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Chapter 6.

The work presented in this thesis illustrates a multi-route approach to 
studying the role of semaphorin 3A (SEMA3A) in neuromuscular junction (NMJ) 
plasticity in disease and injury. SEMA3A is a chemorepulsive guidance cue that, 
during development, plays an important role in guiding neurons to their target. 
Previous work has identified presymptomatic expression of SEMA3A at the NMJ 
of G93A-hSOD1 mice (De Winter et al., 2006) giving rise to the hypothesis that 
it may be acting as a chemorepulsive molecule that induces detachment of the 
motor neuron from its target in the motor neuron disease Amyotrophic Lateral 
Sclerosis (ALS).  Moreover, several lines of evidence illustrate a potential role for 
other repulsive axon guidance molecules [such as NOGO- A and/or EPHA4 (Van 
Hoecke et al., 2012; Jokic et al., 2006)] in the selective denervation at the NMJ in 
the ALS. In addition, antibodies against SEMA3A have been found in the serum and 
cerebrospinal fluid of patients with ALS (Hernández et al., 2010). Chapter 1 of this 
thesis provides an extensive review of how alterations in guidance molecules in 
ALS could be altering the cytoskeleton at the level of the NMJ to initiate the dying-
back phenotype of motor neurons, a pathological feature that may be one of the 
first signs of the development of ALS (Moloney et al., 2014). 

To enhance our understanding of how SEMA3A (as a chemorepulsive protein) 
may fit into the current view of ALS pathophysiology, we used three approaches to 
manipulate the SEMA3A signaling pathway:

1) MOLECULAR SCAVENGERS (Chapters 2 and 3)
We developed soluble NRP1 receptors to scavenge for, and inhibit the function 
of, SEMA3A both in vitro (Chapter 2) and in vivo (Chapter 3).

2) OVEREXPRESSION (Chapter 4)
We used an AAV-mediated overexpression of SEMA3A in skeletal muscle to 
characterize its effects on NMJ stability and/or motor function.

3) GENETIC MUTATION (Chapter 5)
We used a transgenic mouse line harboring a SEMA3A mutation that decreases 
the chemorepulsive properties of the protein and characterized the effects of 
reduced SEMA3A signaling on sprouting after injury, or on ALS-induced motor 
deficits.
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Summary

Manipulating SEMA3A signaling using MOLECULAR SCAVENGERS

SEMA3A mediates its chemorepulsive properties by interacting with a 
membrane receptor complex comprised of Neuropilin-1 (NRP1; the ligand binding 
component) and PlexinA (PLXN-A; the signal transducing component).  Various in 
vitro studies have shown that manipulation of SEMA3-NRP interaction (Kitsukawa 
et al., 1997; Kolodkin et al., 1997; Renzi et al., 1999) results in blockage of SEMA3A-
induced growth cone collapse of dorsal root ganglion (DRG) neurons (Luo et al., 
1993). We chose to interfere with the interaction between SEMA3A and NRP1 by 
expression of soluble versions of the NRP1 receptor (NRP1-Fc) to scavenge for 
soluble SEMA3A thereby reducing its availability for binding to the membrane 
bound receptor, and thus potentially reducing its repulsive signaling on neurons. 
To account for the fact that NRP1 is also a receptor for vascular endothelial growth 
factor (VEGF), we created several mutant isoforms of the NRP1-Fc receptor to 
selectively bind VEGF (NRP1-VEGF-Fc), SEMA3A (NRP1-Y297A-Fc) or neither 
(NRP1-T316R-Fc). Since we wanted to apply these soluble NRP1 receptors in an 
ALS model, and VEGF has been shown to be a positive modifier of ALS, we needed 
to control for the possible effects of VEGF-scavenging. 

Since we were interested in modulating the SEM3A-signaling pathway, our first 
step was to validate the SEMA3A-neutralizing properties of the soluble NRP1-Fc 
in vitro using a dorsal root ganglion (DRG) growth cone collapse assay (Chapter 2). 
We showed that NRP1-Fc isoforms designed to be able to bind SEMA3A (i.e. NRP1-
Fc, NRP1-Y297A-Fc) were able to reduce SEMA3A-induced growth cone collapse. 
NRP1-VEGF-Fc, the isoform that should selectively bind VEGF, and not SEMA3A, did 
not rescue SEMA3A-induced growth collapse, illustrating that, in vitro, this isoform 
is not scavenging SEMA3A.  Contrary to our expectation, the isoform designed to 
bind to neither ligand (i.e. NRP1-T316R-Fc) was in fact able to neutralize SEMA3A 
function in vitro. We will discuss below how this may be occurring. 

We next showed that adeno-associated viral vectors of serotype 6 (AAV6) 
efficiently transduce skeletal muscle upon direct intramuscular injection in mice 
(Chapter 3). Since skeletal muscle is easily accessible and is comprised of large, 
metabolically highly active cells (the muscle fibers) it is ideal for delivering (soluble) 
therapeutic proteins, including the receptor bodies developed in chapter 2, to the 
NMJ. It is also a clinically feasible approach, and skeletal muscle administration 
of AAV vectors has already been used in clinical trials with success  (Bowles et al., 
2012; Mendell et al., 2015; Smith et al., 2013; Stroes et al., 2008), with the first 
AAV-based gene therapy now available to treat Lipoprotein Lipase Deficiency 
(Ferreira et al., 2014). 

Our next step was to use AAV6 to deliver the various NRP1-Fc isoforms in vivo 
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to determine the therapeutic potential of scavenging SEMA3A at the NMJ of ALS 
mice. In Chapter 3 we test whether removing SEMA3A function by reducing its 
availability to bind to the endogenous NRP1 receptor can improve motor function 
in ALS mice. We show that bilateral administration of NRP1-Fc or, surprisingly, 
NRP1-VEGF-Fc to the gastrocnemic muscle of ALS mice results in an improvement 
of Rotarod motor function during the early symptomatic stages, which is not 
sustained into the late phases of the disease. Unexpectedly, NRP1-Y297A-Fc and 
NRP1-T316R-Fc treatment worsened the motor phenotype. Several pieces of 
evidence indicate that manipulating SEMA3A-signaling at the NMJ improves motor 
function in ALS mice (Venkova et al., 2014; Tam Vo, thesis 2011). The discrepancies 
between the in vitro and in vivo properties of the soluble NRP1 receptors and 
possible explanations for these results in light of the findings of Venkova and 
colleagues (Venkova et al., 2014) are important points of discussion (see below). 

Manipulating SEMA3A signaling using an OVEREXPRESSION paradigm

In the postnatal organism, many pathways and molecules with important 
guidance roles during the development of the nervous system during embryonic 
and/or fetal stages cease to be necessary once the neurons have successfully 
reached and innervated their targets. Some axon guidance molecules, including 
many members of the semaphorin family, continue to be expressed in specific 
patterns in the mature nervous system which is indicative for a role in stabilization 
of neuronal circuits or synapses or various other forms of neuroplasticity (Giger 
et al., 2010; Kolodkin and Tessier-Lavigne, 2011).  In several neurodegenerative 
disorders these pathways are re-activated as a cause or consequence of the 
disease (Moloney et al., 2014; Schmandke et al., 2014; Schmidt et al., 2009). The 
reactivation of chemorepulsive pathways may pose a problem in that these 
molecules may limit the regenerative capacity of neurons by creating an inhibitory 
environment for growth. To understand the importance of SEMA3A upregulation 
at the NMJ (as seen in the terminal Schwann cells [TSCs] of NMJs in ALS mice) 
and the subsequent degeneration of motor neurons we used an AAV6-mediated 
overexpression paradigm to experimentally upregulate SEMA3A in the intact 
gastrocnemic muscle of healthy mice (Chapter 4). AAV6-mediated overexpression 
of SEMA3A in the gastrocnemic muscle did not result in a motor phenotype, and did 
not show anatomical changes in terms of NMJ integrity. These results point to the 
possibility that SEMA3A alone may in fact not be involved in NMJ degeneration, but 
it is also possible that the lack of a phenotype may be due to technical obstacles in 
mimicking the molecular situation necessary for NMJ degeneration. These issues 
will be discussed below.  

Manipulating SEMA3A signaling using an GENETIC MUTATION paradigm

An elegant and powerful approach to studying the effects of SEMA3A on ALS 
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pathophysiology would be to genetically remove SEMA3A from ALS mice. However, 
consistent with the importance of SEMA3A during development, traditional 
SEMA3A knockout mice have severe neuronal phenotypes, and are not usually 
viable into adulthood (Behar et al., 1996; Taniguchi et al., 1997). More recently, a 
mutation in the SEMA3A gene was found to disrupt the SEMA3A signaling pathway: 
the K108N-SEMA3A mouse expresses a mutant form of SEMA3A which can still 
bind neuropilin-1 but cannot signal due to a disruption of the semaphorin-plexin 
interaction necessary to transduce the signal into the cell (Merte et al., 2010). 
Importantly, homozygote K108N-SEMA3A mice survive into adulthood. Therefore, 
we were able to crossbreed the K108N-SEMA3A mouse with the G93A-hSOD1 ALS 
mouse, hypothesizing that this would improve the ALS motor phenotype, since the 
TSCs at NMJs where SEMA3A is upregulated would now be expressing the mutant 
SEMA3A with decreased signaling properties. However, we found that there was 
no change in ALS-related motor decline in the presence of the mutant SEMA3A 
(Chapter 5). 

We also looked at the effects of K108N-SEMA3A expression on the differential 
plasticity of NMJs after Botulinum Toxin A (BotoxA)-induced paralysis of the 
skeletal muscle (Chapter 5). SEMA3A is specifically upregulated in the TSCs of 
NMJs synapsing on TypeIIb muscle fibers, in both presymptomatic ALS muscle, 
and after BotoxA-induced paralysis (De Winter et al., 2006). These synapses are 
the first to degenerate in ALS (Frey et al., 2000), and show limited plasticity after 
injury, which may be due to the chemorepulsive properties of the upregulated 
SEMA3A. We hypothesized that expression of mutant SEMA3A (with diminished 
signaling capacity) would lead to increased sprouting at these synapses after 
BotoxA treatment.  Our data revealed two main findings. Firstly, mutant SEMA3A 
expression at “non-plastic” NMJs (on TypeIIb fibers) did not change the sprouting 
capacity of the motor neurons upon BotoxA-induced paralysis. Secondly, we 
observed a clear gender dimorphism in the sprouting behavior of motor neurons 
in wild-type mice;  in female wild-type mice motor neurons synapsing on TypeIIb 
muscle fibers display increased plasticity compared to their male counterparts, 
whereas female motor neurons synapsing on TypeI/IIa fibers are limited in their 
plasticity compared to their male counterparts.

General discussion

Discrepancies between in vitro and in vivo effects of soluble NRP1 
receptors

Our first approach to manipulate the SEMA3A signaling pathway was to 
interfere with the SEMA3A-NRP1 via the use of soluble NRP1 receptors to act 
as scavengers for SEMA3A. We used a soluble version of the NRP1 receptor, and 
subsequently generated three mutant isoforms to specifically bind SEMA3A or 
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VEGF, or neither.  We saw that one of the isoforms, the NRP1-T316R isoform, 
designed to be a ligand-deficient isoform, was still able to abolish SEMA3A-induced 
growth cone collapse in vitro (Chapter 2). The T316R mutation was originally 
characterized using a truncated NRP1 protein containing the b1b2 domains only 
(Parker et al., 2012). Since the a1a2 domains are known to contribute to SEMA3A 
binding (Geretti et al., 2008; Gu et al., 2002), it is plausible that our NRP1-T316R 
isoform (which contains all the extracellular domains), although deficient in 
SEMA3A binding via b1b2 domains, may still be capable of binding SEMA3A via 
the a1a2 domains to neutralize its function. Since the mutations that mediate the 
binding properties of the NRP1-VEGF-Fc isoform are located in the a1 domain, one 
alternative way to creating a true ligand-deficient isoform could be to introduce 
the Y297A mutation (located in the b1 domain) into the NRP1-VEGF-Fc isoform.

Unexpectedly, the results obtained after in vivo application of the soluble 
NRP1 receptors (Chapter 3) did not consistently mirror the results obtained in vitro. 
This initial observation is not unusual given that in vitro assays are usually a cleaner 
representation of biological situations compared to in vivo where many other 
factors that are not modeled in vitro may be affecting the measureable outcome.  
Paradoxically, we see that in treatment paradigms where only SEMA3A should 
be scavenged (based on in vitro evidence) the motor performance of ALS mice 
worsens. To explain this phenomenon, we suggest an alternative mode of function 
for the soluble NRP1 receptors; rather than “only” behaving as scavengers, the 
soluble receptors may also be functioning as chaperones that present the ligand 
to the membrane-bound receptor, and may as a result potentiate the endogenous 
signaling pathway. This chaperone idea may also be the way that the VEGF-binding 
isoform is causing an improvement in motor function, since it may be potentiating 
a beneficial pathway for motor neuron survival.  

Our in vivo data does illustrate that manipulation of the SEMA3A-NRP1 
signaling pathway using soluble receptors can modify ALS motor performance; 
the soluble NRP1 receptor based on the wild-type sequence does inhibit SEMA3A-
induced growth cone collapse in vitro and causes a delayed onset of motor 
performance decline in ALS mice, consistent with it inhibiting SEMA3A function at 
the NMJ (although as explained above, the potentiation of VEGF signaling may also 
contribute to this effect). Given that we only targeted the gastrocnemic muscles 
in our in vivo experiments, we predict that if the entire skeletal musculature were 
targeted, we would see a similar magnitude of improvement (perhaps even with an 
increase in life span) as seen after systemic administration of antibodies affecting 
the binding of SEMA3A to NRP1 (Venkova et al., 2014).

Mimicking the TSC-specific upregulation of SEMA3A may be required to 
demonstrate its effects at the NMJ

In Chapter 4 we sought to identify the effects of SEMA3A overexpression in 
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skeletal muscle on NMJ integrity and found that it was not sufficient to induce 
motor neuron degeneration. There are several possible explanations for this. 
Firstly, our overexpression paradigm does not mimic the localized upregulation 
of SEMA3A in TSCs at the NMJ; the entire gastrocnemic muscle is targeted, and 
because SEMA3A is secreted, we assume that SEMA3A will be also be secreted into 
the synaptic cleft of and/or the extra-synaptic  space around the NMJ close to the 
motor neuron terminals. However, due to the lack of phenotype, it is possible that 
the amounts of SEMA3A entering the NMJ are not sufficient to recapitulate a distal 
axonopathy.  To overcome this, one could specifically target terminal Schwann 
cells at the NMJ with viral vectors, but this poses significant technical challenges. 
It would be extremely difficult to specifically transduce TSCs with AAVs since TSCs 
make up such a small proportion of the skeletal muscle itself. To limit expression to 
TSCs upon intramuscular injection, one could perhaps direct transgene expression 
to (terminal) Schwann cells by the use of a Schwann cell-specific promoter. Zuo and 
colleagues succeeded in creating a transgenic mouse line with terminal Schwann 
cell- expression of fluorescent proteins (the Kosmos line; Zuo, 2004). However, the 
S100-B promoter used in this line is also active in Schwann cells in the peripheral 
nerve and is weakly active in the central nervous system (in Bergmann glia, and 
astroctyes). This would bring an additional level of complexity to the interpretation 
of (behavioral) results since the use this promoter would not only target SEMA3A 
expression to TSCs but also to other Schwann cells present along the entire 
peripheral nerve.  A transgenic mouse approach to specifically target TSCs may be 
possible if we could have a promoter specific for TSCs which would not be active 
in Schwann cells in the nerve or other (CNS) cells. To our knowledge a TSC-specific 
promoter has not been identified yet and therefore TSC-specific overexpression in 
a transgenic mouse approach is not (yet) an option.  

Secondly, given that we only targeted one muscle group (i.e. the gastrocnemic 
muscle), even if there were slight anatomical changes at the NMJ due to SEMA3A 
overexpression, this may not translate into a behavioral change because the 
remainder of the skeletal musculature is unaffected. Given the difficulties in 
determining the effects of SEMA3A overexpression on the NMJ in vivo, an 
alternative approach for directly studying the effects of SEMA3A on NMJ stability 
could be to use an in vitro approach; nerve-muscle co-cultures can be stimulated 
to produce functional NMJs, and provide a way to characterize the effects of 
single manipulations on the structure and function of the NMJ, without potential 
confounding factors usually present in the more complex scenario of the in 
vivo situation (Combes et al., 2014; Morimoto et al., 2013). By applying known 
concentrations of SEMA3A into the culture medium, one could also identify the 
sensitivity of NMJs to SEMA3A levels, which could give an indication of how much 
“weight” the SEMA3A signaling pathway plays in the grand scheme of guidance-
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cue mediated NMJ destruction, since we know that many other factors are also 
influencing the stability of NMJs in ALS (reviewed in Moloney et al., 2014).

Thirdly, we overexpressed SEMA3A in muscles of healthy, young adult mice. 
It could be that NMJs in ALS mice (i.e. not-healthy) are more vulnerable due to a 
variety of other molecular changes present at the NMJ of these mice, and are, 
therefore, more sensitive to SEM3A than NMJs in wild-type mice.   

Are the effects of manipulating the SEMA3A-NRP1 pathway sensitive to 
acute or chronic changes in signaling capacity? 

We did not see any change in ALS-related motor performance in ALS mice 
expressing a mutant form of SEMA3A with diminished signaling properties 
(Chapter 5). We speculate that this may be due to the residual signaling ability that 
the K108N-SEMA3A protein retains, which may indicate that a small amount of 
SEMA3A-signaling is sufficient to induce NMJ instability. However, if we presume 
that the other factors known to influence NMJ integrity in ALS (i.e. NOGO-A, EPHA4; 
Van Hoecke et al., 2012; Jokic et al., 2006) are not altered in the K108N-SEMA3A/
ALS mouse, it is likely that the motor deficits are not changed because we do not 
target these other factors. This supports the idea that, although SEMA3A may 
have a chemorepulsive role at the NMJ, it is part of a larger molecular signature 
affecting the NMJ in ALS (reviewed in Moloney et al., 2014), and modulating it 
alone may not result in measureable changes in terms of NMJ integrity or motor 
function. This concept is supported by the results of Chapter 4 where we saw no 
effect on motor performance or NMJ integrity after SEMA3A overexpression in 
the gastrocnemic muscle of wild-type mice, i.e. mice in which all other molecular 
signatures necessary for the ALS phenotype are not activated. 

On the other hand, the transgenic mutant approach creates a situation in 
which the SEMA3A signaling pathway is chronically altered; the SEMA3A mutant 
protein is present throughout development and early life, which means that the 
organism has time to adapt to diminished SEMA3A signaling. Approaches whereby 
the SEMA3A signaling pathway is acutely disrupted (e.g. via administration of 
SEMA3A-neutralizing soluble NRP1 receptors [Chapter 3, this thesis] or antibodies 
inhibiting the interaction between SEMA3A and NRP1 (Venkova et al., 2014)]) 
do support a role for SEMA3A signaling in the pathophysiology of ALS.  Since 
our genetic approach did not yield additional information regarding the role of 
SEMA3A at the NMJ it may be interesting to look at the effects of mutant SEMA3A 
on NMJ integrity in vitro in a more controlled fashion using nerve-muscle co-
cultures (Morimoto et al., 2013) as mentioned previously.

The presence of mutant SEMA3A also did not alter motor neuron sprouting 
after BotoxA-induced muscle paralysis (Chapter 5). This may be attributed, again, 
to the residual signaling capacity held by the mutant SEMA3A demonstrating 
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perhaps that small amounts of functional SEMA3A are sufficient to inhibit 
sprouting at these NMJs, creating a phenotype similar to if wild-type SEMA3A 
was being expressed at the junction.  It also suggests that in situations whereby 
SEMA3A signaling is chronically depressed, the sprouting characteristics of motor 
neurons after blockage of neurotransmission are predominantly affected by 
pathways other than the SEMA3A signaling pathway. 

Plasticity at the neuromuscular junction exhibits a gender dimorphism 
that may be linked to the gender bias of ALS

Upon BotoxA-induced paralysis of the gastrocnemic muscle of wild-type mice, 
we saw an interesting contrast in basal sprouting abilities between motor neurons 
in males and females. We propose that this juxtaposition of sprouting capacity may 
be one factor influencing the gender dimorphism seen in ALS. Sprouting behavior 
at the nerve terminal is dependent on the activation of the Rho-kinase (ROCK) 
pathway (reviewed in Fujita and Yamashita, 2014). Recently, a study showed 
that inhibition of cytoskeletal changes at the NMJ (by blocking the Rho-kinase 
[ROCK] pathway) can improve motor deficits in ALS mice (Takata et al., 2013) and 
importantly is only effective in male ALS mice (Günther et al., 2014). Furthermore, 
ROCK-pathway activation may be modulated by gender-specific hormones, and an 
increase in activation of this pathway in neurons has been shown to increase the 
vulnerability of neurons to degenerative insults (Rodriguez-Perez et al., 2013). Our 
data is consistent with the idea that motor neurons in male muscle have a higher 
capacity to sprout compared to females, which means that the ROCK-pathway is 
more active in male motor neurons, and because they are then more susceptible 
to degeneration, they are affected sooner in ALS. Female motor neurons, on the 
other hand, are less plastic (overall) than males, which means the ROCK pathway 
is less active overall and as such, the neurons are less vulnerable to degeneration.

Future studies

The triple transgenic approach to knocking-out SEMA3A in TSCs in ALS 
mice

The ideal approach to determining the impact of SEMA3A signaling at the 
NMJ in the ALS disease paradigm would be to specifically and completely knockout 
SEMA3A expression in TSC particularly during the very early presymptomatic stages 
of the disease. The P0 and GFAP promoters have been shown to drive reporter 
gene expression in TSCs, but the number of TSCs targeted is very low and/or not 
specific to TSCs alone (Feltri et al., 1999; Georgiou and Charlton, 1999; Keller et 
al., 2009). The S100-B promoter has shown the most promise in terms of being 
able to drive gene expression in a higher proportion of TSCs (Zuo, 2004), although 
it has some activity in the central nervous system (Bergman glia and astroctyes). 
We generated a CreGFP construct driven by the S100-B promoter in order to 
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specifically target Cre expression to TSCs with the ultimate aim of combining the 
S100B-Cre mouse with an ALS mouse harboring a floxed SEMA3A gene.  Our in 
vitro characterization of the S100B-CreGFP construct was consistent with previous 
findings in terms of biological activity of the CreGFP fusion protein (Ahmed et al., 
2004). However, after several attempts to create the S100B-CreGFP transgenic 
mouse with Cre-activity in TSCs, we were not able to generate founders with 
efficient Cre expression in TSCs; in the Zuo study, approximately 10% of S100-Cre 
injected embryos show glial expression of Cre, and only 2% of founders show Cre-
expression in TSCs (Zuo, 2004). Due to time constraints we were unable to continue 
with this project, but the approach still holds and requires additional founders to 
be created and screened for Cre-expression in TSCs.  An even more sophisticated 
approach would be to use a tamoxifen-dependent Cre-recombinase to add a time-
specific factor to the inactivation of our gene of interest (Feil et al., 2009). By using 
an inducible Cre-based system to conditionally knockout the SEMA3A gene in 
TSCs, we could have a time-controlled inactivation of SEMA3A in TSCs, effectively 
creating an acute paradigm to disrupt the SEMA3A-NRP1 signaling pathway at 
the NMJ, and thus mimicking the acute approach of Venkova and colleagues of 
administering antibodies targeting SEMA3A binding to NRP1 (Venkova et al., 
2014). Equally important, using an inducible Cre-based system would allow us to 
conditionally remove SEMA3A in all TSCs in all muscles, which would also mimic 
the global effects of the systemic administration of the antibodies used in the 
Venkova study (Venkova et al., 2014).  Thus, the a conditional triple transgenic 
approach would probably best mimic both the temporal aspect (acute knock-out 
of SEMA3A) and the cell-specific aspect (knock-out of SEMA3A in TSCs) that may 
be required to observe effects in the ALS mice model.

The main data presented in this thesis suggest that the timing of, and the 
biologically relevant location for disrupting the SEMA3A-NRP1 pathway are 
important in allowing us to see the effects of this manipulation in vivo.  The 
literature supports a function for SEMA3A-signaling at the NMJ in ALS (Venkova 
et al., 2014; De Winter et al., 2006) as do the results of our SEMA3A-neutralization 
strategy (cf. Chapter 3), and although, contrarily, some of our data points towards 
no role for SEMA3A at the NMJ (cf. Chapter 4: SEMA3A overexpression study; 
Chapter 5: SEMA3A mutant study), this may be due to our experimental approach 
(chronic vs. acute manipulation of the pathway, and local vs. systemic targeting of 
the pathway).  In this way, the triple transgenic approach described above would 
provide a clear-cut way to directly study the effects of SEMA3A removal from the 
biologically appropriate cells at the NMJ in terms of motor neuron survival and 
ALS-related motor performance.




