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Bidirectional Regulation of eEF2 Phosphorylation Controls
Synaptic Plasticity by Decoding Neuronal Activity Patterns
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Department of Neurology and Neurosurgery, Montreal Neurological Institute, McGill University, Montreal, Quebec H3A 2B4, Canada

At the sensory-motor neuron synapse of Aplysia, either spaced or continuous (massed) exposure to serotonin (5-HT) induces a form of
intermediate-term facilitation (ITF) that requires new protein synthesis but not gene transcription. However, spaced and massed ITF use
distinct molecular mechanisms to maintain increased synaptic strength. Synapses activated by spaced applications of 5-HT generate an
ITF that depends on persistent protein kinase A (PKA) activity, whereas an ITF produced by massed 5-HT depends on persistent protein
kinase C (PKC) activity. In this study, we demonstrate that eukaryotic elongation factor 2 (eEF2), which catalyzes the GTP-dependent
translocation of the ribosome during protein synthesis, acts as a biochemical sensor that is tuned to the pattern of neuronal stimulation.
Specifically, we find that massed training leads to a PKC-dependent increase in phosphorylation of eEF2, whereas spaced training results
in a PKA-dependent decrease in phosphorylation of eEF2. Importantly, by using either pharmacological or dominant-negative strategies
to inhibit eEF2 kinase (eEF2K), we were able to block massed 5-HT-dependent increases in eEF2 phosphorylation and subsequent
PKC-dependent ITF. In contrast, pharmacological inhibition of eEF2K during the longer period of time required for spaced training was
sufficient to reduce eEF2 phosphorylation and induce ITF. Finally, we find that the massed 5-HT-dependent increase in synaptic strength
requires translation elongation, but not translation initiation, whereas the spaced 5-HT-dependent increase in synaptic strength is
partially dependent on translation initiation. Thus, bidirectional regulation of eEF2 is critical for decoding distinct activity patterns at
synapses by activating distinct modes of translation regulation.
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Introduction
In the marine mollusk Aplysia californica, serotonin (5-HT) acts
at the sensory-to-motor neuron synapse to induce synaptic facilita-
tion, an increase in synaptic strength that underlies sensitization of
withdrawal reflexes (Kandel, 2001). The ability to recapitulate the
synaptic facilitation seen in vivo in isolated neurons is a unique
advantage of this model and studies examining facilitation have
identified conserved mechanisms underlying memory formation
(Kandel, 2001). 5-HT acts via distinct G-protein coupled recep-
tors to activate protein kinase A (PKA) and protein kinase C
(PKC; Dumitriu et al., 2006; Lee et al., 2009; Nagakura et al.,
2010) and these kinases can mediate distinct forms of synaptic
plasticity and behavior (Byrne and Kandel, 1996; Hawkins et al.,
2006; Sossin, 2007). In particular, five spaced applications of
5-HT generate a protein synthesis-dependent, intermediate-term
facilitation (ITF) at the sensory-motor neuron synapse that re-

quires PKA (Müller and Carew, 1998; Sutton and Carew, 2000),
whereas one massed 5-HT application generates a protein
synthesis-dependent ITF that requires PKC (Sossin et al., 1994;
Jin et al., 2011). Furthermore, spaced 5-HT applications lead to
greater desensitization of PKC activation than massed 5-HT ap-
plication, which is driven by differential production of proteins
induced by the different stimuli (Farah et al., 2009; Naqib et al.,
2011). Thus, massed and spaced applications of 5-HT activate
distinct mechanisms of translational control.

Translational control is an important step leading to the en-
coding of long-lasting forms of memory (Costa-Mattioli et al.,
2009). Although much research has focused on translation initi-
ation (Sonenberg and Hinnebusch, 2009), regulating elongation,
and in particular the phosphorylation of eukaryotic elongation
factor 2 (eEF2), is also important for synaptic plasticity (Taha et
al., 2013; Heise et al., 2014). Interestingly, eEF2 phosphorylation
can either be increased (Scheetz et al., 1997; Belelovsky et al.,
2005; Kanhema et al., 2006; Sutton et al., 2007; Park et al., 2008;
Panja et al., 2009; Verpelli et al., 2010; Weatherill et al., 2011) or
decreased (Carroll et al., 2004; Inamura et al., 2005; Sutton et al.,
2007; Im et al., 2009; Autry et al., 2011) depending on the stim-
ulus used in learning or synaptic plasticity paradigms. Examining
the specific contributions of increases and decreases in eEF2
phosphorylation to learning and memory is difficult. For exam-
ple, in eEF2 kinase (eEF2K) knock-out animals (Park et al., 2008),
whereas increases in eEF2 phosphorylation are abolished, de-
creases in eEF2 phosphorylation are occluded, confounding in-
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terpretation of the results. In the present study, we show that
phosphorylation of eEF2 is increased in Aplysia sensory neurons
by massed application of 5-HT but decreased by spaced applica-
tions. Critically, we were able to inhibit increases in phosphory-
lation of eEF2 without affecting its basal state of phosphorylation
and this was sufficient to block expression of PKC-dependent
ITF. In contrast, inhibition of eEF2K during the longer period of
time required for spaced 5-HT was sufficient to reduce eEF2
phosphorylation and induce ITF. Our results suggest that eEF2
acts as a biochemical sensor that is able to decode two distinct
neuronal activity patterns, resulting in differential protein syn-
thesis and synaptic plasticity.

Materials and Methods
Cell culture. Aplysia californica were obtained from the University of
Miami National Institutes of Health Aplysia resource facility (Miami, FL)
and maintained in an aquarium containing reconstituted seawater
(Crystal Sea, MEI) at 15°C. Animals were anesthetized with isotonic
MgCl2, and the pleural-pedal and abdominal ganglia were removed and
digested with 1.4% Dispase II (Roche Applied Science) in isotonic
Leibovitz-15 medium (Sigma-Aldrich). The pleural and abdominal gan-
glia were desheathed, and tail sensory neurons (SNs) removed from the
pleural and L7 motor neurons (MNs) removed from the abdominal
ganglia. The dissociated neurons were plated in Leibovitz-15 with 50%
hemolymph and 2 mM L-glutamine on single-well glass bottom well
dishes (MatTek), precoated with poly-L-lysine (molecular weight
�300,000; Sigma). Eighty to 100 g Aplysia were used for isolation of
sensory neurons, and juvenile animals of 1–5 g were used for isolation of
the motor neuron L7. Sharp glass electrodes for microdissection were
prepared with a Sutter P-97 using thick-walled glass (1.5 mm outer di-
ameter, 0.86 –1.12 mm inner diameter, and 100 mm in length).

After plating of the MNs, cells were allowed to adhere to the culture
dish for 1 h. Next, the SN was added, and using a sharp glass electrode, the
neurite was straightened using currents generated by slightly waving the
electrode and the SN cell was maneuvered into a position next to the MN.
The neurite of the SN was moved into position so that the distal end
overlapped and came into contact with the MN. After plating and pairing
of neurons, the culture dishes were left on the stereoscope stage overnight
at 22–25°C, and then transferred to a humidity controlled incubator at
18°C. DNA plasmids encoding eEF2 kinase or vesicle associated mem-
brane protein (VAMP), were microinjected into the nucleus of the SN or
the MN soma 36 h after plating. Expression was monitored by confocal
microscopy 24 – 48 h later.

eEF2 kinase constructs. We previously generated an expression con-
struct for Aplysia eEF2K, but this original construct was missing the first
81 aa (Weatherill et al., 2011). Therefore, we generated a new full-length
Aplysia eEF2K construct and added an mRFP N-terminal tag as follows:
First, the missing 81 aa N-terminal fragment was PCR-amplified from an
Aplysia cDNA library using the following primers: GAGCAGTCAA-
GATGGAACTC and GCAGATTTAGCAGATGCTGTGT, and cloned
into pJET (Thermo Scientific). The N-terminal fragment was then am-
plified with the same primers flanked by KpnI and XhoI sites, and ligated
into a pNEX3-mRFP construct (Weatherill et al., 2011). The mRFP-
eEF2K N-terminal fragment was excised with SalI and NheI and inserted
into the original, truncated pNEX-eEF2K at SalI and NheI to create
pNEX-mRFP-eEF2K. The D309A and S481A, S482A mutations were
made using overlap PCR and pNEX-mRFP-eEF2K as a template as pre-
viously described (Nakhost et al., 1999). All constructs were confirmed
by sequencing.

Measurement of protein synthesis. The overall cellular translation rate
was measured by the incorporation of the methionine analog,
L-azidohomoalanine (AHA; Invitrogen). This method was adapted for
use in Aplysia as previously described (Dyer and Sossin, 2013).

Sf9 cell culture and immunoblotting. Sf9 cells were purchased from
Sigma-Aldrich and grown in Grace’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum (Cansera) as a monolayer at 27°C.
For infection, cells were plated at a density of 0.5 � 10 6 cells/60 mm dish.
Baculoviral constructs for eEF2K were previously described (Weatherill

et al., 2011). Forty-eight hours postinfection, the cells were treated with
NH125 (3 �M), Bis-1 (1 �M), or vehicle for 2 h. Cells were then collected
and washed once with PBS and then suspended in the lysis buffer (PBS,
1% SDS, 0.1% IGEPAL) to which complete EDTA-free mixture of pro-
tease inhibitors (Roche) was added before use. Cells were incubated in
the lysis buffer for 30 min at 4°C on a rocking platform and the resulting
lysate centrifuged at 12,000 � g for 20 min at 4°C. The supernatant was
then collected and protein dosage was performed using the Bradford
method. Immunoblotting was performed as previously described
(Weatherill et al., 2011). The antibodies used were phospho-eEF2 anti-
body (1:500) and a phospho-eEF2K antibody (1:500; Weatherill et al.,
2011).

Immunocytochemistry. In all isolated SN experiments, cultures were
treated with 10 �M 5-HT (Sigma-Aldrich) in artificial seawater (ASW) or
mock-treated with ASW alone. In all experiments, cultures were rinsed
briefly with ASW and fixed with 4% paraformaldehyde with 30% sucrose
in PBS for at least 45 min and then immunostained. The fixed cells were
washed briefly with 30% sucrose in PBS, permeabilized with 0.1% Triton
X-100 with 30% sucrose in PBS for 10 min, and then washed again briefly
with PBS alone. Free aldehydes were then quenched with 50 mM ammo-
nium chloride for 15 min and cells were washed again briefly with PBS.
Nonspecific antibody binding was blocked by incubating the cells with
10% normal goat serum (Sigma-Aldrich) plus 0.5% Triton X-100 in PBS
for 1 h before incubating with phospho-eEF2 (T56) antibody (1:300, Cell
Signaling Technology) in the blocking solution overnight at 4°C. After
washing the primary antibody with PBS (3 � 10 min washes), the cells
were incubated for 2 h with a secondary, Alexa Fluor 647-conjugated
goat, anti-rabbit antibody (1:200, Invitrogen) at 22–25°C. The cells were
washed again with PBS and were imaged using a LSM 710 (Zeiss) laser
confocal scanning microscope equipped with an Axiovert 100 inverted
microscope (Zeiss) and a 63�, NA 1.4 objective. Alexa Fluor 647 fluo-
rescence was passed through a HFT UV/488/543/633 main beam splitter
and a NFT 635 VIS secondary beam splitter and detected with the META
detector set for a range covering 644 –719 nm. In experiments where
eEF2K-mRFP or mRFP alone was expressed, Alexa Fluor 647 fluores-
cence and mRFP fluorescence were imaged sequentially and were passed
through the HFT UV/488/543/633 beam splitter. In addition, mRFP flu-
orescence was reflected by the NFT 635 VIS secondary beam splitter and
passed through another NFT 545 secondary beam splitter, as well as a BP
565-615 IR emission filter. In all experiments examining somatic stain-
ing, the confocal plane in the middle of the nucleus was chosen to stan-
dardize the plane within and between experiments.

Electrophysiology. After 36 h in culture, either the SN or the MN of
cocultured pairs was microinjected with a construct encoding either
eEF2K(WT)-mRFP, eEF2K(S481A-S482A)-mRFP or mRFP alone in
conjunction with equimolar amounts of empty pNEX-3 vector along
with 0.1% Fast Green dye. Synaptic connectivity was recorded by mea-
suring the EPSP amplitude between the cocultured neurons using sharp
electrode electrophysiology as previously described (Weatherill et al.,
2010). On day 4 in vitro, recordings were performed with intracellular
microelectrodes using an Axoclamp 2B amplifier (Molecular Devices) in
bridge mode and microelectrodes (15–30 M�) filled with 2 M potassium
acetate. The MNs were maintained at �80 mV, and the SNs were stim-
ulated with an extracellular concentric electrode (FHC). During massed
5-HT experiments, chronic recordings of 65 min were performed and
input resistances were measured every 10 min. Following 10 min 5-HT, a
fast perfusion of saline was activated for the duration of recording. For
spaced 5-HT experiments, a single EPSP was evoked in the MN through
extracellular stimulating current into the SN. Subsequently, the cultures
were treated either with five pulses of 5 min 5-HT (10 �M) with a 20 min
interpulse interval. In between pulses, 5-HT was washed away using a 1:1
mixture (v/v) of Leibovitz-15 and ASW. Input resistances and EPSPs
were recorded again immediately following 5-HT and 24 h later. Data
were discarded if any of the following parameters changed by more then
two SDs from the means of the accumulated dataset: the input resistance
of the MN (�100 M�), the increase in the input resistance of the MN
(�60%), and the slope of the initial EPSP (�1.5 mV/ms).

Data analysis. To quantify images, imaging software package ImageJ
(http://rsbweb.nih.gov/ij/download.html) was used. The mean pixel in-
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tensity within the cytoplasm was quantified and background subtracted
to account for fluorescence from the media. The mean fluorescence in
control cells was calculated, and the values of all individual cells from all
groups, were normalized to the control mean within a single experiment.

All PSP amplitudes are normalized to the first PSP observed at the
synapse (baseline PSP). At synapses with PSPs large enough to activate
voltage-dependent currents in the motor neuron, PSP rise rate was mea-
sured over 1 ms and normalized to the baseline PSP.

eGFP-PKC Apl II cytosol to membrane translocation was quantified as
previously described (Zhao et al., 2006; Farah et al., 2008, 2009; Nagakura
et al., 2010; Farah and Sossin, 2011a,b). Briefly, the level of PKC Apl II
translocation was determined by tracing three rectangles at different lo-
cations at the plasma membrane and three rectangles at different loca-
tions in the cytosol. The width of the membrane rectangles was three-five
pixels wide to minimize cytoplasmic contamination, but otherwise the
size of the rectangles was not constrained. The first two rectangles were
traced at opposite sides of the plasma membrane of the cell and the third
at an angle of �45° to the first and second rectangles. The cytosol rect-
angles were traced in the areas adjacent to the membrane rectangles. The
translocation ratio was measured as follows: average intensity (mem-
brane)/average intensity (cytosol) [Im/Ic] normalized to the degree of
translocation before the addition of pharmacological agents (Post/Pre).
Cells with no significant translocation (Post/Pre �1.1) were not used.
The person quantifying was blinded to the groups being measured. In
some cases, when translocation was very patchy, the entire membrane
was outlined and used.

The statistical significances of the differences between means were
tested using either Student’s t tests, or ANOVA. One-tailed t tests were
used only when specifically testing a hypothesis that the means would
differ in a given direction, otherwise a two-tailed t test was used. One-way
and two-way ANOVAs with one repeated measure (time) were per-
formed, followed by planned comparisons of the individual groups if
there were more than two.

Results
Massed and spaced 5-HT applications bidirectionally
modulate p-eEF2 levels
During protein synthesis, eEF2 promotes translocation of
peptidyl-tRNA from the A-site to the P-site on the ribosome
(Montanaro et al., 1976). eEF2 is phosphorylated on Thr-56 in
mammals (Thr-57 in Aplysia) by its dedicated kinase, eEF2K,
reducing its affinity for the ribosome causing inhibition of elon-
gation (Nairn et al., 2001). To determine the ability of spaced or
massed applications of 5-HT to regulate eEF2 phosphorylation
(p-eEF2) in the cell soma, we used antibodies against the con-
served eEF2K phosphorylation site on eEF2 (Carroll et al., 2004;
Fig. 1A). Five spaced applications of 5-HT (5 � 5 min spaced by
20 min) decreased the cytoplasmic levels of p-eEF2, whereas one
or three spaced applications (1 or 3 � 5 min spaced by 20 min)
did not significantly affect levels of p-eEF2 (Fig. 1A). Notably,
neither one nor three applications of 5-HT was sufficient to in-
duce translation-dependent ITF (Mauelshagen et al., 1996). In
contrast to five spaced applications of 5-HT, one continuous
massed application of 5-HT of 10 min or longer had the opposite
effect. The time course of massed 5-HT application shows an
increase in p-eEF2 staining after 10 min (consistent with our
earlier report; Weatherill et al., 2011), 25 min, and 90 min but no
increase after 5 min, suggesting a delayed upregulation of p-eEF2
that persists up to 90 min with bath application of 5-HT (Fig. 1A).
To verify that the bidirectional change in phosphorylation state
was not due to changes in eEF2 protein levels, the same experi-
ment was performed using a non-phospho antibody directed
against eEF2 (Carroll et al., 2004). Our results show that only
three spaced applications of 5-HT were sufficient to change the
levels of eEF2 protein relative to ASW controls (Fig. 1B), despite
the fact that the eEF2 mRNA contains a terminal oligpyrimidine

tract and its rate of synthesis can be increased by 5-HT (Carroll et
al., 2004). Thus, the timing of 5-HT application has a differential
effect on eEF2 phosphorylation state independent of eEF2 syn-
thesis, decreasing with spaced and increasing with massed 5-HT
treatment.

Next we sought to pharmacologically inhibit eEF2K-mediated
phosphorylation of eEF2. NH125 is a selective and potent inhib-
itor that has been used in a number of studies to inhibit eEF2K in
neurons (Sutton et al., 2007; Zhang et al., 2009; Oyang et al.,
2011). We first treated sensory neurons with different concentra-
tions of NH125, to confirm its effectiveness in Aplysia and found
a dose-dependent inhibition of eEF2 phosphorylation in neurons
treated for 10 min with 5-HT (Fig. 1C). We used 3 �M of NH125
for the remainder of this study. We proceeded to examine the
effect of NH125-mediated eEF2K inhibition on p-eEF2 levels
during massed and spaced applications of 5-HT. Importantly,
acute treatment (20 min) with NH125 alone had no effect on the
basal phosphorylation state of eEF2, but significantly inhibited
the massed 5-HT-mediated induction of p-eEF2 (Fig. 1D). We
next asked whether chronic treatment with NH125, one that
mimics the duration of spaced 5-HT application (a protocol that
lasts for �90 min) could cause a reduction in eEF2 phosphoryla-
tion. Indeed, addition of NH125 for this long period of time was
sufficient to decrease eEF2 phosphorylation and moreover, oc-
cluded the effect of spaced 5-HT on p-eEF2 (Fig. 1E). Together,
our results suggest that massed (1 � 10 min) and spaced (5 � 5
min with 20 min intervals) 5-HT treatments induce bidirectional
changes in eEF2 phosphorylation through eEF2K.

We next sought to investigate whether bidirectional eEF2
modulation was important during synaptic plasticity. Sensory-
motor neuron synapses were cultured and ITF induced with ei-
ther massed (1 � 10 min) or spaced (5 � 5 min with 20 min
intervals) 5-HT treatments in the presence or absence of NH125.
Using the massed protocol, EPSPs were recorded and synaptic
facilitation was seen 5 min after addition of 5-HT to the bath,
with a peak increase at 20 min and slow decay approaching base-
line after 65 min (Fig. 2A), similar to previous reports (Villareal et
al., 2007; Jin et al., 2011). The addition of NH125 10 min before
5-HT, inhibited massed ITF measured between 20 and 70 min,
while leaving short-term facilitation (STF) measured at 5 min
intact, consistent with specific inhibition of the protein synthesis-
dependent phase of ITF (Fig. 2A,B; Jin et al., 2011). Furthermore,
application of NH125 alone for 20 min had no effect on basal
synaptic transmission (Fig. 2A,B), consistent with the lack of
change in basal p-eEF2 levels we observed in the presence of
NH125 for this time period (Fig. 1D).

We next examined the role of eEF2K in spaced ITF. Consistent
with our observations in the p-eEF2 experiments, long chronic
application of NH125 (10 min before and during the entire
spaced protocol) was sufficient to induce an increase in synaptic
strength (Fig. 2C,D). Interestingly, spaced 5-HT applications in
the presence of NH125 had an additional significant effect be-
yond that of NH125 alone, suggesting that the effect of 5-HT on
facilitation was not completely occluded by NH125 (Fig. 2D).
The effects of NH125 and 5-HT were not additive though, as the
combination of 5-HT and NH125 was not significantly different
from 5-HT alone (Fig. 2D).

These results suggest that eEF2K-mediated induction of
p-eEF2 is required for expression of massed ITF, whereas an
eEF2K-mediated decrease in p-eEF2 is sufficient to partially in-
duce expression of spaced ITF. Moreover, whereas eEF2K plays a
significant role, 5-HT acts on additional targets that are required
for the full expression of spaced ITF.
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Different signaling cascades mediate bidirectional eEF2
phosphorylation
We next sought to delineate the intracellular pathways activated
by 5-HT that converge on eEF2. Previous work has shown that
synapses activated by massed 5-HT training lead to PKC-
dependent facilitation (Sossin et al., 1994; Jin et al., 2011). To
investigate whether PKC was important for the increase in eEF2
phosphorylation observed after massed training, isolated SNs

were treated with 5-HT for 10 min in the presence of the PKC
inhibitor Bis-1, an ATP-based inhibitor (Toullec et al., 1991).
Bis-1 acts differentially on the three PKC isoforms in Aplysia (the
classical PKC Apl I, the novel PKC Apl II, and the atypical PKC
Apl III). When used at a low concentration (1 �M), Bis-1 selec-
tively inhibits the classical and novel PKCs (Villareal et al., 2009;
Jin et al., 2011; Bougie et al., 2012). As shown in Figure 3A, Bis-1
treatment effectively blocks the induction of p-eEF2 following

Figure 1. Massed and spaced 5-HT applications bidirectionally modulate p-eEF2 levels. A, Representative cells showing p-eEF2 staining are shown with the quantification of the mean � SEM
of the net fluorescence values that were normalized to the mean of the control group from each experiment. Results are shown for a single 5 min pulse of 5-HT [1� 5-HT, n 	 15 cells; control, n 	
13 cells; not significant (N.S.), p � 0.05], three spaced 5-HT pulses of 5 min duration with 20 min intervals between applications (spaced 3� 5-HT, n 	 35 cells; ASW control, n 	 47 cells; N.S.,
*, p � 0.05), five spaced 5-HT pulses of 5 min duration (spaced 5� 5-HT, n 	 31 cells; ASW control, n 	 16 cells, ***, p � 0.001), continuous applications of 5-HT of 10 min (massed 10 min, 5-HT,
n 	 23 cells; control, n 	 26 cells; ***, p � 0.001), continuous application of 5-HT for 25 min (massed 25 min; 5-HT, n 	 29 cells; control, n 	 21 cells; ***, p � 0.001) and continuous application
of 5-HT for 90 min (massed 90 min; 5-HT, n 	 17 cells; control, n 	 23 cells; **, p � 0.01). Statistical significance was calculated by two-tailed unpaired Student’s t test. Scale bar, 60 �m. B,
Representative cells showing eEF2 staining are shown with the quantification of the mean � SEM of the net fluorescence values that were normalized to the mean of the control group from each
experiment. Results are shown for a single 5 min pulse of 5-HT (spaced 1� 5-HT, n 	 22 cells; control, n 	 34 cells; N.S., *, p � 0.05), 3 spaced 5-HT pulses of 5 min duration with 20 min intervals
between applications (spaced 3� 5-HT, n 	 28 cells; control, n 	 37 cells; **, p � 0.01), 5 spaced 5-HT pulses of 5 min duration with 20 min intervals between applications (spaced 5� 5-HT, n 	
36 cells; control, n 	 46 cells; N.S., *, p � 0.05), continuous applications of 5-HT of 10 min (massed 10 min, 5-HT, n 	 25 cells; control, n 	 36 cells; N.S., *, p � 0.05), continuous application of
5-HT for 25 min (massed 25 min, 5-HT, n 	 16 cells; control, n 	 18 cells; N.S., *, p � 0.05) and continuous application of 5-HT for 90 min (massed 90 min, 5-HT, n 	 14 cells; control, n 	 15 cells;
N.S., *, p � 0.05). All tests were two-tailed unpaired Student’s t test. Scale bar, 60 �m. C, Dose–response of NH125. Cells were treated with 5-HT for 10 min in the presence of varying concentrations
of NH125 and the mean � SEM of the net fluorescence values were normalized to the mean of the control group (10 min 5-HT 
 ASW) from each experiment (10 �M, n 	 20 cells; 5 �M, n 	 13
cells; 1 �M, n 	 17 cells; 0.75 �M, n 	 21 cells; 0.1 �M, n 	 18 cells; 0 �M, n 	 48 cells). D, The increase in p-eEF2 levels following a 10 min application of 5-HT is blocked by the addition of NH125
during 5-HT exposure. Representative cells showing p-eEF2 staining are shown with the quantification of the mean � SEM of the net cytoplasmic fluorescence values, which were normalized to the
mean of the control group from each experiment; ASW control (n 	 19 cells), 10 min 5-HT (n 	 24 cells), ASW
NH125 (n 	 19 cells), 5-HT
NH125 (n 	 23 cells). One-way ANOVA results in a
significant overall effect of group (F(3,125) 	 25.43, ***, p � 0.001). Tukey post hoc tests results are shown between groups. 10 min 5-HT was significantly different from control (***, p � 0.001)
and 10 min 5-HT was significantly different from 10 min 5-HT
NH125 (***, p � 0.001). Scale bar, 60 �m. E, The decrease in p-eEF2 levels following five spaced 5-HT pulses was mimicked by the
addition of NH125 alone, and there were no additional effects of 5-HT. ASW control (n 	 22 cells), 5�5-HT (n 	 20 cells), 5�ASW 
 NH125 (n 	 17 cells), and 5�5-HT 
 NH125 (n 	 27 cells).
One-way ANOVA results in a significant overall effect of group (F(3,72) 	 14.22, ***, p � 0.001). Tukey post hoc tests results are shown between groups. 5�5-HT, 5�ASW 
 NH125, and 5�5-HT

 NH125 were significantly different from control (***, p � 0.001). Asterisk directly above the error bars are comparisons with the ASW control group. All other comparisons are indicated with
brackets. Scale bar, 60 �m. All data in this figure represent cells from at least three independent experiments.
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massed application of 5-HT, suggesting that either classical or
novel PKC activity is required in this context. To ensure that
Bis-1 is not acting directly on eEF2K, we expressed Aplysia eEF2K
in a heterologous system, SF9 cells, that lack endogenous eEF2K
but contain phosphorylatable eEF2 (Oldfield and Proud, 1993).
SF9 cells expressing Aplysia eEF2K were incubated for 2 h with
either Bis-1 or NH125 as a positive control. Whereas NH125
strongly decreased eEF2K activity, Bis-1 had no effect (Fig. 3B).

Both Bis-1 and NH125 block the increase in p-eEF2 immuno-
reactivity observed following massed 5-HT treatment, therefore
it is possible that, in addition to blocking eEF2K activity, NH125
inhibits PKC under these conditions. Indeed, there has been
some recent controversy about the specificity of NH125 in vitro
(Chen et al., 2011; Devkota et al., 2012). To test this possibility, we
induced a purely PKC-dependent synaptic facilitation (Braha et
al., 1990; Houeland et al., 2007) using PMA. Sensorimotor neu-
ron synapses were cultured and treated with either ASW (con-
trol), PMA alone, or PMA in the presence of NH125. Synaptic
strength was significantly enhanced by 10 min PMA treatment
both in the presence and absence of NH125, demonstrating that
NH125 does not act by directly inhibiting PKC (Fig. 3C).

In contrast to massed 5-HT training, spaced 5-HT training
generates synaptic facilitation that depends on persistent PKA

activity, not PKC (Müller and Carew, 1998; Sutton and Carew,
2000). Indeed, inhibition of PKA, using the PKA inhibitor
KT5720, blocked the decrease in p-eEF2 levels seen with five
spaced applications of 5-HT, although KT5720 on its own had no
effect (Fig. 3D). Previously, we had shown that 5-HT could re-
verse the increase in eEF2 phosphorylation seen in neurites after
being cut from the cell soma. This required 5-HT activation of the
target of rapamycin complex 1 (TORC1) pathway and was
blocked by rapamycin (Carroll et al., 2004; Weatherill et al.,
2011). Using rapamycin to specifically inhibit TORC1, we found
that TOR signaling was also important for the decrease in eEF2
phosphorylation seen after spaced applications of 5-HT (Fig. 3E).
To determine whether the effects of massed and spaced applica-
tions could be differentiated by their dependence on TORC1, we
examined the effect of rapamycin on eEF2 phosphorylation after
massed applications of 5-HT. Surprisingly, the short treatment
with rapamycin significantly increased eEF2 phosphorylation on
its own, and occluded the effect of 5-HT (Fig. 3F). Indeed, in the
presence of rapamycin, 5-HT actually decreased eEF2 phosphor-
ylation (Fig. 3F). The effect of rapamycin on its own is consistent
with earlier experiments where we demonstrated that 10 min of
5-HT decreases phosphorylation of the S6K site in eEF2K, a
known negative regulator of eEF2K activity (Weatherill et al.,

Figure 2. eEF2 kinase activity is required for ITF mediated by massed 5-HT, but not by spaced 5-HT. A, A single continuous 10 min 5-HT exposure that is washed away by rapid perfusion of saline
causes both STF and ITF at cultured sensory-motor neuron synapses. Representative EPSPs are shown at three different time points within a recording; baseline (10 min before 5-HT addition), STF
(5 min after 5-HT addition), and ITF (50 min following 5-HT addition). A time course shows the mean EPSP amplitude, normalized to the first EPSP in each experiment, and the error bars indicate the
SEM; ASW control (n 	 4 synapses), 10 min 5-HT (n 	 6 synapses), 10 min NH125 (n 	 4 synapses), and 10 min 5-HT
NH125 (n 	 5 synapses). The addition of NH125 with the 10 min 5-HT did
not inhibit STF but did block the induction of ITF. There was a significant overall effect of group (F(3,84) 	24.73, ***, p�0.001) in a two-way ANOVA with one repeated measure (time). B, The results
of Tukey post hoc tests performed at 5 min (STF) and 50 min (ITF) after 5-HT addition are shown. During STF, 5-HT and 5-HT 
 NH125 were significantly different from control (**, p � 0.01, *, p �
0.05). ASW 
 NH125 was significantly different from 5-HT 
 NH125 (**, p � 0.01). Asterisk directly above the error bars are comparisons with the ASW control group. All other comparisons are
indicated with brackets. C, Effect of NH125 on ITF at cultured synapses after spaced applications of 5-HT. Representative EPSPs are shown at two different time points within a recording; baseline (10
min before 5-HT addition), and ITF (120 –140 min after the first 5-HT addition). A time course shows the mean EPSP amplitude, normalized to the first EPSP in each experiment, and the error bars
indicate the SEM; ASW control (n 	 9 synapses), 5�5-HT (n 	 7 synapses), NH125 (n 	 7 synapses), and 5�5-HT 
 NH125 (n 	 9 synapses). There was a significant overall effect of group
(F(3,74) 	 7.672, ***, p � 0.001) in a two-way ANOVA with one repeated measure (time). D, The results of Tukey post hoc tests for spaced ITF. 5�5-HT, NH125, and 5�5-HT 
 NH125 groups are
all significantly different from control (*, p � 0.05, **, p � 0.01, ***, p � 0.001, respectively). NH125 and 5�5-HT
NH125 are significantly different from each other (**, p � 0.01). Asterisk
directly above the error bars are comparisons with the ASW control group. All other comparisons are indicated with brackets.
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2011). Together, these results highlight a novel and important
signaling cascade in which PKCs and PKAs act downstream of
massed and spaced applications of 5-HT, respectively, to mediate
bidirectional changes in basal eEF2 phosphorylation states.

Protein synthesis-dependent maintenance of PKC at the
membrane requires eEF2K
We have previously reported that PKC Apl II translocation to the
plasma membrane of the cell soma shows a reduced desensitiza-
tion with a massed versus spaced 5-HT training protocol (Farah
et al., 2009). This protection from desensitization was shown to
be PKC- and also protein synthesis-dependent. This is in contrast
to spaced training, where there is a PKA- and protein synthesis-

dependent increase in desensitization (Farah et al., 2009). This
paradigm has proven useful to examine the protein synthesis-
dependent kinetics of PKC activation in response to 5-HT in
real-time and therefore, provides a convenient method to exam-
ine whether eEF2K is required for the prevention of PKC desen-
sitization in living neurons. Thus, we examined the effect of
blocking eEF2 phosphorylation on the desensitization of eGFP-
PKC Apl II translocation in cultured SNs. As shown in Figure 4,
eGFP-PKC Apl II translocated from the cytosol to the plasma
membrane in response to application of 5-HT. There was no
difference in the amount of translocation (fold increase in mem-
brane/cytosol ratio of eGFP-PKC Apl II 5 min after 5-HT addi-
tion) in 5-HT 
 vehicle-treated SNs (1.95 � 0.14, n 	 10) or

Figure 3. Different signaling cascades mediate bidirectional eEF2 phosphorylation. A, The increase in p-eEF2 levels following a 10 min application of 5-HT is blocked by the addition of Bis-1.
Representative cells showing p-eEF2 staining are shown with the quantification of the mean � SEM of the net cytoplasmic fluorescence values, which were normalized to the mean of the control
group for each experiment; 10 min ASW (n 	 35 cells), 10 min 5-HT (n 	 51 cells), 10 min ASW 
 Bis (n 	 33 cells), and 10 min 5-HT
Bis (n 	 31 cells). One-way ANOVA results in a significant
overall effect of group (F(3,145) 	 33.15, ***, p � 0.001). Bonferroni post hoc test shows 10 min 5-HT to be significantly different from control (***, p � 0.001) and 10 min 5-HT to be significantly
different from 10 min 5-HT 
 Bis (***, p � 0.001). The data represents cells from three independent experiments. N.S., not significant. B, Sf9 cells were infected with the recombinant baculovirus
containing eEF2K (Weatherill et al., 2011). At 48 h postinfection, cells were treated with the drugs and then lysed as described in methods and 10 �g of cell lysates was separated by SDS-PAGE (10%).
The proteins were transferred to a nitrocellulose membrane and the phosphorylation of eEF2 was revealed by a phospho-eEF2 antibody. Expression of eEF2 Kinase was confirmed using an eEF2K
antibody (Weatherill et al., 2011). The control lane represents noninfected cells. Quantification of phospho-eEF2 staining normalized to eEF2K levels (n 	 2). C, NH125 does not disrupt phorbol ester
(PMA) mediated enhancement of synaptic strength. Representative EPSPs are shown at baseline (10 min pretreatment) and 10 min post-treatment. A time course shows the mean EPSP amplitude,
normalized to the first EPSP in each experiment, and the error bars indicate the SEM; ASW control (n 	 3 synapses), PMA (n 	 4 synapses), NH125 (n 	 4 synapses), and PMA 
 NH125 (n 	 4
synapses). PMA and PMA 
 NH125 groups were not significantly different. D, The decrease in p-eEF2 levels following five spaced 5-HT pulses was blocked by the PKA inhibitor KT5720.
Representative cells showing p-eEF2 staining are shown with the quantification of the mean � SEM of the net cytoplasmic fluorescence values, which were normalized to the mean of the control
group; 5�ASW (n 	 39 cells), 5�5-HT (n 	 29 cells), 5�ASW 
 KT5720 (n 	 37 cells), and 5�5-HT 
 KT5720 (n 	 38 cells). One-way ANOVA results in a significant overall effect of group
(F(3,148) 	 6.441, p � 0.001). Bonferroni post hoc test shows 5�5-HT is significantly different from control (*, p � 0.05). 5�5-HT is significantly different from 5�5-HT 
 KT5720 (*, p � 0.05).
Asterisk directly above the error bars are comparisons to ASW control group. All other comparisons are indicated with brackets. NS, not significant. The data represent cells from three independent
experiments. Scale bar, 60 �m. E, The decrease in p-eEF2 levels following five spaced 5-HT pulses was blocked by the mTORC1 inhibitor, rapamycin. Representative cells showing p-eEF2 staining are
presented with the quantification of the mean � SEM of the net cytoplasmic fluorescence values, which were normalized to the mean of the control group; 5�ASW (n 	 41 cells), 5�5-HT (n 	
45 cells), 5�ASW
 rapamycin (n	36 cells), and 5�5-HT
rapamycin (n	43 cells). One-way ANOVA results in a significant overall effect of group (F(3,161) 	8.419, ***, p�0.001). Bonferroni
post hoc test show 5�5-HT is significantly different from control (*, p � 0.05). 5�5-HT is significantly different from 5�5-HT 
 rapamycin (**, p � 0.01). Asterisk directly above the error bars
are comparisons with the ASW control group. All other comparisons are indicated with brackets. NS, not significant. The data represent cells from three independent experiments. Scale bar, 60 �m.
F, The increase in p-eEF2 levels following 10 min massed 5-HT was occluded by the mTORC1 inhibitor, rapamycin. Representative cells showing p-eEF2 staining are presented with the quantification
of the mean � SEM of the net cytoplasmic fluorescence values, which were normalized to the mean of the control group; 10 min ASW (n 	 33 cells), 10 min 5-HT (n 	 39 cells), 10 min ASW 
 rapamycin
(n 	 34 cells), and 10 min 5-HT 
 rapamycin (n 	 32 cells). One-way ANOVA results in a significant overall effect of group (F(3,134) 	 19.58, p � 0.001). Bonferroni post hoc test shows that 10 min 5-HT is
significantly different from 10 min 5-HT
 rapamycin (***, p �0.001). Asterisk directly above the error bars **, p �0.01; ***, p �0.001 are comparisons with the ASW control group. All other comparisons
are indicated with brackets. NS, not significant. The data represent cells from three independent experiments. Scale bar, 60 �m.
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5-HT 
 NH125-treated SNs (1.95 � 0.11, n 	 10, Student’s t test,
p � 0.1). Importantly, we observed that in the presence of
NH125, 5-HT-mediated desensitization is significantly increased
at 25 min (Fig. 4). This would be expected if NH125 blocks the
PKC-dependent production of a protein that prevents desensiti-
zation, as we recently hypothesized (Farah et al., 2009; Naqib et
al., 2011). Thus, both this protein synthesis-dependent decrease
in PKC desensitization and ITF produced by massed 5-HT train-
ing require eEF2K activity.

Massed serotonin causes a local presynaptic increase in
eEF2 phosphorylation
Synaptic plasticity-dependent regulation of translation elonga-
tion is an important target for local translational control (Taha et
al., 2013). In cultured Aplysia synapses, massed (10 min) 5-HT-
mediated ITF requires protein synthesis in both the presynaptic
and postsynaptic neurons (Jin et al., 2011). To explore the possi-
bility of p-eEF2 being regulated locally at the synapse in both
compartments, GFP-tagged VAMP was overexpressed at low lev-
els in the SN (Fig. 5A) to mark presynaptic release sites (Wang et
al., 2009). In this experiment, levels of eEF2 phosphorylation
were measured by immunocytochemistry in fixed cells following
treatment with 5-HT or ASW for 10 min. Varicosities of green
fluorescence were selected to define the presynaptic terminal, and

differential interference contrast (DIC) was used to define the
postsynaptic region next to the varicosity (Fig. 5A). As expected,
massed application of 5-HT resulted in a significant increase in
p-eEF2 immunostaining in VAMP-positive presynaptic varicos-
ities (Fig. 5B,C). There was no change in p-eEF2 levels in the
opposing postsynaptic region of the MN, demonstrating a spe-
cific presynaptic effect of massed 5-HT on the phosphorylation of
eEF2. This is consistent with phosphorylation of eEF2 occurring
downstream of PKC Apl II, because although 5-HT is sufficient to
translocate the novel PKC Apl II in the sensory neuron, it is not
sufficient to activate this PKC isoform in the motor neuron (Zhao
et al., 2006).

Dominant-negative disruption of eEF2K inhibits ITF by
massed 5-HT
To distinguish presynaptic versus postsynaptic changes, and to
avoid issues with the specificity of pharmacological agents, we
used a more targeted approach to disrupt eEF2K activity. The use
of knock-out animals or RNA interference is an effective ap-
proach when looking at modulation in a single direction; how-
ever, the complete loss of eEF2K would make interpreting
bidirectional regulation impossible as abolishing the pathway re-
sponsible for the increase in eEF2 phosphorylation would also
occlude any changes that are mediated by decreases in phosphor-
ylation. Therefore, we made dominant-negative constructs that
are predicted to block the increase in eEF2 phosphorylation.
Gildish et al. (2012) previously described a mutation in the cata-
lytic domain of mouse eEF2K (D273A) that created a kinase-
impaired eEF2K, thus we made the equivalent mutation in the
conserved residue in Aplysia, eEF2K(D309A; Fig. 6A). In addi-
tion, eEF2K is activated by phosphorylation at serine 499 (Diggle
et al., 2001), so we chose to make point mutations in the corre-
sponding conserved residues in Aplysia, to inhibit eEF2K activity
(Fig. 6A). In the Aplysia orthologue of eEF2K there are two serine
residues in close proximity to the conserved 499 site in mouse,
therefore a double serine-to-alanine mutation was made (S481A-
S482A), because often adjoining sites can be used in compensa-
tion when one site is removed (Fig. 6A). We next proceeded to
characterize the effects of these mutations on massed ITF. In
these experiments we used an mRFP-tagged full-length eEF2K,
which appears to have less constitutive activity than a trun-
cated untagged construct used in our earlier studies (Weath-
erill et al., 2011). Plasmid DNA encoding eEF2K constructs
were microinjected into isolated SNs (Fig. 6B). Although over-
expression of wild-type eEF2K significantly increased p-eEF2
immunostaining compared with mRFP-expressing neurons,
both eEF2K(D309A)- and eEF2K(S481A-S482A)-expressing
neurons had significantly less p-eEF2 immunostaining than the
neurons expressing the wild-type kinase (Fig. 6B), and this stain-
ing was not significantly different from neurons expressing
mRFP alone. This was not due to different expression levels, be-
cause the level of the mRFP staining was equivalent between wild-
type and mutants (Fig. 6C).

We next examined the effect of the D309A mutation on
p-eEF2 and synaptic facilitation. Overexpression of eEF2K
(D309A) blocked the massed 5-HT-mediated increase in p-eEF2
fluorescence in SN cell bodies (Fig. 6D), demonstrating that this
dominant-negative kinase can disrupt eEF2K-eEF2 signaling.
To see whether the catalytic domain mutation could perturb syn-
aptic facilitation following massed 5-HT, synapses were cultured
and eEF2K(D309A) mutant overexpressed presynaptically.
However, expression of this dominant-negative mutant blocked
both STF and ITF (Fig. 6E,F) and had a negative effect of the

Figure 4. Protein synthesis-dependent maintenance of PKC at the membrane requires
eEF2K. A, Representative confocal fluorescence images of Aplysia sensory neurons expressing
enhanced green fluorescent protein (eGFP)-PKC Apl II before (Pre 5-HT), 5 min, and 25 min
following the addition of 5-HT. Representative images of control treated sensory neurons are in
the top row, and images of neurons treated with 5-HT
NH125 are in the bottom row. Scale
bar, 10 �m. B, The translocation ratio normalized to 5 min is shown for the conditions cited in
A. Error bars represent SE of the mean. The translocation ratio of eGFP-PKC Apl II in the 5-HT 

NH125 group (n 	 11 cells) was significantly lower than that of eGFP-PKC Apl II with 5-HT alone
(n 	 10 cells; *, p � 0.05 by two-tailed unpaired Student’s t test).

McCamphill et al. • eEF2 Phosphorylation Controls Synaptic Plasticity J. Neurosci., March 11, 2015 • 35(10):4403– 4417 • 4409



strength of basal synaptic transmission,
reducing EPSP amplitudes (mean ampli-
tude 5.13 � 1.06 mV, n 	 11 synapses)
compared with control (mean amplitude
9.12 mV � 2.46, n 	 10 synapses). The
effects on basal synaptic strength and STF
suggests that long-term expression of this
largely kinase-dead eEF2K had additional
effects beyond those of NH125 and pre-
cluded any conclusion on the specific role
of an increase in eEF2K phosphorylation
on ITF.

We next characterized the effects of
eEF2K (S481A-S482A), which is predicted
to block the activation of eEF2K, but not its
basal activity and thus would be a weaker
dominant-negative construct. Similar to
the D-A mutant, overexpression of eEF2K
(S481A-S482A) inhibited the massed
5-HT-mediated increase in p-eEF2 fluo-
rescence in isolated SN cell bodies (Fig.
7A). Next, sensory-motor neuron syn-
apses were cultured and the eEF2K
(S481A-S482A) mutant was overexpressed
presynaptically. In contrast to the eEF2K
(D309A) mutant, overexpression of eEF2K
(S481A-S482A) did not affect basal synaptic
strength (mean EPSP amplitude: 10.28 �
2.33 mV, n 	 8 synapses) compared with
control (mean amplitude: 8.55 � 2.11 mV,
n 	 8 synapses), nor did it affect the protein
synthesis-independent stage of facilitation,
observed 5 min after addition of 5-HT
(Fig. 7B). Presynaptic overexpression of
dominant-negative eEF2K(S481A-S482A)
did however completely inhibit massed ITF
(Fig. 7C). This result is consistent with the
pharmacological data obtained with NH125
and suggests that there is a presynaptic re-
quirement for activation of eEF2K in ITF
induced by 10 min of 5-HT.

5-HT induced by 10 min of ITF re-
quires protein synthesis in both the pre-
synaptic and the postsynaptic motor
neuron (Jin et al., 2011), therefore we next
injected eEF2K(S481A-S482A) plasmid
into the MNs of cultured sensorimotor
synapses. As with expression in the pre-
synaptic neuron, postsynaptic overex-
pression did not affect basal synaptic
strength (mean EPSP amplitude: 10.76 �
1.32 mV, n 	 8 synapses) compared with
control (mean amplitude: 11.57 � 2.10
mV, n 	 10 synapses), and STF was ob-
served 5 min after addition of 5-HT (Fig.
7D). However, the dominant-negative
eEF2K did not inhibit ITF, when injected
into the MN (Fig. 7E), consistent with our
earlier results showing a local increase in p-eEF2 in the presyn-
aptic varicosities (Fig. 5) and not the adjoining postsynaptic area.
Together, these results suggest that increased phosphorylation of
eEF2 in the presynaptic SN but not in the postsynaptic MN is
required for ITF after massed application of 5-HT.

Dominant-negative disruption of eEF2K inhibits
maintenance of PKC at the membrane
We also examined whether dominant-negative eEF2K could also
enhance PKC desensitization in live neurons. Cultured SNs were
injected with plasmids encoding either eGFP-PKC Apl II and

Figure 5. Massed serotonin causes a local, presynaptic increase in eEF2 phosphorylation. A, Representative images of a
sensory-motor neuron synapse expressing green fluorescent protein-tagged VAMP in the sensory neuron. Low-
magnification (10�) DIC image of the cultured neurons is expanded into a higher-magnification (40�) merged DIC and
GFP fluorescence image showing the punctate distribution of VAMP-positive presynaptic varicosities overlapping the
motor neuron neurite. After 3 d in culture, SNs were injected with the VAMP construct and expression and synaptic
connectivity verified the next day (inset). Scale bar, 60 �m. B, Immediately following mock ASW control or 5-HT treat-
ments, the cultures were fixed and processed for immunocytochemistry. Representative 60� confocal fluorescence im-
ages of VAMP (green signal), p-eEF2 (red signal), DIC, and merged for control and 5-HT treated groups are shown. The green
signal was used as a marker of presynaptic release sites and the DIC was used to select the motor neuron neurite opposing
the VAMP-positive varicosities. Scale bar, 10 �m. C, Quantification of the mean � SEM of the immunofluorescence
intensity of the p-eEF2 signal, normalized to the mean of the control group. The 5-HT treated group (n 	 16 varicosities at
5 sensory–motor neuron pairs) has significantly higher p-eEF2 staining than the control group (n 	 10 varicosities at 4
sensory–motor neuron pairs; ***, p � 0.001 by two-tailed unpaired Student’s t test). n.s., not significant.
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mRFP, or eGFP-PKC Apl II and mRFP-eEF2K(S481A-S482A).
Following massed 5-HT treatment, eGFP-PKC Apl II translo-
cated to the plasma membrane equally in mRFP and mRFP-
eEF2K(S481A-S482A) injected sensory neurons (fold increase in
membrane/cytosol ratio of eGFP-PKC Apl II 5 min after 5-HT
addition; 2.45 � 0.16, n 	 15 for mRFP and 2.41 � 0.20, n 	 12
for mRFP-eEF2K(S481A-S482A) injected sensory neurons; p �
0.1, Student’s t test). However, overexpression of eEF2K(S481A-
S482A) significantly increased eGFP-PKC Apl II desensitization
at 25 min compared with expression of mRFP (Fig. 8A,B). This
result is consistent with the pharmacological data obtained with
NH125 and demonstrates that the requirement for protein syn-
thesis to retain PKC at the plasma membrane during massed
5-HT-dependent plasticity is mediated by the activation of a
5-HT-eEF2K-eEF2 signaling pathway.

Massed 5-HT induced ITF requires elongation, but not
translation initiation
Phosphorylation of eEF2 dissociates eEF2 from the ribosome and
should slow elongation of all transcripts. However, our earlier
results with translational reporters suggested that increased
phosphorylation of eEF2 could increase translation of some

mRNAs while decreasing others (Weatherill et al., 2011). Similar
results have been seen after the increase in eEF2 phosphorylation
during mGLUR-LTD in mammalian neurons (Davidkova and
Carroll, 2007; Park et al., 2008). During mGLUR-LTD, some
regulated translation is independent of initiation and requires
elongation of preinitiated mRNAs stored in stalled polysomes
(Graber et al., 2013). To determine whether this was also the case
for the protein synthesis required for massed facilitation, we used
the translation inhibitor homoharringtonine (HHT) that works
by specifically blocking only the initial step of elongation and
thus effectively blocking the translation of newly initiated tran-
scripts, while allowing elongation on mRNAs where translation
has already proceeded past the initial step of elongation. As ex-
pected, the elongation inhibitor Emetine blocked massed ITF
without affecting the translation-independent synaptic facilita-
tion observed at 5 min. In contrast, HHT did not block
translation-dependent ITF after massed training, suggesting that
initiation is not required for this form of translation-dependent
plasticity (Fig. 9A,B). Neither HHT alone nor emetine alone af-
fected synaptic strength and these results were pooled with the
vehicle control. In contrast, HHT significantly inhibited spaced
ITF (Fig. 9C,D), demonstrating that these two forms of plasticity

Figure 6. Dominant negative disruption of eEF2K inhibits ITF by massed 5-HT. A, The conserved domains of eEF2K targeted for dominant-negative mutants. The two regions expanded here are
a conserved region of the catalytic domain and the start of the exon containing the PKA site. At the end of this exon is the beginning of the conserved eEF2-binding domain. To illustrate conservation
over evolution, we compared sequence identity between the gastropod mollusk Aplysia, a deuterostome sea urchin (Strongylocentrotus purpuratus) and two mammals (rat and human). The sites
where point mutations were introduced are boxed in red. B, Representative confocal p-eEF2 fluorescence images of isolated sensory neurons, showing either control-injected with mRFP alone (n 	
10 cells), eEF2K wild-type (n 	 13 cells), eEF2K(D-A) (n 	 14 cells) and eEF2K(SS-AA) (n 	 12 cells). Quantification of the mean � SEM of the p-eEF2 immunofluorescence signal, normalized to
the mean of the control group. One-way ANOVA results in a significant overall effect of group (F(3,65) 	 16.31, ***, p � 0.001). The result of Tukey post hoc test comparisons between individual
groups shows a significant increase between eEF2K wild-type and control (***, p � 0.001), and no significant change between either the eEF2K(D-A) and control or eEF2K(SS-AA) and control. There
was a significant difference between eEF2K wild-type and eEF2K(D-A) (***, p � 0.001), and between eEF2K wild-type and eEF2K(SS-AA) (***, p � 0.001). Scale bar, 60 �m. C, Representative
wide-field mRFP fluorescence images of the same set of sensory neurons in B. Quantification of the mean � SEM of the mRFP fluorescence, normalized to the mean of the wild-type shows that there
was no difference in expression between the groups by one-way ANOVA (F(2,49) 	 0.724, p � 0.1). Scale bar, 60 �m. D, Representative p-eEF2 confocal fluorescence images of sensory neurons
treated either with ASW or 5-HT in uninjected controls (ASW, n 	 16 cells; 5-HT, n 	 13 cells) or overexpressing eEF2K(D-A) (ASW, n 	 18 cells; 5-HT, n 	 21 cells). Quantification of the mean �
SEM of the p-eEF2 immunofluorescence signal, normalized to the mean of the uninjected ASW control group. One-way ANOVA results in a significant overall effect of group (F(3,46) 	 10.38, ***, p �
0.001). The results of Tukey post hoc tests comparisons between individual groups shows a significant difference between uninjected 5-HT group and control (***, p � 0.001) but not between
eEF2K(D-A) 
 5-HT and control. There was a significant difference between uninjected 
 5-HT and eEF2K(D-A) 
 5-HT (***, p � 0.001). Scale bar, 60 �m. E, Ten minute 5-HT causes both STF
and ITF, and representative EPSPs are shown at three different time points within a recording; baseline (10 min before 5-HT addition), STF (5 min after 5-HT addition), and ITF (50 min following 5-HT addition).
A time course shows the mean EPSP amplitude, normalized to the first EPSP in each experiment, and the error bars indicate the SEM; mRFP
 ASW control (n 	 6 synapses), mRFP 
 5-HT (n 	 7 synapses),
eEF2K (D-A)
ASW (n	5 synapses), and eEF2K(D-A)
5-HT (n	6 synapses). Overexpression in the SN of eEF2K(D-A) inhibits both STF and the induction of ITF. There was a significant overall effect of group
(F(3,19) 	12.43, ***, p �0.001) in a two-way ANOVA with one repeated measure (time). F, The results of Tukey post hoc tests performed at 5 min (STF) and 50 min (ITF) after 5-HT addition. During STF, there
was a significant difference between mRFP
5-HT and mRFP
ASW control (*, p�0.05). During ITF, there was a significant difference between mRFP
5-HT and mRFP
ASW control (***, p�0.001).
Asterisk directly above the error bars are comparisons with the ASW control group. All other comparisons are indicated with brackets. NS, not significant.
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are dissociable by their dependence on translation initiation. Al-
though emetine completely blocked spaced ITF, there was still
remaining facilitation in the presence of HHT, suggesting that
initiation-independent protein translation also contributes to
spaced ITF (Fig. 9C,D). Neither HHT alone nor emetine alone
affected synaptic strength and these results were pooled with the

vehicle control. To confirm that the inhibitors were effective, we
measured overall protein synthesis using incorporation of the
methionine analog AHA, followed by conjugation to a fluoro-
phore after fixation (Dieterich et al., 2010). Both HHT and eme-
tine strongly and equally blocked basal translation over a 40 min
period, suggesting that the difference between HHT and Emetine

Figure 7. Presynaptic but not postsynaptic overexpression of dominant-negative eEF2K inhibits ITF by massed 5-HT. A, Representative p-eEF2 confocal fluorescence images of sensory neurons
treated either with ASW or 5-HT as uninjected controls (ASW n 	 15 cells, 5-HT n 	 13 cells) or overexpressing eEF2K(D-A) (ASW n 	 17 cells, 5-HT n 	 16 cells). Quantification of the mean �
SEM of the p-eEF2 immunofluorescence signal, normalized to the mean of the uninjected ASW control group. One-way ANOVA results in a significant overall effect of group (F(3,58) 	 9.868, ***, p �
0.001). The results of Tukey post hoc test comparisons between individual groups shows a significant difference between 5-HT and control (*, p � 0.05) but not between eEF2K(SS-AA) 
 5-HT and
control. There was also a significant difference between 5-HT and eEF2K(SS-AA) 
 5-HT (***, p � 0.001). Results are from three independent experiments. Scale bar, 60 �m. B, Presynaptic
overexpression in the SN of eEF2K(SS-AA) does not inhibit STF but does block the induction of ITF. A single continuous 10 min 5-HT exposure that was washed away by rapid perfusion of saline caused
both STF and ITF at cultured synapses. Representative EPSPs are shown at three different time points within a recording: baseline (10 min before 5-HT addition), STF (5 min after 5-HT addition), and
ITF (50 min following 5-HT addition). A time course shows the mean EPSP amplitude, normalized to the first EPSP in each experiment, and the error bars indicate the SEM mRFP 
 ASW control (n 	
5 synapses), mRFP 
 5-HT (n 	 6 synapses), eEF2K(SS-AA) 
 ASW (n 	 5 synapses), and eEF2K(SS-AA) 
 5-HT (n 	 4 synapses). There was a significant overall effect of group (F(3,15) 	 8.330,
***, p � 0.001) in a two-way ANOVA with one repeated measure (time). C, The results of Tukey post hoc tests performed at 5 min (STF) and 50 min (ITF) after 5-HT addition. During STF there was
a significant difference between mRFP 
 5-HT and control (*, p � 0.05), and a significant difference between eEF2K(SS-AA) 
 ASW and eEF2K(SS-AA) 
 5-HT. During ITF there was a significant
difference between mRFP
5-HT and control (***, p � 0.001), and mRFP 
 5-HT was significantly different from eEF2K(SS-AA) 
 5-HT (*, p � 0.05). Asterisk directly above the error bars are
comparisons with the ASW control group. All other comparisons are indicated with brackets. NS, not significant. D, Postsynaptic overexpression in the MN of eEF2K(SS-AA) inhibits neither STF nor
the induction of ITF. Ten minute 5-HT causes both STF and ITF and representative EPSPs are shown at three different time points within a recording; baseline (10 min before 5-HT addition), STF (5
min after 5-HT addition), and ITF (50 min following 5-HT addition). A time course shows the mean EPSP amplitude, normalized to the first EPSP in each experiment, and the error bars indicate the
SEM mRFP 
 ASW control (n 	 6 synapses), mRFP 
 5-HT (n 	 5 synapses), eEF2K(SS-AA) 
 ASW (n 	 4 synapses), and eEF2K(SS-AA) 
 5-HT (n 	 7 synapses). There was a significant overall
effect of group (F(3,18) 	 19.35, p � 0.001) in a two-way ANOVA with one repeated measure (time). E, Postsynaptic overexpression in the MN of eEF2K(SS-AA) did not inhibit STF or the induction
of ITF. The results of Tukey post hoc tests performed at 5 min (STF) and 50 min (ITF) after 5-HT addition. During STF there was a significant difference between mRFP 
 5-HT and control (*, p � 0.05)
and a significant difference between eEF2K(SS-AA)
 ASW and eEF2K (SS-AA)
 5-HT (**, p � 0.01). During ITF there was also a significant difference between mRFP
 5-HT and control (***, p �
0.001) and a significant difference between eEF2K(SS-AA) 
 ASW and eEF2K(SS-AA) 
 5-HT (**, p � 0.01). Asterisk directly above the error bars are comparisons with the ASW control group. All
other comparisons are indicated with brackets. NS, not significant.
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was not their potency at blocking basal translation (Fig. 9E). As
seen previously with incorporation of radioactive methionine
(Barzilai et al., 1989; Yanow et al., 1998), massed 5-HT does not
increase overall translation in either the cell soma or neurites
(Fig. 9F). Surprisingly, there was not a significant 5-HT-
mediated increase in overall translation even in the presence of
HHT (Fig. 9F), as might have been expected if 5-HT caused the
release of a large number of stalled polysomes.

Discussion
We have demonstrated that eEF2 acts as a bidirectional switch,
sensing patterns of neuromodulation, and coupling them to
translational control. Previous studies have revealed an interac-
tion between increased phosphorylation of eEF2 (Belelovsky et
al., 2009; Panja et al., 2009) and decreases in eEF2 phosphoryla-
tion (Park et al., 2008; Im et al., 2009) and translational regulation
during synaptic plasticity and memory. However, due to the dif-
ferential activation of translation by the change in eEF2 phos-
phorylation (increase or decrease) previous studies are either
confounded by the total loss of eEF2K causing a decrease in
p-eEF2 or have demonstrated only a correlation between p-eEF2
and synaptic plasticity. To our knowledge, this is the first study
dissociating the differential effects of increases and decreases in

p-eEF2 on synaptic plasticity. Specifically, we find that eEF2
phosphorylation driven by massed serotonin exposure occurs
both in the cell soma and locally within VAMP-positive varicos-
ities and is required to produce ITF after 10 min applications of
5-HT. Conversely, eEF2 dephosphorylation driven by spaced
5-HT activity and subsequent PKA activity, contributes to ITF
seen after spaced application of 5-HT. Furthermore, prevention
of PKC desensitization, which is also induced specifically by
massed 5-HT and has been shown to require new protein synthe-
sis (Farah et al., 2009), was also found to be dependent on eEF2K
activity. Because this effect is seen in isolated sensory neurons, it
suggests that increases in eEF2 phosphorylation are important in
both the soma and the synapse for regulating translation.

Bidirectional regulation of protein translation by eEF2
phosphorylation
Increases in eEF2 phosphorylation have been linked to mGluR-
LTD (Park et al., 2008) and decreases in eEF2 phosphorylation
have been linked to late-LTP (Park et al., 2008; Im et al., 2009)
either through examining mice lacking eEF2K (Park et al., 2008)
or through transgenic overexpression of eEF2K (Im et al., 2009).
However, these experiments are confounded by the bidirectional
regulation of eEF2K. For example, late-LTP was enhanced by
removing eEF2K (Park et al., 2008), but whether this was due to a
role for eEF2 dephosphorylation in late-LTP or due to the inhi-
bition of production of proteins associated with mGluR-LTD is
not clear. Similarly, the lack of mGluR-LTD in slices from eEF2K
knock out mice (Park et al., 2008) could be mediated by the
increase in the levels of proteins associated with LTP as opposed
to the loss of translation of LTD genes, because both would be
expected to occur with a total loss of eEF2 phosphorylation. eEF2
phosphorylation is also increased during associative taste learn-
ing and this learning is impaired in eEF2K knock-in mice con-
taining the D-A mutation (Gildish et al., 2012). However, basal
eEF2 phosphorylation was strongly decreased in this model
(Gildish et al., 2012), and it is not clear if the block in the increase
in phosphorylation or the basal decrease in phosphorylation un-
derlies the impairment of learning.

Different intracellular mechanisms operate to couple activity
patterns to translational control
In our study, we show that different signaling arms mediate
changes in p-eEF2, with the increase in eEF2 phosphorylation
after massed 5-HT blocked by inhibitors of PKC, and the decrease
in eEF2 phosphorylation after spaced 5-HT blocked by inhibitors
of PKA. Indeed, it has been shown that in Aplysia, serotonin can
act via G-protein-coupled receptors to activate PKA or PKC
(Dumitriu et al., 2006; Lee et al., 2009) and synapses activated by
spaced 5-HT generate a protein synthesis-dependent ITF that
requires PKA (Müller and Carew, 1998; Sutton and Carew, 2000),
whereas massed training generates a protein synthesis-dependent
ITF that requires PKC (Jin et al., 2011).

How does 5-HT stimulation increase p-eEF2? Because eEF2K
is activated by phosphorylation at serine 499, which is a putative
PKA and/or autophosphorylation site, (Diggle et al., 2001; Tava-
res et al., 2012) we made point mutations in the corresponding
conserved residues in Aplysia, to inhibit eEF2K activity. In the
Aplysia sequence there are two serine residues in close proximity,
therefore a double serine-to-alanine mutation was made (S481A-
S482A). Overexpression of the eEF2K(S481A-S482A) mutant led
to less phosphorylation of eEF2 then did the wild-type eEF2K. In
addition, massed 5-HT-mediated increases in p-eEF2 and ITF
were blocked by the expression of eEF2K(S481A-S482A) suggest-

Figure 8. Dominant-negative disruption of eEF2K inhibits maintenance of PKC at the mem-
brane. A, Representative confocal fluorescence images of Aplysia sensory neurons expressing
eGFP-tagged PKC Apl II alone or eGFP-PKC Apl II 
 eEF2K(SS-AA), before (Pre 5-HT), 5 min, and
25 min following the addition of 5-HT. Representative images of eGFP-PKC Apl II injected sen-
sory neurons are in the top row, and images of neurons injected with eGFP-PKC Apl II 

eEF2K(SS-AA) are in the bottom row. Scale bar, 10 �m. B, The translocation ratio normalized to
5 min is shown for both conditions and the error bars represent SEM. The translocation ratio of
eGFP-PKC Apl II 
 eEF2K (SS-AA) group (n 	 14 cells) was significantly lower than that of
eGFP-PKC Apl II alone (n 	 12 cells, *, p � 0.05 by two-tailed unpaired Student’s t test).
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Figure 9. Massed and Spaced 5-HT induced plasticity are dissociable by their dependence on translation initiation. A, Incubation with emetine (125 �g/ml), but not with HHT (5 �M) blocks ITF
after 10 min of massed 5-HT. A single continuous 10 min 5-HT exposure that was washed away by rapid perfusion of saline caused both STF and ITF. Representative EPSPs are shown at three different
time points within a recording; baseline (10 min before 5-HT addition), STF (5 min after 5-HT addition), and ITF (50 min following 5-HT addition). A time course shows the mean EPSP amplitude,
normalized to the first EPSP in each experiment, and the error bars indicate the SEM. Emetine alone and HHT alone recordings were no different from the DMSO control and were therefore pooled
into the control group; Control (n 	 9 synapses), 5-HT (n 	 5 synapses), 5-HT 
 emetine (n 	 6 synapses), and 5-HT 
 HHT (n 	 4 synapses). There was a significant overall effect of group
(F(3,74) 	 11.82, ***, p � 0.001) in a two-way ANOVA with one repeated measure (time). B, The results of Tukey post hoc tests performed at 5 min (STF) and 50 min (ITF) after 5-HT addition. During
STF, 5-HT, 5-HT 
 HHT, and 5-HT 
 emetine were significantly different from control (***, p � 0.001). 5-HT, 5-HT 
 HHT and 5-HT 
 emetine were not significantly different from each other.
During ITF, 5-HT and 5-HT
HHT were significantly different from control (***, p � 0.001). 5-HT was significantly different from 5-HT 
 emetine (***, p � 0.001) and 5-HT
HHT was also
significantly different from 5-HT 
 emetine (***, p � 0.001). Asterisk directly above the error bars are comparisons with the ASW control group. All other comparisons are indicated with brackets.
C, Emetine and HHT both reduce ITF after spaced applications of 5-HT. Representative EPSPs are shown at two different time points within a recording: baseline (10 min before 5-HT addition) and
ITF (120 –140 min after the first 5-HT addition). A time course shows the mean EPSP amplitude, normalized to the first EPSP in each experiment, and the error bars indicate the SEM. Emetine alone
and HHT alone control recordings were not different from the DMSO control and were therefore pooled with the control group; Control (n 	 10 synapses), 5�5-HT (n 	 6 synapses), 5�5-HT 

emetine (n 	 5 synapses), and 5�5-HT 
 HHT (n 	 5 synapses). There was a significant overall effect of group (F(3,20) 	 17.64, ***, p � 0.001) in a two-way ANOVA with one repeated measure
(time). D, The results of Tukey post hoc tests for spaced ITF revealed that 5�5-HT, and 5�5-HT 
 HHT groups are significantly different from control (***, p � 0.001 for both). 5�5-HT 
 HHT
and 5�5-HT
emetine are significantly different (***, p�0.001) and 5�5-HT is significantly different from 5�5-HT
HHT (**, p�0.01). Asterisk directly above the error bars are comparisons
with ASW control group. All other comparisons are indicated with brackets. E, Labeling of new protein synthesis confirms that the translation inhibitors were effective. A diagram illustrates the
protocol used to measure overall protein synthesis using incorporation of the methionine analog AHA. Representative confocal fluorescence images of sensory neurons, showing fluorescence from
incorporated AHA (see Materials and Methods) with quantification of the mean � SEM of the AHA immunofluorescence signal, normalized to the mean of the ASW control group; ASW (n 	 138),
emetine (n 	 152, ***, p � 0.001), or HHT (n 	 130, ***, p � 0.001). One-way ANOVA results in a significant overall effect of group (F(2,417) 	 431.6, ***, p � 0.001). N.S., not significant. Results
are from three independent experiments. Scale bar, 60 �m. F, Massed 5-HT does not increase overall translation in either the sensory neuron cytoplasm or neurite. A diagram illustrates the protocol
used to measure overall protein synthesis. Representative confocal fluorescence images of sensory neuron cell bodies and neurites, showing fluorescence from incorporated AHA with quantification
of the mean � SEM of the AHA immunofluorescence signal, normalized to the mean of the ASW control group; ASW (n 	 24 somas/16 neurites), 5-HT (n 	 16 somas/21 neurites N.S., not
significant), emetine (n 	 50 somas/46 neurites, ***, p � 0.001 compared with ASW), emetine 
 5-HT (n 	 48 somas/47 neurites, ***, p � 0.001), HHT (n 	 26 somas/22 neurites, ***, p �
0.001 compared with ASW), or HHT 
 5-HT (n 	 27 somas/16 neurites, ***, p � 0.001 compared with ASW). One-way ANOVA results in a significant overall effect of group for the cytoplasm
(F(5,185) 	 99.22, ***, p � 0.001) and the neurite (F(5,162) 	 22.76, ***, p � 0.001). Results are from three independent experiments. Scale bar, 60 �m.
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ing that in Aplysia the phosphorylation of one, or both of these
serines is required, and could potentially be mediated by PKC,
because its activity is also required. However, there are many
additional possible mechanisms, such as PKC inactivation of a
phosphatase, PKC activation of eEF2K through a distinct mech-
anism that then requires autophosphorylation of this site to
maintain increased eEF2K activity, or PKC activation of a distinct
kinase that targets this site.

We have previously shown that the decrease in phosphoryla-
tion of eEF2 at T57 is mediated by TORC1/S6 kinase phosphor-
ylation of eEF2K at a conserved serine (Carroll et al., 2004;
Weatherill et al., 2011). Spaced applications of 5-HT are likely to
work by inactivating eEF2K since the eEF2K inhibitor NH125
partially occluded its effects. Massed facilitation also works in
part through opposite modulation of this site, because phosphor-
ylation of the S6 kinase site is decreased by 10 min of 5-HT
treatment (Weatherill et al., 2011) and the increase in eEF2 phos-
phorylation is occluded by rapamycin (Fig. 3F). One attractive
possibility is that phosphorylation of the 499 site leads to dephos-
phorylation of the S6 kinase site, but further work will be required
to understand the interaction between these two conserved phos-
phorylation sites.

The timing of the changes in eEF2 phosphorylation appears
critical in determining the type of plasticity. Five minutes of 5-HT
is sufficient to maximally activate the novel PKC Apl II (Zhao et
al., 2006), but does not increase eEF2 phosphorylation. Indeed,
five min of 5-HT is also insufficient to induce ITF. Understand-
ing why prolonged 5-HT addition is required to induce eEF2
phosphorylation may provide insight into the transition between
STF and ITF. Interestingly, autophosphorylation at Ser 499 in
purified eEF2K is slow and requires free calmodulin, but not
calcium (Tavares et al., 2012). This may be important in the delay
in activation of eEF2K.

Adding NH125 for 20 min was insufficient to decrease basal
eEF2 phosphorylation, but addition for �90 min did decrease
eEF2 phosphorylation (Fig. 1). This is in contrast to the much
faster effect of NH125 in blocking 5-HT-mediated increases in
eEF2 phosphorylation at 10 min (Fig. 1). Thus, the effect of
NH125 at blocking increases in eEF2 phosphorylation can be
partially dissociated from its effect on blocking basal eEF2K ac-
tivity. This may be due to indirect actions of NH125 (i.e., inhib-
iting an eEF2K kinase), or perhaps to greater effects of NH125 on
eEF2K autophosphorylation than eEF2 phosphorylation because
the former may be particularly important for the activation of
eEF2K activity as opposed to its basal activity.

The effects of overexpression of the eEF2K (D-A) kinase im-
paired mutant appeared distinct from NH125. First, expression
of the D-A mutant did not lead to a significant decrease in basal
phosphorylation. Second, expression of the D-A mutant led to an
overall decrease in synaptic strength, while prolonged incubation
with NH125 led to an increase in synaptic strength. One possibil-
ity is that the longer expression of the D-A mutant (�48 h as
opposed to 2 h) led to homeostatic changes in the neuron, such as
increases in phosphatase activity. Alternatively, expressing the
D-A mutant may have additional effects outside of simply de-
creasing eEF2 kinase activity that led to changes in synaptic
strength.

How does bidirectional modulation of eEF2 phosphorylation
lead to distinct translational products?
Because elongation is important for translation of every message,
the activation of specific mRNA translation after the decrease in
elongation mediated by increases in eEF2 phosphorylation has

been a challenge to explain. One explanation has been that some
mRNAs are poorly initiated due to competition for initiation
factors by well translated mRNAs (for review, see Sossin and
Lacaille, 2010). The decrease in elongation slows the initiation
process and thus frees up initiation factors to increase these
poorly initiated mRNAs. However, we have recently shown that
one form of plasticity requiring eEF2 phosphorylation, mGluR-
LTD, can occur independently of initiation (Graber et al., 2013).
These results suggest that increases in eEF2 phosphorylation may
be required to reactivate stalled polysomes, allowing specific
translation of mRNAs stored in these structures. Indeed, we show
that the translation required for massed facilitation is indepen-
dent of translation initiation, as it is not blocked by HHT, an
inhibitor that specifically blocks the first step of elongation and
effectively acts as an initiation inhibitor. However, unlike during
mGLUR-LTD, we could not detect this initiation-independent
protein synthesis using AHA incorporation, suggesting that if
stalled polysomes are released, the level of synthesis is below the
level of detection using this technique. This could be due to in-
creased background in the Aplysia system, measurements being
made in cells lacking synapses, or other differences between these
two systems.

Conclusion
In summary, we have shown that spaced and massed serotonin
induce ITF through differential regulation of eEF2 phosphoryla-
tion, identifying this phosphorylation site as an important hub
for translational control underlying synaptic plasticity.
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