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ABSTRACT To assess the role of tyrosine phosphoryla-
tionydephosphorylation balance in synaptic transmission, a
set of studies was implemented at the squid giant synapse.
Presynaptic induction of tyrosine phosphorylation, following
administration of the tyrosine phosphatase inhibitor per-
vanadate, produced a sizable increase in presynaptic calcium
current and a concomitant and paradoxical decrement of the
postsynaptic potential amplitude. Presynaptic microinjection
of an active protein tyrosine kinase dramatically increased
calcium currents and incremented postsynaptic potential am-
plitude. By contrast, the same procedure at the postsynaptic
terminal reduced the size of the postsynaptic potential. This
differential effect may be prodromic to long-term plasticity, as
postsynaptic sensitivity is momentarily deemphasized,
whereas presynaptic second messenger cascades triggered by
increased calcium currents are accentuated.

Protein phosphorylation on tyrosine residues has been shown
to modulate proliferation, differentiation, and mobility in
eukaryotic cellular elements (1). Protein tyrosine kinases
(PTKs) are also involved in secretory events in chromaffin
cells, channel phosphorylation, and long-term facilitation and
depression in central synapses (2–6). Here we address the
possibility that such a phosphorylationydephosphorylation
ratio may play a role in synaptic release andyor on postsynaptic
ligand sensitivity at the squid giant synapse. As tyrosine
phosphorylation is regulated by the balance between tyrosine
kinase(s) and protein tyrosine phosphatases (PTPases) alter-
ations of their equilibrium, if present in the squid giant
synapse, should result in a modification of some aspect of
synaptic transmission. This balance was altered by using per-
vanadate, a membrane-permeant compound known to inhibit
at submillimolar concentration PTPases, and by microinjec-
tion of an active protein tyrosine kinase (1, 7), thereby
affecting tyrosine phosphorylation in the absence of other
agonist(s).

MATERIALS AND METHODS

Electrophysiology. Experiments were implemented at the
Marine Biological Laboratory (Woods Hole, MA). The iso-
lation of the stellate ganglion from squid (Loligo peallei) and
the electrophysiological techniques used have been described
(8, 9). The ganglion was perfused with artificial sea water
buffered by Tris (423 mMNaCly8.3 mM kCiy10 mMCaCl2y50

mMMgCl2y2 mMTris, pH 7.2y0.001%H2O2) and maintained
at room temperature (208C). Two electrodes were used in the
presynaptic terminal, one for pressure microinjection while the
second monitored membrane potential. The pressure injection
electrode also served as the current injection probe in the
voltage clamp experiments (10). Microinjection was imaged
using a fluorescent dye (0.001% dextran fluorescein). Sodium
and potassium current were blocked by superfusion of 1 mM
tetrodotoxin and 5 mM 3- or 4-aminopyridine, respectively,
during voltage clamp experiments. Voltage clamped steps
were delivered from a holding potential of 270 mV. The
database consists of 25 experiments performed in 18 repara-
tions.
Pharmacological Tools. The tyrosine phosphatase inhibitor

pervanadate (7) was used in nine experiments (in two injected
presynaptically). It was prepared by mixing one part of 50 mM
H2O2 with five parts of 10 mM sodium orthovanadate in
artificial sea water (see above) and then incubated at room
temperature for 10 min. The stock was diluted to a final
concentration of 0.1 mM vanadate, 0.1 mM H2O2, and 500
unitsyml catalase (Boehringer Mannheim). Genistein, a se-
lective tyrosine phosphorylation inhibitor at the concentration
indicated, was used in five experiments and was prepared in
50003 stock in dimethyl sulfoxide (from Research Biochemi-
cals, Natick,MA). The PTK domain of fibroblast growth factor
FGFR1K was baculovirus expressed via insect cells. FGFR1K
was purified by affinity chromatography (10) as used in
determining its x-ray crystallographic structure (11), kept at
08C, and diluted to 5 mgyml with regular intracellular solution
(500 mM K acetatey100 mM Hepes, pH 7.2) before injection.
Eleven FGFR1K experiments were performed.

RESULTS

Modulation of Presynaptic Calcium Currents (ICa) and
Postsynaptic Potentials (PSPs) by the Tyrosine Phosphatase
Inhibitor Pervanadate. ICa were determined using clamped
presynaptic voltage steps (8, 9, 12) that triggered postsynaptic
responses in the absence of action potentials. Superfusion with
micromolar doses of pervanadate produced a progressive
increase in presynaptic ICa to 67% 6 17% of control (maxi-
mum effect), which was accompanied by a paradoxical and
simultaneous decrease of PSP amplitude to 59.2 6 16%
(maximum effect) (Fig. 1 A and B). Following pervanadate
wash out, both presynaptic ICa and PSP gradually returned to
their control levels, indicating reversibility of the modulatory
effect (Fig. 1B). To define more precisely its action site(s),
presynaptic microinjections of pervanadate were imple-The publication costs of this article were defrayed in part by page charge
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mented. These microinjections produced a similar increase of
ICa as observed with superfusion; however, in this case PSP
amplitude also increased (Fig. 1 C and D). Note that the
amplitude of the PSP saturates above 50 mV, for which reason
the normalized rate of rise of the PSP was also plotted against
time in Fig. 1D. This dual increase returned to control levels
within 20 min after the injection (Fig. 1B), confirming that the
pervanadate effect is reversible as it is rapidly lost across the
plasmalemma and diffuses intraaxonally away from the pre-
synaptic active zone.
Presynaptic ICa and Postsynaptic Responses Are Modu-

lated by the PTK Domain of Fibroblast Growth Factor
Receptor 1 (FGFR1) and Reversibly Blocked by Genistein. As
PTPase inhibition modulated ICa and PSP, a pure PTK
domain of FGFR1 endowed with intrinsic PTK activity
FGFR1K (10) (Fig. 2E) was used to determine whether PTK
also modulates ICa and PSP amplitude. FGFR1, one of a large
family of membrane associated enzymes when activated by
ligand (FGF) binding to its extracellular domain, induces

receptor oligomerization, autophosphorylation and phosphor-
ylation, and activation of intracellular target proteins (10, 11,
13). Following presynaptic microinjection of FGFR1K, a very
clear potentiation of the ICa (to 83% of peak current), as well
as of the PSP (to 140% of peak amplitude) was observed. A
steady-state level was achieved within '20 min (Fig. 2 A and
C) and in one case was followed for an additional 50 min after
which transmission returned to control level. Similar results
were obtained in three other synapses with an increase for ICa
between 83% to 194% and of the PSP of 140% to 278%.
Neither the ICa current nor PSP were potentiated with mi-
croinjection of heat-inactivated FGFR1K (Fig. 2C) or control
solution.
Genistein, a PTK inhibitor, was used to demonstrate that the

potentiation was due to the PTK activity of FGFR1K. Thus, as
shown in Fig. 2 B and C, genistein blocked the FGFR1K-
dependent increase of the pre- and postsynaptic responses.
This genistein block of FGFR1K effect was repeated in four
other synapses and in all cases was reversible within 3–5 min

FIG. 1. Pervanadate effect on synaptic transmission. (A) Simultaneous recording of presynaptic ICa and of PSP evoked by a depolarizing
presynaptic voltage clamp step (Vm). Before (control) and after pervanadate (PER) superfusion at 100 mM ICa increased and, simultaneously,
PSP amplitude decreased. (B) Normalized time course of extracellular pervanadate (100 mM; arrow Per) effect on PSP (M) and ICa (m) after 8
min the pervanadate was washed out (washout) in three different experiments (bars represent SE). (C) Pervanadate presynaptic microinjection
(PER inj) using the same protocol as in A. Note that during the first 7 min pervanadate produced an increase of ICa and PSP amplitude and of
the rate of rise (voltageytime), followed by a return toward control levels in 25 min. (D) Normalized time course of intracellular pervanadate effect
on ICa (m), PSP (M), and rate of rise [voltageytime (e)].
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and in two synapses the experiment was repeated several times.
Beyond reducing the FGFR1K, genistein reduced peak ICa to
40–75% of its initial value as did the PSP amplitude (Fig. 2 B
and C).
Reduction of PSPs by PTK Activation. Because pervanadate

inhibition of PTPases modulates the PSP differently when
superfused as opposed to when microinjected presynaptically,
we tested whether PTK activation couldmodulate, directly, the
postsynaptic response. Intracellular injection of the FGFR1K
protein into the postsynaptic axon at the active zone produced
a gradual inhibition of the PSP that declined with a time course
comparable to that generated by pervanadate superfusion
(Fig. 2D). This experiment was repeated in three synapses
where similar results accrued. These observations indicate that
tyrosine phosphorylation of postsynaptic proteins results in a
decrement of synaptic transmission most likely due to inhibi-
tion of postsynaptic glutamate receptors.
Presynaptic Injection of FGFR1K Protein Produces

Changes on Transmitter Depletion. In the experiments de-
scribed above synaptic transmission was studied by preterminal
activation with a frequency of 2ymin. Presynaptic high fre-
quency stimulation (50 Hz, 60 stimuli every 2 min) reduces

transmitter release over a period 15–30 min (14). In synapses
injected with FGFR1K, after the postsynaptic response had
reached a steady-state depression (15 min) (Fig. 3B), without
modification of presynaptic spike properties (Fig. 3A) a clear
increase in PSP amplitude was observed (Fig. 3 D and E). In
the results illustrated in Fig. 3, the presynaptic microinjection
of FGFR1K produced a close to 2-fold increase in the ampli-
tude of the PSP (Fig. 3 C–E) without affecting the presynaptic
spike (Fig. 3E). This potentiation was observed throughout the
duration of the tetanic presynaptic stimulation (Fig. 3C),
suggesting that tyrosine phosphorylation at presynaptic com-
partments may involve, in addition to calcium entry, other
factors relating to neurotransmitter release andyor availability
(14).

DISCUSSION

Dynamic Modulation of Synaptic Function by Tyrosine
Phosphorylation Levels. The present set of experiments dem-
onstrates that, in the squid giant synapse, tyrosine phosphor-
ylation both enhanced presynaptic ICa and transmitter release
and reduced PSP amplitude, thus providing evidence for a

FIG. 2. Presynaptic microinjection of FGFR1K. (A) Recordings of PSP and ICa (as in Fig. 1A) before (control) and after microinjection of
FGFR1K. (B) Superfusion with genistein (10 mM) produced a significant reduction of both ICa and PSP. (C) Plot of two experiments showing
the time course of FGFR1K presynaptic microinjection on ICa (E) and PSP (F) and their reversible block by genistein, as well as the lack of effect
of a similar injection using heat-inactivated FGFR1K (å). (D) PSP elicited by presynaptic stimulation, before (control) and its reduction after
postsynaptic microinjection of FGFR1K. (E) (a) Coomasie blue-stained gel of purified FGFR1K. (b) FGFR1K was subjected to autophosphor-
ylation and activation in the presence of [a-32P]ATP and Mg21. Shown is the autophosphorylation of activated FGFR1K analyzed by SDSyPAGE
and autoradiography.
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dynamic tyrosine phosphorylationydephosphorylation cycle,
allowing similar effects by either tyrosine kinase activation or
tyrosine phosphatase inhibition.
In particular, while different calcium channel currents have

been shown to be potentiated in many preparations (15–17),
the level of ICa potentiation upon FGFR1K microinjection
found in the present study is among the largest so far reported.
As expected presynaptic ICa potentiation enhanced transmit-
ter release but failed to increase transmission if tyrosine
phosphorylation was induced postsynaptically, as with per-
vanadate superfusion.
Candidate Targets for Tyrosine Phosphorylation Events at

the Squid Giant Synapse and Its Functional Consequences.
While present results demonstrate that PTK(s) is normally
active in this synapse, the possible target(s) for the PTK at the
pre- or postsynaptic axons are unknown. However, it is prob-
able that the calcium channel, a multimeric protein, may be
directly modulated by tyrosine phosphorylation at any of its

subunits; in addition, similar phosphorylation could be occur-
ring in any set of calcium channel modulating associated
proteins. Likewise, postsynaptically, the most likely target is
the ionotropic glutamate receptor andyor its associated pro-
teins. Note, however, that the ICa in the squid presynaptic
terminal corresponds (pharmacologically and electrophysi-
ologically) to a P-type calcium channel (18, 19) for which no
modulation by tyrosine phosphorylation has been reported so
far.
Recently, a cDNA was cloned that encodes a putative

molluscan peptide receptor (20) containing a conserved ty-
rosine kinase domain and a potential SH2 binding site, similar
to those found in epidermal growth factor receptor. This
finding opens the possibility that one type of these receptor(s),
if localized at the pre- or postsynaptic terminal, could modu-
late synaptic transmission. This hypothesis is consistent with
reports that peptide growth factors may not only be involved
in growth and other long-term effects but also may modulate

FIG. 3. Increased transmitter release by tetanic stimulation of a FGFR1K microinjected presynaptic terminal. Following protracted (15–30 min)
tetanic stimulation of the presynaptic terminal (A), the amplitude of the PSP is substantially reduced (B). (C) After presynaptic injection of FGFR1K
the amplitude of the presynaptic spike train is not modified, but the PSP demonstrates a doubling in amplitude. (D) Superimposed presynaptic
potentials and PSP before (E) an after FGFR1K microinjection (3). Detailed amplitude and time course of the prespike and PSP can be observed
in E.
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‘‘faster physiological phenomena’’ as shown in mammalians
and in invertebrates synapses (3, 17).
The importance of a tyrosine phosphorylation balance on

the Mg21 ATP stimulation of Na-Ca exchange was recently
demonstrated in the squid axon (21). Furthermore, inhibition
of tyrosine phosphatase(s) in other molluscan, such as the
marine snail Bullagouldalina, blocks the eye circadian rhythm
(22). Interestingly, circadian rhythms are influenced by neu-
ropeptides such as FMRFamide (Phe-Met-Arg-Phe-NH2)(23)
and some of the neuropeptide Y (NPY)-related peptides (24),
which are important signaling molecules in the nervous system
of vertebrates and invertebrates; for instance FMRFamide
increases in flight and running responses in roaches (25).
Members of the NPY-related peptides and FMRFamide have
been identified in squid (26, 27), and FMRFamide has been
shown to increase the neurotransmitter release and to reverse
fatigue in squid synaptic transmission (27). The cloned NPY
receptors showed the typical seven transmembrane domain
structure, are coupled to Gi protein and elicited mitogen-
activating protein kinase activation (28). It has also been
established that in PC12 cells, Gi-coupled receptors can stim-
ulate two PTKs (Pyk2 and Src) which results in the activation
of mitogen-activating protein kinase (29).
In short, it is possible that in the squid tyrosine phosphor-

ylation could be activated via a NPY-related peptide receptor
or by tyrosine kinases. It is therefore feasible that the phos-
phorylation ratio for the target moieties of PTK may be
peptide-modulated at many central nervous system sites across
species. In particular, the fact that a newly described molluscan
growth factor (17) can trigger a rapid increase in ICa further
emphasizes the possibility that the differential effect of PTK
may be prodromic to long-term plasticity, as calcium-triggered
events such as the regulation of cyclic AMP-dependent kinases
(30), which appear to be involved in activity-dependent neu-
ronal reorganization.
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