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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by motor neuron
(MN) loss. Recent evidences highlight astrocytes as important players in MN death, but the mechanism-
based neurotoxicity is still unknown. It is also unclear whether activation of astrocytes in ALS occurs
differently in the cerebral cortex and spinal cord. We investigated glial and neuronal alterations in the
cortex of SOD1G93A (mSOD1) mice in pre-symptomatic and symptomatic stages. We also characterized
astrocytes isolated from the cortex of 7-day-old mSOD1 mice for their aberrancy and MN-induced
degenerative effects. In the early stage, we identified a reduction of cell proliferation, NF-kB expression,
and of vimentin and micro(miR)-146a expression, suggesting a restrained cortical inflammatory status.
However, increased NF-kB expression, cell proliferation, and gene expression of HMGBL1, connexin-43,
S100B were distinctive of the symptomatic stage, together with MN loss, downregulated unfold protein
response, and decreased expression of synaptic proteins, miR-125b, miR-21, miR-146a, GFAP and
glutamate transporters. Astrocytes cultured for 13 days-in-vitro showed comparable NF-kB expression
and cell proliferation increase, as well as similar microRNA and gene expression profiles (decreased miR-
21, miR-146a, GLT-1 and GFAP, and upregulated HMGB1, S100B and connexin-43), thus sustaining
astrocytes as the major contributors of cortical homeostasis deregulation in the symptomatic stage. These
reactive astrocytes reduced neurite length and synaptophysin expression in NSC-34/hSOD1WT MN-like
cells, and induced mitochondria dysfunction, PSD-95 downregulation, metalloproteinase-9 activation and
late apoptosis in NSC-34/hSOD1G93A cells. Data indicate that astrocytes in mSOD1 mice model acquire
early phenotypic aberrancies and highlight downregulated miR-146a as a biomarker and drug target in
ALS.
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INTRODUCTION

In amyotrophic lateral sclerosis (ALS), both upper and lower motor neurons (MN) die in the motor
cortex, brainstem and spinal cord (SC) due to cell autonomous and non-cell autonomous mechanisms [1].
Although 90% of disease cases are sporadic (SALS), ALS is dominantly inherited in approximately 10%
of patients (termed familial, fALS). Mutations in the antioxidant enzyme Cu/Zn superoxide dismutase-1
(SOD1) gene was the first genetic link discovered in ALS [2] and account for 20-25% of fALS cases [3].

In conformity, mice expressing the human SOD1 mutant (hSOD1G93A) are the most popular ALS
standard model to investigate neuropathological features [4]. Although the specific mechanisms of
toxicity remain unclear, several inflammatory pathways have been implicated in the spreading of the
disease and MNs degeneration [5]. Most of these pathological mechanisms are due to cytoplasmic
inclusions or aggregates in degenerating MNSs, since they disrupt the normal protein homeostasis and
promote cellular stress [6]. This abnormal protein aggregation seems to be a toxic feature in ALS,
regardless of genotype, being observed in both fALS and SALS patients [7] and linked with decreased
patient survival [8]. Moreover, wild-type (WT) MNs surrounded by mutant SOD1 (mSOD1)-expressing
cells are severely damaged and undergo neurodegeneration [9]. Indeed, misfolded SOD1 inclusions were
found in different glial cells of SALS and fALS patients [10] and selective ablation of mSOD1 expression
in astrocytes slowed disease progression [11]. In addition, transplantation of SOD1G93A glial-restricted
precursor cells into the cervical SC differentiated in neurotoxic astrocytes [12]. These findings clearly
support the important role of astrocytes in ALS pathogenesis. Actually, astrocytes from both SALS and
fALS patients, as well as from SOD1G93A rodent model, showed to be toxic to MNs [13,14]. Such cells,
with a reactive profile, were identified in the primary motor cortex and gray matter from ALS disease
cases [15,16]. These reactive astrocytes were characterized by their phenotypically aberrant profile, based
on the high expression of S100 calcium binding protein B (S100B) and connexin 43 (Cx43) observed in
the SC of SOD1G93A rats at the symptomatic stage, and were reported to induce the death of embryonic
MNs [13]. Interestingly, Nagai et al. [17] have shown that mutant astrocytes from the SC of newborn
pups, but not microglia, also cause specific MN toxicity, i.e. long before any visible reactive gliosis
occurs. Although less numerous than those with SC astrocytes, previous studies examining reactive
astrocytes in the cortical gray matter of non-motor and motor regions from cases of sALS and fALS
revealed their widespread localization [16], and others pointed to their elevated expression on Cx43 [18].

Lately, we recognized immune-enriched microRNAs (miRNA), namely miRNA(miR)-124, miR-125b,
miR-146a, miR-21 and miR-155 in the SC of symptomatic mSOD1 mice, together with upregulated
nuclear factor kappa B (NF-kB)/NLRP3-inflammasome, HMGBZ1and Cx43, and with downregulated glial
fibrillary acidic protein (GFAP), glutamate aspartate transporter (GLAST) and glutamate transporter 1
(GLT-1) [19]. Differentially expressed miR-22, miR-155, miR-125b and miR-146b were found among
the most highly modulated in microglia isolated from the brain cortex of SOD1G93A neonatal mice [20].
Moreover SC miR-155 was shown to be significantly upregulated in the SC of ALS patients, as well as in
the mSOD1 mice microglia, and its inhibition to restore abnormal microglia and to prolong the survival of
ALS mice [21,22]. Changes in miRNA expression were also linked to astrocyte reactivity [23] and

increased astrocyte production of miR-146a to be a contributing factor in spinal muscular atrophy [24].



However, implication of astrocytic miRNA deregulation in ALS pathogenesis and neurodegeneration
remain poorly investigated, and no studies have addressed inflammatory-associated miRNA profile in
both cortical homogenates and isolated neonatal astrocytes from the mSOD1 mouse model.

Here, we examined the contribution of cortical astrocytes during disease progression, by assessing their
pathophysiological reactive characteristics, including the inflammatory-associated miRNA profiling, by
using tissue homogenates from the cortex of mSOD1 mice, in either pre-symptomatic (stage 1) or
symptomatic stage (stage 2), as well as primary cultures of astrocytes isolated from the cortex of 7-day-
old animals.

In the early stage, we found a decreased miR-146a expression and a restrained cortical inflammatory
status. However, apparent markers of astrocyte aberrancy in stage 2, as reported by others [25], and
downregulated miR-125b, miR-21 and miR-146a, are suggestive to contribute to the overwhelming
hostile environment implicated in MN loss. Actually, most notorious symptomatic features were
recapitulated in astrocytes isolated from the cortex of mSOD1 mice pups that were cultured for 13 days-
in-vitro (DIV), namely the reduction of miR-146a expression. Such astrocytes produced harmful effects
on either NSC-34/hSOD1IWT or NSC-34/hSOD1G93A MN-cell line. Together, these data indicate that
downregulation of miR-146a in cortical aberrant astrocytes may be a potential mechanism for astrocyte-

mediated MN degeneration in ALS pathology.

MATHERIAL AND METHODS

Ethics statement

This study was performed in accordance with the European Community guidelines (Directives 86/609/EU
and 2010/63/EU, Recommendation 2007/526/CE, European Convention for the Protection of Vertebrate
Animals used for Experimental or Other Scientific Purposes ETS 123/Appendix A) and Portuguese Laws
on Animal Care (Decreto-Lei 129/92, Portaria 1005/92, Portaria 466/95, Decreto-Lei 197/96, Portaria
1131/97). All the protocols used in this study were approved by the Portuguese National Authority
(General Direction of Veterinary) and the Ethics Committee of the Instituto de Medicina Molecular

(iMM) of the Faculty of Medicine, Universidade de Lisboa, Lisbon, Portugal.

Animals

Transgenic B6SJL-TgN (SOD1G93A)1Gur/J males (Jackson Laboratory, No. 002726) overexpressing the
human SOD1 gene carrying a glycine to alanine point mutation at residue 93 (G93A) (mSOD1) [3] and
WT B6SJLF1/J females were purchased from The Jackson Laboratory (Bar Harbor, ME, USA), and were
bred at iMM rodent facilities, where a colony was established. Mice were maintained on the B6SJL
background by breeding mSOD1 transgenic males with non-transgenic females in a rotational scheme.
Males were crossed with non-transgenic females because transgenic females are infertile. Experiments
were conducted in 7-day mice pups at postnatal day (PN) 7 and in two age groups: 4-6- and 12-14-week-
old animals, corresponding to stage 1 (pre-symptomatic) and 2 (symptomatic), respectively. Such stages
were previously established in the mSOD1mouse model based on the Rotarod test [26]. Both males and

females were used since no gender influences over the intrinsic features of neuromuscular transmission
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were detected in this transgenic mice strain [27]. Transgenic mSOD1 mice were compared with age-
matched non-transgenic mice (WT) controls. The ear tissue extracted during the tagging procedure was
used to genotype the progeny. For the 7-day-old mice, the tail was used to genotype the animals after
sacrifice. Mice were housed at a maximum of 5 per cage, maintained under a 12 h light/12 h dark cycle,
and received food and water ad libitum. Every effort was made to minimize the number and suffering of

animals.

Tissue slices and homogenates

Animals were anesthetized with a lethal dose of sodium pentobarbital (0.125 g/kg) and intracardially
perfused. For quantitative real time-transcription polymerase chain reaction (qQPCR) or Western blot, mice
were perfused with 0.1 M phosphate buffer (PBS) pH 7.4 and cortical brain was dissected and rapidly
frozen at -80°C. For tissue slices, mice were perfused with 4% paraformaldehyde (PFA, Sigma-Aldrich)
in PBS; cortical brain was removed, post-fixed for 24 h, and cryopreserved in 30% sucrose. Sagittal 20-

pum thick sections were serially cut with the cryostat Leica CM1850 (UV Leica, Wetzlar, Germany).

Primary culture of astrocytes

Astrocytes were isolated from the cerebral cortices of 7-day-old WT and mSOD1 mice, as usual in our
group [28], with minor modifications. Approximately, 2.5x10* cells/cm? were plated on tissue culture
plates in culture medium [DMEM (Biochrom AG, Berlin, Germany) supplemented with 11 mM sodium
bicarbonate (Merck, Darmstadt, Germany), 38.9 mM glucose (Merck), 1% Antibiotic-Antimycotic
solution (Sigma-Aldrich, St. Louis, MO, USA) and 10% FBS (Biochrom AG)]. Cells were maintained at
37°C in a humidified atmosphere of 5% CO; until 13 DIV, with culture medium replacement at 7 and 10
DIV. Under these culture system conditions, microglia contamination was less than 5%, which was
revealed to not influence astrocyte inflammatory response [28], and that of oligodendrocytes and neurons

only accounted for 4% and 1%, respectively (Supplementary Table 1).

Immunohistochemistry

Cortical tissue cryosections (20-um thickness) were defrosted at room temperature (RT) and fixed in cold
acetone for 10 min. Each section was blocked with 1% bovine serum albumin for 1 h at RT, and then
incubated overnight (ON) at 4°C with the primary antibodies (Supplementary Table 2). After washing,
sections were covered with the secondary antibodies for 1 h at RT (Supplementary Table 2), and then
incubated with DAPI for nuclei staining. Afterwards, brain sections were dehydrated in a series of ethanol
solutions (50%, 70%, 96% and 100%), immersed in xylene, and mounted onto microscope slides using
DPX. Finally, images of random microscopic fields from cortical brain were taken on a Leica DM6000

microscope (Leica Microsystems Heidelberg GmbH, Mannheim, Germany).

Immunocytochemistry
Immunofluorescent detection was performed as previously described by us [29]. After 13 DIV in culture,
astrocytes growing in coverslips were fixed with 4% PFA. Briefly, coverslips were incubated ON with

primary antibodies (Supplementary Table 2). In the following day, after washes, coverslips were covered



with species-specific fluorescent secondary antibodies (Supplementary Table 2). For nuclei staining,
coverslips were incubated with Hoechst dye 33258 (Sigma-Aldrich) and then mounted onto uncoated
slides using PBS-Glycerol (1:1). Finally, pairs of UV and fluorescence images of at least ten random
microscopic fields were acquired per sample by using a fluorescence microscope (AxioSkope, Zeiss,
Germany). For each protein marker we quantified the number of positive cells above a determined
threshold of fluorescence per total number of cells. For Ki-67 staining, only cells with 2 or more nuclear

punctuations were considered as positive.

Western blot

Western Blot analysis was performed as usual in our lab [28]. Briefly, total protein from primary
astrocyte cultures were obtained by lysing cells in ice-cold Cell Lysis Buffer (Cell Signaling, Beverly,
MA, USA), while cortex tissue was dissociated and protein extracted with RIPA (Radio-
Immunoprecipitation Assay) buffer. The protein extracts were separated on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane, which
was blocked and incubated ON at 4°C with primary antibodies (Supplementary Table 2). In the following
day, membranes were incubated with species-specific secondary antibodies conjugated to horseradish
peroxidase (Supplementary Table 2). The chemiluminescent detection was performed after membrane
incubation with LumiGLO® (Cell Signaling) or Western Bright™ Sirius (K-12043-D10, Advansta, Menlo
Park, CA, USA). The relative intensities of the protein bands were analyzed using the ImageLab™
analysis software, after scanning with ChemiDocXRS, both from Bio-Rad Laboratories (Hercules, CA,

USA). Results were normalized to the expression of B-actin and indicated as fold change vs. WT samples.

Quantitative RT-PCR

Total RNA was extracted from primary astrocyte cultures and cerebral cortical sections using TRIzol®
Reagent (LifeTechnologies) and following manufacturer’s instructions. Total RNA was quantified using
Nanodrop ND-100 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), and conversion
to complementary DNA (cDNA) was performed with a cDNA Synthesis Kit (Thermo Scientific).
Quantitative RT-PCR (gRT-PCR) was accomplished on a 7300 Real Time PCR System (Applied
Biosystems) using SYBR Green qPCR Master Mix (Thermo Scientific). qRT-PCR was performed under
optimized conditions: 94°C for 3 min followed by 40 cycles at 94°C for 0.15 min, 62°C for 0.2 min and
72°C for 0.15 min. In order to verify the specificity of the amplification, a melt-curve analysis was
performed immediately after the amplification protocol. Non-specific products of PCR were not found in
any case. B-actin was used as an endogenous control to normalize the expression level.

Expression of miRNAs was also assessed by qRT-PCR. After RNA quantification, cDNA conversion for
miRNA quantification was performed with the universal cDNA Synthesis Kit (Exigqon), as described [19],
using 5 ng total RNA. qRT-PCR was performed using the above indicated 7300 Real Time PCR System
and 96-well plates. For miRNA quantification the miRCURY LNATM Universal RT miRNA PCR
system (Exigon, Vedbaek Denmark) was used in combination with pre-designed primers (Exigon). The
reaction conditions consisted of polymerase activation/denaturation and well-factor determination at 95°C

for 10 min, followed by 50 amplification cycles at 95°C for 10 s and 60°C for 1 min (ramp-rate of 1.6°/s).



SNORD110 (reference gene) was used as an endogenous control to normalize the expression level.
Primer sequences are listed in the Supplementary Table 3. Relative mMRNA/mMiRNA concentrations were

calculated using the AACt equation, and results were expressed as fold change vs. WT samples.

Extracellular HMGB1

The release of HMGBL1 was determined in the conditioned media of astrocyte cultures using the HMGB1
Detection Kit (catalog#6010, Gentaur Molecular Products, Kampenhout, Belgium), following
manufacturer’s instructions. Briefly, the capture antibody was placed in a 96-well plate and incubated ON
at 4°C. In the following day, after adding the detection antibody, each collected cell medium or the
HMGB1 standard was applied. The plate was incubated for 1 h at 37°C and then for approximately 20 h
at 4°C. Afterwards, streptavidin peroxidase was added in each well and maintained at RT for 30 min.
Then, the TMB was placed in each well and the plate incubated at RT for 30 min. Finally, the stop
solution (2N sulfuric acid) was added into each well. Optical density values were red within 30 min in a
microplate absorbance spectrophotometer (PR 2100, BioRad Laboratories, Inc.) at 450 nm (sample) and

630 nm (reference filter). Results were expressed as fold change vs. WT samples.

Cell death determination

Phycoerythrin-conjugated Annexin V (Annexin V-PE) and 7-amino-actinomycin D (7-AAD; Guava
Nexin® Reagent, #4500-0450, Millipore) were used to determine the percentage of viable (Annexin V-PE
and 7-AAD negative), early-apoptotic (Annexin V-PE positive and 7-AAD negative), late stages of
apoptotic cells (Annexin V-PE and 7-AAD positive) and necrotic cells/debris (Annexin V-PE negative
and 7-AAD positive) by flow cytometry. After incubation, cells were trypsinized and added to the cells in
supernatants following manufacturer’s instructions. Then they were stained with Annexin V-PE and 7-
AAD and analyzed on a Guava easyCyte 5HT flow cytometer (Guava Nexin® Software module,

Millipore). Results were expressed as percentage of positive cell population.

Assessment of astrocyte-induced toxicity on motor neurons

Co-cultures of 13 DIV astrocytes and NSC-34 MN-like cells were used to determine the neurotoxic
properties of astrocytes. As so, NSC-34 cells expressing either the WT human SOD1 (WT MNs) or the
G93A mutation (mSOD1 MNs) were included [29]. Cells were maintained for 48 h in proliferation media
[DMEM high glucose, w/o pyruvate, supplemented with 10% of FBS and 1% of penicillin/streptomycin,
and geneticin sulfate (G418, 0.5 mg/ml) for selection], followed by additional 48 h in differentiation
media [DMEM-F12 plus FBS (1%), nonessential amino acids (1%) and penicillin/streptomycin (1%)], as
previously indicated by us [29]. Cortical WT or mSOD1 13 DIV astrocytes were seeded onto paraffin
dots-containing coverslips [30] , which were placed on top of a layer of WT or mSOD1 NSC-34 MNss, in
the proportion of 1:1. Cells were co-cultured for 48 h, and then harvested separately for neurotoxic-
associated determinations, such as cell death (as described before), expression of synaptophysin (SYP)
and post-synaptic density protein 95 (PSD-95) by Western blot (as described above) and expressed as fold
change vs. WT Ast/MN co-culture, as well as for the assessment of mitochondria viability,

metalloproteinase-9 (MMP-9) and neurite extension, as indicated below.



Assessment of mitochondria membrane potential

In order to analyze mitochondria membrane potential, NSC-34 MNs were incubated for 30 min at 37°C
with 500 nM of MitoTracker™ Red CMXRos solution as usual in our lab [29], and then fixed with 4%
PFA. Cell nuclei were stained with Hoechst 33258 dye. Images were acquired as described above for
immunocytochemistry. Fluorescence intensity was quantified by ImageJ software and normalized to the
total number of cells.

Determination of MMP-9 activation

MMP-9 extracellular levels were determined by SDS-PAGE zymography in 0.1% gelatin-10%
acrylamide gels, under non-reducing conditions [29]. Briefly, following electrophoresis, MMP species
were renatured with 2.5% Triton-X-100 (in 50 mM Tris pH 7.4; 5 mM CaCl2; 1 uM ZnCl2). To induce
gelatin lysis, gels were incubated in the same buffer without Triton X-100 ON at 37°C. Afterwards, gels
were stained with 0.5% Coomassie Brilliant Blue R-250 and distained in 30% ethanol/10% acetic
acid/H,0. Gelatin activity was detected as a white band on a blue background and measured by ImagelLab
software. Results were expressed as fold change vs. WT Ast/MN co-culture.

Neurite extension determination

Neurite extension was assessed by the immunofluorescence detection of the cytoskeletal protein BIII-
tubulin using a mouse anti-BIII-tubulin as the primary antibody (information in Supplementary Table 2)
and according with the immunocytochemistry assay described before. The neurite extension in individual

neurons was measured using ImageJ software, as previously described [29].

Statistical analysis

Results of at least four different experiments were expressed as mean values + SEM. Results of astrocyte
cultures were represented as fold vs. WT samples. Results of cortical tissue samples from mSOD1 mice at
stages 1 or 2 were represented as fold vs. age-matched WT mice. Differences between groups were
determined by the two-tailed unpaired Student’s t-test with Welch’s correction, depending on whether
variances were equal or different, respectively. Exceptionally, it was used one-way ANOVA followed by
Bonferroni (selected pairs of columns) post-hoc test in Figure 1b and one-way ANOVA followed by
Tukey’s multiple comparison post-hoc test in Figure 6b. Differences between the effect of WT and
mSOD1 astrocytes in WT MNs was obtained by two-tailed unpaired Student’s t-test with Welch’s
correction when applicable. The same methodology was applied for mSOD1 MNs. Statistical analysis
was performed using GraphPad PRISM 5.0 (GraphPad Software, San Diego, CA, USA). p < 0.05 was

considered as statistically significant.

RESULTS

Cortical accumulation of SOD1 protein precedes downregulation of unfolded protein

response in the symptomatic stage



Abnormal accumulation of SODL1 is a hallmark of ALS and one of the reasons for endoplasmic reticulum
(ER) stress. Enhanced eIF2a phosphorylation in the mSOD1 mice ameliorates the disease course, because
eukaryotic initiation factor 2 (eIF2a) phosphorylation and the subsequent activation of transcription factor
4 (ATF4) prevent accumulation of unfolded and misfolded SOD1 protein [31]. However, the inhibition of
elF2a phosphorylation by using the GSK2606414 compound, that knockdowns PERK, was shown to
retain climbing ability in flies expressing TDP-43 and to mitigate TDP-43 toxicity in rat primary neurons
[32]. Different results may derive from diverse ALS stages being used in such studies. Therefore, we
decided to evaluate SOD1 accumulation, as well as phosphorylated-elF2a and ATF4, in the mSOD1 mice
at stage 1 (pre-symptomatic: 4-6 weeks old) and stage 2 (symptomatic: 12-14 weeks old), using age-
matched WT animals as controls. As depicted in Figure 1a, the fluorescence intensity for SODL1 in the
brain cortex was higher in the mSOD1 mice than in the WT animals and occurred in both stages, although
at elevated levels in the stage 2. Such finding was corroborated by the western blot analysis of cortical
homogenates, using an anti-SOD1 antibody that recognized either human or mouse SOD1 (p < 0.05, Fig.
1b). WT mice only exhibited one band corresponding to the native mouse SOD1, as previously
described [19]. Now considering the phosphorylated elF2a and the transcription factor ATF4, we
observed that both were reduced, but only in mSOD1 mice at stage 2 (p < 0.01, Fig. 1c and d,
respectively), thus enhancing the risk of SOD1 accumulation. Evidences have shown that elF2a-ATF4
pathway is essential for autophagy gene transcription program in response to stresses [33]. However,
probably due to the deregulated eIF2a-ATF4 pathway observed, we were unable to identify any alteration
in the expression of microtubule-associated protein light chain 3 (LC3B) and Beclin-1, used as

autophagy-related markers, in either disease stages (Supplementary Figure 1).

Neurodegeneration, reduced levels of synaptic proteins and decreased miR-125b characterize
the symptomatic stage in the cerebral cortex

Given that increased mSOD1 accumulation causes early defects in MN outgrowth and axonal branching
[34], and that reduced ATF4 leads to abnormal synaptic plasticity [35] while enhancing mSOD1
aggregation and decreasing motor performance in ALS mice [36], we analyzed neuronal fate, as well as
pre- and post-synaptic protein expression. To determine neuronal viability in the cortex of mSOD1 mice
in both stages 1 and 2, we assessed the expression of neuronal nuclei antigen (NeuN) protein, which is
localized in nuclei and in perinuclear cytoplasm of most neurons of the central nervous system (CNS),
and choline acetyltransferase (ChAT), a generic MN marker [37]. The decreased expression of both
NeuN and ChAT proteins at stage 2 (p < 0.05, Fig. 2a and b, respectively), indicates a marked loss of
neurons, mainly of MNs (~40%). Then, when we assessed the expression of the pre-synaptic
(synaptophysin, SYP) and post-synaptic (post-synaptic density protein 95, PSD-95) proteins, we observed
that both were also significantly reduced at stage 2 (p < 0.05, Fig. 2c and d, respectively). Interestingly,
PSD-95 levels were found increased in the early stage 1 (p < 0.05, Fig. 2d). Such upregulation, never
documented in ALS, may result from a compensatory mechanism similar to that previously noticed in
Alzheimer’s disease, where it was related with a primary stage and preceding the diminution of the post-
synaptic protein [38]. Moreover, since miR-124 was shown to regulate synaptic structure and function

[39] and miR-125b to be associated with neurite outgrowth [40], we evaluated their representation in



cortical tissue. Though, no changes were observed for miR-124 expression (Fig. 2e), a significant
reduction was obtained for miR-125b (p < 0.01, Fig. 2f) at stage 2 that may be associated to the decreased

expression of neuronal markers also observed in the same disease stage.

Cortical miR-146a downregulation is an early event that precedes miR-21 decrease and
elevation of NF-kB, HMGBL1 and Ki-67 gene expression at the symptomatic stage

Since NF-kB signaling is critical in neuroinflammation and was shown to cause MN death in ALS models
[41], we determined whether NF-kB changes were associated to neurodegeneration and inflammatory
microenvironment in the cortex of the ALS mouse, either prior or after disease onset. We observed that
total NF-kB protein expression was decreased in the stage 1 (p < 0.05, Fig. 3a), a condition suggested to
compromise its neuroprotective role [42], though it can also contribute to counteract the
neuroinflammatory initiation status. In opposite, NF-kB upregulation in stage 2 (p < 0.05) was shown to
contribute to neural cell death after injury [43]. However, when phospho-NF-kB was determined, no
significant alterations were observed (Fig. 3b), although an increasing trend with disease progression was
noticed, corroborating previous findings in SC samples [41]. As HMGBL1 is currently accepted as a
regulator of NF-kB signaling pathway [44], we decided to assess whether changes in the gene and protein
expression of such alarmin could be related with the opposed NF-kB expression profiles in stages 1 and 2.
HMGB1 mRNA levels were only increased at stage 2 (p < 0.001, Fig. 3c), and no changes were observed
relatively to its protein expression (Fig. 3d), what may indicate either a failure in protein synthesis or
increased degradation. Actually, decreased HMGB1 immunoreactivity was previously detected in the
ventral horn MNs of the mSOD1 mice, and suggested to derive from cell loss or extracellular release [45].
NF-kB was also indicated to be an important promoter of cell proliferation [46], reason why we further
evaluated the expression of Ki-67. Interestingly, we observed the same profile as the one obtained for NF-
kB, with a downregulation at stage 1 (p < 0.05), followed by an upregulation at stage 2 (p < 0.01), as
depicted in Figure 3e. To additionally note that when we compared differences from the stage 1 to the
stage 2, either in WT or in mSOD1 animals, the first group evidenced Ki-67 decrease (p < 0.05), while
the later one showed an increase (p < 0.05) (data not shown), thus reinforcing the occurrence of increased
cell proliferation with disease progression. Then, and because miRNAs were shown to play a critical role
in fine tuning neuroinflammation and indicated to be differentially expressed in ALS [47], we assessed if
miR-21 and miR-146a were deregulated in the cortical tissue of mSOD1 mice, therefore accounting for
the inflammatory milieu. Actually, their reduced expression was shown to cause elevated NF-kB levels
and increase of pro-inflammatory factors [48], reason why they are considered as negative regulators of
inflammation. As expected, we found a reduced expression of both miRNAs at stage 2 (p < 0.05, Fig. 3f
and g). However, the decrease of miR-146a was also identified as a very first feature, since it was already
significant at stage 1 (p < 0.05). Such finding highlights miR-146a as an early biomarker of the disease
and a promising target for drug development toward prevention of stage 2 inflammatory-related factors,

since it was considered a suppressor of cellular immune response [49].

Oligodendrocytes and microglia are slightly modified by the disease in the cerebral cortex
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Several studies have described the role of glial cells in MN degeneration and loss, defining ALS as a non-
cell autonomous disease [1]. Moreover, analysis of samples from SALS and fALS patients, revealed
misfolded SOD1 inclusions in different glial cells [10]. Such inclusions were related with astrocyte
reactivity, microglia activation and MN degeneration [50]. Lately, oligodendrocytes were also shown to
have a SOD1-dependent pathogenic phenotype in ALS [51]. We first looked for the expression of early
oligodendrocyte progenitor marker NG2 and no changes in mRNA levels or protein expression were
detected (Supplementary Figure 2b and a, respectively). However, expression of myelin basic protein
(MBP), was found reduced in the stage 1 (p < 0.05), but not in stage 2 (Supplementary Figure 2c), despite
early studies referring its decrease in the symptomatic stage [52]. Differences may arise from regional and
phenotypic heterogeneity, as previously described for cortical microglia not showing the atypical
phenotype of spinal cells [53]. Indeed, we were unable to observe changes in Cd11b cortical microglia, in
either stages of the disease in the mSOD1 mice (Supplementary Figure 2d). To corroborate the absence of
microglia activation in the brain cortex of mSOD1 mice, we did not observe any alteration in miR-155
expression (Supplementary Figure 2e), indicated as highly expressed by activated microglia [54]. To even
note that when the comparison was made between the stage 1 and stage 2 only in the mSOD1 mice,
expression of miR-155 was found decreased in the later period (p < 0.05, data not shown), which suggests

a decrease in the expression of miR-155 along disease progression in the cerebral cortex.

Cortical upregulation of S100B/Cx43 and downregulated glutamate transporters/GFAP
expression in the symptomatic stage suggest astrocyte reactivity and deregulation

Alterations in the astrocytic population have extensively been evidenced in ALS [55] due, in part, to
SODL1 inclusions. In particular, Diaz-Amarilla et al. [13] described a specific phenotype of reactive and
neurotoxic astrocytes in the SC of mSOD1 rats. However the identification of these reactive cells in the
cortex has been poorly studied and the mechanisms by which they become deregulated are still unknown.
Since the results suggest that oligodendrocytes or microglia are not evidently contributing to the
neurodegeneration observed in the symptomatic stage 2, we decided to analyze the expression of
astrocytes markers. As depicted in Figure 4a, S100B immunofluorescence intensity was higher in the
cortical tissue of mMSOD1 mice at the stage 2, where it was accompanied by elevated S100B mRNA levels
(p < 0.01, Fig. 4b). When we compared differences from the stage 1 to the stage 2 only in the mSOD1
animals, a 3-fold elevation (p < 0.05) was obtained in the later period (data not shown), thus showing that
rising levels of S100B correlate with disease progression. In addition, considering that elevated S100B
and Cx43 are markers of astrocyte reactivity [13,56] and that their abnormal expression was attributed to
mSOD1 astrocytes-mediated neurotoxicity [57,18], we further assessed Cx43 gene expression. As we
anticipated, a marked elevation was found in stage 2 (p < 0.01, Fig. 4c).

Taking into account that dysfunction of astroglial glutamate transporters (GIuT), i.e. GLT-1 and GLAST,
was observed in the SC of mSOD1 rodents [13], we investigated their expression in the cortical samples.
As depicted in Figure 5a, GLT-1 immunofluorescence was decreased in tissue extracts of mSOD1 mice at
stage 2, and both GLT-1 and GLAST protein levels were found decreased in the same period (p < 0.05,
Fig. 5b and c, respectively). Because loss of GLT-1 was suggested to be associated with overexpressed

GFAP [58], and previous studies revealed that vimentin was expressed in normal levels, while GFAP was
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reduced by 60% in ALS aberrant astrocytes [13], we next evaluated the expression of such intermediate
filaments in the cerebral cortex homogenates. Curiously, we identified a reduced cortical vimentin
expression in the early stage 1 of the mSOD1 mice (p < 0.001, Fig. 5d), which disappeared with disease
progression. Conversely, a decreased GFAP immunofluorescence and protein expression (p < 0.05, Fig.
5e and g, respectively) were observed in the cortical tissue of mMSOD1 mice, but only in stage 2. However,
reduction of GFAP mRNA was only identified in stage 1 (p < 0.05, Fig. 5f). These findings may
contribute to deficient astrocyte motility [59] and to accelerate ALS progression [60,13].

Because our data highlighted the potential role of astrocytes for the reactive profile we found in the
cortical brain of mSOD1 mice during the symptomatic stage, we next evaluated astrocyte phenotypic

profile and aberrancy when isolated from the same animals and region at 7-day-old.

Astrocytes isolated from the cortex of mSOD1 mice pups exhibit an abnormal and reactive
phenotype with gain of gliosis markers and reduced expression of GFAP and GLT-1
Astrocytes isolated from cortices at 0-2 day-old mSOD1 mice have previously exhibited enhanced
reactivity [61], though those of mSOD1 rodents isolated from the SC of lday-old pups revealed to
express lower levels of S100B and Cx43, and more GLT-1, than those obtained from the adult SC of
symptomatic animals [13]. Nevertheless, it was lately shown that astrocytes from the cerebral cortices of
7-8 day-old mice P301S tau transgenic mice possess an abnormal phenotype that is retained in adulthood,
in contrast with those from 1 to 2 day-old mice, indicating that the astrocytic reaction can take some days
to develop [62]. Therefore, in order to analyze the profile of mSODL1 astrocytes and how they associate
with the features observed in the cortex of adult mice in the symptomatic stage 2, we decided to isolate
the cells from the cortex of 7-day-old mSOD1 and WT mice. Cells were used for experiments after 13
DIV.

Concerning SOD1 levels, almost 100% of astrocytes derived from mSOD1 mice presented SOD1
inclusions, as compared with only 10% found in WT astrocytes (p < 0.001, Fig. 6a). Assessment of SOD1
protein expression similarly revealed a 6-fold increase relatively to that of WT animals (p < 0.001, Fig.
6b). Since such elevated SOD1 expression is known to account for astrocyte deregulation and
neurotoxicity [11], we next analyzed markers related with the characteristic astrocyte aberrancy in the SC
of mSODL1 rodents [13], most of them also found in the cortical tissue during the symptomatic stage, as
demonstrated in the previous sections of this paper. As expected, cultured astrocytes showed increased
S100B immunofluorescence (p < 0.01, Supplementary Fig. 3) and gene expression (p < 0.05, Fig. 6c),
Cx43 mRNA levels (p < 0.01, Fig. 6d), vimentin expression (p < 0.05, Fig. 6j and Supplementary Fig. 3),
as well as enhanced Ki-67 immunofluorescent positive cells (p < 0.01, Supplementary Fig. 3) and gene
expression (p < 0.05, Fig. 6e), relatively to the WT astrocytes, thus corroborating the typical reactive
profile noticed in the cortical tissue collected from the mSOD1 mice at the symptomatic stage 2. Also in
accordance, astrocytes presented not only lower GFAP gene expression and protein levels (p < 0.05, Fig.
6f and g, and Supplementary Fig. 3), but also decreased GLT-1 (p < 0.05, Fig. 6h and Supplementary Fig.
3) and GLAST (p < 0.05, Fig. 6i, and Supplementary Fig. 3) expression levels, than respective controls.
Notably, loss of GFAP expression in astrocytes was not caused by cell death, since no difference was

obtained for early apoptosis between cells isolated from either WT, or mSOD1 mice, and viable cells
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accounted for more than 90% of total number of astrocytes (Supplementary Table 4). Collectively, we
may then consider that astrocytes isolated from the cortex of mSOD1 mice pups Show SOD1
accumulation and present a set of specific markers (GFAP"Y/GLT-1'"“/GLAST'**/S100B"9"/Cx43"idh/K -
67M9"vimentind" that characterize such cells as having an atypical reactive phenotype, which is early
acquired (Fig. 6 and Supplementary Fig. 3).

Astrocytes isolated from the cortex of mSOD1 mice pups show upregulation of the NF-
kB/HMGBL1 signaling pathway and deficits in miR-21 and miR-146a expression levels
Previous studies have shown that lipopolysaccharide or interleukin(IL)-1p-stimulated astrocytes
upregulate HMGBJ1 protein expression and its release [63,64]. On the other way, astrocytes also acquire a
specific reactive phenotype, related with a pro-inflammatory-like response, when stimulated with
HMGBL1 [65], which was demonstrated to activate NF-kB signaling [44]. To clarify whether the increased
NF-kB expression and HMGB1 mRNA levels found in the cortical tissue of mSOD1 mice at stage 2
could be attributed to astrocytes, we decided to explore this issue. Cultured astrocytes revealed increased
expression (p < 0.05, Fig. 7a) and phosphorylation of NF-kB (p<0.05, Fig. 7b), as well as NF-kB
translocation to the nucleus (Fig. 7c). Moreover, we also observed increased HMGB1 gene expression (p
< 0.05, Fig. 7d) and its release to cell supernatants (p < 0.01, Fig.7f), probably justifying why no changes
were observed for HMGBL intracellular protein levels (Fig. 7e). Such results further validate the reactive
profile of these cells.

Upregulated expression of miR-146a was found in areas of prominent gliosis and in astrocytes-enriched
human cell cultures stimulated with IL-1 upon human, and its effects associated to a regulation of
astrocyte-mediated inflammatory response [49]. Additionally, Bhalala et al. [66] described that miR-21
overexpression in astrocytes attenuated the hypertrophic profile, while miR-21 inhibition led to increased
hypertrophic phenotype, suggesting increased reactivity linked with low miR-21 levels. Importantly, both
miR-21 and miR-146a inhibit expression of genes that repress cell proliferation and promote apoptosis
and their balance plays a critical role in neuronal survival, at least after SC injury [67]. Therefore, it was
quite surprising to find out that these miRNAs were subexpressed in the cortical tissue of the mSOD1
mice at the symptomatic stage, so we were interested in determining the contribution of astrocytes to such
dysregulation. Actually, both miR-21 (p<0.05, Fig. 7g) and miR-146a (p<0.01, Fig. 7h) were deficiently
expressed in the astrocytes with an abnormal and reactive phenotype. Results demonstrate that mSOD1-
derived astrocytes acquire early deficits that are retained during ALS progression.

In order to validate that miR-146a decrease was related with an elevation of its target genes, interleukin-1
receptor-associated kinase 1 (IRAK1) and TNF receptor-associated factor 6 (TRAF6), we next assessed
their mRNA expression. They are commonly identified as negatively regulated by miR-146a and
implicated in NF-kB activation [48]. As expected, both IRAK1 and TRAF6 showed to be upregulated in
mSOD1 astrocytes (p<0.05, Fig. 7i and j, respectively) supporting that miR-146a downregulation impacts

on TLR/NF-kB signaling, thus contrubuting to neuroinflammation.

Reactive and deregulated astrocytes isolated from mSOD1 mice pups exert diverse toxic

effects on WT and mSOD1 MNs that involve synaptic failure

13


https://www.uniprot.org/uniprot/Q9Y4K3

Several studies have demonstrated that human/mouse astrocytes derived from sALS or fALS models
cause MN degeneration and loss [12,14,11,68]. Recently, it was demonstrated that reactive astrocytes,
independent of genetic mutations, reduce MN survival, then indicating that they may have a major role in
both sALS and fALS [69]. However, when astrocytes derived from SALS patients and healthy induced
pluripotent stem cells were transplanted into the cervical SC of adult severe combined immunodeficiency
mice, Authors found that only the first cause ALS-like degeneration in both MNs and non-MNs [68].
Here we have shown that ALS astrocytes, besides showing reactive markers, have a specific phenotype
with low levels of GFAP, GIuT and, overall, a dysfunctional miR-146a and miR-21 profile. To add that
the large majority of these studies have only analyzed the effect of ALS astrocytes on healthy MNs,
disregarding the effect they may produce on the already dysfunctional ALS MNs.

Hence, we established co-cultures of astrocytes isolated from the cortex of mSOD1 mice pups showing
early ALS pathology, with NSC-34 MN-like cells, either expressing WT human SOD1 (WT MNSs), or
containing the G93A mutation (mSOD1 MNs) [29]. By assessing neurite extension after 48 h of co-
culturing, it was notorious that mSOD.1 astrocytes caused shorter neurite length (p < 0.05, Fig. 8a), and
SYP subexpression (p < 0.05, Fig. 8b) in WT MNSs, but not in mSOD1 MNSs, when compared to matched
WT astrocytes. This not without precedent, since ALS astrocytes were reported to promote neurite
shortening [55,14], and synaptic failure [70]. Mitochondria dynamic abnormalities and activation of
MMP-9 are well known features of ALS MNs [29], but ever highlighted to be potentially aggravated by
ALS astrocytes, as we evidence in the present study. Indeed, mSOD1 astrocytes led to decreased
mitochondrial membrane potential in mSOD1 MNs (p < 0.01, Fig. 8d), together with an increased release
of MMP-9 (p < 0.05, Fig. 8c). Both results indicate that mutated MNSs are highly susceptible to such toxic
effects by mSODL1 astrocytes. To reinforce their vulnerability, we also found a marked reduction on the
post-synaptic protein PSD-95 (p < 0.01, Fig. 8e) and a manifest increase of cells showing late apoptosis
(p < 0.01, Fig. 8f). Data show that astrocytes revealing ALS pathology compromise the functionality of
both mSOD1 and WT MNs, and that the produced harmful effects depend on MN selective susceptibility.
In any case, astrocytes should be envisaged as targets of combined therapeutic strategies aimed at
different aspects of their dysfunctional phenotype in ALS.

Discussion

Contribution of glial cells to neurotoxic events in ALS has been extensively reported. Regardless of being
a first or a secondary event, dysfunctional astrocytes have been identified as key players in ALS and MN
degeneration [13,55]. Brain cortex has been poorly studied in ALS when compared with the extensive
works on SC pathology. However, increasing evidences highlight the relevance of cortical region, based
on delayed disease onset and extended survival in mSOD1 rat model by the suppression of mutant SOD1
in such region [71]. Moreover, once such Authors suggest dyingforward progression in ALS with a
particular impact on the brain cortex our study on cortical glial cells reactivity and neurotoxic potential
was designed to identify new targets and signaling pathways in neurodegeneration. In this work we

highlight alterations that characterize a more reactive, dysfunctional and neurotoxic population of cortical
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astrocytes, which are early found in cells isolated from the 7-day-old mSOD1 mice and cultured for 13
DIV. Actually, we identified a specific astrocytic phenotype characterized by concomitant increased
expression of NF-kB, SOD1, Cx43, S100B, HMGB1 and Ki-67, and decreased GFAP, GLT-1, miR-146a
and miR-21 levels. These parameters were similarly denoted in the cortical tissue samples of symptomatic
mice (12-14 weeks-old animals).

Though SOD1 accumulation was observed in both mSOD1 mice disease stages, it increased from stage 1
to stage 2, suggesting that it contributes to disease progression. Accumulation of mSOD1 and misfolded
SOD1 was previously shown to occur in both SALS and fALS [7], and to be age-dependent and tissue
specific [72]. Abnormal accumulation of SODL1 is a hallmark of ALS and one of the reasons for ER
stress. Some works refer the decrease in e[F2a phosphorylation and repression of the transcription factor
ATF4 as favoring the accumulation of the unfolded and misfolded SOD1 protein, since enhanced elF2a
phosphorylation in the mSOD1 mice was found to ameliorate the course of the disease [31,73]. However,
other studies found increased levels and benefits after therapeutic modulation [32,74]. Different results
may derive from diverse ALS stages being used for such studies. Our findings indicate that reduced elF-
20, phosphorylation and consequent decrease in ATF4 expression translates in SOD1 aggregation in the
cortical tissue of the mSOD1 mice at stage 2. Thus, our data is in line with preceding studies
demonstrating that ATF4 deficiency promotes mSOD1 aggregation at the disease end-stage [36] and that
decreased elF2a phosphorylation interferes with the suppression of protein synthesis and triggers mSOD1
aggregation [31].

SOD1 mutations and protein misfolding have been associated to inflammatory and neurotoxic pathways
in ALS [5]. Neuronal NeuN, and more specifically ChAT-positive MNs, were found reduced in the
symptomatic stage of mSOD1 mice, as mentioned before [75]. When we investigated whether
neurodegeneration was affecting synaptic integrity and cortical connectivity, we observed that both SYP
and PSD-95 were decreased in stage 2. Decreased levels of PSD-95, but not SYP, were identified in the
postmortem human cortical tissue of ALS patients [76], though other previous studies in the SC of ALS
patients also revealed a decrease of SYP with aging [77]. Elevated expression of PSD-95 at stage 1 may
represent a compensation mechanism, once the magnitude of the excitatory effects on neuromuscular
transmission [38], caused by A2A receptor, was found enhanced at this stage, but decreased in stage 2
[27]. 1solated cortical oligodendrocytes from mSOD1 mice were also identified as contributing to axonal
dysfunction in ALS [51]. Nevertheless, we only noticed a decreased MBP expression at stage 1 and no
alterations for NG2 expression in either stage.

Deregulation of several inflamma-miRs has been associated with ALS onset and progression [78,47].
Specifically, in what concerns miR-124 and miR-125b, both recognized as being enriched in the nervous
system tissue and neural cells [79], we found a decreased expression of miR-125b and a slight reduction
of miR-124. Interestingly, miR-124 was shown to regulate synaptic structure and function [39], while
miR-125b revealed to promote neurite outgrowth [40]. Moreover, since upregulation of miR-125b was
demonstrated to favor regeneration after SC injury [80], we may assume that the decreased miR-125b we
found in cortical brain tissue further compromises MN survival. This finding together with the signal
transmission failure deriving from the impaired synaptic protein expression, will account to aggravate

neurodegeneration. In what concerns miR-155, whose upregulation is associated with microglia activation
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in the SC, and pointed as a promising therapeutic target in ALS [22,19], we were unable to identify any
alteration in the cortical tissue samples. Actually, no microglia activation based on Cd11b expression was
even detected in cortical homogenates suggesting the presence of regional variants and microglia
phenotypic variability in ALS, which may have implications when deciding therapeutic strategies.
Among other miRNAs suspected to contribute to ALS pathology is the altered expression of miR-146a
and miR-21in the SC and brainstem of ALS transgenic mice [81]. Similarly to these authors we also
found reduced miR-146a levels in the cortical homogenates, a feature not observed in the SC from the
same mSOD21 mice model, in either stage 1 or stage 2 [19]. Again, our results contrast with other studies
showing an elevated miR-146a expression in patient SC samples [82], suggesting the existence of
phenotypic changes in ALS patients and rodent models, while supporting the new label of precision
medicine. Our data further revealed miR-146a as a powerful ALS biomarker due to its early appearance
before symptom onset and maintenance along disease progression, at least in the brain cortex. Notably,
reduced miR-21 was lately identified in the CSF of ALS patients, and also suggested as a potential
biomarker of the disease [83]. Supporting the role of miR-146a and miR-21 as negative regulators of the
TLR/NF-kB inflammatory pathway [48], increased expression in NF-kB levels was a feature of
symptomatic stage 2, though elevated HMGB1, as we observed, was also described to promote its
activation [44] and previously reported in reactive SC glia from ALS patients [84]. It is worthwhile to
note that a restrained cortical activation/inflammatory status may coexist with miR-146a deficit in stage 1,
based on the decreased GFAP and Ki-67 mRNA, as well as on the reduced NF-kB expression, which was
similarly observed in the SC of the mSOD1 mice at the pre-symptomatic stage [19], and hypothesized to
have a role in preventing disease onset. In fact, some in vitro and in vivo works demonstrated that the
inhibition of NF-kB in astrocytes does not increase motor function or survival in mSOD1 mice [85,41].
However, the in vivo NF-kB inhibition was performed by over-expressing the dominant negative form of
IkBa selectively in GFAP-positive astrocytes (GFAP-1kBaAA). Indeed, similarly with what was reported
to SC astrocytes [13], we are describing a population of neurotoxic cortical astrocytes that show
decreased GFAP levels. Therefore, the selectively inhibition of NF-kB in astrocytes taking into account
the GFAP expression could not be targeting the harmful astrocytes, or at least, their inhibition could not
be enough to ameliorate disease progression. Moreover, the study of Frakes and colleagues [41] shows
that the inhibition of NF-kB in SC astrocytes, in vitro, does not prevent MNs loss, though authors did not
validate this finding in cortical SOD1G93A derived astrocytes.

Phenotypically aberrant astrocytes were shown to promote MN damage and intracellular protein
aggregation in ALS models [13,69]. Such astrocytes revealed to be hypertrophic and to contain decreased
GFAP and high levels of S100B and Cx43 [13,19]. Because most of the studies have been carried out on
SC, we here explored markers associated to reactive astrocytes on the cortical brain homogenates from
mSOD1 mice at stage 1 and stage 2. In line with those studies we found the same kind of alterations only
when samples were collected during the symptomatic stage, excepting GFAP mRNA, whose reduced
expression was present already in stage 1. Decrease of GFAP was shown to accelerate ALS progression
[60] and its coexistence with vimentin reduction to impact on neurite network and synaptic loss [86].
Consistent reduced GFAP levels associated to reactive and neurotoxic astrocytes have been highlighted in

samples from mSOD1 models or astrocytes transfected with the mutated protein [19,13,87]. Another
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well-known feature in ALS is the impairment in GIuT considered to contribute to the excitotoxic path of
MN degeneration [13,88]. Decreased expression of GLT-1 and GLAST was also manifest in the cortical
tissue samples from our mSOD1 mice model, after disease appearance. Collectively, these results
highlight that the atypical biomarkers characteristic of the aberrant reactive astrocytes are predominate
and are the main players in the pathophysiological processes occurring in the brain cortex of mSOD1
ALS mice at the symptomatic stage.

To test whether astrocytes are intrinsically deficient and acquire an early reactive phenotype when
isolated during the first postnatal week of life, as recently demonstrated for the AD P301S tau mice model
[62], we decided to explore all the above markers of astrocytic activation in cells isolated from 7 day-old
mSOD1 mice pups and cultured for 13 DIV. Our primary cultures of astrocytes revealed a pathological
phenotype characterized by reactive/proliferative properties (S100BMe", Cx43Me" Ki-67M9" vimentin Moh)
and dysfunctional features (GFAP "%, GLT-1'% GLAST '*¥). Such findings contrast with published data
on neonatal astrocytes isolated from mSOD1 rat newborns [13] indicating that 7 day-old pups, but not 1-2
day-old mice, develop pathological changes as indicated by Sidoryk-Wegrzynowicz et al. [62]. This
concept is further supported by the increased expression and activation of NF-kB, elevated HMGB1
MRNA and release of HMGB1 protein, together with decreased miR-146a and miR-21 expression levels
in mSOD1 astrocytes, thus recapitulating major findings observed in cortical tissue from symptomatic
mice, including the SOD1 accumulation. Data on ALS cortical astrocytes additionally sustained
downregulated miR-146a as a pivotal player in the early pathological events, inasmuch as decreased miR-
146a expression has been reported to mediate inflammatory response [49], and to promote astrocyte
proliferation [89], as we observed. Accordingly, our preliminary data on the benefits of miR-146a
upregulation indicated a reduction in aberrancy ALS astrocyte biomarkers (data not shown). Indeed,
miR-146a was shown to act as a negative-feedback regulator of the inflammatory pathway, and to directly
target IRAK1 and TRAF6, both downstream components of the TLR cascade and mediators of
inflammation via NF-kB activation [90,48]. Other studies revealed that miR-146a by downregulating
IRAK1 and TRAF6 in macrophages reduced the production of pro-inflammatory cytokines [91]. We then
hypothesize that miR-146a downregulation is directly associated or contributes to astrocyte-inflammatory
potential and extracellular neurotoxic milieu. To highlight, however, that such decrease seems to be
specific of the cerebral cortex since it was not found in the SC [19]. Therefore, miR-146a may be
considered a potential therapeutic target to revert the reactive phenotype of astrocytes in ALS.
Considering that ALS cortical astrocytes early express a set of biomarkers characteristic of cell reactivity,
which may compromise neuronal survival, neurite extension and synaptic signaling, we evaluated these
parameters in NSC-34 WT and mutated SOD1 MNs after exposure to such diseased astrocytes isolated,
as previously, from the 7 day-old mice pups and cultured for 13 DIV. Our data on the effects of reactive
astrocytes toward WT MNs revealed that they cause a reduction in neurite length, as previously
documented for directly converted sALS and fALS astrocytes over mouse embryonic stem cells-
differentiated MNs [14], indicating that an impairment of synaptic transmission is produced. Contribution
of astrocytes in compromising mediating synaptic plasticity was shown to occur in the presence of
inflammatory cytokines [92]. Interestingly, here we show that reactive/deregulated astrocytes directly

affect SYP and consequently synaptic signaling between adjacent neurons. To mention that such features
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were not observed in mSOD1 MNs, indicating that diseased astrocytes differently distress WT and ALS
MNs. In conformity, other alterations, such as increased MMP-9 activity and late apoptosis, together with
mitochondria dysfunction and reduced PSD-95 expression, were exclusively observed in mSOD1 MNs
after co-culturing with reactive/deregulated ALS primary astrocytes. These findings are important in ALS
if we consider that MMP-9 is recognized to be a determinant of selective neurodegeneration [93],
decreased levels of PSD-95 to determine a dysfunctional post-synaptic terminal [76], and damaged
mitochondria to be a sign of neuronal vulnerability [29], here translated in late apoptosis. Different
signatures of neurotoxicity in response to ALS astrocytes are therefore manifest in either WT, or mSOD1
MNs, suggesting unequally vulnerability of healthy and diseased neurons to astrocyte-induced
neurotoxicity.

Overall, our study provides advanced evidence that astrocytes lose neurosupportive functions in brain
cortex of mSOD1 mouse model and gain neurotoxic properties, probably accounting for the neuronal loss
and synaptic dysfunction, together with predominant reactive markers associated to astrocyte phenotypic
aberrancies that we show here to characterize the symptomatic stage of mSOD1 rodent models. Data also
reveal that the low expression of miR-125b, miR-21 and miR-146a may account for neurite degeneration,
synaptic impairment, worse neurological outcome and defective regulation of activation and
inflammatory status after disease onset. In addition, this study stands out for the first time that
downregulated miR-146a is one of the earliest predictive biomarkers of the disease, with specificity for
the brain cortex, since it was not found in the SC [19]. Moreover, our findings indicating that no
microglia activation, or miR-155 upregulation, or even any significant alteration on oligodendrocytes are
present in the mSOD1 mice cortical region, emphasize astrocytes as key players and raise the question on
whether microglia in SC and brain cortex may be differently associated to disease progression in ALS.
Actually, cortical astrocytes show to acquire early deficits and to induce neurodegeneration while
revealing all the reactive markers identified in the symptomatic stage. Most notoriously, besides
expressing low miR-146a and miR-21 levels, astrocytes showed to release HMGBL into the extracellular
milieu, which is a well-known mediator of neuroinflammation and neurodegeneration [94]. Harmful
effects were consequently produced on either NSC-34/hSOD1WT or NSC-34/hSOD1G93A MNs, though
by different pathways, highlighting that astrocyte phenotypic aberrancies include a broad-spectrum of
action. Future work should address astrocytes in the cerebral cortex for neuroprotective and
neurorestorative treatment strategies, and consider miR-146a deficiency as a pivotal biomarker and new

therapeutic target in ALS.
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Figure legends

Fig. 1 SOD1 accumulation is associated with decreased elF-2o. phosphorylation and ATF4
expression in the cerebral cortex of mSOD1 mice at symptomatic stage. Cortical tissue samples were
obtained from SOD1G93A (mSOD1) and wild type (WT) mice at 4-6 weeks-old (pre-symptomatic, stage
1) and 12-14 weeks-old (symptomatic, stage 2). (a) Representative fluorescence images of superoxide
dismutase-1 (SOD1) staining (green) by immunohistochemistry. (b) Western blot analysis of SOD1
expression (mouse, light gray bars; human, dark gray); the anti-SOD1 antibody recognize both human
and mouse SOD1. Western blot analysis showing the expression levels of (c) phospho-eukaryotic
initiation factor 2 (p-elF-2a) and (d) activating transcription factor 4 (ATF4). Representative results from
one blot are shown. B-actin was used as a loading control. Results are represented as fold vs. age-matched
WT animals, except in b where the results are represent as fold vs. mouse SOD1 in stage 1. Data
represent mean values £ SEM from at least five independent experiments. **p < 0.01 vs. WT samples,
two-tailed unpaired Student’s t-test with Welch’s correction when required. Exceptionally for SOD1
analysis (in b), #p < 0.05 vs. human SOD1 in stage 1, one-way ANOVA followed by Bonferroni (selected

pairs of columns) post-hoc test. Scale bar represents 40 pum.

Fig. 2 Cortical tissue samples from symptomatic mSOD1 mice show neuronal degeneration/loss, as
well as reduced expression of synaptic proteins and miR-125b. Cortical tissue samples were obtained
from SOD1G93A (mSOD1) and wild type (WT) mice at 4-6 weeks-old (pre-symptomatic, stage 1) and
12-14 weeks-old (symptomatic, stage 2). Western blot analysis showing the expression levels of (a)
neuronal specific nuclear protein (NeuN), (b) choline acetyltransferase (ChAT), (c) pre-synaptic
synaptophysin (SYP) and (d) post-synaptic density protein 95 (PSD-95). Representative results from one
blot are shown. B-actin was used as a loading control. qPCR gene expression analysis of (e)
microRNA(mIiR)-124 and (f) miR-125b. Results are represented as folds vs. age-matched WT mice. Data
represent mean values £ SEM from at least five independent experiments. *p < 0.05 and **p < 0.01 vs.

WT samples, two-tailed unpaired Student’s t-test with Welch’s correction when was required.

Fig. 3 Inflammatory status in cortical tissue samples from mSOD1 mice at symptomatic stage is
preceded by depressed stress markers and miR-146a expression. Cortical tissue samples were
obtained from SOD1G93A (mSOD1) and wild type (WT) mice at 4-6 weeks-old (pre-symptomatic, stage
1) and 12-14 weeks-old (symptomatic, stage 2). Western blot analysis showing the expression levels of
(a) nuclear factor kappa B (NF-kB), (b) phosphor-NF-kB and (d) high mobility group box 1 (HMGBL).

Representative results from one blot are shown. B-actin was used as a loading control. g°PCR gene
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expression analysis of (¢) HMGB1, (e) proliferation marker (Ki-67), (f) microRNA(miR)-21 and (g) miR-
146a. Results are represented as folds vs. age-matched WT mice. Data represent mean values = SEM
from at least five independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. WT samples, two-

tailed unpaired Student’s t-test, with Welch’s correction when was required.

Fig. 4 Elevated expression of S100B and Cx43 astrocytic markers are observed in cortical tissue
samples from mSOD1 mice at symptomatic stage. Cortical tissue samples were obtained from
SOD1G93A (mSOD1) and wild type (WT) mice at 4-6 weeks old (pre-symptomatic, stage 1) and 12-14
weeks old (symptomatic, stage 2). Representative fluorescence images of (a) S100 calcium-binding
protein B (S100B) staining (red) by immunohistochemistry. gPCR gene expression analysis of (b) S100B
and (c) connexin-43 (Cx43). Results are represented as folds vs. age-matched WT mice. Data represents
mean values £ SEM from at least five independent experiments. **p < 0.01 vs. WT samples, two-tailed

unpaired Student’s t-test. Scale bar represents 40 um.

Fig. 5 Decreased GFAP mRNA and vimentin expression precede the occurrence of downregulated
glutamate transporters and astrocyte GFAP expression levels in the mSOD1 mice at symptomatic
stage. Cortical tissue samples were obtained from SOD1G93A (mSOD1) and wild type (WT) mice at 4-6
weeks old (pre-symptomatic, stage 1) and 12-14 weeks old (symptomatic, stage 2). Representative
fluorescence images of (a) Glutamate Transporter 1 (GLT-1) and (e) glial fibrillary acidic protein (GFAP)
staining by immunohistochemistry. Western blot analysis showing the expression levels of (b) GLT-1, (c)
GLutamate ASpartate Transporter (GLAST), (d) vimentin and (g) GFAP. Representative results from one
blot are shown. B-actin was used as a loading control. gPCR gene expression analysis of (f) GFAP levels.
Results are represented as folds vs. age-matched WT mice. Data represent mean values + SEM from at
least five independent experiments. *p < 0.05 and ***p < 0.001 vs. respective WT samples, two-tailed

unpaired Student’s t-test with Welch’s correction when was required. Scale bar represents 40 pum.

Fig. 6 Cortical astrocytes isolated from the mSOD1 mice show an atypical reactive phenotype
characterized by SOD1 accumulation, increased gliosis markers and reduced GFAP and GLT-1
expression. Astrocytes were isolated from the cortex of SOD1G93A (mSOD1) and wild type (WT) mice
pups at 7 day-old, and cultured for 13 days in vitro. (a) Representative fluorescence images of superoxide
dismutase-1 (SOD1) staining (green) by immunocytochemistry. (b) Western blot analysis of SOD1
expression (mouse, light gray bars; human, dark gray); the anti-SOD1 antibody recognize both human
and mouse SOD1. qPCR gene expression analysis of (c) S100 calcium-binding protein B (S100B), (d)
connexin-43 (Cx43), (e) Ki-67 and (f) glial fibrillary acidic protein (GFAP). Western blot analysis
showing the expression levels of (g) GFAP, (h) GLT-1, (i) GLutamate ASpartate Transporter (GLAST)
and (j) vimentin. Representative results from one blot are shown. B-actin was used as a loading control.
Results are represented as folds vs. WT mice. Data represent mean values + SEM from at least five
independent experiments. *p < 0.05 and **p < 0.01 vs. WT samples, two-tailed unpaired Student’s t-test

with Welch’s correction when was required. Exceptionally for SOD1 analysis (in b), ***p < 0.001 vs.
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mouse SOD1 in WT samples, one-way ANOVA followed by Tukey’s multiple comparison post-hoc test.

Scale bar represents 40 pm.

Fig. 7 Cortical astrocytes isolated from the mSOD1 mice show upregulated NF-kB/HMGB1
signaling, and decreased miR-21 and miR-146a levels. Astrocytes were isolated from the cortex of
SOD1G93A (mSOD1) and wild type (WT) mice pups at 7 day-old, and cultured for 13 days in vitro.
Western blot analysis showing the expression levels of (a) nuclear factor kappa B (NF-kB), (b)
phosphoNF-kB and (e) high mobility group box 1 (HMGBL). Representative results from one blot are
shown. B-actin was used as a loading control. (c) Representative fluorescence images of NF-kB staining
(green) by immunocytochemistry, to assess translocation to the nucleus. gPCR gene expression analysis
of (d) HMGB1, (g) microRNA(miR)-21, (h) miR-146a, (i) interleukin-1 receptor-associated kinase 1
(IRAK1) and (j) tumor necrosis factor receptor-associated factor 6 (TRAF6). (f) ELISA analysis of
HMGB1 released by astrocytes into the extracellular media. Results are represented as folds vs. WT mice.
Data represent mean values + SEM from at least five independent experiments. *p < 0.05 and **p < 0.01
vs. WT samples, two-tailed unpaired Student’s t-test with Welch’s correction when was required. Scale

bar represents 40 um.

Fig. 8 Atypical reactive astrocytes isolated from the cerebral cortex of mSOD1 mice show
neurotoxic effects on WT and mSOD1 MNs. Astrocytes were isolated from the cortex of SOD1G93A
(mSOD1) and wild type (WT) mice pups at 7 day-old, and cultured for 13 days in vitro. WT and mSOD1
astrocytes (Ast) were co-cultured with WT and mSOD1 NSC-34 MNs for 48 hours in vitro.
Representative fluorescence images of (a) neurite extension (BIII-Tubulin) and (d) MitoTracker™ Red
CMXRos staining by immunocytochemistry. Western blot analysis showing the expression levels of (b)
synaptophysin (SYP) and (e) post-synaptic protein density 95 (PSD-95) proteins after exposure to
astrocytes. Representative results from one blot in which samples ran in the same gel with same
conditions are shown. B-actin was used as a loading control. (c) Gelatin zymography analysis of matrix
metalloproteinase-9 (MMP-9) activity in the cell co-culture supernatants. (f) Percentage of positive cells
for Annexin(+) and 7-AAD(+) (indicator of late-apoptotic/necrotic cells) in WT and mSOD1 MNs
assessed by Guava Nexin® Reagent. Results are represented as folds vs. respective MNs (WT or
mSOD1) co-cultured with WT Ast (in b, ¢ and e). Data represent mean values + SEM from at least five
independent experiments. *p < 0.05 and **p < 0.01 using two-tailed unpaired Student’s t-test Welch’s

correction when was required. Scale bar represents 40 pm.

Supplementary Figure 1 Unchanged LC3B and Beclin-1 protein expression in the cerebral cortex of
mSOD1 mice indicate that the autophagy process is not affected by the disease. Cortical tissue
samples were obtained from SOD1G93A (mSOD1) and wild type (WT) mice at 4-6 weeks-old (pre-
symptomatic, stage 1) and 12-14 weeks-old (symptomatic, stage 2). Western blot analysis showing the
expression levels of (a) microtubule-associated protein 1 light chain 3B (LC3B) and (b) Beclin-1.

Representative results from one blot are shown. B-actin was used as a loading control. Results are
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represented as fold vs. WT animals in the same disease stage. Data represent mean values = SEM from at

least five independent experiments.

Supplementary Figure 2 Expression levels of proteins associated with oligodendrocyte progenitors
and activated microglia in the cerebral cortex of mSOD1 mice are not affected by the disease,
though the population of mature myelinating oligodendrocytes is reduced before disease onset. .
Cortical tissue samples were obtained from SOD1G93A (mSOD1) and wild type (WT) mice at 4-6
weeks-old (pre-symptomatic, stage 1) and 12-14 weeks-old (symptomatic, stage 2). Western blot analysis
showing the expression levels of (a) NG2 and (c) myelin basic protein (MBP). Representative results
from one blot are shown. B-actin was used as a loading control. gPCR gene expression analysis of (b)
NG2 , (d) CD11b mRNA and (e) microRNA(mIR)-155 levels. Results are represented as folds vs. age-
matched WT mice. Data represent mean values + SEM from at least five independent experiments. *p <

0.05 vs. WT samples, two-tailed unpaired Student’s t-test with Welch’s correction when was required.

Supplementary Figure 3 Astrocytes isolated from the cerebral cortex of mSOD1 mice show a
predominance of cells globally presenting an atypical reactive phenotype. Astrocytes were isolated
from the cortex of SOD1G93A (mSOD1) and wild type (WT) mice pups at 7 day-old, and cultured for 13
days in vitro. Representative fluorescence images of S100 calcium-binding protein B (S100B), the
proliferation marker Ki-67, fibrillary acidic protein (GFAP), glutamate transporter 1 (GLT-1), GLutamate
ASpartate Transporter (GLAST) and, vimentin and Respective quantification based on the number of
positive cells above a fluorescent signal threshold settled for each marker. For Ki-67 staining, only cells
with 2 or more nuclear punctuations were considered as positive. Results are represented as folds vs. WT
samples. Data represent mean values + SEM from at least five independent experiments. *p < 0.05, **p
< 0.01 and ***p < 0.001 vs. WT samples, two-tailed unpaired Student’s t-test with Welch’s correction

when was required. Scale bar represents 40 pm.
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