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Extrusion of Ca2® from mouse motor terminal
mitochondria via a Nat—-Ca2™ exchanger increases

post-tetanic evoked release

Luis E. Garcia-Chacén!, Khanh T. Nguyen?, Gavriel David' and Ellen F. Barrett!:2

' Department of Physiology and Biophysics, and ? Neuroscience Program, University of Miami Miller School of Medicine, Miami, FL 33101, USA

Mitochondria sequester much of the Ca?* that enters motor nerve terminals during repetitive
stimulation at frequencies exceeding 10-20 Hz. We studied the post-stimulation extrusion of
Ca’" from mitochondria by measuring changes in matrix [Ca?*] with fluorescent indicators
loaded into motor terminal mitochondria in the mouse levator auris longus muscle. Trains
of action potentials at 50 Hz produced a rapid increase in mitochondrial [Ca**] followed by a
plateau, which was usually maintained after the end of the stimulus train and then slowly decayed
back to baseline. Increasing the Ca®>* load delivered to the terminal by increasing the number of
stimuli (from 500 to 2000) or the stimulation frequency (from 50 to 100 Hz), by increasing bath
[Ca’*], or by prolonging the action potential with 3,4-diaminopyridine (100 pM) prolonged
the post-stimulation decay of mitochondrial [Ca®*] without increasing the amplitude of the
plateau during stimulation. Inhibiting the opening of the mitochondrial permeability transition
pore with cyclosporin A (5 uM) had no significant effect on the decay of mitochondrial [Ca**].
Inhibition of the mitochondrial Na*-Ca** exchanger with CGP-37157 (50 uM) dramatically
prolonged the post-stimulation decay of mitochondrial [Ca’*], reduced post-stimulation
residual cytosolic [Ca**], and reduced the amplitude of endplate potentials evoked after the end
of a stimulus train in the presence of both low and normal bath [Ca®*]. These findings suggest
that Ca?* extrusion from motor terminal mitochondria occurs primarily via the mitochondrial
Na™-Ca’* exchanger and helps to sustain post-tetanic transmitter release at mouse
neuromuscular junctions.
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Mitochondria temporarily sequester large, stimulation-
induced calcium loads in neurons and other secretory
cells (Friel & Tsien, 1994; Stuenkel, 1994; Herrington
et al. 1996; Babcock et al. 1997; David et al. 1998;
Pivovarova et al. 1999; David, 1999; Kaftan et al. 2000;
Suzuki et al. 2002; David & Barrett, 2003). Mitochondrial
Ca?* uptake during repetitive stimulation of motor
nerve terminals limits the increase in cytosolic [Ca®"]
to a plateau level which is maintained until stimulation
ceases. Inhibition of mitochondrial Ca’* uptake results
in a much greater elevation of cytosolic [Ca*"] during
stimulation, accompanied by an increase in asynchronous
neurotransmitter release and accelerated depression of
phasic transmitter release (David & Barrett, 2000, 2003;
Talbot et al. 2003). Thus mitochondrial Ca?* uptake is
important for maintaining neuromuscular transmission
during repetitive stimulation. Following stimulation, the
slow efflux of Ca?* from mitochondria contributes to a
residual post-stimulation ‘tail’ of elevated [Ca*"] in the
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cytosol (Werth & Thayer, 1994; Baron & Thayer, 1997;
Colegrove et al. 2000a).

During repetitive stimulation of motor nerve terminals,
the increase in matrix [Ca?*] is limited to 1-2 um,
even though mitochondrial Ca?* uptake continues
(David, 1999; David et al. 2003). Powerful buffering
of mitochondrial Ca*" has also been reported in other
secretory cells (Kaftan et al. 2000; Warashina, 2006). One
major form of mitochondrial Ca** buffering appears
to involve reversible formation of an insoluble complex
containing calcium and phosphate (Pivovarova et al.
1999; Chalmers & Nicholls, 2003; reviewed by Carafoli,
2003). After stimulation ends, matrix [Ca?"] decreases
back to baseline over a time course of several minutes
(David, 1999). In the work reported here, we determined
how the post-stimulation decay of matrix [Ca*"] is
affected by varying the amount of Ca’* entering the
nerve terminal during a stimulus train (the Ca®"
load).
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Mitochondria return sequestered Ca®* to the cytosol
via several mechanisms. Mitochondrial Na*—Ca?* and
H*—Ca’* exchangers exploit a favourable inward electro-
chemical gradient for Na™ and HY, respectively, to extrude
Ca’* from the matrix (reviewed by Gunter & Pfeiffer, 1990;
Bernardi, 1999; Carafoli, 2003). In vertebrate neuronal
mitochondria, Nat—Ca*" exchange (followed by Hf—Na*
exchange) appears to be more important than H"—Ca**
exchange. Ca?* can also exit mitochondria during opening
of the mitochondrial permeability transition pore.

We studied mitochondrial Ca** extrusion mechanisms
in mouse motor terminals, and how post-tetanic
mitochondrial Ca’>" extrusion affects evoked neuro-
transmitter release. Many studies have linked short-term
synaptic plasticity (facilitation, augmentation and
post-tetanic  potentiation (PTP)) with persisting
elevations of cytosolic [Ca*"] in presynaptic terminals
(reviewed by Zucker & Regehr, 2002; Millar et al. 2005).
Tang & Zucker (1997) suggested that the persisting
elevation of cytosolic [Ca?’*] that mediates PTP is
produced by mitochondrial Ca*" extrusion, based
on their finding that at crayfish motor terminals
both these phenomena were abolished by agents that
inhibit mitochondrial Ca’>" uptake and/or extrusion
(ruthenium red, tetraphenylphosphonium (TPP*) and
the mitochondrial depolarizing agent carbonyl cyanide
m-chlorophenylhydrazone (CCCP)). Similar evidence for
a mitochondrial contribution to various forms of synaptic
potentiation has been presented for rat and toad motor
nerve terminals and cultured cortical neurons (Hubbard
& Gage, 1964; Yang et al. 2003; Storozhuk et al. 2005).
However, Zhong et al. (2001) found that CGP-37157,
which inhibits the mitochondrial Na*—Ca®t exchanger,
had no effect on residual [Ca*"] or PTP in crayfish motor
terminals. This and other findings led them to conclude
that the mitochondrial contribution to PTP in crayfish
motor terminals must be via Na'-independent Ca®"
efflux mechanisms. We tested the effect of inhibiting the
mitochondrial Nat-Ca*" exchanger in mouse motor
nerve terminals and, in contrast to results in crayfish
motor terminals, found that CGP-37157 powerfully
inhibits mitochondrial Ca®* extrusion and decreases the
amplitude of post-tetanic endplate potentials (EPPs).
Thus, Ca** extruded via the mitochondrial Na*—Ca**
exchanger helps to maintain transmitter release following
repetitive stimulation in this mammalian neuromuscular
preparation.

Methods
Preparation and solutions

We used neuromuscular junctions from the levator auris
longus muscle (Angaut-Petit et al. 1987) of wild-type mice
(C57BL/6, Jackson Laboratories, Bar Harbour, ME, USA)
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or transgenic mice that express yellow fluorescent protein
(YFP) in neurons (B6.Cg-Tg(Thyl-YFP)16]rs/], Jackson
Laboratories). YFP expression facilitated localization of
motor terminals. Mice were killed with 100% CO, using a
procedure approved by the University of Miami Animal
Care and Use Committee. The muscle with attached
nerve was pinned down in a chamber with silicon
walls constructed on top of a no. 1 glass coverslip. The
preparation was bathed in physiological saline containing
(mm): NaCl 137, NaHCO; 15, KCl 4, CaCl, 1.8, MgCl, 1.1,
glucose 11.2 and NaH,PO, 0.33. Bath [Ca’>"] was reduced
in some experiments (Figs 3A and 7C and D). The pH of
the solution was kept near 7.4 by gassing with 95% O,-5%
CO,. Bath temperature (monitored with a thermistor) was
maintained between 29 and 31°C by blowing hot air onto
the underside of the chamber. Temperature was reduced to
22°Cin the experiment shown in Fig. 7B. The motor nerve
was stimulated via a suction electrode by applying supra-
threshold depolarizing 0.3-ms pulses. Stimulus trains
consisted of 200-2000 stimuli delivered at 50-100 Hz. The
minimum interval between stimulus trains was ~8 min, to
allow sufficient time for mitochondrial [Ca?*] to return to
baseline.

In most imaging experiments (Figs1-6), muscle
contractions were blocked using d-tubocurarine
(10 mg1~'), which blocks muscle nicotinic acetylcholine
(ACh) receptors thereby preventing entry of Ca’* into the
muscle end-plate via ACh receptors or depolarization-
activated Ca*" channels. Thus mitochondria in the
muscle end-plate did not contribute to the recorded
stimulation-induced changes in fluorescence of the
indicator for mitochondrial [Ca’*] (see below). For
Fig. 7, in which EPPs were recorded, muscle contractions
were blocked with p-conotoxin GIIIB (2.5-4 um),
which blocks muscle (but not axonal) Na™ channels
(Hong & Chang, 1989). 3,4-diaminopyridine (3,4-DAP,
100 um), which blocks certain depolarization-activated
K™ channels in the motor terminal membrane (Tabti et al.
1989; Morita & Barrett, 1990), was used to prolong action
potentials in Fig.3B. The benzothiazepine CGP-37157
(50 ;M) was used to inhibit the mitochondrial Na*t—Ca**
exchanger (Chiesi et al. 1988; Cox et al. 1993); this
drug does not block the plasma membrane Na™—Ca**
exchanger. Cyclosporin A (5 uM) was used to inhibit
openings of the mitochondrial permeability transition
pore (Fournier ef al. 1987; Broekemeier et al. 1989).

Imaging of Ca?* indicator dyes

Stimulation-induced changes in mitochondrial [Ca*"]
were measured using Ca’"-sensitive fluorescent indicators
from the rhod family (rhod-2, K4 ~0.6 um; X-rhod-1,
K4 ~0.7 um; X-rhod-5F, K4 ~1.6 um). These Ky values
are appropriate, because resting mitochondrial [Ca*"]
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is estimated to be 0.05-0.1 um (reviewed by Gunter &
Pfeiffer, 1990) and the maximal increase in mitochondrial
[Ca**] under physiological conditions is 1-2 um (David,
1999; David et al. 2003). Preparations were exposed to the
membrane-permeable, acetoxymethylester (AM) forms of
these indicators (~25 g ml~!) for ~30 min, followed by
washout with indicator-free saline for ~30 min. The AM
moiety is cleaved by cytosolic and intramitochondrial
esterases, converting the indicator into its charged,
Ca**-binding form and effectively trapping it in the
compartment where the de-esterification occurs. During
washout, the indicator in the cytosol is diluted by diffusion
out of the terminal into the myelinated axon, leaving
most of the remaining indicator in terminal mitochondria.
Morphological and functional criteria used to verify intra-
mitochondrial localization of the indicator are described
by David (1999). The criterion most relevant to this study
is that following the stimulus train, the initial decay of
intramitochondrial [Ca?*] is much slower than that of
cytosolic [Ca®t]. Rhod dyes were excited with a 568-nm
argon—krypton laser line (Laser Physics, Salt Lake City, UT,
USA) and the emitted light was filtered with a long-pass
590-nm filter (Chroma, Rockingham, VT, USA). YFP was
excited with a 488-nm laser line, and emitted light was
filtered with a 535-nm band-pass filter (bandwidth, 40 nm,
Chroma).

Stimulation-induced changes in cytosolic [Ca®*] were
monitored in separate experiments using mice that
did not express YFP. The membrane-impermeable,
hexapotassium salt forms of Oregon Green 488 BAPTA-1
(OG-1, K4 ~0.17 um) or Oregon Green 488 BAPTA-5N
(OG-5N, K4 ~50 um) were loaded ionophoretically
via an electrode inserted into an axonal internode,
using techniques described by David & Barrett (2000).
These indicators were excited at 488 nm with emissions
monitored at 535 nm.

The experimental chamber was placed on the stage
of an inverted microscope in a confocal system that
included a Yokogawa spinning disc (Solamere, Salt Lake
City, UT, USA), a 60 x water immersion lens (NA 1.2,
Olympus), and a Photometrics Cascade 512B CCD camera
(Roper Scientific, Trenton, NJ, USA) that used on-chip
multiplication gain to achieve greater sensitivity with
low light intensities. A series of images were obtained
before, during and after a train of action potentials;
interimage intervals ranged from 1 to 3 s and exposure
times ranged from 0.8 to 2 s. Data were recorded using IP
Laboratory v3.61 software (Scanalytics, Inc., Fairfax, VA,
USA) and analysed on a Pentium computer using V*+
software (Digital Micro Optics, Auckland, New Zealand).
Variability due to fluctuations in laser light intensity was
minimized by correcting the recorded signal based on the
simultaneously recorded signal from a fluorescent bead
located close to the dichroic filter in the light path. Net
fluorescence (F,.) was calculated by averaging the total
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fluorescence (Fya) signals from regions of interest in the
terminal, and then subtracting background fluorescence
(Fpackground) from surrounding non-terminal regions
(F net = F toral — Fvackground). Changes in  fluorescence,
representative of changes in mitochondrial or cytosolic
[Ca**], were plotted as Fe/ Fres: versus time, where Freq is
the average F,,, for 20 images obtained before stimulation
began.

Analysis was restricted to terminals where the
average fluorescence during stimulation exceeded twice
the standard deviation of prestimulation values, and
where the fluorescence responses remained relatively
stable during repeated stimulus trains. The time integral of
the post-stimulation decay of mitochondrial [Ca**] (decay
integral) was calculated from normalized data. Integration
was stopped when fluorescence fell to prestimulation
values, or (for very prolonged decays) when imaging
stopped. Other measures of the decay of post-stimulation
fluorescence, such as the time to decay to baseline or the
half-decay time, were less useful because of signal noise.
Mostresponses did not exhibit a simple exponential decay.

Electrophysiology

EPPs were recorded with a microelectrode (filled with 3 m
KCl) inserted into the muscle fibre near the end-plate
region, using standard intracellular recording techniques.
EPP amplitudes were measured using Clampfit (Axon
Instruments, Union City, CA, USA).

Reagent sources

u-Conotoxin GIIIB was from Alomone Laboratories
(Jerusalem, Israel), CGP-37157 was from Tocris (Ellisville,
MO, USA) and the Ca’**-indicator dyes were from
Invitrogen (Carlsbad, CA, USA). Other reagents were
obtained from Sigma (St Louis, MO, USA).

Results

Increasing the Ca?* load prolongs the
post-stimulation decay of mitochondrial [Ca%*]

Figure 1A shows a fluorescence micrograph of a
YFP-labelled motor nerve terminal (green) superimposed
on a phase-contrast image. Figure 1B shows regions in
which the fluorescence of the mitochondrially loaded
Ca?* indicator X-rhod-5F increased in this terminal
during 50-Hz stimulation of the motor nerve (red). The
overlaid fluorescence images in Fig. 1C show that the
regions in which X-rhod-5F fluorescence increased
were within the YFP-labelled motor terminal. Figure 1D
shows the increase in X-rhod-5F fluorescence (Fpe/Frest)
recorded in this terminal during and following a 50-Hz,
20-s train. During stimulation, mitochondrial [Ca®"]
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increased to a plateau value that persisted for ~50 s after
the end of stimulation and then decayed back to baseline
over a time course of several minutes.

Figure 2A compares changes in F/Fie (= Fret/Frest)
recorded in a different terminal during and following
trains of 1000 and 2000 stimuli delivered at 50 Hz. Records
were aligned so that time 0 corresponds to the end of
stimulation. Increasing the train duration prolonged the
post-tetanic decay.

The time course of decay of mitochondrial [Ca*"]
following a given stimulus train varied greatly from
terminal to terminal. Thus to assess the effect of varying
the Ca?* load, we analysed responses recorded sequentially
from single terminals (as in Fig. 2A). Figure 2B compares
the time integral of the decay of mitochondrial [Ca®"]
recorded after 500 stimuli to that recorded after 1000
or 2000 stimuli for five different terminals. These
comparisons showed that increasing the number of
stimuli always prolonged the post-stimulation decay of

terminal
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mitochondrial [Ca?*], but the percentage increase was
variable. On average, increasing the stimulus train from
500 to 1000 stimuli or to 2000 stimuli increased the decay
integral by 60% or 200%, respectively (Table 1). Similarly,
Warashina (2006) reported that the decay of matrix
[Ca’*] in chromaffin cells was prolonged by increasing
the duration of a high K*-induced depolarization.

The Ca?* load delivered to the terminal was also
varied by changing bath [Ca’"]. Figure 3A shows that
decreasing bath [Ca?*] from the normal 1.8 mm to 0.4 mm
shortened the decay of mitochondrial [Ca®*]. Table 1
shows quantitatively how changing bath [Ca**] affected
the decay integral.

An additional manipulation to vary the Ca’>" load was
addition of 3,4-DAP (100 pm). This drug prolongs the
duration of action potentials in motor terminals and
thereby prolongs the amount of time that voltage-gated
Ca’" channels are open (Tabti et al. 1989; Morita &
Barrett, 1990; Robitaille & Charlton, 1992). Figure 3B

Xrhod increase with stimulation

A Ty

50 0 50 100 150 200
time (sec)

Figure 1. Localization of stimulation-induced increases in X-rhod-5F fluorescence within a yellow
fluorescent protein-expressing mouse motor nerve terminal

A, overlay of phase and yellow fluorescent protein (YFP; green) images. B, overlay of phase and X-rhod-5F
difference (red) images, illustrating regions in which fluorescence increased in response to 50-Hz stimulation
for 20 s. The difference image was created by subtracting the average prestimulation fluorescence (20 frames)
from the average fluorescence during stimulation (six frames). C, overlay of YFP image and X-rhod-5F difference
image. Calibration bar, 50 um. D, time course of stimulation-induced X-rhod-5F fluorescence changes (plotted
as F/Frest = Fret/Frest) in this terminal. The dashed horizontal line indicates the baseline measured from
prestimulation images. Dashed vertical lines indicate the duration of stimulation. For this record, as well as those
in Figs 2-6, muscle contraction was blocked using d-tubocurarine (10 wg/ml). The plateau amplitude observed
during and immediately following the stimulus train in this and subsequent figures is not an artifact due to dye
saturation. As noted in the Introduction, the maximal stimulation-induced increase in matrix [Ca2t] in normal
motor terminals is only 1-2 um above a resting level estimated as 0.05-0.10 uM, and none of the rhod dyes used
here would saturate over this range. Also, a similar stimulation-induced plateau of matrix [Ca2*] is evident with a
very low affinity indicator (rhod-5N, K4 ~300 um, David et al. 2003).
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shows that 3,4-DAP prolonged the post-stimulation decay
of mitochondrial [Ca?*] (also see Table 1). Note that
neither reducing nor increasing the stimulation-induced
Ca’" load altered the plateau value of matrix [Ca®"]
recorded during the stimulus train, a reflection of the
powerful Ca’*" buffering system in the mitochondrial
matrix.

Figure 4 shows that increasing the stimulation
frequency also prolonged the post-stimulation decay of
mitochondrial [Ca®*]. Increasing frequency while keeping
the total number of stimuli constant would not be expected
to change the total influx of Ca?* into the terminal.
However, delivering the same Ca’" load in a shorter
time increases the elevation of cytosolic [Ca*"] during
stimulation (David & Barrett, 2000), which would increase
the driving force for Ca®* entry into mitochondria. Ca’*
influx via the mitochondrial uniporter is activated in
a supralinear manner by increases in cytosolic [Ca’"]
(reviewed by Gunter & Pfeiffer, 1990). Thus, one would

A

FI/Frest

Figure 2. Increasing the duration of a 50-Hz stimulus
train prolongs the post-stimulation decay of
mitochondrial [Ca2"] measured by changes in the
fluorescence of X-rhod-5F

A, two trains (1000 and 2000 stimuli) were delivered
sequentially to a single terminal. Curves drawn through the
data points were calculated as the weighted average of the
five nearest neighbours. The dotted vertical lines mark
(from left to right) the beginning of the 2000 stimulus
train, the beginning of the subsequent 1000 stimulus train,
and the end of stimulation for both trains. B, pairwise
comparison of the time integrals of the post-train decays of
mitochondrial [Ca?*] measured after 1000 stimuli (n = 4
terminals) or 2000 stimuli (n = 3 terminals), normalized to
those measured in the same terminal after 500 stimuli.

Normalized Decay Integral
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Table 1. Increasing the Ca?t load increases the time integral of
the post-tetanic decay of mitochondrial [Ca2t]

Ratio of decay integrals

Manipulation (post/pre) % of expected
500— 1000 stimuli 1.6 +0.4 (4) 79*
500— 2000 stimuli 3.0+1.0(3) 74*
0.4—1.8 mm Cat 35 78#
0.4—2.4 mm Ca?+ 3.9 654
Add 3,4-DAP 3.0+0.2(3) —

Number of tested terminals indicated in parenthesis. Values
are means +s.0. *Calculated assuming that the Ca®* load is
proportional to the number of stimuli in the train; #calculated
assuming that the CaZ* load is proportional to bath [Ca2*].

expect a greater accumulation of mitochondrial Ca®*
at higher stimulation frequencies, consistent with the
observed prolongation of the post-stimulation decay of
mitochondrial [Ca®*].

e 2000 stimuli

1000 stimuli /

-40 0 40 a0

120 160 200 240 280
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The mitochondrial Nat-Ca?* exchanger is the
principal pathway for mitochondrial Ca?* extrusion

How is the Ca’*" that is taken up by mitochondria
during repetitive stimulation returned to the cytosol
after stimulation? Figure5A shows that inhibiting the
mitochondrial Na*—Ca’* exchanger with 50 um CGP-
37157 markedly prolonged the decay of mitochondrial
[Ca?*]. It has also been demonstrated that CGP-37157
inhibits Ca?" extrusion by mitochondria in other
vertebrate preparations including rat heart (Cox et al.
1993), rat chromaffin cells (Babcock et al. 1997; Warashina,
2006) and multiple types of neurons and other secretory
cells (Babcock et al. 1997; Baron & Thayer, 1997; White
& Reynolds, 1997; Colegrove et al. 2000a). In contrast,
Fig. 5B shows that inhibiting openings of the permeability
transition pore with 5 um cyclosporin A had little effect
on the post-stimulation decay of mitochondrial [Ca**].
Thus the mitochondrial Nat—Ca*" exchanger is a more

1.3+
1.2

1.1

F/Frest

1.04--

0.9+ .

low Ca®* (0.4 m) /

0.8-
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important Ca®t extrusion pathway for mouse motor
terminal mitochondria than cyclosporin-inhibitable
openings of the transition pore.

Ca** extruded from mitochondria contributes to
the slowly decaying tail of elevated cytosolic [Ca*"]
that follows stimulation. Thus, one would predict that
inhibition of the mitochondrial Nat—Ca*" exchanger
with CGP-37157 would reduce post-train residual [Ca**].
This prediction is supported by the measurements in
Fig. 6 showing changes in cytosolic [Ca*"] produced
during and after stimulation at 50 Hz, monitored as
F/F,es of ionophoretically injected OG-5N (Ky, ~50 um,
Fig. 6A) or OG-1 (Kg4, ~0.17 um, Fig.6B and C). For
the 500-stimulus trains in Fig.6A and B, CGP-37157
reduced post-train [Ca’"] but had little effect on [Ca*"]
during the train. This is similar to the results of David
(1999) in lizard motor terminals (see also Colegrove
et al. 2000a). The low-affinity indicator OG-5N in Fig. 6A

normal Ca** (1.8 mM)

-20 0 20 40 60 80
Time (sec)

1.6 pr—
1.5
1.4
1.3-

1.2+

F/Frest

1.1

1.0+

0.9-

0.8-

T T y

3,4-diaminopyridine
-

Figure 3. The post-stimulation decay of
mitochondrial [Ca?*] is accelerated by reducing bath
[Ca?™] (A) and slowed by 3,4-diaminopyridine
(3,4-DAP) (B)

A, responses to trains of 500 stimuli at 50 Hz measured in
a motor terminal in a bath [Ca*] of 1.8 and 0.4 mm.
Similar changes were seen in another terminal (not
shown) in which bath [Ca2t] was changed from 2.4 to
0.4 mm. B, responses to trains of 1000 stimuli at 50 Hz
measured in another terminal before and 24 min after
adding 100 um 3,4-DAP. The constant amplitude of the
peak increase in mitochondrial [Ca%*] in different bath
[Ca?*] and after addition of 3,4-DAP is consistent with the
hypothesized formation of an insoluble calcium-

f T T T T T
-80 -40 0 40 80 120 180 200 240

Time (sec)

containing complex that limits the increase in matrix
[Ca2*] (see Introduction). X-rhod-1 was used in both
experiments.

280
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allows a good estimate of the relative magnitude of the
[Ca**] elevations during and following stimulation. The
high-affinity indicator OG-1 yields a better signal-to-noise
ratio, but is more saturated with Ca** during the train
than the low-affinity OG-5N. Thus the OG-1 records in
Fig. 6Band C overestimate the ratio of [Ca®*] post train to
[Ca**] during the train. In Fig. 6C, the number of stimuli
was increased to 1000 to improve resolution of post-train
[Ca**]. Single exponentials fit to these data (2-70 s post
train) had magnitudes and time constants of 0.5 and 25 sin
control, and 0.19 and 29 s in the presence of CGP-37157,
respectively. Thus, this drug mainly affected the magnitude
of post-train [Ca’*]. In Fig.6C, CGP-37157 slightly
reduced the elevation of cytosolic [Ca*"] during the
latter half of the stimulus train. This effect is expected
if mitochondrial Nat—Ca*" exchange occurs during as
well as after the stimulus train (see modelling study of
Colegrove et al. 2000b). Activation of this exchanger, which
increases cytosolic [Ca*"], would be expected to increase
over the course of the train as mitochondrial [Ca’*]
and intra-axonal [Na™] increase. Thus the reduction in
cytosolic [Ca’*] produced by inhibiting this exchanger
with CGP-37157 would be expected to become greater
over the course of the train.

Inhibition of the mitochondrial Na*—Ca?* exchanger
reduces evoked transmitter release following
high-frequency stimulation

During post-tetanic stimulation, the residual tail of
cytosolic Ca*™ and action potential-induced Ca*" influx
summate, thus increasing post-tetanic evoked transmitter
release (reviewed by Zucker & Regehr, 2002). To test
whether mitochondrial Ca?* extrusion increases post-
tetanic release, we measured EPP amplitudes before,
during and after 50-Hz stimulus trains in the presence

FiFrest

Figure 4. Increasing the frequency of stimulation
prolongs the post-stimulation decay of
mitochondrial [Ca?2*] measured using rhod-2

Ca?* extrusion from motor terminal mitochondria

Six trains of 1000 stimuli were delivered sequentially to a 0.8-

single terminal, three at 50 Hz and three at 100 Hz,
alternating the frequencies. The averages of each set of
three trains are shown.
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and absence of CGP-37157 (Fig. 7). In these experiments,
muscle contractions were blocked using p-conotoxin
GIIIB rather than d-tubocurarine, because during
repetitive stimulation there is less depression of
transmitter release in the presence of p-conotoxin GIIIB
than in d-tubocurarine (Hong & Chang, 1989). Changes
in mitochondrial [Ca*"] during and after a 500-stimulus
train delivered in the presence of w-conotoxin GIIIB
were similar to those recorded in the presence of
d-tubocurarine; that is, attainment of a plateau during
stimulation and a prolonged (> 1 min) post-stimulation
decay.

Figure 7A shows that in physiological saline prior to
addition of CGP-37157, post-tetanic EPP amplitudes
returned to prestimulation values within less than 5s; no
augmentation or potentiation was evident. Hubbard et al.
(1971) also reported minimal post-tetanic potentiation in
rat motor terminals subjected to similar stimulus trains at
30°C (their Fig. 9). This lack of a post-tetanic increase in
EPP amplitudes may have occurred because augmentation
and potentiation were obscured by depression, as
described by Kalkstein & Magleby (2004) in frog motor
terminals. CGP-37157 markedly slowed the post-tetanic
recovery of EPP amplitude, consistent with the hypothesis
that mitochondrial extrusion of sequestered Ca®" into the
cytosolisimportant for accelerating the recovery of evoked
transmitter release following repetitive stimulation. The
time course of the difference between post-stimulation
EPP amplitudes recorded in the presence and absence of
CGP-37157is plotted in the inset of Fig. 7A. This difference
decayed with a time constant of ~10 s (solid line).

As shown in Fig. 7A, CGP-37157 also increased the
depression of EPP amplitudes recorded during the latter
part of the tetanus. This result, considered together with
the cytosolic [Ca*"] record in Fig. 6C, is consistent with the
idea that mitochondrial Ca®* extrusion via the Na*—Ca**

40 60 80 100 120 140 160

Time (sec)
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exchanger can in some terminals increase cytosolic [Ca*"]
and evoked release during as well as after the train. Another
possible explanation of the increased depression in the
presence of CGP-37157 is that this drug increased the
initial (baseline) level of evoked release. This explanation
seems unlikely, because CGP-37157 had no significant
effect on either the muscle resting potential or the initial
EPP amplitude.

We also tested the effects of CGP-37157 on tetanic and
post-tetanic EPP amplitudes under two non-physiological
experimental conditions designed to minimize tetanic
depression and increase post-tetanic release. For the
experiment shown in Fig. 7B, the duration of the stimulus
train was reduced from 500 to 200 stimuli and the
temperature was reduced from 30°C to 22°C. There was
a pronounced and prolonged post-tetanic increase in
EPP amplitudes in control solution, consistent with the
demonstration by Hubbard et al. (1971) that lowering the
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temperature enhances post-tetanic release in rat motor
terminals. This post-tetanic increase was abolished by
CGP-37157. Under these conditions, CGP-37157 had
no effect on EPP amplitudes during the stimulus train,
indicating that inhibition of post-tetanic release by this
drug can occur independent of any inhibition of release
during the tetanus.

For the experiment shown in Fig.7C and D, bath
[Ca?*] was reduced from the normal 1.8 mm to 0.4 mmM.
Under this condition of reduced release, EPPs increased
(rather than decreased) during the train, and remained
above control levels for tens of seconds following the train
(reviewed by Magleby, 2004). CGP-37157 abolished the
post-tetanic increase in release, and the increase in EPP
amplitudes during the stimulus train was less marked. The
expanded time scale in Fig. 7D shows that this latter effect
of CGP-37157 developed during the course of stimulation,
similar to the delayed onset in Fig. 7A.
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Figure 5. The mitochondrial Nat-Ca?™ exchanger
contributes more to mitochondrial Ca2* extrusion
than openings of the mitochondrial permeability
transition pore

A, responses to 500 stimuli at 50 Hz recorded in a single
terminal before and 22 min after addition of 50 um
CGP-37157, which blocks the mitochondrial Nat-Ca?*
exchanger. B, responses to 1000 stimuli at 50 Hz recorded
in a different terminal before and 18 min after addition of

-40 -20 0 20 40 &0 80
Time (sec)

1 5 um cyclosporin A, which inhibits some openings of the
100 permeability transition pore. X-rhod-1 was used in both
experiments.
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Thus under all the experimental conditions tested
(Fig. 7), inhibition of mitochondrial Ca®* extrusion with
CGP-37157 reduced post-tetanic release.

Discussion

The post-tetanic decay of mitochondrial [Ca?*]
depends on the mitochondrial Na*—Ca?* exchanger
and the Ca?* load

Results presented here demonstrate that following
500-2000 action potentials delivered at 50-100 Hz, the
[Ca?*t] within mouse motor terminal mitochondria
decays back to baseline over a time course of several
minutes. This decay is greatly prolonged by inhibiting
the mitochondrial Na™—Ca?* exchanger with CGP-37157,
consistent with evidence from isolated mitochondria and
other intact neurons that this exchanger is the dominant
mechanism for Ca?* extrusion from vertebrate neuronal
mitochondria (see Introduction). The increase in
mitochondrial [Ca®"] during stimulation occurs rapidly,
consistent with ion flux through a channel driven by a
large electrochemical gradient. The slow post-stimulation
decay of mitochondrial [Ca*"] is consistent with the slower
turnover rate of transporters. As for matrix [Ca*"], [Na™]
within the terminal remains elevated for several minutes
following high-frequency stimulation, as assessed by a
fluorescent Na™ indicator (Zhong et al. 2001) or by the
duration of the Na™—-K*-ATPase-mediated post-tetanic
axonal hyperpolarization (Morita ef al. 1993; Kiernan et al.
2004). Thus after a stimulus train, Ca’>* extrusion from the
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matrix is favoured by sustained elevations of both matrix
[Ca**] and cytosolic [Na*].

The post-stimulation decay of matrix [Ca*"] was mini-
mally affected by cyclosporin A, suggesting that Ca®t
extrusion from the mitochondrial matrix does not occur
via transient opening of the mitochondrial transition pore
under these experimental conditions. This conclusion is
consistent with the finding of minimal depolarization
of the mitochondrial membrane potential during or
after stimulation in lizard motor nerve terminals (David,
1999). Also, Chalmers & Nicholls (2003) found no
evidence for opening of the transition pore in isolated
brain mitochondria until matrix [Ca?*] exceeded 3-5 um,
whereas the elevation in matrix [Ca?*] in stimulated motor
terminals is limited to 1-2 um (David, 1999; David et al.
2003).

In all motor terminals, mitochondrial [Ca®*] reached a
plateau level during the stimulus train, and the amplitude
of the plateau was not changed by manipulations designed
to vary the Ca** load. This finding is consistent with the
powerful matrix buffering described in the Introduction.
Assuming little change in matrix [inorganic phosphate],
matrix [Ca?*] would be expected to remain ‘clamped’ at
this plateau level as long as the (hypothesized) insoluble
calcium—phosphate complexes remained. Thus one might
expect thatafter stimulation stopped, matrix [Ca**] would
remain near the plateau level until all of the complex
formed during stimulation had dissolved. Consistent
with this idea, matrix [Ca?*] in many motor terminals
exhibited an initial continuation of the plateau during the
post-stimulation decay. The larger the Ca** load delivered

0G-1 50 Hz 500 stimuli
FiFrest —

15

1.0

Figure 6. Residual cytosolic [Ca?™] after a tetanus is reduced after inhibition of the mitochondrial

Nat-Ca?™ exchanger with CGP-37157

Cytosolic [Ca?+] was monitored as F/Frest for OG-5N (A) or OG-1 (B and C) loaded ion ophoretically into the axon.
Each record shows the average of three to four stimulus trains recorded in the same terminal before and 15-80 min
after addition of 50 um CGP-37157; 500 stimuli in A and B; 1000 stimuli in C. A—C were from different terminals,

all in 1.8 mm bath Ca2*. Error bars indicate s.e.m.
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to the terminal, the more likely the persistence of this
post-stimulation plateau phase (e.g. compare 2000- and
1000-stimulus trains in Fig. 2A).

However in other terminals, matrix [Ca’"] began
decaying immediately after stimulation stopped (e.g. see
control record in Fig.3B). We do not know why some
terminals in which the matrix [Ca?*] exhibited a clear
plateau during stimulation did not sustain that plateau
during the initial phase of the post-stimulus decay. One
possible explanation is that in these mitochondria the
rate of Ca?* efflux via the Na™—Ca?* exchanger exceeded
the rate at which the hypothesized calcium—phosphate
complex could dissolve. Energy-dispersive X-ray micro-
analysis measurements of total calcium within the
matrix of high K'-stimulated sympathetic ganglion
neurons disclosed marked inter- and intramitochondrial
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heterogeneity (Pivovarova et al., 1999). Their results
suggest that the hypothesized calcium—phosphate
complexes are heterogeneously distributed among and
within mitochondria.

Because strong buffering limits the increase in
matrix [Ca’"] during stimulation, measurements
of matrix [Ca?"] cannot be used to assess total
mitochondrial Ca*" uptake. However, because increasing
the stimulation-induced Ca*" influx into the terminal
prolonged the post-stimulation decay of matrix [Ca®*],
we tested whether the time integral of this decay might be
proportional to the (presumed) mitochondrial Ca** load.
The results shown in Table 1 indicate that the percentage
increase in the time integral of post-stimulation matrix
[Ca*"] decay was less than the percentage increase in the
(presumed) Ca** load. The ratio of the average percentage
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Figure 7. Inhibition of mitochondrial Ca?* extrusion with CGP-37157 reduces post-tetanic evoked
release in near-physiological conditions (A), with reduced temperature and fewer stimuli (B) and in

low bath [Ca2*] (C)

A-C, EPP amplitudes (normalized to EPP amplitude before the train) during and after 50-Hz stimulation. Error bars
indicate s.p. Insets in the lower right of A and C show the difference between post-tetanic EPP amplitudes recorded
in the absence and presence of CGP-37157. Mono-exponential decays (solid line) fitted to these data had time
constants of 10.5 sin A (95% confidence interval, 8.8-12.1 s)and 22.6 sin C (95% confidence interval, 9.8-35 s).
D, shows tetanic EPPs from C on an expanded time scale to show effects of CGP-37157 during the train. Curves
are the weighted average of nine nearest neighbours. In all experiments muscle contractions were blocked with
2.5-4 um p-conotoxin GlIIB. Data in A were averaged from 17 trains recorded from 12 endplates in control (0),
and from 12 trains in 10 terminals after addition of CGP-37157 (®). Data in B are the average of three control
and six post-drug trains from the same terminal. Data in C and D are the average of 12 trains from 12 terminals
in four animals (control) and 10 trains from 10 terminals (drug).

© 2006 The Authors. Journal compilation © 2006 The Physiological Society



J Physiol 574.3

increases in the decay integral and the estimated Ca®t
load was similar (65%—79%) whether the extra Ca>* load
was delivered without an extra Na™ load (as with increases
in bath [Ca®*]), or with an extra Na' load (as with
increases in the number of stimuli). Thus changes in the
post-train time integral of matrix [Ca®*] probably under-
estimated the percentage change in mitochondrial Ca**
load.

Ca?* extrusion from mitochondria helps sustain
post-tetanic transmitter release

Kamiya & Zucker (1994) demonstrated that decreasing
cytosolic [Ca*"] in crayfish motor terminals, by
photo-activating a Ca®" chelator at various times after
tetanic stimulation, decreased facilitation, augmentation
and potentiation. However, the decrease in potentiation
was only transient, suggesting that the elevated cytosolic
[Ca®*] that contributed to potentiation arose from a
non-cytosolic source that could be replenished. One of
these sources is mitochondria (Tang & Zucker, 1997).
Another source is Ca’* influx from the bath via reverse
action of a plasmalemmal Na™—Ca?" exchanger (Zhong
etal. 2001).

In crayfish motor terminals, Ca’" extrusion from
mitochondria is Na'-independent; inhibiting the
mitochondrial Nat—Ca*" exchanger with CGP-37157
had no effect on residual [Ca’*] or post-tetanic
potentiation (Zhong et al. 2001). In contrast, in
mouse motor terminals CGP-37157 prolonged the
post-tetanic decay of mitochondrial [Ca**], reduced post-
tetanic residual cytosolic [Ca*"] and reduced post-tetanic
transmitter release at both normal and low quantal
contents. These results demonstrate that in mouse
motor terminals the mitochondrial Nat—Ca** exchanger
contributes importantly to sustaining evoked release
during the post-tetanic period. This drug offers a ‘cleaner’
method for testing the hypothesis of mitochondrial
involvement in post-tetanic release than some previous
strategies because (at least in the short term) it does
not block mitochondrial Ca?* uptake or interfere with
mitochondrial energy production. Previously used agents
that inhibit mitochondrial Ca** uptake (e.g. CCCP or
inhibitors of the uniporter or electron transport chain)
also reduce post-tetanic evoked release, but interpretation
of this effect is complicated because inhibition of
mitochondrial Ca** uptake results in greater elevations
of cytosolic [Ca*"] during the tetanus, resulting in high
levels of asynchronous release and faster depression of
phasic release during the tetanus (Talbot et al. 2003; David
& Barrett, 2003). The effects of CGP-37157 are easier
to interpret because it did not increase cytosolic [Ca*"]
during tetanic stimulation, and (in certain experimental
conditions) its inhibition of post-tetanic evoked release
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could be observed without increased depression during
the tetanus.

Under near-physiological conditions (normal bath
[Ca?*] and 30°C), the time constant of the post-tetanic
release component that was inhibited by CGP-37157 was
~10s (Fig.7A), similar to time constants reported for
augmentation. As mitochondrial Ca** extrusion under
these conditions continued for at least 80 s, it probably also
affected potentiation. Indeed, under altered experimental
conditions designed to increase post-tetanic potentiation,
CGP-37157 abolished all post-tetanic enhancement of
release (Fig. 7B and C).

The contrasting physiology of crayfish and mouse
motor nerve terminals may be related to the mechanisms
by which they sustain the elevation of cytosolic [Ca*"]
following tetanic stimulation. At crayfish exciter opener
neuromuscular junctions there is marked potentiation
of synaptic transmission during and following tetanic
stimulation under physiological conditions, and this
potentiation is physiologically important because contra-
ctions of the underlying muscle are graded with EPP
amplitude. Thus it seems appropriate that the elevated
residual [Ca®'] that sustains this potentiation comes
both from mitochondria and from reverse operation of a
plasmalemmal Na*—Ca®* exchanger (Zhong et al. 2001).
In contrast, at mouse and rat neuromuscular junctions
neither tetanic nor post-tetanic potentiation is prominent
under physiological conditions; rather the net result is
usually depression (as in Fig. 7A; also Halstead et al. 2005;
and for in vivoresults see Argaw ef al. 2004). Augmentation
and potentiation dominate only under non-physiological
conditions (e.g. low bath [Ca’>"]). As contraction of the
underlying muscle fibre is an all-or-nothing phenomenon,
the physiologically important task is not to increase
the amplitude of the post-tetanic EPP to above control
levels, but rather simply to restore EPP amplitude to a
value suprathreshold for muscle contraction as quickly as
possible. Evidence presented in this paper demonstrates
that mitochondrial extrusion of previously sequestered
Ca** via the Na*—Ca*" exchanger is a major mechanism
for accomplishing this task.
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