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ABSTRACT N-methyl-p-aspartate receptor (NMDAR)
activation has been implicated in forms of synaptic plasticity
involving long-term changes in neuronal structure, function,
or protein expression. Transcriptional alterations have been
correlated with NMDAR-mediated synaptic plasticity, but the
problem of rapidly targeting new proteins to particular syn-
apses is unsolved. One potential solution is synapse-specific
protein translation, which is suggested by dendritic localiza-
tion of numerous transcripts and subsynaptic polyribosomes.
We report here a mechanism by which NMDAR activation at
synapses may control this protein synthetic machinery. In
intact tadpole tecta, NMDAR activation leads to phosphory-
lation of a subset of proteins, one of which we now identify as
the eukaryotic translation elongation factor 2 (eEF2). Phos-
phorylation of eEF2 halts protein synthesis and may prepare
cells to translate a new set of mRNAs. We show that NMDAR
activation-induced eEF2 phosphorylation is widespread in
tadpole tecta. In contrast, in adult tecta, where synaptic
plasticity is reduced, this phosphorylation is restricted to
short dendritic regions that process binocular information.
Biochemical and anatomical evidence shows that this NMDAR
activation-induced eEF2 phosphorylation is localized to sub-
synaptic sites. Moreover, eEF2 phosphorylation is induced by
visual stimulation, and NMDAR blockade before stimulation
eliminates this effect. Thus, NMDAR activation, which is
known to mediate synaptic changes in the developing frog,
could produce local postsynaptic alterations in protein syn-
thesis by inducing eEF2 phosphorylation.

Activation of N-methyl-D-aspartate receptors (NMDARSs) has
been implicated in many forms of synaptic plasticity. Much of
this plasticity requires protein synthesis, presumably to express
proteins needed to support altered synaptic function (1).
Regulation of gene transcription is one way that NMDAR
activation could be linked to altered protein expression (2).
However, plasticity can be synapse specific, so neurons must
have some way to target new proteins to the synapses produc-
ing the plasticity-inducing signal. The machinery for protein
translation (3) and many mRNAs are localized within den-
drites (4-6), but to date the precise mechanisms linking
synaptic activation of NMDAR to local modulation of protein
translation have not been fully characterized.

During development of many central nervous system path-
ways, NMDARs mediate synaptic competition and stabiliza-
tion (7). This process has been extensively studied in the
tadpole retinotectal projection because activity-dependent
synaptic rearrangement is prolonged during tadpole life (8).
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Previous experiments in tadpole tecta described five proteins
that become highly phosphorylated after NMDAR activation
(9). We now show that one of these phosphoproteins is the
eukaryotic translation elongation factor 2 (¢€EF2). This protein
catalyzes ribosomal translocation along the mRNA. In vitro,
eEF2 phosphorylation halts ribosomal translocation until
eEF2is dephosphorylated. Additionally, in the eukaryotic cells
types studied to date, eEF2 phosphorylation is associated with
reduced protein synthesis (10, 11). Phosphorylation of eEF2 is
catalyzed by a single protein kinase, eEF2 kinase, whose
activity is calcium- and calmodulin-dependent. Unlike many
other calcium- and calmodulin-dependent kinases, eEF2 ki-
nase phosphorylates a single substrate, eEF2 (12). Phosphor-
ylation of eEF2 in other systems, such as during the cell cycle,
precedes dramatic shifts in protein expression (11). Other links
between protein synthesis inhibition and altered protein ex-
pression have been demonstrated (13). Finally, activation of
amino acid neurotransmitter receptors is known to cause a
reduction in protein synthesis (14, 15). Thus, eEF2 phosphor-
ylation induced by synaptic activation of NMDARSs could
provide a mechanism for controlling protein composition at
specific synapses.

MATERIALS AND METHODS

Front phosphorylation was carried out as previously described
(9). Briefly, excised tecta were stimulated for 30 seconds in the
presence of 3?P-labeled orthophosphate with a mixture of 10
uM glutamate and 50 uM NMDA. Tissue was homogenized
and samples were separated by two-dimensional electrophore-
sis and transferred to nitrocellulose. Blots were exposed to
x-ray film for 2-24 hr. After autoradiography, blots were
probed with the phospho-specific anti-eEF2 antibody cc81
(1:200, ref. 15), and antibody—antigen binding was detected by
using chemiluminescence. To verify that the two signals over-
lapped, exposures were used that generated both a chemilu-
minescence signal and an autoradiographic signal.

One-dimensional Western blotting was performed as pre-
viously described (16). Blots were probed with the phospho-
specific antibodies as above. Densitometry was performed as
previously described by using NIH IMAGE. Blots were then
stripped and reprobed by using the affinity-purified pan-eEF2
antibody (G118, 1:500). Pan-eEF2 signals did not differ by
more than 10% within blots, and these differences did not
correlate with stimulation conditions.

This paper was submitted directly (Track II) to the Proceedings office.
Abbreviations: NMDAR, N-methyl-D-aspartate receptor; NMDA,
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tion elongation factor 2; APS5, 2-amino-5-phosphopentanoic acid;
TTX, tetrodotoxin; DAB, diaminobenzidine.
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Electron microscopic localization was performed as previ-
ously described (17). Briefly, tecta were fixed, cryoprotected,
quickly frozen, and stored at —70°C until use. Sixty- to
100-pwm-thick vibratome sections were cut and processed for
immunolocalization. Nonspecific binding was blocked with 5%
normal serum and 1% nonfat dry milk. Horseradish peroxi-
dase-linked secondary antibodies coupled with avidin-biotin
amplification were used to detect antigen/antibody binding.
Sections were then processed for conventional electron mi-
croscopy and viewed with a Zeiss EM-10 microscope.

For light-level immunocytochemistry, tecta were stimulated
as above and fixed, cryoprotected, and frozen. Coronal or
horizontal cryostat sections were cut at 10 um. Slides contain-
ing at least one section from each of the stimulation conditions
to be compared were processed for immunolocalization. Sec-
tions were permeabilized with 0.3% Triton X-100, and non-
specific binding was blocked with 10% BSA in PBS. Primary
antibody dilutions used were 1:50 for cc81 and 1:500 for G118.
Horseradish peroxidase-linked secondary antibodies were
used to visualize eEF2 staining. Nucleus isthmus labeling was
performed exactly as described (18).

Synaptoneurosomes, which are enriched in intact and func-
tional pre- and postsynaptic structures, were prepared as
previously described (19). Electron microscopy was performed
to verify the composition of these suspensions. Synaptic den-
sity was comparable to values previously obtained (data not
shown, but see Fig. 3B). Synaptoneurosome suspensions were
diluted to a concentration of 1 mg/ml in bicarbonate buffer
and allowed to equilibrate at 37°C for 30 min before drug
stimulation. The samples were pelleted by centrifugation,
homogenized in sample buffer, and prepared for immunoblot
detection as above.
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For in vivo visual stimulation, tadpoles were dark-adapted
for 1 to 2 hr. All subsequent operations were performed in the
dark with the aid of an infrared imaging system. Animals were
briefly anesthetized with fresh 0.5% MS222 and a small hole
made in the lateral sclera with an insect pin. A pipette filled
with approximately 200 nl of 1 mM tetrodotoxin (TTX) was
inserted into the hole, and the TTX was forced into the
posterior chamber with pressure. The skull was then retracted
to expose the tectum, and the dura was removed. The opto-
kinetic reflex was used to activate a large population of retinal
ganglion cells (20). Animals were placed into a hemispherical
chamber containing 1-inch vertical bars spaced 2 inches apart.
The chamber rotated at 0.25 Hz. Additionally, strobe lights,
flashing at 0.5 Hz, were placed 10 inches away from the
animal’s eye. This stimulation lasted for 30 sec before 4%
paraformaldehyde was immediately applied directly to the
tectum. In some cases, a small dorsal area of retina in the active
eye was shaded from the strobe light. The ventral region of
tectum receiving input from this part of the retina thus
provided an estimate of basal phospho-eEF2 levels in dark-
adapted tecta.

Tissue was prepared as above for immunolocalization except
that sections were coincubated with both anti-phospho-eEF2
(rabbit) and anti-tubulin (mouse). Immunolocalization was
accomplished by visualizing the fluorescein-conjugated don-
key anti-rabbit (phospho-eEF2) or Texas red-conjugated don-
key anti-mouse (tubulin). Ten-micron sections were viewed
with a Bio-Rad MRC 600 scanning confocal microscope. The
two fluorophores were detected simultaneously, and the gain
and offset were adjusted to give equivalent, nonsaturated pixel
distributions. Single focal plane images were acquired and
analyzed by using NIH IMAGE 1.60 and the Bio-Rad confocal
macro written by Harvey Karten (University of California at

Fic. 1. NARPP-90 and eEF2 comigrate on
blots of two-dimensional gels. (1) NARPP-90
phosphorylation was induced in tadpole tecta
by NMDA/GLUT stimulation, the labeled pro-
teins were blotted onto nitrocellulose, and
NARPP-90 was detected by autoradiography
(Top). The same blot was then probed with a
phospho-specific anti-eEF2 antibody and the
signal was detected with chemiluminescence
(Middle). When a film was allowed to expose
overnight after chemiluminescent detection, an
image was produced that contained both radio-
active and chemiluminescent signals (Bottom).
This image shows that NARPP-90 and eEF2
have identical molecular masses and isoelectric
points. Similar results were obtained in three
other experiments. Molecular mass standards
from bottom to top for each panel are 7.5, 18.2,
31.5,42.7, 80, and 135 kDa. (B) Densitometric
measurement of immunoblots detecting
NMDAR-induced phospho-eEF2. Tecta re-
ceived NMDA/GLUT stimulation with or
without prior preincubation with 60 uM APS.
NMDA /GLUT stimulation alone resulted in a
7-fold increase in phospho-eEF2 compared
with AP5 control (n = 5). NMDA/GLUT
stimulation without AP5 preincubation pro-
duced robust eEF2 phosphorylation (lane 1).
2 However, NMDA/GLUT stimulation after

AP5 preincubation resulted in low levels of
eEF2 phosphorylation (lane 2). To verify equal
amounts of total eEF2 protein, all blots probed
with the phospho-specific antibody were sub-
sequently stripped and reprobed with the eEF2
antibody that does not distinguish between
phospho- and dephospho-eEF2. The total
amount of eEF2 did not vary as a function of
stimulation (data not shown). The molecular
mass standard for B is 80 kDa.
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San Diego). Four line scans from the pia to ventricular surface
per tectal lobe were taken for both tubulin and phospho-eEF2
images. To correct for inherent variability within the tissue
processing and imaging procedure, the tubulin signal was used
to normalize the phospho-eEF2 signal. Data from at least four
sections per lobe from each animal were then averaged, and
the ratio between the signal from the activated (left) tectum
and the silenced (right) tectum was calculated. Data were
pooled into 5-pixel bins and plotted as a function of distance
from the pia.

RESULTS

Proteins phosphorylated by exposure of whole excised tadpole
tectal lobes to a combination of 50 uM NMDA and 10 uM
glutamate (GLUT) for 30 sec (hereafter called NMDA/GLUT
stimulation) were previously termed NARPPs for NMDAR
activation responsive phosphoproteins (9). One of these phos-
phoproteins, NARPP-90, has a molecular mass (90 kDa) and
an isoelectric point (6.7-7.0) that are similar to those of eEF2
(10). NARPP-90 comigrates with phospho-eEF2 on two-

Proc. Natl. Acad. Sci. USA 94 (1997)

dimensional gels, indicating that they are the same (Fig. 14),
and densitometric analysis of immunoblots by using a phospho-
specific anti-eEF2 antibody (15) revealed a robust increase in
phospho-eEF2 in NMDA/GLUT-stimulated excised tecta
(Fig. 1B, lane 1). Preincubation with 60 uM APS for 5 min
before NMDA/GLUT stimulation blocked the increase in
phospho-¢EF2 (Fig. 1B, lane 2). After the 30-sec NMDA/
GLUT stimulation phospho-eEF2 levels declined to baseline
by 10 min (data not shown, n = 5). Application of either
component of NMDA/GLUT stimulation solution alone (10
uM glutamate or 50 uM NMDA) did not increase eEF2
phosphorylation over baseline (data not shown).

Synaptic remodeling within the retinotectal neuropil occurs
locally among branches of retinal arbors and tectal dendrites
(21). Light microscopic localization of phospho-eEF2 in
NMDA/GLUT-stimulated tadpole tecta revealed label in
dendrites throughout the retinorecipient layers (data not
shown). To further examine this, tecta were processed for
electron microscopic immunolocalization of phospho-eEF2.
After NMDA/GLUT stimulation, strong phospho-eEF2 sig-
nal was localized to dendrites (Fig. 24, asterisks). Often the

F1G.2. Phospho-eEF2 in tecta detected by immunolocalization. Arrows delineate the presynaptic extent of the synaptic apposition, and asterisks
mark dendritic profiles. (4) Electron micrograph of phospho-eEF2 immunostaining in the retinorecipient layers of tadpole tecta induced by
NMDA/GLUT stimulation shows localization within dendrites. (B) Electron micrograph of phospho-eEF2 immunostaining induced by
NMDA/GLUT stimulation after a 5-min preincubation with AP5 showed little or no phospho-¢EF2. (C) Light-level micrograph of phospho-eEF2
immunostaining induced in adult frog tecta by NMDA/GLUT stimulation. (D) Light-level micrograph of phospho-eEF2 immunostaining in adult
frog that received AP5 preincubation before NMDA/GLUT stimulation. No neuronal phospho-¢EF2 staining was observed. (E) Tectal neurons
that receive indirect ipsilateral retinal input via the nucleus isthmus have dense dendritic trees within layer 9a. Note that the layer labels for C and
D correspond to the numbering on the left and the layers for £ are on the right. (F) Electron micrograph of phospho-eEF2 immunostaining in
adult frog tecta induced by NMDA/GLUT stimulation. This stimulation in adult tecta leads to preferential localization of phospho-eEF2 within
dendritic segments subjacent to synaptic contacts in layer 9a. Pictures shown are representative of at least five independent determinations. Scale
bars for A, B, and F represent 0.5 wm. Scale bars for C-E represent 50 um.
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F1G.3. Phospho-¢EF2 is induced by NMDA/GLUT stimulation in
preparations enriched in functional synaptic contacts. (4) Densito-
metric measurement of immunoblots detecting NMDAR-induced
phospho-¢EF2. Synaptoneurosomes received NMDA/GLUT stimu-
lation with or without prior preincubation with 60 uM AP5. NMDA/
GLUT stimulation alone resulted in a 7-fold increase in phospho-eEF2
compared with APS control. Examples shown are representative of
three independent determinations. NMDA/GLUT stimulation with-
out AP5 preincubation produced robust eEF2 phosphorylation (lane
1). However, NMDA/GLUT stimulation after AP5 preincubation
resulted in low levels of eEF2 phosphorylation (lane 2). (B) Electron
micrographs show that synaptoneurosomes are enriched in synaptic
contacts. Arrows delineate presynaptic extent of synaptic apposition.
Similar results were obtained from three independent synaptoneuro-
some preparations, and synaptic density is comparable to that reported
previously (19).

electron-dense diaminobenzidine (DAB) reaction product
produced dense floccular material that filled dendritic profiles
and became associated with the postsynaptic densities (arrows
mark the presynaptic side of the contact) in strongly labeled
profiles. In contrast, phospho-eEF2 signal was absent from
dendrites in tissue that had been preincubated with AP5 (Fig.
2B).

To determine whether eEF2 phosphorylation was corre-
lated with the degree of synaptic plasticity within the retino-
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tectal system, we compared phospho-eEF2 levels induced by
NMDA/GLUT stimulation in tadpole and adult frog tecta. In
adult frogs, synaptic remodeling is greatly reduced, and im-
munoblot analysis did not detect an increase in phospho-eEF2
levels with NMDA/GLUT stimulation compared with that
obtained with AP5 preincubation (data not shown). However,
by using DAB-based immunolocalization in adult tecta there
was a small increase in phospho-¢EF2 staining with NMDA/
GLUT stimulation within a distinct, narrow band subjacent to
the pial surface (Fig. 2 C without APS, and D with APS). This
band corresponds to layer 9a and is present only in postmeta-
morphic frogs, where it is a site of binocular interaction.
Tadpoles do not have a layer 9a because the pathway that
carries the information from the opposite visual field does not
reach the tectum until metamorphosis (18, 22). It is important
to note that the dendritic segments located within this layer are
far removed from their somata in layer 6 (Fig. 2E). Moreover,
no neuronal cell bodies lie in layer 9a. Electron microscopic
immunolocalization showed that, in adult tecta, NMDA/
GLUT stimulation-induced phospho-eEF2 was absent from
axons and was present only in dendrites within layer 9a, where
the DAB reaction product produced dense floccular material
that filled dendrites and often became associated with postsyn-
aptic densities (Fig. 2F). These observations provide evidence
that phospho-eEF2 levels are spatially regulated within tectal
dendrites.

The results from the immunolocalization data suggest that
eEF2 phosphorylation may occur at subsynaptic sites where
dendritic ribosomes are often localized during synaptic devel-
opment (23). To biochemically examine the subsynaptic local-
ization of phospho-eEF2, synaptoneurosomes were prepared
from tadpole tecta, and phospho-eEF2 levels were monitored.
NMDA/GLUT stimulation increased phospho-¢EF2 levels to
an extent similar to that observed in whole excised tecta, and
APS5 preincubation abolished this effect (Fig. 34). Synapto-
neurosome preparations are enriched in morphologically iden-
tifiable synaptic contacts containing both pre- and postsynap-
tic elements (Fig. 3B).

To examine whether visual stimuli could increase tectal
phospho-eEF2 levels, one eye of dark-adapted tadpoles was
treated with TTX to silence retinal ganglion cell activity. Both
eyes then received unidirectional moving bar stimuli on a
stroboscopic background for 30 sec. Tecta were immediately
fixed and processed for phospho-eEF2 immunofluorescence
localization. Anti-tubulin staining was used as an internal
control for variations in staining. Bright immunofluorescence
label for phospho-eEF2 was observed throughout the stimu-
lated tecta (Fig. 44 Upper) and could be resolved within
individual dendrites (Fig. 4B, arrows). In contrast, tectal lobes
receiving input from the silenced eyes had considerably lower
(darker) staining levels in their retinorecipient layers (Fig. 44
Lower). Scanning laser confocal microscopy was used to
measure the immunofluorescence intensity for both phospho-
eEF2 and tubulin across the same radial line scans on sections
of each tectal lobe. Tubulin staining was uniform across the
mediolateral and rostrocaudal extent of the tectum and did not
vary as a function of stimulation condition (data not shown).
By contrast, retinorecipient tectal layers receiving input from
active eyes had two to three times more phospho-eEF2 im-
munofluorescence compared with layers receiving input from
silenced eyes (Fig. 4C). This difference was decreased by
application of AP5 to the exposed tectum for 5 min before the
onset of visual stimulation. Fig. 4D shows the ratio between
phospho-eEF2 signal in tecta receiving activated vs. silenced
retinal input averaged across the retinorecipient layers.

DISCUSSION

Recent work has shown that far more transcripts are present
in dendrites than had previously been suspected (4, 5, 24), as
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FiG. 4. Patterned visual stimulation causes eEF-2 phosphorylation within retinorecipient layers of the tadpole tectum. (4) Sections from tecta
receiving either activated (Upper, left eye) or silenced (Lower, right eye) retinal input were stained for both phospho-¢EF2 (Left, FITC) and tubulin
(Right, Texas red). The white numbers indicate the location of the tectal layers. The dashed lines show representative line scans used for sampling
fluorescence intensity. The small cross-hairs mark the boundary between the retinorecipient layers, 7-9, and the rest of the tectal layers. The white
bracket shows the location of the ventral visual field projection that was shaded from the strobe and moving bar stimuli. This area of tectum provides
an estimate of phospho-eEF2 levels caused by active but not directly stimulated retinal input. Signals for each fluorophore were imaged
simultaneously from a single section. (B) A high magnification of tectal neurons and dendritic segments that are positive for eEF2 phosphorylation
resulting from visual stimulation. Note the scattered punctate staining, which represents fine dendritic processes (arrows). (C) Laminar distribution
of the ratio of phospho-eEF2 fluorescent signal in stimulated and silenced inputs in the absence (open squares) and presence (solid diamonds) of
topically applied 60 uM AP5. The average location of retinorecipient layers is indicated by the bar along the abscissa. Error bars show the standard
deviation of the average value from 5-pixel bins. (D) Histogram plots of the average ratio of phospho-eEF2 fluorescent signal between stimulated
and silenced retinorecipient layers in the absence and presence of topically applied APS. Error bars are the standard deviation derived from the
average values for each individual used in the analysis (n = 3 with AP5 and n = 5 without APS5). Scale bar for 4 represents 50 pm.

are all the enzymes required for protein translation (4).
Furthermore, dendrites are capable of responding to stimula-
tion by increasing protein synthesis independent of cell body-
based translational control (4, 25, 26). In hippocampal slices,
dendritic protein synthesis is stimulated by correlated activa-
tion of cholinergic receptors and NMDARs (27). These ob-
servations suggest a functional link between local protein
synthesis and synaptic activity (28). To date, in situ synaptic
activation has not been linked to a mechanism that can
modulate dendritic protein synthesis. We have shown that
NMDAR activation elicited by sensory stimulation can cause
phosphorylation of a protein critically involved in controlling
protein synthesis at the peptide chain elongation step. This
phosphorylation event may be particularly important for syn-
aptic competition, as suggested by both the widespread distri-
bution of phospho-eEF2 in tadpole dendrites, which support
continuous activity-dependent synaptic rearrangement, and
the specific localization of phospho-eEF2 at synaptic sites
restricted to regions of tectal dendrites involved in processing
binocular information in adult tecta.

Various forms of synaptic plasticity have been divided into
early, protein synthesis-independent phases and late, protein
synthesis-dependent phases (29-31). In many cases, the late
phases seem to require both new translation and new tran-
scription (1). Several models have been proposed to account
for how the cell-wide nature of transcriptional control can lead
to the synaptic specificity inherent in many forms of synaptic
plasticity. These models postulate that proteins newly synthe-
sized in the soma are targeted to the appropriate synapses via
some form of synaptic tag produced at the time of the initial
synaptic activation (32). Alternatively, synaptic activation
could lead to the local synthesis of key proteins at the site of
activation (33). The ability of eEF2 phosphorylation to alter
synaptic protein translation could play important roles in
either of these potential mechanisms.

Phosphorylation of eEF2 is correlated with a reduction of
protein synthesis in many eukaryotic cells (11) including
neurons (15). This is a somewhat paradoxical response to
stimuli that should promote new protein synthesis; yet in many
systems protein synthesis inhibition appears to be an early step



Neurobiology: Scheetz et al.

in the translation of a new set of transcripts (11). It is possible
that transcripts that are being actively translated need to be
removed from ribosomes before new transcripts can be initi-
ated, and halting translation may promote this. Alternatively,
inhibiting protein synthesis may permit less efficiently initiated
transcripts to become translated (13). Finally, translational
pausing could lead to reduced levels of short-lived repressor
proteins that inhibit expression of other key proteins. Further
studies are needed to examine these possibilities.

We have demonstrated that eEF2 phosphorylation is in-
duced by visual stimulation in intact animals and depends on
NMDAR activation. This suggests strongly that this event is a
physiologically relevant response to synaptic NMDAR activa-
tion. The synaptic specificity of eEF2 phosphorylation is
highlighted by the demonstration that it occurs within den-
drites and at synaptic contacts. Furthermore, eEF2 phosphor-
ylation can be spatially restricted to subsets of synaptic contacts
within a given neuron. These properties qualify eEF2 phos-
phorylation as a potential component of a variety of mecha-
nisms linking synaptic activity to protein synthesis-dependent
synaptic plasticity. Phosphorylation of eEF2 represents a
rapid, specific, and previously uncharacterized mechanism for
inducing long-term changes in synaptic function.
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