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Abstract

Amyaotrophic lateral sclerosis (ALS) is a neurodegenerative disease that primarily targets the
motor system. Although much is known about the effects of ALS on motor neurons and glial cells,
little is known about its effect on proprioceptive sensory neurons. This study examines
proprioceptive sensory neurons in mice harboring mutations associated with ALS, in SOD1G93A
and TDP43A315T transgenic mice. In both transgenic lines, we found fewer proprioceptive sensory
neurons containing fluorescently tagged cholera toxin in their soma five days after injecting this
retrograde tracer into the tibialis anterior muscle. We asked whether this is due to neuronal loss or
selective degeneration of peripheral nerve endings. We found no difference in the total number and
size of proprioceptive sensory neuron soma between symptomatic SOD1693A and control mice.
However, analysis of proprioceptive nerve endings in muscles revealed early and significant
alterations at la/ll proprioceptive nerve endings in muscle spindles before the symptomatic phase
of the disease. Although these changes occur alongside those at a.-motor axons in SOD1G93A
mice, la/ll sensory nerve endings degenerate in the absence of obvious alterations in a-motor
axons in TDP43A315T transgenic mice. We next asked whether proprioceptive nerve endings are
similarly affected in the spinal cord and found that nerve endings terminating on a-motor neurons
are affected during the symptomatic phase and after peripheral nerve endings begin to degenerate.
Overall, we show that 1a/ll proprioceptive sensory neurons are affected by ALS-causing
mutations, with pathological changes starting at their peripheral nerve endings.
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Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease
characterized by degeneration of motor axons and atrophy of skeletal muscle fibers. Once
symptoms arise, the disease progresses rapidly, and 80% of patients die within five years of
diagnosis from respiratory failure (Hardiman et al., 2011). Because the disease ravages the
motor system, ALS was believed only to affect motor neurons. However, it has recently
become clear that ALS is a multisystem disorder, largely because of the discovery of mutant
genes that cause the disease (Pugdahl et al., 2007; Ng et al., 2015). For example, individuals
with mutations in the 43-kDa TAR DNA binding protein (TDP-43) and RNA-binding
protein FUS/TLS (FUS) are afflicted with both ALS and frontotemporal dementia
(Neumann et al., 2006; Ling et al., 2013). Thus, we now know that the disease affects a
variety of cells, including glial and Renshaw cells in the spinal cord (Boillée et al., 2006a;
Haidet-Phillips et al., 2011; Mochizuki et al., 2011; Ozdinler et al., 2011; Wootz et al., 2013;
Philips and Rothstein, 2014). Many of these cells in fact contribute to ALS-associated
pathogenesis and in large part by affecting the susceptibility of a-motor neurons to the
disease (Boillée et al., 2006b; Jaarsma et al., 2008; Mead et al., 2011).

There is growing evidence that sensory neurons are also affected in ALS. In humans,
neuroimaging and neurophysiological tests have detected abnormalities in 20-60% of
sensory neurons in patients afflicted with ALS (Hammad et al., 2007; Pugdahl et al., 2007;
Pradat and El Mendili, 2014), and histological analyses have revealed degeneration of these
neurons and their axons (Dyck et al., 1975; Hanyu et al., 1982; Bradley et al., 1983;
Hammad et al., 2007). Similar pathological changes in sensory neurons have been observed
in mouse models of the disease (Guo et al., 2009; Hatzipetros et al., 2014; Sabado et al.,
2014). Although we know that sensory neurons exhibit pathological features in symptomatic
SOD1C93A mice, these alterations could be the result of degeneration in other cells and
wasting of the animal as it approaches death.

Among sensory neurons, degeneration of proprioceptive sensory neurons, particularly la/ll
proprioceptors, would arguably have the greatest impact on a-motor neurons and ALS-
related motor decline. These pseudounipolar neurons are located in dorsal root ganglia
(DRG), from which they send axonal branches to skeletal muscles and to the spinal cord.
Proprioceptive peripheral nerve endings innervate muscle spindles (la/ll afferents) and Golgi
tendon organs (Ib afferents) to detect changes in muscle length, velocity, and tension. la/ll
Afferents directly transmit these changes to a-motor neurons via monosynaptic connections.
Thus, la/Il proprioceptive sensory and a-motor neurons are functionally and structurally
connected. Underscoring the importance of this relationship, loss of proprioceptive inputs
exacerbates a-motor neuron dysfunction in spinal muscular atrophy (Mentis et al., 2011).

Here, we examine proprioceptive sensory neurons in two transgenic mouse lines harboring
ALS-causing mutant human genes, SOD1CG93A and TDP43A315T (Gurney et al., 1994;
Wegorzewska et al., 2009). We demonstrate that la/ll proprioceptive peripheral nerve
endings degenerate before the appearance of neurological symptoms and loss of centrally
projecting nerve branches. These nerve endings follow a similar time course and pattern of
degeneration as a-motor neurons in SOD1G93A transgenic mice. In contrast, Ib
proprioceptive sensory and -y-motor nerve endings are mostly spared at all ages examined.
Overall, the data presented in this article strongly suggest that peripheral nerve endings are
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the focal sites of pathology in la/ll proprioceptive sensory neurons and a.-motor neurons in
two mouse models of ALS.

MATERIALS AND METHODS

Source of mice

The following mice were obtained from Jackson laboratories: SOD1693A (Gurney et al.,
1994), parvalbumin-Cre (referred to here as PV/Cre; Hippenmeyer et al., 2005), and Thy1-
STOP-YFP line 15 (referred to here as S7P- YFP, Buffelli et al., 2003). TDP43A315T mice
(Wegorzewska et al., 2009) were obtained from ALS TDI via Charles River, and Thy1-
YFP16 (referred to here as 7hyZ-YFP, Feng et al., 2000) mice were a generous gift from Dr.
Joshua R. Sanes. To visualize motor and sensory axons in the same muscle, we generated
mice expressing Thy1-YFP16 and SOD1G9A (referred to as Thyl- YFP;.SOD1%%4). To
visualize proprioceptive sensory axons exclusively, we mated PVVCre and STP-YFP (referred
to as PVCre:STP-YFP,SOD15934). Only male mice were used for structural analysis of
nerve endings and to examine sensory soma. Mice were anesthetized with isoflurane and
then perfused transcardially first with 10 ml of 0.1 M PBS, followed by 25 ml of 4%
paraformaldehyde in 0.1 M PBS (pH 7.4). All experiments were carried out under NIH
guidelines and animal protocols approved by the Virginia Tech Institutional Animal Care
and Use Committee.

Antibody characterization

All antibodies used in this study are routinely used to label axons and nerve endings in the
spinal cord and muscles by immunohistochemistry (IHC). Table 1 contains information for
each antibody used, including their original source.

Synaptotagmin-2 (Syt2)—The antibody against synaptotagmin-2 (Syt2), also called
ZNPI (Trevarrow et al., 1990), recognizes mouse Syt2 by Western blot and IHC analysis
(Fox and Sanes, 2007). It detects a 60-kDa band that corresponds to Syt2. It also selectively
labels the presynaptic nerve endings of sensory and motor neurons in muscles (Valdez et al.,
2012) and synaptic sites in the brain (Cooper and Gillespie, 2011).

Synaptophysin—The synaptophysin antibody was designed to detect the C-terminus of
human synaptophysin. It specifically labels presynaptic terminals. However, the antibody
also recognizes mouse synaptophysin and axonal nerve endings known to express this
molecule (Lai et al., 2008; Harrington et al., 2012).

Neurofilament (SMI-312)—SMI-312 is a cocktail of antiphospho-neurofilament
antibodies (SMI-312R) and detects a 200-220-kDa band by Western blot analysis. It has
been well characterized as a marker of peripheral axons, including sensory and motor axons
(Sternberger et al., 1982), as well as axons in the central nervous system (Petralia et al.,
2011).

VAChT—VACHT antibody against the vesicular acetylcholine transporter detects a 57-kDa
protein. On IHC, the distribution of this protein matches the ditributions previously reported
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for the spinal cord and motor neurons somata (Duplan et al., 2010; Enjin et al., 2010; Wootz
etal., 2013).

VGIuT1—VGIuT1 antibody against vesicular glutamate transporter 1 detects a 45-55-kDa
protein (Garbelli et al., 2008). The IHC pattern for VGIuT1 in the spinal cord matches the
reported distribution of this protein (Balaram et al., 2015).

NeuN—The NeuN antibody detects a neuron-specific protein localized in the nucleus with a
molecular weight of 46-48 kDa (Mullen et al., 1992). In our hands, this antibody labels only
neuronal nuclei in the spinal cord and DRGs, in accordance with previous findings (Scott
and Lois, 2007).

Whole extensor digitorum longus (EDL) muscles were used to visualize sensory and motor
nerve endings and their targets. To analyze motor and sensory nerve endings in the same
muscle, SOD1G93A and control animals expressing YFP (Thy1-YFP) in all neurons were
used. To visualize the soma, control and SOD1G93A mice expressing YFP exclusively in
proprioceptive sensory neurons were used. Nerve endings in TDP43A315T were visualized
with antibodies. Muscles were blocked for at least 1 hour at room temperature with 0.1%
Triton X-100, 4% BSA, and 5% goat serum in 1x PBS. Muscles were then incubated with
antibodies to neurofilaments (smi-312; Covance, Berkeley, CA; 1:1000), synaptophysin
(Invitrogen, Carlsbad, CA; 1:100) and synaptotagmin-2 (znp-1; Zebrafish International
Resource Center; 1:250) for at least 24 hours in blocking solution. Muscles were washed
three times with 1x PBS and incubated for at least 24 hours with secondary antibodies
(Alexa-488 or Alexa-568 anti-mouse 1gG2a and Alexa-647 anti-mouse 1gG1; Molecular
Probes, Eugene, OR). All muscles were also incubated with Alexa-555-tagged bungarotoxin
(Life Technologies, Grand Island, NY; 1:1,000) diluted in blocking buffer together with
secondary antibodies or in 1x PBS for at least 1 hour to visualize nicotinic acetylcholine
receptor (AChR) clusters. After being washed three times with 1x PBS, muscles were
mounted with Vectashield (Vector, Burlingame, CA).

Spinal cord IHC

Spinal columns were dissected immediately after perfusion and postfixed in 4%
paraformaldehyde (PFA) overnight at 4°C. After postfixation, the spinal column was washed
three times with 1x PBS and then cut in half at the last rib to separate the lumbar and sacral
regions from the thoracic and cervical regions. The different regions of the spinal cord were
isolated and placed in 30% sucrose overnight at 4°C. The spinal cord segments were then
placed in a Fisherbrand base mold with Tissue Freezing Medium from Triangle Biomedical
Sciences, Inc. With a cryostat, 20-um sections were collected on gelatin-coated slides. After
being washed three times with 1x PBS, the sections were blocked for 1 hour with 0.05%
Triton X-100, 4% BSA, and 5% goat serum diluted in 1x PBS. After incubation with
primary antibodies overnight at 4°C, the slides were washed three times with 1x PBS and
incubated with secondary antibodies at room temperature for 2 hours. The sections were
washed an additional three times with 1x PBS, incubated with DAPI (1:1,000) for 5
minutes, and mounted. The following primary antibodies diluted in blocking buffer were
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used to label spinal cord sections: vesicular acetylcholine transporter (VAChT; Millipore.
Bedford, MA; 1:250), vesicular glutamate transporter (VGIuT1; Synaptic Systems; 1:250),
and NeuN (Millipore; 1:250). We used the following secondary antibodies from Life
Technologies diluted 1:1,000 in blocking buffer: Alexa-555 goat anti-guinea pig, Alexa-647
goat anti-rabbit, and Alexa-488 goat anti-mouse IgG1. Prior to mounting, sections were also
stained with DAPI (4’,6-dia-midino-2-phenylindole: Sigma, St. Louis, MO; 1:1,000) to
reveal nuclei.

Cholera toxin subunit B injections and visualization of proprioceptive sensory soma

The tibialis anterior muscle of PvCre;STP-YFP animals was injected with 2.5 pl of 0.25
mg/ml Alexa-555-conjugated cholera toxin subunit B (fCTB; Molecular Probes, Eugene,
OR) one time and into the belly of the muscle. In another experiment, we injected 25 pl of
fCTB into multiple locations of the muscle. Five days postinjection, mice were perfused and
intact DRGs isolated. After removing the outer membrane, DRGs expressing YFP in
proprioceptive sensory neurons were whole mounted. For TDP43A315T and control animals
not expressing YFP, DRGs were placed in 96 wells, blocked, and incubated with antibodies
following the same protocol described above to stain nerve endings in muscles. To visualize
whole DRGs and examine sensory soma, high-resolution images were taken and tiled with a
Zeiss LSM 700 motorized confocal microscope. The number of fCTB-positive neurons,
soma size and the number of neurons expressing YFP in the same DRG were quantified in
ImageJ.

Analysis of nerve endings in muscles and spinal cords

Peripheral nerve endings—To analyze proprioceptive nerve endings and neuromuscular
junction (NMJ) structures, maximum intensity projections from confocal stacks were created
with Zen Black (Zeiss). The following structural features were compared between groups: 1)
distance between spirals; in ImageJ software, the distance in micrometers was measured
between each annulospiral wrapping around the belly of the muscle spindle; 2) unravelling
(lack of annulospirals or significantly disorganized annulospirals at the equatorial region of
intrafusal muscle fibers); and 3) innervation of AChR clusters, defined as colocalization of
axon terminals, labeled with YFP or synaptotagmin-2 and neurofilament, with fluorescently
labeled AChRs. -y-Motor nerve endings were identified based on their innervation of AChR
clusters located at the equatorial region of intrafusal muscle fibers. a.-Motor nerve endings
exclusively innervate AChR clusters on extrafusal muscle fibers (NMJ), and these clusters
are larger and structurally more complex than those on intrafusal muscle fibers, making it
easy to distinguish the two types. ALS-related changes at NMJs were scored based on the
definitions described by Valdez et al. (2012). In all these experiments, at least six animals
per age group and 100 NMJs per animal were examined. A Student #test with £< 0.05 was
used to determine significance.

Axon number—To determine whether degeneration of nerve endings results in loss of
sensory axons, we determined the number of sensory and a-motor axon in the EDL muscle
of SOD1CG3A and control mice expressing YFP in sensory and motor axons. The EDL
muscle can be separated into four smaller muscles by pulling on the tendons that attach the
muscle to the four smaller toes. We counted motor and sensory axons innervating the
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outermost portion of the EDL, which attaches to the fifth toe. Both types of axons can be
easily identified soon after the nerve enters the muscle and branches to innervate different
regions of the endplate band, spindles, and Golgi tendons. We counted sensory axons by
tracing all axons innervating spindles and Golgi tendons. a-Motor axons were counted by
tracing back the nerve branch that innervates the most distal NMJs in the outermost division
of the EDL muscle, as depicted in Figure 3.

Glutamatergic and cholinergic synapses on motor soma—High-resolution
confocal images were obtained exclusively from the ventral horn of the spinal cord.
VGIuT1-and VAChT-positive puncta adjacent to the peripheral membrane of a-motor
neuron soma, labeled with YFP or NeuN, were counted in ImagelJ. The perimeter of the
same a-motor neuron soma was determined to assess the ratio of synaptic puncta to soma
size. At least 10 neurons per mouse and three mice per group were used for this analysis.

Analysis of proprioceptive sensory neurons innervating ALS-affected muscles

We first examined proprioceptive sensory neurons in SOD1G93A transgenic mice. We
focused on proprioceptive sensory neurons for the following reasons: their close anatomical
and functional relationship with a-motor neurons and thus critical function in the motor
system; the soma and nerve endings being relatively easy to analyze compared with other
sensory neurons; and, because their peripheral nerve endings innervate skeletal muscles, the
ability to compare alterations to those in a-motor axons directly. To facilitate analysis of
proprioceptive sensory neurons and their nerve endings, we crossed parvalbumin-Cre
(PVCre; Hippenmeyer et al., 2005) and Thy1-STOP-YFP (STP-YFP; Buffelli et al., 2003)
mice to generate mice expressing YFP selectively in parvalbumin-positive cells
(PVCre;STP-YFP; Fig. 1A). In DRGs, the parvalbumin promoter is active only in
proprioceptive sensory neurons. Hence, Cre recombinase expression results in the excision
of the STOP cassette, allowing YFP to be selectively expressed and mark these neurons (Fig.
1B-D). We examined proprioceptive sensory neurons innervating the tibialis anterior (TA)
muscles because hind limb muscles are severely affected in SOD1G93A mice.

To determine the number and location of proprioceptive sensory neurons innervating the TA
muscle, we focally injected 2.5 pl of fCTB (0.25 mg/ml), a retrograde tracer, into the belly
of this muscle group. Five days post-injection, we found sensory neurons labeled with fCTB
in lumbar regions L2—-4 DRGs, with the majority located in L3 DRGs (Fig. 1B-D). We thus
focused our analysis on sensory neurons located in L3 DRGs. In control and SOD1G93A
mice, proprioceptive sensory neurons were relatively easy to identify by their selective
expression of YFP in addition to their large soma (Fig. 1B-D). In comparison with control
mice of the same age and sex, we found a significant decrease in the number of fCTB-
positive proprioceptive sensory neurons in 90-day-old SOD1693A transgenic mice (Fig.
1C,E; 9 + fCTB-positive neurons in ctrl, 2.5 £ 0.7 in SOD16%3A; p= 7.0 x 1078); this is an
age at which these animals begin to exhibit neurological symptoms.

Because we identified proprioceptive sensory neurons after focally injecting a small volume
of fCTB, we were concerned that only a few nerve endings were exposed to fCTB. This was
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a greater possibility in ALS mice, in which changes in the extracellular matrix and fat
deposits from atrophying muscle fibers could impede the diffusion of fCTB. To ensure that
all proprioceptive neurons in control and SOD1%93A mice had an equal chance of taking up
fCTB, we injected a larger volume of fCTB and into multiple locations in the TA muscle.
Using this approach, we again found significantly fewer proprioceptive sensory neurons
containing fCTB in SOD1%93A compared with control mice in L3 DRGs (Fig. 1F; 31 £ 3.9
fCTB neurons in ctrl, 5.5 + 2.3 in SOD1G93A: p=0.02). In all these experiments, we found
YFP-negative neurons labeled with fCTB in L3 DRGs. However, their reduced soma size
(McMahon et al., 1994) suggest that they are nociceptive and mechanoreceptive sensory
neurons (Fig. 2A,B,D,E).

We next asked whether there is a similar reduction of fCTB-positive proprioceptive sensory
neurons in TDP43A315T transgenic mice. In published data, these animals were found to
contain fewer sensory axons in the femoral nerve branch at 3 and 5 months of age
(Hatzipetros et al., 2014). We examined proprioceptive sensory neurons in L3 DRGs from
90-day-old male TDP43A315T transgenic mice after focally injecting 2.5 pl of fCTB into the
TA muscle. We again found a significant decrease in the number of fCTB-positive
proprioceptive sensory neurons in TDP43A315T transgenic compared with control mice (Fig.
1E; 9 + 1.41 fCTB-positive neurons in ctrl, and 5 + 1.2 in TDP43A315T: p=0.05). Together,
these data suggested that proprioceptive sensory neurons are affected in two transgenic
mouse lines harboring ALS-causing mutant genes.

The number and size of sensory soma are unchanged in early symptomatic SOD1G93A

mice

The findings that fewer proprioceptive sensory soma contain fCTB in ALS-affected mice
could be due to neuronal loss, selective degeneration of peripheral nerve endings, or inability
to take up and retrogradely transport fCTB. We first asked whether proprioceptive sensory
neurons degenerate in early symptomatic SOD1%93A mice. Using mice expressing YFP
selectively in proprioceptive sensory neurons, we determined their number in L3 DRGs of
90-day-old control and SOD1G93A mice (PVCre;STP-YFP:SOD1%934). For control mice,
we found 544 + 15.5 sensory neurons expressing YFP (Fig. 1G), representing a minority of
all sensory neurons in L3 DRGs, which have been reported to range from 4,000 to 6,000
(Lawson, 1979; McMahon et al., 1994). We found a similar number of propriocepitve
sensory neurons in SOD1G93A as in control mice (Fig. 1G; 519 + 31.6 in SOD1CG%3A vs, 544
+ 15.5 in ctrl). To determine whether these and other sensory neurons were in the process of
degenerating, we measured the size of all sensory neurons soma labeled with fCTB. As
expected, YFP positive neurons (1,000-2,000 pm?) were consistently larger than YFP-
negative neurons (medium diameter 600-900 um? and small diameter 200500 pm?) in
control and SOD1G93A mice (Fig. 2A-F). However, we found no difference in soma size
between SOD1G93A and control mice among the three different sensory subgroups (Fig. 2D
F).
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Degeneration of peripheral proprioceptive nerve endings in SOD1G93A and TDP43A315T

mice

We next probed the possibility that ALS causes degeneration of proprioceptive peripheral
nerve endings at muscle spindles, thus explaining the lack of fCTB uptake from the TA
muscle. To visualize all sensory and motor nerve endings in muscles, we used mice
expressing YFP in all neurons (Thy1-YFP line 16 [Feng et al., 2000]; referred to as Thy1-
YFP). We examined sensory nerve endings in the EDL muscle, which is adjacent to the TA
muscle and similarly affected by ALS-causing mutations in mice. Unlike the TA and other
hind limb muscles, however, the EDL muscle can be separated into four smaller divisions by
pulling on their tendons, each attaching to a specific toe. We examined the three smaller
divisions of the EDL muscle because they are small enough in adult mice to be whole
mounted. This makes it possible to count innervating sensory and motor axons (Fig. 3A) in
the same muscle used to examine the structural integrity of their nerve endings (Fig. 3B,C)
via light microscopy. For control mice, we found approximately seven muscle spindle units,
each containing on average two annulospirals and one flower-spray type proprioceptive
sensory nerve ending that wraps around the equatorial region of intrafusal muscle fibers
(Fig. 4A) in these three divisions of the EDL. The number and structure of these afferents
were similar in control animals from 60 to 120 days of age (Fig. 4A,C). To determine
whether these nerve endings were affected in ALS, we examined their structural integrity in
presymptomatic (60 days old) and symptomatic (90 days old) SOD1G93A; Thy1-YFP mice.
We found early and significant structural alterations before the appearance of obvious
neurological symptoms (Fig. 4B,C). At 60 days of age, the distance between spirals became
highly irregular in SOD1CG9A: Thy1-YFP mice (Fig. 4B,C). As the disease progressed, la/ll
nerve endings unraveled from muscle spindles and completely degenerated (Fig. 4D).

We explored the possibility that la/ll proprioceptive neurons are also affected in 90-day-old
TDP43A315T mice. For this analysis, we used antibodies against neurofilament and
synaptophysin to visualize axons and their nerve endings, respectively. As in SOD1G93A
mice, we found obvious structural changes at sensory nerve endings in TDP43A315T mice. In
particular, annulospiral endings were found unwinding from intrafusal muscle fibers (Fig.
4D). Thus, la/ll proprioceptive peripheral nerve endings undergo significant structural
alterations in two mouse models for ALS. These findings strongly suggest that degeneration
of peripheral nerve endings accounts for the reduced number of proprioceptive sensory
neurons positive for fCTB. However, this analysis does not preclude the possibility that
retrograde transport deficits contribute to the reduced number of neurons labeled with fCTB.

Proprioceptive nerve endings degenerate independently of a-motor axons

A hallmark of ALS is early retraction of a-motor axons from NMJs (Rocha et al., 2013;
Moloney et al., 2014), the synapse formed with extrafusal skeletal muscle fibers. We thus
sought to determine whether changes at la/ll proprioceptive and a-motor peripheral nerve
endings occur together or independently. We examined a-motor nerve endings at NMJs in
the same EDL muscles used to assess the integrity of la/ll sensory nerve endings in 90-day-
old SOD1G93A (Fig. 3B,C) and TDP43A315T mice. In these muscles, a-motor axons were
also marked with YFP (control and SOD1693A) or neurofilament and synaptophysin (control
and TDP43A315T) postsynaptic sites on extrafusal muscle fibers were labeled with
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fluorescently tagged a-bungarotoxin (fBTX), a toxin that binds selectively and with high
affinity to muscle nicotinic acetylcholine receptors (AChRs). As previously shown in 90-
day-old SOD1G93A mice, a-motor axons are found disconnecting from muscle fibers
(percentages denervated: 0 in ctrl, 42 in SOD1G93A; percentages partial innervation: 2 in
ctrl, 30 in SOD1CG93A:; percentages fully innervated: 98 in ctrl, 28 in SOD1G93A), with many
NMJs partially or completely denervated compared with those of control mice (Fig.
5A,B,E). Along with these alterations at NMJs, we found fewer a.-motor axons in the EDL
muscle, and this reduction was similar to that observed for proprioceptive sensory axons in
the same muscle (Fig. 4E; 23% motor vs. 19% sensory). Motor and sensory axons were
counted by tracing nerve branches, as shown in Figure 3A, innervating the EDL division that
attaches to the fifth toe. These findings together with published data showing that a.-motor
nerve endings begin to degenerate during the asymptomatic phase of the disease (Rocha et
al., 2013; Moloney et al., 2014) suggest that peripheral proprioceptive sensory and a-motor
axons are similarly affected in SOD193A mice. In contrast, we found no structural
alterations at NMJs of symptomatic TDP43 mutant mice (Fig. 5C-E) even though
proprioceptive sensory nerve endings exhibit structural alterations in these mice. Together,
these results indicate that degeneration of peripheral proprioceptive sensory nerve endings
occurs independently of defects associated with the somatic motor system.

Ib proprioceptive sensory and y-motor nerve endings are less affected in SOD1693A mice

We next sought to determine whether other neurons innervating skeletal muscles are also
affected by ALS-causing mutations. In addition to la/ll proprioceptive sensory and a.-motor
axons, skeletal muscles are innervated by -y-motor and Ib proprioceptive sensory neurons.
Although y-motor axons innervate AChR clusters located at the polar regions of intrafusal
muscles fibers, Ib proprioceptive sensory nerve endings terminate at the interphase between
muscle fibers and tendons, where they form Golgi tendons. To determine whether ALS
similarly affects these peripheral axons, we examined their architecture in the same muscles
from 90-day-old Thy1-YFP and SOD1CG93A; Thy1-YFP mice used to visualize la/ll
proprioceptive and a.-motor nerve endings. We often found -y-motor neurons innervating
muscle spindles devoid of la/ll proprioceptive nerve endings and adjacent to a.-motor nerve
endings clearly retracting from NMJs in SOD1CG93A mice (Fig. 6A,B). Similarly, 1b
proprioceptive nerve endings were found innervating Golgi tendons near muscle spindles
containing the remnants of degenerated la/ll nerve endings (Fig. 7A,B). Thus, y-motor and
Ib proprioceptive nerve endings appear to be less affected by expression of SOD1G93A
compared with la/ll proprioceptive sensory and a-motor axons.

Degeneration of proprioceptive synapses in the spinal cord

Based on the findings presented above, we examined la/ll proprioceptive and cholinergic
synapses on a.-motor somata in the spinal cord of mutant mice. The majority of inputs
containing VGIuT1 on a-motor somata are from la/ll proprioceptive sensory axons (Alvarez
etal., 2011), even though VGIUT1 also marks synaptic inputs from spinal cord interneurons
and descending cortical axons. We therefore used an antibody against VGIuT1 to determine
the impact of ALS on these synapses. In the same a-motor neuron somata, we examined
cholinergic inputs with an antibody against VAChT. For 90-day-old male SOD1G%3A, we
found a significant loss of VGIuT1 and VAChT synapses on the soma of a-motor neurons,
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independent of neuronal atrophy, compared with control (Fig. 8A,B,D,E). However,
although VGIuT1-positive synapses were significantly reduced in 90-day-old TDP43A315T
mice (Fig. 8C,E), we found no difference in the number of VAChT-positive synapses
compared with control mice (Fig. 8C,D). Together with our observations at the NMJ, these
findings further indicate that expression of TDP43A315T has [ittle impact on cholinergic
synapses. We then examined 60-day-old SOD1G93A animals to determine whether the loss
of VGIuT1- and VAChT-positive synapses also precedes the appearance of obvious
neurological symptoms in SOD1G93A, Our analysis revealed no difference in the number of
VAChT and VGIuT1 synapses between 60-day-old SOD1593A and control mice (Fig. 9A—-
D). These findings suggest that proprioceptive and cholinergic synapses in the spinal cord
are affected after NMJs (Moloney et al., 2014) and muscle sensory afferents innervating
spindles degenerate in mice harboring ALS-causing mutations.

DISCUSSION

We examined proprioceptive sensory neurons in two mouse lines carrying ALS-causing
mutant genes. We show that la/ll proprioceptive sensory neurons are affected and provide
strong evidence that they are involved in the progression of ALS in two mouse models for
the disease, in SOD1G%3A and TDP43A315T mice. la/ll Proprioceptive sensory neurons
peripheral nerve terminals exhibit structural abnormalities before the onset of neurological
symptoms and degenerate as symptoms arise. These changes occur before the loss of nerve
endings in the spinal cord and independently of degeneration of a-motor neuron axons. We
reached these conclusions based on 1) analysis of peripheral and central synapses in the
same animals and 2) different effects of TDP43 mutant on sensory and cholinergic nerve
endings.

During the course of our study, we also discovered that proprioceptive sensory neurons
differ in their response to ALS-related insults, with nerve endings from la/ll proprioceptors
degenerating much earlier than those from Ib proprioceptive sensory neurons. We found a
similar pattern for a- and -y-motor nerve endings. y-Axons were often found innervating
AChR clusters at the polar region of intrafusal muscle fibers next to partially or completely
denervated NMJs. These findings are important for two reasons: First, they indicate that
neurons associated with neuromuscular function exhibit different susceptibility to ALS;
second, they provide further evidence that cells directly contacting a-motor neurons are
preferentially affected in ALS. These findings add to the list of subpopulations of neurons
that are uniquely affected by ALS (Saxena et al., 2009; Valdez et al., 2012).

Potential roles of peripheral nerve endings in ALS

ALS is characterized by pathological changes at sites of contact between cells, including at
synapses. In muscles, a-motor axon terminals at NMJs have been shown to undergo bouts of
degeneration and regeneration in young asymptomatic mice expressing mutant SOD1
(Schaefer et al., 2005). Later in life, motor axons degenerate via a process termed “dying
back”, resulting in the appearance of neurological symptoms from denervation of muscle
fibers and loss of motor neurons (Dadon-Nachum et al., 2011). In a futile attempt to stave
off the disease, skeletal muscles secrete a variety of molecules that function to stabilize the
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NMJ and promote nerve regeneration. Among these muscle-secreted molecules are GDNF,
VEGF, IGF-1, and semaphorin 3A, and they have been shown to slow degeneration of a-
motor axons in ALS-afflicted mice (Sun et al., 2002; De Winter et al., 2006; Dadon-Nachum
et al., 2014; Venkova et al., 2014).

As with motor axons, lack of muscle-derived signals results in degeneration of
proprioceptive sensory nerve endings (Ernfors et al., 1994; Kucera et al., 1995; Chalazonitis,
1996; Oakley et al., 1997). Proprioceptive sensory neurons require the neurotrophic factor,
neurotrophin-3 (NT3), secreted by intrafusal muscle fibers, to develop and maintain their
peripheral and central connections and to survive (Ernfors et al., 1994; Kucera et al., 1995;
Chalazonitis, 1996). The main receptor for NT3 is the neurotrophic receptor TrkC, which is
expressed in proprioceptive sensory neurons (Matsuo et al., 2000). Several other molecules
have been shown to be important for the maintenance and regeneration of sensory axons and
their nerve endings, including GDNF and VEGF (Krakora et al., 2013; Dadon-Nachum et
al., 2014). For muscle-derived secreted factors to help neurons resist ALS-related changes,
they must be retrogradely transported together with cognate receptors to the cell body in
order to activate prosurvival and maintenance signals. Although retrograde transport was
found to be normal in the sensory branch of saphenous nerve in SOD1693A mice
(Marinkovic et al., 2012), this branch is devoid of la/ll proprioceptive sensory axons. Thus,
future studies should assess the levels of muscle-derived factors and whether they are in fact
retrogradely transported up the axon of la/ll proprioceptive sensory neurons expressing
mutant genes known to cause ALS.

Potential roles of central nerve endings in ALS

In the central nervous system, connections between cells are disrupted and are believed to
contribute to the initiation and progression of ALS, including synapses that a-motor neurons
form with descending cortical motor axons, Renshaw and small cholinergic neurons
(Ozdinler et al., 2011; Wootz et al., 2013; Gallart-Palau et al., 2014). Here we validate
published results indicating that motor neurons are stripped of VAChT and VGIUT1 synapses
in symptomatic SOD1G93A mice (Schilitz, 2005; Gallart-Palau et al., 2014). We also show
that la/ll proprioceptive sensory synapses with a-motor neurons are also affected in
SOD1C9A and TDP43A315T mice. Although our data indicate that degeneration of
peripheral proprioceptive nerve endings precedes loss of connections with motor neurons,
we cannot exclude the possibility that spinal cord synapses undergo bouts of degeneration
and regeneration during the presymptomatic phase of the disease, as observed in muscles. In
fact, it has been shown via electron microscopy that motor neuron presynapses on Renshaw
cells are altered in presymptomatic SOD1G93A mice (Wootz et al., 2013). Moreover, our
analysis relied on confocal images, which lack the resolution needed to reveal subcellular
synaptic structural changes in spinal cord synapses because they are significantly smaller
compared with la/ll afferents at muscle spindles and NMJs. Nevertheless, our results show
that peripheral and central proprioceptive nerve endings are affected in ALS-afflicted mice,
further suggesting that pathological changes at sites of contact between cells may disrupt
cellular homeostasis, leading to degeneration of axons followed by neuronal death.
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Similarities and differences between proprioceptive sensory and motor neurons

la/ll Proprioceptive sensory and a-motor axons share many features: they are the largest
neurons in their surroundings; they send long axons to contact muscle fibers in the
periphery; they depend on trophic support from muscle fibers to develop and survive; and
they form monosynaptic connections in the spinal cord. Interestingly, two recent
publications have shown that la/ll proprioceptive sensory neurons express and localize key
molecules needed to form and maintain the NMJ, revealing additional features shared by
these two types of neurons (ZhaNg et al., 2014, 2015). In stark contrast to the soma of a.-
motor neurons, which exhibits numerous pathological changes in presymptomatic
SOD1C%3A mice (Feeney et al., 2001), our analysis indicates that the soma of proprioceptive
sensory neurons, in addition to all other sensory neurons in DRGs, resist degeneration
during the early stages of the disease.

There are major differences between proprioceptive sensory and motor neurons. To start,
these neurons reside in different anatomical regions, and there is little evidence indicating
that Schwann cells and peripheral cells, which directly interact with proprioceptive sensory
neurons, are affected by ALS-causing mutations. On the contrary, site-specific removal of
mutant SOD1 from Schwann cells worsens disease progression in mice (Lobsiger et al.,
2009). Hence, sensory neurons may inhabit an environment that allows them to remain
viable for much longer during the progression of ALS. In contrast, motor neurons are
surrounded by a wide range of cells known to be affected and play active roles in
accelerating the progression of ALS, including glial and other spinal cord neurons (Boillée
et al., 2006a). Additionally, a-motor neurons receive inputs from descending cortical
neurons also affected and involved in ALS (Ozdinler et al., 2011). Thus, unlike sensory
neurons, a-motor neurons have been shown to be affected by dysfunction in partnering cells,
suspected of releasing and spreading toxic molecules in a “prion-like” manner at sites of
contact, including synapses (Minch et al., 2011).

Our analysis also reveals that Ib proprioceptive sensory and y-motor neurons nerve endings
are spared in muscle fibers. These neuronal subtypes have unique features that may allow
them to resist ALS-driven degeneration. Unlike la afferents, Ib proprioceptive nerve endings
innervate collagen fibrils in skeletal muscles. Thus, they are likely better insulated from
toxic factors secreted by atrophying extrafusal and intrafusal muscles fibers. The differences
between y-and a-motor neurons are more obvious. These two cells serve very different
functions; the cell bodies of -y-motor neurons are significantly smaller and lack direct input
from la/ll proprioceptive sensory neurons. These anatomical features along with unique
molecular machineries may underlie the different susceptibility of 1b sensory and y-motor
neurons to ALS.

Significance to advancing ALS research

la/ll Proprioceptive sensory neurons play a central role in the monosynaptic stretch reflex,
and degeneration of their nerve endings would inevitably result in significant motor
deficiencies. However, it is less clear how loss of proprioceptive sensory nerve endings
affects the ability of a.-motor neurons to withstand ALS-related cellular damages. Given that
hyperactivity, in part by unchecked calcium influx via glutamate dependent channels, is
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suspected of causing degeneration of a-motor neurons, loss of la/ll afferents should
presumably make motor neurons less excitable and hence help them to resist ALS (Heath
and Shaw, 2002). This hypothesis, however, is not supported by our findings. Another
possibility is that proprioceptive sensory neuron inputs are required to maintain optimal
function and health of a-motor neurons. In this regard, it has been shown that loss of muscle
spindles, and hence NT3 support for innervating afferents, results in functional deficits
between sensory and motor connections (Chen et al., 2002). Similarly, loss of motor neuron-
derived NT3 results in degeneration of sensory inputs in the spinal cord along with apoptosis
of the neurons in DRGs (Chen et al., 2002; Usui et al., 2012).

To define better the role of proprioceptive sensory neurons and their role in the survival of
a-motor neurons in ALS, transgenic mice expressing or lacking SOD1G%3A selectively in
proprioceptive sensory neurons will have to be analyzed. Unlike motor neurons, these
sensory neurons can be isolated from animals at any stage of their lives and kept in culture
for weeks. This feature should make it possible to determine the impact of ALS-causing
mutant genes specifically on the molecular composition, biophysical properties, and survival
of cultured proprioceptive sensory neurons. Hence, these cells could prove to be a useful
model system for identifying and testing therapeutics that can slow or stop axonal
degeneration caused by expression of ALS-causing mutant genes.
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Figure 1.
Fewer proprioceptive sensory neurons innervate the tibialis anterior muscle in SOD1G93A

and TDP43A315T We generated mice expressing YFP selectively in proprioceptive sensory
neurons within DRGs (A-B,D) and then crossed this new mouse line with SOD1693A
transgenic mice (C). Proprioceptive sensory neurons were identified in TDP43A315T mijce
with NeuN and based on their large soma (see Fig. 2). Five days after focally injecting fCTB
into the TA muscle, fewer sensory neurons were found in L3 DRGs of SOD1693A (n = 8)
and TDP43A315T (n = 4) compared with control (n = 5) mice (B-E) at 90 days of age. Fewer
proprioceptive sensory neurons were also found in SOD1%93A mice injected with fCTB into
multiple locations of the TA (F). Despite these differences, the same numbers of YFP-
positive neurons were found in L3 DRGs from SOD1%%3A mice as in control mice (G). Only
male mice were used for this analysis. Error bar = standard error (STE). *£< 0.05 (E-F),
***P< 0.001 (E). Scale bars = 50 um in C1 (applies to B-C1), 25 um in D1 (applies to
D,D1).
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Figure 2.
Sensory somata appear normal in SOD1693A and TDP43A315T mice. Sensory somata

labeled with fCTB were separated into three categories according to size (A—C). There is no
difference in the average soma size for small (A,D), medium-sized (B,E), or large (C,F)
sensory neurons among controls (n = 5), SOD16%A (n = 8), and TDP43A315T (n = 4) mice
at 90 days of age. Only male mice were used for this analysis. Error bar = standard error
(STE). Scale bar = 25 pum.
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Figure 3.
Visualizing sensory and motor axons in the EDL muscle. Most nerve endings can be fully

visualized in whole-mounted EDL muscles from mice expressing YFP (A). Sensory (Al)
and motor (A2) branches can be traced from their nerve endings and counted. The nerve
endings are shown in control (B) and SOD1G9A (C) animals. a-MA = a.-motor neuron
axon; y-MA = y-motor neuron axon; la/ll SA = la/ll sensory afferent; NMJ, neuromuscular
junction.
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Figure 4.
Peripheral proprioceptive nerve endings degenerate in SOD1G9A and TDP43A315T mice. In

control, la proprioceptive sensory annulospiral endings are characterized by regular spacing
of their spirals (A; arrow in C), and at least 10 spirals are found wrapping around the
equatorial region of the muscle (A,D). In SOD1G93A the distance between spirals increases
(B-C), and fewer spirals are found around the equatorial region of the muscle (B,D). Fewer
spirals were also found in TDP43 mutants at 90 days of age (D). Proprioceptive sensory
axons begin to degenerate alongside a-motor neuron axons during the early phase of the
disease (E). At least six mice were used at each age. All animals were male; control n =12,
SOD1C9A n = 16, TDP43A315T n = 6. Error bar = STE. ***P < 0.001. Scale bar = 50 pum.
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Figure 5.
NMJs are affected in early symptomatic SOD1G93A but not TDP43315T mice. NMJs were

examined in 90-day-old male control (A1) and SOD1G93A (B1) mice expressing YFP (A—
B). AChR clusters (red) were labeled with fBTX (A1-B1). NMJs of male control (C1) and
TDP43A315T (D1) mice were also examined at 90 days of age by labeling the presynapse
with synaptotagmin (C-D). NMJs are spared in TDP43A315T (C-D1,E) but affected in
SOD1C%3A mice (A-B1,E). At least 50 NMJs were counted per mouse, and five animals
were examined per group. Error bar = STE. ***P < 0.001. Scale bars = 20 um in B1 (applies
to A-B1), 20 um in D1 (applies to C-D1).
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SOD1es3

Figure 6.
Analysis of y-motor axons in SOD1%%3A mice. Representative images of y-motor axons

(green) innervating AChR clusters (red) located at the polar region of intrafusal muscle
fibers (outlined by the dashed lines) in 90-day-old control (A-A2) and SOD1G%3A (B-B2)
mice. The apposition of y-motor axon with AChR clusters (stars) is unchanged in
SOD1G93A compared with control mice (A2,B2) even though a.-motor axons are clearly
retracting from NMJs (arrows). Scale bar = 20 pm.
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Figure 7.
Analysis of Ib proprioceptive axons in SOD1%93A mice. Representative images of Ib

proprioceptive axons (Ib afferent; A-A1,B—-B1) alongside la/ll proprioceptive sensory axons
(1a/1l afferent; A—-A2,B-B2) in the EDL muscle of 110-day-old control (A) and SOD1G93A
(B) mice. 1b nerve endings are readily found innervating Golgi tendons (B-B1) in muscles
where la/ll nerve endings have mostly degenerated (B,B2). Scale bars = 50 um in A,B; 50
pum in B2 (applies to A1-B2).

J Comp Neurol. Author manuscript; available in PMC 2018 January 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vaughan et al.

Page 25

=)

~

VACHT Puncta/100 pm

N

Ctrl SOD16A TDP43A1sT

VGlut1 Puncta/100 um

0T Ci SODTR TDP43T

Figure 8.
Loss of VGIuT1-positive synapses in the spinal cord of symptomatic SOD1%93A and

TDP43A315T mice. Spinal cords at lumbar region 1 from male 90-day-old control (A),
SOD1G9A (B), and TDP43A315T (C) mice were stained with VAChT (red) to label
cholinergic synapses and VGIuT1 (blue) to label proprioceptive synapses. The soma of a-
motor neurons were marked by YFP in control and SOD1593A mice (A2-A3, B2-B3;
green). The soma of neurons in TDP43A315T mice were labeled with NeuN (C2-C3; green).
When normalized to the perimeter of the motor neuron soma, there is a significant decrease
in cholinergic synapses in SOD1G93A mice (B,D) but not TDP43A315T (C-D) compared
with control mice (A,D). VGIuT1-positive synapses, however, were reduced in both
SOD1G9A (B1,E) and TDP43A315T (C1,D), mice. At least three animals were examined per
group. Error bar = STE. *P< 0.05, **P< 0.01. Scale bar = 100 pm in C2 (applies to A-C2);
20 pm for A3-C3.
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Figure 9.
Numbers of VGIuT1- and VAChT-positive synapses are unchanged in the spinal cord of 60-

day-old SOD1693A mice. Spinal cords at lumbar region 1 from male 60-day-old control (A-
A2) and SOD1693A (B-B2) animals expressing YFP in motor neurons were stained with
VACHT (red) and VGIuT1 (blue). (C-D) The number of VAChT and VGIUT1 puncta on a-
motor neuron somata is the same between 60-day-old control and SOD1G93A mice. At least
three animals were examined per group. Error bar = STE. Scale bar = 20 pm.
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