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When motor nerve terminals are stimulated repetitively,

cytosolic [Ca2+] increases to a plateau amplitude that is

maintained as long as stimulation persists (Wu & Betz, 1996;

Ravin et al. 1997; David et al. 1998, David & Barrett, 2000;

Suzuki et al. 2000). Mitochondrial Ca2+ uptake contributes

importantly to limiting the increase in cytosolic [Ca2+],

because when this uptake is inhibited by depolarizing the

electrical potential across the inner mitochondrial

membrane (Cm), cytosolic [Ca2+] increases to much higher

levels during stimulus trains (Tang & Zucker, 1997; David et
al. 1998; David & Barrett, 2000; Suzuki et al. 2002). Similar

effects of Cm depolarization on stimulation-induced

cytosolic [Ca2+] responses have also been observed in other

nerve terminals, neuronal somata and certain secretory cells

(Friel & Tsien, 1994; Steunkel, 1994; Werth & Thayer, 1994;

White & Reynolds, 1995; Herrington et al. 1996; Sidky &

Baimbridge, 1997; Medler & Gleason, 2002). Mitochondrial

Ca2+ uptake is passive, mediated by a uniporter in the inner

mitochondrial membrane and powered mainly by the Cm

created by the electron transport chain (reviewed in Gunter

& Pfeiffer, 1990).

This study investigated how mitochondrial Ca2+ uptake

affects quantal transmitter release from mouse motor

nerve terminals, using Cm depolarizing drugs to block this

uptake. Previous studies reported that these drugs increase

the rate of asynchronous release recorded from resting

frog, snake, crayfish and cockroach motor terminals, and

increase the quantal content of phasic release evoked by

nerve stimulation (Alnaes & Rahamimoff, 1975; Washio,

1982; Molgo & Pecot-Dechavassine, 1988; Zengel et al.
1994; Tang & Zucker, 1997; Calupca et al. 2001). Both of

these effects were attributed to an increase in cytosolic

[Ca2+], which would be predicted to increase asynchronous

release directly, and to increase phasic release by a ‘residual

Ca2+’ mechanism such as that postulated to mediate short-

term historical processes such as facilitation. However, the

studies of phasic release in vertebrate nerve terminals

reduced Ca2+ influx into stimulated terminals by using low

bath [Ca2+] to prevent muscle contraction. In addition,

none of these preceding studies measured asynchronous

release during the stimulus train, when the large increase in

cytosolic [Ca2+] during Cm depolarization might be
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predicted to have its major effect. We present evidence that

blocking mitochondrial Ca2+ uptake by Cm depolarization

markedly increases both EPP depression and asynchronous

release during 50 Hz stimulation. Therefore, the ability of

mitochondria to sequester Ca2+ and thus prevent large

increases in cytosolic [Ca2+] is essential to prevent

desynchronization of release during repetitive stimulation.

METHODS
Preparation and solutions
In our experiments we used internal oblique neuromuscular
preparations dissected from male mice (3–5 months old) that had
been killed with 100 % CO2, in accordance with the guidelines of
the University of Miami Animal Care and Use Committee. This
thin preparation (1–2 muscle layers) was bathed in mammalian
saline (mM: NaCl 137, NaHCO3 15, KCl 4, CaCl2 1.8, MgCl2 1.1,
glucose 11.2 and Na2 HPO4 0.33, gassed with 95 % O2/5 % CO2)
and pinned into a small chamber (0.75 ml volume) with a glass
coverslip bottom and silicone rubber walls. Action potentials were
elicited by stimulating the motor nerve with brief (0.3 ms)
suprathreshold depolarizing pulses delivered via a suction
electrode; the resulting muscle contractions demonstrated the
viability of the preparation. Muscle contractions were then
minimized using one of three techniques. D-tubocurare
(1–3 mg l_1), which blocks nicotinic acetylcholine receptors, was
used during measurements of cytosolic [Ca2+] transients (Figs 1A
and 2). During electrophysiological measurements, we either
applied m-conotoxin GIIIA (2–4 mg ml_1), which blocks muscle
Na+ channels (Hong & Chang, 1989), or lesioned the ends of the
muscle fibre to depolarize its resting potential (cut-muscle
technique); these two methods have the advantages of permitting
measurement of miniature EPPs (mEPPs) and of not interacting
with nicotinic receptors on the motor nerve terminal. Nerve
stimulation was applied at 1 Hz throughout the experiment, with
trains of 50 Hz for 10 s superimposed. Because post-train
mitochondrial [Ca2+] transients decay slowly (David, 1999),
repeated stimulus trains were separated by intervals of at least
15 min. The temperature of the preparation during recordings
was maintained at ~26–30 °C, because mitochondrial Ca2+ uptake
in mouse preparations is temperature dependent, with more
uptake occurring at warmer than at cooler temperatures (David &
Barrett, 2000). These were the warmest temperatures at which the
preparation remained viable throughout the 1–2 h course of each
experiment. These temperatures were achieved by blowing hot air
onto the bottom of the experimental chamber, the temperature of
which was monitored with a thermistor. The volume of solution
in the chamber was kept constant to prevent artefacts due to
evaporation. Both cytosolic [Ca2+] transients and electro-
physiological recordings were stable under control conditions.

Cm was depolarized using either the protonophore carbonyl cyanide
m-chlorophenyl-hydrazone (CCCP, 1–2 mM) or antimycin A1
(2 mM), which inhibits complex III of the electron transport chain.
Depolarizing Cm reduces not only the electrical gradient that
permits mitochondrial Ca2+ uptake, but also the proton motive
force that permits mitochondrial ATP synthesis. In addition,
when Cm is depolarized, the F1, F0 ATP synthetase (complex V)
actually operates in reverse mode, hydrolysing ATP and
maintaining partial Cm polarization. To prevent this extra ATP
hydrolysis and to ensure complete Cm depolarization, we
inhibited complex V by adding oligomycin (5–10 mg ml_1) to all
solutions containing CCCP or antimycin A1. In addition,

solutions containing oligomycin alone were tested to measure the
effect of inhibiting mitochondrial ATP production without
depolarizing Cm. In some preparations, data were recorded first in
control solution, then in oligomycin, and finally in a combination
of oligomycin plus a Cm depolarizing drug (e.g. Fig. 2A). Other
preparations were studied in only two of these solutions, first in
either control or oligomycin-only solution, and then in the
combination of oligomycin plus Cm depolarizing drug (e.g.
Fig. 2B). The duration of exposure to oligomycin was usually
15–45 min, and the duration of Cm depolarization was 15–20 min.

Results described later show that Cm depolarizing agents produced
clear and prompt effects on cytosolic [Ca2+] responses and
transmitter release, but oligomycin alone did not. To test whether
the oligomycin was effective and could produce predictable effects
in this preparation, we performed the following experiment.
Recordings were made from an endplate that had been exposed
for 70 min to antimycin alone and had a slightly elevated mEPP
frequency (11.7 s_1), suggesting an elevation of cytosolic [Ca2+].
The mitochondria in such terminals would be expected to
maintain a partial Cm (due to the reverse action of the F1, F0 ATP
synthetase), enabling them to take up some of the extra cytosolic
Ca2+. Addition of oligomycin (8 mg ml_1) to such a preparation
would be predicted to completely depolarize Cm and to release this
Ca2+ from mitochondria, thus transiently elevating the mEPP
frequency. This effect was indeed observed; the increase in mEPP
frequency began within 1 min after oligomycin addition, peaked
at ~250 s_1 after ~5 min, and then returned to the original
frequency within 8 min. This addition of oligomycin had no effect
on the average mEPP amplitude (0.48 mV before and 0.49 mV
after oligomycin addition). This result indicates that oligomycin
was indeed effective at the concentrations and exposure times
used here.

We also carried out preliminary experiments with Ru360, a
compound purified from ruthenium red that in heart cells blocks
uniporter-mediated Ca2+ uptake without depolarizing mitochondria
(Matlib et al. 1998). At the 10 mM concentration used by these
authors, Ru360 had no effect on EPPs recorded at 1 or 50 Hz.
Increasing the concentration to 40 mM produced repetitive
discharge of the motor terminal, as evidenced by multiple EPPs
recorded in response to a single stimulus applied to the motor
nerve. Thus, Ru360 was not used in further experiments.

Fluorescence imaging techniques
Stimulation-evoked changes in spatially averaged cytosolic [Ca2+]
were measured by monitoring the emission of Oregon Green
BAPTA 5N (OG-5N), injected iontophoretically into an internodal
region of the proximal motor axon using techniques described in
David & Barrett (2000). The relatively low affinity of OG-5N
(Kd ~40–60 mM) ensured minimal disruption of cellular Ca2+-
dependent processes and prevented dye saturation at the higher
cytosolic [Ca2+] attained during repetitive stimulation with Cm

depolarization. Images were collected using an Odyssey XL
confocal microscope (Noran Instruments, Middleton WI, USA),
as described in David et al. (1997). Image data were analysed on a
Pentium computer using V++ software (Digital Micro Optics,
Auckland, New Zealand). Background was subtracted from all
fluorescence values, and stimulation-induced fluorescence transients
were converted to estimates of cytosolic [Ca2+] as described in
David & Barrett (2000), assuming a resting value of 100 nM.

Electrophysiological recordings and analysis
Resting potentials, EPPs and mEPPs were recorded with a 3 M KCl-
filled microelectrode (5–20 MV) inserted into the muscle fibre in the

G. David and E. F. Barrett426 J Physiol 548.2
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endplate region, using standard intracellular recording techniques.
The prolonged duration of the recordings precluded voltage
clamping. mEPPs were detected using the Synaptosoft Mini-
Analysis program (Jaejin Software, Leonia, NJ, USA) followed by
visual inspection, and average peak amplitudes and resting
frequencies were calculated from ~100 pre-train mEPPs. EPP
amplitudes were measured using Clampfit (Axon Instruments,
Union City, CA, USA). Quantal content (m) was calculated using an
equation from McLachlan & Martin (1981), which incorporates a
correction for non-linear summation of the EPP:

m = (EPPr/mEPPr)(1/(1 _ f [EPPr/(Vm _ Vrev)])),

where EPPr and mEPPr are the peak amplitudes of the recorded
EPP and mEPP, respectively, f is an empirical correction factor set
at 0.5, Vm is the resting muscle membrane potential, and Vrev is the
reversal potential of the EPP, assumed to be 0 mV (Linder &
Quastel, 1978). The correction for non-linear summation is not
precise, but errors in this correction would not affect the major
conclusions of the study. In Fig. 7, the average rate of phasic
release during the train was calculated by dividing m by the
interstimulus interval.

The rate of asynchronous release during the train was estimated
using two techniques. The first technique was to count mEPPs
occurring during the latter half of each 20 ms interstimulus
interval, after the EPP had decayed to near-baseline levels. This
technique was reasonably accurate for mEPP frequencies
occurring in control and oligomycin-only solutions, where peak
frequencies averaged ~50 s_1 (Fig. 6A), but markedly under-
estimated mEPP frequencies during trains in Cm depolarizing
solutions, where mEPP frequencies became so high that the
baseline during the counting interval was depolarized by several
millivolts (see Fig. 6Bb). In this case, mEPP frequencies were
calculated using a modification of the technique of Van der Kloot
(1990), by measuring the baseline depolarization during the latter
half of each 20 ms interstimulus interval, extrapolating this value
to the entire interval and correcting for non-linear summation.
The voltage w time integral of the mean baseline depolarization
was calculated for each interval during the stimulus train, and
then divided by the voltage w time integral averaged from ~100
pre-train mEPPs. This technique is valid only for recordings in
which EPPs decayed completely within 10 ms, and the baseline
returned to pre-train values following the train. The technique
will overestimate mEPP frequency if EPP decays persist for more
than 10 ms, and will underestimate mEPP frequency if mEPP
voltage w time integrals decrease during the train (Naves & Van
der Kloot, 2001).

The post-train decay of normalized mEPP frequencies (Fig. 8)
was fitted with a double exponential of the form
Y = Af exp(_t/tf) + As exp(_t/ts), where A is the amplitude at time
0, t is the time constant, and f and s indicate fast and slow
components, respectively.

Reagents
OG-5N and the styryl dye FM2-10 came from Molecular Probes
(Eugene, OR, USA), and m-conotoxin GIIIA and Ru360 came
from Calbiochem (San Francisco, CA, USA) or Alomone Labs
(Jerusalem, Israel). All other reagents were from Sigma.

Statistical analysis
The significance of differences between values recorded in control
solution, oligomycin alone, and oligomycin plus Cm depolarizing
drug was evaluated using the Student-Newman-Keuls multiple
comparisons test.

RESULTS
Stimulation-induced elevations of cytosolic [Ca2+]
are increased more by Cm depolarization than by
inhibition of endoplasmic reticulum (ER) Ca2+

uptake
Ca2+ entering motor terminals might be sequestered by

active transport into the ER and/or by uniporter-mediated

passive influx into the mitochondria. Figure 1A plots the

increase in average cytosolic [Ca2+] produced in mouse

motor terminals by a train of 500 action potentials delivered

at 50 Hz under control conditions and after inhibition of ER

Ca2+ uptake with cyclopiazonic acid (CPA, 5–25 mM). These

[Ca2+] transients were calculated from changes in

fluorescence of iontophoretically injected OG-5N, as

described in Methods. Under control conditions, cytosolic

[Ca2+] increased rapidly during the initial portion of the

stimulus train, and more slowly thereafter, with a final

amplitude that remained at submicromolar levels. Following

the train there was a rapid initial decay, followed by a slowly

decaying residual tail of elevated [Ca2+]. This residual tail was

not studied further, because it would be better resolved by

indicators with a higher Ca2+ affinity than the OG-5N used

here. CPA slightly increased the stimulation-induced

elevation of cytosolic [Ca2+], but the final amplitude

remained at submicromolar levels.

The experiment depicted in Fig. 1B tested the effect of CPA

on averaged EPP amplitudes recorded during and

following a similar stimulus train. EPP amplitudes were

normalized to the pre-train EPP amplitude. During the

50 Hz train, the EPP amplitude decreased only slightly, and

following the train there was a post-tetanic potentiation

(PTP) that decayed slowly. Hong & Chang (1989) likewise

reported minimal EPP depression in a mouse phrenic

nerve–diaphragm preparation that had been paralysed

using m-conotoxin GIIIA, in contrast to the more marked

EPP rundown measured in repetitively stimulated mouse

and rat neuromuscular preparations that had been

paralysed with tubocurare (Hubbard et al. 1969; Hubbard

& Wilson, 1973; Magleby et al. 1981). Application of CPA

had no significant effect on the pattern of EPP changes,

leading us to conclude that ER Ca2+ uptake had little effect

on the phasic release evoked by this brief stimulus train.

Figure 2A shows that the stimulation-induced increase in

cytosolic [Ca2+] was not altered by a 24 min exposure to

oligomycin (5 mg ml_1, open squares), which inhibits

mitochondrial ATP synthesis but does not by itself

depolarize Cm. However, when Cm was depolarized by

antimycin A1 (2 mM) combined with oligomycin, the

increase in cytosolic [Ca2+] was much larger (see also

David & Barrett, 2000). Its rate of rise and final level

increased with increasing duration of exposure to

antimycin (8 min in Fig. 2A, 19 min in Fig. 2B). Similar

changes were measured when Cm was depolarized with

CCCP (not shown), except that the effects of CCCP were

Functional importance of mitochondrial Ca2+ uptakeJ Physiol 548.2 427
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partially reversible, whereas those of antimycin A1 were

not. The measurements of transmitter release during Cm

depolarization reported below were made typically after at

least 15 min of exposure to these agents, and thus were

expected to be accompanied by cytosolic [Ca2+] changes

comparable to that shown in Fig. 2B. The fact that [Ca2+]

responses recorded in oligomycin alone were

indistinguishable from those recorded in control solution

(Fig. 2A), combined with the independent evidence of

oligomycin’s effectiveness presented in Methods, indicate

that the illustrated increases in [Ca2+] were due mainly toCm depolarization rather than to inhibition of mito-

chondrial ATP synthesis.

After the train, the elevated cytosolic [Ca2+] during Cm

depolarization decayed to values indistinguishable from

those recorded in control solution within 5 s (insets in

Fig. 2). Studies using higher-affinity [Ca2+] indicators have

presented evidence that Ca2+ extrusion from mitochondria

contributes to the slowly decaying tail of residual cytosolic

[Ca2+] (Friel & Tsien, 1994; Tang & Zucker, 1997) via

secondary active transport (e.g. mitochondrial Na+–Ca2+

exchanger, reviewed in Gunter & Pfeiffer, 1990).

G. David and E. F. Barrett428 J Physiol 548.2

Figure 2. Cm depolarization increases peak cytosolic
[Ca2+] in mouse motor nerve terminals during a train of
500 action potentials at 50 Hz
Insets show the initial post-train records on expanded amplitude
and time scales. The terminal in A was stimulated in control
solution (open circles), 24 min after addition of oligomycin (oligo,
5 mg ml_1, open squares), and 8 min after further addition of
antimycin A1 (antimycin, 2 mM, filled circles) to depolarize Cm.
The terminal in B was stimulated in control solution and 19 min
after simultaneous application of oligomycin and antimycin A1.
The slight decline of cytosolic [Ca2+] towards the end of the train in
B may have been due to partial inhibition of terminal Ca2+ currents.
Note that the [Ca2+] axis in A and B is compressed relative to that in
Fig. 1A. Transients in A were calculated from fluorescence
transients in Fig. 5B of David & Barrett (2000).

Figure 1. Inhibition of ER Ca2+ uptake has minimal effects
on the changes in cytosolic [Ca2+] and in EPP amplitude
evoked by a 10 s, 50 Hz stimulus train
A, changes in cytosolic [Ca2+] evoked in control solution (open
circles), 15 min after application of 5 mM cyclopiazonic acid (CPA;
open triangles), and 15 min after increasing the concentration of
CPA to 25 mM (filled circles). Cytosolic [Ca2+] was calculated from
changes in the fluorescence of iontophoretically injected Oregon
Green BAPTA 5N, assuming a resting value of 0.1 mM (dashed line,
see Methods). B, changes in EPP amplitude (normalized to pre-
train EPP amplitude) during and after the stimulus train in control
solution (open circles) and after addition of 50 mM CPA (filled
circles). Pre-train EPP amplitudes averaged 17.8 ± 1.4 mV in
control solution and 12.5 ± 2.2 mV in CPA; this difference did not
reach statistical significance (unpaired t test). Data in A are from a
single terminal; data in B are averaged from 4–5 terminals in each
condition. CPA induced strong muscle contractions within
1–2 min after its application, so measurements were made after
these contractions subsided.
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Cm depolarization accelerates depression of phasic
release during 50 Hz stimulation
Figure 3 plots representative EPP amplitudes at the beginning

and end of a 50 Hz, 500 stimulus train delivered in control

solution (A) and during Cm depolarization with CCCP

(B). EPP amplitudes at the beginning of the train were

similar under both conditions. However, by the end of the

train there was a marked difference: EPPs remained near

pre-train levels under control conditions, but were much

smaller during Cm depolarization. At the end of the train

there was more asynchronous release during Cm

depolarization than under control conditions, as will be

described later.

Most treatments that accelerate the depression of phasic

release during repetitive stimulation also increase pre-

train (baseline) phasic release. However, the averaged data

given in Table 1 demonstrate that this was not the case for

the increased EPP depression recorded during Cm

depolarization. For the brief (< 1 h) exposure times used

here, neither oligomycin alone nor the combination of

oligomycin with a Cm depolarizing agent had any

significant effect on EPP amplitude or on quantal contents

calculated during the pre-train period. Average pre-train

quantal contents ranged from 27 to 35. Brief exposure toCm depolarizing agents also had no significant effect on

muscle resting potentials, mEPP amplitude or mEPP

frequency (Table 1), although more prolonged exposure

to these agents eventually depolarized the muscle resting

potential, increased mEPP frequency and abolished phasic

release (not shown).

Figure 4A plots quantal contents before, during and after

the stimulus train, averaged for 8–11 terminals in control

solution, oligomycin alone and oligomycin plus Cm

depolarization. Control and oligomycin-only solutions

yielded the same pattern of EPP amplitude changes,

namely minimal depression during the stimulus train,

with a slight but prolonged PTP thereafter. During Cm

depolarization, the pronounced depression of phasic

release was followed by a prolonged post-train depression

lasting > 40 s. The similarity between phasic release patterns

measured in control and oligomycin-only solutions

demonstrates that the pronounced intra- and post-train

depression of phasic release recorded during Cm

depolarization was due mainly to mitochondrial

depolarization rather than to inhibition of mitochondrial

ATP synthesis.

Functional importance of mitochondrial Ca2+ uptakeJ Physiol 548.2 429

Figure 3. Cm depolarization increases depression of
phasic release during 50 Hz stimulation
A, five EPPs recorded at the onset (1–5, left) and end (496–500,
right) of the stimulus train, illustrating minimal depression in
control solution. B, first five and last five EPPs recorded in another
fibre in 5 mg ml_1 oligomycin plus 2 mM CCCP, showing marked
depression and an increase in asynchronous release. EPPs recorded
in oligomycin alone were similar to controls (not shown, but see
Fig. 4).
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Historical processes are traditionally calculated as the

percent change from pre-train values. Thus in Fig. 4B
(left), the quantal content of each endplate was normalized

to its pre-train value prior to calculating the average. The

normalized patterns resemble those shown in Fig. 4A,

except that the average magnitude of depression in the

control and oligomycin-only solutions is less in the

normalized records. This difference arises because endplates

with higher initial quantal contents, which tended to

exhibit greater EPP depression, contribute more to the

averages plotted in Fig. 4A than to the normalized ratios

seen in Fig. 4B. Thus we consider the normalized data to

reflect better the frequency-induced changes in synaptic

efficacy. These data were used to calculate the depression

index listed in Table 1, indicating an average depression of

~8 % in control solution and ~84 % during Cm

depolarization. Depression was similar whether CCCP or

antimycin A1 was used to depolarize Cm (not shown).

Quantal content in oligomycin alone showed a slight

potentiation (13 %) during the train (neither the slight

depression in control solution nor the slight potentiation

in oligomycin alone was statistically significant). Figure 4B
(right) plots normalized quantal contents at the onset of

the stimulus train, demonstrating that the extra depression

associated with Cm depolarization developed with a delay,

about 1–1.5 s (50–75 action potentials) following the onset

of stimulation.

Several findings indicate that the accelerated EPP depression

during stimulation with Cm depolarization was not due to

failure of action potentials to invade the motor terminal.

First, in many Cm depolarized preparations, EPPs

continued to be detected throughout the stimulus train

(Fig. 3). Second, cytosolic [Ca2+], which normally falls

rapidly when stimulation ceases, remained elevated until

the end of the stimulus train. Also, when Cm depolarizing

agents were applied to frog and lizard neuromuscular

junctions in reduced bath [Ca2+], EPP amplitudes

increased rather than decreased during repetitive

stimulation (Alnaes & Rahamimoff, 1975; Zengel et al.
1994; Talbot et al. 2003), indicating that brief Cm

depolarization does not by itself block action potential

G. David and E. F. Barrett430 J Physiol 548.2

Figure 4. Cm depolarization increases tetanic depression and eliminates post-tetanic
potentiation of phasic release
A, time course of changes in average EPP quantal content during and after a 50 Hz stimulus train in control
solution (open circles, left), oligomycin (oligo, open squares, middle) or oligomycin plus a Cm depolarizing
agent (oligo + depol with either 1–2 mM CCCP or antimycin A1, filled circles, right), averaged for 8–11
endplates for each condition. The duration of exposure to oligomycin was 15–45 min, and the duration ofCm depolarization was 15–20 min. B left, average of quantal contents (m) that had been normalized to pre-
train values, for the data in A. B right, onset of the stimulus train plotted on a faster time scale to show the
delayed onset of the accelerated EPP depression associated with Cm depolarization. Quantal contents were
calculated as described in Methods. The pre-train quantal content was averaged from 10–20 EPPs recorded
during 1 Hz stimulation prior to the 50 Hz train. Horizontal bars indicate the timing of the 50 Hz stimulus
train, and error bars show ± S.E.M. Dashed lines indicate pre-train quantal content.
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propagation. The latter results also argue that the EPP

depression measured in physiological bath [Ca2+] did not

result from toxic organic molecules released into the

cytosol by Cm depolarization per se.

To test the possibility that the increased EPP depression

was caused (directly or indirectly) by the larger stimulation-

induced increase in cytosolic [Ca2+] during Cm de-

polarization, we loaded terminals with an exogenous Ca2+

buffer, EGTA. Figure 5 shows that in terminals preloaded

with EGTA prior to Cm depolarization, the onset of EPP

depression was delayed, although the final magnitude of

the depression was similar to that measured in Cm-

depolarized terminals that had not been pre-loaded (see

Discussion).

PTP is absent during Cm depolarization
Our finding that during Cm depolarization the stimulus

train was followed by a prolonged depression instead of

potentiation is consistent with the hypothesis of Tang &

Zucker (1997) that PTP is mediated by mitochondrial

extrusion into the cytosol of Ca2+ taken up during the

stimulus train, and with the finding of Hubbard & Gage

(1964) that antimycin A and azide (both of which

depolarize Cm) abolish PTP at rat neuromuscular

junctions. However, our data cannot distinguish whether

the absence of PTP during Cm depolarization was due to

abolition of the underlying mechanism(s) or to masking of

PTP by the profound depression of phasic release

following the stimulus train.

Functional importance of mitochondrial Ca2+ uptakeJ Physiol 548.2 431

Figure 5. Pre-loading with an exogenous Ca2+ buffer
delays the onset, but does not alter the final
magnitude, of EPP depression in Cm depolarized
terminals
Changes in normalized EPP amplitude during the stimulus train
are plotted for terminals not pre-loaded (open circles) or pre-
loaded with EGTA (filled circles) via a 2 h incubation in 15 mM

EGTA-AM. In each case Cm depolarization was achieved by a
20 min exposure to antimycin (2 mM) and oligomycin
(5 mg ml_1). Plots show the average of 2 terminals in each
condition.

Figure 6. Cm depolarization increases asynchronous release during a stimulus train
A, estimates of asynchronous release rates were obtained by counting mEPPs during the latter half of each
20 ms interstimulus interval. Filled circles indicate counts in oligomycin plus Cm depolarization during the
indicated intervals spanning the first 2 s, middle 2 s and final 2 s of a 10 s stimulus train, and at 1 s intervals
after the train. Counts in control solution and in oligomycin alone were similar, and both are indicated by
open circles. Each point represents the average of three endplates. Ba and b show voltage recordings
encompassing the entire stimulus train, demonstrating a minimal change in baseline in oligomycin alone
(Ba), but a marked transient baseline depolarization in oligomycin plus CCCP (dashed line in Bb). Because
of this baseline shift, the intra-train mEPP frequencies counted during Cm depolarization in A underestimate
the true asynchronous release rate (see corrected estimates in Fig. 7A). Bc shows representative voltage
trajectories recorded during two representative 20 ms interstimulus intervals at times 1–4 indicated in b;
note the change in asynchronous release as the train progresses. EPP amplitudes are truncated in all records.
Records in B are from one of the terminals averaged in A. In Bc the amplification is greater and the time base is
faster than in a and b.
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During Cm depolarization, high-frequency
stimulation greatly increases asynchronous release
The spatially averaged cytosolic [Ca2+] elevations shown in

Figs 1A and 2 do not, of course, measure the localized,

transient elevations of [Ca2+] near release sites that

produce phasic release, but these averaged [Ca2+]

measurements are predicted to correlate with the rate of

asynchronous release. As indicated in Methods, one way

used to measure asynchronous release was to count

mEPPs during the intervals between the end of the EPP

G. David and E. F. Barrett432 J Physiol 548.2

Figure 7. During Cm depolarization, asynchronous release rapidly exceeds phasic release
during 50 Hz stimulation
A, rates of asynchronous (open circles) and phasic (filled circles) release during trains delivered in
oligomycin alone (left) and in oligomycin plus CCCP (right) for the terminal of Fig. 6B. Phasic and
asynchronous release rates were averaged over each 20 ms interstimulus interval (see text). mEPP
frequencies were computed by dividing the voltage w time integral of the baseline depolarization (Fig. 6Ba
and b) by the voltage w time integral of the averaged mEPP. Records in control solution (not shown) were
similar to those in oligomycin alone. The inset expands the early portion of the response, showing that in
CCCP the rate of asynchronous release exceeded the rate of phasic release after ~1 s of stimulation, and that
an increase in the rate of rise of asynchronous release (arrowhead) preceded the onset of the accelerated
depression of phasic release (arrow). Four additional terminals (including that in D) exhibited similar
behaviour. Dashed lines were drawn by eye through the first 0.5 s of asynchronous and phasic release data.
B, cumulative phasic (continuous line) and asynchronous (dashed line) quantal release, calculated from the
release rate data in A. In oligomycin, most quanta released during stimulation were phasic (~15 000 phasic vs.
~700 asynchronous), whereas during Cm depolarization most release was asynchronous (~7800 phasic vs.
~36 000 asynchronous). C, cumulative total quantal release (phasic plus asynchronous) for the data in B.
D, rates of asynchronous (open circles) and phasic (filled circles) release during trains in oligomycin plus
antimycin, measured in a different terminal. The inset was constructed as in A. Calibration bars for insets in
A and D were 2 s and 4000 quanta s_1.
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and the onset of the next stimulus; representative inter-

stimulus intervals during Cm depolarization are shown in

Fig. 6Bc. Figure 6A plots average rates of asynchronous

release measured in this way during the first 2 s, middle 2 s

and final 2 s of the stimulus train for a subset of three

terminals that had the best signal-to-noise ratio for

detecting mEPPs. In control solution and oligomycin

alone (both plotted as open circles), average mEPP

frequencies increased from < 7 s_1 at rest to a maximum of

~75 s_1 during the stimulus train. In contrast, when Cm

was depolarized (filled circles), asynchronous release rose

to much higher levels during stimulation, reaching a peak

and then declining somewhat towards the end of the train.

Such reductions in asynchronous release under conditions

expected to elevate cytosolic [Ca2+] to very high levels have

also been reported by Ohta & Kuba (1980) and Calupca et
al. (2001). The maximal mEPP frequencies measured in

this way (> 500 s_1) exceeded the frequencies that can be

counted accurately with the Synaptosoft program or by

eye, leading us to suspect that the true peak mEPP

frequencies might be even greater. Indeed, the record in

Fig. 6Bb shows a significant transient baseline depolarization

during stimulation in CCCP (white dashed line), suggesting

that the mEPP counts in Fig. 6A represented only a

fraction of the total. No such baseline depolarization was

seen in oligomycin alone (Fig. 6Ba).

The open circles in Fig. 7A plot a revised estimate of the

rates of asynchronous release that occurred during the

train illustrated in Fig. 6B, calculated by integrating the

baseline depolarization as described in Methods. Again,

records in oligomycin alone (left) indicated only modest

asynchronous release during the train, but during CCCP-

induced Cm depolarization (right), mEPP frequencies

exceeding 6000 s_1 were measured within 2–3 s following

the onset of stimulation. Figure 7D shows a similar peak

rate and time course of asynchronous release measured in

another Cm depolarized terminal. Peak rates of

asynchronous release approaching those in Fig. 7A and D
have also been reported in frog and mouse motor

terminals treated with black widow spider venom or

lanthanum (5000 s_1, Segal et al. 1984; 1500 s_1, Fesce et al.
1986; 1000 s_1, Curtis et al. 1986). The pattern of changes

in asynchronous release obtained with the integral method

in Fig. 7A and D was qualitatively similar to that measured

with the mEPP counting method in Fig. 6A, since in both

cases the rate of asynchronous release peaked and then

declined during the latter half of the stimulus train, but

peak release rates calculated using the integral method

were > 10-fold greater, around 6000 s_1. Even at the end of

the train, mEPP frequency during Cm depolarization was

greater than that measured in oligomycin alone. The

decline in mEPP frequency towards the end of the train

occurred even though cytosolic [Ca2+] remained elevated

throughout the train (Fig. 2).

Filled circles in Fig. 7A plot the rate of phasic (synchronous)

release during the train, calculated from EPP quantal

content. For this analysis, the rate of phasic release was

averaged over the 20 ms interstimulus interval, to facilitate

Functional importance of mitochondrial Ca2+ uptakeJ Physiol 548.2 433

Figure 8. Post-train decays of asynchronous release become similar after 5–10 s
A, asynchronous release rates were normalized to the pre-train mEPP frequency and then averaged for 7–9
endplates for each condition (means ± S.E.M., note semilogarithmic coordinates). Normalized post-train
frequencies were similar in control and oligomycin-only solutions (open symbols), but were greater for the
first ~5 s during Cm depolarization (filled circles). Comparison of normalized frequencies during the first
post-train second yielded P < 0.05 for Cm depolarization compared to both control and oligomycin alone.
B, same data plotted with a double-exponential decay (continuous curves) fitted for each condition. The
program used to detect mEPPs is reasonably accurate for the lower mEPP frequencies at later post-train
times, but underestimates the higher release rates at early post-train times during Cm depolarization; thus the
first four points in this condition were excluded from the fitted points. Parameters used in the fitted curves
(listed in the order: control, oligomycin only and oligomycin plus Cm depolarization) were 3.4, 8.2 and 685,
respectively, for the amplitude of the faster component at t = 0; 4.7, 6.0 and 5.9, respectively, for the
amplitude of the slower component at t = 0; 2.5 s, 2.1 s and 1.1 s, respectively for the time constant of the
faster component; and 45 s, 40 s and 50 s, respectively for the time constant of the slower component.
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comparison of phasic and asynchronous release rates. For

example, an EPP comprising 30 quanta occurring within a

20 ms interstimulus interval would yield an average rate of

phasic release of (30/(2 w 10_2) s_1) =1500 quanta s_1 for

that interval. This calculation underestimates the peak rate

of phasic release, most of which occurs within 1 ms,

yielding for the above example a peak rate of 30 000

quanta s_1. The insets in Fig. 7A and D show that in Cm

depolarized terminals, the rate of asynchronous release

grew to exceed the rate of phasic release within 1 s after the

onset of 50 Hz stimulation. A sharp increase in the rate of

rise of asynchronous release was detected ~0.5 s before the

onset of the accelerated depression of phasic release.

Figure 7B plots cumulative phasic (continuous line) and

asynchronous (dashed line) release rates for the data of

Fig. 7A, demonstrating that during Cm depolarization,

most of the quanta released during the stimulus train were

asynchronous, whereas in oligomycin alone (as in control

solution), most of the release was phasic. Figure 7C plots

total release (phasic plus asynchronous) for this terminal,

demonstrating that during Cm depolarization there was

more total release (~44 000 quanta) than in oligomycin

alone (~16 000 quanta). Thus, even though phasic release

was diminished during Cm depolarization, total release

was increased.

Because electrophysiological measurements of the high

asynchronous release rates in Cm depolarized terminals

were inexact, we sought to check our estimates by using

destaining of styryl dyes to measure total vesicular release

during stimulus trains in the three experimental solutions

studied here. However, repeated attempts to make these

measurements in mouse motor terminals were unsuccessful,

probably due to phototoxicity and to the small signal-to-

noise ratio for the brief stimulus trains used here.

Measurements of FM2–10 destaining in lizard motor

terminals proved more successful, and did show higher

cumulative total release during 50 Hz stimulation with Cm

depolarization (Talbot et al. 2003).

During Cm depolarization, post-train asynchronous
release rates return to control levels within 10 s
Figure 8A plots on semi-logarithmic coordinates the post-

train mEPP frequencies (normalized to pre-train

frequencies) averaged for 7–9 terminals in control

solution, oligomycin alone or in oligomycin with Cm

depolarization. In control solution and oligomycin alone

(represented by open circles and squares, respectively),

normalized post-train mEPP frequencies were similar,

exhibiting a slow decline towards baseline that lasted

> 50 s. During Cm depolarization (filled circles), post-

train mEPP frequencies were initially much higher, but

within 10 s became indistinguishable from those in

control solution. This rapid decline in mEPP frequency

may reflect the rapid post-train decay of cytosolic [Ca2+]

measured during Cm depolarization (Fig. 2). Figure 8B

shows the same data fitted with double exponentials. This

analysis omitted the high mEPP frequencies measured

during the first four post-train seconds with Cm

depolarization, which are likely to underestimate the true

mEPP frequency (see above). Extrapolation of the faster

exponential to the end of the train yielded an estimated

685-fold increase above resting frequencies. The estimated

slow time constant of decay was similar for all three

experimental conditions, in the range of 40–50 s.

DISCUSSION
High rates of asynchronous release during
stimulation of Cm depolarized terminals can be
accounted for by increased cytosolic [Ca2+]
Motor nerve terminals, other presynaptic terminals and

secretory cells have release mechanisms that are activated

when cytosolic [Ca2+] is elevated to ~10 mM or less

(Augustine & Neher, 1992; Rieke & Schwartz, 1996; Ravin

et al. 1997; Bollmann et al. 2000; Schneggenburger &

Neher, 2000; Angleson & Betz, 2001). These mechanisms

are thought to contribute to asynchronous and sometimes

phasic release, as well as to historical Ca2+-dependent

processes such as facilitation, augmentation and PTP

(reviewed in Zucker & Regehr, 2001). The large increases

in cytosolic [Ca2+] evoked by stimulus trains during Cm

depolarization would be expected to activate these release

mechanisms. Our measurements of asynchronous release

support this prediction, since during 50 Hz stimulation in

control and oligomycin-only solutions, both cytosolic

[Ca2+] (Fig. 2A) and asynchronous release (Fig. 6A) rose to

similar plateau levels that were sustained until stimulation

stopped. Also, the larger increase in cytosolic [Ca2+] recorded

during stimulation with Cm depolarization was accompanied

by higher rates of asynchronous release both during and

immediately after stimulation.

To investigate whether the increase in cytosolic [Ca2+]

during stimulation with Cm depolarization was sufficient

to account for the magnitude of the increase in

asynchronous release, we compared the plateau values of

cytosolic [Ca2+] and asynchronous release rates measured

during stimulation in control and oligomycin-only

conditions (~0.7 mM Ca2+ from David & Barrett, 2000;

~75 s_1 from Fig. 6A) to the [Ca2+] and peak asynchronous

release rates measured during Cm depolarization (~7mM

Ca2+ at 3 s after the onset of stimulation in Fig. 2B, 6000 s_1

in Fig. 7A and D). Assuming no saturation, the 10-fold

increase in cytosolic [Ca2+] (from 0.7 to 7 mM) could

account for the 80-fold increase in release rate (from 75 to

6000 s_1) if the power of the relationship linking [Ca2+] and

release were at least 2, consistent with powers of 1–4

estimated for asynchronous release in other synaptic

preparations (Goda & Stevens, 1994; Ravin et al. 1997;

Angleson & Betz, 2001). If instead one assumes a power of

4, these data suggest a Kd of ~2mM. Note, however, that the

G. David and E. F. Barrett434 J Physiol 548.2
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pairing of the values used for cytosolic [Ca2+] and

asynchronous release during Cm depolarization is only

speculative, because these measurements were in different

terminals, and the magnitude of the stimulation-induced

increase in cytosolic [Ca2+] varied with the duration of Cm

depolarization.

The accelerated depression of phasic release
measured during Cm depolarization has an
unconventional mechanism
Most treatments that accelerate the rate of EPP depression

during high-frequency stimulation also increase the

‘baseline’ quantal content recorded during low-frequency

stimulation. In these cases, a suggested mechanism for the

accelerated depression is that the greater initial phasic

release depletes the releasable vesicle pool more rapidly. In

contrast, Cm depolarization accelerated EPP depression

without increasing pre-train quantal content. The minimal

effects of brief (< 30 min) Cm depolarization on nerve

terminal function at rest and during 1 Hz stimulation

suggests no initial effect on Ca2+ influx through voltage-

dependent Ca2+ channels or on access of this incoming

Ca2+ to release sites. This finding is consistent with

morphological evidence that in these terminals mito-

chondria are separated from active zone Ca2+ channels by

clusters of synaptic vesicles (Lichtman et al. 1989).

The minimal effects of oligomycin on cytosolic [Ca2+]

transients, asynchronous release and EPP depression suggest

that the enhanced EPP depression was not due primarily to

the inhibition of mitochondrial ATP synthesis produced

by Cm depolarization. When mitochondrial ATP synthesis

is inhibited, the ATP required to maintain release might be

supplied by glycolysis. Motor nerve terminals might be

predicted to have a significant capacity for anaerobic ATP

synthesis, since neuromuscular transmission is maintained

even in the hypoxic environment of an intensely

contracting muscle. ATP might also diffuse into the

terminal from the axon, since the perineural and myelin

sheaths (which envelop axons but not terminals) would

limit the access of bath-applied oligomycin to the axon.

The enhanced EPP depression was not due to progressive

desensitization of postsynaptic acetylcholine receptors,

because mEPPs continued to be detected throughout the

stimulus train (see also Calupca et al. 2001).

The most likely possibility is that the enhanced EPP

depression seen during Cm depolarization was linked to

the increased accumulation of cytosolic [Ca2+] (Fig. 2).

The finding that pre-loading terminals with EGTA delayed

the onset, but did not alter the final magnitude, of the EPP

depression during Cm depolarization (Fig. 5) is consistent

with this hypothesis. EGTA would slow the rate of rise of

cytosolic [Ca2+] during stimulation, but would eventually

become saturated as Ca2+ continued to enter the terminal

(e.g. Cummings et al. 1996). EGTA (Kd ~0.3 mM) becomes

a relatively ineffective buffer at the high cytosolic [Ca2+]

attained during 50 Hz stimulation with Cm depolarization

(5–14 mM in Fig. 2). Those studies in which pre-loaded

Ca2+ buffer blocked most of the postulated effects of

residual Ca2+ used many fewer stimuli than our study (e.g.

only 4–20 stimuli in Hagler & Goda, 2001; Billups &

Forsythe, 2002).

High rates of asynchronous release during 50 Hz
stimulation with Cm depolarization probably
deplete the readily releasable pool
Measurements of asynchronous release suggested one

mechanism contributing to the accelerated EPP depression.

During 50 Hz stimulation of Cm depolarized terminals, a

marked increase in the rate of rise of asynchronous release

Functional importance of mitochondrial Ca2+ uptakeJ Physiol 548.2 435

Figure 9. Consequences of 50 Hz stimulation under control conditions (left) and during Cm

depolarization (right)
Dashed lines indicate the more tentative or indirect connections.
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preceded the acceleration of EPP depression, such that the

rate of asynchronous release soon exceeded the time-

averaged rate of phasic release (insets in Fig. 7A and D).

Our estimate of ~44 000 total quanta (phasic plus

asynchronous) released from Cm depolarized terminals

during a 500 impulse train can be compared to the

electrophysiological estimate of Schofield & Marshall

(1980) of ~174 000 total quanta in mouse diaphragm

terminals; estimates of total quanta in larger rat motor

terminals range from 69 000 to 366 000, as cited in Reid et
al. (1999). Richards et al. (2000) estimated that in frog

motor nerve terminals, about 20 % of total vesicles are

readily releasable. Assuming that the same percentage

applies to mouse motor terminals, our data suggest that

the total release evoked by a train of 500 action potentials

in Cm depolarized preparations approached or exceeded

the limits of the readily releasable pool. This is because

during the train there was not only a decrease in phasic

release, but also (towards the end of the train) a decrease in

asynchronous release from its peak level, even though

cytosolic [Ca2+] remained high. In the terminals studied in

detail, asynchronous release peaked after about ~3 s of

stimulation, when about 20 000 total quanta had been

released. Thus, if phasic and asynchronous release share

the same readily releasable pool (Hagler & Goda, 2001), it

seems likely that depletion of this pool contributed

importantly to the rapid depression of EPP amplitudes

during stimulation of Cm depolarized preparations.

Increased asynchronous release might also depress phasic

release during the train via a mechanism proposed for

central synapses in vitro by Stevens & Tsujimoto (1995), in

which release from an active zone suppresses further

release from that zone for ~10 ms. This latter mechanism

could not, however, account for the long-lasting (> 40 s)

post-train depression measured during Cm depolarization,

since most of the post-train elevation of mEPP frequency

had decayed within 5 s.

Mechanisms in addition to depletion might also contribute

to the accelerated depression of phasic release measured

during stimulation when Cm was depolarized. For example,

the increased total release during Cm depolarization might

inhibit phasic release by activating inhibitory autoreceptors

(reviewed by Wu & Saggau, 1997). The large elevation of

cytosolic [Ca2+] might inhibit activation of the P/Q-type Ca2+

channels that mediate phasic release from these terminals

(Forsythe et al. 1998; DeMaria et al. 2001). Prolonged

elevations of cytosolic [Ca2+] might also inhibit phasic release

by producing ‘adaptation’ of the release mechanism (Adams

et al. 1985; Augustine & Neher, 1992; Hsu et al. 1996) or by

activating Ca2+-dependent enzymes (e.g. a Ca2+–calmodulin-

dependent kinase).

The increased total release during stimulation withCm depolarization probably contributes to the slow
recovery from depression
The large increase in total quantal release during

stimulation of Cm depolarized preparations probably also

contributed to their slow (> 40 s) post-train recovery from

depression. Studies in both peripheral and central

synapses indicate that high preceding release rates slow the

rate at which vesicular membrane is recovered by

endocytosis (Wu & Betz, 1996, 1998; Sun et al. 2002). The

post-train recovery from depression in Cm depolarized

preparations was slower than recovery of cytosolic [Ca2+],

which had recovered to near-baseline levels within < 5 s

after the train. Thus, any influence of elevated [Ca2+] on

the slowed post-train recovery during Cm depolarization

was likely to have been indirect, with a delayed time

course. Billups & Forsythe (2002) found that agents that

block mitochondrial Ca2+ uptake also slowed recovery

from depression of phasic release in the calyx of Held.

However, in their preparation, Cm depolarization was not

associated with enhanced depression of phasic release or

increased cytosolic [Ca2+] transients during the stimulus

train. One likely reason for the difference between our and

their results is that they used stimulus trains (16–20

depolarizations within < 0.5 s) that were much briefer

than those applied here. The increased EPP depression and

cytosolic [Ca2+] transients that we measured during Cm

depolarization usually became apparent only after ~1 s of

50 Hz stimulation. Another noteworthy difference is that

unlike release from mouse motor terminals, phasic release

from the calyx of Held depressed rapidly (90 % depression

after five stimuli at 200 Hz), even under control conditions.

Mitochondrial Ca2+ sequestration has a greater
effect than ER Ca2+ sequestration
For the stimulation pattern employed here, inhibition of

mitochondrial Ca2+ uptake had a much greater effect on

the elevation of cytosolic [Ca2+] and on phasic release than

inhibition of Ca2+ transport into the ER. This finding is

similar to that reported for stimulation-induced [Ca2+]

elevations in crayfish, lizard and frog motor nerve

terminals (Tang & Zucker, 1997; David, 1999; Suzuki et al.
2002). Carter et al. (2002) and Billups & Forsythe (2002)

also reported that blocking ER Ca2+ uptake and/or Ca2+-

induced Ca2+ release had little effect on short-term pre-

synaptic plasticity at certain mammalian central synapses.

Drugs that inhibit ER Ca2+ uptake or release have been

reported to alter phasic and asynchronous transmitter

release in frog motor nerve terminals (Narita et al. 1998,

2000; Castonguay & Robitaille, 2001), but demonstration

of these effects required preconditioning stimulation.

G. David and E. F. Barrett436 J Physiol 548.2
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Conclusions
The diagram in Fig. 9 summarizes the hypothesized

relationship between stimulation-induced elevations of

cytosolic [Ca2+] and phasic and asynchronous release,

under normal conditions (left) and following Cm

depolarization (right). In this model, the large increase in

cytosolic [Ca2+] measured during 50 Hz stimulation whenCm is depolarized produces a dramatic increase in

asynchronous release, which in turn accelerates EPP

depression by depleting the readily releasable pool. Our

results indicate that the ability of motor terminal

mitochondria to limit the increase in average cytosolic

[Ca2+] is essential for maintaining phasic release, and

hence faithful neuromuscular transmission, during high-

frequency stimulation.
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