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The effect of changes in the shape of the presynaptic action
potential on neurotransmission was examined at synapses be-
tween granule and Purkinje cells in slices from the rat cerebel-
lum. Low concentrations of tetraethylammonium were used to
broaden the presynaptic action potential. The presynaptic
waveform was monitored with voltage-sensitive dyes, the time
course and amplitude of presynaptic calcium entry were deter-
mined with fluorescent calcium indicators, and EPSCs were
measured with a whole-cell voltage clamp. Spike broadening
increased calcium influx primarily by prolonging calcium entry
without greatly affecting peak presynaptic calcium currents,
indicating that the majority of calcium channels reach maximal
probability of opening in response to a single action potential
and that spike broadening increases the open time of these
channels. EPSCs were exquisitely sensitive to elevations of
calcium influx produced by spike broadening; there was a high

power relationship between calcium influx and release such
that a 23% increase in spike width led to a 25% increase in total
calcium influx, which in turn doubled synaptic strength.

The finding that even small changes in spike width influence
neurotransmitter release suggests that altering the presynaptic
waveform may be an important means of modifying the
strength of this synapse. Waveform changes do not, however,
contribute significantly to presynaptic modulation via activation
of adenosine A1 or GABAB receptors. Furthermore, greatly
reducing presynaptic calcium influx did not alter the presynap-
tic waveform, indicating that calcium channels and calcium-
activated channels do not participate in shaping the presynap-
tic waveform.
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The shape of the presynaptic action potential is of fundamental
importance in determining the strength of synapses. The wave-
form of the depolarization dictates the calcium signal available to
trigger vesicle fusion by controlling the opening of voltage-gated
calcium channels and the driving force for calcium influx. Altering
the presynaptic waveform has been shown to affect neurotrans-
mitter release in many systems (Klein and Kandel, 1980; Llinas et
al., 1981; Coates and Bulloch, 1985; Gainer et al., 1986; Spencer
et al., 1989; Augustine, 1990; Delaney et al., 1991; Wheeler et al.,
1996). For example, in Aplysia serotonin modulates presynaptic
potassium channels, thereby broadening the action potential. This
leads to increased calcium influx, which contributes to enhanced
neurotransmitter release (Siegelbaum et al., 1982; Hochner et al.,
1986).

Much remains to be learned about the coupling between the
presynaptic waveform and neurotransmitter release at synapses in
the mammalian CNS. The enhancement produced by spike broad-
ening depends on the properties of presynaptic calcium channels
and the calcium sensitivity of the release apparatus. In the giant
synapse of squid, which is the only system in which the effect of
waveform changes on neurotransmitter release has been quanti-
tatively studied, it is thought that spike broadening increases

calcium entry principally by opening more calcium channels (Au-
gustine, 1990). It is not known, however, whether this applies to
other synapses at which calcium channel activation and deactiva-
tion kinetics may be different. Somatic calcium channels from
cerebellar granule cells respond very differently to waveform
changes than squid, with slower action potential repolarization
increasing the duration of calcium entry without affecting peak
calcium currents greatly (Wheeler et al., 1996). It is not known
whether the calcium channels in presynaptic terminals of these
cells respond similarly to spike broadening.

The manner in which spike broadening leads to changes in
synaptic strength also provides insight into how calcium channels
are coupled to neurotransmitter release. At the squid giant syn-
apse, spike broadening causes the same percentage increase in
presynaptic calcium influx as in the amplitude of postsynaptic
currents; this supports the idea that vesicle fusion at this synapse
is driven by calcium entering the terminal through single calcium
channels located near individual release sites (see Discussion)
(Augustine, 1990). Recent studies suggest a very different ar-
rangement for synapses in the mammalian brain, in which multi-
ple calcium channels act synergistically to control vesicle fusion at
single release sites (Wu and Saggau, 1994; Dunlap et al., 1995;
Mintz et al., 1995; Borst and Sakmann, 1996). A measurement of
the effect of spike broadening on calcium influx and synaptic
strength will serve as a test of this view, which predicts that
broadening presynaptic action potentials should result in a supra-
linear relationship between calcium influx and release (Augustine
et al., 1991).

Studying the effect of waveform changes on synaptic strength
also has important implications for the understanding of synaptic
modulation in the CNS. Mammalian neurons contain a large
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variety of channels and an equally impressive array of modulatory
pathways that target these channels (Hille, 1992; Levitan, 1994).
This has led to speculation that, as has been shown in Aplysia,
waveform changes are used to alter synaptic strength in the
mammalian brain. However, because presynaptic terminals in the
mammalian central nervous system are typically less than 1 mm in
diameter, it has been difficult to extend studies of the relationship
between action potential waveform and synaptic strength to syn-
apses within the brain.

Here we investigate the effect of presynaptic waveform changes
on presynaptic calcium entry and on the resulting postsynaptic
currents at synapses between cerebellar granule cells and Purkinje
cells in rat cerebellar slices. The presynaptic action potential
waveform and presynaptic calcium currents were monitored op-
tically, and postsynaptic currents were recorded electrically. We
applied low concentrations of tetraethylammonium (TEA) to
block presynaptic potassium channels involved in spike repolar-
ization, thereby altering the shape of the action potential. By
performing experiments in low (1 mM) external calcium and only

slightly increasing the action potential width, we limited our
studies to conditions in which the calcium influx did not saturate
the release apparatus. We report that broadening the presynaptic
waveform prolongs the presynaptic calcium current without af-
fecting peak currents significantly. These increases in calcium
entry greatly enhance synaptic strength, resulting in a supralinear
relationship between the increases in calcium influx and EPSC
amplitude caused by spike broadening.

MATERIALS AND METHODS
Transverse slices (300 mm thick) were cut from the cerebellar vermis of
10- to 18-d-old Sprague Dawley rats. The slices were allowed to recover
at 30°C for 1 hr before use, and the experiments were conducted at
20–24°C. The external solution consisted of (in mM) 125 NaCl, 2.5 KCl,
1 CaCl2, 2 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, 25 glucose, and 0.02
bicuculline bubbled with 95% O2 and 5% CO2.

Electrophysiology. Whole-cell recordings of Purkinje neurons were ob-
tained using 1.1–2.0 MV glass pipettes containing an internal solution of
(in mM) 35 CsF, 100 CsCl, 10 EGTA, 10 HEPES, and 0.1 methoxyvera-
pamil (D600), pH 7.3, with CsOH (Regehr and Mintz, 1994). The access
resistance (,5 MV after series resistance compensation) and leak current
(220 pA to 2200 pA) were continuously monitored. The parallel fibers
were stimulated with 0.2–0.6 msec current pulses delivered to the mo-
lecular layer via a glass or bipolar metal electrode. EPSCs were recorded
with an Axon Instruments (Foster City, CA) Axopatch 200A in voltage
clamp mode and filtered at 1 kHz.

Figure 1. Recording the presynaptic waveform with voltage-sensitive
dyes. A, Simultaneously recorded RH482 transmittance transients (top)
and extracellular field potentials (bottom) after stimulation of the molec-
ular layer. B, Comparison of the time course of the field potential (thick
line) with that of the second derivative of the voltage-sensitive dye signal
(thin line). Traces are averages of 130 trials. C, Transmittance transients of
bath-loaded RH482 during trains of one to four stimuli delivered at 100
Hz to the molecular layer (average of 20 trials). D, Fluorescence transients
from parallel fibers focally loaded with Di-8-ANEPPS and stimulated one
to four times at 100 Hz (average of 18 trials).

Figure 2. Application of TEA slows action potential repolarization with-
out significantly altering presynaptic fiber excitability. A, Application of
300 mM TEA has no effect on the magnitude of the negative-going phase
of the field potential ( filled circles) but decreases the magnitude of the
subsequent positive-going phase (open circles). Inset, The two measured
amplitudes of the field potential. B, Field potential recordings in control
conditions and in the presence of TEA. C, Same traces as in B aligned for
ease of comparison of amplitude and time course.
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Extracellular potential recordings were made 400–700 mm from the
stimulating electrode with 2.0–3.0 MV glass pipettes filled with external
solution. In experiments in which voltage-sensitive dye absorption tran-
sients and field recordings were made simultaneously, the recording
pipette was placed at the edge of the illumination spot.

Purkinje cell spontaneous EPSCs were recorded as described previ-
ously in the presence of 0.2–0.5 mM tetrodotoxin (TTX) and 20 mM
bicuculline (Dittman and Regehr, 1996). Glass pipettes of 1.5–2.5 MV
were filled with internal solution of (in mM): 88 Cs2SO4, 10 EGTA, 10
HEPES, 4 MgSO4, 4 CaCl2, 1.5 MgCl2, 4 Na2ATP, 0.4 Na3GTP, and 0.1
D600 at pH 7.3 with CsOH. Amplitude histograms were binned with 2 pA
intervals. To detect changes in the amplitude distributions, the amplitude
histograms were integrated and normalized. As cumulative distributions,
histograms were compared using the Kolmogorov–Smirnov test for
significance.

TEA (Fluka, Buchs, Switzerland) was prepared as a 100 mM stock in
external solution at the start of each experiment and diluted to its final
concentration immediately before each application. v-Conotoxin-GVIA
(Peninsula Laboratories, Belmont, CA) and v-Aga-IVA (Pfizer, Groton,
CT) were prepared as stock solutions and stored at 220°C.

Detection of presynaptic calcium transients. Parallel fibers were labeled
with a high-pressure stream of mag-fura-5 (Delbono and Stefani, 1993;
Zhao et al., 1996) or magnesium green (Atluri and Regehr, 1996; Zhao et
al., 1996) (Molecular Probes, Eugene, OR) using techniques developed
previously (Regehr and Atluri, 1995; Regehr and Tank, 1991). Epifluo-
rescence was measured with a photodiode from a spot several hundred
micrometers from the loading site, where the vast majority of the fluo-
rescence signal arises from parallel fiber presynaptic boutons that synapse
onto Purkinje cells. The peak DF/F change produced by a single stimulus
was used as a linear measure of presynaptic calcium influx, as established
previously (Mintz et al., 1995; Regehr and Atluri, 1995; Sabatini and
Regehr, 1995; Feller et al., 1996). Increases in calcium corresponded to
decreases in fluorescence for mag-fura-5 (380 nm excitation), and to
increases in fluorescence for magnesium green.

To measure the time course of the presynaptic calcium entry, slices
were labeled as above with magnesium green. Fluorescence transients
were measured from a 20- to 30-mm-diameter spot in the molecular layer
following stimulation of the parallel fibers with 0.1 msec current pulses.
As described previously for this preparation, the first derivative of the
magnesium green fluorescence transient provides an accurate measure of
the time course of the presynaptic calcium current (Sabatini and Regehr,
1996). As required by this method, magnesium green responds linearly to
increases in presynaptic calcium of the range seen in this study, and the
kinetics of calcium binding to magnesium green is sufficiently fast to
report the time course of the presynaptic calcium current accurately. The
slight overshoot observed in these signals reflects a rapid component of
calcium decay.

The time course of our optically determined calcium currents is not
detectably slowed by the action potential propagation time across the
illumination spot or by the 2 kHz filtering of the fluorescence transient, as
neither further reducing the size of the illumination spot nor increasing
the corner frequency changed the time course of the calcium current (not
shown). Derivatives were calculated digitally using a difference approxi-
mation that introduced no time delays. The derivatives of magnesium
green fluorescence transients have been inverted to correspond to inward
currents.

Measurement of presynaptic action potential time course. Slices were bath
labeled with the voltage-sensitive dye RH482 (50–100 mg /ml for 0.5–1
hr), which has been used previously to measure the presynaptic waveform
in cerebellar parallel fibers (Konnerth et al., 1987). For this dye and the
others described below, optical signals were recorded from a 20- to
40-mm-diameter spot in the molecular layer and were filtered at 1–2 kHz.
Stimulation of parallel fibers with a 0.2 msec current pulse delivered
through an extracellular electrode placed in the molecular layer produced
small changes in transmittance of 710 nm light (Fig. 1 A). The signal had
a width at half-maximum of approximately 1.5 msec, which is an appro-
priate duration for an action potential measured at 22°C. To test the
accuracy of the presynaptic waveform reported by the voltage-sensitive
dye, we measured simultaneously the presynaptic volley, which reflects
the current flow associated with a propagating action potential. In Figure
1 B the second derivative (calculated with a difference approximation) of
the waveform measured with RH482 is compared with the presynaptic
volley. As is expected from theory, the time courses of these signals are
very similar (Plonsey and Barr, 1991). Not surprisingly, the field recording
has a slightly longer duration, which likely reflects the fact that extracel-

lular signals are influenced by current flow in structures beyond the
region sampled by our optical measurements.

The change in transmittance of RH482 consisted of a rapid transient
phase followed by a sustained plateau component (Fig. 1 A). We exam-
ined the pharmacological sensitivity of this signal and found that it was
entirely eliminated by TTX (200 nM). Blocking synaptic transmission with
either 6-cyano-7-nitroquinoxaline-2,3-dione (5 mM) and (6&-2-amino-5-
phosphonopentanoic acid (50 mM) or with cadmium (100 mM) did not
affect the fast transient and had only small effects on the slower compo-
nent (data not shown).

We tested several different dyes and loading conditions to see whether
the long-lasting component corresponded to an afterdepolarization in the
parallel fibers or whether it was an artifact associated with the dye.
Experiments performed with two dyes are shown in Figure 1, C and D. In

Figure 3. TEA broadens the presynaptic action potential. A, The width at
half-maximum amplitude of the presynaptic action potential increases
during application of 100 mM TEA. Inset, RH482 transmittance transients
in control and TEA conditions (average of 30 trials). B, Representative
experiment showing the effects of the indicated concentrations of TEA (in
micromolar concentrations) on the presynaptic waveform. The first (left)
and second (right) action potentials in a pair separated by 10 msec were
broadened by equal amounts. The amplitudes of the transients have been
normalized. C, Dose dependence of the increase in action potential
duration of the first spike. Data points are mean 6 SEM of five
experiments.
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both of these experiments parallel fibers were stimulated with 100 Hz
trains of one to four pulses. In Figure 1C the slice was bath loaded with
the dye RH482. In Figure 1 D, parallel fibers were loaded focally, as
described for the calcium dyes, with the fluorescent voltage-sensitive dye
di-8-ANNEPS. After waiting 4–6 hr for the dye to diffuse, recordings of
stimulus-evoked changes in fluorescence were made several hundred
micrometers from the loading site, where the only structures that seemed
to be labeled were parallel fibers. Similar results were obtained in these
two experimental conditions; each stimulus produced rapid transients of
comparable duration followed by a sustained component that was quite
prominent after the first stimulus in the train and negligible for subse-
quent stimuli.

Additional evidence that this long-lasting signal was not an artifact
induced by the voltage-sensitive dye includes: (1) the sign of the fluores-
cence and transmission changes showed the proper dependence on exci-
tation wavelength; (2) no signal was detected in the absence of the
voltage-sensitive dyes; (3) bath loading a slice with voltage-sensitive dyes
and exposing the slice to the light levels used in our recordings did not
affect the electrically recorded presynaptic volley; and (4) the size of the
slower component relative to the transient component was insensitive to
changes in illumination intensity, dye concentration, and stimulus inten-
sity (data not shown). Furthermore, similar results were obtained for
other dyes and conditions: in fluorescence measurements with Di-4-
ANEPPS, Di-8-ANEPPQ, and Di-18:2-ANEPPS and in absorption mea-

surements with Di-8-ANEPPS loaded by focal or bath application. Ab-
sorption measurements with RH155, which has been used previously to
record from parallel fibers in slices from the rat (Vranesic et al., 1994),
showed an additional prominent afterdepolarization that was cadmium
sensitive and has been attributed to depolarization of glia (Konnerth et
al., 1987).

Taken together our results suggest that the sustained component of
DF/F and DT/T signals likely reflects a true depolarization in the parallel
fibers. The sustained component cannot arise from synaptic activation of
postsynaptic targets, because it remains even when synaptic transmission
is eliminated. In addition, it must arise from the parallel fibers, because
it is observed even when fibers are focally loaded and postsynaptic
structures are not labeled with dye. The depolarization may result from
the accumulation of potassium in the extracellular space (Kocsis et al.,
1983) and likely occurs in both stimulated and unstimulated fibers.

Figure 4. Simultaneous recordings of presynaptic action potential wave-
form and presynaptic calcium entry. Each panel shows the presynaptic
waveform (top), presynaptic calcium transient (middle), and presynaptic
calcium current (bottom) in control conditions (thick line) and in the
presence of the indicated concentration of TEA (thin line). Vertical scale
bar, 0.10–0.15% DT/T for RH482, 3% DF/F for magnesium green, and 2
(%DF/F )/msec for the derivatives of magnesium green signals.

Figure 5. The effect of spike broadening on presynaptic calcium entry. A,
Representative experiment showing the effects of 100 mM TEA on total
calcium influx (top), width at half-maximum amplitude of the calcium
current (middle), and peak calcium current (bottom). Insets, Fluorescence
transients (top) and derivatives of fluorescence transients (middle) in
control conditions and in the presence of TEA. B, Dose dependence of the
effects of TEA on total presynaptic calcium influx (open circles) and on the
half-width ( filled circles) and peak amplitude (squares) of the calcium
current. Data points are mean 6 SEM of 5 to 11 experiments.
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However, because of its slow time course, the long-lasting component did
not interfere with our ability to measure the waveform of the propagating
presynaptic action potential.

Simultaneous recordings of presynaptic waveform and calcium currents.
Slices were focally loaded with magnesium green followed by bath loading
of RH482 as described above. Excitation light for magnesium green
(500DF20 filter) and RH482 (710DF20 filter) from separate light sources
was combined using a custom dichroic filter (490/700DBDR) and re-
stricted to a 20–30 mm illumination spot centered in the molecular layer.
Transmittance was passed through a second 710DF20 filter and moni-
tored with a photodiode placed below the condenser, and epifluorescence
was collected [10SWF-650 (Newport, Irvine, CA) and LP530 filters] and
focused onto a second photodiode. Both signals were filtered with iden-
tical filters (Frequency Devices, Haverhill, MA) at 2 kHz and sampled at
50 kHz. Tests with light-emitting diode pulses showed that this recording
configuration introduced no relative time shifts between the signals. With
the exception of 10SWF-650, all filters and dichroics were manufactured
by Omega Optical (Brattleboro, VT).

Simulations of calcium channel activation. The activation of calcium
channels by presynaptic action potentials was simulated by imposing a
voltage waveform and calculating the response of the calcium channels. A
two-state model was used to describe calcium channels such that:

C
a

N
b

O ,

with opening rate a 5 3/[(1 1 e20.072(V 2 5)] and closing rate b 5 0.04
(V 2 8.9)/[e0.2(v 2 8.9) 2 1]. These parameters were based on those used

to describe calcium channels in turtle cerebellar granule cells (Gabbiani et
al., 1994). They have been slightly modified to conform better to the con-
straints imposed by the timing and shape of the calcium currents in rat
cerebellar granule cells (see Figs. 4 and 5) (Sabatini and Regehr, 1996;
Wheeler et al., 1996). Two gates were assumed per channel so that the
relative calcium current was given by ICa } O2 (V 2 ECa), with ECa 5 125
mV. Numerical solutions were calculated with Euler integration using time
steps of 10 msec.

All calcium channels were assumed to have the same activation prop-
erties. Contributions of channels in a “reluctant” state, which only open
at extremely positive potentials, were not considered (Bean, 1989).

RESULTS
The goal of this study was to assess the effects of subtle changes in
presynaptic waveform on presynaptic calcium entry and on the
resulting postsynaptic currents. One important requirement was
to obtain a reliable and specific means of broadening the presyn-
aptic action potential. Previous studies have generally used one of
two potassium channel blockers, 4-aminopyridine (4-AP) or TEA,
for this purpose. We found that 4-AP was not well suited to
studies of spike broadening at the granule cell to Purkinje cell
synapse; it acted very slowly and washed out poorly, possibly
reflecting an intracellular site of block (Howe and Ritchie, 1991;
Stephens et al., 1994). In contrast, TEA, which is known to block
some types of potassium channels with high affinity at an extra-
cellular site (Hille, 1967; MacKinnon and Yellen, 1990), acted
quickly and reversed rapidly.

Effects of TEA on the presynaptic waveform
To understand how regulation of the presynaptic action poten-
tial shape can be used to control synaptic strength, it is neces-
sary to obtain a reliable measure of the presynaptic waveform.
Unfortunately, because the presynaptic boutons at this synapse
are very small (Palay and Chan-Palay, 1974), it is not feasible to
monitor their transmembrane potential with intracellular elec-
trophysiological techniques. In contrast, it is straightforward to
measure the presynaptic volley, which is the field potential
associated with the propagating action potential in the parallel
fibers (Eccles et al., 1967).

We used 25–300 mM TEA to increase the duration of the
action potential that propagates along parallel fibers after
stimulation of the molecular layer. As shown in Figure 2, bath
application of 300 mM TEA did not alter the amplitude or time
course of the negative-going phase of the extracellular field
potential. This phase corresponds to the inward current flowing
during the upstroke of the action potential, and any significant
change in the number of parallel fibers activated would have
been reflected in its amplitude. In contrast, the subsequent
positive-going phase, which is generated by current flow during
action potential repolarization, was reduced in amplitude, in-
dicating that TEA slowed spike repolarization.

Theoretically the presynaptic volley is proportional to the
second derivative of the transmembrane potential, and it
should be possible to estimate the action potential waveform
from the double integral of the field potential (Plonsey and
Barr, 1991). However, this is impractical because of the ten-
dency of a double integration to amplify small contaminating
signals into large offsets. Therefore, rather than depending on
electrical methods, we used voltage-sensitive dyes to obtain
reliable and quantitative recordings of the shape of the action
potential in the parallel fibers (see Materials and Methods).

Recordings of the presynaptic action potential waveform with
the voltage-sensitive dye RH482 confirmed that TEA lengthened
the repolarization phase of the action potential. In the represen-

Figure 6. Increase in the magnitude of synaptic currents by TEA. A,
Representative experiment showing the effect of 100 mM TEA on the
EPSC amplitude. Inset, Currents in control conditions and in the presence
of TEA (average of 20 trials). B, Dose dependence of the increase in
synaptic currents. Data points are mean 6 SEM of five to eight
experiments.
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tative experiment shown in Figure 3A, 100 mM TEA increased the
width at half-maximum amplitude of the action potential by 19%.
Changes in action potential duration were similar when measured
on either the first or second action potential elicited by a train of
stimuli (Fig. 3B), indicating that the slow depolarizing signal that
follows the first stimulus did not interfere with our ability to
measure the time course of the action potential accurately. The
dose dependence of the action potential broadening caused by
TEA is plotted in Figure 3C.

Effects of spike broadening on presynaptic calcium
influx and synaptic currents
The coupling of presynaptic waveform and calcium entry into pre-
synaptic terminals was examined by simultaneously measuring the
presynaptic waveform and the presynaptic calcium transient with the
voltage-sensitive dye RH482 and the calcium-sensitive fluorophore
magnesium green (see Materials and Methods). The amplitude of

magnesium green DF/F transients produced by parallel fiber stimu-
lation is linearly related to the total presynaptic calcium influx, and
the derivative of this signal provides an accurate measure of the time
course of the presynaptic calcium currents (Atluri and Regehr, 1996;
Sabatini and Regehr, 1996). As shown in Figure 4, in these experi-
mental conditions most of the calcium entered the presynaptic ter-
minals during the spike repolarization, and broadening the presyn-
aptic action potential increased calcium influx primarily by
prolonging the duration of presynaptic calcium current.

We performed a series of experiments, such as that shown in
Figure 5A, in which we quantitatively examined the effect of TEA
on presynaptic calcium entry. The application of 100 mM TEA
caused a rapid and reversible increase of 29% in the total calcium
influx. The width at half-maximum of the calcium current was
reversibly increased by 26%, from 700 to 880 msec, whereas the
peak current was only increased by 2%. Figure 5B summarizes the
effect of TEA on total calcium influx and on the width at half-
maximum and peak amplitudes of the calcium current.

TEA also enhanced synaptic efficacy, as assessed by recording
EPSCs from voltage-clamped Purkinje cells. Figure 6A shows a
typical experiment in which the application of 100 mM TEA caused
a rapid and approximately 2.5-fold increase in the peak EPSC.
Figure 6B summarizes the effect of different concentrations of
TEA on the EPSC amplitude.

Effects of TEA on spontaneous release of
neurotransmitter and postsynaptic sensitivity
to glutamate
One important requirement of the method used to broaden pre-
synaptic action potentials was that it do so in a specific manner. To
test whether TEA caused calcium-independent presynaptic
changes in synaptic transmission or changes in postsynaptic glu-
tamate sensitivity, we recorded spontaneous miniature EPSCs
(mEPSCs) in the presence of bicuculline and TTX (Fig. 7A)
(Dittman and Regehr, 1996). No significant change in mEPSC
frequency was found after the application of TEA (96 6 4% of
control; n 5 4). In addition, as is shown for a representative cell
in Figure 7B, TEA had no significant effect on mEPSC amplitude
( p 5 0.97–1.00 by Kolmogorov–Smirnov test in four cells).

The relationship between presynaptic action potential
duration, presynaptic calcium influx, and
postsynaptic currents
We have shown that the application of TEA broadens the pre-
synaptic waveform without significantly altering fiber excitability,
calcium-independent presynaptic processes, or postsynaptic sen-
sitivity to glutamate. In addition, the concentrations of TEA used
in these experiments are not expected to have significant direct
effects on calcium channels. Therefore, the increases in presyn-
aptic calcium influx and EPSC amplitude can be attributed en-
tirely to changes in the presynaptic waveform.

Figure 8A depicts the relationship between calcium influx and
spike width and shows that an increase in action potential duration
causes an approximately equal percentage increase in total calcium
influx. In contrast, the EPSC is very sensitive to variations in the
width of the action potential; an increase of just 20–25% in the width
of the action potential doubles the size of the EPSC (Fig. 8B).

The relationship between EPSC amplitude and calcium influx
when the presynaptic waveform is broadened is plotted in Figure
8, C and D, on a log–log scale. The relationship is well described
by a power law of the form:

(EPSP amplitude) 5 k ~*ICa dt!n 5 k ~Cainflux)n , (1)

Figure 7. TEA has no effect on spontaneous miniature EPSC frequency
and amplitude. A, mEPSCs recorded at a holding potential of 270 mV in
control conditions (top), in the presence of 200 mM TEA (middle), and
after washout of TEA (bottom). TTX was present throughout the exper-
iment. B, mEPSC amplitude distribution histogram in control conditions
(thin line) and in the presence of TEA (thick line). Inset, Normalized
cumulative amplitude distributions in control conditions (thin line) and in
TEA (thick line) do not differ significantly ( p 5 0.97 by Kolmogorov–
Smirnov test). Changing the holding potential caused a readily detectable
decrease in mEPSC amplitude ( p , 0.05) for this experiment (data not
shown). Data are from 400 sec of recording with 1499 events in the control
distribution and 1443 events for the TEA distribution.
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where k is a constant, *ICadt 5 Cainflux is the total calcium influx
per action potential (Regehr and Atluri, 1995), and n is the power
law exponent. For these experiments, in which the alteration in
calcium entry was secondary to changes in the presynaptic wave-
form, the power law relating calcium entry and EPSC amplitude is
reminiscent of that observed at this synapse when calcium entry
was altered directly by changing the external calcium concentra-
tion or by blocking calcium influx with cadmium (Mintz et al.,
1995). However, in those studies, n 5 2.5 (Fig. 8D, shaded region),
whereas here, for spike broadening, n 5 3.1 (Fig. 8C,D, lines).

We checked one possible explanation for the steeper power
law seen when calcium influx was altered by spike broadening
compared with that seen when the external calcium concentra-
tion was changed. Calcium enters parallel fiber synaptic bou-
tons through three pharmacologically distinct classes of cal-
cium channels: one blocked by v-Aga-IVA, a second blocked
by v-conotoxin-GVIA, and a third that is resistant to both
toxins (Mintz et al., 1995). Calcium influx through v-Aga-IVA-
sensitive channels seems to be more effective at triggering
neurotransmitter release than is influx through other channel
types. We tested the possibility that differences in channel
kinetics made the v-Aga-IVA-sensitive channels particularly
susceptible to spike broadening by measuring the percentage of

the total calcium influx that entered through each channel type
in the presence of 200 mM TEA. Figure 9A shows the results of
an experiment in which calcium influx was monitored with
mag-fura-5 during application of v-conotoxin-GVIA followed
by coapplication of v-Aga-IVA and v-conotoxin-GVIA. On
average, the relative calcium influx through each channel class
in the presence of TEA was the same as that measured in
control conditions (Fig. 9B) (Mintz et al., 1995). Thus, spike
broadening does not significantly alter the fractional contribu-
tion to the total calcium entry of influx through different
calcium channels types, consistent with studies at the granule
cell body (Wheeler et al., 1996).

The effect of modifying calcium entry on
presynaptic waveform
The observation that small changes in waveform can lead to large
changes in neurotransmitter release suggested that waveform
changes could contribute to synaptic modulation. For the cere-
bellar granule cell to Purkinje cell synapse, activation of presyn-
aptic adenosine A1 receptors and GABAB receptors reduces
neurotransmitter release primarily by decreasing presynaptic cal-
cium influx (Dittman and Regehr, 1996). We tested the possibility
that these reductions in calcium influx might be a consequence of

Figure 8. The relationship between action
potential duration, calcium influx, and EPSC
amplitude. A, The effect of TEA on total
presynaptic calcium influx is plotted as a func-
tion of its effects on presynaptic action poten-
tial duration as measured by the width at
half-maximum. B, Synaptic strength plotted as
a function of action potential width (percent-
age of control). C, Relationship between pre-
synaptic calcium influx and postsynaptic re-
sponse when calcium influx is increased by
spike broadening. D, Same data as in C plot-
ted on a log–log plot to demonstrate the
power law relationship. The solid lines in C
and D show the relationship described by
Equation 1 with n 5 3.1. The shaded region
represents the relationship between calcium
influx and release found previously when cal-
cium influx was altered by changing extracel-
lular calcium concentration or by blocking cal-
cium influx with cadmium (Mintz et al., 1995).
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changes in the presynaptic waveform. Simultaneous measure-
ments of the presynaptic calcium current and the presynaptic
waveform revealed that activation of A1 receptors by
2-chloroadenosine (2-CA) decreased the presynaptic calcium cur-
rent without altering the presynaptic waveform (Fig. 10A). This
was also true for activation of GABAB receptors with baclofen
(Fig. 10B). On average, the width at half-maximum of the pre-
synaptic action potential (expressed as a percentage of control)
was 97.8 6 2.3% in the presence of 10 mM 2-CA (n 5 4) and
99.7 6 1.9% in 10 mM baclofen (n 5 4). These measurements
establish that alterations in the presynaptic waveform are not the
primary causes of the decrease in transmitter release produced by
these neuromodulators.

These studies also showed that large changes in calcium entry
did not cause detectable changes in the time course of the pre-
synaptic action potential. This prompted us to examine the role of
calcium currents and calcium-activated conductances in shaping
presynaptic action potentials. Greatly reducing calcium entry,
either by reducing external calcium (Fig. 10C) or by blocking
calcium channels with cadmium (Fig. 10D), did not affect the
width of the presynaptic action potential. In 0.5 mM external
calcium the spike width was 98.9 6 2.7% of control (n 5 4), and
in the presence of 100 mM cadmium the spike width was 99.6 6

2.7% of control (n 5 4). Small decreases in the amplitude of the
DT/T signals are consistent with a slight reduction in the number
of fibers excited in low calcium conditions and in the presence of
100 mM cadmium (Mintz et al., 1995).

DISCUSSION
We found that, at the synapse between granule cells and Purkinje
cells in the cerebellum, a slight broadening of the presynaptic
action potential modestly increases presynaptic calcium influx,
which in turn leads to greatly enhanced neurotransmitter release.
The process of understanding how such changes in the presynaptic
waveform alter synaptic strength has provided insight into action
potential-mediated activation of presynaptic calcium channels and
the way in which these channels are coupled to release.

Coupling of the presynaptic waveform to voltage-
gated calcium channels
The first step in understanding how the presynaptic waveform
controls synaptic strength is to determine the effect of waveform

Figure 9. Relative calcium influx through different channel types is un-
changed by spike broadening. A, Representative experiment showing the
effect on total calcium influx of an application of v-conotoxin-GVIA,
followed by a coapplication of v-conotoxin-GVIA and v-Aga-IVA. The
experiment was performed in the presence of 1 mM external calcium and
200 mM TEA. B, The percentages of calcium influx that are v-conotoxin-
GVIA sensitive, v-Aga-IVA sensitive, and toxin resistant are plotted for 2
mM external Ca (white bars) and in the presence of 1 mM external calcium
and 200 mM TEA ( gray bars). Error bars, SEM (n 5 5).

Figure 10. Effects of modulators of synaptic strength on presynaptic
waveform and presynaptic calcium current. Each panel shows the presyn-
aptic waveform (top) and presynaptic calcium current (bottom) in control
conditions (thick line) and after the indicated manipulation (thin line).
Vertical scale bar, 0.06–0.1% DT/T for RH482 transmittance transients
and 1.0–2.5 (%DF/F )/msec for the derivatives of magnesium green fluo-
rescence transients.
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changes on the calcium signal available to trigger release. We
found that spike broadening increased calcium entry almost ex-
clusively by prolonging the calcium current, with only slight in-
creases in the peak calcium currents. In addition, spike broaden-
ing did not differentially enhance any of the pharmacologically
separable calcium current components. These results are remark-
ably similar to those obtained in action potential clamp recordings
from granule cell somata (Wheeler et al., 1996).

We further examined the relationship between presynaptic
waveform and calcium influx by performing simulations of the

calcium currents elicited by a family of action potentials with
different durations. Simulations based on reported kinetics for
voltage-gated calcium channels (Fig. 11A) provided a good match
to the timing and shape of the observed calcium currents and
reproduced the effects of spike broadening on total calcium influx
and on the half width and peak amplitude of the calcium current
(Fig. 11C, solid traces). These parameters predict that the majority
of calcium channels open during an action potential and that spike
broadening prolongs the open time of the channels but increases
the number of open channels only slightly.

Figure 11. Simulations of calcium channel activation. A, Simulations showing the effect of the imposed command voltages (top) on the calcium current
(middle) and the fraction of open calcium channels (bottom). The waveforms used in this simulation are the same as the one measured in control
conditions and two versions of it broadened to correspond to the waveforms seen in 100 mM and 300 mM TEA. The action potentials have been scaled
to have an amplitude of 100 mV and a resting potential of 270 mV. The calcium channel kinetics was simulated with a two-state model as described in
Materials and Methods. B, Simulation as in A, but with calcium channel kinetics slowed by a factor of 5. Calcium currents in A and B are shown on the
same scale. C, Total calcium influx (top), calcium current half-width (middle), and peak calcium current (bottom) plotted as a function of action potential
half-width. The symbols show experimental data from Figures 5 and 8, and lines show the results produced by the simulation parameters used in A (solid
line) and B (dashed line).
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The calcium channel activation described here does not con-
form to the classic view of the coupling of action potentials to
calcium channels in presynaptic terminals, which is based on the
squid giant synapse. According to that view an action potential
opens only a small percentage of presynaptic calcium channels,
and spike broadening enhances calcium entry primarily by in-
creasing the number of calcium channels that open in response to
an action potential. This leads to large increases in the peak
calcium current (Augustine, 1990). By slowing the calcium chan-
nel kinetics used in our simulations (Fig. 11B), it was possible to
reproduce important qualitative features of calcium channel acti-
vation seen at the squid giant synapse. Clearly the results of the
simulations with the slower kinetics are inconsistent with the
observed behavior of calcium channels in cerebellar granule cells
(Fig. 11C, dashed lines).

Thus the most straightforward explanation of our experimental
results is that in granule cells rapid calcium channel kinetics allow
almost all of the calcium channels to reach maximal probability of
opening during an action potential and that spike broadening
increases calcium entry by keeping channels open longer.

Coupling of calcium to neurotransmitter release
It is the coupling of calcium entry to release that makes
synaptic strength so sensitive to waveform changes; even small
alterations in calcium entry greatly affect neurotransmitter
release. We found that the relationship between increases in
calcium influx and synaptic strength induced by spike broaden-
ing is approximated by a power law (Eq. 1 with n 5 3.1) similar
to that described at this synapse when calcium influx was
altered by changing external calcium concentration or by block-
ing influx with cadmium (Mintz et al., 1995). The slight differ-
ence in the exponent of the power law (n 5 2.5 for the studies
of Mintz et al., 1995) is not understood, although we have
demonstrated that it does not result from spike broadening
preferentially enhancing calcium influx though types of calcium
channels that are more effective at triggering neurotransmitter
release (Fig. 9).

Another interesting aspect of transmission at the granule cell
to Purkinje cell synapse that is revealed by these experiments is
that release seems to be controlled by the total calcium influx
rather than by peak calcium currents. In contrast to the good
power law fit of the relationship between total calcium influx
and neurotransmitter release (Fig. 8), peak calcium currents
are essentially unchanged by spike broadening (Fig. 5) and,
therefore, cannot be correlated with the increases in synaptic
strength.

Comparison with other synapses
It is instructive to compare this cerebellar synapse with other
synapses with regard to the manner in which spike broadening
changes synaptic strength. Here we found that the sensitivity of
postsynaptic current to spike width is remarkably similar to that
observed in squid (Augustine, 1990). Synaptic currents are
doubled by an increase in spike width of 16% in squid and 23%
in the cerebellum (compare Figs. 8 B and 6 B of Augustine,
1990). However, these synaptic enhancements are achieved by
very different means. In the cerebellum there is a one-to-one
correspondence between spike width and calcium entry,
whereas in squid, calcium entry is much more sensitive to spike
width; broadening the presynaptic action potential by 25%
increases calcium influx by 28% in granule cell terminals and by
200% in squid. These synapses also seem to differ in the

manner in which calcium channels control release; increasing
calcium entry by 25% increased the EPSC amplitude by 100%
in Purkinje cells but by only 22% in squid. Thus, there is an
approximately linear relationship between calcium entry and
neurotransmitter release in squid.

The disparate ways in which spike broadening changes syn-
aptic strength at these two synapses suggests that they differ in
basic features of transmission. In general it is thought that
release is triggered by “domains” of high calcium concentration
(.50 mM) that form very near open calcium channels (Fogelson
and Zucker, 1985; Simon and Llinas, 1985), but there are two
models for how calcium channels are coupled to release. In
squid the “nonoverlapping domain model” is thought to apply.
According to this model, neurotransmitter release is normally
driven by the opening of a single calcium channel near a release
site, and release is proportional to the number of calcium
channels that open in the presynaptic terminal. In squid it is
thought that spike broadening increases neurotransmitter re-
lease primarily by opening more calcium channels. In contrast,
we have shown previously that at the mammalian granule cell
to Purkinje cell synapse the “overlapping domain model” ap-
plies, and multiple channels act together to trigger vesicle
fusion at each release site (Borst and Sakmann, 1996; Dunlap
et al., 1995; Mintz et al., 1995; Wu and Saggau, 1994). Here we
show that at this synapse spike broadening increases the aver-
age open time of the calcium channels without opening many
more calcium channels. Most of the effect of synaptic enhance-
ment produced by spike broadening occurs subsequent to cal-
cium entry because of the supralinear relationship between
neurotransmitter release and calcium influx (Mintz et al.,
1995), which likely reflects the involvement of multiple calcium
ions in triggering release (Dodge and Rahamimoff, 1967; Hei-
delberger et al., 1994; Lando and Zucker, 1994).

The effects of spike broadening at the crayfish neuromuscular
junction are also different from those at the granule cell to
Purkinje cell synapse. In crayfish, when calcium entry is altered by
changing the extracellular calcium concentration, Equation 1
holds with n 5 5, but when TEA is used to broaden the presyn-
aptic action potential, n 5 1.6 (Delaney et al., 1991). This suggests
that in crayfish the manner in which spike broadening enhances
synaptic strength is intermediate between those in the squid giant
synapse and in the granule cell to Purkinje cell synapse.

Control of presynaptic waveform
The finding that release is exquisitely sensitive to the presynaptic
waveform at the granule cell to Purkinje cell synapse indicates
that modulation of any of the conductances involved in determin-
ing the time course of the presynaptic action potential can, in
theory, alter synaptic strength. We found, however, that the pre-
synaptic waveform was not significantly changed by activation of
presynaptic adenosine A1 receptors (2.2 6 2.3% reduction in half
width) or GABAB receptors (0.3 6 1.9% reduction). These data
can be used to constrain the contributions of spike broadening to
synaptic modulation. Assuming Equation 1 to hold with n 5 3.1,
it is possible to say with 95% confidence that waveform changes
account for less than a 20% inhibition of synaptic strength by 10
mM 2-CA and for less than a 12% inhibition by 10 mM baclofen.
Thus, even though the half-width of the presynaptic waveform was
measured with high precision, because synaptic strength is so
sensitive to waveform changes, these data do not eliminate the
possibility that a very subtle change in the presynaptic waveform,
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too small for us to detect, could make modest contributions to
synaptic inhibition by baclofen and 2-CA.

We also examined the role of calcium channels and calcium-
activated channels in controlling the presynaptic waveform. Pre-
vious studies had indicated that calcium-activated potassium
channels are involved in spike repolarization in the soma of many
cell types and in presynaptic terminals at the frog neuromuscular
junction (Robitaille and Charlton, 1992) and that, in other sys-
tems, the calcium current itself contributes to the presynaptic
waveform (Dunlap and Fischbach, 1978). We found that manip-
ulations that drastically reduced calcium entry did not affect the
presynaptic waveform (Fig. 10), suggesting that neither calcium
channels nor calcium-activated channels play a prominent role in
shaping the presynaptic action potential at this synapse.

The optical approach we have used here also promises to be
generally useful in determining whether the shape of the presyn-
aptic action potential is altered by other forms of chemical
messenger-mediated modulation and in further elucidating the
factors that control the presynaptic waveform and spike repolar-
ization in the mammalian CNS.
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