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REVIEW

AMYOTROPHIC LATERAL SCLEROSIS

Amyotrophic Lateral Sclerosis (ALS) is a progressive, fatal disease characterized by
degeneration of motoneurons and loss of motor function. The most common adult-
onset motoneuron disorder, ALS has a worldwide prevalence of approximately 2 per
100,000 people. While 5 - 10% of ALS cases are inherited in an autosomal dominant
pattern, a full 90 - 95% are sporadic, with no known genetic component.
Nevertheless, both the familial and sporadic forms of the disease present with a
similar course of clinical features, supporting the hypothesis that they share
pathological mechanisms (Cleveland and Rothstein, 2001).

ALS typically strikes adults between the ages of 50 and 70, with maximum
incidence rates at age 65 (Kurtzke, 1982). The initial disease phenotype varies
according to onset locality (spinal or bulbar) and the relative involvement of upper
motoneurons versus lower motoneurons. Typically, patients present with some
combination of muscle force loss, fatigue, difficulty swallowing, talking and/or
walking, and spasticity. As the disease progresses, patients lose control of skeletal
musculature, with the exception extraocular and pelvic muscles, which show
remarkable resistance to degeneration. The cause of death is typically respiratory
failure, within 3 - 5 years of diagnosis (Kiernan et al., 2011).

Nearly 150 years after Jean-Martin Charcot first described the disease, little
is currently known about its cause or pathways. Nor is there a robust treatment:
riluzole, the only drug currently administered to ALS patients, extends life by a
matter of months (Lacomblez et al., 1996). The study of ALS is complicated by both
the wide variance in clinical course as well as the multitude of mechanisms thought
to be involved. The establishment of a genetic mouse model of the disease in the
1990s has allowed extensive inquiry into the presymptomatic development of this
late-onset disease, but much remains to be determined about the selective and

progressive degeneration of motoneurons in ALS.



Of patients with the familial form of ALS, 20% have a mutated form of the
superoxide dismutase 1 (SOD1) gene, which encodes a protein that converts
superoxide into hydrogen peroxide and is widely expressed throughout the nervous
system (Crapo et al.,, 1992; Pardo et al., 1995). Missense mutations in the SOD1 gene
were first reported in ALS families in 1993 (Rosen et al., 1993); since then over a
hundred mutations in SOD1 and other genes have been linked to familial ALS (as
reviewed in Turner and Talbot, 2008). In total, mutations in the SOD1 gene account
for 2% of all ALS cases. While this represents only a small fraction of cases, it is to
date the best available animal model for the study of ALS (Cleveland and Rothstein,
2001).

The pathology of the SOD1 mutant mouse closely mimics that of ALS. Mutant
SOD1 is first expressed embryonically, but symptoms do not present until
adulthood, allowing for the study of late onset pathology. Pathologies differ
somewhat between mutant SOD1 variants, but all display the motoneuron loss in
brainstem and spinal cord, neuromuscular junction denervation, and protein
aggregates that are the hallmarks of ALS (Siklos et al., 1998a). Although the
mechanism by which the SOD1 mutation causes motoneuron degeneration is still
unknown, it likely involves a toxic gain of function rather than loss of function

(Gurney et al., 1994).

SELECTIVE MOTONEURON VULNERABILITY

The SOD1 gene is expressed in every cell in the body, but the protein produced by
the mutated gene variant targets primarily motoneurons for degeneration (Pardo et
al,, 1995). Though the basis for this selective vulnerability is not fully understood,
one important determinant might be cell size. With somatic diameters reaching over
50 um and extensive dendritic branching, motoneurons are among the largest cells
in the body (Sherrington, 1899). Their large size reflects the heavy load of their

functional responsibilities: the axon from a single motoneuron can branch out to



innervate hundreds of muscle fibers (Henneman et al., 1965), where motor

commands are transduced to mechanical force.

Natural variation in motoneuron size creates a scale of activation thresholds
governed by fundamental principles of electricity. The size principle put forth by
Henneman describes a stereotyped process of recruitment in which motor units are
progressively activated according to increasing axonal conduction velocity, and
dismissed in mirrored order (Henneman, 1957). Motoneuron conduction speed is
tightly correlated with axonal diameter, which in turn is proportional to the total
membrane surface area, including the soma and dendritic branching. The link, then,
between speed and recruitment order is motoneuron size. Ohm’s law confirms that
smaller neurons, which are characterized by higher resistance, experience a greater
change in voltage than large neurons in response to the same current input.

Ordered recruitment governs not only the motoneuron activity, but also muscle
fiber activation. Slowly conducting motoneurons tend to innervate a smaller
number of slow twitch muscle fibers (Type I), allowing fine control of muscles
generating weak force. Larger, faster motoneurons are responsible for activating a
larger number of fast twitch, fatigue-resistant muscle fibers (Type Ila). The motor
units producing the strongest force tend to consist of the largest motoneurons
sending fast axons to a great number of fast twitch fatigable muscle fibers (Type
[Ib). Variety in conduction velocity exists within these classes as well, creating a
spectrum of motor units accessible on a graded scale (Henneman et al., 1965).

Interestingly, motor unit failure in ALS mouse models follows an order opposite
to that of recruitment, with the largest motor units degenerating first (Pun et al,,
2006; Hegedus et al.,, 2007) . G93A mutant mice exhibit extensive local muscle
denervation at p50, long before clinical onset at p90. In these mice, Type IIb fibers
show the earliest synaptic loss at the neuromuscular junction, followed by Type Ila,
with Type I synapses resistant to denervation (Frey et al.,, 2000a). Pun et al. (2006)
also reported loss of Type IIb motor units first, followed by Ila and eventually Type I
units in both the 93A and 85R models, though the authors argue that axons, not the

neuromuscular junction or muscle fibers, are the site of vulnerability.



Loss of muscle force follows a similar pattern. Fast twitch muscles in male G93A
mice undergo a selective decline in force and motor unit number by p40, 50 days
prior to the onset of overt symptoms. In a second phase loss, slow twitch muscle
contractile force weakens and motor unit number falls at p90, the time point at
which G93A mice first present with tremors and patent weakness in the hindlimb
muscles (Hegedus et al., 2007). An analysis of macro-EMG potentials and twitch
contractions in ALS patients also reveals decreased twitch forces in motor units
with higher thresholds when compared to controls (Dengler et al., 1990), though
scant evidence exists in the literature to definitively support these findings (Eisen
and Swash, 2001).

The disease progression of ALS thus prevents an interesting paradox: the largest
motor units, which are employed far less frequently than smaller motor units, and
require much greater levels of excitatory drive to activate, are the first to fail. What
is it about larger size that confers greater vulnerability to ALS degeneration? How
do smaller motoneurons resist degeneration during the early disease stages despite
their frequent, repetitive activation? Much remains to be determined regarding the
relationship between motoneuron size and vulnerability to ALS.

Clinical evidence has long suggested that specific subpopulations of
motoneurons retain their functionality even late into the progression of ALS (Rosen,
1978). At end-stage, ALS patients usually retain control of eye movements and
elimination functions, indicating sparing of the ocular and sphincter motoneurons
(Charcot, 1874). However, difficulties in swallowing are a common early feature of
the disease and are evident in nearly all patients (Kiernan et al., 2011) , suggesting
universal deterioration of the hypoglossal nucleus. This selective susceptibility of
specific subpopulations to the mutated SOD1 protein holds in animal models as well.
Accordingly, the characterization of resistant and vulnerable motoneuron

populations has become a major focus of study in the ALS field.

In the first quantitative evaluation of cranial motoneuron function in ALS
patients, DePaul et al. (1988) reported greater weakness in voluntary muscle

contraction of the tongue than of the lip or jaw muscles. The same pattern of non-



uniform cranial nerve deficiencies was seen across all patients, regardless of
whether the disease initially presented as bulbar or nonbulbar. The authors
conclude that ALS affects hypoglossal motoneurons to a greater extent, and earlier,

than facial or trigeminal motoneurons.

Vulnerable motoneuron populations not only diminish in capacity to produce
force, but also show morphological abnormalities. In autopsies of ALS patients,
hypoglossal and spinal motoneurons show decreased size and increased circularity,
while no physical changes are evident in the ALS-resistant nucleus of Onuf (Kiernan
and Hudson, 1993). Sparing of the nucleus of Onuf in ALS patients has been well
established (Iwata et al., 1978; Schrgder and Reske-Nielsen, 1984; Dubrovsky and
Filipini, 1990; as cited in Kiernan and Hudson, 1993).

However, complexities in clinical presentations can complicate the
distinction between vulnerable and resistant motoneuron populations. Comorbidity
with other conditions, such as dementia, can result in degeneration of the
oculomotor neurons, which are spared in typical ALS cases (Okamoto et al., 1993).
Furthermore, advances in life support beyond the point of respiratory failure has
revealed loss of oculomotor function in advanced stage patients (Hayashi and Kato,
1989). While this evidence points to the eventual vulnerability of ocular
motoneurons, their resistance to degeneration through the majority of the disease

course may give clues to therapeutic targets in ALS.

Selective motoneuron loss patterns in the SOD1 mouse models mirror those
of the human disease condition. Cranial motor nuclei at endstage in the G93A mice
show a massive loss of motoneurons in the hypoglossal, facial, trigeminal motor, and
nucleus ambiguous in both histological (Nimchinsky et al., 2000; Haenggeli and
Kato, 2002; Ferrucci et al., 2010) and in-vivo MRI examinations confirmed by post-
mortem Nissl staining (Angenstein et al., 2004; Zang et al., 2004). Motoneuron loss
is also evident in the G93A model at p90, the age of symptom onset, in both the
trigeminal and hypoglossal nuclei (Haenggeli and Kato, 2002). In each of these



studies, ocular motor nuclei exhibit a motoneuron population density equal to that

of wild type controls.

Evidence of motoneuron subpopulations resistant to ALS has prompted
extensive investigation into the differences between vulnerable and resistant
motoneurons. The first evidence for regulation of intracellular calcium levels as a
key differentiator came from a postmortem study of ALS patients showing that
resistant populations express higher levels of the proteins responsible for buffering
intracellular calcium than vulnerable populations. Oculomotor and abducens
motoneuron populations show immunoreactivity to the calbindin and parvalbumin
calcium binding proteins, while immunoreactivity is absent in the cranial and spinal
motoneuron populations affected early in the disease course. This relationship was
confirmed using an in vivo cell culture model, in which vulnerability to cytotoxicity
of ALS IgG correlated with the expression of these calcium binding proteins

(Alexianu et al., 1994).

Motoneurons have a particularly low calcium buffering capacity, a property
that endows them with more precise control of calcium signaling (Lips and Keller,
1998). Because calcium buffering capacity is directly proportional to the recovery
time constant of cytosolic calcium levels, a low buffering capacity bestows a neuron
with rapid recovery from calcium influxes (reviewed in Lewinski and Keller, 2005a).
A calcium transient that is high in amplitude and decays quickly results in greater
spatial and temporal definition of the calcium signal, and thus more precise control
of the various calcium-dependent second messenger systems prevalent in

motoneurons (Lips and Keller, 1998).

However, low calcium buffering capacity also confers greater vulnerability to
calcium overload and its toxic consequences (Mattson et al., 1989). Indeed, within
the motoneuron class, calcium binding ratios measured neonatally are 5-6 times
lower in the vulnerable hypoglossal and spinal populations than in the resistant

ocular motoneurons (Vanselow and Keller, 2000).



Whether intrinsic calcium binding capacities are further weakened in the
mutant SOD1 motoneurons has yet to be conclusively determined. Lewinski et al.
(2008) report a lower, but not significantly different, calcium binding ratio in the
hypoglossal motoneurons of 2-4 day old G93A mice compared with WT. If mutant
SOD1 does not affect calcium binding properties, the calcium overload characteristic
of ALS is likely a result of increasing calcium loads rather than a reduced ability to
process the calcium influx. However, these measurements of calcium buffering were
performed at the neuron soma, not in the dendritic or axonal processes where most
calcium enters (Carlin et al., 2000a). It remains to be seen if the SOD1 mutation

leads to early alterations in intrinsic, cell-wide calcium binding capacities.

The effective increase in intracellular calcium concentration is governed by a
number of factors, including calcium extrusion mechanisms, mitochondrial calcium
sequestration, and buffering by calcium binding proteins (Patterson et al., 2007).
Expression levels of these proteins correlate with vulnerability to degeneration in
motoneuron populations (Elliott and Snider, 1995), making them a prime target of
study. Indeed, expression patterns of the calcium binding proteins calbindin and
parvalbumin mirror measured buffering capacities, indicating that calcium binding
proteins may be the primary agents responsible for endogenous calcium buffering

(Lewinski and Keller, 2005a).

Differential expression of calcium binding proteins distinguishes resistant
and vulnerable motoneuron populations. In situ hybridization analysis of
parvalbumin (PV) mRNA expression in rat motor neuron pools reveals that PV
expression mirrors ALS susceptibility: robust synthesization of PV mRNA is evident
in oculomotor and abducens motor neurons, but virtually no expression is seen in
trigeminal motor, facial, hypoglossal, or limb motoneurons (Elliott and Snider,
1995). Laslo et al. (2000) examined expression patterns of calcium binding proteins
and found expression of parvalbumin in oculomotor but not hypoglossal
motoneurons. However, the authors also reported parvalbumin labeling in
vulnerable spinal motoneurons, suggesting that immunoreactivity of calcium

binding proteins may not always be a reliable marker for resistance to ALS.



This differential expression of calcium binding proteins between vulnerable
and resistant populations is tied to measurable consequences for neuron health. In
a G93A SOD1 mouse, spinal motoneuron cell bodies and proximal dendrites which
lack parvalbumin show degeneration, vacuole formation, and increased intracellular
calcium levels at P60, while none of these changes are evident in the parvalbumin-
rich oculomotor neurons of the same age (Siklos et al., 1998b). In a study of
response to neuronal injury, axotomized oculomotor neurons of adult WT mice
exhibit a brief calcium increase and upregulation of parvalbumin expression,
whereas axotomized hypoglossal motoneurons show a larger and more prolonged
increase in intracellular calcium but no change in parvalbumin levels. Here, the
ability to upregulate parvalbumin is protective against calcium toxicity after injury.

(Obal et al., 2006).

Indeed, overexpression of calcium binding proteins can be protective against
SOD1-induced degeneration. Cells transfected with calbindin exhibit lower calcium
entry through voltage gated calcium channels and are better able to mitigate
calcium transients evoked by voltage depolarizations than WT cells (Lledo et al,,
1992). In a genetic model, SOD1 mice crossed to an overexpressing parvalbumin
mouse (PV+/+) show significantly less motoneuron death, delayed disease onset,
and prolonged survival. Further analysis shows that parvalbumin overexpression
protects by mitigating toxic calcium influx: ALS immunoglobins increase
intracellular calcium at motoneuron terminals in wild type controls, but not in mice
overexpressing parvalbumin (Beers et al,, 2001). SOD1 mice overexpressing
parvalbumin also exhibit greater resilience to calcium toxicity after injury. In the
standard SOD1 model, axotomized hypoglossal motoneurons show a transient
increase in intracellular calcium after injury, but mice overexpressing parvalbumin

show no such increase (Paizs et al., 2010)
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MOTONEURON CALCIUM-MEDIATED PERSISTENT INWARD CURRENT

Persistent inward currents endow motoneurons with the capacity for self-
sustaining activation in response to any input, however brief, that elevates the
membrane potential to the activation voltage of the PIC channels (reviewed in
Heckman et al., 2008). The PIC is generated by slowly inactivating voltage-gated
channels, which allow for prolonged plateau potentials that promote cell excitability
even after the cessation of the initial synaptic input. These PIC channels, whose
activity is heavily influenced by descending monoaminergic input, are essential to
the bistability that characterizes motoneuron firing patterns (Hounsgaard and

Mintz, 1988).

In mammals, extensive in vivo and in vitro work has demonstrated that the
PIC is composed of two distinct conductances: fast-activating persistent Na channels
give rise to a leading inward sodium current (Lee and Heckman, 1999), while Ca
channels generate a slow-activating inward calcium current (Schwindt and Crill,
1980). The Ca-PIC and Na-PIC perform complementary functions to produce an
accessible and sustained depolarizing force. The Na-PIC, which has a lower
activation threshold, is largely responsible for enabling spike initiation. However,
this current activates and inactivates too rapidly to generate the sustained
depolarization necessary for a stable firing state. The Ca-PIC, slower to inactivate,
once engaged is a persistent source of inward current (Hounsgaard and Kiehn,
1989). Accordingly, the fast activating Na-PIC may serve as a bridge to the sustained
activation of the Ca-PIC (Li et al., 2004).

This review will focus on the Ca-PIC and its associated channels. Not only is
Ca-PIC responsible for the majority share of persistent inward current (Powers and
Binder, 2003), it also contributes appreciably to calcium influx (Choi, 1988). Carlin
et al. (2000) were the first to demonstrate that, in functionally mature mammalian
motoneurons, this current is mediated primarily by dendritically located L-type

calcium channels. The molecular subtype has since been identified as the Cav1.3 L-
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type calcium channel (Li and Bennett, 2003). Whereas L-type channels are typically
classified as high-voltage activated (Umemiya and Berger, 1994), the Cav1.3 subtype
have an unusually hyperpolarized activation threshold that indicates they likely
mediate calcium influx and its resulting processes in response to relatively minor

membrane depolarizations (Xu and Lipscombe, 2001).

The problem of localizing the calcium-mediated persistent inward current
within the motoneuron is compounded by the inherent bias of many experimental
methods. Schwindt and Crill (1980), for example, were among the first to identify a
calcium-mediated persistent inward current in the vertebrate motoneuron, but the
somatic voltage clamp used to characterize this current complicates spatial profiling
of the responsible calcium conductances. The authors proposed that a local,
voltage-controlled conductance is responsible for the observed plateaus, though
they acknowledge that an electrotonically distal conductance, outside the control of

voltage clamp, may allow for the propagation of distally generated currents

Using a differential polarization technique applied to motoneurons in turtle
spinal sections, Hounsgaard and Kiehn (1993) demonstrated the capacity for distal
dendrites to generate calcium-mediated plateau potentials. However, the limited
spatial resolution of this technique precludes any further insight into the
distribution pattern of the responsible channels, beyond confirming that they are

present in both the soma and electronically distant dendrites.

The dendritic contribution to plateau potentials was confirmed in vivo
through a voltage clamp protocol in which a depolarized holding potential both
nonlinearly amplifies la effective synaptic current, and prolongs the ensuing tail
current. The authors contend that such behavior is the result of noninactivating
calcium currents residing in the dendrites, though a somatic component cannot be

ruled out (Lee and Heckman, 1996).

The L-type calcium channel that mediates the Ca-PIC has since been localized
to the dendrites of mammalian spinal motoneurons using whole-cell patch clamp

recordings, and confirmed through immunohistochemical analysis. With sodium

12



and potassium currents blocked, spinal motoneurons demonstrate delayed onset,
dihydropyridine-sensitive current, as well as large tail currents, consistent with
an inward conductance that is electrotonically distant to the somatic site of voltage
control. Polyclonal antibody labeling of the alpha-1D subunit reveals particularly
strong expression of Class D L-type Ca channels in dendritic membrane beyond the
second or third branch point, but not in somatic or proximal dendritic membrane.
Here, the evidence supports a dendritic origin for the persistent calcium current

that endows motoneurons with bistability (Carlin et al., 2000Db).

Notably, the anatomical and physiological development of L-type calcium
channels corresponds with the progressive gain of motor function in postnatal
development. In the isolated mouse spinal cord, the L-type calcium channel blocker
nifedipine has no effect on chemically induced rhythmic bursting in motoneurons of
animals less than one week old, but reversibly inhibits this bursting in animals
seven days and older (Jiang et al., 1999b). The onset of functionality in L-type
calcium channels at P7 coincides nicely with the emergence of walking and weight-
bearing behaviors, evident at P9-10 in these mice (Jiang et al., 1999a). Indeed, the
parallel development of Ca-PIC and higher order motor function lends further
evidence to dendritic, voltage-gated calcium channels as the mediators of

motoneuron bistability (Carlin et al., 2000b).

Immunohistochemical evidence also supports the progressive postnatal
development of L-type calcium channels. Labeling patterns for the Alpha 1C and 1D
subunits grow from weak peri-nuclear labeling at P2, to significant cytoplasmic
labeling at P10-11, and reach full adult labeling patterns by P18-19 (Jiang et al.,
1999b).

Cranial motoneurons also show use-dependent development of the voltage-
gated calcium channels (VGCC) underlying the persistent inward current. In Wistar
rats, as oculomotor motoneurons acquire functionality at approximately P14, they
also show a market decrease in the VGCC current density as compared to

oculomotor motoneurons from nonvisual neonatal rats. Interestingly, the
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hypoglossal motoneurons, which support motor behaviors functional from birth,
show no change in calcium current densities between neonatal and juvenile time
points (Miles et al., 2004). How the differential calcium channel development
patterns between these vulnerable (hypoglossal) and resistant (oculomotor) might

be hijacked by the SOD1 mutation in ALS has yet to be investigated.

PRESYMPTOMATIC PATHOLOGY

A number of abnormalities in ALS can be detected before symptom onset,
including: increased neuronal excitability, increased neuronal size, impaired axon
transport, alterations in glutamate receptors, deficits in mitochondrial function,
protein ubiquitination, and impaired calcium buffering (reviewed in Redler and
Dokholyan, 2012). Examining pathological events that take place prior to the onset
of overt symptoms is crucial in the study of ALS, since in the familial form, mutations
are genetically encoded from birth, yet normal function persists until late in
adulthood. Mutant SOD1 mouse models provide an opportunity to study
presymptomatic changes in a late onset disease beginning at the embryonic stage.
This section will focus on evidence for aberrant physiological and structural changes

in mSOD1 motoneurons.

Elevated intrinsic excitability is one of the earliest known alterations in
mSOD1 motoneurons (Pieri et al., 2003). Cultured G93A spinal motoneurons from
both embryonic and neonatal stages exhibit elevated maximal firing rates and a
steeper F-I gain when compared to WT spinal motoneurons (Kuo et al., 2004). This
hyperexcitability is proposed to reflect an intrinsic aberration of the motoneuron,
since the AHP shows no deviations and synaptic transmission was blocked in the
protocol. While the culture model permits evaluation of neurons in their infancy,
the authors acknowledge that this paradigm isolates motoneurons from influential

factors, such as the Ca-PIC (Kuo et al., 2005).

14



Work in the slice preparation supports the finding of early intrinsic
hyperexcitability in mSOD1 motoneurons. In a whole cell patch clamp comparison of
electrophysiological properties, p6-10 G93A lumbar motoneurons exhibit a more
depolarized resting membrane potential, lower rheobase current, wider and smaller
spike potentials, a longer AHP, and a greater F-I gain than their WT counterparts
(Pambo-Pambo et al., 2009). Early hyperexcitability in mSOD1 motoneurons is
further supported by evidence from hypoglossal motoneurons of p4-10 G93A mice
showing enhanced frequency of spontaneous excitatory and inhibitory transmission

and increased AP amplitude (van Zundert et al., 2008).

However, conflicting evidence complicates an otherwise straightforward
finding. In various studies of the electrophysiological properties of mSOD1
motoneurons, the AHP has been reported as shorter than (Quinlan et al., 2011),
longer than (Pambo-Pambo et al., 2009), and not different from that of WT
counterparts (Kuo et al., 2004; van Zundert et al., 2008). The action potential has
been found shorter in duration (Quinlan et al., 2011), wider and smaller (Pambo-
Pambo et al.,, 2009), and unchanged in threshold and duration (Kuo et al., 2005;
Bories et al., 2007; van Zundert et al., 2008). The F-I slope of mSOD1 motoneurons
has at times been reported as steeper (Kuo et al., 2004; Pambo-Pambo et al., 2009),
less steep (Bories et al., 2007), and equal to its WT counterparts (Quinlan et al.,
2011).

Reconciling these contradictory reports is a challenging task made more
difficult by variations introduced through motoneuron population and mSOD1
variant. Normal brainstem motoneurons, for example, differ from normal spinal
motoneurons in the ontological development of F-I gain: gain decreases with age in
spinal motoneurons (Meehan et al., 2010), but increases with age in brainstem
motoneurons (Carrascal et al., 2005 as cited in Quinlan et al., 2011). Accordingly, a
steeper gain in spinal motoneurons may indicate pathological hyperexcitability, but

in brainstem motoneurons may simply be indicative of accelerated maturation.
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Given that the two most commonly studied mSOD1 variants differ widely in
the time course of disease progression, it follows that motoneurons affected by
these mutated proteins would also demonstrate distinct profiles of physiological
changes. The G85 variant, which exhibits a latency to disease onset nearly twice as
long as the G93A variant (Bruijn et al., 1997), has been shown to have both reduced
excitability p10, (Elbasiouny et al., 2010); p6-10 (Bories et al., 2007), and no
difference in excitability when compared to WT motoneurons p6-10 (Pambo-Pambo
et al.,, 2009). Pambo-Pambo et al. (2009) notes that the discrepancy between these
findings and those of hyperexcitability in the G93A line could result from different
timing of developmental processes and compensatory mechanisms and/or from

distinct toxic properties of the mutated proteins.

While the ontological profile of altered excitability remains to be conclusively
established, clinical data suggests hyperexcitability is a component of the disease
progression. ALS patients show an increased stimulus-response curve to
transcranial stimulation in motor cortex (Zanette et al., 2002), which may reflect
either an increase in excitability of corticospinal neurons or spinal motoneurons, or

a combination of both (Kuo et al., 2005).

Although there are conflicting findings regarding the nature of mSOD1-
induced changes in excitability, all available evidence points to an increase in
persistent inward current in SOD1 motoneurons. Indeed, changes to the PICs in
mSOD1 motoneurons are among the earliest recorded abnormalities in the disease

model (Kuo et al.,, 2005).

In cultured G93A spinal motoneurons (e12-14), the sodium component of the
PIC is enlarged in both high and low input conductance neurons. However, the
greater Na-PIC only results in the larger overall PIC in high input conductance cells,
because low input conductance neurons produce a compensatory outward shift in
the TTX-insensitive PIC (Kuo et al., 2005). This finding provides one possible
pathway through which large motoneurons are selectively vulnerable to the toxic

effects of mSOD1: though all motoneurons experience an upregulation in the PIC,
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small motoneurons evade the pathology of enhanced excitatory tone through either
a compensatory increase in outward potassium current or decrease in inward Ca-
PIC. Lacking in this embryonic cell culture model, though, is an understanding of the

contribution of L-type calcium channels to the PIC profile.

The calcium component of the PIC develops later than the sodium
component (Jiang et al., 1999b), and there is evidence to suggest that the SOD1
mutation results in both a greater Ca-PIC amplitude in juvenile mice (Quinlan et al.,
2011) as well as a greater Na-PIC amplitude in neonatal mice (van Zundert et al.,
2008; Quinlan et al,, 2011). The increase in Na-PIC appears to occur without any
corresponding increase in the density of Na channels. The authors suggest that an
enhancement of Na-PIC may instead result from a premature Na channel isoform
turnover to isoforms that permit greater levels of persistent activity (van Zundert et

al, 2008)

Finally, Quinlan et al. (2011) argue that the expected hyperexcitability
produced by early upregulation of the PIC in mSOD1 motoneurons is instead
mitigated by changes in size and specific input conductance (Amendola and Durand,
2008; Elbasiouny et al., 2010; Quinlan et al., 2011). Under this logic, it follows that
motoneurons have only a limited capacity for such reactionary changes, past which
it will eventually succumb to toxicity mediated either through elevated PIC and/or

increased cell size.

Because large, high input conductance neurons require higher levels of
excitatory synaptic input to reach firing threshold (Henneman, 1957), a
compensatory enlargement of neuronal size may stave off the effects of
hyperexcitability, at least temporarily. Of interest to researchers is whether
motoneurons undergo transformations in size or shape in response to the disease
progression, and whether these transformations relate to changes in physiological
properties. This section will review anatomical and physiological evidence for
structural changes to soma and dendrites, as well as degenerative and

compensatory changes to axonal processes.
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Morphological evaluations of soma size indicate no differences between WT
and mSOD1 motoneurons at the neonatal (Amendola and Durand, 2008) or
embryonic stages (Kuo et al.,, 2004). However, electrophysiological assessments
have shown elevated input conductance and reduced capacitance in neonatal

mSOD1 motoneurons, indicative of enlarged size {Bories:2007cl}.

Quinlan et al. (2011) reported that WT lumbar motoneurons exhibit an
increase in conductance between the age groups of p0-5 and p6-12, but that in the
mSOD1 line, this increase is significantly larger. Interestingly, it appears that this
shift is not distributed equally among all sizes of motoneurons. Bories et al. (2007)
found that the lower average input resistance of the SOD1 group results not from a
full population shift, but from a selective effect in the subpopulation of neurons with
an already low resistance. The largest motoneurons, it seems, are specifically

vulnerable to enlargement quite early in the disease progression.

If somatic sizes remain equal between mSOD1 and WT neonatal
motoneurons, but electrophysiological data points to increased neuronal size, it
follows that the dendritic tree may be the locus of morphological changes. Indeed,
neonatal lumbar motoneurons of GB5R SOD1 mice show greater dendritic
branching, greater dendritic length, more branching nodes, and greater total
dendritic surface area than WT mice (Amendola and Durand 2008). While there is
no difference in number or mean diameter of primary dendrites, these data do
suggest that the mutated SOD1 protein leads to abnormal dendritic growth, perhaps
through a deficit in pruning mechanisms or a misbalance between excitatory and

inhibitory inputs (Amendola and Durand, 2008).

Evidence from computer modeling supports the same conclusion:
simulations based on experimental data show that increases in dendritic membrane
surface area and branching are responsible for one third of the reduction in input
resistance. Decreased specific membrane resistance accounts for the remaining two
thirds. The authors argue that as a consequence of reduced input resistance, affected

motoneurons become more difficult to recruit, resulting in a loss of muscle control.
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Furthermore, they propose that this reduction in muscle activity may then lead to

retraction of axons and neuronal degeneration (Elbasiouny et al., 2010).

Axonal denervation and loss of motor units are well established pathological
events in the ALS disease course (Hanyu et al., 1982; Bjornskov et al., 1984; Gurney
et al.,, 1994a; Fischer et al., 2004). When loss of the neuromuscular junction leads to
muscle denervation, intact axons sprout to open sites in a compensatory attempt to
regain control of the muscle (Frey et al.,, 2000b). Collateral reinnervation is initially
quite successful at maintaining normal twitch tension (McComas et al., 1971), but

eventually is overtaken by the severity of degeneration (Gurney et al., 1994a).

There is evidence for axon degeneration prior to the onset of symptoms in
mSOD1 mice. Fischer et al. (2004) reported that at p47, more than 30 days before
symptom onset in the G93A mouse, 40% of endplates are denervated. Severe motor
axon loss follows between p47 and p80, with notable loss of motoneuron cell bodies
from the lumbar spinal cord after p80. This finding is in agreement with several
other studies reporting loss at the NM] prior to symptom onset (Kennel et al., 1996;
Schaefer et al., 2005; Pun et al., 2006).

Interestingly, motor unit type appears to govern axon susceptibility to
degeneration. Frey et al. (2000a) also found extensive local muscle denervation at
p50 in the G93A mouse, but showed that loss follows a size ordered pattern: type IIb
are the earliest affected fibers, followed by type Ila, with synapses on type I fibers
resistant to denervation. Furthermore, Hegedus et al. (2007) report a biphasic
pattern of loss in which motor unit numbers decline dramatically in fast twitch
muscles between birth and p60. Following a plateau period, motor unit numbers in
slow twitch muscles proceed to fall beginning at p90. From these data, it appears
that slow motor neurons are more resistant than fast ones to the toxic effects of

mSOD1.

The capacity for collateral reinnervation of denervated NM] targets by
surviving axons is well established in both ALS and mSOD1 models (McComas et al.,

1971; Mulder and Howard, 1976; Hanyu et al., 1982; Bjornskov et al., 1984; Gurney
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et al.,, 1994a; Kennel et al., 1996). However, the degree to which this compensation

leads to functional gain is somewhat contested.

Evidence from mSOD1 mice suggests a pattern in which the initial
degeneration of FF axons prompts collateral sprouting by remaining FR and S axons,
leading to a temporary recovery before escalating degeneration proves
insurmountable (Frey et al., 2000a; Fischer et al., 2004; Pun et al., 2006). Using
retrograde tracers, Millecamps et al. (2001) showed that denervation-induced
sprouting at the NM] actually enhances the uptake capacity of G93A motoneurons in
symptomatic mice. The surprisingly high level of tracer uptake from muscle to
motoneuon suggests that newly sprouted compensatory axons are indeed

functional, and may contribute to a transient recovery.

Clinical evaluations support this theory. Some ALS patients show a
temporary improvement in muscle tone and force after the disease onset (Mulder
and Howard, 1976), which may be due to successful collateral reinnervation
(Kennel et al., 1996). Furthermore, in patients suffering from various types of
chronic motor denervation, muscles which have lost nearly 90% of motor units can
still exert twitch tensions within the normal range. This observation clearly
indicates that surviving motor units can compensate for denervation by developing

a far greater tension capacity (McComas et al., 1971).

Hegedus et al. (2007), however, contend with the proposal that
compensatory sprouting is robust or functional. They describe a parallel decline in
motor unit numbers and whole muscle contractile force in hindlimb muscles of the
G93A mouse between 40 and 120 days of age. A corresponding decrease in muscle
force with motor unit number does not support functional compensatory motor unit
expansion. Future work is required to reconcile this result with others in mSOD1

mice and ALS patients that do indicate functional compensatory sprouting.

CALCIUM-MEDIATED MECHANISMS OF TOXICITY
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The involvement of calcium in the pathology of ALS has been well established
(Alexianu et al., 1994; Sikl s et al., 1996; Siklos et al., 1998a). The mechanisms
through which calcium exerts its toxic effects, however, are less well understood.
Calcium is likely an instigator of an interconnected web of pathological events that
include glutamate excitotoxicity, aberrant mitochondrial function, and impaired
axonal transport. The timing and order of these processes has yet to be firmly
established; also lacking is an understanding of which event(s) is the initial
instigator of degeneration. This section will provide a brief overview of calcium-
mediated mechanisms thought to underlie motoneuron degeneration in ALS while

pointing the reader to additional reviews for more comprehensive discussions.

Excessive glutamate exposure results in well documented short and long-
term neurotoxic effects (reviewed in Shaw and Ince, 1997)). In ALS, several lines of
evidence support a self-propagating destructive loop in which glutamate
overexposure induces intracellular calcium overload, which in turn contributes to
further sensitization to glutamate (Novelli et al., 1988). Motoneurons, which receive
high levels of glutamatergic input (Shaw and Eggett, 2000), are particularly
vulnerable to excitotoxicity (Regan and Choi, 1991). The mechanisms of glutamate
toxicity in motoneurons are not fully established, but may involve calcium-
dependent pathways. Here, the relationship between glutamate toxicity, calcium,
and ALS pathology is discussed. For a more comprehensive review, see (Shaw and

Ince, 1997).

A report of elevated glutamate levels in the cerebrospinal fluid of
postmortem ALS patients first exposed excessive extracellular glutamate as a
potential mediator of ALS pathology (Rothstein et al., 1990). One contributing factor
to excessive extracellular glutamate may be decreased uptake capacity in the
diseased system. In ALS patients, glutamate uptake speed is diminished in

synaptosomes from the spinal cord, motor cortex, and somatosensory cortex, but
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not in regions unaffected by ALS, like visual cortex, striatum, or hippocampus

(Rothstein et al., 1992).

A number of distinct glutamate transporters remove glutamate from the
extracellular space. Of these, the astroglial GLT-1 (EAATZ2) is the transporter
responsible for the majority of glutamate uptake (Pines et al., 1992; Bruijn et al,,
1997). It follows that a loss of GLT-1 activity may underlie the decreased reuptake
capacities observed in the synaptosomes of ALS patients. Indeed, ALS patients show
a pronounced loss of GLT-1 both in spinal cord and motor cortex (Rothstein et al.,

1995), a finding confirmed in the mutant animal disease model (Bruijn et al., 1997).

Chronic blockade of GLT-1 synthesis, both in vivo and in vitro, produces
elevated extracellular glutamate levels, excitotoxic neurodegeneration, and
progressive paralysis (Rothstein et al.,, 1996). Conversely, pharmacological
upregulation of GLT-1 expression protects against motoneuron loss and extends
survival times in the mSOD1 mouse (Rothstein et al., 2005). GLT-1 upregulation also
lessens the calcium overload response to glutamate exposure (Liu et al.,, 2013).
Together, these findings point to a key role for GLT-1 in the pathological processes
of ALS.

GLT-1 may in fact be a direct target of the ALS-linked mutant SOD1 protein.
Induced oxidative stress selectively targets GLT-1 in SOD1 mutants. In oocytes
expressing mutant, but not WT SOD1, elevated hydrogen peroxide specifically
inactivates this glutamate transporter (Trotti et al., 1999). These findings raise an
intriguing possibility: mSOD1 may instigate multiple simultaneous challenges to
neuronal equilibrium, at once enhancing excitability, while also interfering with the

neuron’s capacity to recover from excitation.

Overexposure to the excitatory amino acid glutamate, whether through
elevated extracellular levels or impaired uptake at the cleft, triggers a number of
destructive pathways. Acutely, depolarization induces an influx of water, sodium
and chloride ions, causing a neuronal swelling that is reversible in cases of modest

excitotoxicity, but likely pathological under prolonged duress (Choi, 1987). In a
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second stage, excessive stimulation of glutamate receptors instigates an influx of
calcium through glutamate receptor ionotropic channels AMPA (Van Den Bosch et
al., 2000; Corona and Tapia, 2007) and NMDA (Liu et al., 2013), as well as voltage-
gated calcium channels (Miller et al., 1989).

The resulting destabilization of intracellular calcium homeostasis activates a
cascade of destructive biological events including overactivation of numerous
enzyme systems (Urushitani et al., 1998) and the subsequent overproduction of
reactive oxygen species (Carriedo et al., 2000). A neuron unable to regulate
intracellular calcium levels is also vulnerable to activation of endoplasmic reticulum
stress response (Bernard-Marissal et al., 2012), and deficits in mitochondrial
energetic metabolism (Corona and Tapia, 2007), though whether apoptotic
pathways are triggered as a result is contested (Bendotti et al.,, 2001).

Interestingly, the primary pathological processes activated by excitotoxicity
can result in a secondary toxicity with long-term effects. Initial injury to
mitochondrial function and ATP production via elevated intracellular calcium can
disrupt the energy gradient needed to produce a normal resting membrane
potential. Under depolarized membrane potentials, the NMDA receptor channel
loses its voltage-dependent Mg block, resulting in an over-activation of NMDA
receptors even by normal glutamate levels (Novelli et al., 1988). This study shows
that glutamate toxicity self perpetuates: initial excitotoxicity induces sensitization to

further excitatory input.

As further evidence for excitotoxicity as a primary mechanism for ALS
pathology, the only drug shown to be effective in delaying the disease, acts by
interfering pre- and postsynaptically with glutamate neurotransmission (Estevez et
al,, 1995). Riluzole treatment can increase survival by 35% at 18 months in ALS
patients (Lacomblez et al., 1996) while also ameliorating the loss of muscle strength
(Bensimon and Lacomblez, 1994). In the animal model of ALS, riluzole prolongs

survival but does not delay disease onset (Gurney et al., 1996).
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Riluzole exerts its protective effect via a blockade of both glutamate release
and voltage-sensitive sodium channels on glutamatergic nerve terminals.
Specifically, the drug blocks NMDAR activity, but is less effective at preventing
kainite and AMPAR-mediated neurotoxicity (Estevez et al., 1995). Shaw and Ince
(1997) note that the binding affinity of riluzole is substantially higher for the
inactivated state of the sodium channel than for the activated state. The drug
preferentially targets neurons whose sodium channels are more likely to be in the

inactivated state.

With low capacities for cytosolic calcium buffering, motoneurons rely heavi
on calcium buffering by mitochondria (Lautenschlager et al., 2013). In hypoglossal
motoneurons, mitochondria participate in calcium uptake and clearance at
intracellular calcium concentrations much lower than those observed for other
neuron types. Mitochondrial calcium uptake is minor, however, in highly buffered,

ALS-resistant motoneuron populations, suggesting a compensatory increase in

ly

mitochondrial buffering in neurons with low cytosolic buffering capacity (Lewinski

and Keller, 2005b).

Not only does mitochondrial buffering take on the majority of the calcium
burden in neurons susceptible to ALS, but recent evidence suggests that the diseas
impairs this essential process. Mitochondria isolated from brain and spinal cord
motoneurons of mutant SOD1 mice display impaired calcium capacity as early as
p35, prior to the onset of symptoms. No such reduction in calcium capacity was
reported in mitochondria isolated from the liver, a non-affected tissue. That
abnormal mitochondrial calcium handling arises early in the disease course
suggests it may contribute to accelerating cell damage and later onset excitotoxic

damage (Damiano et al., 2006).

However, the extent to which mitochondrial calcium buffering capacity
determines disease course has recently been debated. By eliminating ubiquitous
expression of cyclophilin D, a regulator of calcium-mediated opening of the

mitochondrial permeability transition pore that gates calcium entry, Parone et al.

e
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(2013) demonstrated that a robust increase in mitochondrial calcium buffering in
mutant SOD1 mice reduces neuron loss, mitochondrial swelling, SOD1 protein
misfolding and aggregation, and glial activation. Despite these gains, no changes
were observed in muscle denervation, motor axon denervation, or disease
progression and survival. Accordingly, the authors posit that mSOD1-mediated loss
of mitochondrial calcium buffering capacity is not a primary disease mechanism of

ALS.

Evidence for the involvement of mitochondria in ALS disease pathology came
first from studies citing abnormal histological mitochondrial profiles, like swelling
and vacuolation, in both ALS patients (Sasaki and Iwata, 1996a) and SOD1 models
(Wong et al., 1995; Kong and Xu, 1998; Martin et al., 2006). Indeed the first direct
demonstration of altered calcium levels in ALS showed that this elevated
intracellular calcium was found enclosed in organelles, largely mitochondria, and
resulted in a notable swelling of the mitochondrial body (Sikls et al., 1996).

Evidence suggests that mitochondrial damage is presymptomatic, and
emerges very early in the fast-progressing mSOD1 models. At 2 weeks of age, G93A
SOD1 mice show mitochondrial swelling and microvacuolation in the cytoplasm of
fast-fatigable motoneurons (Bendotti et al., 2001). The precise mechanism through
which mitochondrial damage contributes to ALS pathology is still unknown, but
does involve a negative cycle in which calcium overload damages mitochondria,
which in turn further sensitizes mitochondria to glutamate and glutamate-induced

calcium overload (as reviewed in Lewinski and Keller, 2005a).

AXONAL TRANSPORT

The accumulation of neurofilaments in the cell body and proximal axons is a
hallmark of ALS pathology (Munoz et al., 1988; Sasaki and Iwata, 1996b), suggesting
aberrations in, or an imbalance of, anterograde and retrograde axonal transport (De
Vos et al., 2007). Given that retrograde and anterograde axonal transport are

accomplished by distinct sets of structural entities (Tsukita and Ishikawa, 1980), it
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is entirely possible that the disease mechanisms of ALS affect these directional

systems differentially.

The effect of mutant SOD on fast axonal transport, in both the anterograde
and retrograde directions, remains under contention. In a muscle biopsy study of
severely affected ALS patients, (Breuer and Atkinson, 1988) reported both a
decrease in the speed of retrograde organelle trafficking as well as an increase in
axon transport speed in the anterograde direction. The faster anterograde speed,
the authors argue, reflects a compensatory increase in the motor unit size of
surviving motoneurons as surrounding motoneurons are progressively lost. Growth
in the reach of a motor unit in turn increases the demand for neurotransmitters and
other factors packaged in membrane-bound organelles. Here, an increase in
organelle trafficking speed may be simply a compensatory response to higher
demand (Breuer and Atkinson, 1988). In agreement, Dupuis et al. (2000) report an
upregulation of a factor responsible for fast anterograde axonal transportin a
mutant SOD1 mouse, though expression returns to control levels as the disease

progresses.

To the contrary, multiple studies in both ALS patients (Sasaki and Iwata,
1996b) as well as mSOD1 models (Zhang et al., 1997; Warita et al., 1999; Lewinski
and Keller, 2005b; De Vos et al., 2007) report an impairment in anterograde axonal
transport. A disruption in anterograde transport, shown in the motoneurons of both
presynaptic mice and embryonic culture, may cause loss of neurotransmitter
release, metabolic dysfunction at the terminals, and accumulation of cytoplasmic

neurofilaments (De Vos et al.,, 2007).

Regarding retrograde axonal transport, the literature is in agreement:
organelle transport speed is slower in both ALS patients (Breuer and Atkinson,
1988) and SOD1 models (Lewinski and Keller, 2005b; De Vos et al., 2007). Loss of
retrograde transport capacity interrupts the transmission of trophic factors from
neuromuscular targets back to innervating motoneurons. Without trophic support,

motoneurons are likely to exhibit the denervation typical of ALS (Frey et al., 2000a).
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Interestingly, calcium also appears to play a role in the modulation of fast
axon transport. Calcium channel agonists increase the speeds of both anterograde
and retrograde fast axonal transport in motoneurons (Lariviere and Lavoie, 1982;
Breuer and Atkinson, 1988), likely not through direct action on transport motors or
organelles, but rather through indirect modulation of cytoskeletal elements (Breuer
et al.,, 1992). Neuron cell bodies incubated in calcium-free buffer show reduced
axonal transport of protein, though transport is unaffected by exposure of neuron

trunks to calcium-free conditions (Hammerschlag et al., 1975).

Motoneurons rely on axonal trafficking of mitochondria to the
neuromuscular junction, where they process the rapid calcium fluctuations
associated with active synapses (reviewed in Redler and Dokholyan, 2012)). Given
that trafficking of mitochondria is particularly impaired in SOD1 mice (De Vos et al.,
2007), one plausible scenario is that impaired mitochondrial trafficking results in
accumulation of mitochondria in proximal axons (Sasaki and Iwata, 1996b), as well
as a loss of mitochondrial calcium buffering support in distal axons. This
explanation is supported by evidence that distal axonopathy is an early and
pervasive feature in both ALS patients and SOD1 models (Fischer et al., 2004).
However, the precise mechanisms through which calcium acts on axonal transport,
as well as the interactions between ALS pathology, calcium dynamics, and transport

remain to be determined (Mérotz et al., 2012).

DISEASE PROGRESSION

Despite a hundred and fifty years of clinical observation, and an extensive body of
scientific literature, the pathogenesis of ALS remains frustratingly elusive. The study
of the disease is complicated by a number of factors, including: limited genetic
models to mimic the familial form of the disease, a poor understanding of
susceptibility genes involves in the sporadic form, the diversity of clinical

presentations, comorbidity with other degenerative diseases, and the long
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prodromal period that separates disease onset from presentation of symptoms (as

reviewed in Kiernan et al., 2011).

Of these, the delayed onset of disease symptoms presents a particularly
challenging problem to researchers seeking to establish a theory of disease
progression. Because the initial target(s) of the disease are still unknown,
separating the primary disease process from the secondary effects and
compensatory mechanisms that follow is exceedingly difficult. Since the
establishment of a mouse line expressing mutant SOD1 protein over 15 years ago
(Gurney et al., 1994b), a host of early abnormalities, some even in the embryonic
stage, have been reported in the murine line (van Zundert et al., 2012). Given that
these pathological changes are initiated long before the onset of symptoms, one
model postulates that a very early pathogenesis triggers a number of compensatory
mechanisms which mask primary events, but that as the animal ages, the eventual
saturation of compensatory mechanisms results in degeneration and death (van

Zundert et al., 2008; 2012).

How aging affects disease penetrance is also unknown, but three models
have been proposed by Chiu et al. (1995) in the first report of the mutant SOD G93A
line. First, in the stochastic model, damage accumulates with age until reaching a
threshold that triggers outward disease expression. Second, a senescence model
proposes that protective mechanisms fail with age, allowing disease expression.
Third, genetic changes in aging cells may permit increasing penetrance of the
disease. Of these, the authors favor the first hypothesis, in which neurons tolerate
pathological changes until a point is reached at which normal function is no longer
possible. Verifying this hypothesis, however, will likely require the distinction of

primary versus secondary pathological events.

The difficulty of determining the initiation and sequence of pathology has
also led to two competing theories of disease progression: the “dying forward” and
“dying back” hypotheses. Though both view motoneuron death as a secondary

consequence of an earlier, primary pathology, they differ in the origin of that initial
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event. Proponents of the dying forward hypothesis argue that cortical
hyperexcitability propels injury forward to the motoneuron (Trotti et al., 1999;
Vucic, 2006), while the dying back hypothesis postulates that degeneration at the
neuromuscular junction initiates pathologies that move retrogradely back to the

motoneuron (Frey et al.,, 2000a; Gould, 2006).

Support for the dying forward hypothesis comes primarily from clinical
observations of hyperexcitability in cortico-motoneurons. Patients suffering from
motoneuron disease show a reduction in short interval intracortical inhibition, as
measured through transcranial magnetic stimulation. This loss of inhibition may be
explained either by a loss of inhibitory cortical motoneurons, or a glutamate-
mediated downregulation of inhibitory activity (Vucic, 2006). In the mouse model,
young (2-3 week) mSOD1 mice show reduced GABAergic inhibition in layer 5
pyramidal neurons, providing support for a cortical hyperexcitability that precedes
symptom onset (Nieto-Gonzalez et al., 2011). That the ALS drug riluzole acts by
interfering with glutamate transmission provides further support for this

hypothesis (Estevez et al.,, 1995).

To the contrary, the dying back hypothesis proposes a pathology that
originates at the junction between the motoneuron axon terminal and the target
muscle, or at the target muscle cells themselves. A number of studies have
demonstrated degeneration or dysfunction of NM] elements prior to loss of
motoneuron cell bodies in mSOD1 mice. Physiologically-detectable loss of entire
motor units begins as early as p40 (Kennel et al., 1996), while immunocytochemical
analysis shows loss of synapses pertaining to fast firing motor units at p50 (Frey et
al., 2000a). In a spatiotemporal analysis of motoneuron pathology, denervation at
the neuromuscular junction is evident by p47 and loss of motor axons progresses
between p47 and p90 (Fischer et al., 2004). These pathologies all precede the
earliest age of reported motoneuron loss, p80 (Chiu et al., 1995; Fischer et al., 2004),
suggesting motoneuron death may be a secondary consequence of primary injuries

at the neuromuscular junction (Dupuis et al., 2000). Specifically, loss of contact
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between axon terminals and muscle targets may deprive motoneurons of

neurotrophic factors necessary for survival (Kiernan et al., 2011).
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INTRODUCTION

While the loss of motoneurons is an undisputed feature of amyotrophic lateral
sclerosis (ALS) and its animal models (SOD1 mutant mice), how the disease affects
the size and shape of motoneurons prior to their degeneration is less well
understood. In some of the first morphological evaluations of motoneurons in ALS,
Kiernan and Hudson ( 1991; 1993) reported a decrease in number and cross
sectional area of motoneurons in both spinal cord and the hypoglossal nucleus of
deceased ALS patients. The authors contend that this observation can be explained
by a selective loss of large motoneurons, or by a disease-induced shrinking of
motoneurons. Similarly, mice with a rapidly progressing variant of the SOD1
mutation show significantly reduced neuronal volume and number in the facial
nucleus, and trends towards reduced size and number in the hypoglossal nucleus at

end-stage (Nimchinsky et al., 2000).

However, multiple morphological and electrophysiological reports suggest
that at early postnatal stages, motoneurons are pathologically enlarged.
Reconstructions of lumbar motoneurons at p4-9 in a slow progressing mSOD1
model reveal an overall increase in neuron size in mutant SOD1 mice as compared
to their wildtype littermates. Here, the increase is driven by expansion of the
dendritic tree; no changes were evident in soma size (Amendola and Durand, 2008).
Lumbar motoneurons from p6-10 mSOD1 mice also show a decreased input

resistance and increased capacitance, indicative of larger size (Bories et al., 2007).

These two lines of evidence are not necessarily in conflict. Mutated SOD1
protein may instigate excessive motoneuron growth as part of a suite of early
postnatal pathological processes. Compensatory mechanisms may prolong the
survival of these enlarged neurons, until a point is reached at which compensation is
overwhelmed by the disease processes. Evidence suggests that motoneuron death
then proceeds in an order from largest to smallest (Frey et al., 2000a; Pun et al.,

2006), allowing the survival of only small motoneurons at end-stage. The course of
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these progressive changes highlights the importance of evaluating abnormalities at

early age points in addition to end-stage.

A number of additional abnormalities in SOD1 mutant mice can be detected
before symptom onset, including: increased neuronal excitability, impaired axon
transport, alterations in glutamate receptors, deficits in mitochondrial function,
protein ubiquitination, and an imbalance in calcium handling (reviewed in Redler
and Dokholyan, 2012). Of these, calcium dynamics may provide a window into ALS
pathology, as motoneuron populations resistant to the disease show atypically high
calcium buffering capacity (Vanselow and Keller, 2000). In motoneurons, calcium
enters through either ligand-gated channels or voltage gated channels. The voltage-
gated L-type calcium channel (Cay1.3) is integral to homeostasis as it mediates the
Ca-PIC and can also open to admit calcium at rest (Xu and Lipscombe, 2001).
Intracellularly, calcium can be buffered by low levels of the calcium binding proteins
calbindin and parvalbumin, but is largely taken up by mitochondria (Lautenschlager
et al.,, 2013). As a result, extensive mitochondrial transport to dendritic space is
required to maintain calcium homeostasis. Dysfunction at any of these steps results
in elevated intracellular calcium, which serves as a trigger for a number of
degenerative cascades, including protein aggregation, mitochondrial dysfunction,

and induction of pro-apoptotic pathways (reviewed in Choi, 1988).

One of the earliest (p12) detectable changes in SOD1 motoneurons is an
increase in the amplitude of the calcium-mediated persistent inward current
(CaPIC), that amplifies synaptic inputs, facilitates repetitive firing and may endow
motoneurons with bistable firing patterns (Hounsgaard and Mintz, 1988). In the
mouse, the Cav1.3 channel mediating this current develops from little expression at
birth to full adult expression levels at two weeks of age. The amplitude of the Ca-PIC
increases concurrently (Jiang et al., 1999). While both wild-type and mutant SOD1
mice show elevations in Ca-PIC amplitude during postnatal development, the change

is significantly more pronounced in motoneurons of the mSOD1 mouse. This is likely
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a result of either accelerated neuronal maturation, or overexpression of the Cav1.3

calcium channel that underlies the PIC (Quinlan et al., 2011).

Interestingly, the early postnatal enlargement of motoneuron size and the
increase in Ca-PIC may in fact be linked. As the disease induces a pathological
enlargement in motoneuron size, excitability should decrease according to Ohm’s
law. To preclude reduced excitability, however, neurons may upregulate expression
of the Cav1.3 channel responsible for mediating the Ca-PIC, a current integral in

establishing the excitability of motoneurons (Hounsgaard and Mintz, 1988).

Some evidence exists to support this hypothesis. Quinlan et al.(2011)
reported two concurrent alterations in early postnatal SOD1 motoneuron
properties: input conductance increases, tending to decrease excitability, but the
amplitude of PICs increases, tending to elevate excitability. As a result, net
excitability remains unaltered. These findings suggest motoneurons may utilize Ca-
PIC enhancement as a compensatory mechanism to maintain excitability despite

size increases.

To explore whether there is indeed a correlation between increases in
motoneuron size and the upregulation of Cav1.3 channel expression, the present
study employed a mutant G93A SOD1 mouse, the most widely used animal model
for ALS. This mouse model expresses a human mutant version of the SOD1 gene
with a glycine to alanine substitution at position 93, and develops pathology closely
mimicking ALS in humans. Clinical disease onset is marked at 90 days, and by the
time mice reach end-stage at p136, spinal motoneuron pools show losses of nearly
50% (Chiu et al,, 1995). To evaluate changes in size and calcium channel expression
in the presymptomatic stage, mice in this study were evaluated at p30, at which
point motoneurons do not yet show overt degeneration (Hegedus et al., 2007), but
do show alterations in input conductance (Elbasiouny et al., 2010), dendritic
outgrowth (Amendola and Durand, 2008), and PIC (van Zundert et al., 2008). A

transgenic mouse expressing the wild-type variant of the SOD1 gene was used as a
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control group to account for any possible alterations brought on by transfection of

human genes (Tortarolo et al., 2004).

In order to compare the effects of the SOD1 mutation on vulnerable and
resistant motoneuron populations, this study evaluated changes in motoneurons of
the hypoglossal nucleus and cervical and lumbar spinal cord, populations vulnerable
to ALS (Gurney et al., 1994b), as well as motoneurons of the oculomotor nucleus,
which is known to be remarkably resistant to the disease (Nimchinsky et al., 2000;
Haenggeli and Kato, 2002). All three populations show extensive expression of the
Cav1.3 channel (Sukiasyan et al., 2009), allowing for an analysis of how the SOD1

mutation may differentially affect expression in the three motoneuron groups.

We anticipated that staining for the Cav1.3 channel would be denser in
motoneurons of SOD1 mice, particularly in the vulnerable hypoglossal and spinal
populations. Given that Ca-PIC amplitude is increased by p12 in this model, it was
reasonable to expect a notable increase in channel expression at p30. In addition,
this study tested the hypothesis that an increase in expression levels of the channel
giving rise to the Ca-PIC is a compensatory reaction to increased motoneuron size.
Accordingly, it was expected that vulnerable motoneurons would be larger in the
mutant SOD1 mouse. We were also interested in the confound of sex on the
different motoneuron pools as there are several reports indicated that male humans
and male mutant mice are more susceptible to the disease progression than females

(Veldink et al., 2003; Suzuki et al., 2007; McCombe and Henderson, 2010).

We found no detectable difference between soma area of motoneurons from
mice transfected with the ALS mutant gene and its wild-type counterpart.
Expression levels of the Cav1.3 calcium channel presented difficulties in analysis
across image collection dates, but were not found to be differentiated by genotype,
sex, or any interaction of the two. Interestingly, while analysis did not reveal an

overall effect of sex on soma size, it did show an interaction effect between the male
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sex and SODG93A genotype, leading to a greater increase in soma area in males than

in females.
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METHODS

Materials. Avidin, biotin, and biotinylated goat anti-rabbit IgG were purchased from
Vector (Burlingame, CA). Streptavidin 555 was purchased from Invitrogen (Life

Technologies, Grand Island, NY ).

Antibodies (anti-CND1) that specifically recognize the a1l subunits of class D
(Cay1.3) Ca?* channels were used in this study. Their generation, purification, and
characterization have been reported previously (Hell et al., 1993). Briefly, the CND1
peptide (KYDNKVTIDDYQEEAEDKD; residues 809 to 825, Hui et al., 1991)
corresponds to highly variable sites within the intracellular loops between domain
IT and III of class D a1 subunits of rat brain calcium channels. The NH2-terminal
lysine and tyrosine were added for cross-linking and labeling purposes and are not
part of the channel sequences. Peptides were synthesized by the solid phase method
(Merrifield, 1963), purified by reverse-phase HPLC on a Vydac 218 TP10 column,
and confirmed by amino acid analysis. The purified peptides were coupled with
glutaraldehyde to bovine serum albumin (Orth, 1979), dialyzed against PBS, and
emulsified in the same volume of Freund’s complete (initial injection) or incomplete
adjuvant. Injections were done in multiple subcutaneous sites on New Zealand
white rabbits at three week intervals. Antisera were collected, and antibodies were
purified by affinity chromatography on CND1 peptides coupled to CNBr-activated
Sepharose. 2 ml of antiserum were adsorbed to the column matrix and incubated at
room temperature for 5 h with stirring on a tilting mixer. The columns were then
washed with TBS, and bound IgG was eluted with 0.1M glycine (pH 2.7). The
affinity-purified anti-CND1 was brought to neutral pH using 0.1M Tris. (Hell et al.,
1993)

Animals. Perfused brain tissue of transgenic mice overexpressing the human

SOD16G934 gene, the human SOD1WT gene, no transgenic manipulation, and/or
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expressing GFP driven by the Hb9 promotor were provided by C] Heckman's
laboratory at Northwestern University. All animals were p29-31 and of mixed sex. In
total, data were collected from 25 mice: 9 nontransgenic (5 female, 4 male), 8 WT-
SOD1 (4 female, 4 male) and 8 G93A-SOD1 (4 female, 4 male). Tissue was coded
prior to shipment to ensure an unbiased, blinded analysis by the University of
Washington group. The G93A and wild-type SOD1 genes were identified using
standard PCR techniques (Rosen et al.,, 1993). Briefly, 20-25 mg of tissue was used
for the DNA extraction. The primers for amplification are SOD1WT: CAT CAG CCC
TAA TCC ATC TGA and SOD1693A;: CGC GAC TAA CAA TCA AAG TGA, and
Hb9:eGFP:AAG TTC ATC TGC ACC ACC G. All mice were used according to

Northwestern University’s Animal Care and Use Committee guidelines.

Surgery. Mice were euthanized with C0O2, and trans-cardially perfused with 4%
paraformaldehyde in phosphate buffer (PB). The central nervous system was
carefully dissected out and submerged in tubes of 4% paraformaldehyde in PB for 2
hrs at 4°C. The tissue was then cryoprotected by sinking them in 10% sucrose in PB

and then in 30% sucrose in PB at 4°C until it was processed for histology.

Immunocytochemistry. Tissue sections (40 pm) were cut on a sliding microtome,
placed in 0.1 M phosphate buffer, and then processed for immunocytochemistry as
described previously (Westenbroek et al., 1998). Briefly, tissue sections were rinsed
in 0.1 M Tris buffer (TB) pH 7.4 for 15 min, in 0.1 M Tris buffered saline (TBS) for 15
min, blocked using 2% avidin in TBS for 30 min., rinsed in TBS for 30 min., blocked
in 2% biotin in TBS for 30 min., and finally rinsed in 0.1M TBS for 30 minutes. The
tissue sections were then incubated in affinity-purified anti-CND1 (diluted 1:50) for
36 hours at 4°C. All antibodies were diluted in a solution containing 0.1% Triton X-
100 and 1% NGS in 0.1M TBS. The tissue sections were rinsed in TBS for 60 min and
incubated in biotinylated goat anti-rabbit IgG diluted 1:300 for 1 hr at 37°C. The
tissue was then rinsed in TBS for 30 min, incubated in Streptavidin 555 diluted

1:750 for 1 hr at 37°C, then rinsed with TBS for 10 min., rinsed with TB for 20 min
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and mounted on charged microscope slides (Fisherbrand Superfrost/Plus), and

coverslipped with AquaMount (Fisher).

Image Acquisition and Analysis. Gain- and offset-matched images were collected on a
Leica SL confocal microscope in the W.M. Keck Microscopy Facility at the University
of Washington. All z-stacks were collected in 1 pm thick sections. To determine the
level of nonspecific staining, sections were incubated without primary antibody and
the immunocytochemical reaction was then carried out as described above. Sections
stained in the absence of primary antibody showed no detectable labeling. A
threshold function was applied to all z-stack images, which were custom traced
using a Bamboo Create digitizing tablet interfaced with Image ]. Motoneuron size
and staining density measurements were taken using the Region of Interest (ROI)
function in Fiji Image ], which compiled traced outlines of the neuron soma. Each
soma was measured for cross sectional area, mean stain intensity (8-bit, max
intensity), and roundness, a measure of circularity ranging from 0 to 1 (perfect
circle). Roundness measurements were generated using the fit ellipse function on

Image ] and selecting “shape descriptors” in the measurement options panel.

Neuron selection. In the spinal cord, slices were obtained from all available cervical
and lumbar sections. Prominent neurons in the lateral ventral horn were selected
and traced for each of the spinal cord sections. The hypoglossal nucleus was clearly
delineated by the Cav1.3 stain, and all visible neurons were selected within the
boundaries of the nucleus. The oculomotor nucleus was identified with the aid of a
comparative Nissl/Cav1.3 staining atlas, and all neurons within boundaries of the
nucleus were selected for analysis. Following established guidelines, for all nuclei a
subset of the neurons traced were selected as motoneurons based on a threshold of

diameter >= 20 um (Rothstein, 1993; Sukiyasan, 2009).

Statistical Analysis
Data regarding cross sectional soma area, roundness, and stain intensity were first

pooled across the three genotype groups (nontransgenic, WT-SOD1, G93A-SOD1)
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using a one way ANOVA test for significance. However, the ANOVA model does not
take into account the correlation that occurs in observations from the same mouse.
Observations from the same mouse cannot be treated as independent, as there may
be underlying characteristics not captured in the ANOVA model that contribute to

similarities within a single mouse.

To remedy this concern about statistical validity, consultation was sought
from the statistics graduate program at the University of Washington. Under the
guidance of an advisory group (Rachael Maltiel, Bailey Fosdick, Brittany Sanchez,
and Dr. Paul Sampson), a mixed linear effects model was developed to account for
both fixed effects as well as random effects, which are included to account for
variability that may confound the analysis (Kutner et al., 2003). For the purposes of
this statistical model, the three genotype groups were narrowed down to the two of

interest: the mutant G93A group and the WT-SOD1 group, which serves as a control.

For an example of how the linear mixed effects model generates expected
soma cross sectional area, let Area;; be the size of the jth observation from mouse i.
All the explanatory variables are categorical 0-1 indicators of nucleus region,
genotype, and sex that a particular observation Area;; pertains to. The reference
categories are: oculomotor (nucleus region), WT-SOD (genotype), and female (sex),
meaning that the intercept term S, is the fitted average area of an oculomotor

neuron from a WT-SOD female. The model is expressed:

Area;; = o+ By X G93A; + B, X Hypoglossal;; + B3 X Spinal;; + B, X Male;
+ Bs X Hypoglossal;j X G93A; + P¢ X Spinal;j X GI3A;
+ B7 X G93A; X Male; + Bg X Hypoglossal;j X Male;
+ By X Spinal;j X Male; + a; + b; X Hypoglossal;; + ¢; X Spinal;;

+ Eij
a;
!
Ci

€ij~ N(O, O'E)

~N(0,%),

39



The model also includes a random effect a; for mouse I, capturing mouse to mouse
variability for the reference region group. The random slope effects b;, ¢; capture
mouse-to-mouse variability of differences from oculomotor to hypoglossal and from
oculomotor to spinal. gjjrepresents the variability evident within a single mouse and

region across multiple observations.

A custom R script was used to generate fitted model coefficients and their
corresponding significance values for each of the fixed and random effects, for the
parameters of area, roundness, and stain. For the area analysis, the model given
above was transformed with a natural logarithmic function to generate more evenly
distributed residuals in a QQ plot assessing normality of errors. No transformation

was necessary in assessing roundness and stain intensity.
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RESULTS

The immunocytochemical staining for Cav1.3 revealed broad and intense expression
of the channel throughout the oculomotor, hypoglossal, and spinal nuclei (Fig. 1).
Expression levels are so consistently high that the Cav1.3 stain can be used not only
to measure channel density, but also to serve as a neuronal marker allowing for
measurements of soma size and shape. Confocal images taken with a higher
magnification (20x) show that the stain is clear and bright throughout nuclei, with
no obvious qualitative differences in Cav1.3 expression levels or soma size between

WTSOD and SODG93A mice, in any of the three regions analyzed (Fig. 2).

We measured the soma sizes of spinal (n=1738; from 19 animals),
oculomotor (n= 1140; from 15 animals) and hypoglossal motoneurons (n= 6596 ;
from 25 animals) and analyzed the data using a standard one-way ANOVA. The
ANOVA revealed small, but statistically significant differences between the three
genotype groups (SODG93A, WTSOD, and nontransgenic) for all three nuclei
regions, whose density distributions are shown in Figure 3. However, the order of

the size differences failed to show a consistent pattern.

In the oculomotor nucleus, motoneurons of WTSOD mice (mean = 260 um?,
SD = 83; 358 motoneurons from 5 animals) and SODG93A mice (mean = 259 um?,
SD = 67; 524 motoneurons from 7 animals) were indistinguishable, while
nontransgenic mice had smaller motoneurons (mean = 244 um?, SD = 63; 258
motoneurons from 3 animals). A one way ANOVA revealed significant differences
between the groups (p =.015), and Tukey post-hoc tests showed that the SODG93A
and WTSOD groups were significantly larger than the nontransgenic group (p = 0.04

and 0.02, respectively), but not different from each other.

In the hypoglossal nucleus, motoneurons of nontransgenic mice were the
largest (m = 378 um?, SD = 129; 3239 motoneurons from 9 animals), followed by
WTSOD (m = 345 um?, SD = 127; 1899 motoneurons from 8 animals), with
SODG93A motoneurons (m = 320 um?, SD = 117; 1458 motoneurons from 8
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animals) showing the smallest average area (p<<0.001 in a one way ANOVA). Post-
hoc Tukey tests yielded significant differences in each group comparison (p <<0.001

for each comparison).

Data from spinal motoneurons provide an additional inconsistency.
Motoneurons of SODG93A mice were the largest (m = 489 um?, SD = 211; 360
motoneurons from 5 animals), followed by nontransgenic motoneurons (m =471
um?, SD = 179; 701 motoneurons from 6 animals), and by motoneurons of WTSOD
mice (m =458 um?, SD = 178; 677 motoneurons from 8 animals). A one way ANOVA
showed the difference in group means to be significant (p =.03), and Tukey post-hoc
tests showed that this difference stems from the comparison between the WTSOD

and SODG93A groups (p =.03); all other comparisons were nonsignificant.

The use of a one-way ANOVA presents a number of problems for the present
analyses. Ideally, statistical analyses should parse out effects generated by genotype,
sex, and region analyzed, as well as interactions between each of those factors. Thus,
expanding the model to a two-way ANOVA would still be ineffective in analyzing
three converging factors. More importantly, the ANOVA fails to account for
individual differences within genotype groups. A valid statistical model cannot treat
different observations from the same mouse as independent, as individual variation
may confound the analysis. Indeed, Figure 4 shows that average observed soma
cross sectional area varies by mouse. As a consequence, motoneuron measurements

from different animals in our study cannot be pooled.

To capture individual variability, and also to incorporate data from all animal
groups and regions analyzed, a linear mixed effects model was employed as
described in the Methods section. As the model is best suited to a comparison of two
groups, the analysis focused on mice of SODG3A and WTSOD genotype. WTSOD mice
serve as a more rigorous control group than the nontransgenic mice, as simply
transfecting mice with a human gene, whether or not that gene predisposes the

animal to disease, may alter morphology and physiology (Tortarolo et al., 2004).
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With individual differences taken into account, the present sample sizes drop
substantially (Table 1). When each neuron was counted as a sampling unit, total
sample size exceeded 5,000. When observations from a single mouse were pooled
together, the sample size totaled just 16, split evenly among the sex and genotype
combination groups. This results in a sizable decrease in statistical power, but does

lend greater validity to the analysis.

Fitted average soma cross sectional areas, as calculated by the mixed effects
model, are shown in Figure 5, with corresponding coefficients and statistical results
listed in Table 2. Overall, there was no effect of genotype (SODG93A vs WTSOD)
when other factors (sex and region analyzed) were held constant. Nor was there an
effect of sex when genotype and region were held constant. However, the model did
reveal an interaction effect between the hypoglossal region and male sex, leading to
significantly smaller soma areas for those motoneurons. Also significant was the size
order, from spinal motoneurons (largest) to hypoglossal to oculomotor (smallest),
all other factors held constant. Perhaps the most intriguing finding was the notable
trend toward an interaction effect between the SODG93A genotype and male sex (p
= 0.06). Here, the mutant genotype displayed a greater increase in soma area in

males than in females, within a given region.

To analyze motoneuron shape in addition to size, roundness values were
calculated for each motoneuron based on the ratio between the major and minor
diameters of a best-fit ellipse (Bernard et al., 2012). The model did not reveal any
overall difference in motoneuron roundness by genotype or by sex (Fig. 6). All other
factors fixed, spinal motoneurons are significantly rounder (p < 0.05), and an
interaction effect between the hypoglossal region and the male sex led to

significantly less round motoneurons (p < 0.05).

Analyzing the intensity of the stain for the calcium channel Cav1.3 presented
additional complications. Because the strength of the confocal laser can vary by day,
the model was adjusted to include an effect for imaging date. Including this random

effect removed the variability associated with changes in the confocal laser, but did
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make differences more difficult to parse out. Overall, staining for Cav1.3 is brighter
in the spinal motoneurons and does not appear to show any other consistent
pattern (Fig. 7). The model did not detect any differences due to genotype, sex, or
any interaction therein, but did confirm brighter staining in the spinal cord than in

the hypoglossal or oculomotor nuclei (p < 0.01).
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Figure 1. Representative confocal images
of Cavl1.3 staining in the oculomotor (A),
hypoglossal (B) and spinal (C) nuclei. Oval
traces indicate region boundaries used for
selecting motoneurons. Staining for Cavl.3
is intense and widespread, but particularly
concentrated in the large somata of
motoneurons.
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Figure 2. Representative confocal images of Cav1.3 staining in WTSOD (A - C) and
SODG93A (D - F) mice in the oculomotor nucleus (A and D), hypoglossal nucleus (B
and E) and spinal cord (C and F). Images were acquired through a 20x lens, and
threshold-adjusted on black and white spectrum on Image ] for optimal
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visualization of soma size and shape. Cav1.3 staining is intense throughout the soma

in all regions and genotypes analyzed.
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Figure 3. Density plots of somatic
size of motoneurons in oculomotor
(a), hypoglossal (b), and spinal (c)
nuclei sorted by genotype:
nontransgenic, SODG93A, and
WTSOD. Due to the statistical power
afforded by an ANOVA with large
sample sizes (> 2,000 neurons per
group), small but statistically
significant differences were revealed
between groups for all three nuclei
regions. However, the order of the
size differences failed to show a
consistent pattern across the three
regions.
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Figure 4. Average observed soma cross sectional area by region across mice
distinguished by genotype group (wild-type SOD and mutant G93A SOD). Lines
connect the average areas across regions in a single mouse to show individual
differences in addition to regional and genotypic differences. Soma sizes are
generally largest for spinal motoneurons, followed by motoneurons of the
hypoglossal nucleus, and smallest for oculomotor neurons. Appreciable variation is
evident between individual mice. Also of note, there does not appear to be a clear
distinction between soma sizes pertaining to mice of wild-type versus mutant SOD
genotype.
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N, neurons N, animals

Male, SODG93A 1,112 4
Female, SODG93A 1,230 4
Male, WTSOD 1,292 4
Female, WTSOD 1,642 4
Total 5,276 16

Table 1. Sample sizes for sex and genotype groupings counted by number of
neurons traced (total = 5,276) and by number of animals evaluated per grouping
(total = 16). When each neuron is counted as a single observation, the sample sizes
in each group are quite large. However, when data are collapsed across animals to
account for individual differences, the sample size is reduced substantially. Using
the number of animals as a sample size rather than the number of neurons reduces
the statistical power but gives greater statistical validity to the analysis.
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Figure 5. Fitted average soma cross
sectional area for oculomotor,
hypoglossal, and spinal motoneurons
when collapsed across sex to give
comparison by genotype (a), collapsed
across genotype to give comparison by
sex (b), and separated by sex and
genotype to show group specific trends
(¢). Fitted average areas were calculated
according to the mixed linear effects
model, which was also used to calculate
effect size and statistical significance of
variable coefficients pertaining to
genotype, sex, and region. Though it
appears in (a) that soma sizes are slightly
larger in mutant SOD than wild-type
SOD for all regions, the model did not
find this difference to be significant. Nor
did the model find an overall sex
difference in soma area, though as
evident in (b), there is an interaction
effect between the hypoglossal region
and male sex, leading to significantly
smaller fitted area. A nonparallel
relationship between mutant and wild-
type status for females and males is
evident in (c¢), indicating that the mutant
genotype and male sex interact to enlarge
soma area (see Table 2 for model
coefficients and statistical significance).
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Estimate p-value
o = Intercept 5.54 <0.001
1=SODGY93A -0.03 0.583
B2 = Hypoglossal 0.30 <0.001
B3 = Spinal 0.60 <0.001
B4 = Male -0.10 0.17
Bs = Hypoglossal x SODG93A -0.01 0.752
B6 = Spinal x SODG93A 0 0.997
7 =SODG93A x Male 0.18 0.062
Bs = Hypoglossal x Male -0.13 0.002
B9 = Spinal x Male -0.10 0.136

Table 2: Fitted model coefficients for linear mixed effects model giving soma area.
The model uses a reference group of oculomotor neurons from a WTSOD female; all

values listed here are generated in comparison to this reference group. For soma

area, the model was log transformed to normalize residuals. All significant
coefficients are in bold and include: intercept (as expected; a nonsignificant
intercept would indicate that the mean log area of the reference group is 0),

hypoglossal and spinal groups (indicating greater soma area in these groups than

the reference oculomotor group), and an interaction between the hypoglossal group
and male sex (indicating a nonparallel relationship between mutant SOD status and

sex).
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Figure 6. Mean fitted roundness values for oculomotor, hypoglossal, and spinal motoneurons
grouped by sex and genotype. Roundness was determined by the ratio of major diameter to minor
diameter in a best fit ellipse generated by ImagelJ, and ranges from 0 to 1 (perfect circle). There
are no overall statistically significant differences in roundness between genotypes or sexes,
though the model does reveal rounder motoneurons in the spinal cord, and an interaction effect
between the hypoglossal region and the male sex leading to less round motoneurons.

52



250
|

F WTSOD

F mSOD
—— MWTSOD
---- MmSOD

200
\

Mean Fitted Cav1.3 stain intensity (pixel density)
100 150
\ \

50
\

oculomotor hypoglossal spinal

Region

Figure 7. Mean fitted Cav1.3 stain intensity for oculomotor, hypoglossal, and spinal
motoneurons grouped by sex and genotype. Stain intensity was measured by the average
pixel density of grouped z-stacks in ImagelJ, and ranges from 0 — 256. The model used to
analyze stain density incorporated an additional random effect for date of image acquisition,
as laser intensity on the confocal microscope can vary day to day. There are no overall
statistically significant differences in Cavl.3 staining intensity between genotypes or sexes.
The model did confirm more intense staining in motoneurons of the spinal cord than of the
hypoglossal or oculomotor nuclei.
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DISCUSSION

This study tested the hypothesis that motoneurons in mutant SODG93A mice exhibit
an enlargement of soma size (i.e., cross-sectional area) and an increase in Cav1.3
channel expression at p30, well before the manifestation of physiological symptoms,
which typically occur at p90 (Chiu et al., 1995). We made measurements of spinal
and hypoglossal motoneurons vulnerable to the mutation, as well as motoneurons
in the oculomotor nucleus that are resistant. We did not find any significant
differences in soma size for mutant and wild-type motoneurons in any of the motor
nuclei. Nor did our analyses reveal any difference in shape, measured as the
roundness of the soma. Similarly, levels of the Cav1.3 calcium channel were not

found to be differentiated by genotype, sex or any interaction of the two.

These results find mixed support in a conflicting body of literature regarding
the effects of the SOD1 mutation on early postnatal motoneuron size. A number of
studies report an increase in total input conductance, an electrical measurement
indicative of larger neuronal size, in early postnatal SOD1 motoneurons (Bories et
al., 2007; Elbasiouny et al., 2010; Quinlan et al., 2011), though no difference was
reported in p4-10 hypoglossal motoneurons (van Zundert et al., 2008). However,
morphological analyses show no difference in soma size between mutant and WT

SOD motoneurons (Kuo et al., 2004; Amendola and Durand, 2008).

The most parsimonious explanation for these seemingly disparate results
may be that motoneuron enlargement is rooted in an expansion of the dendritic
tree, which will affect physiological measurements, and can occur independently of
any increase in soma size (Amendola and Durand, 2008). Indeed, Amendola and
Durand (2008) report a proliferation of distal dendritic branches in lumbar
motoneurons of young SOD1 mice, without any change in soma size, number, or
mean diameter of primary dendrites. The present study, which was limited to
somatic dimensions as a metric for motoneuron size, may have failed to capture

real differences that exist between the mutant and wild-type animals.
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The one striking difference we did observe was an interaction effect between
sex and SODG93A genotype: namely that the motoneurons in mutant males are
significantly larger than those in mutant females. This finding raises two questions:
does the incidence and course of ALS-like symptoms is SOD1 mice differ between
males and females? And further, how might the mutant SOD1 protein interact

differently with motoneurons by sex?

A recent literature review of sex differences in ALS concluded that the
incidence and prevalence of ALS are greater in men than in women. However, this
sex difference is found only in large studies including both sporadic and familial ALS
cases, and disappears when familial ALS is studied independently (McCombe and
Henderson, 2010). Given that the SOD1 mouse is thought to model the familial form
of the disease, it is logical to question whether the animal model adequately
captures the sex differences found in the sporadic form, which accounts for 90 -
959% of cases. In fact, SOD1 mutant mice do show earlier disease onset in males than
in females (Veldink et al., 2003; Suzuki et al., 2007), though no effect of sex on loss of

muscle force is evident (Hegedus et al., 2009).

What is it about being male that might accelerate the onset of the disease,
and can the root be traced to differences in the physiology of motoneurons? Sex
differences in disease course typically raise the possibility of the involvement of sex
steroid hormones in etiopathogenesis. In ALS, there is limited but intriguing
evidence for hormone involvement. The male sex is associated with higher levels of
prenatal testosterone (Slob et al., 1980). However, a recent examination of finger
length ratios, a surrogate marker for prenatal testosterone levels, revealed that both
men and women with ALS were exposed to higher prenatal testosterone than were

healthy controls (Vivekananda et al., 2011).

In embryonic cultures, motoneurons transfected with human androgen
receptors exhibit a dose-dependent change in morphology in response to androgen
treatment, developing larger cell bodies and broader dendritic processes (Brooks et

al,, 1998). Thus, elevated prenatal testosterone levels may predispose motoneurons
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to abnormal growth. Further, this predisposition may be more likely to actualize in
males, whose naturally higher testosterone levels may be more precariously
balanced between its beneficial effects on motoneuron survival (Jones, 1994), and

induction of excessive growth (Brooks et al., 1998).

Very little is known about whether sex steroid hormones may also influence
expression levels of the Cav1.3 calcium channel. In the only known study of this
possible relationship, Cav1.3 mRNA levels were found to be higher in male wild type
mice than in females (Li et al., 2010). The present data did not uncover any sex
differences in expression levels of Cav1.3. Nor were any differences detected
between mutant and wild-type SOD1 genotypes. These result appears to stand in
contrast with a report of greater Ca-PIC amplitude in juvenile mutant SOD1 mice

(Quinlan et al.,, 2011).

There are two possible explanations that may reconcile the enhanced Ca-PIC
amplitude in mutant SOD1 mice mentioned above (Quinlan et al., 2011) with the
absence of an evident change in somatic expression of the Cav1.3 channel
responsible for that current reported here. First, the Ca-PIC is largely a current of
dendritic origin (Lee and Heckman, 1996; Carlin et al., 2000b). The Cav1.3 channel is
expressed widely throughout the neuron body and its processes (Sukiasyan et al.,
2009), but modulation of its expression may be localized to its more active presence
in dendritic processes. Cav1.3 expression may not change at the soma in the
SODG93A mouse, but may be upregulated in the dendritic tree, which could not be

imaged using the techniques employed in this study.

Alternatively, it is possible that the Ca-PIC is elevated not through an
expansion of the number of Cav1.3 channels, but through an increase in the open
probability or activation threshold of the existing channel population. Van Zundert
et al. (2008) reported an increase in early postnatal Na-PIC without a corresponding
increase in the density of the responsible channels. The authors suggest that the
effect is achieved instead through a premature Na channel isoform turnover to

isoforms that permit greater levels of persistent activity. Recently, several splice
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variants of the Cav1.3 channel have been identified, composing a range of activation
thresholds and open probabilities (Bock et al., 2011). While the effects of the SOD1
mutation on Cav1.3 isoform diversity have yet to be explored, modulation of

channel variant presents one possible pathway to overall current enhancement.

A number of procedural choices made in the design of this study may have
limited the range of statistical inferences that could be drawn from the data. First,
the decision to pool motoneurons by animal lent greater validity to the analysis but
somewhat paradoxically drastically reduced its statistical power. We found small,
but significant differences in the soma sizes of nearly every animal and thus, each
animal yielded but a single datum. As individual variations must be taken into
account, a much larger number of animals in each genotype and sex group would be
needed to increase statistical power. Some of the trends found here, like the
interaction effect between male sex and SODG93A genotype (p = 0.06), an
interaction effect between male sex and spinal motoneuron size (p = 0.14) and an
overall effect of male sex (p = 0.17) might reach statistical significance with a

greater sample size.

Second, technical limitations of Cav1.3 immunocytochemistry and confocal
microscopy meant that only the motoneuron somata could be analyzed for channel
expression and size. Since both neuron growth (Amendola and Durand, 2008) and
Ca-PIC (Carlin et al., 2000b) have been shown to be highly concentrated in the
dendritic regions, future studies should employ techniques that allow for data
acquisition from the dendritic tree. Finally, future studies should examine mutant
SOD1 effects at a range of age points. The timeline of ALS pathology has proved
difficult to parse out; a better understanding of temporal relationships between
pathological events will help distinguish between primary and compensatory

mechanisms (Quinlan, 2011).
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