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Stimulation-induced mitochondrial [Ca?*] elevations in
mouse motor terminals: comparison of wild-type with
SOD1-G93A

Lizette Vila, Ellen F. Barrett and John N. Barrett
Department of Physiology and Biophysics R-430, University of Miami School of Medicine, PO Box 016430, Miami, FL 33101, USA

Changes in mitochondrial matrix [Ca’*] evoked by trains of action potentials were studied in
levator auris longus motor terminals using Ca’*-sensitive fluorescent indicator dyes (rhod-2,
rhod-5F). During a 2500 impulse 50 Hz train, mitochondrial [Ca**] in most wild-type terminals
increased within 5-10 s to a plateau level that was sustained until stimulation ended. This plateau
was not due to dye saturation, but rather reflects a powerful buffering system within the
mitochondrial matrix. The amplitude of this plateau was similar for stimulation frequencies in the
range 15-100 Hz. Plateau amplitude was sensitive to temperature, with no detectable stimulation-
induced increase in fluorescence at temperatures below 17 °C, and increasing magnitudes as
temperature was increased to near-physiological levels (38 °C). When stimulation ended,
mitochondrial [Ca**] decayed slowly back to prestimulation levels over a time course of hundreds of
seconds. Similar measurements were also made in motor terminals of mice expressing the G93A
mutation of human superoxide dismutase 1 (SOD1-G93A). In mice > 100 days old, all of whom
exhibited hindlimb paralysis, some terminals continued to show wild-type mitochondrial [Ca**]
responses, but in other terminals mitochondrial [Ca**] did not plateau, but rather continued to
increase throughout most of the stimulus train. Thus mechanism(s) that limit stimulation-induced
increases in mitochondrial [Ca**] may be compromised in some SOD1-G93A terminals.
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Mitochondrial uptake of Ca** contributes to buffering
moderate-to-large cytosolic Ca’" loads in neurons and
other secretory cells (Friel & Tsien, 1994; Stuenkel, 1994;
Werth & Thayer, 1994; White & Reynolds, 1995;
Herrington et al. 1996; Tang & Zucker, 1997; Kaftan et al.
20005 Suzuki et al. 2002). Mitochondrial sequestration of
Ca’* may be especially significant in nerve terminals,
which sustain large stimulation-induced Ca** influxes into
a small volume. In lizard motor nerve terminals, measure-
ments of cytosolic and mitochondrial matrix [Ca*']
demonstrated that mitochondrial Ca** sequestration is the
major mechanism limiting the increase in spatially averaged
cytosolic [Ca’'] during trains of 25 or more action
potentials delivered at 50 Hz (David et al. 1998; David,
1999). Consistent with these findings, David & Barrett
(2000) showed that in mouse motor nerve terminals
stimulation-induced increases in cytosolic [Ca®'] are also
greatly increased by drugs that prevent mitochondrial Ca**
uptake. These cytosolic [Ca®*] responses are also increased
by lowering the temperature, suggesting that mitochondrial
Ca™ uptake in mouse terminals might be temperature-
dependent. Here we extend this work on mouse motor

terminals by measuring [Ca**] within the mitochondrial
matrix. We report that during repetitive stimulation,
mitochondrial [Ca’*] increases to a plateau whose
amplitude increases with increasing temperature, but not
with increasing stimulation frequency (15-100 Hz).

Stimulation-induced mitochondrial [Ca®*] responses
were also measured in motor terminals of SOD1-G93A
mice. SOD1 is a cytosolic, homodimeric, Cu**/Zn**-
dependent metalloenzyme that catalyses the conversion of
superoxide anion to hydrogen peroxide, thus contributing
to cellular defence against oxidative stress. This enzyme is
not required for motoneuron survival, but may be
necessary for maintenance of normal hindlimb neuro-
muscular junctions (Flood et al. 1999). In humans the
G93A mutation, as well as several other SOD1 mutations,
cause some familial forms of amyotrophic lateral sclerosis
(ALS, Aguirre et al. 1999; Gellera et al. 2001) by a toxic
gain-of-function mechanism. ALS is characterized by adult-
onset progressive motor weakness and paralysis accompanied
by death of spinal motoneurons (reviewed in Rowland &
Shneider, 2001). Mice expressing these mutant forms of
human SOD1, but not wild-type human SODI, also
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develop progressive motor weakness, paralysis and death
of spinal motoneurons (G93A mutation: Gurney et al.
1994; Chiu et al. 1995; G37R, Wong et al. 1995; G85R
mutation, Bruijn et al. 1997). In ALS, different moto-
neuron pools degenerate at different rates; for example
motoneurons innervating leg muscles degenerate earlier
than those innervating external eye muscles. This pattern
of degeneration is at least partially reproduced in the
SOD1-G93A mouse model (Chiu et al. 1995).

Although SODL1 is a cytosolic protein, both normal and
mutant SOD1 are present in the mitochondrial fraction
(Sturtz et al. 2001; Jaarsma et al. 2001; Higgins et al. 2002;
Mattiazzi et al. 2002). Both in vivo and in vitro evidence
suggests that calcium dysregulation and/or mitochondrial
dysfunction contribute to the motoneuron cell death in
SOD1 mutant mice (reviewed by Menzies et al. 2002). This
evidence includes mitochondrial vacuolization and
degeneration (Chiu et al. 1995; Wong et al. 1995;
Mourelatos et al. 1996; Kong & Xu, 1998; Jaarsma et al.
2000), immunohistochemical signs of oxidative damage to
mitochondrial DNA in spinal motoneurons (Warita et al.
2001), and decreased activity of components of the
mitochondrial respiratory chain in spinal cord tissue
(Borthwick et al. 1999; Jung et al. 2002). The survival of
mice expressing mutant human SODI can be prolonged
by creatine, cyclosporin A and minocycline (Klivenyi et al.
1999; Keep et al. 2001; Zhu et al. 2002), which inhibit
opening of the mitochondrial permeability transition
pore, and by overexpression of bcl-2, an anti-apoptotic
protein (Kostic et al. 1997), which increases mitochondrial
ability to accumulate Ca** (Murphy et al. 1996; Zhu et al.
1999). Cultured motoneurons expressing SOD1-G93A
exhibit increased intracellular [Ca®'], decreased intra-
mitochondrial [Ca?'] and several indices of mitochondrial
dysfunction (Kruman et al. 1999), and their survival is
prolonged by agents that block plasma membrane Ca**
channels and by expression of a Ca**-binding protein,
calbindin-D28K (Roy et al. 1998). This latter finding
complements evidence that the motoneuron pools that die
first in ALS have lower concentrations of cytosolic Ca**
buffers (parvalbumin and calbindin-D28K) than the more
resistant motoneuron pools (Ince et al.1993; Alexianu et
al. 1994; Siklos et al. 1998).

Motor nerve terminals contain abundant mitochondria,
so we investigated whether expression of SOD1-G93A
would alter mitochondrial handling of the large Ca** loads
produced by repetitive nerve stimulation. We report that
in SOD1-G93A mice > 100 days old the majority of levator
auris longus motor terminals exhibit an abnormal,
continuously ramping (rather than plateauing) increase in
mitochondrial [Ca**] during repetitive stimulation. Thus
disrupted mitochondrial handling of Ca** loads may
contribute to the motor terminal pathology that develops
during this disease.
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METHODS

Preparation and solutions

Neuromuscular preparations were dissected from mice killed with
100% CO,, in accordance with guidelines of the University of
Miami Animal Care and Use Committee. Experiments used
SODI1-G93A mice 100-120 days old (all of which exhibited
hindlimb paralysis) or wild-type littermates also 100120 days
old. A founder mouse expressing a high copy number of human
SOD1-G93A, originally described by Gurney et al. (1994), was
purchased from Jackson Labs. SOD1-G93A mice were identified
by PCR of tail clips taken at 8-20 days. The touchdown PCR assay
recommended by Jackson Labs used a mixture of two sets of
primer pairs, one for mutant human SOD1 (5-CAT CAG CCC
TAA TCC ATC TGA-3" and 5'-CGC GAC TAA CAA TCA AAG
TGA-3") and the other for wild-type mouse interleukin-2 (IL-2,
5"-CTA GGC CAC AGA ATT GAA AGA TCT-3" and 5-GTA
GGT GGA AAT TCT AGC ATC ATC C-3'). There is a
competition for nucleotides during the amplification of SOD1-
G93A and IL-2 cDNAs (236 and 324 bp, respectively).

The levator auris longus muscle (Angaut-Petit ef al. 1987; Erzen et
al. 2000) was removed together with its attachment sites on the
skin of the scalp and the midline muscles at the back of the head.
This muscle is very thin (1-2 muscle layers), which facilitates
imaging studies. Preparations were bathed in mammalian saline
solution (mm: NaCl 145, NaHCO; 24, glucose 5.5-11, CaCl, 2,
MgCl, 0.5, and Na,HPO, 0.1, pH 7.4, gassed with 95% O,/5%
CO,) and pinned in a small chamber (0.75 ml volume) with a glass
coverslip bottom and silicone rubber walls. The motor nerve was
stimulated with brief, suprathreshold depolarizing pulses (e.g.
50 Hz for 50 s) delivered via a suction electrode; the resulting
muscle contractions demonstrated the viability of the
preparation. Contractions were then blocked using d-tubocurare
(2 pM). During imaging an outer chamber surrounding the
chamber containing the muscle was slowly infused with a 95%
0,/5 % CO, gas mixture. The temperature of the preparation was
monitored using a small thermocouple in the experimental
chamber.

Loading of Ca** indicator dyes into mitochondria
Preparations were bath-loaded with the acetoxymethylester (AM)
form of Ca’* indicator dyes in the rhod family (rhod-2
[Ky= 0.6 uMm]; rhod-5F (Ky =~ 1.9 um); occasionally rhod-5FF
(Kq =19 um) or thod-5N (K4 =320 uM)). These dyes show Ca**-
dependent fluorescence after the AM moiety is cleaved by
esterases in the cytosol and mitochondrial matrix. A variety of
loading protocols were tested to maximize intramitochondrial
loading, including some in which tetraisopropylpyrophosphor-
amide (final concentration 1 gM), an irreversible blocker of non-
specific esterases, was added 15 min prior to incubation with dye.
The easiest protocol that yielded reliable intramitochondrial dye
loading (see David et al. 2003) was to expose the preparation to a
high concentration of dye (5-20 M) for 2—4 min, and then rinse
with dye-free solution for 30-60 min at room temperature in an
atmosphere containing 95 % O,/5 % CO,.

The localization of indicator dye in motor terminal mitochondria
was verified using three criteria (David, 1999). First, the resting
fluorescence had a patchy distribution localized to the terminal
region (not present in the motor axon), suggesting localization in
terminal organelles rather than throughout the cytosol (e.g.
Figs 3A and 5A). Second, the fluorescence increase was time-
locked to the onset of nerve stimulation and had a slow post-
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stimulation decay. Third, the stimulation-induced fluorescence
response was abolished by carbonyl cyanide m-chlorophenyl
hydrazone (CCCP, 1-2 uM, e.g. Fig. 6). CCCP is a protonophore
that collapses the transmembrane voltage gradient (and thus the
driving force for Ca** entry) across the inner mitochondrial
membrane. The latter two features distinguish mitochondrial
[Ca®*] responses from cytosolic [Ca*'] responses, which have a
rapid initial component of decay and are increased by CCCP
(David & Barrett, 2000). Mitochondria also cluster within the
end-plate region of the muscle fibre, but muscle mitochondria are
unlikely to contribute significantly to the stimulation-induced
responses recorded here because tubocurare blocks (and thereby
prevents Ca*" influx through) end-plate nicotinic receptors.

Imaging and analysis of fluorescence responses

Most imaging experiments used an Odyssey XL confocal
microscope (Noran Instruments, Middleton, W1, USA) equipped
with a 20 mW diode-pumped green laser (Milles Griot) that
provided the 532 nm excitation light for rhod dyes. A 550 nm
barrier filter (Chroma) was used in the emission pathway. To
reduce photodamage, we used lower laser intensities in
combination with maximal gain on the photomultiplier tube and
a pixel dwell time of 800 ns, which proved optimal for the Noran
system. Fach image was the average of eight consecutive
exposures, to improve the signal-to-noise ratio. Usually a series of
100 images was collected during each trial, with the first 10-20
images used to determine the baseline before the onset of
stimulation. To study responses evoked by different stimulation
frequencies, the various frequencies were presented in mixed order
and one standard frequency (usually 50 Hz) was retested one or
more times during the experiment. Because mitochondrial [Ca**]
responses in motor terminals decay slowly, repeated stimulus
trains were separated by intervals of at least 15 min.

Even with the adjustments indicated above, only a small
percentage of motor terminals studied with the Noran system
yielded multiple mitochondrial [Ca**] responses with an
acceptable signal-to-noise ratio. A Wallac Ultraview confocal
microscope (Perkin-Elmer Life Sciences, Boston, MA, USA),
tested during a brief demonstration at the University of Miami,
yielded better results, as shown in Fig. 3. This system, which
incorporates a Yokogawa spinning disk, reduces photodamage
and improves the signal-to-noise ratio by sweeping the
preparation with high-frequency, low-intensity excitation pulses.

Image data were analysed on a Pentium computer using V++
software (Digital Micro Optics, Auckland, NZ). To identify regions
of interest (ROI) that responded to nerve stimulation, the 10-20
images collected prior to stimulation were averaged to yield a
control (resting) image, which was subtracted from the average of
20 images collected during the maximal response to stimulation,
yielding a difference image. ROIs defined on this difference image
were copied to identical coordinates of each image in the image
stack, and mean fluorescence values for the ROI on each of these
images were calculated. Background fluorescence was estimated
in regions surrounding the motor terminal. Stimulation-induced
responses were plotted as F/F,., where F is the (background-
subtracted) fluorescence at a particular post-stimulation time,
and F, is the resting (control, background-subtracted) fluorescence.
A 3-point moving bin average was used to reduce noise in the
records collected with the Noran confocal.

All indicator dyes were from Molecular Probes (Eugene, OR,
USA). Other reagents came from Sigma.
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RESULTS

Stimulation-induced elevations of mitochondrial
[Ca®*] are sensitive to temperature but not to
stimulation frequency.

The elevation of cytosolic [Ca*"] produced by 50100 Hz
stimulation of mouse motor terminals is greater at cool
than at near-physiological temperatures (David & Barrett,
2000). To test whether this temperature dependence might
be due to differences in mitochondrial Ca** uptake, we
measured stimulation-induced elevations in mitochondrial
[Ca**] over a range of temperatures. Figure 1 illustrates
F/F, responses recorded in two experiments in which it
was possible to record responses at three different
temperatures from the same wild-type terminal. The
indicator dye was rhod-2 in Fig. 1A, and the lower-affinity
rhod-5F in Fig. 1B. The responses rose to a plateau,
attained within 5-10 s following the onset of stimulation,
and decayed slowly after stimulation stopped. Within each
terminal the F/F,. responses were temperature-dependent,
with no significant stimulation-related increase at 17 °C,
and increasing amplitudes at higher temperatures. This
result was not due to the temperature dependence of rhod
dyes, since mitochondrial fluorescence responses recorded

A 1.8
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Figure 1. Temperature dependence of mitochondrial
[Ca®*] responses (recorded as F/F,.;) evoked by 50 Hz
stimulation in two wild-type motor nerve terminals

A, terminal loaded with rhod-2 and stimulated for 12 sat 17, 19
and 25 °C. B, terminal loaded with rhod-5F and stimulated for 30 s
at 26, 28 and 38 °C. Horizontal bars indicate stimulation interval;
note that A and B use different time and fluorescence axes.
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in lizard motor terminals using the same rhod dyes did not
vary with temperature over this range (not shown). Most
subsequent experiments were conducted at temperatures
ranging from 25-30 °C, where responses were detectable
and preparations remained more stable than at higher
temperatures.

In these wild-type terminals, mitochondrial F/F,; responses
from different subregions of the same terminal were
usually similar (not shown), and thus were averaged
together. Wild-type cytosolic [Ca**] responses also exhibited
intra-terminal homogeneity (David & Barrett, 2000).

A few experiments were also attempted using lower-
affinity rhod dyes. Stimulation-induced responses could
occasionally be detected with rhod-5FF (K = 19 uM), but
notwith rhod-5N (Kj = 320 uM).

Figure 2 (left) shows that the plateau amplitude of F/F,.
did not vary as stimulation frequency was increased from
50 to 100 Hz. This finding was confirmed by repeated
measurements in 10 terminals, which exhibited no
significant change in plateau amplitude as stimulation
frequency was varied over 15-100 Hz. Little or no
significant increase in F/F,. was detected at stimulation
frequencies < 10 Hz (not shown). The right portion of the
trace in Fig. 2 was recorded from the same terminal after
the plasma membrane was permeabilized with digitonin.
When bath [Ca®'] was increased from near zero to 1 mm,

digitonin
10 1~ - -
Ca=0 Ca= 1.mM
9 4 - .
8 - e
.S
7 7 e
. 61 :
w5 .
- 4
3 4 ﬂ’* N ¢
2 -
100 Hz
1 P 50Hz P,
0 T L L T L]
0 50 100 150 100 sec

Time (sec)

Figure 2. F/F increases recorded in a rhod-2-filled
terminal during stimulation at 50 Hz followed by 100 Hz
(left), and when bath [Ca?**] was increased following
permeabilization of the plasma membrane with
digitonin (right, 40 xg ml~" for 5 min)

The finding that F/F,., was much greater in the Ca**-exposed
permeabilized terminal than in the intact stimulated terminal
demonstrates that the plateau amplitude recorded during nerve
stimulation was not due to rhod-2 saturation. The Ca**-free
solution contained 1 mMm BAPTA. Recordings were carried out at
28 °C.
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mitochondrial F/F,; in the permeabilized terminal increased
to values much higher than the plateau amplitude recorded
during motor nerve stimulation prior to permeabilization,
demonstrating that this plateau was not due to dye saturation.

Sensitivity to photodamage necessitated the relatively low
rates of image sampling employed in Figs 1 and 2, and
made it difficult to measure the rise time of F/F,.
responses and to follow the full extent of the slow post-
stimulus decay of mitochondrial [Ca*']. Figure 3B shows
that a confocal imaging system that uses lower light
intensities allowed collection of more images from a single
terminal. Here mitochondrial F/F., responses were
obtained simultaneously from four neighbouring wild-
type terminals loaded with rhod-5F. Figure 3A shows
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Figure 3. F/F ., responses evoked by 50 Hz stimulation in
neighbouring wild-type terminals filled with rhod-5F
and imaged using a Perkin-Elmer confocal system

A, fluorescence micrograph showing two of the four terminals at
restand during stimulation (stim). Calibration, 50 gm. B, F/F,
responses evoked simultaneously in four adjacent terminals
(including those shown in A). The horizontal bar in the upper
record indicates the duration of stimulation for all four records.
Images were sampled at 0.23 s image ™" at 26 °C.
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fluorescence micrographs of two of these terminals at rest
and during 50 Hz stimulation. These F/F, responses
exhibited a higher signal-to-noise ratio than those in Figs 1
and 2, and appeared stable in spite of the higher rate of
image collection. The shape of the upper three F/F,
responses resembled those in Figs 1 and 2. The plateau
F/F, values differed somewhat among the different
terminals (see Discussion). The illustrated partial post-
stimulus decays lasted several hundred seconds.

The lowest F/F,. response in Fig. 3B exhibited a somewhat
different pattern, seen only rarely in wild-type terminals,
in which F/F, continued to increase throughout the
stimulus train (ramping instead of plateauing). This F/F,
response also showed a faster initial decay than the F/F,
responses recorded in the other three terminals.

In some SOD1-G93A terminals mitochondrial

[Ca’*] ramps rather than plateaus during repetitive
stimulation.

Fluorescence micrographs in Fig. 4 show motor terminals
from SOD1-G93A mice stained with rhodamine 123, a
positively charged dye whose accumulation within mito-

Figure 4. Fluorescence micrographs of SOD1-G93A motor
terminals loaded with rhodamine 123

The upper micrograph illustrates three neighbouring terminals.
The terminal at the right shows a wild-type staining pattern; the
other two exhibit signs of degeneration (absence of bouton-like
fluorescence clusters, irregular outline suggestive of dye uptake
only into perisynaptic Schwann cells). The lower micrograph
shows sprouting terminals. Rhodamine 123 was loaded using a

10 min exposure to 0.1 xM dye, followed by washout with dye-free
saline solution. Calibration bars indicate 50 xm.

Mitochondrial [Ca®*] in mouse motor terminals 723

chondria depends on the potential gradient (internally
negative) across the inner mitochondrial membrane. The
staining patterns in Fig. 4 thus suggest that at least some
mitochondria in these motor terminals retained a negative
membrane potential. SOD1-G93A motor terminals displayed
varying morphologies, some indistinguishable from wild-
type (e.g. terminal at right in upper micrograph), others in
various stages of apparent degeneration. Sprouting, thought
to arise from surviving motor terminals expanding to
innervate end-plates whose motoneurons have died, was
observed frequently in SOD1-G93A (lower micrograph),
but never in adult wild-type terminals. Some motor terminal
areas visible with transmitted light failed to accumulate
rhodamine 123 or rhod-2, suggesting that their mitochondria
were depolarized or destroyed. Some myelinated axons
(presumably motor) contained inclusion bodies (not
shown). The presence of degenerating axons and terminals
and sprouting terminals demonstrates that the levator
auris longus motoneuron pool was affected by expression
of SOD1-G93A.

Stimulation-induced mitochondrial [Ca**] responses could
be elicited only in those SOD1-G93A terminals whose
rhod staining patterns showed clusters of round, bouton-
like structures arranged in a compact pattern like that seen
in wild-type terminals (Fig. 4 top, right). Responses in
mutant mice exhibited greater heterogeneity, both within
and among terminals, than those in wild-type mice. The
terminal in Fig. 5A displayed the spectrum of mitochondrial
[Ca®*] responses measured in responsive SOD1-G93A
terminals. Subregions of this terminal are indicated in
Fig. 5B. Subregions in the upper right (marked by open
symbols) yielded normal-looking F/F,. responses (plotted
in Fig. 5C and averaged in Fig. 5E) that rose rapidly to a
plateau and exhibited a slow post-stimulus decay. In
contrast, the lower left regions of this terminal (filled
symbols in Fig. 5B, D and E) displayed ramping behaviour,
ranging from slower-than-normal attainment of a plateau
during the stimulus train, to a higher-than-normal peak
amplitude that decayed more rapidly than wild-type
responses, and sometimes began decaying before the end
of the stimulus train.

One possibility is that the ramping F/F,. response in
SOD1-G93A terminals represents a combination of a
normal, non-ramping mitochondrial response with a
ramping response originating from non-mitochondrial
compartments. This possibility can be tested by inhibiting
mitochondrial Ca’" uptake, which would be expected to
increase the amplitude of any response component
originating from cytosol or endoplasmic reticulum.
Figure 6 shows that CCCP instead eliminated the ramping
F/F.« response recorded in an SOD1-G93A terminal,
indicating that this response originated mainly from the
mitochondrial compartment.
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Ramping was measured by dividing F/F,.; measured at the
end of the stimulus train by F/F, measured midway
through the train (1250 stimuli), with values exceeding 1.1
classified as ramping. By this criterion 62 % (13/21) of
SOD1-G93A terminals ramped (average ratio 1.4),
compared to only 3% (2/60) of wild-type terminals. As
illustrated in the averaged records of Fig. 5E, ramping
terminals or subregions tended to reach higher peak F/F,
amplitudes than plateauing terminals/subregions. The

] Physiol 549.3

Limited attempts to ionophoretically inject a different
indicator dye into SOD1-G93A motor axons, to enable
imaging of cytosolic [Ca*"] responses, were unsuccessful,
due in part to degeneration of motor axons in these late-
stage mice.

DISCUSSION

Physiological importance of mitochondrial Ca**

uptake in motor terminals

The stimulation-induced increases in mitochondrial
[Ca?*] recorded here are consistent with David & Barrett’s
(2000) pharmacological evidence for mitochondrial Ca**
uptake in mouse motor terminals, and with their hypothesis
that this uptake is greater at physiological than at cooler
temperatures. This mitochondrial Ca** uptake is important

average peak F/F,. value was 3.85 £ 0.88 (s.e.M.) for 13
ramping SODI1-G93A terminals, 2.56 +0.35 for 8
nonramping SOD1-G93A terminals, and 2.11 = 0.16 for
60 wild-type terminals. The difference between peak F/F,.,
values in SOD1-G93A ramping terminals and wild-type
terminals was significant (P < 0.05, two-tailed ¢ test).
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Figure 5. Heterogeneity of stimulation-induced F/F,.,; responses recorded in various regions
of a rhod-5F-filled SOD1-G93A motor terminal stimulated for 50 s at 50 Hz at 27 °C (duration
indicated by bar)

A and B show the same difference fluorescence image, with the location of regions of interest indicated by
squares and labelled in B. The actual regions of interest used in the analysis were smaller, consisting of pixels
within a circumference drawn around those regions whose fluorescence increased during stimulation.
Calibration: 50 gm. C and D, F/F, responses measured from subregions of this terminal, plotted using
symbols shown in B. C, F/F,. responses from upper right regions of this terminal (open symbols) show
plateaus. D, terminals from lower left regions of the terminal (filled symbols) exhibit ramping (see text).
E, averages of the plateauing responses in C (open symbols) and of the ramping responses in D (filled
symbols). The difference image in A was obtained by subtracting the average of 19 prestimulation images
from the average of 16 images sampled during the stimulus train (2.13 s image™'). We were unable to
determine whether the ramping and non-ramping regions of this terminal were innervated by the same or
different motor axons. The observation that most of the responses in D started to decline before the end of the
stimulation train raises the possibility of failure of axonal conduction and/or opening of the mitochondrial
permeability transition pore.
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for maintaining evoked transmitter release (and thus
neuromuscular transmission) during high-frequency stimu-
lation. In the absence of curare, the end-plate potential is
well maintained during 50 Hz stimulation, but exhibits
accelerated and prolonged depression when mito-
chondrial Ca®* uptake is inhibited pharmacologically
(David & Barrett, 2003). This depression of phasic release
is correlated with a large increase in both cytosolic [Ca*']
and asynchronous release. Billups & Forsythe (2002)
found that agents that block mitochondrial Ca*" uptake
also slow recovery from depression at the calyx of Held
synapse.

The increase in stimulation-induced mitochondrial [Ca®"]
responses with increasing temperature is not simply a
reflection of temperature-dependent changes in cytosolic
[Ca®'], because the amplitude of cytosolic [Ca**] responses
decreases with increasing temperature (David & Barrett,
2000). Taken together, the cytosolic and mitochondrial
[Ca™] responses suggest instead that mammalian mito-
chondria take up Ca** less readily at cool temperatures
than at temperatures in the physiological range. This
temperature dependence might be intrinsic to the mito-
chondrial Ca’" uniporter, or be mediated by temperature-
dependent production of cytosolic factors controlling the
Ca™ affinity of the uniporter.

Cool temperatures not only increase the stimulation-induced
elevation of cytosolic [Ca*'], butalso accelerate depression
of phasic transmitter release at some mammalian synapses
(Moyer & van Lunteren, 2001; Li & Burke, 2001; Pyott &
Rosenmund, 2002). These similarities between the effects
of cooling and the effects of pharmacologically inhibiting
mitochondrial Ca** uptake raise the possibility that inhibition
of mitochondrial Ca*" uptake contributes to the acclerated
depression of phasic release at low temperature.

Limitation on stimulation-induced increases in
mitochondrial matrix [Ca®*] in wild-type motor
terminals

Mitochondrial [Ca®'] responses recorded during 50 Hz
stimulation of wild-type mouse motor terminals resemble
in several respects the responses recorded in lizard motor
terminals (David, 1999): [Ca*] rises to a plateau amplitude
that persists until stimulation stops, and then falls slowly
back towards baseline levels over a time course of hundreds
of seconds. As in lizard terminals, the amplitude of the
mitochondrial [Ca*'] plateau in mouse terminals does not
vary with stimulation frequency. These stimulation-induced
mitochondrial [Ca**] responses thus differ in several
respects from stimulation-induced cytosolic [Ca**] responses
recorded in mouse, lizard, frog and crayfish motor
terminals, where the plateau amplitude increases with
increasing stimulation frequency, and the decay is initially
rapid (Wu & Betz, 1996; Ravin ef al. 1997; David et al.
1998; David & Barrett, 2000).

Mitochondrial [Ca®*] in mouse motor terminals 725

The plateau of mitochondrial [Ca**] is not an artifact of
dye saturation, as demonstrated in Fig. 2 and by the
finding that subregions of some SOD1-G93A terminals
exhibit peak F/F,. values several-fold greater than those in
adjacent plateauing subregions (Fig. 5C and D). David
(1999) and David et al. (2003) estimated the plateau
amplitude of mitochondrial [Ca®*] at ~1 uM in lizard
motor terminals. This magnitude is consistent with the Ky
values of the dyes (rhod-2, rhod-5F) that proved most
suitable for imaging mouse mitochondrial [Ca**] responses.
We could not detect stimulation-induced responses with
lower-affinity dyes (e.g. rhod-5N), suggesting that in wild-
type mouse terminals matrix [Ca**] did not reach the
millimolar levels reported during stimulation of bovine
adrenal chromaffin cells (Montero et al. 2000).

The frequency-independent plateau amplitude and the slow
post-stimulation decay of mouse and lizard mitochondrial
[Ca®] responses are consistent with the hypothesis that
buffering of Ca®* within the mitochondrial matrix includes
reversible formation of an insoluble complex containing Ca
and phosphate as well as mitochondrial import of phosphate
(David, 1999). Kaftan et al. (2000) invoke a related idea with
their hypothesis of ‘dynamic buffering’, in which the ability
of the mitochondrial matrix to buffer incoming Ca®*
increases during stimulation. The ability of motor terminal
mitochondria to limit the increase in matrix [Ca**] probably
contributes to their ability to keep taking up Ca** during
prolonged stimulation, and also helps prevent opening of the
permeability transition pore. Electron probe measurements
of total Ca are consistent with the hypothesis that an
insoluble complex contributes to matrix Ca’* buffering: in
sympathetic neurons stimulated with brief, high-[K"]-
induced depolarizations and in dendrites of hippocampal
neurons stimulated synaptically, total Ca** within mito-
chondria increases, and measurements of total Ca*" within
subregions of a given mitochondrion exhibit a pronounced

3.8
3.3
2.8

2.3

F/F rest

1.8

1.3

Time (sec)

Figure 6. Ramping F/F,.; response in a SOD1-G93A
terminal (@) is inhibited by CCCP (O)

The horizontal bar indicates the duration of 50 Hz stimulation.
The F/F,. response recovered partially following CCCP washout
(notshown). Recordings were carried out at 28 °C.
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heterogeneity, consistent with localized formation of Ca* -
containing complexes (Pivovarova et al. 1999, 2002). In
contrast, measurements of total Ca** within endoplasmic
reticulum are much more homogeneous (Hongpaisan et al.
2001).

According to the hypothesis mentioned above, the plateau
amplitude of mitochondrial matrix [Ca®*] represents that
[Ca*] at which the solubility product of the hypothesized
complex containing Ca’*" and phosphate is attained. The
measured increase in this plateau amplitude with increasing
temperature might arise if increasing temperature into the
physiological range not only increases Ca** entry into
mitochondria, but also decreases matrix [free inorganic
phosphate], for example by stimulating mitochondrial ATP
production. Another possibility is that the solubility product
of the hypothesized complex increases with increasing
temperature. Even at a constant temperature, the magnitude
of plateau F/F,. values varied among experiments. Some of
this variation probably resulted from the analytical
technique. For example, calculated F/F, values become
smaller when more non-responsive pixels are included in the
analysed region of interest, and are also sensitive to
corrections for background fluorescence. Some of the
variation in F/F, might also reflect real differences in peak
and/or resting matrix [Ca**].

Evidence for mitochondrial Ca’* dysregulation in
some SOD1-G93A motor terminals

Figures 4 and 5 show that levator auris longus motor
terminals in adult SOD1-G93A mice exhibit hetero-
geneous morphologies and mitochondrial [Ca**] responses.
Some terminals display stimulation-induced responses
indistinguishable from those in wild-type littermates
(Fig. 5C), suggesting that these terminals retained both a
mitochondrial membrane potential sufficiently negative
to take up Ca’*, and a normal ability to limit the increase in
matrix [Ca®*]. Other SOD1-G93A terminals exhibit varying
degrees of abnormality, including minimal accumulation
ofrhod dye, slower-than-normal attainment of the plateau
amplitude, and marked ramping to higher-than-normal
peak amplitudes. This latter abnormality suggests that
mitochondria in some SOD1-G93A terminals are less able
to limit stimulation-induced increases in matrix [Ca**].

These ramping, high-amplitude matrix [Ca®'] responses
may simply reflect a different, but harmless, mode of
handling incoming Ca**. Similarly shaped mitochondrial
[Ca®"] responses were calculated in stimulated (wild-type)
chromaffin cells by Montero et al. (2000) from light
emitted by a mitochondrially targeted aequorin analogue.

Alternatively, the abnormally large stimulation-induced
elevations in matrix [Ca®*] might reflect mitochondrial
damage. The G93A mutation of SODI exhibits normal
dismutase activity, but may lead to generation of excess
hydroxyl radicals (Yim et al. 1996; Bogdanov et al. 1998;
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Andrus et al. 1998) that could damage mitochondria.
Several aspects of mitochondrial function, including the
phosphate transporter (Valenti e al. 2002), are especially
sensitive to reactive oxygen species, and excessive [Ca*']
can itself increase mitochondrial free radical production
(Dykens, 1994). Problems with mitochondrial Ca*
handling might contribute to the findings of Roy et al.
(1998) and Kruman et al. (1999) that SOD1-G93A spinal
motoneurons in culture, as well as wild-type motoneurons
transfected with mutant human SOD1, are more susceptible
to a glutamate stress than spinal motoneurons expressing
wild-type human SOD1. Dye-loaded mitochondria might
also be damaged by the excitation light required for imaging.
Perhaps excess endogenous generation of free radicals
increases the sensitivity of SOD1-G93A mitochondria to
such photodamage.

In summary, we present evidence that, during repetitive
stimulation, mouse motor terminal mitochondria take up
Ca* more readily at physiological than at cooler temperatures.
These mitochondria contain a powerful buffering system
that ‘caps’ the stimulation-induced elevation of matrix
[Ca®*] at a value that does not vary with stimulation
frequency over the range 15-100 Hz. We also show that in
some motor terminals of SOD1-G93A mice, mitochondria
are less able to limit this increase in matrix [Ca®'].
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