NMDA-ERK1/2
treatment. A significant increase of the number of neurons displaying a local-
ization of eEF1A at the cytoskeleton was seen upon NMDA receptor stimula-
tion, by simultaneous inhibition of GlyRs and stimulation of NMDA receptors
as well by ERK1/2 inhibition together with NMDA receptor activation (***, p �
0.0001, two tailed t test). c, immunofluorescence microscopy of cells analyzed
in a and b. Calcein (green) and DAPI (blue) stainings revealed no indication of
cell death of neurons with cytoskeletal eEF1A localization (red) upon NMDA
and strychnine treatment, as the cell-permeant nonfluorescent calcein AM is
only in living cells enzymatically converted into the green fluorescent calcein.
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regulatory protein of the translational machinery supports the
hypothesis that also inmammalian neurons eEF1A or other yet
unknown proteins might be specifically synthesized within the
dendritic compartment and that the rate of synthesis might be
modulated by GlyR activity.
Wedemonstrate a partial colocalization of eEF1AwithGlyRs

in cultured spinal cord and hippocampal neurons indicating a
possible functional role in synaptic plasticity. eEF1A was
already identified to be present at the postsynaptic density of
excitatory synapses (30); however, its functional role has not
been elucidated so far. Structural proteins as tubulin and actin
are known to be present at inhibitory as well as excitatory syn-
apses (31). The identification of a protein with enzymatic activ-
ity as a shared component of inhibitory as well as excitatory
synapses is novel to our knowledge.
The putative colocalization of eEF1A with actin and tubulin

at both excitatory and inhibitory synapses is interesting because
several studies have shown that eEF1Amight be involved in the
regulation of both elements of the cellular cytoskeleton. For
example, it has been shown recently that dimers of Tetrahy-
mena piriformis-eEF1A have Ca2�-dependent actin bundling
activity. IncreasedCa2� concentrations disrupted eEF1Adimer
formation and thus led to decreased F-actin bundling, whereas
low Ca2� concentrations induced increased bundling activity
of eEF1A (32). Thus, at excitatory synapses eEF1A might be
involved inmodulating plasticity processes depending on actin.
Moreover, it was shown that Xenopus eEF1A has microtubule
severing activity (33), whereas other studies revealed a micro-
tubule binding activity for eEF1A (22). However, whether
mammalian eEF1A can also fulfill these putative roles in neu-
rons remains to be elucidated.
Interestingly, we observed a redistribution of eEF1A immu-

noreactivity from synapses and submembranous dendritic
compartments to microtubules upon extended culture periods
(3–5 weeks). In DIV7–18 cultures, only a small number (about
1%) of cells showed an association of eEF1A with the microtu-
bular cytoskeleton. This number increased to about 45%of neu-
rons cultured for 5 weeks. Also, rpS6 was colocalized with
microtubules. Moreover, also in cranial sections from spinal
cord tissue from rat, a colocalization ofMAP2 immunoreactiv-
ity and stainingwith eEF1A-specific antibodies could be shown.
To our knowledge this is the first demonstration of an associa-
tion of eEF1Awithmicrotubules in situ and in vivo in mamma-
lian cells.
Interestingly, the redistribution of eEF1A in spinal cord neu-

rons could be enhanced by stimulation ofNMDAreceptors and
simultaneous blockade of GlyRs or ERK1/2 even in younger
neurons. These observations are consistent with the assump-
tion that GlyR inhibition and NMDA activation act synergisti-
cally on eEF1A redistribution. This observation also suggests
that the activity-dependent redistribution of eEF1A might
reflect different stages of differentiation and/or dynamic
changes of synapse maturation and/or plasticity in different
neurons. The model we propose is that in young neurons
eEF1A is involved in protein synthesis and/or regulation of
actin and microtubules dynamics in the submembranous
compartment of dendrites and at subsynaptic sites. The
putative regulation of actin bundling, which is well docu-

mented in several cell types (32), might be involved in the
formation and maturation of postsynaptic receptor clusters
or might be relevant for short distance transport processes to
the membrane. In later stages of differentiation, the quantity
of protein synthesis, the protein/vesicles transport, and the
contribution of eEF1A to these processes might be reduced.
Consequently, a redistribution of eEF1A to microtubules
could stabilize these structures in mature neurons and/or
might modulate transport processes along microtubules. In
conclusion, we propose that GlyRs are associated with sig-
naling molecules involved in protein synthesis and organiza-
tion of the cytoskeleton. Further studies are necessary to
elucidate whether the putative functions are involved in syn-
aptic plasticity and neuronal maturation.
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