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Is hyperexcitability really guilty in
amyotrophic lateral sclerosis?

Amyotrophic lateral sclerosis (ALS) is a lethal disorder char-
acterized by the gradual degeneration of brainstem and spinal
motoneurons as well as lateral cortico-spinal tracts. The onset
generally occurs during the adult age except for some juvenile
aggressive forms. Until recently, the vast majority of the cases
(90%) were deemed sporadic. Mutations in the SOD1 gene have
been for a long time the only ones reported in familiar forms
of ALS. However, the recent implication of new genes of little
known function cast a new view on this disease. COORF72, for
example, is now recognized to account for 30% of the familial
cases. Overall, ALS has been linked to 20 different genes, many
also associated with other degenerative diseases (frontotemporal
dementia, Alzheimer or ataxia). Some of these genes are in-
volved in RNA maturation (FUS, TARBD). Clinical observation
of human patients and mouse models suggests that all motor
pools and motoneurons are not equally affected (see Kanning et
al., 2010). The disease usually starts in motor pools controlling
the limbs or in the bulbar area before expanding to other motor
pools, with the exception of a few resistant ones (Onuf’s and
oculomotor nuclei). Within a vulnerable motor pool, motoneu-
rons subtypes also exhibit differential vulnerability and follow
an orderly degeneration; starting with the motoneurons inner-
vating fast-contracting fatigable motor units (FF motoneurons)
and followed by the ones innervating fast-contractile fatigue-re-
sistant motor units (FR motoneurons). The motoneurons in-
nervating slow motor units (S motoneurons) appear resistant
to the disease. Although the mechanisms leading to the orderly
degeneration are not known, many hypotheses have been raised
(Ilieva et al., 2009).

Extrinsic and intrinsic causes leading to an abnormal calcium
entrance in the motoneurons: It has been suggested that an
abnormal calcium entrance in motoneurons might be toxic and
trigger degeneration (Ilieva et al., 2009). Indeed, calcium con-
centration in the cytoplasm is kept low and tightly regulated in
all cells (Figure 1). Interestingly, vulnerable fast motoneurons
express lower amounts of cytosolic calcium buffering proteins,
which could make them more sensitive to the large and fast
fluxes of calcium they experience (Kanning et al., 2010). In ad-
dition, the progression of the disease in fast motoneurons cor-
relates with a decrease in calreticulin, an endoplasmic reticulum
calcium buffering protein, as well as a corresponding increase
in cytosolic calcium concentration (Kanning et al., 2010). In
neurons, calcium can enter the cytoplasm through numerous
calcium channels that can be sorted according to their acti-
vation mechanism: ligand-gated channels (AMPA, NMDA),
voltage-activated channels (N/P-, L- or T-type channels) and
second-messenger-activated channels (IP3, G-protein receptors,
Figure 1). Electrophysiological work has aimed to investigate
whether changes in synaptic inputs or intrinsic electrical cell
properties lead to more calcium entrance. By definition, chang-
es seen in the former are deemed as a hyperexcitation, while
changes in the latter are referred to as a hyperexcitability (Figure
1). Hyperexcitation originates from a shift in the balance of
excitation and inhibition towards more net excitation. This can

occur via increased excitation, decreased inhibition, and also
altered glial activity. On the other hand, hyperexcitability can
stem from any intrinsic mechanisms resulting in increased fir-
ing: higher input resistance, lower rheobase, depolarized resting
potential, and hyperpolarized spiking threshold. It can also stem
directly from an increase in calcium channel activity.

Are vulnerable motoneurons hyperexcitable? Original studies
on the SOD1 mutant mouse ALS models focused on electrical
markers of hyperexcitability at different pre-symptomatic stages.
Motoneurons from mSOD1 embryos recorded in culture were
found to be hyperexcitable (Kuo et al., 2005; van Zundert et
al,, 2008) in that they were recruited at lower current than WT
motoneurons and their frequency of discharge (F) increased
more with injected current (I) (higher F-I curve slope). Martin
et al. (2013) found a similar result in an in vitro preparation of
mSOD1 embryonic cord. In their preparation, shrinkage of the
dendritic tree was associated with an increased input resistance.
In mSOD1 neonates, hyperexcitability remained controversial
until recently (see Leroy et al., 2014). The major caveat of the
previous work on neonates was that the differential sensitivity
of motoneurons subtypes to the disease was not taken into ac-
count. Leroy et al. (2014) established a link between discharge
patterns and slow and fast motoneurons. Separate analysis of
each subtypes allowed them to demonstrate that, surprisingly,
the excitability of the vulnerable fast motoneurons was un-
changed whereas the slow motoneurons became hyperexcitable.
Hyperexcitability of the slow motoneurons arose from a decrease
in their rheobase and a hyperpolarization of the spike threshold.
Opverall, studies at early stages, far from the disease onset, indi-
cate that though motoneurons can display hyperexcitability, it is
unlikely to be responsible for their later degeneration.

Until recently, the inability to record from mouse adult mo-
toneurons prevented to look for hyperexcitability at the end
of the pre-symptomatic phase. Delestree et al. (2014) recorded
motoneurons in vivo in SOD1 G93A mice. At the population
level, they found that every hallmark of excitability remained
unchanged despite a decrease in input conductance. Some mo-
toneurons, however, lost the ability to fire repetitively. Using a
different preparation, Hadzipasic et al. (2014) recorded moto-
neurons in acute slices made from adult SOD1 G85R mice. They
performed a cluster analysis to categorize their motoneurons
into pseudo-physiological types. Regardless of the types consid-
ered, they observed no change in input resistance. Furthermore,
the motoneurons supposedly innervating the fastest motor
units exhibited hyperpolarized resting potentials, which could
manifest as hypoexcitability. Overall, both studies in adults
failed to report any signs of hyperexcitability whereas they saw
different signs of hypoexcitability. Rather than to record from
adult mouse motoneurons, several studies used a preparation
that differentiated fibroblasts from ALS patients into motoneu-
rons (induced pluripotent stem cells or IPSC), therefore, specif-
ically investigating cell-autonomous mechanisms of ALS. The
first two studies on IPSC derived either from mSOD1 (Wainger
et al., 2014) or C9ORF72 (Sareen et al., 2013) patients brought
seemingly contradictory results. After 4 weeks of differentiation,
Wainger et al. (2014) noted that SOD1 patient-derived mo-
toneurons fired spontaneously more often, albeit exhibiting a
lower input resistance. They linked the hyperexcitability to a de-
crease in delayed-rectifier potassium currents (Kv7). In contrast,
working on COORF72 patient-derived motoneurons, Sareen et
al. (2013) differentiated their IPSC for 8 weeks. They observed a
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lower frequency of firing upon current injection and increased
KCNQ3 expression, which led them to conclude that the moto-
neurons were hypoexcitable. The expression of other genes in-
volved in membrane excitability, such as DPP6 and 3 members
of the cerebellin family of proteins involved in synapse forma-
tion (CBLN1-3), was also altered. Devlin et al. (2015) recently
published a study reconciling the two previous IPSC studies.
They derived IPSC from TARDBP and COORF72 ALS patients.
In their case, the gain of the F-I curve initially increased leading
to hyperexcitability as in Wainger et al. (2014). However, hyper-
excitability was transient and was later followed by a decrease in
the sodium and potassium currents generating the action po-
tentials. As in the studies by Sareen et al. (2013) and Delestree et
al. (2014), the cells capable of sustained firing progressively lose
this ability. Studies in adult and IPSC confirmed that hyper-
excitability is a transient, early phenomenon absent in adults.
Therefore, if anything, adult motoneurons are hypoexcitable.
The fact that, in early stages, only the resistant motoneurons
display hyperexcitability makes it unlikely that an initial phase
of hyperexcitability during early development could trigger the
late degeneration. The reason(s) why the largest adult moto-
neurons lose the ability to fire repetitively and whether this may
lead to degeneration remains to be investigated.

If hyperexcitability is not guilty, what about synaptic hy-
perexcitation? We know since Charcot’s work that the lateral
cortico-spinal tract also degenerates during the ALS. The tract
comprises axons from the motor cortex pyramidal neuron that
control the excitation of local network upstream of the moto-
neurons at every spinal cord level. They might therefore indi-
rectly trigger the hyperexcitation of the motoneurons. Indeed,
transcranial magnetic studies in human suggest that the cortex
become hyperexcitable in early stages of the disease (Vucic et
al., 2008). In SOD1 G93A mice, Saba et al. (2015) found that
the neurons in layer V of motor cortex were hyperexcitable due
to a lower rheobase. In addition, they also observed a higher
frequency of excitatory post-synaptic currents, larger dendritic
arbor and increased expression of VGLUT?2 in layer 5. This sug-
gests that increased excitation could originate early on along the
motor command chain and trickle down to the final effectors,
the motoneurons (Figure 1). In a mouse model of spinal mus-
cular atrophy, another motor neuron disease, Mentis et al. (2011)
showed that motoneuron hyperexcitability was not a primary
disease mechanism but a homeostatic response to compensate
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Figure 1 Mechanisms regulating the motoneuron spiking
activity and cytosolic calcium concentration.

Motoneurons can become hyperexcited following and in-
crease in glutamatergic of cholinergic activation, a decrease
in the glutamate clearance by astrocytes or a decrease of the
inhibition strength (green). Intrinsically, motoneurons can
become hyperexcitable if their passive or active electrical
properties (blue) facilitate the emission of action potential in
the axon initial segment, for example if the input resistance or
the sodium conductance increases. Inversely they can become
hypoexcitable if the input resistance decreases or the potassi-
um conductances increase. Calcium can enter through many
channels and receptors such as the voltage-operated channels
that open during spiking, the ligand-gated channels (AMPA,
NMDA) and the second-messenger-activated channels. Final-
ly, various calcium reservoirs (mitochondrial, endoplasmic re-
ticulum) buffer the cytosolic calcium that enters the cell. ER:
Endoplasmic reticulum; AMPA: a-amino-3-hydroxy-5-meth-
yl-4-isoxazolepropionic acid; NMDA: N-methyl-D-aspartate.

for the decrease in proprioceptive inputs. However, due to the
extensive pre-symptomatic period, it is more difficult to sepa-
rate direct from compensatory mechanisms in ALS.

Dysfunctions in spinal interneurons and glial cells have also
been observed in ALS (Pullen and Athanasiou, 2009; Martin
and Chang, 2012; Wootz et al., 2013). A decrease in the ampli-
tude of the glycinergic miniature currents in a cultured moto-
neuron preparation was reported as well as a global decrease
in glycine synapses in slice (Martin and Chang, 2012; Wootz et
al., 2013). Moreover, the ventral root initial response follow-
ing dorsal root stimulation decreased (Bories et al., 2007) and
cholinergic C-button synapses impinging on the motoneurons
are enlarged (Pullen and Athanasiou, 2009). Finally, other cell
types are involved in the degeneration as shown by co-cultures
and chimeric mice experiments (see Ilieva et al., 2009). The
EAAT2/GLT1 glutamate transporter is impaired in astrocytes,
compromising glutamate clearance from the synaptic clefts (see
Ilieva et al., 2009). Additionally, Calvo-Gallardo et al. (2015)
found the SOD1 G93A chromaffin cells to be hypoexcitable due
to a decrease in nicotinic currents. Exactly how and which cells
surrounding the motoneurons contribute to the disease is still
unclear and more work needs to be undertaken to link this to
altered excitability and to motoneuron degeneration.

Recent challenging observations by Saxena et al., (2013) sug-
gest that hyperexcitation could in fact be beneficial to motoneu-
ron survival. Instead of assessing the putative changes in spinal
cord activity, Saxena et al. (2013) altered activity throughout the
central nervous system and observed the effect of this manipu-
lation on motoneuron degeneration. Blocking of the serotonin,
AMPA or NMDA receptors induced an increased accumulation
of misfolded SOD1 and unfolded protein response resulting in
an acceleration of the disease progression. Conversely, injecting
mice with moderate doses of AMPA delayed the disease pro-
gression and extended the mutant mice lifespan (and not that of
the wild-type). Though they show that a mild hyperexcitation
of the spinal cord slows the disease progression, what would be
the effect of a stronger hyperexcitation? Could a strong increase
in excitation be detrimental while a lower one is beneficial?
More experiments are required to elucidate whether synaptic
hyperexcitation occurs in ALS and how it specifically affects the
vulnerable motoneurons.

To conclude, intrinsic hyperexcitability is unlikely to lead to
motoneuron degeneration in ALS since vulnerable motoneurons
are not hyperexcitable. In the juvenile mouse, only the resistant
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motoneurons are hyperexcitable. Moreover, in the adult mouse,
the vulnerable motoneurons tend to become hypoexcitable. In
this scheme, higher excitability is associated with the resistant
motoneurons, suggesting a beneficial effect for hyperexcitabili-
ty. However, for Roselli and Caroni (2015), hyperexcitability is
merely a maladaptive consequence of early stress and calcium
increase. Whether hyperexcitation, hyperexcitability or higher
calcium concentration are responsible for the motoneuron
degeneration in ALS is therefore still under investigation and
after many years of intensive research on ALS, we are still look-
ing for the mechanism(s) initiating the orderly degeneration.
Surprisingly, Quinlan et al. (2015) recently reported that action
potential-evoked calcium transients in juvenile motoneurons
are overall smaller in SOD1 G93A animals. This might call for a
reevaluation of the entire underlying hypothesis of higher cal-
cium influx. At the motoneuron level, probing various sensitive
cellular pathways such as the stress on the protein degradation
complex or directly measuring calcium hotspots will help nar-
rowing down how cells slowly progress toward degeneration.
Targeted modifications (either at the cell or circuit level) of the
different components controlling the motoneuron calcium con-
centration are necessary to better understand the slow degen-
eration and complex compensatory mechanisms taking place
throughout the disease.
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