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Presynaptic Long-Term Facilitation at the Crayfish Neuromuscular
Junction: Voltage-Dependent and lon-Dependent Phases

J. M. Wojtowicz and H. L. Atwood

Department of Physiology, University of Toronto, Toronto M5S 1A8, Ontario, Canada

Long-term facilitation (LTF) of synaptic transmission was
investigated in the crayfish opener muscle to determine the
factors necessary for its induction and expression. LTF was
induced without action potentials by intracellular depolariza-
tion of presynaptic nerve terminails. Foliowing induction, the
synaptic transmission was enhanced by about 80% for a
period of several hours. Intracellular recordings from pre-
and postsynaptic cells, combined with ionic and pharma-
cological tests, permitted dissection of LTF into 2 phases:
an initial tetanic phase that depended on the presence of
both sodium and calcium ions and a subsequent iong-lasting
phase. This latter long-lasting enhancement of synaptic
transmission was induced by repeated depolarizations of
synaptic terminals but did not depend on the influx of sodium
or caicium ions or on intracellular release of calcium ions.
Both tetanic and long-lasting phases of LTF are attributable
to activity of a single neuron, i.e., they are homosynaptic
phenomena. Furthermore, LTF is associated with an in-
crease of quantal release, whereas the size of quanta re-
mains unchanged. During the long-lasting phase of LTF, the
nerve terminal releases more transmitter for a given depo-
larization than before induction of LTF. Thus, the locus of
LTF is presynaptic. Our findings suggest the presence of a
voitage-dependent mechanism in the presynaptic mem-
brane different from voltage-gating of Na or Ca channels.
Such a mechanism may be important in the establishment
of long-lasting synaptic changes at the crayfish neuromus-
cular junction and perhaps in other neural systems.

Synaptic transmission is dependent upon influx of extracellular
calcium ions (Ca2*) into the presynaptic terminals of transmit-
ting nerve cells (Katz and Miledi, 1967; Augustine et al., 1987).
Various forms of synaptic plasticity—including short-term fa-
cilitation (Katz and Miledi, 1968), augmentation (Erulkar, 1983),
posttetanic potentiation (Rahamimoffet al., 1980; Erulkar, 1983),
long-term facilitation (Atwood and Wojtowicz, 1986), and long-
term potentiation (Lynch et al., 1983)—have been linked to
entry and accumulation of Ca*>* and/or Na* during neural ac-
tivity. Although a voltage-dependent step for transmitter release
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has been proposed for crayfish and frog neuromuscular junctions
(Dudel et al., 1983; Dudel, 1984), evidence for this proposal is
disputed (Atwood and Wojtowicz, 1986; Parnas and Parnas,
1986; Zucker and Lando, 1986), and the hypothesis is still under
investigation. Recent evidence suggests voltage-dependent, cal-
cium-independent transmitter release at retinal synapses
(Schwartz, 1987). Until recently there has been no evidence for
voltage-dependent induction of long-term synaptic plasticity;
however, recent evidence suggests that calcium-independent,
depolarization-dependent long-term potentiation can occur in
certain neural circuits of the mammalian hippocampus (May et
al., 1987). We report here evidence for voltage-dependent long-
term enhancement of transmission at crayfish neuromuscular
synapses. These synapses resemble central synapses in many
aspects of their physiology (Atwood, 1976; Atwood and
Wojtowicz, 1986). This novel voltage-dependent homosynaptic
plasticity opens up another class of synaptic changes that could
be important in altering performance in both CNS and PNS.

Long-term facilitation (LTF), first described at crustacean
neuromuscular junctions by Sherman and Atwood (1971), con-
sists of progressive growth in amplitude of evoked excitatory
postsynaptic potentials (EPSPs) during stimulation of a motor
axon at frequencies above 10 Hz. After stimulation has been
stopped, the facilitated state decays relatively rapidly for the
first 10-20 min but thereafter much more slowly; persistent
enhancement can last for several hours to at least a day (Lne-
nicka and Atwood, 1985). It was proposed originally that in-
duction of LTF is primarily sodium dependent, with a secondary
increase of intracellular calcium being responsible for the en-
hanced probability of transmitter release (Atwood et al., 1975).
We now have evidence that while both calcium and sodium
participate in the early phases of LTF, long-lasting enhancement
of transmitter release is produced by a voltage-dependent mech-
anism rather than by ionic fluxes.

Materials and Methods

Experiments were performed on 32 small crayfish (Procambarus clarkii)
obtained from Atchafalaya Biological Supplies Company in Louisiana.
We used the dissecting and recording techniques described in detail in
previous publications (Wojtowicz and Atwood, 1984, 1985a, 1986).
Briefly, the crayfish opener neuromuscular junction preparation (from
the first walking leg) was set up in vitro for simultaneous intracellular
recordings from presynaptic nerve terminals and postsynaptic muscle
cells before, during and after induction of LTF. Ionic composition of
the extracellular medium could be varied within 2-3 min, and phar-
macological agents could be applied in known concentrations. In the
present experiments, LTF was induced by depolarizing pulses applied
to the nerve terminal through an intracellular microelectrode. This per-
mitted experiments to be done in modified perfusion solutions, in which
action potentials were abolished and various channel blockers em-
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Figure 1. A, Examples of depolarizing presynaptic

current pulses applied to the presyn-
aptic nerve terminal and the resulting
voltage deflections. Pulses were passed
via an intracellular microelectrode us-
ing a bridge circuit. The resting mem-
brane potential was —70 mV. Arrow-
heads indicate the beginning and the
end of the pulses. B, Depolarizing re- !
sponses (EPSPs) in a muscle cell cor- ‘
responding to 3 levels of presynaptic
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ployed. Temperature of the perfusion solutions was kept at 13°C in all
experiments.

Samples of the pre- and postsynaptic records are shown in Figure 1.
The presynaptic panel (Fig. 14) shows that in a preparation treated with
0.1 uMm TTX graded constant-current pulses produce corresponding graded
voltage responses in the presynaptic terminal at the site of current in-
jection. Typically we injected currents ranging between 30 and 80 nA
by means of a bridge circuit (Dagan 8500 amplifier) and standard glass
microelectrodes filled with 3 m KCI (resistances 8~10 MQ). The duration
of current pulses was 3-5 msec. The postsynaptic panel (Fig. 1B) illus-
trates the depolarizing synaptic responses (EPSPs) obtained in 2 muscle
fiber during repeated presynaptic stimulation at a frequency of 1 Hz.
The current pulses were considerably longer than action potentials, which
are usually 1-1.5 msec at half-width in this preparation (Wojtowicz and
Atwood, 1984). Shorter pulses did not produce transmitter release pre-
sumably because the spatial decay of voltage from the site of current
injection to the site of transmitter release was excessive. Consequently,
the depolarizations experienced by the release sites were probably small-
er but more prolonged than with action potentials.

The data from several experiments were plotted to obtain transfer
curves, which could be displayed on either linear or logarithmic axes
(Fig. 1C). In the graphs we plotted the current instead of the presynaptic
voltage on the abscissa because at large currents a proper balance of the
presynaptic electrode and therefore a proper measurement of the voltage
could not be assured due to an increase in electrode resistance. More-
over, the precise value of the voltage deflection at the exact site of release
of neurotransmitter could not be known with certainty (see Appendix
in Wojtowicz and Atwood, 1984, for a discussion of this problem).
Nevertheless, for currents below 60 nA a reasonable measurement of
membrane potential could be made and therefore the technique was
useful in comparing the synaptic properties before and after the estab-
lishment of LTF, as well as for the induction of LTF.

The composition of the standard (van Harreveld’s) perfusing solution
was as follows: 206 mm NaCl, 5.3 mm KCl, 13.5 mm CaCl,, 2.5 mm
MgCl,, and 1 mm HEPES buffer adjusted to pH 7.4. In calcium-free
solutions CaCl, was replaced by 13.5-30 mm MgCl,, by 6 mm MnCl,,

by 0.5-1.0 mMm NiCl,, or by 0.1-0.2 mm CoCl,. In some cases, 1 mm
EGTA was added to the calcium-free solutions. In low-sodium solutions
the concentration of NaCl was lowered to 20 mM and the balance sub-
stituted with either choline chloride or N-methyl-pD-glucamine.

In some experiments the calcium buffer BAPTA-AM (Molecular
Probes) was used to reduce the activity of calcium ions in the presynaptic
terminals during induction of LTF. BAPTA-AM is an acetoxymethyl
tetraester of BAPTA (Tsien, 1980, 1981). BAPTA-AM is membrane
permeable and once inside the cell is expected to be esterified and
accumulated in concentrations considerably higher than in the extra-
cellular space. At the beginning of each such experiment we applied 25
uM BAPTA-AM to the perfusion solution for about 1 hr. This dose was
sufficient to reduce the release of transmitter to 44.7% when the pre-
synaptic terminal was stimulated at 5 Hz during the pretest period
preceding the induction of LTF. Since it is clear that at 5 Hz the evoked
EPSPs undergo short-term facilitation by about 8-fold (see Results),
there is likely to be accumulation of residual calcium in the terminals
and a consequent increase in the calcium concentration by about 70%
with respect to the resting level (assuming cooperativity value between
calcium and the release process of 4, see Atwood and Wojtowicz, 1986).
BAPTA probably buffered this residual calcium, as well as the transients
of calcium due to repeated presynaptic depolarizations, and therefore
reduced the amplitude of EPSPs. In Ca-free, Mn-containing medium
(e.g., Fig. 5), there were no calcium transients and no visible calcium
accumulation, so all buffering capacity of BAPTA was left to handle a
possible, albeit unlikely, release of calcium from intracellular stores.
Therefore, we infer that in such conditions the dose of BAPTA was
sufficient to maintain the intracellular calcium concentration at a level
substantially lower than during 5 Hz stimulation and possibly lower
than at resting level.

Resuilts
LTF with and without action potentials

The time course of LTF produced by action potentials evoked
with stimulation of the motor axon is shown in Figure 24, which



serves as a comparison for pulse-evoked LTF illustrated in Fig-
ures 2B, 3, and 5. In an earlier report (Wojtowicz and Atwood,
1985a), we divided LTF into 4 components: the tetanic phase
and 3 decay phases. However, to simplify the presentation and
discussion of the results of this study, we shall consider LTF to
comprise 2 components. The first component of LTF (desig-
nated “Tetanic phase™ in Fig. 24) includes the period of stim-
ulation and the period of rapid decay of EPSPs lasting approx-
imately 15-20 min. The second component (designated “Long-
lasting phase™) includes the prolonged enhancement of synaptic
transmission lasting several hours in vitro and up to one day in
vivo. The tetanic phase serves to induce the long-lasting phase
(LLP).

In preparations in which the presynaptic action potential was
abolished by 0.1 um TTX, repeated application of standard
depolarizing pulses 30-60 nA in amplitude and 3-5 msec in
duration at 5 Hz produced substantial transmitter release. We
used 1 min bouts of such stimulation to establish a baseline
during the pretest period (Fig. 2B). The amplitude of the pulses
was carefully adjusted to produce EPSPs of the same magnitude
as those produced by action potentials prior to the application
of TTX and potassium channel blockers. Subsequently, the in-
jected current was kept constant for the remainder of the ex-
periment.

Stimulation of the terminal at 20 Hz for 10 min reliably
produced clear LTF. Both the tetanic and long-lasting phases
were present, as can be seen by comparing the pretest, tetanic,
and the recovery records in Figure 2B. Characteristically, there
was no consistent changes in the amplitude of the presynaptic
voltage deflection produced by the current pulse, indicating no
change in the membrane resistance.

Ionic dependence of LTF

We performed experiments to determine the ionic dependence
of 2 phases of LTF (Fig. 3). Sodium dependence was assessed
by stimulating the nerve terminal by local current pulses in the
presence of 0.1 um TTX, as described above. Under such con-
ditions the influx of sodium ions, normally brought about by
action potentials, was prevented. The preterminal action po-
tential is known to be mainly sodium dependent (Wojtowicz
and Atwood, 1984). The tetanic (growth) phase of LTF was
truncated and the initial decay phase was more rapid, while LLP
was fully expressed (Fig. 34). The remaining core of the tetanic
phase is likely to be a result of calcium accumulation in the
presynaptic terminal according to the residual calcium theory
(reviewed in Atwood and Wojtowicz, 1986). Supplementary
experiments in which 90% of sodium ions were replaced with
either choline or N-methyl-p-glucamine together with the ad-
dition of TTX yielded similar results. In 3 such experiments
the average enhancement of EPSP recorded 30 min after the
tetanus was 62% (range, 20-91; SD = 37). This value does not
appear to be significantly lower than 81% (range, 30-117; SD
= 33; n = 5) enhancement recorded in the presence of normal
sodium concentration with or without TTX (see Fig. 3A and
Fig. 4 in Wojtowicz and Atwood, 1986). These experiments
suggest that sodium influx is not necessary for the induction of
LLP. However, the present results together with the evidence
presented in earlier studies (Wojtowicz and Atwood, 1985a;
Atwood and Wojtowicz, 1986) make a strong case for a role of
sodium during the tetanic phase.

Possible involvement of potassium (K) channels in LTF was
assessed since other neural systems show plasticity that depends
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Figure 2. A, Time course of LTF (modified from Wojtowicz and At-
wood, 1985) shows a pretest period, during which evoked EPSPs are
measured during 5 Hz stimulation once every 10 min; a tetanic phase,
during which induction of LTF takes place; and long-lasting phase of
LTF. In the present context, the time course of such action potential-
induced LTF is given as the basis of comparison with LTF produced
by local depolarizing pulses illustrated in subsequent figures. B, Dem-
onstration of LTF produced by local depolarizing pulses applied to the
axon terminal by intracellular stimulation. Depolarizing pulses, 60 nA,
were applied (presynaptic) and the resulting EPSPs recorded in a muscle
cell (postsynaptic). Arrows indicate current pulse artifacts. Stimulation
of the terminal at 20 Hz for 10 min in the presence of normal calcium
concentration (13.6 mm) produced a large enhancement of the evoked
EPSPs without alteration of the presynaptic response during the tetanus,
and a long-lasting phase (LLP) at 60 min following the tetanus. Full
time course of 5 such experiments is shown in Figure 3B. 4-Amino-
pyridine, 0.1 mm, and TTX, 0.1 um, were present in the perfusate for
the whole duration of the experiment.
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Ionic dissection of LTF. 4, Time course of LTF produced by depolarizing pulses in the presence of TTX, i.e., when influx of sodium

ions into the terminals was blocked (#» = 5). Tetanus at 20 Hz produced a rapid rise of the amplitude of EPSPs (solid line) followed by LLP.
Characteristically, the gradual rise of EPSP amplitude during the tetanus and the posttetanic facilitation were absent. B, The same in the presence
of TTX and 4-aminopyridine (n = 5). The effect was very similar, indicating the lack of influence of blocking early K channels on LTF. C, Removal
of calcium from the perfusate for the duration of tetanic stimulation and its replacement by 6 mm manganese chloride entirely abolished synaptic
transmission but had no effects on LLP following stimulation (n = 8). D, Intracellular calcium buffer BAPTA-AM was added to the preparations
prior to the experiments in order to reduce the concentration of calcium inside the terminals. In this case the pretest period represents amplitude
of EPSPs already depressed by BAPTA. There was still a full expression of LLP even though the tetanus was applied in calcium-free conditions
and any release of calcium from intracellular stores was buffered by BAPTA (n = 4). The time course of LTF in the presence of normal calcium

and sodium concentrations is shown by the broken lines in A-D.

upon modification of K channels (Klein et al.,, 1982; Alkon,
1984). Measurements were obtained from preparations in which
0.1 mm 4-aminopyridine (4-AP) was added to the perfusate in
addition to TTX. We argued that if changes in potassium con-
ductance were contributing to LTF, pretreatment with the po-
tassium channel blocker 4-AP should reduce the magnitude of
LTF. This, however, was not the case (Fig. 3B). Therefore, it
appears that the mechanism responsible for LTF does not in-
volve modification of 4-AP-sensitive K channels.

In some experiments a component of voltage-dependent po-
tassium conductance appeared to remain after the 4-AP treat-
ment. In Figure 2B, for example, the presynaptic voltage pulses
show a decrease before the termination of the current pulses.
However, there was no evidence that this 4-AP-insensitive con-
ductance changes during LTF. These findings are in accordance
with our previous work in which we found no evidence for
modification of K channels in the nerve terminals during LTF
evoked by action potentials (Wojtowicz and Atwood, 1986).

Calcium involvement in LTF was explored by exposing the
preparation to solutions from which calcium ions were with-

drawn and to which the calcium channel blocker manganese (6
mMm) was added. The Ca2+-free solution was substituted im-
mediately prior to a period of tetanic stimulation. Synaptic
transmission was completely blocked during 20 Hz stimulation;
however, upon restoration of the normal calcium concentration,
LLP was present (Fig. 3C). Control experiments showed that
the perfusion of preparations (# = 5) with calcium-free solutions
in the presence of 6 mm manganese for 20 min did not produce
LLP by blocking the buffering or extrusion of calcium from the
terminals. Furthermore there was no noticeable increase of the
frequency of spontaneous quantal release after perfusions with
manganese. Thus, it is certain that manganese acted by blocking
the influx of calcium ions into the terminals but had no im-
portant side effects and that repetitive depolarization is a re-
quirement for LLP. Similar results were obtained when mag-
nesium (13-30 mm) was used as a calcium substitute. However,
typically for this preparation, the addition of magnesium did
not block synaptic transmission completely so during the tetanic
stimulation at 20 Hz there remained a level of transmitter re-
lease equivalent to about 30% of that evoked in the control
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Figure 4. Comparison of the magnitude of LLP at 40 min following
its induction in the presence of calcium ions and during the blockade
of their influx into the terminals. The control values were taken from
the experiments of the type illustrated in Figure 3, 4, B, while the others
were taken from experiments of the type illustrated in Figure 3, C, D,
respectively. The graph shows that calcium has no effect on the mag-
nitude of LLP. The exact values of the EPSP enhancements were 89.3%
+ 15.3 (SE) in normal calcium concentration, 82.2% =+ 26 in Ca-free
+ manganese and 102% =+ 15 in Ca-free + manganese + BAPTA. SEs
are indicated.

period at 5 Hz. These results confirm earlier work by Swenar-
chuk and Atwood (1975) in which it was shown that LTF can
be induced by action potentials in Ca-free solutions.

The effects of NiCl, (up to | mm) and CoCl, (up to 0.2 mm)
on LLP were also tested. These putative calcium channel block-
ers did not block LLP either. However, the results proved in-
conclusive since these agents did not block synaptic transmis-
sion during the 20 Hz tetanus completely and in addition
produced marked asynchronous release of neurotransmitter.

Further tests were conducted to determine whether buffers
for intracellular calcium could modify LTF. BAPTA-AM, one
of the recently developed intracellular calcium buffers (Tsien,
1980), was used previously by Charlton and Iwanchyshyn (1986)
to suppress the level of intracellular calcium and, consequently,
the synaptic transmission at the crayfish neuromuscular junc-
tion. In the present study, preparations were pretreated for 1
hr with 25 um BAPTA-AM,; this reduced synaptic transmission
to 44.7% of normal (SE = 6.2%, n = 6), presumably by binding
some of the calcium inside the terminals. Four of these prep-
arations were subsequently stimulated in calcium-free medium
with manganese and an undiminished long-lasting enhancement
of synaptic transmission ensued (Fig. 3D). The remaining 2
preparations served as controls for possible long-term effects of
BAPTA. The result shows that the possible release of calcium
from intracellular stores is not likely to cause LLP.

Figure 4 summarizes the data obtained in a number of ex-
periments of the type illustrated in Figure 3. The essential find-
ings are clear. The magnitude of LLP measured 30 min after
the tetanic induction is, as far as we can determine, independent
of Ca entry or of an increase in intracellular Ca. Furthermore,
since all of these experiments were performed while the influx
of Na was blocked with TTX, a role for this latter ion in inducing
LTF can also be ruled out.

Another set of experiments was performed to show whether
entry of Ca?+ into the nerve terminal could occur without in-
duction of the LLP. We stimulated the terminals at 5 Hz instead
of 20 Hz in a solution of normal calcium concentration (Fig.
5). Under such conditions, a substantial influx of calcium into
the terminals occurred, as evidenced by EPSPs during stimu-
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Figure 5. Frequency dependence of LTF. Upon blockade of sodium
and potassium currents with TTX and 4-AP, the preparation was stim-
ulated with local depolarizing pulses. Stimulation at 5 Hz for a period
of 10 min in the presence of normal extracellular Ca2* had no effect on
EPSPs; they remained constant in size during and after the 10 min
period of stimulation. In contrast, stimulation of 20 Hz during suppres-
sion of calcium entry into the synaptic terminals produced clear long-
lasting enhancement of synaptic transmission (LLP). The result indi-
cates that calcium entry is not a major factor in the induction of LLP
and that even when Ca entry occurs, the frequency of depolarization
required to induce LLP must exceed 5-10 Hz.

lation. Moreover, the EPSPs were facilitated by about 8-fold
with respect to stimulation at 1 Hz, indicating accumulation of
intracellular calcium, but LLP was not produced. In contrast,
stimulation at 20 Hz in Ca-free, Mn-containing solution failed
to produce any EPSPs during stimulation, suggesting little or
no elevation of intracellular Ca?+, and yet LLP was fully ex-
pressed after stimulation when Ca?+ was restored. We conclude
that the more frequent depolarizations, rather than Ca?* entry,
are responsible for inducing this phase of LTF.

Finally, in a series of experiments we studied the induction
of LLP in Ca-free solutions with | mm EGTA added to buffer
calcium in the extracellular medium. In such conditions a com-
plete block of EPSPs occurred during 20 Hz stimulation (Fig.
6) and LLP was blocked. The average effect on the EPSP am-
plitude was 1% depression (range, —21 to +31; SD = 26.5; n
= 4). Although the result would suggest the requirement for
calcium in the induction of LLP, other explanations are possible.
In particular, it can be noted in Figure 6 that EGTA caused
approximately 10 mV depolarization of presynaptic membrane.
Such depolarization did not occur in other experiments where
calcium influx was blocked by manganese and may therefore
have been the result of membrane destabilization by EGTA. It
is possible that this destabilization inactivated a mechanism
responsible for induction of LLP. Alternatively, EGTA may
have reduced the length constant of the terminal and prevented
the depolarization from reaching the terminal during tetanic
stimulation.

Characteristics of transmitter release before and after
induction of LLP

In 7 preparations transfer curves (see Materials and Methods)
were constructed; these indicated that tetanic stimulation pro-
duces an increase in the sensitivity of the terminals to a wide
range of depolarizations and not only to the ones used for in-
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Figure 6. Effects of Ca-free + EGTA solution on the establishment of
LLP. Presynaptic depolarizing pulses in axonal terminal are shown on
the left and the evoked EPSPs on the right. Pretest records were obtained
by applying 60 nA, 5 msec current pulses at the frequency of 5 Hz (100
averaged pulses are shown). During the tetanic phase (middle records),
the preparation was perfused by Ca-free solution with the addition of
1 mm EGTA and 13.5 mm MgCl,. The effects of this treatment were a
blockade of EPSP and depolarization of presynaptic membrane by about
10 mV. In order to demonstrate the latter effect, the tetanic record was
superimposed on the pretest record. Arrows point at the tetanic record.
It is evident that Ca-free + EGTA solution also reduced the amplitude
of the pulse slightly. As discussed in the text, these effects can be ac-
counted for by the blockade of transmitter release and an additional
destabilizing effect on the membrane, probably due to removal of the
calcium screening charge from the membrane. The bottom records show
the lack of LLP. A clear LLP in the same preparation is shown in Fig-
ure 2B.

duction of the effect (Fig. 1C). When plotted on a logarithmic
scale the initial segment of the transfer curves appeared linear
with a slope of near 4.0 (range, 3.5-7). The similarity of these
values to the values of cooperativity between calcium and a
release mechanism for neurotransmitter obtained by others (Au-
gustine and Charlton, 1986; Parnas et al., 1986) may be for-
tuitous because the present method does not allow a good es-
timate of intracellular calcium concentration. Pending further
investigation, our data should be interpreted simply as a method
of measuring the functional status of the synaptic terminals.

In 3 experiments we measured the degree of short-term fa-
cilitation before and after the establishment of LLP. We found
that the short-term facilitation, defined as the ratio of the am-
plitude of evoked EPSPs at the frequency of 5 Hz to that at the
frequency of 1 Hz was not significantly affected by LLP: 7.8 +
4.1 (SD) before and 7.2 + 3.2 (SD) after LLP (n = 3). Similarly,
there was no noticeable effect of LLP on the rate of asynchronous
quantal release measured during low-frequency stimulation (1-
5 Hz).

We also analyzed quantal fluctuations of pulse-evoked EPSPs
using methods employed previously (Wojtowicz and Atwood,
1986). The mean amplitude of miniature EPSPs was not changed
by LTF. It averaged 0.24 mV (SD + 0.11) before and 0.23 mV
(SD =+ 0.09) after the tetanus (n = 7). However, the mean quantal

content was increased in proportion to the increase of the av-
eraged evoked EPSPs. Thus, in 3 representative experiments
analyzed in detail the quantal content of postsynaptic responses
increased from 2.2 = 0.6 (SD) to 3.6 + 0.64, representing a
64% enhancement in transmitter release. In the same prepara-
tions the amplitude of the averaged EPSPs, such as shown in
Figure 2B, was increased by 70%. These results are in agreement
with a previous study in which we analyzed quantal release by
action potentials during LTF (Wojtowicz and Atwood, 1986).
The results indicate that pulse-evoked and action potential-
evoked LLP employ the same presynaptic mechanisms.

Discussion

LLP resembles in its magnitude and its duration the long-term
potentiation phenomenon of the mammalian brain. The mech-
anisms responsible for the induction of long-term potentiation
are still under investigation, with the bulk of evidence pointing
to the role of calcium influx (Tumer et al., 1982; Lynch and
Baudry, 1984) into the postsynaptic neurons via voltage-de-
pendent N-methyl-p-aspartate channels (Wigstrom and Gus-
tafsson, 1985; Wigstrom et al., 1986) and other evidence arguing
against a role for calcium in certain of the neural circuits which
show long-term potentiation (May et al., 1987). The locus (or
loci) of long-term potentiation is not known with certainty, al-
though the experimental evidence obtained thus far suggests
that it is at least partly presynaptic (Malenka et al., 1986; Er-
rington, et al., 1987).

The present study indicates a new mechanism that operates
to produce LTF in the crayfish nerve terminals. Specifically, we
found that the induction of LLP can be produced by repeated
depolarizations of the nerve terminals under conditions in which
Na and Ca entry are not occurring. Thus, the underlying mech-
anism for LLP is voltage dependent, yet influx and intracellular
build-up of calcium does not appear to play a role. This con-
clusion is based primarily on experiments showing that a clear
LLP was induced after the manganese blockade of synaptic
transmission and 20 Hz stimulation. Stimulation at 5 Hz did
not produce LLP even though a significant calcium influx and
accumulation occurred (see Figs. 3D, 4, 5). We also confirmed
that LLP is homosynaptic, 1.e., that it can be produced by re-
petitive stimulation of a single, identified axon. Finally, the locus
for LLP appears to be in the presynaptic terminal and not in
the postsynaptic cells. This conclusion is based on the finding
of the constancy of quantal size, an increase in quantal output,
and a shift in the transfer curve of the nerve terminal to applied
depolarization. It remains to be determined if mechanisms
similar to those described here also operate in the vertebrate
nervous system.

We have previously observed (Wojtowicz and Atwood, 1985b)
and confirm here that blockade of LLP occurs in calcium-free
medium if the calcium buffer EGTA is added to the external
medium. In these experiments the block of LLP may have been
due to a reversed gradient for Ca?*+ across the nerve terminal
membrane (Rahamimoff et al., 1980), which resulted in a low-
ering of Ca2* inside the terminals below the normal resting level.
Such an action of EGTA may have a deleterious effect on the
presynaptic membrane and biochemical processes required for
the induction of LLP. Alternatively, EGTA may have acted by
directly destabilizing the presynaptic membrane and thus in-
hibiting LLP. A destabilization of the membrane was, in fact,
observed, and on several occasions it resulted in a loss of seal
around the presynaptic microelectrode and subsequent termi-



nation of the experiments. Whatever the effects of EGTA were,
our former proposal that LLP is calcium dependent (Wojtowicz
and Atwood, 1985b; Atwood and Wojtowicz, 1986) can no
longer be sustained in view of the overwhelming evidence to
the contrary from the experiments demonstrated in Figure 3
(effects of manganese) and Figure 5. These latter experiments
showed that even relatively large calcium influx occurring during
5 Hz stimulation is insufficient for the induction of LLP. Fur-
thermore, BAPTA had no visible deleterious effects on the
membrane and did not block LLP even when applied in con-
junction with the calcium-free medium. An analogous obser-
vation was made by Best and Bolton (1986), who found that
depolarization of smooth muscle cells may trigger the hydrolysis
of inositol phospholipids independently of Ca influx, yet when
Ca in the extracellular space is buffered with EGTA the hy-
drolysis is blocked.

Our experiments with BAPTA argue against a role of intra-
cellular calcium stores in the induction of LLP. Although an
accurate estimate of the concentration of intracellular calcium
was not possible in this study, BAPTA had a considerable buff-
ering capacity and reduced evoked EPSPs at 5 Hz by about 50%.
However, this buffering capacity had no influence on the mag-
nitude of LLP induced in the Ca-free medium (Figs. 3, 4).

The question remains as to how presynaptic depolarization
elicits LLP. It is difficult to completely rule out a possible role
for ions other than Ca and Na since some ionic fluxes such as
chloride influx or 4-AP-insensitive K eflux must accompany
the presynaptic depolarization. Roles for chloride or potassium
as messenger ions are unlikely because chloride freely equili-
brates across the nerve terminal membrane (Takeuchi and Tak-
euchi, 1966), and the intracellular concentration of potassium
is relatively high. A long-lasting accumulation of calcium ions
seems to be ruled out by the lack of elevation of the rate of
asynchronous quantal release. A simpler and more likely ex-
planation in our view is that the long-lasting component of LTF
is induced by a mechanism that depends on the electrical field.
Perhaps a voltage-sensitive “synaptic switch” undergoes a con-
formational change in the presynaptic membrane as a result of
repeated depolarizations and leads to enhanced transmitter re-
lease.

A recently advanced voltage—caicium hypothesis of trans-
mitter release (Dudel et al., 1983) provides one possible mech-
anism via which voltage may alter the synaptic release process.
According to this hypothesis, the release is dependent not only
on the presence of calcium ions but also on an initial voltage-
dependent step which may be altered during repetitive depo-
larizations. However, preliminary observations (not illustrated)
show that LLP cannot be blocked by hyperpolarizing pulses
applied in sequence with the depolarizing ones. In such exper-
iments (n = 5), the standard depolarizing pulses were followed
by hyperpolarizing ones of equal amplitude but with 5-10 msec
delay. Bouts of 20 Hz stimulations with such twin pulses pro-
duced clear LLP in most cases. This result leads us to propose
an alternative mechanism in which the depolarizations may
trigger release of a molecule from the presynaptic membrane,
perhaps a component of a second-messenger system, which in
turn signals a functional change in the status of synaptic release
sites. We think that this is a new and exciting possibility open
for future research.

Note added in proof: A recent paper by Wojtowicz et al. (1988)
provides more experimental evidence for arguments presented
in this paper.
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