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Activity-dependent changes in the strength of synaptic connec-
tions in the hippocampus are central for cognitive processes such
as learning and memory storage. In this study, we reveal an
activity-dependent presynaptic mechanism that is related to the
modulation of synaptic plasticity. In acute mouse hippocampal
slices, high-frequency stimulation (HFS) of the mossy fiber (MF)-
CA3 pathway induced a strong and transient activation of extra-
cellular-regulated kinase (ERK) in MF giant presynaptic terminals.
Remarkably, pharmacological blockade of ERK disclosed a negative
role of this kinase in the regulation of a presynaptic form of
plasticity at MF-CA3 contacts. This ERK-mediated inhibition of
post-tetanic enhancement (PTE) of MF-CA3 synapses was both
frequency- and pathway-specific and was observed only with HFS
at 50 Hz. Importantly, blockade of ERK was virtually ineffective on
PTE of MF-CA3 synapses in mice lacking synapsin I, 1 of the major
presynaptic ERK substrates, and triple knockout mice lacking all
synapsin isoforms displayed PTE kinetics resembling that of wild-
type mice under ERK inhibition. These findings reveal a form of
short-term synaptic plasticity that depends on ERK and is finely
tuned by the firing frequency of presynaptic neurons. Our results
also demonstrate that presynaptic activation of the ERK signaling
pathway plays part in the activity-dependent modulation of syn-
aptic vesicle mobilization and transmitter release.

MAP kinase | mossy fibers | post-tetanic potentiation

he extracellular-regulated kinase (ERK) signaling pathway

plays a crucial role in the regulation of activity-dependent
changes in the strength of synaptic transmission in the hippocam-
pus (1, 2). Indeed, multiple studies have shown that altering the
normal function of ERK causes severe impairments of both
short- and long-term forms of synaptic plasticity at hippocampal
synapses (3-6, but see also ref. 7). Remarkably, behavioral
analyses of animals with altered ERK signaling have revealed a
crucial involvement of this cascade in learning and memory
(8-10), supporting the idea that ERK-dependent synaptic plas-
ticity is essential for cognitive processes.

Because potential molecular substrates of ERK are present in
distinct neuronal compartments (2), the precise subcellular location
in which ERK activation occurs is a major determinant of ERK
function. For example, phosphorylated ERK translocates into the
nucleus and regulates gene expression in response to synaptic
activity by directly or indirectly phosphorylating transcription fac-
tors (2, 11, 12). Moreover, there is increasing evidence that ERK
phosphorylates target proteins in both dendritic (13-15) and axonal
compartments (16, 17). Synapsin I (Syn I), a synaptic vesicle-
associated phosphoprotein implicated in the regulation of synaptic
strength, is a major ERK substrate in nerve terminals and presents
3 ERK-dependent phosphorylation sites (18, 19). Interestingly, it
has been shown that ERK phosphorylation regulates the interac-
tion of Syn I with the actin cytoskeleton, a mechanism that is
considered important in the regulation of transmitter release (20).
There is strong evidence that ERK activation in axon terminals
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contributes to regulate the distribution and recycling of synaptic
vesicles in both invertebrate and vertebrate neurons (16, 21-23),
thus supporting a role for this kinase in the modulation of presyn-
aptic forms of plasticity, possibly via phosphorylation of Syn I (20,
21, 24). However, the physiological conditions under which pre-
synaptic ERK becomes activated and the mechanisms by which it
contributes to hippocampal synaptic plasticity are not known.

In the present study, we investigated the spatiotemporal dynamics
of ERK activation in mouse hippocampal slices by using immuno-
fluorescence and confocal microscopy. We report the occurrence of
a robust phosphorylation of ERK in mossy fiber (MF) axon
terminals following high-frequency stimulation (HFS) of MF-CA3
connections. In addition, we show that pharmacological blockade of
ERK increases post-tetanic enhancement (PTE) at these synapses,
but does not interfere with short-term plasticity elicited at the
CA3-CAl pathway. Finally, we demonstrate that presynaptic action
of ERK is achieved through a frequency-dependent mechanism
involving Syn I.

Results

Role of ERK in Short-Term Synaptic Plasticity. Activity-dependent
short-term enhancement of synaptic transmission has been shown
to be caused mainly by presynaptic modifications (25). Although it
is known that short-term presynaptic plasticity critically depends on
rapid elevations of intracellular Ca>* in presynaptic nerve termi-
nals, the precise molecular mechanisms are still undefined (26, 27).
Here we asked whether PTE of MF-CA3 synapses is regulated by
local activation of ERK in presynaptic compartments. We initially
analyzed the subcellular localization of phospho-ERK (pERK) in
acute hippocampal slices by using a monoclonal antibody directed
against the dually phosphorylated form of ERKI1/2. Confocal
analysis of CA3 stratum lucidum, where MF terminals are posi-
tioned (28), revealed that very few pERK-positive profiles were
detectable in untetanized slices, suggesting that only minor ERK
activation is present under baseline stimulation (Fig. 14). Remark-
ably, PTE induced by tetanic stimulation (1 s at 50 Hz; see Fig. 2D)
caused the appearance of pERK-positive puncta in stratum lucidum
(Fig. 1B). The size (>3 um in diameter) and localization of
immunoreactive puncta strongly suggested ERK activation in giant
MF terminals (28). In addition, double-immunofluorescence label-
ing revealed that ERK phosphorylation occurred exclusively in
vesicular glutamate transporter 1 (VGIuT1)-positive varicosities
(Fig. 1C), but not in vesicular GABA transporter (VGAT)-positive
axon terminals (Fig. 1D). These results indicate that PTE-induced
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Fig. 1. ERK activation occurs in excitatory giant terminals after tetanization of
the CA3-MF pathway. (A and B) Confocal images show the distribution of immu-
nolabeling for pERK in CA3 fields of a representative control slice that received
baseline stimulation (A) and a potentiated slice (B) that was harvested 2 min after
tetanization (1 X 50 Hz) of MF-CA3 synapses (s.l., stratum lucidum; s.r., stratum
radiatum; s.p., stratum piramidale). (C and D) Representative confocal micro-
graphs showing pERK-positive MF terminals in CA3 stratum lucidum after 50-Hz
stimulation. pERK-IR (red) is clearly colocalized (arrows) with VGIuT1 (green, C)
but not with VGAT (green, D) immunosignal (arrows). (E and F) Confocal micro-
graphs show double labeling for pERK (red) and Syn I (green) in CA3 stratum
lucidum of representative tetanized (1 X 50 Hz) slices in the presence of either
vehicle (E) or U0126 20 uM (F). Note the colabeled profiles representing ERK
activation in Syn I-positive mossy fiber terminals (arrows in E) and the complete
absence of pERK labeling after application of U0126 (F). White box in B indicates
the location where images C-F were acquired. [Scale bars: 100 um (A and B); 10
pm (C-F).]

activation of ERK occurs exclusively in excitatory MF varicosities
and exclude the possibility of a concomitant activation of ERK in
GABAergic terminals. Notably, ERK activation was selective for
MF terminals, and no significant increase of pERK immunoreac-
tivity was observed in CA3 pyramidal neurons (Fig. 1B) or in the
cell body of granule cells in the dentate gyrus.

Double-labeling experiments revealed that pERK-positive struc-
tures were almost invariably labeled also for Syn I (Fig. 1E).
Interestingly, these experiments showed that ERK was phosphor-
ylated in only a subset of axon terminals in stratum lucidum, likely
belonging to the stimulated MFs (see SI Materials and Methods). A
major difference between the 2 immunolabelings was that pERK-
immunoreactivity was not exclusively confined to the axon boutons,
where synaptic vesicles are clustered, but also invaded to some
extent axonal processes (Fig. 1E). Importantly, we found that
pERK-immunofluorescence was completely abolished in tetanized
slices pretreated with U0126 (20 uM), an inhibitor of the ERK
upstream kinase MEK (Fig. 1F).

Application of a single 50-Hz tetanus produced a robust PTE of
MF-CA3 synapses that peaked (303.42 * 38.40%) immediately
after the tetanus and decayed progressively to baseline levels
following a kinetic that fitted to an exponential decay with a time
constant of 36.6 = 5.08 sec (Fig. 2D, closed circles). To investigate
the physiological significance of presynaptic ERK activation, we
prevented ERK phosphorylation while inducing PTE at various
stimulation frequencies. In the presence of the inhibitor U0126, we
found no alterations in either the input-output relationship (Fig. 2
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Fig.2. ERKmodulatesshort-term presynaptic plasticity in the MF-CA3 pathway
at a specific stimulation frequency. (A and B) Basal transmission in MF was
unaltered by U0126 application. Input-output curves show that both fiber volley
(A) and fEPSP (B) of synaptic responses were intact in the presence of the inhibitor
[n = 6 both for DMSO (®) and U0126 (O)]. (C) Paired-pulse facilitation (PPF) was
not changed by U0126 (DMSO, n = 8; U0126, n = 7). (D) The magnitude of PTE
induced by one 50-Hz burst of 1 s was enhanced in slices treated with U0126.
Mean fEPSP slope, during mins 2-3 post-tetanus, and time constant of decay of
PTE weresignificantly increased after the delivery of the tetanus in U0126-treated
slices (O, n = 8) compared with slices perfused with vehicle (®, n = 7). (E) PTE
induced by a 20-Hz tetanus for 1 s was unmodified by U0126 (vehicle, n = 8;
U0126, n = 5). (F) PTE induced by 3 trains of 100 Hz for 1 s did not differ between
vehicle treated slices (n = 6) and U0126 treated slices (n = 6). (G) The magnitude
of LTP after 100-Hz tetanization was also unchanged in the presence of U0126
(n = 6 for both vehicle and U0126-treated groups). (H) PTP of the Schaffer
collateral-CA1 pathway was similar in slices treated with U0126 (n = 8) or with
vehicle (n = 9).

A and B) or the paired-pulse facilitation (Fig. 2C) of the MF-CA3
pathway, indicating that U0126 action did not interfere with basal
neurotransmission and a form of presynaptic short term plasticity
at these synapses. Intriguingly, when ERK activation was blocked,
the lifetime of PTE was markedly prolonged, showing a decay time
constant of 86.70 = 17.94 sec and an increased magnitude which
was significant at 1-2 min post-induction (P < 0.05) (Fig. 2D, open
circles). In contrast, induction of PTE in the same region by either
20-Hz (Fig. 2E) or 100-Hz (Fig. 2F) stimulation was not affected by
application of the ERK inhibitor, indicating that ERK-dependent
modulation of synaptic strength is frequency-specific. Moreover,
both the expression and maintenance of long-term potentiation
(LTP) induced by 100-Hz tetani were normal in slices pretreated
with U0126 (154.34 = 14.45% U0126, 143.20 + 16.98% vehicle, P >
0.1) (Fig. 2G), indicating that LTP of MF-CA3 synapses does not
require ERK activation (see also ref. 7). Interestingly, we also found
that ERK-dependent regulation of short-term plasticity was path-
way-specific. Indeed, when post-tetanic potentiation (PTP) was
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induced by 50-Hz stimulation at the CA3-CAl pathway in the
presence of the NMDA receptor antagonist APV (50 uM) to block
NMDA receptor-dependent LTP, application of U0126 had no
effect on either the temporal dynamics or the magnitude of PTP
(173.03 = 6.18% vehicle, 168.39 = 6.78% U0126; P > 0.25) (Fig.
2H). Together, these results show that presynaptic ERK activation
negatively regulates short-term plasticity of MF-CA3 synapses only
at specific stimulation frequencies.

Activity-Dependent Phosphorylation of ERK in Presynaptic Terminals
Is Transient and Synapse-Specific. A simple explanation for the
frequency-dependence of ERK function is that ERK activation may
not be equally engaged by all stimulation frequencies. To quanti-
tatively assess the temporal dynamics of presynaptic ERK activa-
tion, we analyzed the number of pERK-positive structures that
coexpressed Syn I immunolabeling (Fig. 3). Tetanic stimulation of
MF-CA3 synapses delivered at both 50 (Fig. 3B) and 100 Hz (Fig.
3C) produced a robust presynaptic activation of ERK, that was
completely blocked by application of the U0126 inhibitor. In
contrast, presynaptic expression of pERK was not modified by a
single 20-Hz train delivered for 1 sec (Fig. 3 H-J). Interestingly,
quantification of the number of pERK-positive axon terminals
showed no significant differences between the 50-Hz and the
100-Hz stimulation protocols (Fig. 3 D and E). Whereas the number
of axonal profiles containing pERK immunolabeling was negligible
in untetanized control slices, both 50-Hz and 100-Hz HFS caused
a rapid increase (4-5-fold) of pERK-positive terminals, that was
already significant 30 sec after stimulation (Fig. 3 D and E). For
both stimulation frequencies, the number of pERK-positive axon
terminals peaked at 2 min post-tetanus, was still significant after 15
min and returned to baseline level after 30 min. Interestingly, the
total number of Syn I-IR puncta remained unaltered at any time
following either 1 X 50-Hz (Fig. 3F) or 3 X 100-Hz tetanic
stimulation (Fig. 3G), suggesting that HFS-dependent activation of
ERK was not accompanied by modifications in the number of
presynaptic structures. Remarkably, although it has been reported
that prolonged stimulation protocols induce the dispersion of Syn
I from presynaptic boutons (21, 24, 29), the pattern of Syn I-IR did
not change following the brief tetanic stimulations used in the
present study. Thus, these data indicate that 100-Hz stimulation
activates presynaptic ERK, despite blockade of ERK does not affect
PTE or LTP induced by the same stimulation.

To assess whether ERK activation in axon terminals is a common
mechanism associated with activity-dependent changes in synaptic
strength, we next analyzed the subcellular localization of pERK
after HES of the CA3-CA1 pathway. Although we could not detect
any marked change in ERK activation after 50-Hz stimulation (Fig.
S1 B and E), we found that pERK-IR was considerably increased
in CA1l stratum radiatum 5 min after a 100-Hz stimulation (Fig.
S1C). However, in contrast to the presynaptic induction observed
in the CA3 area, ERK activation occurred mostly in the cell body
and the dendrites of CAl pyramidal neurons (see also ref. 4).
Remarkably, high magnification images revealed that Syn I-positive
axon terminals were in close apposition with pERK-positive den-
dritic profiles, but there was no colocalization of pERK and Syn I
within the same neuronal compartments (Fig. S1F).

ERK Modulation of MF-CA3 Short-Term Plasticity Requires Synapsin I.
Syn I'is 1 of the major ERK substrates in nerve terminals (18, 19)
and the other isoforms, Syn II and Syn III, also display potential
consensus sequences for ERK phosphorylation (30, 31). To inves-
tigate whether ERK exerts its presynaptic action through phos-
phorylation of Syn I, we examined both the phosphorylation state
of Syn I at sites 4 and 5 during PTE and the effect of ERK blockade
on PTE in Syn I-KO and Syn I/II/III-KO mice.

Immunoblotting analysis of ERK and Syn I phosphorylation in
hippocampal slices incubated under resting conditions or after HFS
(1 X 50 Hz) revealed that the strong increase in ERK phosphor-
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Fig. 3. Time-course of ERK activation in presynaptic terminals. (A-C) Laser
confocal images show double-immunofluorescence labeling for pERK and Syn |
in CA3 stratum lucidum of representative slices under baseline stimulation (A) or
following HFS (B, 2 min after 50-Hz tetanus; C, 5 min after 100-Hz tetanus). Note
that both HFS protocols resulted in a noticeable increase in the density of
pERK-positive puncta colocalized with Syn | (arrows). (D and E) Bar graphs
illustrate the time course of synaptic ERK activation in CA3 stratum lucidum after
delivery of either 50-Hz (D) or 100-Hz (E) HFS to the MF-CA3 pathway. Data are
expressed as mean number of pERK/Syn I-positive puncta in confocal fields of
3772.42 umZ2. With both stimulation frequencies, the densities of pERK-positive
terminals was significantly increased in the 0.5-15 min interval with respect to
control values (2-way ANOVA, P < 0.0001). However, the pattern of ERK activa-
tion was indistinguishable between the 50 Hz and 100 Hz stimulation protocols
(2-way ANOVA, P = 0.39). For 50-Hz HFS, data are from 8 (control), 5 (0.5 min), 6
(2 min), 6 (5min), 5 (10 min), 5 (15 min), and 5 (30 min) slices. For 100-Hz HFS, data
are from 9 (control), 4 (0.5 min), 4 (2 min), 6 (5 min), 4 (10 min), 4 (15 min), and 4
(30 min) slices. (F and G) Bar graphs show the mean number of Syn-I positive
puncta per field after 50-Hz (F) or 100-Hz (G) HFS (quantified in the same images
used for D and E). No statistically significant variations were observed along the
time course. (H-J) 20-Hz tetanization of the MF-CA3 pathway does not induce
ERK activation in MF terminals. No variation in presynaptic pERK expression
(arrows) could be seen in MF terminals of slices that were potentiated and
harvested 2 min (/) or 5 min (J) after the onset of HFS (1 sec at 20 Hz) delivered at
MF-CA3 synapse, compared with slices that received baseline stimulation (H). **,
P < 0.01; #, P> 0.12. (Scale bars, 10 um.)

ylation observed after tetanic stimulation was accompanied by a
smaller, but significant increase in Syn I phosphorylation at the
ERK phosphorylation sites 4 and 5 (Fig. 4 A and B). The propor-
tionally smaller increase in Syn I phosphorylation with respect to
the extent of ERK activation may be explained by the concomitant
activation of calcineurin-dependent dephosphorylation of synapsin
(18, 32, 33) and by the fact that the ERK-mediated phosphorylation
of Syn I is likely to occur only in a fraction of MF axon terminals
(see Fig. 1E).

We then tested whether ERK phosphorylation caused by HFS
was affected in Syn I-KO mice. These experiments revealed no
difference in the subcellular localization of activated ERK in
mutant mice compared with wild-type littermates following 50-Hz
tetanic stimulation of MF-CA3 synapses (Fig. 5 A and B). As
expected, however, we did not detect any Syn I-IR in slices from Syn
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Fig. 4. Effects of PTE induction in the CA3 area of the hippocampus on the
endogenous phosphorylation of ERK 2 and Syn I. Hippocampal slices incubated
under basal conditions (Ctrl) or subjected to HFS (50 Hz) to induce PTE were
harvested and homogenized. After homogenization, equal amounts of protein
(10 pg protein/sample) were subjected to immunoblotting for the total and
phosphorylated forms of ERK2 and Syn |, respectively. A representative immu-
noblot is reported in A. (B) For each slice (n = 5 per experimental group), the
amounts of total and phosphorylated ERK 2 and Syn | were quantified and
normalized by an internal standard of brain homogenate. Immunoreactivity
levels for both total and phosphorylated proteins detected in HFS-treated slices
are expressed in percent of the respective levels in control slices (means = SEM).
*, P < 0.05; **, P < 0.01; 1-way ANOVA vs. respective control.

I-KO mice (Fig. 5B). To assess whether Syn I-null mutation affects
short-term synaptic plasticity in the MF-CA3 pathway, we next
analyzed PTE in mutant mice. A single 50-Hz tetanus was able to
reliably induce PTE in the CA3 region of Syn I-KO slices (Fig. 5C,
closed circles). Notably, the amplitude (264.64 = 46.26%) and time
constant of PTE (41.68 *+ 6.09 sec) were not statistically different
from those in WT slices, similar to previous findings in the CAl
region (34, 35). Intriguingly, and in sharp contrast with WT animals,
blockade of ERK activation by U0126 in slices from Syn I-KO mice
did not cause any significant change in either the peak (252.98 =
23.17%; P > 0.8) or the decay time constant (50.86 = 5.97, P > 0.2)
of PTE. Thus, these data indicate that ERK-dependent modulation
of synaptic strength requires the expression of its substrate Syn I in
the axon terminals of MFs.

To further characterize short-term plasticity of MF-CA3 syn-
apses and to uncover a possible involvement of the other synapsin
isoforms, we conducted 50-Hz potentiation experiments in synapsin
triple KO (TKO) mice. Strikingly, we found that TKOs showed an
increased PTE (Fig. 5D) with respect to their WT littermates
(decay time constant of 33.63 = 1.35 sec WT, 65.43 = 8.78 sec
TKOs; P < 0.05). Intriguingly, this increase paralleled the increase
of PTE observed in the presence of the ERK inhibitor in slices
obtained from WT animals (see Fig. 2D) (comparison of time
constants: TKOs vs. WT + U0126, P > 0.2). Thus, these results
suggest that synapsins exert a redundant role in limiting the
potentiation of the synaptic response induced by 50-Hz stimulation
of the MFs and that a crucial part of this limiting function is linked
to ERK-mediated phosphorylation of Syn L.

Discussion

In the last years, ERK has emerged as a key molecule in the
modulation of synaptic plasticity in the hippocampus, as well as
in the underlying learning and memory formation (1, 2, 12).
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Fig. 5. ERK modulation of 50 Hz-induced PTE requires Syn I. (A and B) ERK
activation in MF terminals in response to a 50-Hz tetanus was normal in Syn | KO
mice. ERK activation is visible in MF terminals of Syn | KO mice in response to a
50-Hz tetanus (B). Note that the immunolabeling pattern for pERK in large MF
terminals is similar in both genotypes, despite the absence of Syn | immunoreac-
tivity in mutantslices. (Scale bar, 10 um.) (C) PTE of MF-CA3 synapses induced with
asingle 50-Hz burst is similar in hippocampal slices from Syn-I KO mice (®, n = 12)
and WT mice (gray triangles, data partially replotted from Fig. 2D). The magni-
tude and kinetics of this PTE were not affected by the application of ERK inhibitor
U0126 (O, n = 11). (D) The duration of PTE induced by 50 Hz in synapsin TKO mice
(O, n = 10) was found to be significantly increased with respect to WT animals
(®, n=05).

Although the involvement of ERK in postsynaptic processes
required for synaptic plasticity has been extensively investigated
(for review, see ref. 1, 2, 11, 36, 37), the precise role of axonal
ERK in activity-dependent modifications of synaptic strength is
not fully understood. In this study, we demonstrate that ERK is
responsible for the presynaptic modulation of short-term syn-
aptic plasticity selectively in 1 of the major hippocampal path-
ways. Our results indicate that tetanic stimulation applied to the
MF-CA3 synapses causes a transient activation of ERK in
presynaptic MF terminals. Moreover, we describe a functional
correlation between ERK activation in presynaptic terminals
and short-term plasticity, which clearly depends on the stimu-
lation frequency. Finally, we show that ERK-dependent synaptic
plasticity requires Syn I, suggesting that ERK contributes to
modulate neurotransmitter release at MF-CA3 synapses by
regulating synaptic vesicle availability.

Molecular Mechanisms of Presynaptic Short-Term Plasticity in the CA3
Area. One of the main goals of this study was to clarify whether ERK
is activated in presynaptic axonal terminals during synaptic plasticity
in the hippocampus. Moreover, we aimed to investigate the func-
tional relationship between ERK activation and presynaptic mod-
ulation of transmitter release and to determine the molecular
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mechanisms associated with this modulation. We show that both
PTE- and LTP-inducing stimuli trigger layer-specific ERK activa-
tion in the hippocampus. Notably, the activation of ERK in CA3
occurred uniquely in presynaptic structures located in stratum
lucidum, likely corresponding to MF terminals, whereas in CAl
region ERK was activated almost exclusively in postsynaptic so-
mato-dendritic profiles. Interestingly, ERK was found to have a role
in limiting the expression of PTE generated with one 50-Hz train,
because infusion with the specific ERK inhibitor U0126 increased
PTE magnitude in the CA3 field.

What are the molecular mechanisms underlying the effects of
ERK at MF synapses? One important target of ERK in nerve
terminals is Syn I (17, 18), a phosphoprotein that controls the
binding of synaptic vesicles to the actin cytoskeleton in response to
neuronal activity (30). Using pharmacological inhibition, it has
been proposed that ERK may regulate the proportion of vesicles
that are available for rapid release by phosphorylating Syn I at
specific sites (16, 18). Similarly, there is evidence that ERK controls
brain derived neurotrophic factor-induced enhancement of gluta-
mate release from synaptosomes (20). However, these studies are
manifold different from our current investigation. For example, in
these previous studies either biochemically purified synaptosomal
preparations or dissociated neuronal cultures were used. Moreover,
the relevance of presynaptic ERK function within the context of
synaptic plasticity was not addressed by using electrophysiology. A
key finding of the present study is that the ERK-dependent
modulation of the magnitude of PTE at MF-CA3 synapses was no
longer observed in Syn I-KO mice. Accordingly, we also found that
PTE was associated with a significant increase in Syn I phosphor-
ylation at sites that are specific targets of ERK. Together, these data
suggest that 1 important role of presynaptic ERK is to modulate
short-term increases of glutamate release at MF-CA3 connections
through Syn I phosphorylation. Intriguingly, Syn II and III may also
be involved in limiting synaptic strengthening, as PTE in Syn TKOs
was significantly prolonged, mimicking the effect of ERK inhibition
in WT mice. At present, it is not clear whether the limiting effect
mediated by Syn II and Syn III also requires ERK-dependent
phosphorylation, or whether it occurs independently of this kinase.
In addition, it is of note that a possible involvement of Syn II and
Syn IIT was only disclosed in the TKOs, suggesting that under
normal conditions Syn I is the predominant isoform underlying the
ERK-mediated modulation of PTE. In support of this interpretation,
immunoblotting experiments have shown that Syn I is quantitatively
predominant compared with both Syn II (38) and Syn III (39).

Remarkably, the action of ERK on short-term plasticity appears
to be dynamically modulated by the frequency of MF stimulation.
Our results indicate that ERK negatively couples Syn I to the vesicle
release machinery only when it is activated by a 50-Hz tetanization.
Under these conditions, blocking ERK activation with the MEK
inhibitor U0126 would increase vesicle releasing capabilities of the
MF terminal and transiently enhance neurotransmitter release. In
contrast, PTE induced either with 20- or 100-Hz tetanization was
not affected by ERK blockade. Whereas a simple explanation for
the 20-Hz stimulation protocol is provided by the result showing
that this form of PTE does not activate ERK, the interpretation of
why ERK activation is dispensable when 100-Hz tetanization is used
to elicit PTE is less straightforward. One possibility is that at 100 Hz,
a ceiling effect could exist which may be associated with the
concomitant activation of calcineurin and calcineurin-dependent
full dephosphorylation of synapsin I at ERK sites (32, 33). Another
hypothesis is that simultaneous activation of other protein kinases,
for example, cCAMP-dependent protein kinase or Ca2-+/calmodu-
lin-dependent protein kinase II, could either occlude or overcome
ERK action in this form of short-term plasticity (31).

The mechanisms by which the frequency of axonal firing influ-
ences ERK function are unclear. However, it has been recently
shown (21) that phosphorylation of Syn I at specific ERK sites is
regulated over an extended range of stimulation frequencies, a
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mechanism that may allow nerve cells to control the efficacy of
vesicle recycling. Whereas at low-stimulation frequency, the ERK
sites of Syn I need to be in the phosphorylated state to confer
efficient synaptic vesicle recycling, during HFS the ERK sites must
become dephosphorylated to sustain efficient synaptic transmission
(21). Together these data indicate that 1 important role of presyn-
aptic ERK activation is to fine tune synaptic strengthening in
response to specific firing rates and underscore the importance of
the dynamics of ERK-dependent phosphorylation of Syn I in
neuronal information processing.

Subcellular Targeting of ERK Activation During Synaptic Plasticity.
Increasing evidences indicate that ERK signaling may be triggered
in synaptic structures by direct neuronal activation or behavioral
stimuli (6, 16, 17, 40—42). However, the physiological mechanisms
determining the subcellular targeting of pPERK remain unclear. Our
results disclose a pathway-specific regulation of ERK in individual
synaptic structures during synaptic plasticity. We found that PTE in
the CA3 area induced by a single 50-Hz tetanus and also by 100-Hz
trains produced a transient ERK activation that was selectively
confined to excitatory presynaptic terminals. Interestingly, the
kinetics of ERK activation matched the time course of PTE,
occurring immediately (30 s) after the application of the stimulus
and decaying to baseline levels after several minutes.

Intriguingly, we found that induction of both 50-Hz PTP and
100-Hz LTP in the CA1 region were not accompanied by presyn-
aptic ERK activation (Fig. S1), although we observed a selective
localization of pERK in postsynaptic structures of CA1 pyramidal
neurons. These findings are in agreement with earlier studies (4),
and indicate that the activity-dependent subcellular targeting of
ERK action can be pathway-specific. Moreover, we found that
pharmacological ERK blockade had no effects on PTP in the CA1
area, indicating that MF-CA3 and CA3-CAl pathways do not use
identical ERK-dependent molecular mechanisms for the induction
of synaptic plasticity. In apparent contrast with our results, a recent
work (6) has shown that constitutive presynaptic activation of the
Ras-ERK pathway in transgenic mice causes changes in short-term
synaptic plasticity in the CAl area, that involve Syn I. However, a
plausible explanation for these discrepancies is that in this mouse
model presynaptic ERK activation is long-lasting and produces both
structural and functional synaptic modifications that are likely to be
responsible for the observed changes in plasticity. Clearly, the
effects of chronic ERK induction are different from the rapid
physiological actions that we have investigated in our study by
acutely blocking ERK only during the induction of synaptic plas-
ticity. Moreover, the 50-Hz stimulation protocol used in the present
study to induce PTP in CAl is substantially different from the
protocols used in the previous work (6). Finally, and most impor-
tantly, our 50-Hz stimulation protocol failed to elicit detectable
levels of presynaptic ERK activation in area CA1, as shown by our
immunohistochemical analysis.

Is presynaptic ERK involved in long-lasting forms of synaptic
plasticity? Interestingly, when LTP at MF-CA3 synapses was in-
duced with a HFS paradigm (3 X 100 Hz), ERK was also activated
in MF presynaptic terminals of granule cells. Quantitation of
immunofluorescence showed that HFS produced a robust increase
of pERK-positive MF terminals in CA3 stratum lucidum, that lasted
for ~30 min before returning to baseline levels. Our immunocy-
tochemical results are in contrast with earlier findings based on
western blot analysis, showing no significant increase of active
ERK1/2 levels in CA3 area following MF-CA3 LTP (7). One
plausible explanation for this difference lies in the technical ap-
proaches that were used in the 2 studies. In fact, western blot
analysis on total CA3 tissue might not be as sensitive as quantitative
immunofluorescence to detect changes of ERK activation occur-
ring only in a fraction of the MF terminals. Another possibility is
that LTP-inducing stimuli may produce lower levels of ERK
activation in MF terminals of the rat hippocampal slices (7)
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compared with mouse. Indeed, substantial differences of ERK
involvement in the molecular processes underlying LTP in these 2
species have been reported previously (3, 43). Nonetheless, our
results agree with previous data (7) in revealing that ERK, despite
being activated by HFS, is not required for the induction and
maintenance of MF-CA3 LTP for at least 1 h. Whether later effects
of ERK signaling may be involved in the modifications underlying
long-lasting plasticity at this pathway remains to be explored.

In conclusion, these data argue in favor of a mechanistic model
according to which synaptic ERK is under a tight spatiotemporal
regulation by specific patterns of neuronal activity and generates
physiological responses that are circuit specific.

Methods

Animals. All of the experiments performed in this study were conducted in
accordance with the European Community Council Directive 86/609/EEC for care
and use of experimental animals and were approved by the Animal Care and Use
Committee of Turin University. Adult homozygous Syn | KO mice (44), synapsin
TKO (45), and C57BL/6) littermates were kept on a 12-h light/dark cycle, and had
access to food and water ad libitum.

Electrophysiology. Extracellular field excitatory postsynaptic potentials (FEPSPs)
were recorded in stratum radiatum of CA1 or in stratum lucidum of CA3. When
indicated, slices were incubated for 60—120 min before and during tetanic stim-
ulation with ACSF containing U0126 to inhibit ERK activation (20 uM in DMSO,
Promega). Data were collected and analyzed on line (10-kHz sampling rate) by
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using pClamp software (Clampex, Axon Instruments). For details, see S/ Materials
and Methods.

Immunocytochemistry and Confocal Imaging. Hippocampal slices were fixed in
ice-cold paraformaldehyde [4% in 0.1 M phosphate buffer (PB)] with 1 mM
sodium orthovanadate to block endogenous phosphatases. After overnight fix-
ation at 4° C, slices were rinsed, cryoprotected (10, 20, and 30% sucrose) and
subsequently cut in 35-um sections with a cryostat. Free-floating sections were
then processed for double immunofluorescence. For quantitative analysis, con-
focal images were processed with Imaris software (Bitplane), immunolabeled MF
terminals were counted manually, and colocalization of signalsin overlaid images
was confirmed in x, y, and zdimensions. For details, see S/ Materials and Methods.

Western Blotting. Hippocampal slices were frozen in liquid nitrogen 5 min after
HFS, extracted in boiling SDS (1% wt/vol plus 1 mM sodium orthovanadate) and
subjected to SDS-polyacrylamide gel electrophoresis (SDS/PAGE) and quantita-
tive immunoblotting. For details, see S/ Materials and Methods.
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