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Abstract Mitochondria contribute to neuronal function not
only via their ability to generate ATP, but also via their
ability to buffer large Ca>" loads. This review summarizes
evidence that mitochondrial Ca®" sequestration is especially
important for sustaining the function of vertebrate motor
nerve terminals during repetitive stimulation. Motor termi-
nal mitochondria can sequester large amounts of Ca”**
because they have mechanisms for limiting both the
mitochondrial depolarization and the increase in matrix
free [Ca®"] associated with Ca®" influx. In mice expressing
mutations of human superoxide dismutase —1 (SOD1) that
cause some cases of familial amyotrophic lateral sclerosis
(fALS), motor terminals degenerate well before the death of
motor neuron cell bodies. This review presents evidence for
early and progressive mitochondrial dysfunction in motor
terminals of mutant SOD1 mice (G93A, G85R). This
dysfunction would impair mitochondrial ability to sequester
stimulation-associated Ca®" loads, and thus likely contributes
to the early degeneration of motor terminals.
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Mitochondrial Ca>* sequestration and extrusion
are important for sustaining motor terminal function
during and after repetitive nerve stimulation

When action potentials invade vertebrate motor nerve
terminals at rates >20 Hz, much of the Ca”" that enters is
temporarily sequestered by mitochondria (David et al.
1998; David 1999; David and Barrett 2003). In mouse
motor terminals (Fig. 1a) this mitochondrial Ca®" uptake is
temperature-sensitive: uptake at room temperature is much
less than that at near-physiological temperatures (=30 °C,
David and Barrett 2000). Mitochondrial Ca*" sequestration
is so powerful that after <50 impulses the rate of rise of
spatially-averaged cytosolic [Ca®’] becomes very slow
(Fig. 1b,d), even though the sustained endplate potential
(EPP) demonstrates that Ca®" continues to enter the
terminal (Fig. Ic). We know that much of this Ca®" is
entering mitochondria because mitochondrial [Ca®"]
increases during nerve stimulation (Fig. 1d), and because
when mitochondrial Ca®" uptake is inhibited by agents that
depolarize the membrane potential across the inner mito-
chondrial membrane (V,,), cytosolic [Ca®"] rises to much
higher levels during stimulation (Fig. 1b). This effect of
mitochondrial depolarizing agents is attributable to inhibi-
tion of mitochondrial Ca®" uptake rather than to inhibition
of ATP synthesis, since oligomycin, which inhibits ATP
synthesis without depolarizing mitochondria, does not alter
stimulation-induced cytosolic [Ca®] responses. Agents that
inhibit Ca®" uptake into endoplasmic reticulum also have
little effect on stimulation-induced cytosolic [Ca*'] responses
in healthy motor terminals (David and Barrett 2003).
Mitochondrial Ca®" uptake is functionally important,
because when this uptake is inhibited by depolarizing
mitochondria, the EPP depresses much more rapidly during
tetanic stimulation (Fig. 1c). Depression is accelerated
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Fig. 1 Mitochondrial regulation of cytosolic [Ca*"] is important for
maintaining neuromuscular transmission at mouse motor nerve
terminals. a. fluorescence micrograph of motor terminal ionophoreti-
cally injected with a Ca®" indicator. The online version of the small
pictures at right shows the response to 50 Hz stimulation of the motor
axon,; the intensity of the fluorescence of the Ca-indicator (normalized
to pre-stimulation values) is encoded on a pseudo-color scale, where
blue, green, yellow and red represent increasing [Ca®*] elevations. b.
elevation of cytosolic [Ca®'] induced by stimulation (horizontal bar)
under control conditions and following inhibition of mitochondrial
Ca*" uptake by depolarizating W,,, with antimycin (inhibits complex
I of the ETC; Oligomycin blocks Complex V, the ATP synthase. c.

because the greatly increased cytosolic [Ca®*] stimulates so
much asynchronous transmitter release that the pool of
vesicles available for producing synchronous release (i.e.,
the EPP) becomes depleted (David and Barrett 2003; Talbot
et al. 2003).

Uptake of Ca”" into the mitochondrial matrix is passive,
occurring via a channel/uniporter (Kirichok et al. 2004)
down an electrochemical gradient (—150 to —200 mV, inside
negative) created by proton extrusion via complexes I, IIT
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changes in EPP quantal content (m/Myeim) during and following
stimulation under control conditions, in oligomycin, and following ¥,
depolarization (depol). W,, depolarization enhances depression and
eliminates post-tetanic potentiation. d. Changes in cytosolic [Ca'],
mitochondrial matrix [Ca**] and ¥,,, evoked by 3 bouts of stimulation at
100 Hz, monitored (respectively) by changes in the fluorescence of
ionophoretically injected Oregon Green (OG)-5 N, X-rhod-1 loaded into
mitochondria, and rhodamine (Rh)-123. Each trace comes from a
different preparation of the levator auris longus muscle, whose
contractions were blocked with d-tubocurarine or p-conotoxin GIIIA.
Records are normalized to pre-stimulation values. Parts B and C adapted
from David and Barrett (2003); part D from Nguyen et al. (2009)

and IV of the electron transport chain (ETC, reviewed by
Gunter and Pfeiffer 1990; Nicholls and Ferguson 2002).
Extrusion of Ca*' from normally polarized mitochondria
requires energy; in motor terminal mitochondria this
extrusion occurs mainly via a Na*/Ca>" exchanger which
is pharmacologically distinct from the Na“/Ca*" exchanger
in the plasma membrane. The Ca®" extruded from mito-
chondria following tetanic stimulation aids in the recovery
from post-tetanic depression of the EPP; when the
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mitochondrial Na*/Ca®" exchanger is blocked with CGP-
37157, EPP amplitude recovers much more slowly (Garcia-
Chacon et al. 2006). This finding supports Tang and
Zucker’s (1997) hypothesis that mitochondrial Ca*" extru-
sion is important for post-tetanic potentiation.

Regulation of matrix [Ca®'] and of ¥, permits
mitochondria to sequester large Ca’* loads

Entry of calcium into small structures like mitochondria
would be expected to dissipate rapidly the electrochemical
gradient favoring Ca>" entry, both by elevating matrix [Ca']
and by depolarizing ¥,,. Thus it might seem amazing that
motor terminal mitochondria continue to sequester Ca*" so
effectively during trains of action potentials. One mechanism
that permits continued Ca®" sequestration is a powerful Ca*"
buffering system in the mitochondrial matrix that apparently
involves reversible formation of insoluble complexes con-
taining Ca and phosphate (Nicholls and Chalmers 2004;
phosphate is transported into the matrix electroneutrally, in
exchange for matrix OH ). The power of this unconventional
buffering system is manifest during repetitive stimulation:
the concentration of free [Ca”"], monitored using a fluores-
cent indicator loaded into the matrix, rises to a plateau level
of 1-2 uM, which is sustained as long as stimulation
continues (Fig. 1d; David et al. 2003), even though Ca*"
continues to enter the terminal (as evidenced by continuing
EPPs) and continues to enter mitochondria (since cytosolic
[Ca®'] does not increase above a plateau level). This
powerful matrix buffering system is also evident in mito-
chondria isolated from brain, provided that the Ca** load is
administered gradually (Nicholls and Chalmers 2004).

Another mechanism permitting sustained Ca*" uptake
into mitochondria is their ability to maintain ¥,,,. Recordings
of stimulation-induced changes in W,, in motor terminal
mitochondria reveal that tetanic stimulation (100 Hz, 5 s)
depolarizes ¥, by <5 mV, with baseline ¥, rapidly restored
when stimulation stops (Fig. 1d; Nguyen et al. 2009).
Experiments that included measurements of a transient,
stimulation-induced decrease in NADH fluorescence in
motor terminal mitochondria suggest that the main
reason for the relatively small change in W, is acceleration
of ETC activity (proton extrusion helps counteract the
depolarization produced by Ca®" influx, Talbot et al.
2007). Work on isolated mitochondria has demonstrated
that the rate of proton extrusion via the ETC is limited by
development of the large negative W,,,, and that even small
W, depolarizations can increase ETC activity (reviewed
by Nicholls and Ferguson 2002; Johnson-Cadwell et al.
2007).

Thus mechanisms first described in isolated mitochon-
dria that limit the increase in matrix [Ca®>'] and help

counteract W, depolarization help explain why motor
terminal mitochondria are so effective in sequestering large,
stimulation-induced Ca”" loads. Other mechanisms opera-
tive in motor neurons may allow motor terminal mitochon-
dria to take up Ca”" at lower, more physiological levels of
cytosolic [Ca*"] than mitochondria in other cell types. For
example, spinal motor neurons are strongly immunoreactive
for spermidine/spermine (Laube et al. 2002), which reduces
the [Ca®"] at which isolated mitochondria begin to take up
Ca*" (reviewed by Salvi and Toninello 2004).

Mitochondrial dysfunction may contribute to early
motor terminal death in mutant SOD1 mice

Both of the mechanisms that allow mitochondria to
sequester large amounts of Ca>* depend on mitochondrial
metabolism: formation of matrix Ca-phosphate complexes
is favored by the alkaline matrix pH (Nicholls and
Chalmers 2004) established by proton extrusion via the
ETC, and preservation of W,, during Ca®>" influx depends
on the ability to accelerate ETC activity (see above). Thus
diseases that impair mitochondrial function will impair
mitochondrial Ca** sequestration. Such impairment would
be expected to be especially injurious to motor nerve
terminals, since they are small structures that are exposed to
large Ca*" loads during repetitive stimulation of the motor
nerve.

To explore this idea, we assayed mitochondrial function
in motor terminals of transgenic mice that express either the
G93A or G85R mutation of human SODI, both of which
produce fALS via a toxic gain of function (Gurney et al.
1994; Chiu et al. 1995; Bruijn et al. 1997). In multiple
mutant SOD1 mouse models morphological signs of
degeneration become detectable in motor terminals and
axons well before the degeneration of motor neuron cell
bodies, especially for motor terminals innervating fast,
fatiguable muscle fibers (Frey et al. 2000; Fischer et al.
2004; reviewed by Gordon et al. 2004; Murray et al. 2010).
Mutant SOD1 alters expression of many mitochondria-
associated proteins in spinal cord (Li et al. 2010), and early
defects in mitochondrial ability to take up Ca®" have been
noted in mitochondria isolated from the spinal cord of fALS
mice (Damiano et al. 2006). Figure 2a presents evidence
that mitochondria in the motor terminals of these mice also
have an impaired response to stimulation-induced Ca*"
loads. In both G93A and G85R mutant SOD1 mice the
average W, depolarization recorded in response to nerve
stimulation was significantly greater than that recorded in
wild-type (wt) mice even at early, presymptomatic ages.
This greater ¥ ,, depolarization in mutant SOD1 terminals
would be expected to reduce mitochondrial ability to
sequester Ca®' loads. This difference was not due to
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differences in dismutase activity, because (1) the G93A
mutation retains dismutase activity but the G85R mutation
does not (Valentine et al. 2005), and (2) stimulation-induced
W, depolarizations were not significantly different from wt
in mice lacking SOD1 activity or in mice that express both
normal mouse and normal human SODI1 (Fig. 2a).
Consistent with the hypothesis that mitochondrial dysfunc-
tion contributes importantly to motor terminal degeneration,
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mice also display asynchronous ¥, depolarizations localized
to subregions of the terminal (Nguyen et al. 2011). Cyclo-
sporin A, which inhibits opening of the mitochondrial
permeability transition pore (mPTP), reduces the amplitude
of the large stimulation-evoked W, depolarizations in
symptomatic fALS mice (Fig. 2c), and also blocks the
asynchronous depolarizations. Synaptic mitochondria are
more susceptible than non-synaptic mitochondria to
Ca*"-induced mPTP opening (Naga et al. 2007).

Measurements of W, thus suggest that disease progres-
sion in fALS motor terminals has at least two mitochondrial
components. An early-manifesting component impairs the
ability of the ETC to accelerate during the ¥,,, depolariza-
tion caused by Ca®" influx. A later-manifesting component
increases the likelihood that stimulation-induced Ca®"
influx will produce (reversible) opening of the mPTP. An
additional mitochondrial dysfunction is suggested by the
work of Vila et al. (2003), which demonstrates reduced
ability to limit the elevation of matrix [Ca®'] in terminals of
symptomatic SOD1-G93A mice. Shi et al. (2010) review
abnormal interactions between mutant SOD1s and mito-
chondria that might underlie these problems. All of the above-
mentioned mitochondrial dysfunctions would be expected to
reduce net mitochondrial uptake of stimulation-induced Ca*"
loads. The resultant elevation of cytosolic [Ca®'] would
increase the likelihood of damage to motor terminals and
axons due to activation of Ca®"-dependent proteases such as
the calpains. This mechanism may help explain why motor
terminals innervating fast, fatiguable limb muscles are the
first to degenerate in fALS mice, since these motor neurons
typically innervate large motor units and discharge in high-
frequency bursts of action potentials (reviewed by Burke
2004), two characteristics that would increase the peak
stimulation-induced Ca®" load delivered to the motor neuron.
Differences in cytosolic Ca®* buffering ability, which would
also influence the motor neurons’ ability to handle Ca** loads,
have also been linked to differential susceptibility of motor
neurons in fALS mice (reviewed by Grosskreutz et al. 2010).

Studies of motor terminals like those described above were
performed in preparations in which muscle activation was
blocked (e.g., by tubocurarine); thus all the stimulation-
induced changes originate from mitochondria within motor
neurons. (In contrast, only a small fraction of mitochondria
isolated from spinal cord originates from motor neurons.)
Other advantages of studying mitochondrial function in motor
terminals are that the mitochondria are in situ and are exposed
to physiologically-delivered Ca*" loads. A disadvantage of
this preparation is that, because motor terminal mitochondria
constitute only a tiny fraction of the total mitochondria in a
neuromuscular preparation, it is difficult to study the
function of resting motor terminal mitochondria or to
perform biochemical assays routinely performed in isolated
mitochondrial preparations.

Studies summarized above provide evidence that mutant
SOD1-induced dysfunction of mitochondria that impairs
their ability to handle stimulation-induced Ca*" loads may
contribute to the early motor terminal degeneration docu-
mented in fast muscles of fALS mice. If so, then treatments
to enhance/preserve mitochondrial function might help to
preserve motor terminals, thereby preserving the functional
contact between motor neurons and skeletal muscles. Such
peripherally-directed treatments might complement more
centrally-directed treatments to preserve the motor neuron
cell body, forming an effective combination therapy to slow
disease progression in ALS patients.
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