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Abstract

Early misfolded superoxide dismutase 1 (mfSOD1) accumulation, motor neu-
ron (MN) degeneration, and microgliosis are hallmark pathological features in
SOD19%** amyotrophic lateral sclerosis (ALS) mice. Because of the different
vulnerabilities of distinct MN subtypes, degenerating and surviving MNs coex-
ist in different proportions during disease progression. By examining the
expression of misfolded conformers of SODI1 using specific antibodies, we
defined distinct MN phenotypes that were evaluated during disease progres-
sion and the local neuroinflammatory reaction. The most severe phenotype
corresponded to somata of fast-twitch subtype MNs, which exhibited highly
positive mfSOD1 immunostaining and an extreme degree of vacuolar degener-
ation. Vacuoles, which are of mitochondrial origin, contain mfSOD1 in con-
junction with nonmitochondrial proteins, such as chromogranin, CD81, and
flotillin. The fusion of ER-derived vesicles enriched in mfSODI1 with outer
mitochondrial membranes is thought to be the primary mechanism for vacuole
formation. In addition, the ulterior coalescence of enlarged mitochondria may
lead to the formation of giant vacuoles. Vacuolar degeneration is a transient
degenerative process occurring early during the presymptomatic stages of the
disease in ALS mice. Some vacuolated MNs are also positive for pMLKL,
the effector protein of necroptosis. This indicates a newly described mechanism
in which extracellular vesicles derived from damaged MNs, via cellular
secretion or necroptotic disruption, may be the triggers for initiating neu-
roinflammation, glial-mediated neurotoxicity, and disease spreading. Further-
more, as MN degeneration in mutant SOD1 mice is noncell autonomous, the
effects of experimentally increasing or decreasing the microglial response on the
expression of MIN phenotypes were also evaluated, demonstrating bidirectional
cross talk signaling between the degree of expression of mfSODI1 and local neu-
roinflammation. More detailed knowledge regarding these processes occurring
long before the end stages of the disease is necessary to identify novel molecular
targets for future preclinical testing.
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1 | INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal degenera-
tive disease primarily involving the spinal cord and brain
motor neurons (MNs), leaving muscles denervated [1].
Most ALS cases are sporadic, while 10% are familial,
and among them, 20% have been linked to mutations in
the superoxide dismutase 1 (SOD1) gene [2]. Rather than
via a loss of function, mutant SOD1 determines the ALS
phenotype via a gain of neurotoxic properties, which
includes oxidative stress, protein aggregation, mitochon-
drial dysfunction, and neuroinflammation [3]. The
SOD19%A ALS mouse model overexpresses ~25 copies
of the human gene encoding the enzyme SOD1 carrying
a mutation that causes familial ALS. Since its develop-
ment in 1994, this model has been extensively used to
investigate the pathogenic mechanisms leading to ALS
because it recapitulates many phenotypic features
observed in ALS patients [4-8].

SOD19?** mice exhibit progressive paralysis starting
at ~90 days, with death occurring at ~135 days,
depending on the genetic background. In this mutant
mouse model, the decrease in motor function occurs con-
comitantly with the development of conspicuous and
severe pathological changes that include the loss of
a-MN and reactive astrocytosis and microgliosis. MN
pathology and dysfunction progress with notable tempo-
ral reproducibility, a condition that is essential for the
correlation of data from individuals of different ages in
longitudinal studies. This has led to the demarcation of
presymptomatic (P30-P90), symptomatic (P90-P120),
and end-stage (P120 to death) periods in the time course
of the disease as a reference in many experimental studies
[8-10]. One intriguing aspect of ALS pathology is the dis-
tinct degrees of vulnerability among the different MN
groups or subtypes; for example, fast-twitch, fast-
fatigable MNs are severely affected and degenerate first,
while slow-twitch MNs are less vulnerable to ALS [11-
13]. In addition, MNs that innervate extraocular muscles
or external sphincters are considered ALS resistant
(reviewed in [12,14]). Low MN excitability is correlated
with ALS resistance [15], and y-MNs, which innervate
muscle spindles, are entirely spared from ALS pathology
[16]. After early loss of the most vulnerable MNs, axons
of the remaining MNs sprout to compensate for those
that have degenerated [17]. This means that, at a given
time, degenerating and surviving (perhaps regenerating)
MNs coexist at the spinal cord ventral horn in variable
proportions during disease progression. Thus, the
corresponding pathomorphological status of individual
MNs should be heterogeneous and dissociated from the
clinical outcome of the disease. For example, severely
damaged MNs could be present (although in a minor
proportion) at the early stages and vice versa, and some
apparently healthy MNs would be present at the end-
stage period. Given our limited knowledge regarding the
sequence of cellular events that occur during disease

progression, we attempted to categorize ALS MN
pathology at the single-cell level by establishing distinct
phenotypic patterns of damage based on the expression
of toxic forms of misfolded SOD1 (mfSODI1). MN
degeneration in mutant SOD1 mouse models is noncell-
autonomous, and the participation of adjacent cells
appears to be essential for disease pathogenesis [18-20].
For this reason, the examination of MN neuropils,
including afferent synapses, astrocytes, and microglia, in
relation to defined cell body phenotypes was included in
our analysis. A better characterization of how degenera-
tive and reactive changes are spatially and temporally
distributed will help to determine the effects of putative
therapeutic agents in preclinical assays in the SOD19934
fast mouse model of ALS. In addition, it seems that
before NM degeneration, a process of a motor axon
dying back determines an early disconnection of MNs
from their muscle targets [11,21]. The interruption of
nerve-muscle interactions also occurs in healthy animals
after peripheral nerve transection (axotomy), resulting in
a CNS response that includes glial activation around
axotomized MNs and a loss of synaptic afferents con-
tacting MN cell bodies [22-24]. Thus, the reactive
response observed in axotomized MNs may share some
common pathogenic mechanisms with ALS. However, in
contrast to what occurs in ALS, MN cell body activation
in response to peripheral nerve axotomy in adults is not
usually followed by MN death [25,26]. Instead, axotomy
triggers the expression of “regeneration-associated
genes”, shifting neurons from “transmitting” to a
“growth” mode, which provides MNs with the structural
and molecular machinery for restoration of neuromuscu-
lar connectivity [22]. Although it may be deleterious in
some respects [24,27], the glial neuroinflammatory
response in the vicinity of axotomized MNs is also con-
sidered neuroprotective [28,29]. Therefore, analyzing
afferent synapses and the glial response in axotomized
MNs in WT and mutant SOD1 genetic backgrounds may
provide new clues for understanding the mechanisms of
MN degeneration in ALS.

2 | MATERIAL AND METHODS
2.1 | Animals, surgical procedures, and
pharmacological treatments

SODI1%3*  (B6SIL-Tg[SOD1-G93A]1Gur/J) mice were
purchased from Jackson Laboratory (Sacramento, CA,
USA) and maintained as hemizygotes by breeding trans-
genic males with B6SJL females. Transgenic progeny was
identified by PCR genotyping of DNA extracted from the
tail using specific primers as previously described [30]. Age-
matched wild-type (WT) littermates of transgenic animals
were used as controls. Briefly, asymptomatic mice were con-
sidered at postnatal day (P) 0-P30, presymptomatic at P30
P60, symptomatic at P60-P90, and in end-stage at P90—
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P120 + 10 [31]. Previously described endpoint criteria were
used to minimize suffering [32]. To avoid potential bias
because of gender, only male animals were used in this
study. Mice were housed 5-6 per cage with ad libitum
access to standard laboratory chow and water under a 12-h
light/dark cycle. According to previously defined criteria
[33], mice displaying tumors or physical abnormalities were
excluded from the study and euthanized by an overdose of
pentobarbital (30 mg, intraperitoneally [i.p.]). All efforts
were made to reduce the number of animals used in agree-
ment with the European Communities Council Directive
(24 November 1986, 86/609/EEC).

All animal experimentation procedures were per-
formed according to the European Committee Council
Directive and the norms established by the Generalitat de
Catalunya (published as a law in the Diari Oficial de la
Generalitat de Catalunya 2073, 1995). All experiments
were previously evaluated and approved by the Commit-
tee for Animal Care and Use of our University of Lleida.

For axotomy experiments in young and adult (P30,
P60, and P90) mice, the unilateral sciatic nerve was trans-
ected and ligated at the femoral level in the proximal
stump to prevent spontaneous reinnervation. Animals
were anesthetized with a combination of ketamine
(100 mg/kg) and xylazine (10 mg/kg) and maintained
with inhalant anesthesia (1% isoflurane). To minimize
suffering, mice were administered postoperative analgesia
with subcutaneously injected buprenorphine (0.05 mg/
kg). Lumbar spinal cord samples were obtained 7 days
after axotomy.

For pharmacological approaches, adult mice (P60) were
used. Drug delivery regimes were based on published
reports (Saxena et al.), and the delivery protocols were as
follows: methoctramine (Sigma-Aldrich) as a daily dose for
15 days administered ip. in saline at 200 pg/keg;
oxotremorine M (Tocris Bioscience) as a daily dose for
15 days administered i.p. in saline at 30-50 pg/kg.

The colony-stimulating factor 1 receptor (CSF-1R)-
specific kinase inhibitor (PLX5622) [34] was generously
provided by Plexxikon Inc. and formulated in AIN-76
standard chow by Research Diets Inc. One-month-old
male mice were housed in a specific pathogen-free envi-
ronment and treated with 1.200 mg/kg PLX5622 in chow
for 30 days. To verify PLX5622 consumption by the
mice, their weight was monitored; no significant weight
reduction was observed.

2.2 | Tissue sample preparation, histological
analysis, and motoneuron counts

Mice were deeply anesthetized and transcardially per-
fused with physiological saline solution, followed by 4%
paraformaldehyde (PFA) in 0.1-M phosphate buffer
(PB) pH 7.4; lumbar spinal cord samples were dissected,
postfixed for 24 h at 4°C in the same fixative solution
and then transferred to 30% sucrose in 0.1-M PB
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containing 0.02% sodium azide for cryoprotection.
Transverse cryostat sections (16 pm thick) were collected
on gelatine-coated glass slides.

For MN counts, several random cryostat sections rep-
resenting the lumbar spinal cord segments (L1-L5) were
chosen and stained with Cresyl Violet. a-MNss, located in
the ventral horn, were identified by their size (soma diam-
eter >20 pm), morphology (multipolar appearance,
prominent nucleolus, and abundant Nissl granules in
cytoplasm), and topography (Rexed’s lamina 1X). MNs
were blindly quantified on one side of every second sec-
tion, according to previously described criteria (Calderd
et al.) [35]. Briefly, only MNs with a large nucleus, a visi-
ble clump of nuclear material, and a substantial intense
basophilic cytoplasm were included for quantification.
These stringent criteria do not necessarily require the use
of a correction factor for double counting. MNs pre-
senting either massive vacuolization or homogeneous
dark staining were considered degenerating cells.

2.3 | Immunocytochemistry and imaging
Cryostat sections were permeabilized with phosphate-
buffered saline (PBS) containing 0.1% Triton X-100 for
30 min, blocked with either 10% normal goat serum or
normal horse serum in PBS for 1 h at room temperature,
and then incubated overnight at 4°C with an appropriate
primary antibody mixture. The primary antibodies used
are listed in Table 1.

After washing with PBS, sections were incubated at
room temperature for 1 h with a combination of appro-
priate secondary fluorescent antibodies labeled with one
of the following fluorochromes at a 1/500 dilution: Alexa
Fluor 488, DyLight 549, or DyLight 649 (Jackson Immu-
noResearch Laboratories). Finally, the spinal cord sec-
tions were labeled with blue fluorescent NeuroTrace
Nissl staining (1:150; Molecular Probes) and mounted
using anti-fading medium containing 0.1 M Tris—-HCI
buffer (pH 8.5), 20% glycerol, 10% Mowiol, and 0.1%
1,4-diazabicyclo [2,2,2] octane.

The slides were then examined under a FluoView FV-
500 or FluoView FV-1000 Olympus laser-scanning con-
focal microscope (Olympus). MNs were imaged after
obtaining optical sections (0.5 or 1 um) of cell bodies.
For comparison, slides from different animals and experi-
mental conditions were processed in parallel for immuno-
cytochemistry and subsequent imaging. The same
scanning parameters were used for the acquisition of
images corresponding to different experimental groups.
Image analysis was performed using FV10-ASW 3.1
Viewer (Olympus) or Image] software (US National
Institutes of Health).

Immunolabeled profiles of the different protein
markers were examined and then manually counted on
the screen for each MN soma. The area and perimeter
of MN somata and both microglial and astroglial
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TABLE 1 Antibodies used for immunocytochemistry

Brain
Pathology.

Target

BiP

Clq

CD68

CDS81

Chromogranin-A

Flotillin

Glial fibrillary acidic protein (GFAP)
Ionized calcium-binding adaptor molecule 1 (Ibal)
Mac-2

MLKL (phospho S345)

MMP9

NRGI la/p 1/2

P2RY12

p62

PDH

PDI

SOD1 (AJ10) Anti-Misfolded Human SOD1

SOD1 (C4F6) Anti-Misfolded Human SOD1
Synaptophysin 1

Ubiquitin (P4D1)

Vesicular acetylcholine transporter (VAChT)

profiles covering or physically close to MNs were also
manually measured (for C1q immunolabeling, the inten-
sity of the labeling was measured and normalized using
the intensity of the background). In axotomy experi-
ments, we only analyzed cell bodies located at the Pes9
region of the lumbar 6 spinal cord segment, which corre-
sponds to the sciatic motor column [36]. The pool of
axotomized MNs was identified by their close inter-
action with recruited Ibal-stained microglial cells. The
number of synaptic boutons contacting activated
microglia in axotomized MNs was evaluated by image
analysis (ImageJ).

2.4 | Electron microscopy

Animals were perfused with either 2% PFA or 2% glutar-
aldehyde in 0.1 M PB (for conventional electron micros-
copy [EM]) or 4% PFA and 0.1% glutaraldehyde in PB
(for ultrastructural immunolabeling). Dissected tissues
were postfixed for 24 h at 4°C in the same fixative solu-
tion. The samples were sectioned at 200 pm using a
vibratome, postfixed in 1% OsOy for 2 h, and then con-
trasted with 0.5% uranyl acetate for 30 min; all proce-
dures were conducted at 4°C. Next, samples were
processed for Embed 812 (Electron Microscopy Sciences)
epoxy resin, according to standard procedures. Semithin
transverse sections (I pm thick) were stained with

Host species Source (catalog no.) Dilution
Rabbit polyclonal Abcam (ab21685) 1:1000
Rabbit monoclonal Abcam (ab182451) 1:1000
Rat monoclonal AbDserotec (MCA1957T) 1:100
Rabbit polyclonal Abcam (ab155760) 1:100
Rabbit polyclonal Santa Cruz (sc-13,090) 1:100
Rabbit polyclonal Abcam (ab41927) 1:150
Chicken polyclonal Abcam (ab4674) 1:1000
Goat polyclonal Abcam (ab5076) 1:500
Rat monoclonal Cedarlane (CL8942AP) 1:800
Rabbit monoclonal Abcam (ab196436) 1:100 (IF)
1:1000 (WB)
Goat polyclonal Sigma-Aldrich (M9570) 1:10
Rabbit polyclonal Santa Cruz (sc-348) 1:300
Rat monoclonal BioLegend (848002) 1:100
Rabbit polyclonal Cell Signaling (#5114) 1:100
Mouse monoclonal Abcam (ab110333) 1:1000
Mouse monoclonal Enzo Life sciences (ADI-SPA-891) 1:200
Rabbit polyclonal AbBcn (4251/4252) 1:1000
Mouse monoclonal MediMabs 2B Scientific (MM-00070-2-P) 1:100
Guinea pig polyclonal Synaptic Systems (101004) 1:500
Mouse monoclonal Cell Signaling (#3936) 1:100
Guinea pig polyclonal Synaptic Systems (139105) 1:500

Richardson stain and imaged using an Olympus
60x/1.4NA PlanApo oil immersion objective (Olympus)
and a DMX 1200 Nikon digital camera. Ultrathin sec-
tions were counterstained with Reynold’s lead citrate.
For postembedding immunogold analysis, lumbar
spinal cords were sectioned at 200 um using a Mcllwain
Tissue Chopper (Mickle Laboratory Engineering). After
glycerol cryoprotection, samples were rapidly plunged
into liquid propane (—184°C) cooled by liquid nitro-
gen, and processed for freeze substitution using a
Leica EM system (Leica Microsystems, Wetzlar,
Germany). Tissues were embedded in Lowicryl HM20
resin at low temperature (Electron Microscopy Sci-
ences) following a protocol similar to that described
elsewhere [37]. Ultrathin sections were collected using
an Ultracut UC6 ultramicrotome (Leica), picked up
on formvar-coated nickel grids, washed in PBS and in
50-mM glycine, and then blocked in 5% and 1%
bovine serum albumin (BSA). Sections were incubated
for 1 h with anti-mfSOD1 protein (C4F6; 1:10) at
room temperature. After being rinsed in 0.25 Tween
20, sections were blocked in 1% BSA and incubated in
12 nm gold-conjugated goat anti-mouse IgG (1:30,
Sigma-Aldrich), for 30 min at room temperature. After
washing in PBS and distilled water, sections were
counterstained with uranyl acetate and lead citrate.
All observations were performed on a JEOL JEM-
1010 transmission electron microscope (Akishima).
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2.5 | Western blot

Frozen lumbar spinal cords were fragmented and homog-
enized using an electric homogenizer (Tissue Grinder) in
ice-cold RIPA lysis buffer (50 mM Tris—-HCI [pH 7.4],
150 mM NaCl, 1-mM EDTA, 1% NP-40, 1% Na-
deoxycholate, 0.1% SDS) supplemented with protease
inhibitor (Sigma-Aldrich, cat. # P8340) and PhosSTOP
(Roche). Homogenized samples were centrifuged at
13,000 rpm for 20 min at 4°C. The protein concentrations
of supernatants were determined by BIO-RAD Micro
DC protein assay (BIO-RAD, Laboratories Inc.).
Laemmli sample buffer (4x) and 30 pg of protein were
loaded in a 10% polyacrylamide electrophoresis gel. Pro-
teins were electrotransferred to polyvinyldifluoride mem-
branes (ImmobilonTM-P, Millipore) in Tris-glycine-
methanol-buffered solution. Membranes were blocked in
5% BSA in 0.1% Tween 20 and Tris-buffered saline pH 8
(TBST) for 1 h at RT and then extensively washed in
TBST. Immunodetection was performed by incubating
the membranes overnight at 4°C with rabbit monoclonal
anti-pMLKL (1:1000, Abcam, cat. # abl196436) and
mouse monoclonal anti-actin (1:5000, Sigma-Aldrich,
cat. # A5441), the latter used for loading controls. Mem-
branes were washed in TBST and incubated with the
appropriate peroxidase-conjugated secondary antibodies
(1:20,000; Cell Signaling, cat. # 7076) for 60 min at RT,
washed in TBST, and visualized using the ECL Prime
Western blotting Detection Reagent detection kit
(GE Healthcare), as described by the manufacturer.
Quantification of band densities was performed using a
Chemi-Doc MP Imaging System (BIO-RAD Laborato-
ries Inc.).

2.6 | Statistical analysis

Data are expressed as means + SEM. The statistical
analysis was assessed and performed using Student’s z-
test or by one- or two-way analysis of variance
(ANOVA), followed by post hoc Bonferroni’s test. The
level of significance was established at p < 0.05. Gra-
phPad Prism 6 software was used for statistical analysis
and graphical presentations of data.

3|

3.1 | Three patterns of MN pathology
established based on the accumulation of
misfolded SOD1¢%34

RESULTS

The accumulation of mfSOD1 is a hallmark feature of
spinal cord pathology in mutant SODI1-mediated ALS
animal models. mfSODI1 can be detected by conforma-
tional-specific antibodies that are able to distinguish this
form of SODI1 from those with a native conformation

[38-47]. Because of its neurotoxicity, mfSODI is a key ele-
ment in the pathogenesis of SOD1-mediated familial ALS
[48], and it has been suggested that mfSOD1 may play a role
in sporadic ALS when wild-type SOD1 adopts a “toxic con-
formation”  through  posttranslational — modifications
[38,42,43,49,50]. Thus, the evaluation of SODI expression
by means of antibodies such as C4F6 or AJ10 [39,46,47] in
individual MNs may provide a valuable readout of their
pathologic status [15]. For this purpose, after analyzing
mfSOD1 immunostaining, we defined three distinct patterns
of its distribution in spinal cord sections in SOD1°%** mice,
which were categorized as follows (see Figure 1A-H):
(1) absence or very low levels of mfSOD1-positive immuno-
reactivity (phenotype 1); (i) scattered mfSODI1-positive
specks in the ventral horn surrounding MN cell bodies
largely devoid of mfSODI labeling (phenotype 2); and
(i) MN cell bodies showing highly positive mfSOD1 immu-
nostaining (phenotype 3). Mitochondria have been identified
as a primary target of mfSODI in the spinal cord [51,52].
Translocation of mutant SOD1 to mitochondria results in
swelling and ulterior massive vacuolization, which were
widely detected under EM but were also identifiable using
light microscopy, particularly in semithin sections [53-55].
As shown in Figure 1B,D,F.H-N and Figure S1, we
observed these vacuolated MNs in a pattern that coincides
with that described in previous reports [21,56-58]. This type
of degeneration allowed us to perform a correlation between
the abovementioned mfSOD1-based phenotypes and the cel-
lular structure: (i) in phenotype 1, vacuolar degeneration is
scarce or absent; (i) in phenotype 2, vacuolar degeneration
is conspicuous and primarily delimited to MN dendrites and
axons; (iii) in phenotype 3, vacuolar degeneration is also
extensive within MN somas. EM observations indicated that
vacuolar degeneration originated from both massive mito-
chondrial swelling and endoplasmic reticulum (ER) vesicu-
lar fragmentation (Figure 1I-N and Figure S1). The
quantitative evaluation of the amount of mfSOD1 immuno-
reactive deposits in MN cell bodies in relation to the
described phenotypes is shown in Figure 2A.

A longitudinal analysis of mfSOD1 during the time
course of the disease revealed a gradual decrease of
mfSODI1 during its progression from P60 (Figure 2B).
The age-related distribution of the three MN phenotypes
is shown in Figure 2C; phenotype 2 was highly predomi-
nant at P30, whereas phenotype 3 appeared at approxi-
mately P60 and extended until the end stages of disease.
Most of the phenotype 3 MNs disappeared during a time
interval ranging from P90 to end stage, a period in which
MN loss reached its maximum concomitantly with MN
degeneration (Figure 2D,E). In concordance with pheno-
type 2, ultrastructural examination at P30 showed mito-
chondrial vacuolar degeneration restricted to MN
processes (dendrites and axons), with only minimal
changes detectable in MN somata. These alterations con-
sisted of a focal enlargement of the mitochondrial inter-
membrane space and early vacuolar changes in the ER
(Figure 3A-D). These data are in agreement with those
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FIGURE 1

MN phenotypes in SOD1%%* mice based on mfSOD1 immunostaining. (A, C, E, G) mfSODI signal (red) is depicted combined

with Nissl-staining (blue) as indicated. mfSOD -immunostaining was negative in WT, and absent or very low in phenotype 1 MNs (A, C), but
predominates in ventral horn neuropil (circled in E) and MN somata (G) in phenotypes 2 and 3. The mfSOD1 phenotypes are correlated with MN
vacuolar changes in semithin sections (B, D, F, H): Vacuoles are absent in WT and type 1 phenotype (B, D), abundant in the neuropil in the type

2 phenotype (F), and extended to the soma in the type 3 phenotype (H). Note the absence of changes in nuclear morphology. (I-N) Ultrastructure of
vacuolar degeneration in p60 SOD19°3 MNs (I-K) vs. control WT MNs (L-N), showing images of dendrites (I and L) and somata (J and M).
Equivalent regions in semithin sections are indicated by arrows. The mitochondrial origin of vacuoles in dendrites is shown in (I). The cytoplasm of
the dendrite (green) is largely occupied by swollen mitochondria (M, red) with a huge expansion of the outer mitochondrial membrane. Comparison
to the ultrastructure of a dendrite seen in a control animal (L, green) containing several normal mitochondria (m) and receiving several axodendritic
synaptic contacts filled by synaptic vesicles (sy, blue). Synaptic contacts are not observed in the vacuolated dendrite, which is covered by glial
processes identified by the absence of clustered synaptic vesicles and the presence of bundles of intermediate filaments (As). The ultrastructure of
vacuolated MN somata is shown in (J) and detailed in (K). Equivalent areas taken from control MNs are depicted in (M, N). MNs undergoing
vacuolar degeneration (v), displaying fragmentation of the endoplasmic reticulum (er) and enlargement of mitochondrial intermembrane space (m).
Remarkably, chromatin ultrastructure (N, violet) remains intact in vacuolated MNs (I, M). All images were taken from P60-P90 asymptomatic or
early symptomatic animals. Scale bars: (A) = 20 pm (valid for C, E, G); (B) = 20 pm (valid for D, F, H); (I) = 1 pm (valid for L); (M) = 2.5 pm

(valid for J); (N) = 1 pm (valid for K).

that were previously reported [56-60]. In addition, some
MNs occasionally exhibited massive fragmentation of
their ER into individual vesicles, likely reflecting
sustained ER stress and intracellular calcium homeostasis
disturbance prior to overt neuronal degeneration and
death (Figure S1E,F). Although the MN type 3 phenotype

corresponded to severe cellular damage, chromatin con-
densation was never seen in these neurons (see
Figure 1G,H,J,M, and Nissl channel in Figures 5 and 6).
In addition, as expected, MN cell bodies with the type
3 phenotype did not display a positive signal for activated
caspase 3, confirming the lack of apoptotic machinery



MISFOLDED SOD1 PATHOLOGY IN ALS MICE

SOD1 G93A

(A) - B) _
g 30 2\‘120
>
o 20 g-
g g 10
c )
- 10 =
a g 5
[e] n
[72]) -4
"é E 0
WT P30 P60 P90 ES
(D)
c 151
L
.
g ns ns %%
7}
» 104
r4
=
£ 5
©
o
<
* 0-

WT P30 P60 P90 ES

SOD1 G93A

Brain 7 of 26
P<:1‘rhologyJ—o

d

S
B0m
WN =

MN phenotype
frequency (%)
o
o

WT P30 P60 P90 ES

0.6+

0.44

0.24

# degenerating MNs/section

0.04——
WT P30P60P90 ES

SOD1 G93A

FIGURE 2 mfSODI expression, MN phenotypes, and MN death in SOD19?*4 mice. (A, B) quantification of mfSOD]1 in the MN somata (A) in
WT and in the three defined mfSOD]1 phenotypes in SOD1%?*4 mice; (B) the same quantification was performed within ventral horn neuropil in

relation to the age-related disease progression (C) quantification of the abundance of the three mfSOD1 MN phenotypes in the ventral horn from WT
and in SOD19?3* at distinct stages of ALS progression (ES = end-stage). (D, E) evaluation of the numbers of healthy (D) and degenerating (E) MNs

in Nissl-stained spinal cord sections of WT and ALS at distinct ages of progression in SOD

19234 mice. Data in the graph are shown as the

mean + SEM from either 307 MNs or from 17 sections of ventral horn neuropil (z = 3 animals per group) in (A and B). (C) Total MNs from 15 to
18 spinal cord sections (n = 3 animals per group) were evaluated. ***p < 0.001; ****p < 0.0001; #p<0.05; ##p<0.005; ###p< 0.001; ####p<0.0001
(# refered to WT), one-way analysis of variance (ANOVA), Bonferroni’s post hoc test.

activation in these cells (not shown). The ultrastructural
morphology of these highly vacuolated MNs fit well in
the concept of paraptosis, in which cytoplasmic vacuola-
tion arising from altered mitochondria and/or ER are key
features [61,62]. The maximal rise in the emergence of the
type 3 phenotype appears between P30 and P90. In this
time interval, moderate but sustained MN loss occurred,
indicating that MNs with elevated mfSOD1 accumula-
tion died notably during presymptomatic or early
symptomatic stages of the disease (Figure 2B-E).
Coimmunostaining of mfSOD1 with MMP9 showed that
MNs with vacuolar degeneration correspond to the ALS-
vulnerable MN subtype (Figure S2A); [63]. The type 3 phe-
notype was further analyzed by colocalizing mfSOD1 with
the mitochondrial and ER markers, showing that mfSODI1
accumulated in large vacuoles of mitochondrial origin and
did not share any compartmentation with the ER sub-
compartments enriched in PDI or BiP (Figure 3K,L) and
Figure S2B,C). These EM observations suggested that
enlargement of vacuoles of mitochondrial origin occurs
because of coalescence of several smaller-sized membrane-
bound elements, leading to the generation of large vacuoles
with highly expanded intermembrane mitochondrial space.
In this way, very large vacuoles (5-10 um in diameter [-
Figure 3F-J, and Figure S1]) can be formed. The
multimitochondrial origin of these giant vacuoles can be
observed by the presence of segregated elements of internal
mitochondrial membrane complexes clustered in a restricted

location close to the external vacuolar membrane (Figure
3G). A more precise localization of mfSOD1 was observed
on P60 MNs of SOD19%** mice at the ultrastructural level
using the C4F6 antibody and postembedding immunogold
labeling (Figure 4A-F). A very clear association of gold
particles with medium-sized and large vacuoles present in
the soma of MNs displaying the type 3 phenotype was
observed. Interestingly, altered but still nonvacuolated mito-
chondria that were intermixed with vacuoles were devoid
of labeling. Mitochondrial-derived vacuoles with largely
expanded outer mitochondrial membranes are abun-
dantly present in the soma and in the processes of MNs
with type 2 and type 3 phenotypes. In these vacuoles,
intense C4F6 immunolabeling was found in the lumen
of the vacuole but not in association with remnants of
inner mitochondrial membranes that reside, often clus-
tered, at the periphery of the vacuole. In the lumen of
the vacuole, gold particles were associated with dis-
persed material, presumably corresponding to amor-
phous protein aggregates (Figure 4G). The mfSODI
accumulation in medium-sized vacuolar structures
(~250 nm) was apparently unrelated to mitochondria,
and the absence of labeling in the mitochondria not
associated with vacuoles validates our proposal on the
biogenesis of large mitochondrial-derived vacuoles from
cycles of fusion of mfSOD1-enriched membrane vesicles
with the outer mitochondrial membrane and its conse-
quent expansion (Figure 4H).
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FIGURE 3 Vacuolar degeneration in SOD1%%** MNs. (A, B) low magnification of an EM view of WT and p30 SOD1%”** MN somata showing
early vacuolar changes (arrows); MN soma cytoplasms, nuclei, and afferent synapses are dashed in red, blue, and green, respectively (N, nuclei; ER,
endoplasmic reticulum; G, Golgi; m, mitochondria; Sy, afferent synapses). (C—E) details of the mitochondrial ultrastructure within MN somata from WT
(P30) and SOD19%*A (P30 and P60 as indicated) mice are shown. Note the early swelling of the mitochondrial matrix within the inner mitochondrial
membranes in conjunction with early cytoplasmic vacuolization (*) at P30 (D) and its progression, reaching massive vacuolization, with enlargement of the
intermembrane space observed at P60 (E). (F) An example of coalescence and fusion of vacuoles seen at P60 is shown (arrow). Swollen remnants of the
inner mitochondrial membrane can also be seen (dashed in blue). (G) A giant dendritic vacuole, presumably generated by the fusion of several smaller-sized
mitochondria-derived vacuoles originating a single large vacuole, is shown displaying several units of inner membrane complexes clustered at the periphery
of the vacuole (blue dashed line). (I,J) frequency distribution histograms of vacuole size measured in P30 and P60 transgenic mouse MN somata; data were
taken from two animals of each age. (J) Pattern of immunocytochemical labeling of the mitochondrial marker PDH in WT and P60 SOD1%%*4 mice.

(K) MNs displaying prominent vacuolar changes in mutant mice were quantified and shown in a frequency distribution histogram of the diameter of PDH-
positive mitochondrial profiles (mean &= SEM: WT = 1.36 + 1.28, n = 193 particles in 7 MNs; SOD19%*A = 1,67 + 0.73, n = 514 particles in 19 MNs);

» <0.0001 Student’s #-test. Scale bars: (A, B, F, G) =2 ym; (C-E) = 1 pm; (J) = 20 pm.
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FIGURE 4 Immunoelectron microscopic localization of mfSOD1 on MNs undergoing vacuolar degeneration from P60 SOD1%*4 mice.
Immunolabeling was visualized using a secondary antibody coupled to 12 nm gold particles. (A, B) an MN soma (shaded in red) filled with medium-
sized vacuoles (V) displaying intense immunogold labeling (detailed in b with encircled gold particles). Some altered mitochondria intermixed with the
vacuoles (m, shaded in blue) and were devoid of labeling. A synaptic Bouton terminal (Sy) afferent to an MN soma was observed free of labeling.
(C) Large mitochondrial-derived vacuole showing an extension of the outer mitochondrial membrane with the corresponding expansion of the
intermembrane space. The lumen of the vacuole displays intense mfSOD1 immunolabeling, but the remnants of inner mitochondrial membrane
complexes (*) are not labeled. (D) Enlargement of the area delimited in (C) with encircled gold particles. (E) Mitochondria-derived vacuole
accumulated in an MN axon displaying characteristic identical labeling as described in (C). (F) Initial steps of biogenesis of mitochondrial-derived
vacuoles showing the early expansion of the outer mitochondrial membrane that displays positive C4F6 labeling (encircled gold particles). (G) High
magnification detail of C4F6 immunolabeling in the lumen of an MN vacuole. Gold particles are associated with an amorphous, presumably
proteinaceous, material. (H) Quantification of immunogold labeling density observed at the distinct subcellular compartments. Within the vacuolar
compartment, the intermembrane mitochondrial space (IMMS) and internal mitochondrial complexes (IMMC) were analyzed separately. MIT is the
number of mitochondria within vacuolated MNs but outside the vacuoles, and BKG represents the background signal. ****p < 0.0001, one-way
analysis of variance (ANOVA), Bonferroni’s post hoc test (IMMS bar vs any other). Scale bar: (A) = 500 nm; (B) = 250 nm (valid for C-F);

(G) = 100 nm.
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We hypothesized that the ultimate fate of vacuoles
massively accumulating in degenerating MNs should be
their release to the extracellular space in the form of
extracellular vesicles (EVs). For this reason, we further
explored the distribution of additional markers in vacuo-
lated and mfSOD1-enriched MNs (Figure 5SA-G). Strong
positive immunoreactivity for chromogranin (Chrg) was
observed in the lumen of many, but not all, large cyto-
plasmic vacuoles in MNs with the type 3 phenotype but
not in WT MNs (Figure SH). Chrg+ granules also dis-
played positive signals for mfSOD1 and PDH
(Figures SE and 6A). Chrg is a protein found in secretory
vesicles in neurons and neuroendocrine cell systems. It
has been reported that Chrg interacts with mutant SODI,
which is abnormally secreted at the extracellular space in
ALS [64]. Our data on the colocalization of mutant

mfSOD1

FIGURE 5 Immunocyto-
chemical characterization of MN
vacuolar degeneration. (A, B) in low
magnification images of the whole
spinal cord, a scarce number of
neurons displaying strong mfSOD1
are seen located at the ventral horn
(B). In the enlarged insets (delimited
in B), a detail of a mfSOD1-positive
MN showing its associated vacuolar
degeneration is evidenced after Nissl
costaining (C, D). (E-I) MNs
displaying high immunoreactivity to
mfSODI using a C4F6 antibody (red)
were coimmunostained with several
antibodies as indicated (green).
Samples were taken from P60
SOD19%* or WT mice and
counterstained with Nissl (gray). In
each row, the details of mSODI1 (red)
and the corresponding protein signal
are depicted in separate channels, and
merged images are shown in the
insets. Scale bars: (B) = 500 pm; (C,
I) = 20 pm (valid for the rest of the
panels, except insets).

SOD1 with Chrg agree with this previous report, and its
coexistence with a mitochondrial protein marker indi-
cates heterogeneity with respect to the vacuole origin and
contents. Moreover, highly positive CD81 immunoreac-
tivity was observed in association with large cytoplasmic
vacuoles, contrasting with the fine punctate pattern of
CDS81 observed in WT MNs (Figure SF,I). CDS81 is a
member of the tetraspanin family of proteins that is
enriched in EVs or exosomes [65], including those of neu-
ronal origin [66]. However, other members of the tetra-
spanin family, such as CD9 or CD63, were not found in
MN vacuoles in a similar way to that described in some
EV subtypes [65]. A positive signal for flotillin, another
well-established EV marker, was also detected in relation
to MN vacuolar degeneration (Figure 5G). In addition, some
of these paraptotic-like MNs contained pMLKL-positive
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FIGURE 6 mfSODI-
containing vacuoles share
positivity for PDH and for
nonmitochondrial proteins such as
Chrg and CDSI. (A) Chrg
immunostaining (green) was
combined with mfSOD1 labeling
by means of the C4F6 antibody
(red) in vacuolated P60 MNs from
SOD1%%4 mice (gray). In the
enlarged panels, a detail of the
area delimited in (A) is shown
below, together with the pixel
intensity profile of both channels
along the indicated line. (B) CD81
immunostaining (green) was
combined with the mitochondrial
protein marker PDH (red) in
vacuolated P60 MN from
SOD1%%34 mice (gray). In the
enlarged panels, a detail of the
area delimited in (B) is shown
below, together with the pixel
intensity profile of both channels
along the indicated line. Scale bar:
(A) = 20 pm (valid for the rest of
the panels, except insets).

Nissl

granules, suggesting that a mechanism of membrane rup-
ture, as occurs during the execution of necroptotic cell
death [67], may be activated in vacuolated MNs. Con-
versely, MNs with low levels of mfSOD1 did not contain
pPMLKL-positive particles (Figure 7A-I). This suggests
that the final fate of vacuolated MNs is membrane dis-
ruption with a massive release of necroptotic-like vesicles.
Western blot analysis of pMLKL protein revealed clear
upregulation in spinal cord extracts at the end stage of
disease but not before (Figure 7J,K and Figure S3). The
scarce representation of protein in the whole spinal cord
at P60-90 likely made it only detectable by immunocyto-
chemistry at these earlier stages. Many vacuoles con-
taining either Chrg or CDS81 also showed a positive
signal for the mitochondrial marker PDH (Figure 6A,B).
This aberrant localization of nonmitochondrial proteins
into  mitochondrial compartments  reflects  the
multiorganelle origin of vacuoles generated by coales-
cence and fusion of a variety of membrane-bound ele-
ments, as suggested after EM examination. Notably, EVs
of mitochondrial origin (mitovesicles) have been recently

Brain 11 of 26
Po‘rhologyJ—o

merge

n
o
o

pixel intensity
-
o
=3

0
0 2 4 6 8
(distance) um

pixel intensity
o a
(3 o (3]
o o o

o

0123 4
(distance) pm

described in the brain; these vesicles share EV markers
with mitochondrial proteins [68]. In agreement with
Rudnick et al. [69], we also observed p62-positive round
bodies that were highly homogeneous in size
(2.94 + 0.06 pm of diameter, n = 72 + SEM) in some
vacuolated, mfSOD1-positive MNs, indicating that the
dysregulation of autophagy also exists in these early
degenerating MNs (Figure 8A,B). Although these MNs
corresponded to the type 3 phenotype, the p62-positive
round inclusions did not correspond to aggregates of
mfSOD1 (Figure 8A); rather, they were enriched in
ubiquitinated proteins (Figure 8C). In contrast to the
round bodies, p62-positive skein-like inclusions were also
observed in scarce p60 ventral horn neurons that were
negative for mfSOD1 (Figure 8A). These results are in
concordance with those previously reported [69]. We
additionally observed that p62-positive round inclusions
in vacuolated MNss are, in fact, mitochondria that display
a p62-positive coat (Figure 8D). This is consistent with
the role of p62 in the ubiquitination of mitochondrial
proteins during mitophagy [70].
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FIGURE 7 Association of necroptotic vesicles with MNs displaying mfSOD1 accumulation and vacuolar degeneration. (A) Three MN cell
bodies were delimited by their afferent synaptic boutons (synaptophysin immunostaining, gray) and numbered in a ventral horn of P60 transgenic
mice. (B) Immunolabeling for mfSOD1 (red) shows a variable signal among these MNs ranging from high (1 and 3) and low (2) intensity.

(C) Coimmunostaining for pMLKL demonstrates the accumulation of necroptotic vesicles in MNs 1 and 3, which are enriched in mfSODI1 but not in
MNSs 2, in which the mfSODI signal is faint. (D) A merged three-channel image is depicted. (E) the intensity of mfSODI and pMLKL immunoreactivity
was measured in the soma of 106 MNs (1 = 4; P60-P90 SOD1%°** animals) and individually plotted in the graph. (F) The whole analyzed MN population
was further divided into three groups for assessing their pMLKL in relation to the mfSOD1 content; the groups represent low (0-5), middle (5-20), and
high (>20) mfSOD!1 according to the intensity of their immunoreactive signal in arbitrary units (au). (G-I) an example of pMLKL immunoreaction (green)
on a MN soma from WT (G) or P60 SOD1%°3* MNs with high mfSODI1 content (red) representing type 3 phenotype (H and I); note that pMLKL vesicles
are absent in (H) but present (I), suggesting that necroptosis is the ultimate fate of MNs once mfSOD1 accumulation occurs. pMLK L-immunoreactivity
within the nucleus was not evaluated as a marker of necroptosis as it was also seen in WT (G). *p < 0.05, one-way ANOVA, Bonferroni’s post hoc test. (J,
K) Western blot analysis of pMLKL in spinal cord extracts of WT and transgenic mice at different age points as indicated (ES = end-stage). Densitometric
quantification is also shown in (K) after measurements performed in three independent experiments on three animals at each point. ****p < (0.0001, one-
way ANOVA, Bonferroni’s post hoc test (ES bar vs any other). Scale bars = 10 pm.

Overall, our data on the immunocytochemistry of  sharing positivity for mfSOD1, PDH, Chrg, CD&81, and
MN vacuolar inclusions allow the discrimination of three  flotillin, which are the most abundant and highly variable
subtypes of inclusions in vacuolated MNs: (i) those in size; (i) those that were p62- and ubiquitin-positive but
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FIGURE 8 Mitophagic .
Nissl merge

nature of a subset of
mitochondrial-derived inclusions
observed in MNs undergoing
vacuolar degeneration. (A) p62
immunostaining (green) was
visualized in conjunction with
mfSODI1 (red) and fluorescent
Nissl staining (gray) in two
delimited MNs (1 and 2) from P60
SOD1°%*A mice, revealing two
types of inclusions: (1) skein-like

in an MN negative for mfSOD1 2507 — mfSOD1
and (2) round bodies in an MN >200{ ~ p62
positive for mfSODI. (B) An g 150

enlarged image of p62-positive 2

round inclusions in MN 1 is é 100

depicted in conjunction with the 2 50

mfSOD1, together with a pixel
intensity profile along the
indicated line. Note the absence of
mfSODI1 enrichment in the
p62-positive round inclusion;. (C)
p62-positive inclusion (green) in
conjunction with ubiquitin
immunostaining (red) and a pixel
intensity profile along the
represented line are shown.

(D) Round p62-positive inclusions
(green) display positivity for the
mitochondrial marker PDH (red)
in a P60 SOD199** MN
undergoing vacuolar degeneration, S rge
as shown after Nissl staining A

(gray). An enlargement of the
delimited area is depicted below,
including a pixel intensity profile
along the indicated line in a
selected mitochondrion outlined
by p62, which is indicative of
mitophagy. (E) CD81, p62, and
pMLKL (green) profiles seen in
SOD1%%4 MNs undergoing
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mfSOD1-negative, exhibiting remarkable size and shape
equality; and (iii) those displaying pMLKL positivity, pre-
sumably representing necroptotic vesicles (Figure 8E).

Thus, the significant (~60%) reduction of the type 3
phenotype at the end stage is a consequence of the mas-
sive MN cell death that takes place once symptomatol-
ogy has started after P90 (Figure 2D). This indicates that
ALS-resistant MNs, which still remain at the end stages
of the disease, do not accumulate particularly large
amounts of mfSODI1. Importantly, the scarcity of the
type 3 phenotype at end stages did not indicate a reduc-
tion in neuronal death. Conversely, as MN death is maxi-
mal in this period, the phenotype of dying neurons did
not imply mfSOD1 accumulation associated with vacuo-
lar morphology. Instead, most degenerating MNs seen in
the ventral horn at end-stages displayed disorganization
of the normal intracellular organelle architecture, with a
marked ER disassembly, altered Golgi network, and
prominent accumulation of presumably small transport
vesicles (Figure S4A,B); these vesicles are clearly distinct
in size and shape from those described in phenotype
3 MNs. In addition, in degenerating MNs of terminal
animals, almost none of the mitochondria displayed mas-
sive vacuolar degeneration, greatly contrasting with the
MN type 3 phenotype. Other MNs at the end stage dis-
played complete organelle disruption and amorphous
intracellular inclusions, which corresponded to large pro-
tein aggregates (Figure S4C). Overall, these results indi-
cate the coexistence of a diversity of mechanisms of
neuronal death during ALS progression.

rain
Pathology.

3.2 | Synaptic inputs to MNs and mfSOD1
accumulation

Alterations in synaptic inputs and MN excitability have
been reported as early events in ALS [15,57,58,71-78]. By
examining the density of synaptic terminals on MN cell
bodies using synaptophysin immunolabeling, we did not
observe any significant change between SOD17*A and WT
animals at P60 (synaptic puncta/100 pm MN perimeter:
WT = 102.1 + 1.55, SOD1°*** = 106.1 + 1.39 [mean
+ SEM]; n = 299 and 383 MN:s, respectively, from three
animals per condition; p > 0.05). However, a significant loss
of afferent axosomatic synapses was detected in SOD19%%
mice when the analysis was restricted to MNs displaying
the type 3 phenotype with extensive vacuolization and
mfSODI1 accumulation (Figure S5): synaptic punc-
ta/100 pm MN soma perimeter: SOD19%** MNs with type
3 phenotype = 91.01 £ 2.3 vs. the entire population of
SOD19%*A MNs = 106.1 &+ 1.39 [mean + SEM], p <
0.0001; n» = 147 MNs from three animals. However, it
appeared that the activity of afferent inputs on SOD19%%
MNs underwent more widespread changes, which were
reflected by alterations in the ultrastructural organization of
presynaptic organelles (Figure S6A-D). Indeed, the density
of small (<100 nm) vesicles contained within afferent

synaptic boutons on MNs was markedly reduced at P60 but
not at P30 in SOD1**”* mice (Figure S6E). This vesicle
depletion occurred irrespective of the S (excitatory) or F
(inhibitory) synaptic type [79]. In addition, many synaptic
terminals at P60 contained an abnormal accumulation
of large endosome-like vacuoles (> 100 nm in diameter),
which presumably indicates altered synaptic vesicle recycling
because of  dysregulated neurotransmitter  release
(Figure S6C,F). Pioneering studies on the relationship
between synaptic structure and function have shown that
increased synaptic activity results in the accumulation of
complex vesicles and presynaptic endocytic structures gener-
ated as a consequence of the blockade of the vesicle recycling
process [80-83].

The ultrastructure of presynaptic boutons in advanced
stages of the disease displayed extreme degenerative changes
and presynaptic membrane disruption with the release of
vesicular structures into the extracellular space (Figure
S6D). Similar changes have been reported to occur in acute
degeneration of synaptic terminals in axotomized MNs and
involve activation of the necroptotic pathway [24].

Regulation of MN excitability particularly depends on
the activity of cholinergic C-type synapses (C-boutons)
through a decrease in the after-hyperpolarization potential
[84]. Although controversial [85], changes in C-bouton size
or density have been reported in ALS [15,86-91]. Using dou-
ble immunolabeling for VAChT and NRG], the pre- and
postsynaptic compartments of C-type synapses can be del-
imited [92,93], and their changes in relation to the already
defined misfolded SOD19%** MN phenotypes can be exam-
ined. After coimmunostaining with anti-mfSOD1 anti-
bodies, we found that quantitative alterations in VAChT
were observed in MNs exhibiting the type 2 and 3 pheno-
types, whereas postsynaptic organization, visualized by
NRGI labeling, shows a tendency to be altered in the less
severe phenotype and, more clearly, in early stages of disease
(Figure 9A,B); this change, however, did not reach statistical
significance. NRG1 is a protein coclustered with other mole-
cules forming part of the signaling complex associated with
the subsynaptic cistern of C-boutons [92,94,95].

It should be noted that in M NS at early stages of disease
(P30) or in those exhibiting middle severity alteration (type
2 phenotype), presynaptic VAChT-positive C-bouton termi-
nals are moderately, but significantly, enlarged in SOD19%*#
animals. This is consistent with previously reported findings
[15,87,89.91]. Thus, alterations in C-bouton signaling may
be relevant for determining MN dysfunction prior to cell
death. For this reason, we analyzed the impact of a pharma-
cological intervention on C-bouton signaling on mfSODI1
accumulation in MNs. We applied treatments with the M2
muscarinic cholinergic receptor agonist oxotremorine or
antagonist methoctramine, according to established proto-
cols [15]. The effects of these drugs on the expression of
mfSOD1 and C-bouton morphological parameters were
examined after 15days of treatment started on p60
(Figure 9C). Methoctramine significantly promoted the
expression of mfSOD1 in the ventral horn. Both treatments
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FIGURE 9 C-type synaptic boutons and mfSODI MN phenotypes in SOD1°%*4 mice. (A) C-type synapses in MN somata (delimited by a line
drawn on a not shown Nissl image) were analyzed after labeling their postsynaptic and presynaptic compartments to visualize NRG1 (green) and
VACHT (red), respectively, in WT and P60 SOD1Y%*4, as indicated. C-Bouton imaging was merged with mfSOD1 immunostaining (gray) to identify
the three MN phenotypes. (B) Changes in the size of pre- and postsynaptic components of C-boutons evaluated at distinct disease ages in relation to
MN mfSODI1 phenotypes vs control. (C) Effects of treatments with the M2 muscarinic cholinergic receptor agonist (oxotremorine, 0x) or antagonist
(methoctramine, meth) of P60 SOD19%*4 mice on the expression of mfSOD1 and C-Bouton size 15 days after treatment. Sample sizes were as
follows: WT, n = 193; SOD1%%3* n = 219; ox, n = 167; meth, n = 202; n = synapse number s from 3 animals. One-way ANOVA: p < 0.0001, ox
vs. control; p < 0.01, meth vs. control data for presynaptic C-Bouton density were as follows: WT, n = 37; SOD19%3* ;= 59; ox, n = 46; meth,

n = 24 VAChT-positive puncta/100 pm?%; n = number of MNs from 3 animals. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way
ANOVA, Bonferroni’s post hoc test. Scale bar: (A) = 20 pm.

resulted in a similar effect, increasing the number and size of ~ [10,96-101]. Microglial activation results in cell prolifer-

VAChT-positive C-bouton terminals. Similar changes were  ation and phenotype switching from a protective anti-

found in the size of NRG1 spots, representing the postsyn- inflammatory state to a neurotoxic state exhibiting pro-

aptic side of C-boutons; however, no changes were observed inflammatory features [102,103]. Microgliosis is particu-

in the density of NRG1 spots on MN somata after these larly prominent at advanced stages of disease but has

treatments. also been detected presymptomatically either by histo-
logical analysis or by molecular signature [104,105].

The extent of astrogliosis and microgliosis in relation

3.3 | Glial responses and mfSOD1 to mfSODI1 expression in the spinal cord ventral horn

accumulation was analyzed in SOD1°%** mice during disease progres-

sion. This was accomplished after triple fluorescent

A critical aspect of ALS pathology is glial activation, immunolabeling for GFAP, Ibal, and C4F6. All markers

which affects the onset and progression of disease showed a progressive and parallel rise, indicative of both
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FIGURE 10 Phenotypic characterization of microgliosis during disease progression and its relation to the mfSOD1 MN phenotypes. (A, B) As
an index of global glial reaction, quantification of ventral horn neuropil occupancy by astrocytes (GFAP, A), and microglia (Ibal, B) in WT (P120)
and SOD1°%** mice was performed at different ages of disease progression in the whole ventral horn. (C-G) Additional measurements were
performed on recruited microglia interacting with MN somata as indicated. On each row, representative images of the corresponding markers (green)
in combination with Ibal (red) and mfSODI1 (gray) are included for the WT and the type 3 phenotype. Data are shown as the mean + SEM, from

15 to 20 MN neuropil sections (A, B) and from 20 to 50 MN neuropils (C-G), from three mice under each condition; *p < 0.05; **p < 0.01;

**x%p < 0.0001, one-way ANOVA, Bonferroni’s post hoc test. Scale bars: (A) = 30 um (valid for D-H).
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astrogliosis and microgliosis, from P30 to the end stages
of disease. However, expression of mfSOD1 did not fol-
low a similar parallel course, with a rapid rise between
P30 and P60, followed by a subsequent gradual decline.
Interestingly, at the end-stage period, the content of
mfSODI1 was notably reduced, likely because of a sub-
stantial loss of MNs involving those of the type 3 pheno-
type (Figure 2B).

A more detailed analysis of the microglial reaction
occurring in close apposition with MN cell bodies was
also performed in relation to their mfSODI1 content and
phenotypes. These results are shown in Figure 10C-G.
MN cell bodies closely interacted with recruited micro-
glial cells and were positively correlated with disease pro-
gression. Moreover, cell bodies expressing high levels of
mfSOD1 were largely covered by microglia. A parallel
increase in the number of CD68+ lysosomal particles
within Ibal-delimited microglia profiles, indicative of
their phagocytic activity, was observed. A similar profile
was found for the expression of galectin-3/Mac-2, a
marker for a subset of activated-phagocytosing micro-
glial cells [106], and for the inflammatory molecule Clq.
However, when Ibal-positive microglia were co-
immunostained for P2Y12R, an inverse time course pro-
file was observed, with maximal expression at pres-
ymptomatic stages (P30) following a subsequent decline
reaching minimal levels at end-stages. P2Y12R is a sub-
type of G-coupled purinergic receptor uniquely expressed
in CNS microglia [107] that is strongly downregulated in
its activated states when microglia progress from ramified
to amoeboid morphology [108]; this assumption is fully
consistent with our data in ALS mice.

In addition to longitudinal analysis during the evolu-
tion of ALS, when microglia were topologically analyzed
in relation to MN mfSOD1 phenotypes, it was found that
all markers of activation were elevated around MNs in
type 2 and 3 phenotypes, whereas levels of P2Y12R were
not affected by the proximity of mfSOD1 deposits.

3.4 | Elimination of microglia reduces the
severity of MIN phenotypes of mfSOD1

PLX5622 is a CSF1R inhibitor that, when administered
orally in mice, results in the virtual elimination of the
entire microglial population [34]. By applying this drug,
we examined how the absence of microglial cells affected
the expression of mfSODI in SOD1%** animals. Ibal
immunostaining was performed at P30 in animals that
had been treated with PLX5622 for 30 days, which
resulted in a lack of detectable microglia in spinal cord
sections. This treatment also provoked a reduction in
mfSODI expression when analyzed at P60. The percent-
age (mean + SEM) of mfSOD1 immunoreactivity occu-
pancy found in the ventral horn was WT = 0.18 £ 0.02
[n = 32]; SOD1°%** P60 = 7.4 + 0.86 [n = 29]; SOD19%34
P60-PLX5622 = 3.45+0.39 [n = 52] (SOD19*A P60

vs. SOD19%3A P60-PLX5622, p < 0.05 [one-way ANOVAJ;
n = number of measurements from 3 animals per condi-
tion). Of note, mfSOD1-immunoreactive vacuolated (type
3 phenotype) MNs were markedly depleted in the absence
of microglia, as shown by the analysis of C4F6 signal occu-
pancy on P60 MN somata (WT = 0.23 + 0.04 [ = 62];
SODI®”A P60 = 12.69 + 1.75 [n = 54]; SOD19%34
P60-PLX5622 = 2.4 + 0.21 [n = 95]; p < 0.0001, SOD19%4
P60 vs. SOD19%A P60-PLX5622 [one-way ANOVAJ; n =
number of measurements from 3 animals per condition).

3.5 | _Effects of peripheral nerve injury in
SOD1%%** mice on the progression of MN
pathology

According to the “dying-back” hypothesis, it has been
proposed that ALS is initiated as a distal axonopathy
that evolves to proximal axonal degeneration, leading to
an altered retrograde-signaling cascade resulting in MN
death [21,109]. The interruption of neuromuscular con-
nections because of peripheral nerve injury is also a
strong negative modifier of the ALS phenotype in animal
models [110-112]. Nevertheless, some positive effects
promoting regenerative events and MN survival were
also observed after nerve crush in SOD19%** mice
[113,114]. Here, we examined whether sciatic nerve tran-
section (axotomy), performed in SOD1°%*# mice, alters
the expression of mfSOD1 MN phenotypes and promotes
neuroinflammation in the spinal cord. The MN pool
located at the Pes9 region of the lumbar 6 spinal cord seg-
ment, which corresponds to the location of the injured
MNs [36], was analyzed 7 days following axotomy per-
formed at distinct time points of disease progression
(P30, P60, and P90). In all conditions, we observed a shift
in the relative amount of the three MN phenotypes to
those that are more harmful as a consequence of nerve
transection (Figure 11). For example, at a pres-
ymptomatic stage (P30) in which MN phenotype type
3 did not appear in unoperated SOD1°%** mice, sciatic
nerve axotomy resulted in an induction of this more
severe cytopathological phenotype, affecting ~24% of
MNs. Nerve axotomy performed at later stages, such as
P60 or P90, also entailed a worsening in the MN pheno-
type score (Figure 11B). It is well known that peripheral
nerve lesions induce a plethora of changes in axotomized
MN cell bodies and in adjacent synaptic afferents and
glial cells [24,115]. We found here that the strong neuro-
inflammatory response induced prematurely by axotomy
in SOD1°%* animals acts as a synergistic mechanism in
promoting mfSOD1 expression (Figure 11C,D). This also
indicates a link between the expression of neurotoxic forms
of SOD1 in MNs and neuroinflammation. It is conceivable
that injury-mediated microgliosis, when produced under a
SOD19%A background, may exacerbate the endogenous
neurotoxicity of microglia that basally exists as a conse-
quence of the disease [19,116]. Conversely, mfSODI
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accumulated in degenerating MNs and could be released in
the extracellular medium via exosomal or necroptotic-like
EVs; as extracellular mfSODI1 is a potent trigger of micro-
gliosis [117], a harmful feedback loop potentiating neu-
roinflammation and neurotoxicity in SOD1°”* mice could
be established at the local level.

To determine whether axotomy potentiates the acqui-
sition of a harmful microglial phenotype, the expression
of CD68, Mac-2, and Clq was examined within
Ibal-positive cells recruited around axotomized MN cell
bodies. This analysis was performed in SOD1%** ani-
mals at presymptomatic (P60) and symptomatic (P90)
stages and 7 days postaxotomy. Interestingly, at P60, the

density of microglial cells with phagocytic activity, based
on the CD68-expression analysis, was either unchanged
or tended to be reduced as a consequence of axotomy. A
similar result was observed when CD68 was evaluated in
relation to mfSOD1 MN phenotypes. A comparable pro-
file was found for Mac-2 expression as well. However,
the opposite trend was observed at P90; at this age, the

microglial neuroinflammatory response induced by
axotomy entailed the acquisition of a worse microglial
phenotype, which included the upregulation of

CD68-positive particles and the acquisition of Mac-2
expression. Interestingly, Clq immunoreactivity was
already induced on P60 by axotomy (Figure 11E-G).
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The profile of microglial activation post axotomy in WT
MNs is in some ways distinct because it does not entail
the expression of Mac-2 [24].

4 | DISCUSSION
The availability of conformational-specific mfSODI1
antibodies allowed us to explore in detail the cellular
distribution of these toxic SOD1 conformers and their
association with MN degeneration and gliosis during
ALS progression in SOD19%** mice. As targeting
mutant SOD1 neurotoxicity is a significant approach
for ALS therapy [42,47,118-120], the new information
we provide here on the involvement of mfSOD1 in MN
pathology may be relevant for future designs of
SOD1-based ALS treatments. Most of our data on
mfSODI1 localization were obtained using the C4F6
monoclonal antibody and are highly coincident with
those previously reported using this antibody [39].
Additionally, according to animal species require-
ments, for multilabeling experiments, our rabbit anti-
mfSOD1 AJ10 antibody was also applied when needed.
Both antibodies yield the same pattern of immunoreac-
tivity when analyzed together in spinal cord sections of
SOD1°*A mice [121]. We found that mfSODI1 immu-
noreactivity was primarily associated with MNs,
starting on their dendritic and axonal expansions with
a later accumulation on cell bodies. This sequential dis-
tribution allowed us to delimit, for operative purposes
in this work, the three phenotypes described above.
There was also a good correlation between the
mfSOD1 signal and the presence of vacuoles in MNs.
Vacuolar degeneration has been largely described in
degenerating MNs in mutant SODI1 transgenic mouse
models, with both mitochondria and ER as the primary
organelles involved in vacuole formation [52-
55,59,60,113,122]. Prominent mitochondrial swelling
and vacuolization have also been observed in mice
overexpressing human WT SODI in conjunction with
other clinicopathological features shared by ALS [54].
As mitochondrial and/or ER dilatation are the hall-
mark features of paraptosis [61,62], we propose to apply
this concept to vacuolated MNs in the context of mutant
SOD1 ALS. Thus, extensive and emerging data regarding
the molecular pathways involved in paraptotic cell death
in a variety of contexts may eventually help to identify
new targets for SOD1-mediated therapy in ALS. Vacuo-
lated MN degeneration has also been observed during
glutamate-mediated excitotoxic cell death and ER dilata-
tion and fragmentation, which are also prominent ultra-
structural features of this form of neuronal death
[123,124]. However, mitochondrial swelling in this
excitotoxic paradigm is not as massive as in ALS SODI
MNs. Moreover, some degree of chromatin clumping,
which we did not observe in ALS-SODI1 paraptotic-like
MN:ss, is present in excitotoxic MNs.
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Massive mitochondrial swelling in SOD1°%** mice

results from an expansion of the intermembrane space, in
which the involvement of peroxisomes has been suggested
as a membrane donor [53]. This form of mitochondrial
swelling in SOD19%*A mice is in contrast with the more
common mechanism of pathological mitochondrial swell-
ing that occurs by the increase in matrix volume because
of altered ionic fluxes, osmotic imbalance, and opening
of the permeability transition pore at the inner mitochon-
drial membranes [125]. This form of mitochondrial swell-
ing is also seen in damaged cells present in the spinal
cord of SOD19** mice but coexists with prominent
intermembrane swelling. Thus, mitochondrial damage in
these mfSOD1-containing MNs seems to entail specific
mechanisms and could be the consequence of a tissue-
specific interaction of mutant SOD1 with molecular com-
ponents of the surface of the outer mitochondrial mem-
brane [52,126,127].

The ultrastructural appearance of the larger vacuoles
(>5 pm diameter) suggests that they are formed by the
fusion of some elementary units of already vacuolated
mitochondria. As a consequence of the fusion of outer
mitochondrial membranes, a single giant vacuole was
formed. This giant vacuole contains several highly folded
inner mitochondrial membrane complexes gathered at its
peripheral wall, presumably originating after the fusion
of several mitochondria carrying an extended outer mem-
brane. It should be noted that large vacuolated spheroi-
dal mitochondria, present in axons and dendrites
simultaneously with mfSOD1 accumulation, are early
events in SOD19%** MN pathology; this corresponds
with the pattern designated the type 2 phenotype in this
work, which is prominent at P30, long before the onset of
symptoms. It is possible that the spatially restricted envi-
ronmental conditions, characteristic of MN processes in
relation to cell bodies, caused the mitochondria to pre-
sent in axons and dendrites more vulnerable to mfSOD1
pathology. In this line, it has been shown that pathological
elevations of neuronal Ca®" start in dendrites and later
propagate to somas [128]. Imbalanced intracellular Ca>",
perturbations of ER-mitochondrial signaling, and protein
misfolding are crucial elements determining paraptosis [61],
which seems to be shared by mfSOD1-containing MNss.

In addition to mfSOD1 and mitochondrial proteins
such as PDH, a large proportion of vacuoles contain
other aberrantly localized proteins, such as Chrg, CD81,
and flotillin, which are involved in the secretory pathway
and EV biogenesis. The possible implications of these
findings in the extracellular delivery of mutant SOD1 in
conjunction with other proteins, as well as their involve-
ment in the local spreading of ALS pathology, should be
further analyzed. Other less abundant vacuolar inclusions
that involve p62, PDH, and ubiquitin do not share
mfSOD1 positivity and are likely related to mitophagy.

Alterations in the activity of afferent synaptic inputs
may modulate the time course and severity of these early
degenerative changes in mfSOD1-containing MNs. This



SALVANY ET AL.

20026 | 2B
effect is consistent with our results detecting premature
structural alterations in synaptic terminals contacting
MNs and the observed effects of a pharmacological
alteration of C-bouton-mediated neurotransmission. Our
results demonstrated that treatment with metho-
ctramine to block muscarinic cholinergic inputs results
in a significant promotion of mfSODI1 expression in
the ventral horn and changes the relative distribution
of mfSOD1 MN phenotypes during ALS progression.
This finding is consistent with data previously reported
[15] and with the idea that hypoexcitability is a positive
factor in the promotion of MN vulnerability in ALS
[15,71,73,74,129,130]. It has been shown that the orga-
nization of postsynaptic glutamate receptors in synap-
tic afferents on MNs is critically disrupted before the
alteration of their presynaptic partners in SOD1°%%4
mice [71]. We observed early dismantling of the sub-
synaptic cistern associated with C-boutons, which pre-
sumably results in dysfunctional synaptic signaling in
this particular type of synapse that critically regulates
MN excitability [95]. As the normal organization of
the ER appears severely disrupted in vacuolated MNis,
it should be expected that the subsynaptic cistern, a
specific ER subcompartment, may also be involved in
this change. Thus, we must conclude that the decreased
functionality of glutamatergic and cholinergic synapses
contributes to MN hypoexcitability, mfSOD1 burden,
and MN vacuolar degeneration.

Surprisingly, we found that paraptotic-like MNs
exhibit positive immunoreactivity for flotillin and CD81
in their colocalization with PDH. Flotillin and CD81 are
members of the tetraspanin family that regulate mem-
brane morphology and dynamics, affecting intracellular
trafficking, exocytosis-endocytosis, and intercellular sig-
naling [131] that are also recognized as markers for EVs
[65]. The identification of mitochondrial components in
EVs displaying tetraspanin exosomal markers has been
recently reported [68,132]. Thus, the existence of vacuoles
containing mfSOD1 associated with tetraspanins and
mitochondrial components in degenerating MNs indi-
cates the possibility that they may be involved in the gen-
eration of EVs, which once released, contribute to local
neuroinflammation and prion-like spreading of the dis-
ease [133-135]. Another possibility is that, once gener-
ated, vacuolated mitochondria may be disrupted as a
consequence of a promotion of fission molecular mecha-
nisms that seem to be activated in ALS [136]. Addition-
ally, mitochondrial fragments may be eventually
transferred to other neighboring cells [137,138].

Another novel aspect of vacuolated MNss is their con-
tent in pMLKL-positive particles, indicating activation
of the terminal effector of necroptotic pathways. Using
the same antibody, translocation of this protein from the
cytosol to membrane fractions, including mitochondria,
during necroptosis has been demonstrated. pMLKL-
positive puncta have also been observed by immunofluores-
cence in cells undergoing necroptosis [67]. As, once
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translocated, pMLKL is a membrane integrity disruptor, its
role in the formation and release of mfSODI1-containing
vesicles from vacuolated MNs should be further analyzed.
Previous studies examining the involvement of necroptosis
in ALS have reached unclear conclusions: necroptosis has
been proposed as a mechanism for MN death induced by
ALS astrocytes “in vitro” [139], and elevation of necroptotic
markers, including MLKL, has been observed in spinal
cords from SOD1°”** mice and in patients with sporadic
ALS [140]. However, the deletion of MLKL or either RIP1
or RIP3 kinases did not improve either the neuropathology
or the clinical course of ALS in transgenic SOD1 mouse
models [141-143]. In any case, the pathogenic role of
necroptosis in ALS cannot be excluded because other path-
ogenic mechanisms may account for the lack of beneficial
effects obtained by the deletion of necroptotic mediators in
transgenic models [141]. In addition, we demonstrated here
that other cell death mechanisms that could not be
abolished in these mutants appear to be activated in
nonvacuolated MNs during the advanced stages of the dis-
ease. Thus, the transient appearance of vacuolar degenera-
tion on MNs and their necroptotic cell death in early stages
of ALS can be envisaged as an “ignition point” from which
a cascade of additional damaging pathways are induced in
a progressive and devastating way.

Extracellular mfSOD1 does not kill MNs “per se”,
but when derived from neurons and astrocytes, it is a
potent inducer of microglial activation and microglia-
mediated neurotoxicity [64,117]. In agreement with our
data, it has been shown that EVs of neuronal and
astroglial origin may carry abundant mfSODI in
SOD1-mediated ALS in humans and mouse models
[135]. Neurosecretory proteins, such as chromogranins,
interact with mutant SOD1 and mediate its secretion to
the extracellular space, where it becomes indirectly toxic
to MNs following microglial activation [64,117]. Our
data on the coexistence of mfSOD1 with chromogranin,
EV proteins (flotillin and CD81), and the membrane dis-
ruptor pMLKL in vacuolated MNs suggest that they
might act as microglial attractors in the immediate vicin-
ity of vacuolated MNs. For this reason, we topographi-
cally analyzed microglial recruitment in relation to the
above-defined patterns of mfSOD1 expression in MNs.
A good correlation between the severity of mfSODI
accumulation in MNs and local microglial recruitment
was observed among the distinct MN phenotypes
(Figure 10). These locally positioned microglia display an
activation profile with increased expression of CD68,
Mac-2, and Clq, and vice versa, the status of microglia
also impacts the extension of mfSOD1 accumulation and
vacuolar degeneration of MNs. This assumption is
supported by our experiments in which microgliosis was
altered either by pharmacological elimination of
microglia or by promoting Supplementary axotomy-
induced chemotaxis and activation. This alteration indi-
cates the crucial role of nonneuronal cells contributing to
MN death via noncell-autonomous mechanisms [19].
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FIGURE 12 Schematic model of MN phenotypes described as a function of mfSOD1 expression and vacuolar degeneration. Phenotype 1 is
similar to WT. in phenotype 2, mfSOD1 together with large mitochondrial vacuoles are abundant MN dendrites and axons but nearly absent in cell
bodies. In MN somata, some ER-derived vesicles enriched in mfSOD1 accumulate and presumably fuse with mitochondria, producing an early
expansion of their intermembranous space (a). In the type 3 phenotype, both MN cell bodies and processes are filled with vacuoles of heterogeneous
size. Giant vacuoles result from the fusion of several mitochondria and ER vacuolar elements (b). In these vacuoles, mitochondrial and
nonmitochondrial molecular components (PDH, Chrg, CD81, and flotillin) are shared in the same membrane-limited compartment. A minor
proportion of vacuoles do not contain mfSOD1 but display positivity for p62, ubiquitin, and the mitochondrial marker PDH, indicating that they are
mitophagic in nature (c). The necroptotic pathway is activated in MNs with the type 3 phenotype because pMLKL is present in some vacuoles (d).
The end stage of the evolution of MNs with vacuolar degeneration involves their complete cytolysis with the release of mfSOD1-enriched vesicles to
the extracellular space and the subsequent induction of a local neuroinflammatory response and the spreading of the disease (microglia, mg). Note the
progressive loss of afferent synaptic inputs to MNs and the absence of chromatin condensation during the degenerative processes.

Microglia expressing mutant SOD1 are neurotoxic for
MNs [99,117,144] and likely play a distinct pathogenic
role according to the natural history of the disease. By
eliminating the expression of mutant SOD1 in MNSs, it
was concluded that the protein is a primary determinant
of disease onset, whereas decreasing mutant SODI1 levels
in microglia slows disease progression [19]. Our data may
fit with this concept if we consider that vacuolar MN
degeneration, which predominates at the early pres-
ymptomatic stages, is followed by progressive glial acti-
vation and more extensive neurotoxicity triggered by the
release of mfSOD1 and EVs from degenerating or
disrupted vacuolar MNs. This second phase would be
linked to the onset of paralysis and disease progression,
in which microglial-derived neurotoxicity would affect
the less vulnerable MN subtypes. Of note, according to
our results and others [56], vacuolation is a transient pro-
cess primarily affecting MMP9-positive fast-twitch, vul-
nerable MNs. We deduced that after disruption of MNs
with increased ALS vulnerability, mfSOD1-mediated
vacuolar degeneration does not involve the rest of the
MN population that will undergo an ulterior degenera-
tive pathology without a vacuolar phenotype.

Nonvacuolar MN degeneration develops in conjunction
with a strong neuroinflammatory reaction involving
astro- and microgliosis and with the progression of clini-
cal symptoms. Thus, glial cell-mediated neurotoxicity
may be particularly involved in these later mechanisms of
MN degeneration, contrasting with the more cell-
autonomous mutant SODI1-mediated vacuolar damage
seen in earlier stages of the disease.

5 | CONCLUSIONS

Our results, which are summarized in Figure 12, more
precisely map the neuropathological events occurring
during the early and late stages of ALS progression in the
SOD1%”** mouse model. In particular, our attention was
focused on the localization of mfSOD1 as a crucial deter-
minant of the initial steps of MN degeneration, in which
ER and mitochondrial vacuolation are the primary hall-
marks. The association of mfSODI-containing vacuoles
with chromogranin, EV markers, and pMLKL indicates a
new mechanism in which EVs derived from damaged MNs,
via cellular secretion or necroptotic disruption, may be
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triggers for the initial steps of neuroinflammation, glial-
mediated neurotoxicity and disease spreading. More detailed
knowledge of these processes, occurring long before the end
stages of the disease, will allow us to identify novel molecu-
lar targets to be further investigated in future preclinical
trials.
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