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Characterization of somatosensory
neuron involvement
in the SOD1%°*A mouse model

Miguel A. Rubio’?, Mireia Herrando-Grabulosa?, Nuria Gaja-Capdevila?, Jorge J. Vilches? &
Xavier Navarro?3*

SOD1%%3A mice show loss of cutaneous small fibers, as in ALS patients. Our objective is to characterize
the involvement of different somatosensory neuron populations and its temporal progression in the
SOD1%%3A mice. We aim to further define peripheral sensory involvement, analyzing at the same time
points the neuronal bodies located in the dorsal root ganglia (DRG) and the distal part of their axons

in the skin, in order to shed light in the mechanisms of sensory involvement in ALS. We performed
immunohistochemical analysis of peptidergic (CGRP), non-peptidergic (IB4) fibers in epidermis, as well
as sympathetic sudomotor fibers (VIP) in the footpads of SOD1%%3A mice and wild type littermates at
4, 8,12 and 16 weeks of age. We also immunolabeled and quantified neuronal bodies of IB4, CGRP and
parvalbumin (PV) positive sensory neurons in lumbar DRG. We detected a reduction of intraepidermal
nerve fiber density in the SOD1%%3A mice of both peptidergic and non-peptidergic axons, compared
with the WT, being the non-peptidergic the fewest. Sweat gland innervation was similarly affected in
the SOD1%%3A mouse at 12 weeks. Nonetheless, the number of DRG neurons from different sensory
populations remained unchanged during all stages. Cutaneous sensory axons are affected in the
SOD1%3A mouse, with non-peptidergic being slightly more vulnerable than peptidergic axons. Loss or
lack of growth of the distal portion of sensory axons with preservation of the corresponding neuronal
bodies suggest a distal axonopathy.

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder that mainly involves the motor neurons in
the spinal cord and the cerebral cortex. Nevertheless, in the last years, cuamulative data have shown that there
are other neural structures besides motor neurons that are also affected. Aside cognitive impairments in up to
50% of patients, other non-motor manifestations have been reported, including extrapyramidal, autonomic,
and even sensory abnormalities". Particularly, a small fiber sensory neuropathy has been observed in several
studies in ALS patients®® and in animal models”®. We have previously reported that in the SOD1%*4 mouse,
the most common animal model for the disease, there is a significant axonal loss of sensory axons in the skin
of the footpads, even at the presymptomatic stage of the disease’, showing a gradient of involvement from the
epidermis (most affected) to the deepest dermis (less affected). However, although peripheral sensory involve-
ment has been confirmed in both humans and animal models, characterization of the neuronal populations most
involved, the evolution overtime and the degenerative mechanism are still lacking.

Cutaneous nerve endings are the terminal portions of axons that raise from the body of the pseudo-unipolar
neurons located in the dorsal root ganglia (DRG). These neurons and their sensory fibers are classified in subpop-
ulations according to anatomy, physiology, and neurochemistry considerations and present different molecular
marker expressions, distinctive receptor characteristics and functions that could have different vulnerability to
the neurodegenerative process in ALS. Based on the size and the molecular characteristics, DRG neurons can
be divided into three groups: large, myelinated neurons (AP mechanoreceptors fibers and Aap proprioceptors,
the latter expressing parvalbumin; PV), small myelinated (A$ fibers), and unmyelinated (C fibers) that may be
peptidergic neurons (expressing substance P and calcitonin gene-related peptide CGRP) and non-peptidergic
(labeled with isolectin B4, IB4) neurons'®!!. Parvalbumin expressing neurons in DRG are mostly (=90%) pro-
prioceptors, while the rest correspond to other mechanoreceptors'?~'%. Peptidergic and non-peptidergic small
sensory neurons share some similarities but have some differences. All form free endings in epidermis and
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dermis. CGRP + sensory neurons are small myelinated (A§ type) and unmyelinated (C type), use glutamate as
main neurotransmitter and CGRP and some substance P (SP) as neuromodulators, and are regulated during
development by nerve growth factor (NGF)'>1°. Somatic CGRP sensory fibers act as polymodal nociceptors,
responding to high-threshold mechanical, thermal, and chemical stimuli'”!®. Unmyelinated CGRP + fibers project
predominantly to laminae I and ITo (outer layer) in the ventral horn of the spinal cord, whereas small myelinated
CGRP axons innervate laminae I and III/IV. IB4+axons correspond to unmyelinated C nociceptors'®. These
neurons are regulated by glial cell line derived neurotrophic factor (GDNF), although they are dependent on
NGF until early postnatal stage when they switch dependence to GDNF?. IB4+ central projections synapse into
the IIi (inner layer) Rexed lamina?!.

Our objective was to better define the peripheral sensory involvement in the SOD1%°*4 mice from the epider-
mal terminations to the soma in the DRG, distinguishing between the different populations of sensory neurons
affected. To achieve this aim, we have labeled and quantified the presence of peptidergic and non-peptidergic
intraepidermal nerve fiber (IENF), as well as the sweat gland nerve fiber (SGNF) density as a comparative
autonomic innervation, at different stages of the disease, and compared with their wild type (WT) littermates.
In parallel we have studied the proportion of neuronal somas of the different sensory populations in the DRG.

Materials and methods

Transgenic SOD1%” mice. Transgenic female mice with the G93A human SOD1 mutation [B6SJL-
Tg(SOD1-G93A)1Gur] were obtained from Jackson Laboratories, and maintained at the Animal Service of the
Universitat Autonoma de Barcelona. The offspring was identified by PCR amplification of DNA extracted from
the tail. Non-transgenic littermates were used as controls. All animal experiments conducted were approved
by the Ethical Committee of the Universitat Autonoma de Barcelona in accordance with the European Com-
munities Council Directive 2010/63/EU. The study was performed in compliance with the Animal Research
Reporting in Vivo Experiments guidelines. The study was carried out in compliance with the ARRIVE guidelines
(https://arriveguidelines.org). The experimenter performing the analyses (IENF density, SGNF density and DRG
neuron counting) was blind to the group and age of the animals.

The SOD1%*4 mice on B6SJL background develop normally until about 12 weeks of age, when they start to
show functional deficits in locomotion and muscle strength tests, and weakness progresses until death occurs at
an average of 20 weeks, with slight differences between sexes****. From 8 weeks electrophysiological tests identify
clear abnormalities in these mice?!. Therefore, we used SOD1%°*4 mice of 4 weeks (normal juvenile), 8 weeks
(presymptomatic stage), 12 weeks (early symptomatic stage) and 16 weeks (advanced symptomatic stage).

Footpad sample collection and processing. Animals were euthanized under anesthesia with pentobar-
bital (50 mg/kg i.p.) and transcardially perfused with 4% paraformaldehyde in PBS. The plantar pads of the hind-
foot of SOD1%**A mice and WT mice were carefully extracted at 4, 8, 12 and 16 weeks of age (4 mice per age and
group). Footpads were then kept frozen in a cryoprotective solution (PBS with 30% sucrose and sodium azide).
60 um-thick sections were serially cut with a cryotome (Leica) and collected by free-floating in PBS medium.

For immunohistochemistry, sections were blocked with PBS-Triton 0.3%-normal donkey serum 1.5% and
normal goat serum 10% with 1% bovine serum albumin (BSA) and primary incubated in lectin (unconjugated
Griffonia Simplicifolia Lectin I) at 4 °C overnight, and subsequently incubated overnight at 4 °C with anti-protein
gene product 9.5 (PGP 9.5, 1:800, Ultraclone), anti-CGRP (1:200, PC205L Millipore), or anti-lectin (1:500, anti-
Griffonia Simplicifolia Lectin I, unconjugated, L-1104 Vector) as primary antibodies. Additionally, samples from
both SOD1%%*4 and WT at 4 and 12 weeks were incubated with anti-VIP (1:500, 20077 Immunostar) as a selec-
tive marker of the sympathetic innervation of the sweat glands. After washes, sections were incubated overnight
at 4 °C with Cy3 (1:200, Jackson Immunoresearch), Alexa 488 (1:200, Thermofischer), and donkey anti-rabbit
Cy5 (1:200, Swant) secondary antibodies. After immunohistochemical processing, sections were adhered to
gelatinized slides and mounted with Fluoromount G (Southern Biotech). To assess antibody specificity, control
samples were processed in parallel as described but without primary antisera.

Intraepidermal nerve fiber quantification. Footpad samples were viewed under an Olympus BX-51
microscope equipped for epifluorescence using appropriate filters. For the quantitative analyses of IENF, indi-
vidual fibers were counted as they pass through crossed the basement membrane. Branching occurring within
the epidermis was not considered. IENF were counted at the lateral flat side of the footpad and expressed as
number of fibers per 1 mm length of epidermis using the epifluorescence microscope. The average density of
IENF per animal was then derived for IENF counting. IENFs were also counted for CGRP and IB4 intraepider-
mal positive fibers separately. 4 mice per age and group were analyzed. Confocal images were also taken with a
Leica microscope.

Sweat gland nerve fiber density. Digital images of the sweat glands of the footpad of each animal were
obtained with the epifluorescence microscope. Nerve fibers in the gland were selected using computer assisted
image analysis (Image] software), and the SGNF density was estimated as the percent area of nerve fibers within
the area of interest®?°. The area occupied by single glands (area of interest) was manually delineated, and the
VIP-labeled nerve fibers within were quantified subtracting background based on the pixels above threshold,
using Image] software. Using VIP channel only, background thresholding was performed using automatic
threshold plugin method, based on a grayscale image. A mean of 19 glands per animal were analyzed, and for
each animal (WT and SOD1%4, at 4 and 12 weeks of age, 4 mice per age and group) we calculated the median
percent area of SGNE
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DRG sample processing and immunohistochemical procedure. 14 and L5 DRG were extracted
from wild type and SOD1%A mice at 4, 8, 12 and 16 weeks (4 mice per age and group). DRG were maintained
at 4 °C in a cryoprotective solution and then were embedded in OCT (optimal cutting temperature compound)
and serially cut with a cryotome in 20-pm thick sections, collecting the slices in gelatinized slides.

For immunofluorescence, slides were blocked as above and incubated in lectin (unconjugated Griffonia Sim-
plicifolia Lectin I) at 4 °C overnight, and subsequently incubated overnight at 4 °C with anti-PGP9.5, anti-CGRP,
anti-parvalbumin (1:1000, PV-28 Swant) and anti-lectin. After washes, sections were incubated overnight at 4 °C
with Alexa Fluor 488, donkey anti-rabbit Cy5, donkey anti-mouse Alexa Fluor 594 as secondary antibodies. DAPI
staining was also used to ensure correct recognition of tissue structures. Slides were mounted in Fluoromount
G (Sourthern Biotech). To assess antibody specificity, control samples were processed in parallel as described
but without primary antibodies.

DRG sensory neurons quantification. Photographs of the entire area of the DRG were taken using a
confocal microscope. Every second serial section from the DRG was analyzed (with a distance of 20 um between
sections), and a total of 6 sections was analyzed for each DRG (comprising a total thickness of 320 pm, as repre-
sentative area of the ganglia). Each image of the entire DRG was a composite of individual images. The number
of immune-positive DRG neurons was determined counting neurons that contained a nucleus and showed a
strong signal intensity in the cytoplasm. Area of these DRG sections was also calculated and the density of neu-
rons per mm? was derived. The total number of neurons (labeled for PGP9.5), as well as the number of CGRP+,
PV+, IB4+and double IB4+/CGRP+ neurons were counted. Percentage of each neuronal class was then derived.

Data analysis. Data are expressed as mean+SEM. Means were compared by two-way ANOVA applying
Tukey’s post hoc test when necessary (SPSS statistics 25 software). The level of significance was set at p <0.05.

Results

Intraepidermal nerve fiber density. We quantified IENF density of two populations of sensory neurons:
nociceptive peptidergic (CGRP+) and non-peptidergic (IB4+) (Fig. 1A). In the WT mice, both peptidergic and
non-peptidergic fibers density showed an increase with age. In the WT mice, the mean number of CGRP+and
IB4+ axons at 4 weeks of age were 27 +5 and 29+ 1 per mm of epidermal length respectively and increased pro-
gressively to 42 + 3 and 38 + 4 respectively at 16 weeks (Fig. 1B,C). This increase was statistically significant from
4 to 16 weeks (p=0.002) and from 4 to 12 weeks (p=0.004) in the peptidergic fibers, and from 4 to 16 weeks
(p=0.003) and from 8 to 16 weeks (p=0.004) in the IB4+axons. The density of peptidergic fibers was slightly
higher than that of the non-peptidergic fibers.

In the SOD1 transgenic mice both populations of IENF remained stable overtime, and again the peptider-
gic fibers were marginally higher than the non-peptidergic ones. We found a lower density of intraepidermal
B4+ fibers (22 + 2 fibers per mm, p=0.034) in the 4 weeks SOD1%* mice as compared with corresponding
WT mice, but not in the CGRP+ population (31.6 + 2.7 fibers per mm, p=0.396). At 8, 12 and 16 weeks of age,
the SOD1%%*A mice presented significantly lower density of both subpopulations of IENF compared to the WT
mice (p<0.05) (Fig. 1B,C).

Sweat gland innervation. At 4 weeks (presymptomatic stage), sweat gland innervation was similar
between the SOD1%%*4 and the WT mice. However, at 12 weeks, while there was an increase of SGNF density in
the WT mice (p=0.029), in the SOD1%%3* mice did not change. At 12 weeks, SGNF density in the SOD1%*A mice
was 29% lower than in the WT (p <0.05). We also analyzed sweat gland size and did not find differences between
the two groups of mice neither in the presymptomatic nor in the symptomatic stage (Fig. 2).

Dorsal root ganglion sensory populations. Firstly, to ensure that the percentage comparisons of the
different sensory populations were not affected by neuronal loss, we quantified the total number of neurons in 6
sections covering a 320 pum thickness of each DRG, a representative volume of the DRG, and the density of total
neurons per mm? in the sections studied, of each mouse at each stage. We did not detect significant differences
between groups at any age, neither in the total number of neurons nor in the density of neurons (Fig. 3A). Then,
we calculated the percentage of IB4+, CGRP+and PV + positive neurons of the total DRG neurons of SOD16%34
mice and WT littermates (Fig. 3C,E).

In the WT mice, CGRP+ neurons represented 26.9% (IQR 24.2-30.1), IB4+16.8% (IQR 15.2-17.9), and
PV+17.8% (IQR 16.2-19.6) of total DRG neurons. A small fraction of neurons (1.26%, IQR 0.89-2.2) pre-
sented double labelling for CGRP and IB4. In the SOD1%*4 mice the results were similar: CGRP+26.4% (IQR
24.8-27.7), 1B4+14.3% (IQR 12.2-15.2), PV 18.0% (IQR 15.6-18.5), and CGRP+/IB4+0.86% (0.6—1.05). There-
fore, the number of DRG neurons and the estimated proportions of CGRP+, IB4+and PV+did not change
overtime and did not show differences between the WT and the SOD1%*4 mice (Fig. 3B,D).

Discussion

In this study we found an early impairment of IENF of both peptidergic and non-peptidergic neurons, and a
later impairment of sudomotor fibers in the SOD1%%3* mice compared with their WT littermates. In the WT
mice, the density of peptidergic and non-peptidergic IENF showed an increase from 4 to 16 weeks of age, as
well as the VIPergic sweat gland innervation®. In contrast, in the SOD1%°*4 mice the corresponding densities
remained steady or with slight, non-significant decline. Early pathological evidence has been already identified
in the muscle innervation in SOD15%4 mice. Thus, at 4 weeks, virtually all motor end-plates in hindlimb muscles
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Figure 1. IENF density through time of both sensory epidermal populations in SOD1%*4 mice. (A)
representative microphotographs of epidermal innervation of CGRP+and IB4+ fibers of WT and SOD1 mice, at
4, 8, 12 and 16 weeks. Immunofluorescence colours have been adapted for the colour-blind. Scale bar: 100 um.
Arrowheads point to IENF; a dashed line overlies the basement membrane separating dermis and epidermis. (B)
Plots representing peptidergic (CGRP+) and (C) non-peptidergic (IB4+) IENF density. 4 mice WT (black dots)
and 4 mice SOD1%4 (blue triangles) were used in each group. Differences were assessed by two-way ANOVA
with post hoc analysis. Both peptidergic and non-peptidergic intraepidermal axons density increase over time
in the WT, while in the SOD1%%** mice remain stable. CGRP+ fibers were significantly lower in SOD1¢%34
compared to WT mice at 8, 12 and 16 weeks of age, whereas IB4+ fibers were reduced already at 4 weeks of age.

IENF intraepidermal nerve fiber.
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Figure 2. Sweat gland nerve fiber innervation is decreased in the SOD1%%*A mice. (A) Representative microphotographs of sweat
gland innervation, labele for PGP9.5 and for VIP in SOD1%*# and WT mice at 4 and 12 weeks. Immunofluorescence colours have
been adapted to the colour-blind. (B) The mean sweat gland area remained stable overtime in both SOD1%*4 and WT mice. (C) SGNF
density was similar in SOD1%** and WT mice at 4 weeks of age, but at 12 weeks, it was significantly lower in the SOD1%** mice. Scale
bar: 50 um. 4 mice WT (black dots) and 4 mice SOD1%* (blue triangles) were used in each group. Differences were assessed by two-
way ANOVA with post hoc analysis. *p <0.05. SGNFD sweat gland nerve fiber density.
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Figure 3. Neuronal bodies are preserved in the DRG of the SOD1%°*4 mice. (A) Total number of neurons in
320 um width of the DRG (counted in 6 sections of the DRG) (top plot), and density of neurons per mm? in
the DRG (bottom plot). There were no differences in the overall number nor in the density of DRG neurons.
PGP9.5 labeling was used for the overall neuron count. (B) Percentage of CGRP and IB4 sensory populations in
the DRG of SOD1%%** mice compared to the WT. There were no differences between groups and overtime. (C)
Representative images of DRG of WT and SOD1%%*# mice showing CGRP and IB4 sensory populations. Scale
bar: 100 um. (D) Percentage of PV+DRG sensory populations of SOD1%%*4 mice compared to the WT. There
were no differences between groups and overtime. (E) Representative images of DRG of WT and SOD16%34
mice showing PV sensory neurons. Scale bar: 100 pm. Immunofluorescence colors have been adapted to the
color-blind. 4 mice WT (black dots) and 4 mice SOD15%34 (blue triangles) were used in each group. Differences
were assessed by two-way ANOVA with post hoc analysis.

were innervated, but significant denervation of end-plates was detected already by 7 weeks and continued to
progress until time of death?’. This was paralleled by a significant decline in the amplitude of motor compound
action potentials in the same muscles found from 8 weeks of age**.

Although at advanced stages of the disease the involvement of both populations of sensory fibers labeled was
similar, initially IB4+ fibers were the most affected. Different factors may contribute to the different vulnerability
between peptidergic and non-peptidergic axons in the early stage of the disease. It is worth mentioning that
such differences are also seen after peripheral nerve damage, when IB4+ projections in the dorsal horn tend to
regress, while CGRP+ projections are less affected?®-*°. IB4 neurons lack a7-integrin, a laminin receptor essential
for optimal axonal regeneration in the peripheral nervous system, while it is expressed in CGRP and NFH (neu-
rofilament heavy-chain) neurons®. Also, cultured DRG IB4 neurons, although they respond to GDNE, exhibit
a lower neurite outgrowth compared to other sensory neuronal populations®. In line with this, although after a
peripheral nerve lesion NGF and GDNF are both upregulated®-*¢, the latter shows lower levels in the DRG***7.
In the SOD1%*A mice, GDNF mRNA expression in the hindlimb muscles is indetectable at the presymptomatic
stage, increases by the onset of motor symptoms and continues with a marked decrease overtime, while in ALS
patients GDNF mRNA expression tends to reduce in advanced muscle pathology, and the serum levels of GDNF
are markedly lower in ALS patients than in healthy subjects*®*~*’. In the skin of adult animals, GDNF and NGF are
also both expressed, but in the case of GDNF at low levels, and changes of its expression after tissue damage or
inflammation are unclear®. In contrast, NGF is clearly increased after skin injury*"*?, causing collateral axonal
sprouting and contributing to nociceptor sensitization and hyperalgesia*»*!. Therefore, it seems that although
at advanced stages both sensory fiber populations are similarly affected, intrinsic difficulties of IB4 neurons for
axonal growth and sprouting may explain their earlier susceptibility. Additional factors may be considered to
explain the reduced density of epidermal axons since, for example, SOD1°%4 have weight loss in symptomatic
stages compared to the WT*.

In addition to the IENF involvement, our findings also show a reduction of sweat gland innervation in the
SOD1%%4 mice. This observation is in correspondence with reports in ALS human patients showing involvement
of unmyelinated postganglionic sympathetic fibers and sweating deficiencies*~*®. Axons innervating the sweat
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glands show degeneration, TDP-43 accumulation, increased intracytoplasmic granules and synaptic vesicles
accumulation, in parallel to decrease of sympathetic pilomotor fibers density®*¢+.

Whereas the skin innervation showed a reduced number of IENF, affecting both peptidergic and non-pep-
tidergic fibers (present results) and also reduced innervation of Meissner corpuscles in SOD1%*4 mice’, DRG
analyses showed that different sensory populations are preserved, with only a marginal decrease of double
positive neurons (CGRP+and IB4+) at 12 weeks. These findings are in line with previous work that studied two
sensory neuron populations in the DRG of SOD1%%** mice®, and also reported no differences of nociceptive
and mechanoreceptor/proprioceptor sensory neuronal populations between the mutant mice and the WT at 30
and 100 days of age.

Additionally, regarding proprioceptors, degeneration of sensory Ia/II fibers of the muscle spindles has been
observed in SOD1¢%34 and TDP4343°T mutated mice already at presymptomatic stage®!, despite there is no loss
of proprioceptive neurons in the DRG. Therefore, the loss of distal axons with preservation of the neuronal soma
suggests that distal axonopathy is the main physiopathological mechanism involved in the sensory involvement.
A motor distal axonopathy has already been proposed based on the findings of early loss of neuromuscular junc-
tions in both animal and human ALS, before the onset of clinical symptoms, and even before motor neuron loss
in the anterior horn of the spinal cord®*->¢.

Despite there is no evidence of significant neuronal loss in the DRG of ALS mice, it has been reported the
occurrence of pathological changes such as cytoplasmic fragmentation, microvacuolization, macrophage and
microglia recruitment®” and swollen mitochondria®®. Also, SOD1 protein accumulation has been observed in
PV +neurons, but not in CGRP, IB4 and SP neurons of the SOD1%*** mouse. However, it has been described a loss
of 53% of dorsal root axons™ and signs of Wallerian degeneration®, that could be due to particular vulnerability
of the sensory axons. Other studies have confirmed sympathetic preganglionic neuronal loss in the intermediate
lateral column (IML) of the spinal cord®®®! but characteristically with preservation of sympathetic ganglion cells®2.

There is an increased amount of evidence regarding the role of axon homeostasis in the physiopathology of
ALS: from mitochondrial dysfunction, increase in the oxidative stress radicals and deficits in axonal transport.
Several genes involved in motor neuron disease in general, and in ALS in particular, are tightly involved in axonal
transport®. Indeed, in ALS mouse models, deficit in both anterograde and retrograde transport are reported as
early events®*%. Moreover, TDP-43 protein, a hallmark of both sporadic and familial forms of ALS, may affect the
axonal transport®, and can contribute to protein aggregation through axonal translational disturbances®. Despite
we cannot completely discard that the deficit of the cutaneous innervation in the SOD1%** mouse could be in
part due to distal degeneration of the thin sensory and sudomotor fibers, it seems most likely compatible with a
reduced capacity of the terminal axons to grow and mature during young age, since the values found at 4 weeks
did not increase as in WT mice. Indeed, the capability of axonal regeneration in the SOD1%%*# mouse has been
reported to be affected already in young animals, showing reduced number of regenerated fibers, slower recovery
and increased motoneuron death after sciatic nerve injury®®®. It is worth to note that regenerating axons reaching
the skin have difficulties to cross the basement membrane and few grow more than half-way in the epidermis™”".

Conclusions

In summary, we have found that sensory involvement in the SOD mouse is located in the distal part of the
axon, affecting all types of small nerve fibers, and also sympathetic sudomotor fibers. There are slight differences
in the rate of IENF reduction that could translate an intrinsic susceptibility for maintenance and growth. Fur-
thermore, analysis of peripheral axonal endings and their neuronal bodies in the DRG, confirm that while there
is a significant impairment of the distal part of the axons, their somas are preserved, suggesting a distal sensory
axonopathic mechanism, similarly to what was confirmed in the motor counterpart of the disease.

1G93A

Received: 17 December 2021; Accepted: 14 April 2022
Published online: 09 May 2022

References
1. McCombe, P. A., Wray, N. R. & Henderson, R. D. Extra-motor abnormalities in amyotrophic lateral sclerosis: Another layer of
heterogeneity. Expert Rev. Neurother. 17(6), 561-577 (2017).
. Tao, Q. Q., Wei, Q. & Wu, Z. Y. Sensory nerve disturbance in amyotrophic lateral sclerosis. Life Sci. 203, 242-245 (2018).
. Weis, J. et al. Small-fiber neuropathy in patients with ALS. Neurology 76(23), 2024-2029 (2011).
. Truini, A. et al. Small-fibre neuropathy related to bulbar and spinal-onset in patients with ALS. J. Neurol. 262(4), 1014-1018 (2015).
. Dalla Bella, E. et al. Amyotrophic lateral sclerosis causes small fiber pathology. Eur. J. Neurol. 23(2), 416-420 (2016).
. Nolano, M. et al. Non-motor involvement in amyotrophic lateral sclerosis: New insight from nerve and vessel analysis in skin
biopsy. Neuropathol. Appl. Neurobiol. 43(2), 119-132 (2017).
7. Geng, B. et al. Visualization of sensory neurons and their projections in an upper motor neuron reporter line. PLoS ONE 10(7),
€0132815 (2015).
8. Sassone, J. et al. ALS mouse model SOD1G93A displays early pathology of sensory small fibers associated to accumulation of a
neurotoxic splice variant of peripherin. Hum. Mol. Genet. 25(8), 1588-1599 (2016).
9. Rubio, M. A., Herrando-Grabulosa, M., Vilches, J. ]. & Navarro, X. Involvement of sensory innervation in the skin of SOD1G93A
ALS mice. J. Peripher. Nerv. Syst. 21, 88-95 (2016).
10. Usoskin, D. et al. Unbiased classification of sensory neuron types by large-scale single-cell RNA sequencing. Nat. Neurosci. 18(1),
145-153 (2015).
11. Le Pichon, C. E. & Chesler, A. T. The functional and anatomical dissection of somatosensory subpopulations using mouse genetics.
Front. Neuroanat. 8, 21 (2014).
12. Walters, M. C., Sonner, M. J., Myers, J. H. & Ladle, D. R. Calcium imaging of parvalbumin neurons in the dorsal root ganglia.
ENeuro. https://doi.org/10.1523/ENEURO.0349-18.2019 (2019).
13. de Nooij, J. C., Doobar, S. & Jessell, T. M. Etv1 inactivation reveals proprioceptor subclases that reflect the level of NT3 expression
in muscle targets. Neuron 77(6), 1055-1068. https://doi.org/10.1016/j.neuron.2013.01.015 (2013).

AN U W N

Scientific Reports |

(2022) 12:7600 | https://doi.org/10.1038/s41598-022-11767-8 nature portfolio


https://doi.org/10.1523/ENEURO.0349-18.2019
https://doi.org/10.1016/j.neuron.2013.01.015

www.nature.com/scientificreports/

14. Antal, M., Freund, T. . & Polgr, E. Calcium-binding proteins, parvalbumin- and calbindin-D28k-immunoreactive neurons in the
rat spinal cord and dorsal root ganglia: A light and electron microscopic study. J. Comp. Neurol. 295(3), 467-484 (1990).

15. van Rossum, D., Hanisch, U. K. & Quirion, R. Neuroanatomical localization, pharmacological characterization and functions of
CGREP, related peptides and their receptors. Neurosci. Biobehav. Rev. 21(5), 649-678 (1997).

16. Iyengar, S., Ossipov, M. H. & Johnson, K. W. The role of calcitonin gene-related peptide in peripheral and central pain mechanisms
including migraine. Pain 158(4), 543-559 (2017).

17. McCarthy, P. W. & Lawson, S. N. Differing action potential shapes in rat dorsal root ganglion neurones related to their substance
P and calcitonin gene-related peptide immunoreactivity. J. Comp. Neurol. 388(4), 541-549 (1997).

18. Lawson, S. N., McCarthy, P. W. & Prabhakar, E. Electrophysiological properties of neurones with CGRP-like immunoreactivity in
rat dorsal root ganglia. J. Comp. Neurol. 365(3), 355-366 (1996).

19. Stucky, C. L. & Lewin, G. R. Isolectin B(4)-positive and -negative nociceptors are functionally distinct. J. Neurosci. 19(15), 6497-
6505 (1999).

20. Molliver, D. C. et al. IB4-binding DRG neurons switch from NGF to GDNF dependence in early postnatal life. Neuron 19(4),
849-861 (1997).

21. Silverman, J. D. & Kruger, L. Selective neuronal glycoconjugate expression in sensory and autonomic ganglia: Relation of lectin
reactivity to peptide and enzyme markers. J. Neurocytol. 19(5), 789-801 (1990).

22. Miana-Mena, E.J. et al. Optimal methods to characterize the G93A mouse model of ALS. Amyotroph. Lateral Scler. Other Motor
Neuron Disord. 6, 55-62 (2005).

23. Mancuso, R. et al. Effect of genetic background on onset and disease progression in the SOD1%**4 model of amyotrophic lateral
sclerosis. Amyotroph. Lateral Scler. 13, 302-310 (2012).

24. Mancuso, R, Santos-Nogueira, E., Osta, R. & Navarro, X. Electrophysiological analysis of a murine model of motoneuron disease.
Clin. Neurophysiol. 122, 1660-1670 (2011).

25. Vilches, J. ]., Verdd, E., Ceballos, D. & Navarro, X. Changes in mouse sudomotor function and sweat gland innervation with aging.
Auton. Neurosci. 95, 80-87 (2002).

26. Gibbons, C. H,, Illigens, B. M., Wang, N. & Freeman, R. Quantification of sudomotor innervation: A comparison of three methods.
Muscle Nerve 42(1), 112-119 (2010).

27. Fischer, L. R. et al. Amyotrophic lateral sclerosis is a distal axonopathy: Evidence in mice and man. Exp. Neurol. 185, 232-240
(2004).

28. Bennett, D. L. et al. A distinct subgroup of small DRG cells express GDNF receptor components and GDNF is protective for these
neurons after nerve injury. J. Neurosci. 18(8), 3059-3072 (1998).

29. Bailey, A. L. & Ribeiro-da-Silva, A. Transient loss of terminals from non-peptidergic nociceptive fibers in the substantia gelatinosa
of spinal cord following chronic constriction injury of the sciatic nerve. Neuroscience 138(2), 675-690 (2006).

30. Casals-Diaz, L., Vivo, M. & Navarro, X. Nociceptive responses and spinal plastic changes of afferent C-fibers in three neuropathic
pain models induced by sciatic nerve injury in the rat. Exp. Neurol. 217, 84-95 (2009).

31. Gardiner, N. J. et al. Alpha7 integrin mediates neurite outgrowth of distinct populations of adult sensory neurons. Mol. Cell Neu-
rosci, 28(2), 229-240 (2005).

32. Leclere, P. G. et al. Impaired axonal regeneration by isolectin B4-binding dorsal root ganglion neurons in vitro. J. Neurosci. 27(5),
1190-1199 (2007).

33. Dethleffsen, K., Mérl, K. & Meyer, M. Control of local NGF mRNA synthesis by preformed factors rapidly released from peripheral
nerves. Mol. Cell Neurosci. 20(3), 503-514 (2002).

34. Funakoshi, H. et al. Differential expression of mRNAs for neurotrophins and their receptors after axotomy of the sciatic nerve. J.
Cell Biol. 123(2), 455-465 (1993).

35. Hoke, A., Cheng, C. & Zochodne, D. W. Expression of glial cell line-derived neurotrophic factor family of growth factors in
peripheral nerve injury in rats. NeuroReport 11(8), 1651-1654 (2000).

36. Hoke, A., Gordon, T., Zochodne, D. W. & Sulaiman, O. A. A decline in glial cell-line-derived neurotrophic factor expression is
associated with impaired regeneration after long-term Schwann cell denervation. Exp. Neurol. 173(1), 77-85 (2002).

37. Cobianchi, S., Casals-Diaz, L., Jaramillo, J. & Navarro, X. Differential effects of activity dependent treatments on axonal regenera-
tion and neuropathic pain after peripheral nerve injury. Exp. Neurol. 240, 157-167 (2013).

38. Yamamoto, M. et al. Expression of GDNF and GDNFR-alpha mRNAs in muscles of patients with motor neuron diseases. Neuro-
chem. Res. 24(6), 785-790 (1999).

39. Stanga, S. et al. A role for GDNF and soluble APP as biomarkers of amyotrophic lateral sclerosis pathophysiology. Front. Neurol.
9,384 (2018).

40. Botchkareva, N. V. et al. New roles for glial cell line-derived neurotrophic factor and neurturin: Involvement in hair cycle control.
Am. J. Pathol. 156(3), 1041-1053 (2000).

41. Ueda, M. et al. Nerve growth factor induces systemic hyperalgesia after thoracic burn injury in the rat. Neurosci. Lett. 328(2),
97-100 (2002).

42. Constantinou, J., Reynolds, M. L., Woolf, C. J., Safieh-Garabedian, B. & Fitzgerald, M. Nerve growth factor levels in developing
rat skin: Upregulation following skin wounding. NeuroReport 5(17), 2281-2284 (1994).

43. Diamond, ., Foerster, A., Holmes, M. & Coughlin, M. Sensory nerves in adult rats regenerate and restore sensory function to the
skin independently of endogenous NGE. J. Neurosci. 12(4), 1467-1476 (1992).

44. Reynolds, M. L. & Fitzgerald, M. Long-term sensory hyperinnervation following neonatal skin wounds. J. Comp. Neurol. 358(4),
487-498 (1995).

45. Gaja-Capdevila, N., Hernandez, N., Navarro, X. & Herrando-Grabulosa, M. Sigma-1 receptor is a pharmacological target to
promote neuroprotection in the SOD1G93A ALS mice. Front. Pharmacol. 12, 780588 (2021).

46. Ren, Y. et al. Cutaneous somatic and autonomic nerve TDP-43 deposition in amyotrophic lateral sclerosis. J. Neurol. 265(8),
1753-1763 (2018).

47. Beck, M. et al. Progressive sudomotor dysfunction in amyotrophic lateral sclerosis. J. Neurol. Neurosurg. Psychiatry 73(1), 68-70
(2002).

48. Santos-Bento, M., de Carvalho, M., Evangelista, T. & Sales Luis, M. L. Sympathetic sudomotor function and amyotrophic lateral
sclerosis. Amyotroph. Lateral Scler. Other Motor Neuron Disord. 2(2), 105-108 (2001).

49. Provinciali, L., Cangiotti, A., Tulli, D., Carboni, V. & Cinti, S. Skin abnormalities and autonomic involvement in the early stage of
amyotrophic lateral sclerosis. J. Neurol. Sci. 126(1), 54-61 (1994).

50. Sleigh, J. N. et al. Altered sensory neuron development in CMT2D mice is site-specific and linked to increased GlyRS levels. Front.
Cell Neurosci. 14, 232 (2020).

51. Vaughan, S. K., Kemp, Z., Hatzipetros, T., Vieira, E & Valdez, G. Degeneration of proprioceptive sensory nerve endings in mice
harboring amyotrophic lateral sclerosis-causing mutations. J. Comp. Neurol. 523(17), 2477-2494 (2015).

52. Fischer, L. R. et al. Amyotrophic lateral sclerosis is a distal axonopathy: Evidence in mice and man. Exp. Neurol. 185(2), 232-240
(2004).

53. Moloney, E. B., de Winter, E. & Verhaagen, J. ALS as a distal axonopathy: Molecular mechanisms affecting neuromuscular junction
stability in the presymptomatic stages of the disease. Front. Neurosci. 8, 252 (2014).

Scientific Reports|  (2022)12:7600 | https://doi.org/10.1038/s41598-022-11767-8 nature portfolio



www.nature.com/scientificreports/

54. Fischer, L. R, Li, Y., Asress, S. A, Jones, D. P. & Glass, J. D. Absence of SOD1 leads to oxidative stress in peripheral nerve and
causes a progressive distal motor axonopathy. Exp. Neurol. 233(1), 163-171 (2012).

55. Jokic, N. et al. The neurite outgrowth inhibitor Nogo-A promotes denervation in an amyotrophic lateral sclerosis model. EMBO
Rep. 7(11), 1162-1167 (2006).

56. Teng, F. Y. & Tang, B. L. Nogo-A and Nogo-66 receptor in amyotrophic lateral sclerosis. J. Cell Mol. Med. 12(4), 1199-1204 (2008).

57. Sabado, J. et al. Accumulation of misfolded SOD1 in dorsal root ganglion degenerating proprioceptive sensory neurons of trans-
genic mice with amyotrophic lateral sclerosis. Biomed. Res. Int. 2014, 852163 (2014).

58. Guo, Y. S. et al. Sensory involvement in the SOD1-G93A mouse model of amyotrophic lateral sclerosis. Exp. Mol. Med. 41(3),
140-150 (2009).

59. Fischer, L. R. et al. The WIdS gene modestly prolongs survival in the SOD1G93A fALS mouse. Neurobiol. Dis. 19(1-2), 293-300
(2005).

60. Konno, H., Yamamoto, T., Iwasaki, Y. & lizuka, H. Shy-Drager syndrome and amyotrophic lateral sclerosis. Cytoarchitectonic and
morphometric studies of sacral autonomic neurons. J. Neurol. Sci. 73(2), 193-204 (1986).

61. Kennedy, P. G. & Duchen, L. W. A quantitative study of intermediolateral column cells in motor neuron disease and the Shy-Drager
syndrome. J. Neurol. Neurosurg. Psychiatry 48(11), 1103-1106 (1985).

62. Itoh, T. et al. Phosphorylated high molecular weight neurofilament protein in the peripheral motor, sensory and sympathetic neu-
ronal perikarya: System-dependent normal variations and changes in amyotrophic lateral sclerosis and multiple system atrophy.
Acta Neuropathol. 83(3), 240-245 (1992).

63. Castellanos-Montiel, M. J., Chaineau, M. & Durcan, T. M. The neglected genes of ALS: Cytoskeletal dynamics impact synaptic
degeneration in ALS. Front. Cell Neurosci. 14, 594975 (2020).

64. Williamson, T. L. & Cleveland, D. W. Slowing of axonal transport is a very early event in the toxicity of ALS-linked SOD1 mutants
to motor neurons. Nat. Neurosci. 2(1), 50-56 (1999).

65. Bilsland, L. G. et al. Deficits in axonal transport precede ALS symptoms in vivo. Proc. Natl. Acad. Sci. U.S.A. 107(47), 20523-20528
(2010).

66. Arnold, E. S. et al. ALS-linked TDP-43 mutations produce aberrant RNA splicing and adult-onset motor neuron disease without
aggregation or loss of nuclear TDP-43. Proc. Natl. Acad. Sci. U.S.A. 110(8), E736-E745 (2013).

67. Nagano, S. et al. TDP-43 transports ribosomal protein mRNA to regulate axonal local translation in neuronal axons. Acta Neuro-
pathol. 140(5), 695-713 (2020).

68. Sharp, P. S., Dick, J. R. & Greensmith, L. The effect of peripheral nerve injury on disease progression in the SOD1(G93A) mouse
model of amyotrophic lateral sclerosis. Neuroscience 130(4), 897-910 (2005).

69. Deng, B. et al. Progressive degeneration and inhibition of peripheral nerve regeneration in the SOD1-G93A mouse model of
amyotrophic lateral sclerosis. Cell Physiol. Biochem. 46(6), 2358-2372 (2018).

70. Stankovic, N., Johansson, O. & Hildebrand, C. Occurrence of epidermal nerve endings in glabrous and hairy skin of the rat foot
after sciatic nerve regeneration. Cell Tissue Res. 284(1), 161-166 (1996).

71. Navarro, X., Verdd, E., Wendelschafer-Crabb, G. & Kennedy, W. R. Inmunohistochemical study of skin reinnervation by regenera-
tive axons. J. Comp. Neurol. 380(2), 164-174 (1997).

Author contributions

M.A.R. designed and conceptualized study; analyzed and interpreted the data; drafted the manuscript for intel-
lectual content and performed sample and clinical data collection. M.H.G. designed and conceptualized study;
analyzed the data; interpreted the data; and revised the manuscript for intellectual content. J.J.V. analyzed the
data. N.G. performed sample collection and revised the manuscript for intellectual content. X.N. designed and
conceptualized study; interpreted the data; drafted and revised the manuscript for intellectual content. All authors
have read and agreed to the published version of the manuscript.

Funding

This work was supported by project RT12018-096386-B-100 from Ministerio de Ciencia, Innovacién y Uni-
versidades and Agencia Espafiola de Investigaciéon of Spain, CIBERNED (CB06/05/1105) and TERCEL
(RD16/0011/0014) funds from the Instituto de Salud Carlos III of Spain, co-funded by European Union (ERDF/
ESE “Investing in your future”).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to X.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:7600 | https://doi.org/10.1038/s41598-022-11767-8 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Characterization of somatosensory neuron involvement in the SOD1G93A mouse model
	Materials and methods
	Transgenic SOD1G93A mice. 
	Footpad sample collection and processing. 
	Intraepidermal nerve fiber quantification. 
	Sweat gland nerve fiber density. 
	DRG sample processing and immunohistochemical procedure. 
	DRG sensory neurons quantification. 
	Data analysis. 

	Results
	Intraepidermal nerve fiber density. 
	Sweat gland innervation. 
	Dorsal root ganglion sensory populations. 

	Discussion
	Conclusions
	References


