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ABSTRACT Long-term potentiation (LTP) is an increase
in synaptic responsiveness thought to be involved in mamma-
lian learning and memory. The localization (presynaptic
andyor postsynaptic) of changes underlying LTP has been
difficult to resolve with current electrophysiological tech-
niques. Using a biochemical approach, we have addressed this
issue and attempted to identify specific molecular mecha-
nisms that may underlie LTP. We utilized a novel multiple-
electrode stimulator to produce LTP in a substantial portion
of the synapses in a hippocampal CA1 minislice and tested the
effects of such stimulation on the presynaptic protein synapsin
I. LTP-inducing stimulation produced a long-lasting 6-fold
increase in the phosphorylation of synapsin I at its Ca21ycal-
modulin-dependent protein kinase II (CaM kinase II) sites
without affecting synapsin I levels. This effect was fully
blocked by either the N-methyl-D-aspartate receptor antago-
nist D(2)-2-amino-5-phosphonopentanoic acid (APV) or the
CaM kinase II inhibitor KN-62. Our results indicate that LTP
expression is accompanied by persistent changes in presyn-
aptic phosphorylation, and specifically that presynaptic CaM
kinase II activity and synapsin I phosphorylation may be
involved in LTP expression.

Synaptic plasticity has been extensively studied in the mam-
malian hippocampal formation. Long-term potentiation
(LTP) is one form of plasticity that has attracted considerable
attention as a possible cellular substrate for learning and
memory. LTP was first described by Bliss and Lomo (1), who
demonstrated that a relatively brief burst of high-frequency
stimulation (HFS) produces a long-lasting enhancement of
synaptic responses in the mammalian hippocampus. Although
presynaptic (2–4) andyor postsynaptic (5–8) changes have
been proposed to underlie LTP, the exact localization of these
changes remains highly controversial. This has been due in part
to the difficulty in resolving presynaptic and postsynaptic
events electrophysiologically (9). In this study, we have utilized
a biochemical approach to address this issue and attempted to
identify molecular mechanisms that may underlie LTP.
Numerous studies suggest that protein phosphorylation

(specifically by protein kinase C and Ca21ycalmodulin-
dependent protein kinase II [CaM kinase II)] plays a critical
role in the induction and possibly the maintenance of LTP
(10–12). However, identification of the specific phosphopro-
teins involved in LTP has been problematic. Synapsin I is a
phosphoprotein that has a number of features which make it
a likely candidate to mediate persistent presynaptic plasticity
(13–15). It is found exclusively in neuronal presynaptic termi-
nals, where it associates with synaptic vesicles (16–18). Con-
siderable evidence suggests that synapsin I plays a key role in

neurotransmitter release by regulating the availability of syn-
aptic vesicles for exocytosis (19–24) (however, see ref. 25).
According to this model, synapsin I crosslinks synaptic vesicles
to the cytoskeleton in a phosphorylation state-dependent
manner, thereby limiting the ability of vesicles to move to
active zones for exocytosis. Phosphorylation of synapsin I by
CaM kinase II reduces its affinity for synaptic vesicles 10-fold,
thus removing its constraint on the availability of vesicles for
release.
We have previously tested the hypothesis that synapsin I

plays a role in LTP by examining the effects of pharmacolog-
ical LTP-inducing, treatments [e.g., b-adrenergic agonists (26)
and protein kinase C activators (27)] on synapsin I phosphor-
ylation. Bath application of isoproterenol (14) or phorbol
dibutyrate (28) produces a dose-dependent increase in the
phosphorylation of synapsin I at its CaM kinase II sites.
Furthermore, isoproterenol’s ability to induce synapsin I phos-
phorylation and its ability to generate LTP-like potentiation
share the same brain region specificity (action on dentate
gyrus and not CA1) (29). Such data support a role for synapsin
I and its phosphorylation in LTP.
There are, however, significant limitations to this pharma-

cological approach. The LTP-like potentiation produced by
pharmacological treatments may not be identical to LTP
induced by classical electrophysiological techniques (29–32).
In addition, the observed changes in synapsin I phosphoryla-
tion may be due to non-LTP effects of drug treatment, rather
than purely LTP-related mechanisms. Hence, here we have
been particularly interested in studying synapsin I phosphor-
ylation following electrophysiologically induced LTP. The
typical LTP stimulation paradigm involves delivering HFS to
area CA1 through a single stimulating electrode. Using this
method, we have been unsuccessful at detecting any LTP-
associated changes in synapsin I phosphorylation. We have
been concerned that such stimulation may not have induced
LTP in a sufficient fraction of synapses for any changes in
synapsin I phosphorylation to be detectable. Indeed, studies by
two different groups suggest that single electrode stimulation
produces LTP in only a limited number of synapses even within
subregions of the hippocampal slice (33, 34).
In the present study, we have designed a new stimulating

electrode array, called the rake, and developed a stimulation
paradigm to deliver LTP to more synapses in the slice. We also
used the CA1 minislice preparation to remove from our
analyses the large unstimulated hippocampal areas (dentate
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gyrus and CA3) which are rich in synapsin I and would only add
to our biochemical background. Taken together, these modi-
fications increase the fraction of synapses which receive stim-
ulation, effectively increasing the signal-to-noise ratio in our
biochemical detection system. Here we present data, collected
by using rake electrode stimulation of CA1 minislices, which
indicate that electrically induced LTP increases the phosphor-
ylation of synapsin I at its CaM kinase II sites immediately after
stimulation. This effect persists for at least 30 min and is fully
blocked by the N-methyl-D-aspartate (NMDA)-receptor an-
tagonist D(2)-2-amino-5-phosphonopentanoic acid (APV).

MATERIALS AND METHODS

Slice Preparation and Stimulation. Male Sprague–Dawley
rats weighing 100–120 g were used in all experiments. After the
animals had been sacrificed, hippocampi were removed and
400-mm thick slices were prepared on a McIlwain tissue
chopper. Slices were placed in a 31.58C oxygenated interface
chamber and microdissected to CA1 minislices as previously
described (29). The chamber contained artificial cerebrospinal
f luid (aCSF: 124 mM NaCly4 mM KCly1 mM MgCl2y2.5 mM
CaCl2y1 mM KH2PO4y10 mM dextrosey25.7 mM NaHCO3,
bubbled with hydrated 95%O2y5%CO2). After a 90-min in-
cubation at interface, slices were perfused with aCSF for the
remainder of the experiment at 4 mlymin. Rake electrodes
were prepared as linear arrays of four stainless steel monopolar
electrodes, each separated by 100 mm and driven by its own
stimulus isolation unit. Rake and recording (2–8 MV) elec-
trodes were positioned in the stratummoleculare (Fig. 1 Inset).
For paired pulse analysis, a 1-V, 150-msec stimulus was used,
which typically elicited a 1-mV field excitatory postsynaptic
potential (EPSP). HFSs were 3-V, 300-msec pulses delivered at
100 Hz for 1 sec. All simultaneous HFSs (s-HFSs) were HFSs
administered simultaneously through all four electrodes. Mul-
tiple s-HFSs were delivered 30 sec apart. When multiple
placements were indicated, rake positions were evenly spaced
along the slice, approximately 0.75 mm apart (see Fig. 3). For
phosphorylation experiments, .24 minislices were prepared
from each animal. All slices were confirmed viable by elec-
trophysiological criteria (fixed stimulus generates .1.0-mV
field EPSP). One slice was used to confirm that the prepara-
tion was able to support rake-HFS-induced LTP. Twelve slices
were perfused in aCSF and 12 in aCSF containing 100 mM
APV, beginning at least 10 min prior to stimulation and
continuing throughout the stimulation period. From each set,
6 stimulated and 6 control slices were harvested 0 or 30 min
after s-HFS. When indicated, 10 mM KN-62 was perfused for
a minimum of 20 min prior to stimulation and for 30 min after
stimulation. In all cases, control slices were incubated in the
same chamber and removed at the same time as paired
stimulated slices.
Biochemical Analysis and Determination of Stoichiometry

of Synapsin I Phosphorylation. Stimulated and control slices
were sonicated in 0.5 ml of 5 mM ZnC2H3O2 to block
endogenous kinase and phosphatase activities and were stored
at2208C. Synapsin I was extracted from samples by a modified
acid extraction procedure (29) in which synapsin was solubi-
lized in 10 mM citric acid (pH 3.0)y0.1% Nonidet P-40
containing protease inhibitors phenylmethanesulfonyl f luo-
ride (10 mgyml), pepstatin (10 mgyml), and Pefabloc-SC (100
mM; Sigma). Precipitated proteins were removed by centrifu-
gation (10 min at 10,000 3 g). After neutralization to pH 6.0
by addition of sodium phosphate (pH 7.4), stoichiometry of
phosphorylation was determined for each slice extract by using
the back-phosphorylation technique (28) and Western blot
analysis. The back-phosphorylation assay was performed using
purified CaM kinase II (CaM kinase II was added during
preincubation and again 5 min after initiation of the reaction,
for a final concentration of 3.6 ngyml). Phenanthroline, a

Zn21-chelator, was added (0.18 mM) to prevent inhibition of
CaM kinase II by residual Zn21. Back-phosphorylation reac-
tions were conducted for 30 min at room temperature in 45
mM Hepes, pH 7.4y10 mMMgCl2y0.3 mM CaCl2y0.03 mg/ml
calmoduliny0.1 mM [g-32P]ATP (specific activity 2 3 106
dpmynmol). The concentration of synapsin I in the acid extract
(2–5 nM) was substantially less than the Km of CaM kinase II
for synapsin I ('2.0 mM). Absolute stoichiometric phosphor-
ylation is required for the back-phosphorylation assay. In
control experiments with extracted synapsin, a 20- to 25-min
phosphorylation reaction was required to reach a stoichiom-
etry of 2.0. Thus we chose to use the 30-min time point in our
assays. Under such conditions virtually all (.95%) of the 32P
incorporated into synapsin I is at its CaM kinase II sites.
Western blots were used to determine the synapsin I concen-
tration in each extract, using standard curves generated from
synapsin I standards run on each gel. 32P and 35S incorporation
were quantitated on a Bio-Rad phosphorimager analyzer, and
stoichiometries of back-phosphorylation and endogenous
phosphorylation were calculated from these data.
Determination of Synapsin I Phosphorylation State. Back-

phosphorylation of synapsin I revealed the moles of exogenous
phosphate incorporatable per volume of slice extract. Western
blot analysis was used to determine the moles of synapsin I per
volume of slice extract. Back-phosphorylation stoichiometry
was calculated from these values and subtracted from the total
number of sites (2.0) to determine the stoichiometry of
endogenous synapsin I phosphorylation for each slice.

FIG. 1. With low-frequency stimulation, there is minimal overlap
between the fields of synapses affected by adjacent electrodes and no
overlap between nonadjacent electrodes of the rake, as determined by
paired pulse analysis. (Inset) CA1 minislice preparation and rake
electrode configuration. Paired pulse facilitation was induced by
coupling a conditioning stimulus with a test pulse delivered 50 msec
later. Test stimuli were delivered either through the same electrode
[interelectrode distance (IED)5 0 mm], an adjacent electrode (IED5
100 mm), or a nonadjacent electrode (IED 5 200 or 300 mm). Every
possible combination of conditioning and test pulses (S1-S1, S2-S2,
S3-S3, and S4-S4 are averaged in column 1; S1-S2, S2-S1, S2-S3, S3-S2,
S3-S4, and S4-S3, in column 2; S1-S3, S3-S1, S2-S4, and S4-S2 in
column 3; and S1-S4 and S4-S1 in column 4) was performed, 15 times
each, and the results of all experiments are averaged. Pulses paired
through the same electrode showed significant (50% 6 9%) facilita-
tion. Adjacent electrode facilitation was much smaller (6%6 1%) but
was also significantly higher than baseline. Paired pulses from non-
adjacent electrodes did not produce any facilitation.
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Statistical Analyses. Larger differences in phosphorylation
state were observed between animals than among slices from
a single animal. This is likely due to unavoidable day-to-day
variations in dissection speed and slicing technique. To ac-
count for this variability, average control and stimulated values
were determined for each animal, and paired two-tailed t tests
were performed on these data. Values are reported asmeans6
SEM.

RESULTS

Optimization of a Stimulation Paradigm for Extensive Slice
LTP Induction. The rake electrode, a linear array of four
monopolar electrodes, each separated by 100 mm, was first
characterized and then used to develop a stimulation paradigm
to maximize the fraction of synapses receiving LTP. Responses
of normal magnitude and duration could be elicited by any of
the rake’s four electrodes when it was placed in the stratum
radiatum of CA1 (Fig. 1 Inset). Paired pulse facilitation was
used to assess the extent of overlap between the synapses
stimulated by each electrode (Fig. 1). When pulses were paired
through the same electrode, the second response was poten-
tiated by 50% 6 9%, mean 6 SEM (n 5 12 slices). When the
test pulse was delivered through an adjacent electrode (100 mm
away), the resulting potentiation was statistically significant
but much smaller (6% 6 1%, n 5 90 slices, P , 0.05),
suggesting little overlap in the synapses stimulated by neigh-

boring electrodes. Furthermore, when the test pulse was
delivered through a nonadjacent electrode (200 or 300 mm
away), no paired pulse facilitation was observed (21% 6 1%
(n 5 60 slices) for 200-mm separation; 22% 6 2% (n 5 30
slices) for 300-mm separation), indicating no detectable over-
lap between nonadjacent electrodes. This suggested that each
electrode stimulates fibers within a 50-mm radius and most
importantly, that at low frequency, each electrode activates
virtually distinct synapses.
Next we determined whether HFS delivered via one elec-

trode in the rake produced LTP in the synapses activated by
the other electrodes. We found no evidence of such overlap
(Fig. 2 A and B), regardless of which electrode received HFS
(n 5 21 slices), suggesting that even with HFS, each electrode
acts on a virtually independent population of synapses. Next,
we showed that simultaneous HFS (s-HFS) of all four elec-
trodes successfully produced LTP of conventional magnitude
and duration in all four pathways (Fig. 2C). Furthermore,
despite the high intensity of s-HFS, such stimulation generated
LTP that was fully blocked by 100 mM APV, an NMDA
receptor antagonist known to block LTP induction (data not
shown).
Last, we explored the possibility that stimulation at multiple

rake positions could potentiate additional synapses. Theoret-
ically, if the plane of section were perfect and no axons entered
the slice from above or below, all Schaffer collateraly
commissural synapses in the slice would originate from a

FIG. 2. HFS delivered to one or simultaneously to all of the rake’s electrodes selectively potentiates the responses evoked by those electrode(s)
receiving HFS. (A) Baseline responses were obtained by individually stimulating each of S1, S2, S3, and S4. HFS was delivered to S1. Thirty minutes
later, responses were again elicited by individual stimulation at each electrode. Paired traces for each electrode show superimposed responses before
and 30 min after the HFS-S1. Only responses to S1 were potentiated. All traces represent averages of 10 sweeps. Similar results were obtained when
the electrode receiving HFS was S2, S3, or S4. One representative experiment is shown, of the 21 performed. (B) The percent change in the slope
of the field EPSP is displayed as a function of time during this experiment. F, Potentiation (40% LTP at 30 min) generated by HFS-S1; E, absence
of LTP in an adjacent electrode (S2). (C) In separate minislices, HFS was delivered simultaneously (s-HFS) to all four of the rake’s electrodes.
Averaged baseline and 30-min-post-s-HFS field EPSPs are superimposed for responses evoked by each of S1, S2, S3, and S4.
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bundle of continuous axons which could be stimulated at any
single position along their path. However, because this slice
anatomy is unlikely, we postulated that additional synapses
could be potentiated by sequentially repositioning the rake
along this path. Our data showed that slice LTP was far from
saturated by s-HFS at a single position, and that additional
LTP could be generated at each of four different rake positions
(the most attempted) (Fig. 3).
Using these results, we designed a new LTP-inducing stim-

ulation paradigm, called ‘‘334 s-HFS.’’ In this paradigm, the
rake is sequentially placed at four different positions in the
CA1 minislice, starting medially at position A and moving
laterally to position D (see Fig. 3). At each position, s-HFS is
delivered three times, 30 sec apart. The complete 334 s-HFS
paradigm requires 6 min per slice.
Determination of LTP-Associated Changes in Synapsin I
Phosphorylation. To study synapsin I phosphorylation during
LTP induction and maintenance, slices were assayed at two
time points (0 and 30 min, respectively) after stimulation.
Control and stimulated slices were harvested immediately or
30 min after the final stimulus of 334 s-HFS, and synapsin I
was extracted from each slice as described in Materials and
Methods. In separate experiments, control and stimulated
slices were exposed to 100 mMAPV beginning 10 min prior to
stimulation and lasting until all slices were harvested 0 or 30
min after 334 s-HFS stimulation. To avoid the potential
artifacts and radiation hazards associated with prelabeling
protocols, a back-phosphorylation assay (modified from ref.
35) was used to determine the stoichiometry of endogenous
synapsin I phosphorylation. In this assay, a stimulation-
dependent increase in endogenous synapsin I phosphorylation
appears as a decrease in back-phosphorylation.

The back-phosphorylation assay and Western analysis were
performed on all slice extracts. Autoradiograms from extracts
of a representative control and stimulated slice pair are shown
in Fig. 4. Synapsin I, appearing as a doublet (Ia and Ib
isoforms), showed less back-phosphorylation by CaM kinase II
in the stimulated slice versus control. Cumulative data ob-
tained from 18 animals are summarized in Figs. 5 and 6.
Immediatelyafter stimulation, there was a significant reduction
in back-phosphorylation of synapsin I (85%6 8% of unstimu-
lated controls, P, 0.05, n5 8 rats) (Fig. 5). Furthermore, this
effect was also observed when slices were harvested 30 min
after 334 s-HFS (91%6 2% of control, P, 0.01, n5 18 rats)
(Fig. 5). Hence, stimulation reduced the number of exog-
enously phosphorylatable CaM kinase II sites, indicating, as

FIG. 4. Induction of LTP by 334 s-HFS stimulation leads to a
decrease in synapsin I back-phosphorylation. Control and stimulated
minislices were collected 30 min after 334 s-HFS stimulation and
subjected to back-phosphorylation by exogenous CaM kinase II (Left)
and Western blot analysis (Right). Stimulation reduced the number of
sites available for back-phosphorylation—i.e., increased endogenous
phosphorylation. Western analysis shows no significant change in
synapsin I expression, suggesting that phosphorylation alone accounts
for this observed difference. Data from a representative slice pair are
shown.

FIG. 5. The rise in endogenous synapsin I phosphorylation due to
334 s-HFS is rapid, persists for at least 30 min, and is fully blocked by
100 mM APV or 10 mM KN-62. Back-phosphorylation assays were
performed on slices 30 sec (n 5 48 slice pairs, 8 rats) and 30 min (n 5
108 slice pairs, 18 rats) after receiving 334 stimulation in aCSF, and
30 min after receiving 334 stimulation in 100 mM APV (n 5 54 slice
pairs, 9 rats) or 10 mM KN-62 (n 5 16 slice pairs, 4 rats). Each bar
represents the mean back-phosphorylation as % of control (6SEM).
asterisks indicate significant differences from control slices (P , 0.05,
two-tailed t test).

FIG. 3. Additional synapses can be potentiated by utilizing multiple
placements of the rake electrode. The rake electrode was first placed
at position A, and baseline EPSPs were measured at each of S1, S2, S3,
and S4. Responses were monitored for 30 min after s-HFS delivery at
position A, and the % LTP generated at each electrode is tabulated.
After ensuring saturation of LTP at this position (by administering
second and third s-HFSs and showing that no further potentiation was
possible), the rake was repositioned at B and a new baseline was
obtained. s-HFS at B potentiated responses above this baseline, and
the extent of LTP is quantitated. After saturation was confirmed at B,
the electrode was repositioned at C and then at D, and the above tests
were repeated. s-HFS was shown to produce comparable levels of LTP
at each position, regardless of the prior stimulation received by the
slice at other positions. This experiment was repeated and similar
results were obtained in a slice from a separate animal.
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hypothesized, greater endogenous phosphorylation. The ob-
served changes in synapsin I phosphorylation could not be
accounted for by any changes in synapsin I expression, as
Western blot analysis of the same slice extracts showed no
significant differences in the levels of synapsin I between
stimulated and control slices (97% 6 3% of control, P . 0.3,
n 5 8 rats) even up to 30 min after stimulation (104% 6 2%
of control, P. 0.2, n5 18 rats) (Fig. 6). Most importantly, the
effect of LTP-inducing stimulation on synapsin I phosphory-
lation was fully blocked by 100 mM APV (phosphorylation
108% 6 5% of control, P . 0.2, n 5 9 rats), consistent with
it being an LTP-associated change rather than merely an
artifact of intense stimulation (Fig. 5).
The above experiment was repeated in the presence of 10

mMKN-62, a highly specific, membrane-permeant inhibitor of
CaM kinase II (Figs. 5 and 6) to determine whether the
observed increase in endogenous synapsin I phosphorylation
was dependent upon activation of CaM kinase II. KN-62
blocked the increase in synapsin I phosphorylation (back-
phosphorylation5 111.8%6 8.2% of control, P. 0.1, n5 16
slice pairs, 4 rats), suggesting that activation of endogenous
CaM kinase II is required for the observed changes in synapsin
I.
The stoichiometry of endogenous synapsin I phosphoryla-

tion at its two CaM kinase II sites was calculated for all slices
(see Materials and Methods). As shown in Table 1, synapsin I
has a very low level of basal phosphorylation (1.9%). 334
s-HFS increases the endogenous phosphorylation state of
synapsin I 6-fold to 12%, an effect which persists for 30 min
after the cessation of stimulation.
Weaker stimulation paradigms were also tested, such as 134

(1 s-HFS at each of 4 positions) and 131 (1 s-HFS at 1
position). In these experiments, no significant changes in
synapsin I phosphorylation were observed (data not shown).

DISCUSSION

Our data show that LTP inducing stimulation produces a
6-fold increase in endogenous synapsin I phosphorylation at its

CaM kinase II sites. The observed rise in synapsin I phos-
phorylation occurred rapidly after the stimulation and per-
sisted for at least 30 min. Most importantly, this effect was not
observed in the presence of the NMDA receptor antagonist
APV, suggesting that the rise in synapsin I phosphorylation is
due to the LTP-inducing nature of the stimulation. Since
synapsin I is localized exclusively in the presynaptic terminal,
our data provide strong evidence that LTP expression is
accompanied by persistent biochemical changes in the presyn-
aptic terminal. Because the observed LTP-associated presyn-
aptic changes require NMDA receptor activation, these data
support models of LTP in which a retrograde messenger
(generated subsequent to postsynaptic NMDA receptor acti-
vation) may produce presynaptic changes underlying LTP
(36–38).
The mechanism by which LTP induction might lead to this

long-lasting increase in synapsin I phosphorylation is currently
unknown. One attractive hypothesis is that CaM kinase II may
be persistently activated in the presynaptic terminal. It is well
known that CaM kinase II can undergo autophosphorylation,
rendering it constitutively active and no longer requiring Ca21
or calmodulin for its activity, and such constitutive activation
of CaM kinase II has been associated with LTP (39). Our data
suggest that the presynaptic terminal is at least one location
where such persistent CaM kinase II activation may occur.
Because the increase in synapsin I phosphorylation was
blocked by the CaM kinase II inhibitor KN-62, we favor the
hypothesis that an increase in endogenous CaM kinase II
activity is responsible for the long-lasting increase in synapsin
I phosphorylation. However, it is important to note that the
effect on synapsin I could also be due to decreased protein
phosphatase activity. Given the abundance of phosphatase
inhibitors in the central nervous system, which themselves can
be regulated by phosphorylation, this possibility must also be
carefully considered as a potential mechanism.
Our studies using the rake electrode have shown that

single-electrode stimulation affects a very small fraction of the
synapses even within the CA1 subregion. Moreover, we have
shown that single-electrode stimulation produces no detect-
able changes in synapsin I phosphorylation in the CA1 minis-
lice. Thus, we are puzzled by studies recently reported (40, 41)
wherein single-electrode stimulation produced an increase in
GAP-43, microtubule-associated protein 2, and synapsin I
phosphorylation. Far more unstimulated synapses should have
been present in the biochemical assays of these groups than in
our own. One possible explanation of this discrepancy is that
the front-phosphorylation assay employed by these other
groups is subject to artifacts associated with the failure to
achieve isotopic equilibrium in 32P-labeling experiments. Since
these studies show increased 32P incorporation into every
protein assayed, it is possible that the stimulation may have
altered the specific activity of some ATP pools in the slice.
It is unlikely that the stimulation paradigm we have used is

capable of stimulating all synapses in the minislice, since even
with multiple positioning of a multi-electrode array, only a
fraction of the total volume of the slice receives direct stim-
ulation. Thus, it is possible that individual stimulated synapses
actually experience a much larger increase in synapsin I
phosphorylation than we report, and that this is masked in our
system by unstimulated synapses that are included in the
biochemical analysis. Moreover, it is also possible that some
stimulated slices that did not exhibit LTP may have been
included in our assay, thus leading us to underestimate the
magnitude of the effect on synapsin I phosphorylation. Un-
fortunately, determination of the exact magnitude of the
increase in synapsin I phosphorylation within a single LTP-
stimulated synapse is not currently possible.
The prolonged increase we have observed in synapsin I

phosphorylation appears to be unique to LTP. Previously,
treatments such as KCl-depolarization have been shown to

FIG. 6. LTP induced by 334 s-HFS has no effect on synapsin I
levels immediately and up to 30 min after stimulation. Western blot
analysis of the same slice extracts presented in Fig. 5 showed no
significant LTP-associated changes in synapsin I levels up to 30 min
after stimulation.

Table 1. Stoichiometry of endogenous synapsin I phosphorylation

Treatment Stoichiometry % phosphorylation

Control 0.038 1.9
334 s-HFS 0.236 12

Stoichiometries of endogenous phosphorylation were calculated
from the data in the text. Although the 334 s-HFS-generated change
in back-phosphorylation is relatively small, the corresponding rise in
endogenous synapsin I phosphorylation is quite large (6-fold).
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enhance synapsin I phosphorylation, but this effect is ex-
tremely transient and is reversed within minutes after removal
of the depolarizing stimulus (35). Thus the persistent increase
in synapsin I phosphorylation we have observed requires some
aspect of LTP stimulation beyond the transitory Ca21 influx
that occurs during KCl-induced depolarization.
Greengard and colleagues and others have proposed a

model in which synapsin I links synaptic vesicles to the
presynaptic cytoskeleton and restricts the availability of those
vesicles for release (19–24). Phosphorylation of synapsin I at
its CaM kinase II sites is thought to free vesicles from synapsin
I, thereby increasing the availability of vesicles for exocytosis.
Thus, a persistent increase in synapsin I phosphorylation could
contribute to LTP by providing a mechanism for a long-lasting
enhancement of presynaptic neurotransmitter release. How-
ever, the role of synapsin I remains somewhat controversial.
For example, Rosahl et al. (25) have studied synapsin I
knockout mice and have found no evidence that expression of
synapsin I is essential for LTP. It is important to note that in
the present study we have assayed only for changes in the
phosphorylation state of synapsin I. CaM kinase II is a
multifunctional kinase that can phosphorylate a multitude of
different proteins. We consider it quite likely that if CaM
kinase II is persistently activated in the presynaptic terminal
following LTP then it may phosphorylate other substrates in
the terminal. Any or all of these could contribute to presyn-
aptic changes during LTP.
In summary, our data indicate that LTP induction and early

maintenance are accompanied by a persistent increase in
phosphorylation of synapsin I in the presynaptic terminal.
Although such data do not prove that LTP is presynaptic, they
do provide new biochemical evidence in support of presynaptic
mechanisms in LTP. We have also shown that conventional
single-electrode stimulation produces potentiation in only a
fraction of the synapses in a hippocampal subregion. Thus the
rake electrode should be particularly useful in future attempts
to identify the molecular mechanisms underlying LTP.
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