N

N

Evidence that corticofugal propagation of ALS
pathology is not mediated by prion-like mechanism
Jelena Scekic-Zahirovic, Mathieu Fischer, Geoffrey Stuart-Lopez, Thibaut
Burg, Johan Gilet, Sylvie Dirrig-Grosch, Christine Marques, Marie-Christine

Birling, Pascal Kessler, Caroline Rouaux

» To cite this version:

Jelena Scekic-Zahirovic, Mathieu Fischer, Geoffrey Stuart-Lopez, Thibaut Burg, Johan Gilet, et al..
Evidence that corticofugal propagation of ALS pathology is not mediated by prion-like mechanism.
Progress in Neurobiology, 2021, 200, pp.101972. 10.1016/j.pneurobio.2020.101972 . hal-04014941

HAL Id: hal-04014941
https://hal.science/hal-04014941v1
Submitted on 4 Mar 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04014941v1
https://hal.archives-ouvertes.fr

Progress in Neurobiology 200 (2021) 101972

progress in

Contents lists available at ScienceDirect
neurobiology

Progress in Neurobiology

FI. SEVIER

journal homepage: www.elsevier.com/locate/pneurobio LR

Check for

Evidence that corticofugal propagation of ALS pathology is not mediated by &
prion-like mechanism

Jelena Scekic-Zahirovic *', Mathieu Fischer *°, Geoffrey Stuart-Lopez *”, Thibaut Burg *~,
Johan Gilet?, Sylvie Dirrig-Grosch ?, Christine Marques *“, Marie-Christine Birling ”,

Pascal Kessler , Caroline Rouaux *

@ Inserm UMR_S 1118, Centre de Recherche en Biomédecine de Strasbourg, Faculté de Médecine, Université de Strasbourg, 67 000, Strasbourg, France

b mstitut Clinique de la souris, 67 400, Illkirch-Graffenstaden, France
¢ Inserm UMR_S 38, Centre de Recherche en Biomédecine de Strasbourg, Faculté de Médecine, Université de Strasbourg, 67 085, Strasbourg, France

ARTICLE INFO ABSTRACT
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Amyotrophic lateral sclerosis (ALS) arises from the combined degeneration of motor neurons (MN) and corti-
cospinal neurons (CSN). Recent clinical and pathological studies suggest that ALS might start in the motor cortex
and spread along the corticofugal axonal projections (including the CSN), either via altered cortical excitability

. and activity or via prion-like propagation of misfolded proteins. Using mouse genetics, we recently provided the
Cell-autonomous mechanism . " . | . A .
Prion-like propagation first experimental arguments in favour of the corticofugal hypothesis, but the mechanism of propagation
SoD1 remained an open question. To gain insight into this matter, we tested here the possibility that the toxicity of the
corticofugal projection neurons (CFuPN) to their targets could be mediated by their cell autonomous-expression
of an ALS causing transgene and possible diffusion of toxic misfolded proteins to their spinal targets. We
generated a Crym-CreER' mouse line to ablate the SOD1%%’R transgene selectively in CFuPN. This was sufficient
to fully rescue the CSN and to limit spasticity, but had no effect on the burden of misfolded SOD1 protein in the
spinal cord, MN survival, disease onset and progression. The data thus indicate that in ALS corticofugal prop-
agation is likely not mediated by prion-like mechanisms, but could possibly rather rely on cortical
hyperexcitability.

1. Introduction MN dual neurodegeneration is central to the understanding of ALS

pathophysiology, since diseases affecting only the MN (Kennedy’s dis-

Combined degeneration of corticospinal neurons (CSN) in the motor
cortex, and motor neurons (MN) in the brainstem and spinal cord clin-
ically defines amyotrophic lateral sclerosis (ALS), an adult onset
neuromuscular disorder that rapidly progresses to full paralysis and
death, and the third most frequent neurodegenerative disease after
Alzheimer’s and Parkinson’s diseases (Hardiman et al., 2017). CSN and

ease, adult-onset spinal and muscular atrophy) are comparatively less
severe (Sorenson, 2012). While ALS mostly occurs sporadically, about
10 % of patients have a familial history of the disease, the most common
causative genes being C9ORF72, SOD1, FUS and TARDBP, that encodes
the TDP-43 protein (Brown and Al-Chalabi, 2017; Chia et al., 2017). The
genetics of ALS greatly contributed to the development of cellular and
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animal models of the disease, in particular rodent models (Lutz, 2018)
and induced MN from patients’ iPSC (Guo et al., 2017). These models in
turn allowed dissecting MN degeneration mechanisms, unravelling the
combination of cell autonomous and non-cell autonomous contributions
(Lee et al., 2016; Ragagnin et al., 2019; Serio and Patani, 2017). Con-
trastingly, while CSN degeneration has been reported in several animal
models of ALS (Brunet et al., 2020), very little is known about the
mechanisms that govern their dysfunction and degeneration, and
whether combined cell autonomous and non-cell autonomous signalling
are involved.

CSN represent a discrete subpopulation of cortical layer V sub-
cerebral projection neurons (SubCerPN) which, together with the layer
VI corticothalamic neurons, constitute the corticofugal projection neu-
rons (CFuPN), ie. the main cortical output (Lodato et al., 2014). A
growing body of evidence from genetic, pathological and functional
studies suggests that ALS may originate in the motor cortex and prop-
agate away from the cerebral cortex along the corticofugal projections
(Brunet et al., 2020; Eisen et al., 2017; Geevasinga et al., 2016; Gunes
et al., 2020), according to the so-called « corticofugal hypothesis »
(Braak et al., 2013). Two schools of thought exist regarding the under-
lying mechanisms of corticofugal propagation: a prion-like propagation
of misfolded proteins (Braak et al., 2013; McAlary et al., 2019; Prasad
et al., 2019), and a cortical hyperexcitability leading to aberrant corti-
cofugal neurons excitability and activity and consecutive excitotoxicity
to their downstream targets (Eisen et al., 2017; Vucic and Kiernan,
2017). ALS is indeed characterized by aggregates of misfolded protein
(TDP-43 mostly, but also SOD1 and FUS) (Brettschneider et al., 2013;
Farrawell et al., 2015; Neumann et al., 2006), and early hyperexcit-
ability of the motor cortex that negatively correlates with survival and
manifests prior to disease onset (Vucic and Kiernan, 2017).

Because the corticofugal hypothesis of ALS and its putative mecha-
nisms cannot be directly assessed in human, animal models could prove
useful. While non-human primate in research is controversial and
limited (Abbott, 2014), rodents, and mice in particular could be a good
alternative, offering a vast panel of possible genetic manipulations.
Major anatomical differences exist between the human and rodent
motor systems that need to be taken into consideration. In higher pri-
mates, CSN can form both direct, monosynaptic connections onto the
MN innervating distal muscles, and indirect polysynaptic connections
onto MN innervating proximal muscles (Lemon, 2008; Welniarz et al.,
2016). Rodent CSN instead connect exclusively in an indirect poly-
synaptic manner to MN (Lemon, 2008; Welniarz et al., 2016). However,
in spite of these differences, rodents have proven extremely useful in
research on rehabilitation upon spinal cord injury or stoke (Caleo, 2015;
Loy and Bareyre, 2019), and may therefore prove as useful in studying
the cortical contribution to ALS.

In order to experimentally assess the corticofugal hypothesis of ALS,
we recently generated a mouse model that ubiquitously expresses a
mutant of the murine Sod1 gene, a condition sufficient to develop ALS-
like symptoms and premature death, but that entirely lacks CSN and
other SubCerPN (Burg et al., 2020). We demonstrated that absence of
this CFuPN population delayed disease onset, reduced weight loss and
motor impairment, and increased the survival of Sod1 086k mice, sug-
gesting that CFuPN carry detrimental signals to their downstream tar-
gets, providing the first experimental evidence of the corticofugal
hypothesis of ALS (Burg et al., 2020). What this first study did not
address is i) the nature of the detrimental message carried along the
CFuPN, ie. prion-like or electrophysiological, and ii) whether CSN
degeneration relies on combination of cell autonomous and non-cell
autonomous mechanisms. To gain insight into these relevant ques-
tions, here we took advantage of the FloxedSOD1%%"% mouse model of
ALS that allows genetic ablation of the mutant transgene in selected cells
upon Cre-mediated recombination (Boillee et al., 2006), and crossed it
to the CrymCreER™ mouse line that we purposely designed to geneti-
cally target CFuPN. We demonstrate that excision of the mutant
SOD1%%"R transgene from the CFuPN is sufficient to prevent CSN

Progress in Neurobiology 200 (2021) 101972

degeneration and limit spasticity, but does not impact the burden of
misfolded SOD1 aggregates in the spinal cord, nor disease onset and
progression. The data thus suggest that CSN degeneration mostly relies
on cell-intrinsic mechanisms, and that the toxicity of the CFuPN to their
downstream targets does likely not rely on the transmission by CFuPN of
misfolded proteins to their targets in a prion-like manner.

Initial report of the findings presented here was published as a pre-
print on bioRxiv (Scekic-Zahirovic et al., 2020).

2. Materials and methods
2.1. Animals

All animal experiments were performed under the supervision of
authorized investigators and approved by the local ethical committee of
Strasbourg University (CREMEAS, agreement #00738.01). Animals
were housed in the animal facility of the Faculty of Medicine of Stras-
bourg, with a regular 12 h light/dark cycle, under constant conditions
(21 £1°C; 60 % humidity). Standard laboratory food and water were
accessible ad libitum throughout all experiments. Knock-in Crym-
CreER™ mice were generated by the Institut Clinique de la Souris (ICS,
Illkirch, France) by homologous recombination. The Crym locus was
engineered to include a T2A-CreER™ cassette downstream of the Crym
coding sequence. Mice were genotyped by PCR of genomic DNA
from tail Dbiopsies using the three following primers:
GGTTCTTGCGAACCTCATCACTCGT; CCAGGGATGGCAGTGGAAGACCG;
GCTATCCAACCACAAACA-TGAATAGGG. TdTomato reporter mice (B6.
Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J) were obtained from
The Jackson Laboratory, and FloxedSOD1%7R were kindly provided by
Dr Don W. Cleveland (Boillee et al., 2006). Crym—CreERT2 males were
crossed with TdTomato females to generate Crym-CreER'2/TdTomato to
verify Cre-mediated recombination of the reporter gene. Crym-CreER™?
males were crossed with FloxedSOD1%*® females and the F1 generation
provided four genotypes of interest: WT/WT; Crym-CreER™2/WT;
WT/SOD1%%7%; Crym-CreER™/SOD1%%7R. At post-natal day 15, all ani-
mals received a single i.p. injection of 4-Hydroxytamoxifen (H6278,
Sigma) dissolved in corn oil (C8267, Sigma) at the dose of 0.25mg/g
body weight. Males were used for survival and behavioural studies and
histology. Mice were followed weekly, and disease progression was
rated according to a clinical scale going from score 4 to 0, as previously
described (Rouaux et al., 2007). End-stage animals were euthanized
upon reaching score 0, i.e. when they were no longer unable to roll over
within 10 s after being gently placed on their back (Rouaux et al., 2007).
Disease onset was measured as the time of peak of body weight.

2.2. Western blot analyses

For fractionation, immunoblotting sample homogenates (10 % w/v)
were prepared in PBS and homogenized with a potter. Samples were
combined at 1:1 with 2% sarkosyl (N-lauroylsarcosine) in PBS. Benzo-
nase (50 U/mL, Sigma) was added to remove DNA and homogenates
were incubated with constant agitation at 37 °C for 30 min, followed by
ultracentrifugation at 100 000 g for 40 min at 4 °C. Supernatants were
saved as soluble fractions. Pellets were washed in 1% sarkosyl in PBS
and further spun at 100 000 g for 40 min. Supernatants were discarded
and pellets solubilized in 4% SDS. Protein quantification was performed
using a BCA Assay Reagent Kit (UP95424, Uptima). Samples (10 pg)
were boiled in the appropriate volume of Laemmli buffer, resolved by
SDS-PAGE (Stain free gel gradient 4-20 %, Biorad) and transferred to a
0.45 pm nitrocellulose membrane (Bio-Rad) using a semi-dry Transblot
Turbo transfer system (Bio-Rad). Membranes were probed with a mouse
anti-human misfolded SOD1 antibody (1/1000, B8H10, Médimabs),
followed by an HRP-conjugated goat anti-mouse antibody (1,/5000,
BI2413C, Abliance). Protein bands detection by ECL Lumina Forte
(Millipore) and quantification were performed on a chemiluminescence
detector (Chemidoc, Bio-Rad).



J. Scekic-Zahirovic et al.
2.3. Semi-quantitative PCR on genomic DNA and gel electrophoresis

Cortical layers were microdissected under a SMZ18 microscope
(Nikon) from three adjacent 1 mm-thick coronal brain sections obtained
using a stainless steel coronal brain matrix (Harvard Apparatus, MA).
Cortical layers and spinal cord were harvested, rapidly frozen in liquid
nitrogen and stored at -80 °C until use. Genomic DNA was extracted
using the conventional phenol-chloroform/proteinase-K method. 0.5 pg
of DNA was amplified using a mix of the following primers:

h SOD1: CAGCAGTCACATTGCCCAGGTCTCCAACATG; CCAAGATG
CTTAACTCTTGTAATCAATGGC

m Actb: AGAGGGAAATCGTGCGTGAC; CAATAGTGATGACCTGG
CCGT

The PCR products were separated on a 3.0 % agarose gel using 1X
TAE buffer containing ethidium bromide and were visualized under UV
light, and the gels were photographed using a UV gel documentation
system. A DNA molecular weight ladder (Life Technologies) was run on
every gel to confirm expected molecular weight of the amplification
product. For quantification, band intensities were measured using
ImageJ (NIH).

2.4. qPCR analyses

Cortical layers, spinal cord and muscle tibialis anterior were har-
vested and rapidly frozen in liquid nitrogen and stored at -80 °C until
analysis. Total RNA was extracted using TRIzol reagent (Invitrogen) and
stainless-steel bead in a Tissue Lyser (Qiagen). 1 pg of RNA was reverse
transcribed using the iScript cDNA synthesis kit (Bio-Rad). Quantitative
PCR (qPCR) was performed with the IQ SYBR Green Supermix (Bio-
Rad). Gene expression was normalized by calculating a normalization
factor using Gusb, Actb and Hsp90ab1 as reference genes for the nervous
tissues, and H1h2bc, H2AC and H2AX as reference genes for the
muscular tissues. The following primer were used:

hSOD1: CTGTACCAGTGCAGGTCCTC; CCAAGTCTCCAACATGCC
TCT

Crym: CACATCAATGCTGTTGGAGCC; TCCACATACAGCACCGCTTG

Gusb: CGAGTATGGAGCAGACGCAA; AGCCTTCTGGTACTCCTCACT

Actb: ATGTGGATCAGCAAGCAGGA; AGCTCAGTAACAGTCCGCCT

Hsp90abl: TACTACTCGGCTTTCCCGTCA; CCTGAAAGGCAAAGGT
CTCCA

AChR-y: GAGAGCCACCTCGAAGACAC; GACCAACCTCATCTCCC
TGA

H1h2bc: AACAAGCGCTCGACCATCA; GAATTCGCTACGGAGGCTT
ACT

H2AC: CAACGACGAGGAGCTCAACAAG; GAAGTTTCCGCAGATTCT
GTTGC

H2AX: TCCTGCCCAACATCCAGG; TCAGTACTCCTGAGAGGCCTGC
2.5. Motor tests

For all motor tests, mice were trained from 24 to 25 weeks of age, and
then followed from 26 weeks of age until death, on a daily basis for
general health and neurological symptoms, and once a week for body
weight, muscle grip strength, inverted grid test and CatWalk. Each
motor session consisted of three trials and the results represent the mean
of these three trials. Muscle strength was measured using a strength grip
meter (Bioseb, BIO-GS3). Four limbs hang test that allows measuring the
ability of mice to use sustained limb tension to oppose gravitational
force was used as previously described (Burg et al., 2020; Scekic-Za-
hirovic et al., 2017). Mouse gait was analysed with the CatWalk XT
(Noldus Information Technology) which generates numerous parame-
ters for quantitative and qualitative analysis of individual footprint and
gait (Vergouts et al., 2015). Recordings were performed under the
conditions previously described (Burg et al., 2020; Scekic-Zahirovic
et al., 2017). Each mouse was allowed to cross freely the recording field
of the runway with three independent attempts. Criteria for data

Progress in Neurobiology 200 (2021) 101972

collection were i) crossing the field in less than 10s and ii) a walking
speed variation of less than 60 %. The six following gait and coordina-
tion parameters were analysed: Run Average Speed, Hind limbs Stand
Index, Hind limbs Max Contact Max Intensity Mean, Hind limbs Max
Contact Mean Intensity Mean, Hind limbs print area and Hind limbs
stride length.

2.6. Electromyography

All recordings were performed with a standard EMG apparatus
(Dantec) on mice anesthetized with a solution of Ketamine (Imalgene
1000®, Merial; 90 mg/kg body weight) and Xylazine (Rompun 2%®,
Bayer; 16 mg/kg body weight) and kept under a heating mat to maintain
physiological body temperature (=31 °C). Electrical activity was moni-
tored on gastrocnemius and tibialis anterior muscles of both limbs for at
least 2min, as previously described (Rouaux et al., 2007). For each
muscle, a score of O (innervated, i.e. not presenting any spontaneous
muscle activity) or 1 (denervated, i.e. presenting spontaneous muscle
activity) was given, and the total scores of the four muscles were
summed.

2.7. Tail spasticity

Tail spasticity of end stage mice was determined and quantified as
previously described (El Oussini et al., 2017). Briefly, a monopolar
needle electrode (Medtronic, 9013R0312, diameter 0.3 mm) was inser-
ted in segmental tail muscles of paralyzed mice to record reflex activity.
Muscles spasms were evoked with mechanical stimulation of the tail. For
quantification of the response, value of maximal amplitude (in mV) of
long lasting reflex signal was measured after stimulation, using ImageJ
(NIH).

2.8. In situ hybridization

The cDNA clone for mu Crystallin (Crym) is a kind gift from the
Arlotta lab. Riboprobes were generated as previously described (Arlotta
et al., 2005). Nonradioactive in situ hybridization was performed on
40 um vibratome coronal brain sections 0.14 mm anterior to Bregma.
Selected sections were mounted on superfrost slides and processed using
reported methods (Lodato et al., 2011). Bright field 10X tile images were
acquired with an Axiolmager.M2 microscope (Zeiss) equipped a
high-resolution B/W camera (Hamamatsu), and run by the ZEN 2 soft-
ware (Zeiss).

2.9. Retrograde labelling of the CSN

CSN were labelled as previously described (Marques et al., 2019).
Briefly, animals were deeply anesthetized with an intraperitoneal in-
jection of Ketamine (Imalgene 1000®, Merial; 120 mg/kg body weight)
and Xylazine (Rompun 2%®, Bayer; 16 mg/kg body weight) solution
and placed on a heating pad. Laminectomy was performed in the C3-C4
cervical or lumbar (L1-L2) region of the spinal cord, and the dura was
punctured using a pulled glass capillary lowered to the dorsal funiculus.
Five pressure microinjections of 23 nl of Fluorogold (Fluorchrome) were
performed on each side of the dorsal funiculus (Drummond Scientific,
Nanoject II). Five days after injection, or upon reaching end-stage, mice
were euthanized for histological procedures (see below)

2.10. General histological procedures

Animals were deeply anesthetized with an intraperitoneal injection
of Ketamine (Imalgene 1000®, Merial; 120 mg/kg body weight) and
Xylazine (Rompun 2%®, Bayer; 16 mg/kg body weight), and trans-
cardially perfused with cold 0.01 M phosphate buffered saline (PBS),
followed by cold 4% PFA in 0.01 M PBS. Brains, spinal cords, gastroc-
nemius and tibialis were post-fixed in the same fixative solution
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overnight (nervous tissues) or for 1 h (muscles) and stored in PBS 0.01 M
at 4 °C until use. Fixed brains and spinal cords were cut in 40 pm thick
sections on a vibratome (Leica Biosystems, S2000).

Immunohistochemistry was performed on brain and spinal cord
sections at room temperature. Sections were first immersed in 3%
hydrogen peroxide (H202) to remove endogenous peroxidase activity,
and washed with PBS, incubated with 5% horse serum and 0.5 % triton
X-100 in PBS for 30 min and incubated with primary antibody over-
night. After rinsing in PBS, sections were incubated with biotinylated
secondary antibody for 2h, rinsed in PBS and incubated 1h with the
Vectasatin ABC Kit (Vector Laboratories, PK7200). Revelation was
performed by incubating the sections in 0.075 % 3,3’-diaminobenzidine
tetrahydrochloride (D5905, Sigma) and 0.002 % H30, in 50 mM Tris
HCL

For immunofluorescence, brain and spinal cord sections were heated
at 80 °C in citrate buffer pH6.0 for 30 min and incubated with 5% horse
serum and 0.5 % triton X-100 in PBS for 1 h before being incubated with
primary antibody overnight at 4 °C. After rinsing in PBS, sections were
incubated with Alexa-conjugated secondary antibody for 2 h, rinsed in
PBS and water and mounted with DPX mounting solution (Sigma,
06522-100ML).

The primary antibodies used in this study are the following: goat
anti-Td-Tomato (MyBiosource, MBS448092, 1/100), rabbit anti-Td-
Tomato (Rockland, 600-401-379, 1/100), mouse anti-CRYM (Abnova
AA215-314, 1/100), rabbit anti-CRE (BioLegend 908001, 1/100), rat
anti-CTIP2 (Abcam ab18465, 1/100), rabbit anti-TLE4 (Santa Cruz sc-
9125, 1/100), mouse anti-SATB2 (Abcam ab21502, 1/50) mouse anti-
PV (Sigma P3088, 1/1000), goat anti-TPH2 antibody (Abcam
ab121013, 1/500), goat anti-choline acetyltransferase (Merk Millipore
AB144 P, 1/25), mouse anti-human SOD1 (MediMabs, MM-0070-P,
clone B8H10, 1/100), mouse anti-P62 (Abcam ab56416, 1/100), rab-
bit anti-GFAP (Dako Z0334, 1/100), goat anti-Ibal (Abcam ab5076, 1/
100); biotinylated and Alexa-conjugated secondary antibodies (1,/500)
were purchased from Jackson.

Images were captured using an Axiolmager.M2 microscope (Zeiss)
equipped with a structured illumination system (Apotome, Zeiss) and a
high-resolution B/W camera (Hamamatsu), and run by the ZEN 2 soft-
ware (Zeiss). Experimenters blinded to the genotypes performed the
neuronal counts and NMJ assessments.

2.11. Brain histological analyses

Brains sections from Fluorogold injected animals were mounted on
slides with DPX mounting solution (Sigma, 06522). Fluorogold-positive
neurons were manually counted, on both hemispheres, within layer V,
from M2 medially to S1 laterally. IBA1 and GFAP intensities were
quantified using ImageJ software (NIH, MD, USA). Three regions of
interest (ROI) were created and used for all images. The three ROI were
placed respectively over the cortical layers II/IIl and V and over the
cingulate cortex for background. Background was subtracted from in-
tensities of the cortical layers II/IIl and V ROI. For each animal 2 pictures
corresponding to each hemisphere were analysed. Serotonergic neurons
were quantified from individual coronal sections located at Bregma -
4.72 mm.

2.12. Spinal cord histological analyses

Lumbar (L5) spinal motor neurons from two sections separated by
320 pm were mounted on slides, dried at 40 °C on a hot plate for 3 h and
stained with 1% toluidine blue solution for 1 min, rinsed with water,
dehydrated and mounted. Two images per section (one per ventral horn)
were captured and motor neurons (defined as cells with an area larger
than 350 pm?) were quantified using ImageJ (NIH). hSOD1, GFAP, IBA1
and P62 intensities were quantified using ImageJ software (NIH). For
each image, ROI were manually drawn following the natural border
between grey and white matter. Intensities were quantified similarly to
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IBA1 and GFAP in the brain (see above).
2.13. Muscle histological analyses

Tibialis anterior muscles were dissected into bundles and processed
for immunofluorescence wusing a combination of rabbit anti-
synaptophysin (Eurogentec, 1/50) and rabbit anti-neurofilament anti-
bodies (Eurogentec, 1/50) followed by an Alexa-conjugated donkey
anti-rabbit 488 (Jackson, 1/1 000), and rhodamine conjugated a-bun-
garotoxin (Sigma, T0195), as previously described (Marques et al.,
2019). On average 100 NMJ per animals were examined by experi-
menters blinded to the genotype.

2.14. Statistics

Data are presented as mean =+ standard error of the mean (SEM).
Statistical analyses were performed using GraphPad Prism 6 (GraphPad,
CA). Student’s t-test was used for comparison between two groups, 1-
way or 2-way analysis of the variance, followed by Tukey’s multiple
comparison post hoc test and 2-way repeated measures (RM) analysis of
the variance, followed by Bonferroni’s multiple comparison post hoc test
were applied for three or more groups. For survival and disease onset
analysis, animals were evaluated using log-rank test (Mantel-Cox).
Fischer exact test was used to determine significant different proportion.
Results were considered significant when p < 0.05.

3. Results

3.1. Mutant SOD1%%R protein remains soluble in the cerebral cortex of
mice

In Sod1%%5R mice, absence of corticofugal neurons proved to be
beneficial, providing the first experimental evidence of the corticofugal
hypothesis of ALS (Burg et al., 2020). To test whether corticofugal
propagation relies on axonal transport of soluble misfolded SOD1 pro-
tein, and synaptic contact to the spinal cord, as proposed for TDP-43
dissemination in patients (Braak et al., 2013), we investigated the
presence and solubility of misfolded SOD1 protein in the cerebral cortex,
brain stem and spinal cord of SOD1%%’R mice. First, we performed
immunolabellings on coronal sections from the brain, brainstem and
lumbar spinal cord of wild-type and SOD1%*’R mice at presymptomatic
(256 + 8 days of age), symptomatic (244 + 6 days of age) and disease
end stages (432 £ 45 days of age) to reveal the misfolded human SOD1
protein (Fig. 1A). While the brainstem and spinal cord displayed accu-
mulation of SOD1-positive aggregates overtime, the brain in general and
the cerebral cortex in particular remained devoid of aggregates and only
a very small number of them could be detected in the cerebral cortex of
end-stage animals (Fig. 1A). Similarly, little to no SOD1-positive ag-
gregates were detected in the dorsal funiculus were the corticospinal
projections travel (Fig. 1A). To further investigate misfolded human
SOD1 protein solubility in the different parts of the central nervous
system, we performed protein fractionation experiments and separated
soluble and insoluble fractions from the cerebral cortex, brain stem and
spinal cord of end-stage SOD1%*’F mice to reveal misfolded human
SOD1 protein by Western blot (Fig. 1B). Band quantification revealed
that the cerebral cortex displayed a significantly smaller proportion of
insoluble SOD1 protein in comparison with the brain stem and spinal
cord (One-way ANOVA followed by multiple comparisons, p =0.0042
and p = 0.0244 respectively, Fig. 1C). The data indicate that misfolded
human SOD1 protein remains essentially soluble in the cerebral cortex,
and suggests that it could be diffused and transmitted along the corti-
cofugal projections.

3.2. Generation of Cr;ym—CreERT2 mice

To test whether possible transmission of misfolded human SOD1
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A SOD16R
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Fig. 1. Mutant SOD1 protein remains soluble in

Presymptomatic

Symptomatic

Misfolded human SOD1

the cerebral cortex.

A. Representative images of immunofluores-
cence on brain and lumbar spinal cord coronal
sections from SOD1%%’R mice harvested at pre-
symptomatic, symptomatic and disease end-
stage ages, and control wild-type animal (WT),
showing time-dependent accumulation of ag-
gregates of the misfolded human SOD1 protein
in the brainstem and spinal cord, but not the
cerebral cortex, with a few exceptions (arrows).
N =4 animals per genotype. Scale bar 500 pm
and 100 pm in close-ups. Ctx: cerebral cortex ;
LV: lateral ventricle ; Hip: hippocampus ; Th:
thalamus ; Hypo: hypothalamus ; CPu: caudate
putamen ; LGP: lateral globus pallidus ; Cer:
cerebellum ; BS: brain stem ; FN: facial nucleus ;
GM: grey matter ; WM: white matter.

B. Representative immunoblottings for mis-
folded human SOD1 protein detected in the
soluble and insoluble fractions of homogenates
from the cerebral cortex, brain stem and spinal
cord of end-stage SOD1%*’R mice.

C. Pie charts representing the relative pro-
portions of misfolded human SOD1 protein
present in the soluble and insoluble fractions of
homogenates from the cerebral cortex, brain
stem and spinal cord of end-stage SODI1%%R
mice N = 4 animals. One-way ANOVA followed
by Tukey’s multiple comparisons test.
*p < 0.05, **p < 0.01.
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protein by the corticofugal neurons could contribute to their toxicity
onto their downstream targets, we designed experiments to selectively
remove misfolded human SOD1 protein from the CFuPN. We generated
a mouse line to restrict the expression of the Cre recombinase within the
CFuPN populations composed of the layer V SubCerPN that include the
discrete population of CSN, and the layer VI corticothalamic neurons.
Within the cerebral cortex, expression of Mu-crystallin (Crym) was found
restricted to the CFuPN (Arlotta et al., 2005). We further confirmed this
pattern of expression by conducting in situ hybridization analyses at
postnatal days (P) P1 and P15, and in the adult mouse brain (Fig. 2A,
and data not shown). At P15, Crym expression was detected in the
cingulate cortex, the layer V of the motor and somatosensory cortex, the
piryform cortex, the olfactory tubercle, and, at lower level, in the layer
VI of the cerebral cortex where corticothalamic neurons are located
(Fig. 2A). Crym expression was also detected in the most medial part of
the caudate putamen, and the CA1 and CA2 regions of the hippocampus
(Fig. 2A). To verify that Crym was not expressed in the spinal cord,
where lower motor neurons (MN) are located, we ran qPCR on mRNA
extracted from the layer V of the cerebral cortex and the lumbar part of
the spinal cord of 4 months old wild-type mice (Fig. 2B). We did not
detect Crym expression in the spinal cord (Fig. 2B; Unpaired t-test;

p =0.0002). We thus designed a knock-in mouse line to restrict the
tamoxifen-inducible Cre recombinase (CreERTz) within the Crym locus,
downstream of the coding sequence, and separated from it by a T2A
sequence. This allowed to maintain Crym endogenous expression and to
obtain a spatial and temporal expression of CreER™ similar to that of
endogenous Crym (Fig. 2C). We then crossed the Crym-CreER™? line to
the TdTomato reporter line (Madisen et al., 2009), administered a single
dose of tamoxifen to P15 double transgenic mice, and sacrificed the
animals at P21 to verify Crym-CreER™2-mediated recombination of the
reporter gene (Fig. 2D). Analyses of sagittal and coronal sections
revealed robust TdTomato expression throughout the whole cortical
layers V and VI and in the upper layers of the frontal cortex (Fig. 2D).
Similarly to endogenous Crym expression, TdTomato-positive cells were
also detected in the caudate putamen and the CA1 and CA2 regions of
the hippocampus. Scattered Td-Tomato-positive cells were also found in
the olfactory bulb and cerebellum. Importantly, no Td-Tomato positive
cells could be detected in the brainstem and spinal cord where MN are
located. Finally, Td-Tomato positive axons were detected as tracts
within the internal capsule, cerebral peduncle and dorsal funiculus of
the spinal cord, in accordance with Td-Tomato expression by SubCerPN
and CSN, and as diffused axons is the parenchyma of the thalamus, in
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Fig. 2. Generation of the knock-in Crym-CreER™ mouse line.

A. Representative images of in situ hybridization on brain coronal sections from a P15 wild-type mouse showing Crym expression. Scale bars 500 ym and 200 pm in
close-ups.

B. Graph bar representing RT-qPCR results of relative Crym expression in the layer V of the cerebral cortex and in the spinal cord.

C. Schematic representation of the gene targeting strategy to generate the knock-in and tamoxifen-inducible Crym-CreER™? mouse line.

D. Representative immunofluorescence images of sagittal and coronal sections of brains from P21 Crym-creER'%TdTomato double transgenic mice upon induced
recombination of the reporter by tamoxifen injection at P15. Arrows indicate Td-Tomato-positive corticospinal tract at different rostro-caudal levels. Scale bar
500 pm.

E. Representative optical sectioning images by structured illumination of immunofluorescence showing the colocalization of cortical layer V Td-Tomato-positive cells
together with the CRE recombinase, the layer V subcerebal projection neuron markers CRYM and CTIP2, and of cortical layer VI Td-Tomato-positive cells together
with the layer VI corticothalamic neuron marker TLE4. Contrastingly no co-localization with the callosal projection neuron marker STAB2 or the interneuron marker
PV could be observed. Scale bar 50 pm.

F. Crym-creER"%;TdTomato double transgenic mice received tamoxifen injection at P15 and underwent retrograde labelling of the CSN by injection of FluoroGold into
the cervical part of the dorsal funiculus (left schematic). Representative immunofluorescence images of a coronal brain section (right panel) showing Td-Tomato
expression and FluoroGold, and their colocalization within the layer V of the motor cortex. Scale bar 500 pm and 50 pm in the close-ups.

G. Representative immunofluorescence images of a section of the lumbar spinal cord from P21 Crym-creER™%;TdTomato double transgenic mice showing Td-Tomato-
positive CST in the ventral part of the dorsal funiculus, and absence of Td-Tomato expression in the rest of the spinal cord, and more particularly in the ChAT-positive
MN of the ventral horn. Scale bar 100 pm. MC: motor cortex; SSC: somatosensory cortex; CC: corpus callosum; S: septum; CP:cerebral peduncle; Pir: Piryform cortex;
E)T: olfactory tubercule; Hip: hippocampus; Th: thalamus; Hypo: hypothalamus; OB:olfactory bulb; Ctx: cortex; Cer: cerebellum.
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Fig. 3. Selective ablation of SOD1%7R transgene in the cortical layer V.

A. Schematic representation of mice cross-breeding to obtain the four genotypes of interest: wild-type (WT); CrymCreER%non-transgenic (CrymCre); wild-type;
SOD1%7R (SOD1), and CrymCreER'%,S0D1%°7R (CrymSOD1).

B. Schematic representation of the mouse central nervous system indicating the microdissected areas: layers II/III (LII/III) and V (LV) of the cerebral cortex and the
lumbar portion of the spinal cord (SC).

C. Representative images of agarose gels of PCR on genomic DNA to detect the levels of genomic SOD1%*’® transgene LII/III, LV and lumbar spinal cord of SOD1
(blue) and CrymSOD1 (red) mice.

D. Bar graph representing the ratio of genomic SOD1%%”% /beta Actin obtained upon quantification of the bands on the agarose gels (C.) in SOD1 (blue) and CrymSOD1
(red) mice. N = 3 animals per genotype. Multiple t-test, **p < 0.01.

D. Bar graph representing qPCR analyses of the SOD1%’R transgene expression levels in SOD1 (blue) and CrymSOD1 (red) mice. Multiple t-test, *p < 0.05.
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accordance with Td-Tomato expression by layer VI corticothalamic
neurons (Fig. 2D). To further verify the identity of Td-Tomato-positive
cells present in the cortical layers V and VI, we ran a series of immu-
nolabelling and colocalization analyses using optical sectioning by
structured illumination (Fig. 2E). As expected, Td-Tomato expression
was restricted to CRYM-expressing neurons and CRE-expressing cells.
Td-Tomato also colocalized with CTIP2, a transcription factor expressed
at high levels by layer V SubCerPN, and at lower levels by layer VI
corticothalamic neurons, and with TLE4 a transcription factor expressed
by layer VI corticothalamic neurons (Molyneaux et al., 2007). Impor-
tantly, Td-Tomato did not colocalize with SATB2, a transcription factor
that selectively labels callosal projection neurons across all cortical
layers (Fame et al., 2011; Molyneaux et al., 2007), nor with
Parvalbumin-positive (PV) inhibitory GABAergic interneurons (Trem-
blay et al., 2016) (Fig. 2E). To further test whether the chosen strategy
could induce recombination within the disease-relevant CSN, we retro-
gradelly labelled this neuronal population in the Crym-CreER"%;Td-To-
mato double transgenic mice by injecting Fluorogold (FG) within the
cervical portion of the dorsal funiculus. Microscopy analyses in the
cortical layer V of the motor cortex revealed colocalization of
Td-Tomato with FG (Fig. 2F). Finally, we verified the absence of
recombination within the spinal cord. As expected, Td-Tomato positive
corticospinal tract (CST) was detected in the ventral part of the dorsal
funiculus, but no Td-Tomato positive cell could be detected within the
white or the grey matter (Fig. 2G). Importantly, ChAT-positive MN of the
ventral horn were devoid of Td-Tomato expression (Fig. 2G). Together,
the data indicate that Crym-CreE'? expression faithfully recapitulates
Crym expression and allows the genetic targeting of CFuPN and CSN in
particular.

3.3. Genetic ablation of SOD1%7% from Crym-CreER™ expressing cells

To test the effect of selective removal of an ALS-related transgene
from the CSN and other CFuPN, we took advantage of the Floxed
SOD1%37R transgenic mouse line (Boillee et al., 2006) in which the
mutant transgene SOD1*"R can be excised upon Cre-mediated recom-
bination, and crossed it to our newly generated CrymGre-ER'? line. We
obtained 4 genotypes of interest, which we followed over time: wild--
type-non-transgenic (WT), CrymCreER "-non-transgenic (CrymCre), wild--
type-SOD1%%*’R  (SOD1) and CrymCreER™-SOD1%*7F  (CrymSODI)
(Fig. 3A). All animals received a single dose of Tamoxifen at P15
(Fig. 3A), using similar conditions as those that allowed robust recom-
bination of the reporter gene (Fig. 2D-G). To verify SOD1%7F transgene
excision in the cortical layer V of CrymSOD1 animals, compared to their
SOD1 littermates, we microdissected the cortical layers II/IIl and V,
along with the spinal cord of four month-old animals (Fig. 3B), extracted
genomic DNA and mRNA and ran PCR and RT-qPCR analyses respec-
tively. Combined amplification of the human SOD1%R transgene and
the murine beta Actin gene from genomic DNA followed by band quan-
tification and ratio calculation of human SOD1%*R transgene band in-
tensity on beta Actin gene band intensity revealed a significant decrease
of human SOD1%R transgene in the cortical layer V, and not in the
cortical layer II/IIl or spinal cord (Fig. 3C,D; Multiple t-test;
p =0.001925). Similarly, qPCR analyses revealed a significant decrease
of SOD1%%’R transgene expression selectively within layer V of the ce-
rebral cortex, and not in the layer II/III or the spinal cord (Fig. 3E;
Multiple t-test; p =0.01834). As expected, ablation of the SOD1%7F
transgene within the cortical layer V was not complete, given the
selected expression of Cre recombinase in only a subpopulation of
neurons, i.e. the SubCrePN, and not in other neuronal and glial pop-
ulations, i.e. the excitatory callosal projection neurons, inhibitory in-
terneurons, astrocytes, microglia and oligodendrocytes (Lodato et al.,
2014). Together, the data suggest that our strategy to excise SOD1%7%
transgene from CSN, and more broadly SubCerPN and other CFuPN, is
efficient.
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3.4. Selective removal of SOD1%*’R from CSN prevents their
neurodegeneration without affecting the surrounding reactive gliosis

Degeneration of the CSN is a hallmark of ALS and has been reported
in different mutant SODI mouse models of the disease (Marques et al.,
2019; Ozdinler et al., 2011; Zang and Cheema, 2002). In the Sod1986R
mouse line, we further demonstrated that lumbar-projecting CSN are
more affected than the rest of the population, in accordance with an
initial impairment of the hind limbs, and a somatotopic relationship
between cortical and spinal neurodegenerations (Marques et al., 2019).
To test whether SOD1%"R excision from the CSN could impact their
survival, we retrogradelly labelled lumbar-projecting CSN by injecting
the tracer FluoroGold into the lumbar part of the dorsal funiculus of
SOD1 and CrymSOD1 animals, along with their control littermates WT
and CrymCre. We performed the labelling at two different ages: symp-
tomatic (11 months) and disease end-stage (14-16 months) (Fig. 4A).
Microscopy analyses of lumbar projecting CSN revealed a significant loss
of this neuronal population in SODI animals compared to controls WT
and CrymCre at a symptomatic stage (24.27 +=8.16 % loss, p =0.037)
and at disease end-stage (21.79 + 6.60 % loss, p = 0.0096) (Fig. 4B,C),
indicating that Floxed-SOD1%"R recapitulated CSN degeneration, like
other mutant SODI mouse lines. Excision of SOD1%*’® transgene from
CSN and other CFuPN was sufficient to completely prevent the loss of
CSN at both ages (SOD1 vs CrymSOD1: p = 0.027 at symptomatic stage
and p=0.027 at disease end-stage; WT & CrymCre vs CrymSODI:
p=0.92 at symptomatic stage and p=0.99 at disease end-stage). In
order to test whether the protction of CSN could positively impact other
cortical pathological hallmarks of the disease, we performed immuno-
labellings on end-stage SOD1 and CrymSODI1 and their age-matched
control littermates to reveal the astrogliosis marker GFAP, and the
microgliosis marker IBA1 (Fig. 4D,F). Immunofluorescence analysis
revealed an overall mild increase of GFAP and IBA1 immunoreactivity
that appeared as discrete patches in SOD1 and CrymSOD1 compared to
controls (Fig. 4D,F). Because increased GFAP and IBA1 immunoreac-
tivity seemed more particularly restricted to the cortical layer V, we
further quantified their intensities within this layer, along with the
cortical layer II/III (Fig. 4E,G). We observed that GFAP immunoreac-
tivity was not significantly different across genotypes within the cortical
layer II/III. Contrastingly, SOD1 and CrymSODI animals presented a
significantly higher GFAP immunoreactivity within the cortical layer V,
in comparison with their WT and CrymCre littermates (SOD1: increase of
497 +53.68 % compared to WT & CrymCre, p < 0.0001; CrymSODI1:
increase of 479 + 53.68 % compared to WT & CrymCre, p < 0.0001), but
no significant difference could be observed between SOD1 and Crym-
SOD1 animals (p =0.9394) (Fig. 4E). Similarly, no difference in IBA1
immunoreactivity could be observed across genotypes within the
cortical layer II/III, while increased immunoreactivity was present in
cortical layer V of SOD1 and CrymSOD1 animals compared to WT &
CrymCre (SOD1, p=0.0198; CrymSOD1, p = 0.0043), without signifi-
cant difference between SODI and CrymSODI1 animals (p =0.8738)
(Fig. 4F). Taken in their whole, the data suggest that SOD1%7R
expression by CSN is sufficient to induce their degeneration in a
cell-autonomous manner. In addition, CSN degeneration and local
(cortical layer V) reactive gliosis appear to be independent from each
other: reactive gliosis is neither a cause nor a consequence of CSN
degeneration. Together, the data indicate that selective genetic excision
of the SOD1%"R transgene from GCSN is sufficient to prevent their
degeneration, but does not impact the surrounding gliosis, demon-
strating that CSN degeneration relies on cell-autonomous mechanisms.

3.5. Rescue of the CSN population limits spasticity

Degeneration of CSN (or upper motor neurons) leads to the devel-
opment of the “upper motor neuron syndrome” characterized by
decreased motor control, muscular weakness, altered muscle tone,
clonus, spasticity and other manifestations of hyperreflexia (van Es
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Fig. 4. Selective ablation of SOD1%R from
SubCerPN prevents loss of CSN, but not reactive

gliosis.

“s|  A. Schematic of the experimental strategy.

B. Representative negative fluorescence images
of the brain hemisphere (left panels) and cere-

bral cortex (enlarged insets, right panels) of
WT, CrymCre, SOD1 and CrymSODI mice
showing CSN marked upon retrograde labelling
with FG at disease end stage.

C. Bar graph presenting the quantification of

FG-labelled CSN at symptomatic and disease
end stage. N=5 WT and CrymCre, 3 SOD1 and
4 CrymSOD1 at symptomatic stage and N =12
WT and CrymCre, 6 SOD1 and 5 CrymSOD1 at

disease end stage. * or *p<0.05 and ** or
##p< 0.01 in 1-way ANOVA followed by a
Tukey’s multiple comparisons test.

D, F. Representative images of the cerebral
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et al., 2017; Ivanhoe and Reistetter, 2004; Purves et al., 2004). To test
whether maintenance of the CSN population could impact spasticity, we
recorded the long lasting tail muscle activity following cutaneous
stimulation in awake and fully paralyzed SOD1 and CrymSOD1 animals
prior to harvesting (Bennett et al., 1999; Dentel et al., 2013; El Oussini
et al.,, 2017) (Fig. 5A-C). Within the CrymSOD1 group, frequency of
spastic mice was lower than within the SOD1 group, but the difference
did not reach significance (p = 0.5963, Fig. 5B), however, the amplitude
of the response was significantly smaller within the CrymSOD1 group
than within the SODI one (p=0.0452), suggesting that SOD1%7R
excision from the CSN and maintenance of the CSN population was
sufficient to limit spasticity (Fig. 5C).

In the FloxedSOD1%3”R mouse model, spasticity has previously been
linked to serotonergic neuron degeneration in the raphe nuclei (Dentel
et al., 2013; El Oussini et al., 2017). We thus tested whether the
decreased levels of spastic response that we recorded with the tail long
lasting reflex could be at least partly attributed to degeneration of
serotonergic neurons. We quantified the number of TPH2-positive

cortex WT, CrymCre, SOD1 and CrymSOD1 mice
showing GFAP (D, blue) and IBA1 (F, yellow)
immunoreactivity at disease end stage.

E, G. Bar graphs representing the averaged in-
tensity of GFAP (E) and IBAl (G) signals in
cortical layers II/IIl and V. N=12 WT and
CrymCre, 6 SOD1 and 6 CrymSOD1. * or
#p <0.05, *** or *##p <0.001 and ns: non-
significant in 2-way ANOVA followed by
Tukey’s multiple comparisons test.
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neurons present in the dorsal raphe nucleus (DR) and the median
raphe and raphe magnus nuclei of end-stage SOD1 and CrymSOD1 and
their control littermates, WT and CrymCre (Fig. 5D-F). We did not detect
any difference in the median raphe and raphe magnus nuclei across
genotypes (Fig. 5E,F). However, we observed a significant loss of
TPH2-positive neurons of SOD1 and CrymSOD1 animals compared to
WT & CrymCre animals in the dorsal raphe nucleus (SODI: loss of
30.14+6.02, p<0.0001 and CrymSODI: loss of 35.98 +6.40;
p < 0.0001, Fig. 5E,F). This loss was accompanied by an enlargement of
the aqueduct in the SOD1 and CrymSODI mice compared to WT &
CrymCre mice (Fig. 5E). However, no significant difference in the
number of dorsal raphe nucleus TPH2-positive neurons could be
observed between SOD1 and CrymSOD1 animals (p = 0.7057, Fig. 5F).
Together, the data suggest that in the FloxedSOD1%*7% mouse line, in-
tensity of the spastic tail long lasting reflex can be at least partly
attributed to CSN dysfunction and/or degeneration, and not only to
serotonergic neuron degeneration.
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C Fig. 5. Selective deletion of SOD1%*’® from
* CSN limits spasticity.

1.07 A. Representative EMG recordings of tail’s
= ° muscle long lasting reflex (LLR) detected in end
E o stage awake mice SODI1 (N=11), and Crym-
'qé SOD1 (N =13) presenting a complete paralysis
= e . = of hind limbs. Spasticity-related tail LLR is
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0.0 " B. Pie charts representing the frequency of an-

’ SoD1 CrymSOD1 imals with a tail LLR amongst the SOD1 (light

blue: not spastic, dark blue: spastic) and Crym-

CrymSOD1 SOD1 mice (light red: not spastic, dark red:

spastic). Difference between the two genotypes
is not significant, Fischer’s exact test.

C. Graph bar representing the LLR maximal
amplitudes for spastic SODI (N=10) and
CrymSOD1 (N = 10) mice. Student unpaired t-
test.

D. Schematic of the coronal section selected for
TPH2-positive neurons labeling and counting
(Bregma —4.84 mm). E Representative images of
TPH2 immunoreactivity in the brainstem of end
stage mice. (DR: dorsal raphe, MnR: median
raphe, RMg raphe magnus). Arrowheads indi-

Nb of TPH2 positive neurons / section "T1

cate the enlargement of the aqueduct (Sylvius)
in SOD1 and CrymSOD1 animals compared to
WT and CrymCre control animals. Scale bars
200 pm. F Bar graph representing the average
number of TPH2-positive neurons in the dorsal
raphe nucleus and the median raphe and raphe
magnus nuclei respectively. N=12 WT and
CrymCre, 6 SOD1 and 5 CrymSODI1. 2-way
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3.6. Maintenance of the CSN population does not impact ALS-like
symptoms onset and progression

Next, we sought to test the effect of CFuPN-selective ablation of
SOD1%%’R on the manifestation of ALS-like symptoms in our mice, i.e.
weight loss, disease onset, premature death and motor impairment
(Fig. 6). As already reported (Boillee et al., 2006), SODI mice stopped
gaining weight (Fig. 6A), started progressively losing weight from 160
days on (disease onset, Fig. 6B), and died prematurely from 410 days on
(Fig. 6C). Both CrymSOD1 and their SOD1 littermates showed similar
pattern of weight evolution over time (Fig. 6A; p = 0.4383), we did not
detect any difference between SOD1 and CrymSOD1 animals regarding
disease onset (Fig. 6B; p =0.4527B) and survival (Fig. 6C; p =0.2152).
Motor performance analyses revealed no difference between the SOD1
and CrymSOD1 groups regarding the evolution of the grip strength of the
animals (Fig. 6D; p =0.5028), or the time when it started decreasing
(Fig. 6E; p=0.1114). Although, CrymSOD1 animals did perform simi-
larly to their SOD1 littermates on the inverted grid test, in terms of la-
tency to fall and holding impulse (Fig. 6F, p=0.2112; 6 G, p =0.1825),
we detected a delay of the age at which animals had lost 25 % or 50 % of
their initial latency to fall (Fig. 6H, p < 0.0001; 6I, p =0.0335). Con-
trastingly, Catwalk analyses of the gait revealed no difference between
SOD1 and CrymSOD1 animals regarding the run average speed, the hind
limbs “stand index”, “max contact max intensity mean”, “max contact
mean intensity mean”, “print area” and “stride length” (Fig. 6J,
p=0.6343; 6 Kp = 6064; 6L, p=9282; 6 M, p = 3961; 6 N, p = 0.9503;
60, p=0.5844). In their whole, the data indicate that deletion of

10

ANOVA followed by a Tukey’s multiple com-
parisons test. *p <0.05, *** or *##p.<0.001
and ns: non-significant.

SOD1%%7R from the CFuPN and maintenance of the CSN population
ameliorate discrete motor functions without affecting disease onset and
survival.

3.7. Maintenance of the CSN population does not prevent or delay muscle
denervation or spinal pathology

Next, we tested whether ablation of the SOD1%%’R transgene from the
CSN and related CFuPN impacted muscular and spinal manifestations of
the disease. We first ran electromyographic recordings on the gastroc-
nemius and tibialis muscles of both hind limbs of end-stage SOD1 and
CrymSOD1 animals and their WT and CrymCre age-matched control
littermates (Fig. 7A,B). Innervated muscles were given a score of 0,
denervated muscles a score of 1 and the sum of the scores of the four
muscles was calculated for each animal (Fig. 7B). Denervation was
clearly observed in SOD1 and CrymSOD1 mice compared to the WT and
CrymCre controls, but no significant difference was observed between
SOD1 and CrymSOD1 mice (p =0.0809; Fig. 7B). To further assess the
innervation status of the muscles, we labelled the neuromuscular junc-
tions (NMJ) of the tibialis anterior muscle of end-stage SOD1 and
CrymSOD1 mice and controls WT and CrymCre (Fig. 7C). Rating of the
NMJ integrity into three categories - innervated, partly denervated and
fully denervated - confirmed the vast denervation of the SOD1 and
CrymSOD1 muscles compared to controls, and indicated that SOD1 and
CrymSOD1 animals presented similar levels of denervation (p = 0.9474,
Fig. 7D). In accordance with this result, QPCR analyses of the tibialis
anterior muscle revealed important up-regulation of the expression of
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Fig. 6. CSN rescue does not impact disease onset or survival.

Progress in Neurobiology 200 (2021) 101972

A. Graphical representation of the longitudinal follow up of the body weight for all genotypes.
B, C. Kaplan-Meier plots of disease onset (age when animals reach their weight peak) and survival (age at death) in days, for SOD1 (blue) and CrymSOD1 mice (red).

ns: non significant, Log-rank test (Mantel-Cox).

D, E. Graphical representations of the evolution of the grip strength of the animals over time (D), and Kaplan-Meyer representation of the percentage of animals

presenting a grip strength above 150 g (E).

F, G, H, L Graphical representations of the latency to fall from an inverted grid (F) and the corresponding holding impulse (G) and Kaplan-Meyer representations of
the percentage of animals that still present at least 75 % (H) or 50 % of their initial latency (I) on that same test.

J, K, L, M, N, O. Graphical representations of selected gait parameters recorded on CatWalk. For all data, WT (N = 20), CrymCre (N =20), SODI (N =15), and
E‘rymSOD] (N =14). Data were analyzed by two-way anova (A, D, F, G, J-O) or log rank Mantel-Cox (B, C, E, H, I) *p < 0.05, ***p < 0.001, ns: non-significant.

the gamma subunit of the acetylcholine receptor (AchRy), a typical
molecular marker of denervation, in end-stage SODI1 and CrymSOD1
mice compared to controls (SOD1 vs controls, p = 0.0418; CrymSOD1 vs
controls, p =0.046; SOD1 vs CrymSOD1 p = 0.5730; Fig. 7E). Similarly,
quantification of the MN present in the 5th segment of the lumbar spinal
cord upon toluidine blue labelling indicated an important loss of MN in
SOD1 and CrymSOD1 animals compared to control with a similar extent
for SOD1 and CrymSOD1 mice (Fig. 7F,G; p=0.9929). Spinal MN
degeneration upon SOD1%%7R overexpression in SOD1 and CrymSOD1
mice was accompanied with aggregation of human misfolded SOD1
protein and p62 (Fig. 8A,B). Quantification of the fluorescence intensity
revealed similar extents of pathology between SOD1 and CrymSOD1
animals, both in the white and grey matters (Fig. 8A,B). To further test
whether SOD1%%7R excision from the CSN could affect the levels of
mutant SOD1 protein in their targeted tissue, we compared the relative
proportions of soluble and insoluble human misfolded SOD1 protein
(Fig. 8C,D), along with the proportion of total (soluble and insoluble)
misfolded SOD1 protein over total spinal cord proteins (Fig. 8E). We did
not detect any difference between SOD1 and CrymSOD1 animals : both
genotypes had similar amounts of misfolded human SOD1 protein
amongst the whole spinal cord proteins (Fig. 8E), and in similar pro-
portions between soluble and insoluble fractions (Fig. 8D). Finally, to
test, whether SOD1%%"R excision from the CSN could ameliorate astro-
cytosis and microgliosis, we performed immunolabellings of GFAP, IBA1
respectively (Fig. 8F,G). Quantification of the fluorescence intensity of
these different pathology markers revealed again similar extents of pa-
thology between SOD1 and CrymSOD1 animals, both in the white and
grey matter (Fig. 8F,G) with the exception of GFAP that appeared less
intense in the white matter of CymSOD1 mice than in SOD1 mice
(p =0.0213; Fig. 8G). Together, the data thus rule out the possibility of
the transmission of significant amounts of misfolded human SOD1
protein by the CSN to their spinal targets, and indicate that while genetic
ablation of SOD1%7R from the CFuPN is beneficial to CSN survival, it has
virtually no impact on MN survival and spinal pathology.

4. Discussion

In the present study, we sought to determine i) how cell-autonomous
expression of a mutant toxic transgene could impact CSN survival, and
ii) whether corticofugal disease propagation relied on the transmission
of misfolded mutant proteins by the CFuPN to their targets. We
demonstrated that genetic ablation of the mutant SOD1%*"R transgene
from CFuPN was sufficient to maintain the whole population of CSN, but
had no effect on mutant SOD1 amounts and aggregate burden in the
spinal cord, nor on other spinal pathological hallmarks, MN survival,
disease onset and survival. Together, the data provide insights into the
mechanisms that underlie CSN degeneration and the possible mecha-
nism of corticofugal propagation of the disease in the context of ALS.

4.1. A new Cre mouse line restricted to CFUPN

To target CFuPN, we generated a new Cre recombinase mouse line by
inserting the tamoxifen-inducible CreER'? transgene downstream of the
Crym promoter and coding sequence. This strategy allowed to spatially
restrict Cre expression to CFuPN, along with a discrete population of
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neurons in the dorsomedial part of the globus pallidus whose identity
remains to be determined, and to temporally restrict Cre-expression
upon Tamoxifen injection. Cre expression fully recapitulated Crym
expression and proved efficient to target CSN and CFuPN. In future
studies, the CrymCreER™ mouse line could prove useful to perform
similar rescue experiments when crossed for instance with the new
FusAMS mice (Scekic-Zahirovic et al., 2017), or complementary
gain-of-function experiments, when injected with viruses encoding
Cre-inducible transgenes of SOD1, TARDBP, FUS or C9ORF72 genes, all
relevant to ALS, but also potentially of ALT1, SPAST, HSPD1, SPG7 or
KIF5A, all relevant to hereditary spastic paraplegia, a neurodegenerative
disease that selectively affects CSN without impairing MN survival
(Strong and Gordon, 2005). The temporal activation of CreER" further
allows testing the impact of these genes, or of their removal, at different
moment of the life of the animals, allowing for instance to test pre-
symptomatic versus symptomatic approaches. Finally, within the field of
neurodegeneration, but also within the much broader field of neuro-
science, CrymCreER™ mice could further be used for optogenetic or
chemogenetic approaches in order to better understand the role of
CFuPN activity on the overall cortical circuit, but also on targeted cir-
cuits, such as those of the spinal cord, pons, superior colliculus or
thalamus for instances. Because Crym expression is rather late during the
differentiation of CFuPN (Arlotta et al., 2005), CrymCreERT2 mice may
not be the most appropriate line to study the generation and early
specification of CFuPN, however, other elegant temporally inducible Cre
and Flp mouse lines exist that allow combinatorial targeting of major
cortical progenitor types and CFuPN subclasses (Matho et al., 2020).

4.2. Floxed SOD1%R mice recapitulate loss of CSN

In human, progressive degeneration of the CSN translates into a se-
ries of symptoms grouped under the term of upper motor neuron syn-
drome, a hallmark of the clinical manifestation of ALS (Ivanhoe and
Reistetter, 2004; Purves et al., 2004). Post mortem analyses of the motor
cortex of ALS patients confirmed the loss of CSN, or Betz cells (Charcot,
1874; Nihei and Kowall, 1993). Similarly numerous rodent models of
the disease recapitulate CSN or layer V SubCerPN degeneration such as
the C9-BAC mice (Liu et al., 2016), the hPFN1%118V mice (Fil et al.,
2016), the TDP434315V mice (Herdewyn et al., 2014; Wegorzewska
et al., 2009), the TDP43%%%%5 mice (Ebstein et al., 2019), the SOD19%%4
rats (Thomsen et al., 2014), and SODI mouse models (Marques et al.,
2019; Ozdinler et al., 2011; Yasvoina et al., 2013; Zang and Cheema,
2002). In the Sod1 G86R mouse model, we further demonstrated that CSN
loss starts long before first signs of MN degeneration can be observed,
and that CSN and MN degeneration are somatotopically related (Mar-
ques et al., 2019). In this model, lumbar-projecting CSN are affected
earlier than the rest of the population, similarly to lumbar MN being
affected earlier than the rest of the population. Here, by sampling the
subpopulation of lumbar-projecting CSN, we demonstrated that the
FloxedSOD1%37R mice recapitulate CSN degeneration as well.

4.3. Cell-autonomous mechanisms of CSN degeneration

Genetic ablation of the SOD1%%"R transgene was sufficient to prevent
loss of CSN, suggesting that CSN degeneration relies on cell-autonomous
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Fig. 7. Improved survival of CSN does not prevents denervation nor MN degeneration.

Progress in Neurobiology 200 (2021) 101972

A. Traces of EMG recording of the gastrocnemius muscle of end staged, deeply anaesthetized SOD1 and CrymSOD1 animals.
B. Bar graph presenting the EMG score calculated for SODI and CrymSOD1 mice. N =20 WT, 18 CrymCre, 12 SOD1 and 14 CrymSODI1. ***p < 0.001 and ns: non-

significant in 1-way ANOVA followed by a Tukey’s multiple comparisons test.

C. Representative maximum intensity projection images of z-stacks of typically innervated, partially or fully denervated neuromuscular junctions (NMJ) from end-

stage SOD1 and CrymSOD1 mice and their aged-matched WT and CrymCre littermates.

D. Bar graph representing the average proportions of innervated (dark grey), partly denervated (medium grey) and fully denervated (light grey) NMJ for each
genotype; 2-way ANOVA followed by Tukey multiple comparisons test; N =6 animals per genotype. ***p < 0.001 and ns: non-significant. Scale bars 20 pm.

E. Bar graph representing qPCR analyses of the AchRy (gamma) mRNA expression levels in SOD1 (blue) and CrymSOD1 (red) mice. N =6 per genotype. *p < 0.05,
##p < 0.05 and ns: non-significant in 1-way ANOVA followed by a Tukey’s multiple comparisons test.

F. Representative images of toluidine bleu staining of L5 spinal cord sections from end-stage SOD1, and CrymSOD1 mice and control WT, CrymCre animals. Scale bars

100 pm.

G. Bar graphs showing mean numbers of spinal motor neuron per hemi-section for all genotypes. N = 6 per genotype. *** or **#p < 0.001 and ns: non-significant in

1-way ANOVA followed by a Tukey’s multiple comparisons test.
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mechanisms and is independent from its SOD1%*”R-expressing environ-
ment, i.e. other excitatory and inhibitory neurons, astrocytes, microglia,
oligodendrocytes located in the motor cortex but also along the corti-
cospinal tract and in the spinal cord. The data thus indicate that CSN
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degeneration strictly relies on cell-autonomous mechanisms. Similar
cell-autonomous mechanisms were described for the brainstem seroto-
nergic neurons (El Oussini et al., 2017), but not for the spinal MN whose
degeneration relies instead on the combination of cell-autonomous and
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non-cell autonomous mechanism (Ilieva et al., 2009; Lee et al., 2016;
Serio and Patani, 2017). Thus, SOD1%R transgene expression differ-
entially affects neuronal survival depending on the nature of the
neuronal population. Interestingly, reactive astrogliosis and microgliosis
were very moderate in the motor cortex of the FloxedSOD1%*’% animals
in comparison with their spinal cord. Cortical astrogliosis appeared as
discrete patches, while microgliosis rather corresponded to a two-fold
increase of IBA1 expression, and these were selectively found in the
layer V of the motor cortex were CSN reside. Surprisingly, maintenance
of the CSN population by selective removal of the SOD1%*7® transgene
had no impact on reactive gliosis, suggesting that astrogliosis and
microgliosis were not secondary to CSN degeneration. Similarly,
occurrence of astrogliosis and microgliosis in the cortical layer V of the
CrymSOD1 animals at similar levels than in the SOD1 animals did not
prevent the cell-autonomous beneficial effect of SOD1%37R ablation on
CSN survival, suggesting that CSN degeneration is not secondary to
reactive gliosis either. Overall, this suggests that CSN degeneration and
cortical reactive gliosis may be independent from each other. The pre-
cise co-localization, within the cortical layer V, of CSN degeneration and
reactive gliosis is nevertheless quite remarkable, and contribution of
reactive glia to CSN dysfunction remains a possibility. The discrepancy
between cortical and spinal glial contribution to neighbouring CSN and
MN survival respectively may arise from the level of gliosis itself, rather
moderate in the cerebral cortex and important in the spinal cord, or from
the actual nature of the targeted neuronal populations. Together, the
data strongly suggest that the mechanisms that govern MN degeneration
may not be directly transposable to CSN degeneration, and that inves-
tigating how CSN degenerate, as we recently started (Marques et al.,

Wild type mice

* Premature death

Mutant SOD1 rodent models

* CSN and MN degeneration ¥
* Early motor symptoms
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2019), may provide new insights into ALS pathogenesis and potentially
new therapeutic avenues.

4.4. Contribution of CFuPN to disease onset and progression

A growing number of neurophysiological and pathological studies
suggest a cortical origin of ALS (Eisen et al., 2017; Geevasinga et al.,
2016) and recent longitudinal imaging analyses support a propagation
of impairments along the corticofugal tracts (Kassubek et al., 2014;
Verstraete et al., 2013). Using mouse genetics, we recently provided the
first experimental evidence of the corticofugal hypothesis by showing
that absence of SubCerPN, the most important output of the cerebral
cortex, delayed disease onset and extended survival in the Sod1%%R
mouse model of the disease (Burg et al., 2020) (Fig. 9). A few years ago,
Thomsen and colleagues knocked-down the SOD1%%4 transgene in the
posterior motor cortex of transgenic rats (Thomsen et al., 2014), using
an AAV9 virus that selectively transduced neurons. This strategy
delayed disease onset and extended survival (Fig. 9), but whether the
beneficial effect was reached upon targeting excitatory projection neu-
rons (including CFuPN) or inhibitory interneurons (INs), or both
remained an open question. Our study indicated that selective removal
of SOD1%37R transgene from excitatory CFuPN does not impact disease
onset and survival (Fig. 9). Taken together, these studies suggest that
improved mouse survival can be achieved either upon complete removal
of the CFuPN, or upon genetic correction of all cortical neurons, i.e.
CFuPN but also excitatory callosal projection neurons and inhibitory
interneurons (Fig. 9).

Fig. 9. Complementary genetic manipulations
of the CFuPN allow unravelling their contribu-
tion to ALS.

Schematic representation of the rodent central
nervous system and its populations of CSN/
CFuPN (triangles) and spinal MN (stars). Both
populations and their axons are healthy in the
wild-type animal (top left). Ubiquitous mutant
SOD1 expression (orange and red) leads to the
H combined degeneration of CSN and MN. Knock-
Q down of the SOD1%%4 transgene in the poste-
rior motor cortex of transgenic rats using an

SOD1¢%4 rats + cortical AAV9-shRNA

Fezf2-; Sod1°%%R mice

AAV9-shRNA promoted CSN survival, protected
MN, delayed disease onset and increased sur-
vival (Thomsen et al., 2014) (middle left panel).
Similarly, genetic ablation of the CSN/CFuPN
protected MN, delayed disease onset and
increased survival of the Sod1®°% mouse model
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of the disease (Burg et al., 2020) (middle right
panel). Contrastingly, selective genetic ablation
of the SODI1%’R transgene from the
CSN/CFuPN prevented CSN degeneration
without improving MN survival or disease pro-
gression (this study) (bottom left panel).
Together, the data indicate that total absence of
CSN/CFuPN, or broad genetic correction of the
cortical neuronal populations (excitatory
including CFuPN and inhibitory using and
AAV9-shRNA) is more beneficial than the
maintenance of wild-type like CSN/CFuPN,
suggesting that, when maintained in a mutant
environement, wild-type like CSN/CFuPN
continue to spread disease from the motor/-
cerebral cortex to its targets.
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4.5. Mechanisms of corticofugal propagation

While the studies from Thomsen and colleagues and Burg and col-
leagues support the idea of a corticofugal dissemination of the disease
(Burg et al., 2020; Thomsen et al., 2014), they do not inform on the
underlying mechanisms. Two possibilities have been proposed: a
prion-like transmission of misfolded proteins (Braak et al., 2013; McA-
lary et al., 2019; Prasad et al., 2019) and a cortical hyperexcitability
leading to altered neuronal excitability of CFuPN and subsequent exci-
totoxicity onto their targets (Eisen et al., 2017; Vucic and Kiernan,
2017).

The vast majority of ALS patients present intracellular inclusions of
hyperphosphorylated and misfolded TDP-43 protein (Neumann et al.,
2006), with the exception of SODI-ALS patients and FUS-ALS patients
that present inclusions positive for SOD1 and FUS respectively (Mack-
enzie et al., 2007; Munoz et al., 2009). Similarly to SOD1-ALS patients,
Sod198R animals do not display TDP-43 pathology (Burg et al., 2020).
While the presence of TDP-43 pathology has not been tested in the
S0D1%7R mice, it is likely that these animals do not present any TDP-43
aggregates either, similarly to SOD1-ALS patients and Sod1%%R mice.
However, SOD1%7R expression is sufficient to induce the formation of
misfolded SOD1 aggregates in mice (Maier et al., 2018), and our data
show that floxed SOD1%%R mice also display SOD1-positive aggregates.
However, these aggregates were not uniformly present within the CNS.
Indeed, our data indicate that the brain, and the cerebral cortex in
particular, remained virtually devoid of aggregates in comparison with
the brain stem and spinal cord. Interestingly, smaller proteinopathy
burden in the brain compared to the spinal cord was recently reported
for SOD1-ALS patients (Nolan et al., 2020), highlighting the relevance of
our observations to the human pathology. In addition, we observed that
in the cerebral cortex of SOD1%7% mice, misfolded human SOD1 protein
remained mostly soluble. This opens the possibility that soluble mis-
folded SOD1 protein could be transmitted from one neuronal type to
another along axonal projections, in accordance with a possible
prion-like corticofugal propagation of ALS, as suggested (Braak et al.,
2013). Our data indicate that mutant SOD1%*’R transgene genetic
excision and subsequent mutant SOD1 protein removal from the CSN did
not diminish the amount of total SOD1 protein in the spinal cord, nor its
propensity to aggregate, indicating that spinal SOD1 soluble and insol-
uble proteins and aggregates essentially arise from the expression of the
mutant SOD1%7R transgene by spinal cell types (neurons and glia), and
that if mutant SOD1 protein is released by CSN, this does not account for
a significant proportion of total spinal SOD1 proteins, and has virtually
no impact on MN survival and other spinal pathological hallmarks.
While inter-cellular prion-like spread of misfolded proteins among spi-
nal cells remains a possible event in ALS, our data rule out the possibility
that corticofugal disease propagation relies on misfolded SOD1 proteins
spread from CSN to their spinal targets.

Similarly to other neurodegenerative diseases that target different
brain structures, ALS is characterized by early cortical hyperexcitability
(Vucic and Kiernan, 2006), which has been proposed to induce gluta-
matergic excitotoxicity (Eisen et al., 2017; Vucic and Kiernan, 2017).
Transcranial magnetic stimulation (TMS) studies demonstrated that
cortical hyperexcitability develops prior to clinical onset in SOD1 mu-
tation carriers (Menon et al., 2015; Vucic et al., 2008) and negatively
correlates with disease progression (Shibuya et al., 2016). Cortical hy-
perexcitability arises from both increased excitation and decreased in-
hibition, suggesting that both excitatory and inhibitory components are
involved in this broad cortical circuit dysfunction (Brunet et al., 2020;
Gunes et al., 2020). While cortical hyperexcitability has not been
demonstrated by TMS in mouse models of the disease, several of them
display cortical excitatory and inhibitory neurons dysfunctions that
demonstrate cortical circuit imbalance reminiscent of the cortical hy-
perexcitability observed in patients (Brunet et al., 2020; Gunes et al.,
2020). Cell-type specific manipulation of gene expression within
selected cortical neuronal subtypes recently demonstrated the relevance
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of cortical circuit dysfunction in ALS onset and progression. In the
TDP-4331T mouse model of ALS, Zhang and collaborators demon-
strated that parvalbumin (PV)-positive INs were hypoactive, while so-
matostatin (SST)-positive INs were hyperactive (Zhang et al., 2016), and
that hyperactivity of SST-positive INs was responsible for hypoactivity
of PV-positive INs, and in turn for hyperexcitability of layer V SubCerPN.
Normal excitability of SubCerPN could be restored upon genetic abla-
tion of SST-positive INs, and alleviated neurodegeneration (Zhang et al.,
2016). Hypoactivity of PV-positive INs was also demonstrated in the
SOD199%4 mouse model of ALS (Khademullah et al., 2020). Chemo-
genetic activation of the PV-positive INs in the motor cortex of SOD1%%%4
mice resulted in decreased excitability of layer V excitatory neurons
(SubCerPN, including CNS), delayed disease onset and improved motor
functions and survival (Khademullah et al., 2020). These studies are the
first to establish a clear link between dysfunction of the motor cortical
circuits and disease onset and progression, and favour the possibility
that corticofugal disease propagation in ALS could be mediated by
altered excitability and activity of CFuPN.

Cortical hyperexcitability and altered CFuPN excitability and activ-
ity were proposed to induce glutamatergic excitotoxicity to their
downstream targets in the spinal cord (Eisen et al., 2017; Vucic and
Kiernan, 2017). But another, non-mutually exclusive scenario may exist.
Recent work by Weskamp and colleagues elegantly demonstrated that
neuronal hyperexcitability was sufficient to induce cytoplasmic accu-
mulation of TDP-43 (Weskamp et al., 2019), linking for the first time
hyperexcitability and pathology, and emphasizing the earliness of hy-
perexcitability in the cascade of pathogenic events that characterize
ALS. This scenario could also explain the spread of the TDP-43 pathol-
ogy to the structures receiving direct corticofugal connections
(Brettschneider et al., 2014). It would thus be particularly informative to
determine the consequences of the restoration of proper cortical excit-
ability on the spinal pathology burden.

In light of these studies, the lack of beneficial effect of CFuPN genetic
correction on motor symptoms onset and survival in mice that we report
in this study could be interpreted as the result of the maintenance of
altered cortical circuit dysfunction, maintenance of the corticospinal
tract and maintenance of altered CSN excitability and activity in a non-
cell autonomous manner. Contrastingly, beneficial effects from the ge-
netic ablation of the CSN (Burg et al., 2020), or from the decreased
excitability of CSN (Khademullah et al., 2020) could be interpreted as
successful ways to prevent aberrant descending excitatory inputs onto
spinal targets. Selective silencing of the CFuPN may in the future
contribute to a better understanding of the role of cortical hyperexcit-
ability in ALS, and potentially unravel new therapeutic targets.
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