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A B S T R A C T

Amyotrophic lateral sclerosis (ALS) is a late-onset devastating degenerative disease mainly affecting motor
neurons. Motor neuron degeneration is accompanied and aggravated by oligodendroglial pathology and the
presence of reactive astrocytes and microglia. We studied the role of the Notch signaling pathway in ALS, as it is
implicated in several processes that may contribute to this disease, including axonal retraction, microgliosis,
astrocytosis, oligodendrocyte precursor cell proliferation and differentiation, and cell death. We observed ab-
normal activation of the Notch signaling pathway in the spinal cord of SOD1G93A mice, a well-established model
for ALS, as well as in the spinal cord of patients with sporadic ALS (sALS). This increased activation was par-
ticularly evident in reactive GFAP-positive astrocytes. In addition, one of the main Notch ligands, Jagged-1, was
ectopically expressed in reactive astrocytes in spinal cord from ALS mice and patients, but absent in resting
astrocytes. Astrocyte-specific inactivation of Jagged-1 in presymptomatic SOD1G93A mice further exacerbated the
activation of the Notch signaling pathway and aggravated the course of the disease in these animals without
affecting disease onset. These data suggest that aberrant Notch signaling activation contributes to the patho-
genesis of ALS, both in sALS patients and SOD1G93A mice, and that it is mitigated in part by the upregulation of
astrocytic Jagged-1.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a late-onset, rapidly pro-
gressing degenerative disease mainly affecting motor neurons. Patients
present muscle denervation, weakness and atrophy of muscles and ul-
timately paralysis. Denervation of the respiratory muscles leads to re-
spiratory failure and death, which typically occurs 3 to 5 years after
disease onset (Swinnen & Robberecht, 2014; Brown & Al-Chalabi,
2017).

Approximately 10% of patients have an affected relative and suffer

from the hereditary form of ALS. This “familial ALS” can be caused by
mutations in a variety of genes, of which hexanucleotide repeat ex-
pansions in chromosome 9 open reading frame 72 (C9ORF72) and
mutations in superoxide dismutase 1 (SOD1), in fused in sarcoma (FUS)
and TAR DNA-binding protein 43 (TDP-43) are the most prevalent ones
(Swinnen & Robberecht, 2014; Brown & Al-Chalabi, 2017; Renton et al.,
2014). The remaining 90% of patients have no known affected family
members and are classified as having “sporadic ALS” (sALS). Never-
theless, causal mutations can be identified in about 10% of these sALS
patients indicating a hereditary form of ALS (Swinnen & Robberecht,
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2014; Brown & Al-Chalabi, 2017).
Transgenic mice overexpressing human mutant SOD1 have been

used extensively to study ALS (Van Damme et al., 2017). This mouse
model nicely recapitulates human ALS pathology with adult-onset and
progressive motor neuron degeneration and muscle atrophy, ultimately
evolving into paralysis and death (Gurney, 1994). Studies using this
mouse model have shown that motor neuron degeneration in ALS is a
non-cell autonomous process with an important contribution of
neighboring glial cells (Boillee et al., 2006; Philips & Robberecht, 2011;
Ilieva et al., 2009). Mutant SOD1-containing reactive microglia and
astrocytes are toxic to motor neurons, although the molecular me-
chanism of this toxicity is incompletely understood (Boillee et al., 2006;
Philips & Robberecht, 2011; Yamanaka et al., 2008; Haidet-Phillips
et al., 2011; Appel et al., 2011; Henkel et al., 2009; Hall et al., 1998).
Oligodendrocytes also contribute actively to the pathogenesis of ALS
(Kang et al., 2013; Philips et al., 2013; Lee et al., 2012; Nonneman
et al., 2014). Their extensive degeneration is accompanied by marked
proliferation of oligodendrocyte precursor cells to compensate for the
loss. However, the differentiation and functional maturation of these
new cells is incomplete, resulting in defective myelination of axons and
deficient metabolic support of neurons (Nonneman et al., 2014;
Morrison et al., 2013; Nave, 2010). Thus, these findings demonstrate
that the interaction between motor neurons and glial cells is pivotal in
the process of degeneration (Philips & Robberecht, 2011). It is generally
accepted that glial cells modify the course of the degenerative process,
of which the onset is determined by the motor neurons.

A critical mediators of cell-cell interactions is the Notch signaling
pathway (Artavanis-Tsakonas et al., 1999; Lai, 2004). This pathway
converts an extracellular signal received from a ligand-carrying
neighboring cell into gene expression changes in the nucleus of the
Notch receptor-carrying cell. In mammals, four transmembrane Notch
receptors (NOTCH-1, -2, -3, 4), five transmembrane canonical ligands
(JAGGED-1, -2; DELTA-LIKE-1, -3, 4) and several non-canonical ligands
have been identified. Upon ligand binding, the Notch receptor is
cleaved by α- and γ-secretases, resulting in the release of the Notch
intracellular domain (NICD), which serves as the active signaling
fragment. NICD translocates to the nucleus, where it forms a tran-
scription-activation complex with the cofactors ‘recombination signal
binding protein for immunoglobulin kappa J region’ (RBPjk) and
‘mastermind-like proteins’ (MAML-1, -2, - 3), and initiates the tran-
scription of target genes, such as the HES genes (HES-1, -5, -7) and the
HEY genes (HEY-1, -2, -L) (Kopan & Ilagan, 2009; Ilagan & Kopan,
2007; Bray, 2006). However, when a cell carries both the Notch re-
ceptor and the ligand, then this ligand impedes the activation of the
receptor, a process called cis-inhibition (del Alamo et al., 2011).

Notch signaling has been extensively studied as a developmental
pathway regulating cell-cell communication and controlling cell-fate
specification by inhibiting cell differentiation and promoting pro-
liferation (Artavanis-Tsakonas et al., 1999; Ilagan & Kopan, 2007). The
study of Notch signaling in the adult organism was hampered for a long
time because loss of Notch signaling causes severe embryonic pheno-
types and early lethality (Louvi & Artavanis-Tsakonas, 2006; Hamada
et al., 1999; Huppert et al., 2000; Oka et al., 1995; Yoon & Gaiano,
2005). The availability of inducible Cre-loxP targeting technology
makes it possible to choose the timing and tissue type in which Notch
signaling is modulated and allows to investigate the role of Notch sig-
naling in adulthood and in adult-onset disease models (Sato et al., 2012;
Ables et al., 2011).

The Notch signaling pathway is implicated in several processes that
are relevant to the pathogenesis of ALS, such as axonal outgrowth and
retraction (Bonini et al., 2013; Berezovska et al., 1999; Redmond et al.,
2000; Sestan et al., 1999; El Bejjani & Hammarlund, 2012), neuro-
muscular junction maturation (de Bivort et al., 2009), microgliosis
(Jurynczyk & Selmaj, 2010; Grandbarbe et al., 2007; Wei et al., 2011;
Arumugam et al., 2006), astrocytosis (Marumo et al., 2013; Shimada
et al., 2011; Zhang et al., 2015; Kamei et al., 2012), proliferation and

differentiation of oligodendrocyte precursor cells into mature oligo-
dendrocytes (Wang et al., 1998; Genoud et al., 2002; Popko, 2003; Park
& Appel, 2003), and cell death (Yang et al., 2004; Arumugam et al.,
2011). In addition, abnormal Notch signaling has been linked to neu-
rodegenerative diseases (Mathieu et al., 2013) such as Alzheimer's
disease (Woo et al., 2009; Berezovska et al., 1998), multiple sclerosis
(Jurynczyk & Selmaj, 2010; Aparicio et al., 2013; John et al., 2002),
spinal muscular atrophy (Caraballo-Miralles et al., 2013), prion disease
(Ishikura et al., 2005; Dearmond & Bajsarowicz, 2010) and ischemic
stroke (Arumugam et al., 2006). Animal models for ALS revealed con-
tradictory results about the role of Notch. In Drosophila, one study
showed that loss-of-function mutations of Notch or of downstream
target genes extended the lifespan of TDP-43 transgenic flies (Zhan
et al., 2013), whereas another study showed that increased Notch ex-
pression suppressed the toxicity induced by the GR dipeptide repeats
associated with C9orf72 expansions (Yang et al., 2015). In ALS mouse
models, no functional Notch studies are available. Only increased ex-
pression of Notch-3 and the downstream target gene Hes-1 has been
reported in the gastrocnemius muscle of the mutant SOD1 mouse (von
Grabowiecki et al., 2015), but the role of Notch signaling in ALS pa-
thogenesis remains undefined.

Therefore, this study aimed to investigated Notch signaling in ALS
patient samples and in the mutant SOD1G93A mouse model for ALS, and
to explore whether interfering with this pathway affects disease in the
mouse model. The latter was achieved using inducible Cre-loxP tar-
geting technology. Our findings demonstrate overactivation of the
Notch signaling pathway in the lumbar spinal cord of both sALS pa-
tients and the SOD1G93A mouse model compared to controls and de-
monstrate overexpression of the ligand Jagged-1 in reactive astrocytes
of ALS spinal cord. Astrocyte-specific inactivation of Jagged-1 further
exacerbated the activation of the Notch signaling pathway and ac-
celerated disease progression in SOD1G93A mice without affecting dis-
ease onset. Together, these data suggest that overactivation of the
Notch signaling pathway contributes to the pathogenesis of ALS, both in
sALS patients and SOD1G93A mice, and that it is mitigated in part by the
upregulation of Jagged-1 in reactive astrocytes.

2. Materials & methods

2.1. Mice

Mice overexpressing human mutant SOD1 (SOD1G93A, B6.Cg-Tg
(SOD1*G93A)1Gur/J, JAX stock number 004435) and human wild-
type SOD1 (SOD1WT, B6.Cg-Tg(SOD1)2Gur/J, JAX stock number
002298), control non-transgenic mice (C57BL/6J, JAX stock number
000664), Jagged-1lox/lox mice (B6;129S-Jag1tm2Grid/J, JAX stock number
010618), Notch-1lox/lox mice (B6.129X1-Notch1tm2Rko/GridJ, JAX stock
number 007181), Rosa-loxSTOPlox-YFP mice (B6.129X1-Gt(ROSA)
26Sortm1(EYFP)Cos/J, JAX stock number 006148) and CAGG-CreER mice
(B6.Cg-Tg(CAG-cre/Esr1*)5Amc/J, JAX stock number 004682) were
obtained from The Jackson Laboratory (Bar Harbor, Maine, USA).
Cx30-CreERmice (Slezak et al., 2007; Barnabe-Heider et al., 2010) were
kindly provided by Frank W. Pfrieger (INCI, Strasbourg, France). Cre-
mediated recombination was induced at the age of 60 days by admin-
istering tamoxifen as described before (Philips et al., 2013). Main-
tenance of mice used in this study and all experiments were carried out
in strict accordance with protocols approved by the Ethical Committee
of the University of Leuven, Belgium (P149/2011 and P281/2015).

2.2. Human samples

The expression data set of the whole-genome exon splicing array
provided by the group of John Ravits (Rabin et al., 2010) on motor
neurons and the remaining anterior horn is publically available (www.
ncbi.nlm.nih.gov/geo, accession number GSE18920). Motor neurons
were isolated by Laser Capture Microdissection (LCM) from lumbar
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spinal cords of 12 sporadic ALS patients (sALS) and 10 control in-
dividuals. The GeneChip raw data CEL-files were reanalyzed using the
Affymetrix Expression Console to obtain summarized expression values
for transcripts presented as normalized probe intensity units.

Human formalin-fixed paraffin-embedded lumbar spinal cord sam-
ples used for histology were kindly provided by one of the authors
(John Ravits). All human lumbar spinal cord samples from 6 patients
diagnosed with ALS using revised El Escorial criteria (4 males, ages
41–74 years, disease duration of 1.5–4.75 years; 2 females, ages
58–74 years, disease duration of 3–5.75 years) and from 6 control
persons with no pathological evidence of neurological disease (5 males,
ages 38–82 years; 1 females, age 63 years) were collected at the
University of California San Diego using informed consents and proto-
cols approved by the Human Research Protection Program of the
University of California San Diego. Postmortem time intervals ranged
from 3 to 8.5 h (mean=5.3 h).

2.3. Mouse tissue collection and sample preparation

Mice were sacrificed using an overdose of Nembutal (10mg/kg;
Ceva chemicals, Hornsby, NSW, Australia). For mRNA and protein ex-
periments, lumbar spinal cords were collected, flash-frozen in liquid
nitrogen and maintained at −80 °C until further use. For im-
munohistochemical staining experiments, mice were transcardially
perfused with PBS 1× (Sigma-Aldrich, St. Louis, USA) followed by
perfusion with 4% paraformaldehyde (PFA, Sigma-Aldrich, St. Louis,
USA). Subsequently, lumbar spinal cord tissue was dissected, post-fixed
with 4% PFA for 2 h on ice, dehydrated overnight in a 30% sucrose
solution at 4 °C, embedded in Optimal Cutting Temperature (O.C.T.)
compound mounting medium for cryotomy (VWR, Radnor, PA, USA)
and stored at −80 °C until further processing.

2.4. Quantitative real-time polymerase chain reaction

Total RNA was isolated from mouse lumbar spinal cords using the
Tripure isolation reagent (Roche, Mannheim, Germany) according to
the manufacturer's instructions. For cDNA synthesis 1 μg of total RNA
was reverse transcribed using SuperScript® III First-Strand Synthesis
Systme kit (Invitrogen, Carlsbad, CA, USA) with oligo-dT and random
hexamer primers. Subsequently, quantitative PCR (qPCR) was per-
formed in a volume of 10 μl using Taqman Fast Universal PCR Master
Mix 2× (Applied Biosystems, Carlsbad, CA, USA), TaqMan gene ex-
pression 20× assays (Applied Biosystems, Carlsbad, CA, USA) and 4 μl
of a 1/15 dilution of cDNA template. Following TaqMan gene expres-
sion 20× assays with FAM dye (Thermo Fisher Scientific, Waltham,
MA, USA) were used: Notch-1 (Mm00627185_m1), Notch-2
(Mm00803077_m1), Notch-3 (Mm01345646_m1), Notch-4
(Mm00440525_m1), Jagged-1 (Mm00496902_m1, for standard gene
expression analysis), Jagged-1 (Mm00496904_m1, for recombination
efficiency analysis), Jagged-2 (Mm01325629_m1), Dll-1
(Mm01279269_m1), Dll-3 (Mm00432854_m1), Dll-4
(Mm00444619_m1), F3/Contactin-1 (Mm00514374_m1), NB3/
Contactin-6 (Mm00516899_m1), Rbpjk (Mm00770450_m1), Maml-1
(Mm00614627_m1), Maml-2 (Mm00620617_m1), Maml-3
(Mm01294189_m1), Hes-1 (Mm01342805_m1), Hes-5
(Mm00439311_g1), Hes-7 (Mm00473576_m1), Hey-1
(Mm00468865_m1), Hey-2 (Mm00469280_m1), Hey-L
(Mm00516555_m1), Hprt (Mm00446968_m1), Gapdh
(Mm99999915_g1) and Por2a (Mm00839502_m1). Thermal cycling
was performed on a ViiA™ 7 Real-Time PCR System (Applied
Biosystems, Carlsbad, CA, USA). All samples were run in triplicate.
Reference genes used for normalization were determined by geNorm
analysis. Biogazelle qBase+ 2.6 Software was used for raw data ana-
lysis, quality control and quantification of calibrated normalized re-
lative gene expression. Scaling was done to the average of the control
group.

2.5. Western blot

Proteins were extracted from mouse lumbar spinal cords as de-
scribed before (Philips et al., 2013). Forty micrograms of protein lysates
together with Pierce™ lane marker reducing sample buffer 5× (Thermo
Fisher Scientific, Waltham, MA, USA) were loaded on a 7.5% (for large
proteins) or a 12% (for small proteins) fresh Sodium Dodecyl sulphate
polyacrylamide (SDS-PAGE) gel and processed as described previously
(Beel et al., 2017). Following primary antibodies diluted in Tris Buf-
fered Saline with 0.1% Tween-20 (TBST) were used: rabbit anti-
NOTCH-1 (Cell Signaling Technology, D1E11, RRID: AB_2153354,
1:1000 in TBST with 5% BSA, overnight at 4 °C), rabbit anti-NOTCH-2
(Cell Signaling Technology, D76A6, RRID: AB_10693319, 1:1000 in
TBST with 5% BSA, 2 h at room temperature (RT)), rabbit anti-
JAGGED-1 (Cell Signaling Technology, 28H8, RRID: AB_10693295,
1:1000 in TBST with 5% BSA, overnight at 4 °C), rabbit anti-RBPjk (Cell
Signaling Technology, D10A4, RRID: AB_2665555, 1:1000 in TBST, 1 h
at RT), rabbit anti-Cleaved NOTCH-1 (Val1744) (Cell Signaling Tech-
nology, D3B8, RRID: AB_2153348, 1:1000 in TBST with 5% BSA,
overnight at 4 °C), mouse anti-GAPDH (Ambion, AM4300, RRID: AB_
437392, 1:5000 in TBST, 1 h at RT) and mouse anti-alpha TUBULIN
(Sigma-Aldrich, T6199, RRID: AB_477583, 1:5000 in TBST, 1 h at RT).
Protein bands were visualized using SuperSignal™ West Femto Max-
imum Sensitivity ECL Substrate (for NOTCH-1, NOTCH-2, JAGGED-1,
RBPjk and Cleaved NOTCH-1 (NICD-1); Thermo Fisher Scientific,
Waltham, MA, USA) or Pierce™ ECL Western Blotting Substrate (for
GAPDH and alpha-TUBULIN; Thermo Fisher Scientific, Waltham, MA,
USA). Protein levels were normalized to GAPDH and alpha-TUBULIN.

2.6. Immunohistochemistry

Twenty micrometer-thick cryosections were cut from O.C.T. em-
bedded mouse lumbar spinal cords. Immunofluorescent stainings were
performed as described previously (Philips et al., 2013), except for the
JAGGED-1 and the NICD-1 staining. Following primary antibodies were
used: goat anti-JAGGED-1 (Santa Cruz Biotechnology, C-20 sc-6011,
RRID: AB_649689, 1:50, overnight at 4 °C), mouse anti-NeuN (Milli-
pore, MAB377, RRID: AB_2298772, 1:200, 1 h at RT), mouse anti-GFAP
(Sigma-Aldrich, G3893, RRID: AB_477010, 1:200, 1 h at RT), rabbit
anti-IBA-1 (Wako Chemicals, 019-19741, RRID: AB_839504, 1:200, 1 h
at RT) and goat anti-GFP (Rockland, 600-101-215M, RRID: AB_
2612804, 1:200, 1 h at RT).

For the Jagged-1 staining, the standard staining protocol (Philips
et al., 2013) was preceded by a pre-treatment with 0.5% sodium do-
decyl surfate (Sigma-Aldrich, Saint-Louis, MO, USA) in PBS for maximal
5min. The specificity of the goat anti-JAGGED-1 (Santa Cruz Bio-
technology, C-20, 1:50) was evaluated by overnight pre-incubation
with 6 μg of following JAGGED-1 neutralizing peptides: sc-6011 P
blocking peptide (Santa Cruz Biotechnology, Dallas, Texas, USA) or
Jagged-1 recombinant protein antigen NBP1-90208PEP (Novus Biolo-
gicals, Abingdon, England), respectively. Sections were mounted using
ProLong® Gold Antifade Mountant with DAPI (Thermo Fisher Scientific,
Waltham, MA, USA).

For the NICD-1 staining, sections were permeabilized with PBST and
immersed in Sodium-Citrate buffer (10mM Sodium Citrate, pH 6,
0.01% Tween20) for 30min at 96 °C followed by 20min cooldown at
4 °C for antigen retrieval. Endogenous peroxidases were inactivated
with 3% H2O2 in methanol (30min, at RT). After blocking for 1 h with
3% BSA in TBS (150mM Tris pH 7.5, 150mM NaCl), sections were
incubated with rabbit anti-NICD-1 (Val1744) (Cell Signaling
Technology, D3B8, RRID: AB_2153348, 1:100 in TBS with 0.1%
Tween20 and 3% BSA, overnight at 4 °C). After incubation with bioti-
nylated donkey anti-rabbit secondary antibody (Jackson
ImmunoResearch 711-065-152, West Grove, PA, USA) for 1 h at RT, the
signal intensity was amplified using the TSA biotin signal amplification
detection kit (NEL700A001KT, Perkin Elmer, Waltham, MA, USA)
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according to the manufacturer's recommendations and visualized with
streptavidin-Alexa-488 (Jackson ImmunoResearch 016-540-084, West
Grove, PA, USA). Sections were mounted with MOWIOL (Sigma-
Aldrich, Saint-Louis, MO, USA) supplemented with DAPI.

Thionin staining was used to visualize (motor) neurons, as described
before (Beel et al., 2017). The area of the neuronal cell bodies and the
ventral horn was measured and the number of motor neurons was
normalized to the area of the ventral horn.

For the human JAGGED-1 staining on formalin-fixed paraffin em-
bedded lumbar spinal cord samples from.

sALS patients and from control persons, sections (6 μm) were de-
paraffinized and rehydrated by subsequent immersion in xylene (2
times, 10min; VWR, Radnor, PA, USA), 100% ethanol (2 times, 1 min),
95% ethanol (1 min), 70% ethanol (2 min), 50% ethanol (1 min) and
H2O (5min). Antigen retrieval was performed with sodium-citrate
buffer (10mM sodium citrate, pH 6, 0.01% Tween20) supplemented
with 0.1% sodium dodecyl surfate (Sigma-Aldrich, Saint-Louis, MO,
USA) for 40min at 96 °C followed by 20min cooldown at 4 °C.
Endogenous peroxidases were inactivated by 30min incubation in 3%
H2O2 in PBS supplemented with 50% methanol. Blocking with 10%
NDS in PBST for 1 h at RT, was followed by incubation with goat anti-
JAGGED-1 (Santa Cruz Biotechnology, C-20 sc-6011, RRID: AB_649689,
1:50 in PBST with 10% NDS, overnight at 4 °C) and with biotinylated
donkey anti-goat secondary antibody (Jackson ImmunoResearch 705-
067-003, 1:300 in PBST, 1 h at RT). Subsequently, sections were in-
cubated with streptavidine-HRP (Perkin Elmer TSA kit,
NEL700A001KT, 1:100 in PBST, 30min) according to the manufac-
turer's instruction. After incubation with Tris-HCl (50mM Tris, pH 7.5;
2 times, 5 min), staining was revealed using 3,3′-diaminobenzidine
(DAB, SK-4100, Vector Laboratories, Burlingame, CA) as a substrate.
Sections were counterstained with Harris's haematoxilin (VWR, Radnor,
PA, USA; 159-380-025), dehydrated and mounted.

For the NICD-1 staining on human samples, the sections were de-
paraffinized and rehydrated as described above. The NICD-1 staining
procedure was performed as described for the NICD-1 staining on
mouse cryosections with the following differences to the protocol: an-
tigen retrieval was performed with TE buffer (10mM Trizma base,
1 mM EDTA, pH 9, 0.005% Tween20) and the tyramide amplification
was followed by incubation with streptavidine-HRP (Perkin Elmer TSA
kit, NEL700A001KT, 1:100 in TBS with 0.1% Tween20 and 3% BSA,
30min). The staining was revealed using 3,3′-diaminobenzidine (DAB,
SK- 4100, Vector Laboratories, Burlingame, CA) as a substrate and the
sections were dehydrated and mounted. For proper visualization of
NICD-1, no counterstaining with Harris's haematoxilin was performed
in combination with the NICD-1 staining.

The human GFAP staining was performed on the BOND RX stainer
(Leica Biosystems, Wetzlar, Germany) with the Bond™ Polymer Refine
Detection Protocol (Leica Biosystems Wetzlar, Germany; DS9800) ac-
cording to the manufacturer's instructions. Following primary antibody
was used: FLEX Polyclonal Rabbit Anti-Glial Fibrillary Acidic Protein
(Dako, Ready-To-Use Autostainer solution). Afterwards, sections were
mounted in the Leica CV5030 Fully Automated Glass Coverslipper
(Leica Biosystems Wetzlar, Germany).

Fluorescent images were taken on an Axio Imager.M1 microscope
equipped with an AxioCam MRc5 camera or an AxioCam MRm camera
(Zeiss, Jena, Germany). Confocal images were taken on a Leica TCS SP8
confocal laser scanning microscope (Leica Microsystems, Wetzlar,
Germany). Bright-field images were taken on a Leica DM2000 LED
microscope equipped with a DFC7000 digital camera (Leica
Microsystems, Wetzlar, Germany). Several images (5 to 10) of the
ventral horn region were taken per sample and image analysis and
quantification was performed in a blinded manner using freeware
ImageJ and AxioVision SE64 software.

2.7. Evaluation of disease progression in mice: motor performance,
innervation, body weight, disease onset and endpoint determination

Motor performance was assessed twice a week from the age of
60 days onwards by the hanging grid test and the fixed rotarod per-
formance test at 15 rpm, as previously described (Staats et al., 2016).
Innervation was assessed by using a ultra pro S100 EMG monitoring set-
up (Natus Neurology, Pleasanton, CA, USA) with Synergy software
(Acertys, Aartselaar, Belgium) on mice anesthetized with 3% isoflurane,
as described before (d'Ydewalle et al., 2011). Compound muscle action
potential (CMAP) amplitudes were normalized to the CMAP amplitude
measured at the age of 50 days, because the CMAP amplitudes of
SOD1G93A mice and Jagged-1lox/loxCx30-CreER SOD1G93A mice measured
at 50 days of age (this is before the tamoxifen-induced inactivation of
Jagged-1) were not identical. Body weight was measured twice a week
starting from the age of 60 days as a generalized parameter indicating
disease progression. Disease onset was defined the day when a mouse
was not able to hold on for 60 s on the hanging grid test anymore. End
stage was determined as the time point when paralyzed mice could no
longer turn themselves within 10 s when placed on their side. At this
moment mice were sacrificed. Survival was defined the time from birth
to end stage. Disease duration was defined as the period between dis-
ease onset and end stage.

2.8. Statistical analysis

GraphPad Prism 5 software (Graphad Software, La Jolla, CA, USA)
was used for all statistical analysis. Unpaired t-test, Mann-Whitney U
test, one- and two-way ANOVA with post hoc analysis and Log-rank
Mantel-Cox test were performed as specified in the figure legends.
Normality was evaluated with Shapiro-Wilk normality test.
Quantitative data are presented as mean ± SEM. P-values smaller than
0.05 were considered statistically significant.

3. Results

3.1. Increased expression of key mediators of Notch signaling in the lumbar
spinal cord of SOD1G93A mice

We first examined the expression (mRNA and protein) of the Notch
receptors (Notch-1, -2, -3 and -4), the ligands (Jagged-1 and -2; Delta-
like-1, -3 and -4) and the transcription cofactors (RBPjk and
Mastermind-like-1, -2 and - 3) of the canonical Notch signaling pathway
in the lumbar spinal cord of the SOD1G93A mouse. In addition, two non-
canonical ligands (F3/Contactin-1 and NB3/Contactin-6) were studied
for completeness. Lumbar spinal cords of age-matched non-transgenic
mice and of age-matched SOD1WT mice were used as controls.

Quantitative PCR showed that the mRNA expression of the Notch
receptors increases with disease progression (Fig. 1A). Until day 60, the
mRNA expression levels of all four Notch receptors were unaltered
compared to age-matched control SOD1WT mice and non-transgenic
mice. However, during disease (125 days and 150 days), a significant
upregulation of all Notch receptors in the affected lumbar spinal cord
was observed, whereas their expression in control SOD1WT spinal cords
remained unchanged (Fig. 1A).

Similarly, the mRNA expression of the canonical Notch ligand
Jagged-1 was increased significantly in SOD1G93A lumbar spinal cord.
Interestingly, this increase was already observed at the age of 60 days,
well before disease onset and did not further increase with disease
progression (Fig. 1B). The expression of other canonical and non-ca-
nonical ligands was not significantly changed (Supplementary Fig. 1).

We next studied the expression of these factors at the protein level.
We focused on the proteins NOTCH-1 and NOTCH-2, because their
mRNA increase was most prominent during disease progression. In
agreement with the mRNA data, Western blot analysis showed a sig-
nificant increase of the levels of the processed forms of the receptor
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proteins NOTCH-1 (molecular weight of 120 kDa, Fig. 1C–D) and
NOTCH-2 (molecular weight of 110 kDa, Fig. 1C and E) in lumbar
spinal cords of end stage SOD1G93A mice (150 days) compared to
asymptomatic SOD1G93A mice (60 days) and age-matched control
SOD1WT or non-transgenic mice. In contrast to its increased mRNA

levels, the protein expression of full-length JAGGED-1 (molecular
weight of 180 kDa) was significantly reduced in the spinal cord from
end stage SOD1G93A mice compared to asymptomatic SOD1G93A mice
(60 days), and compared to age-matched control SOD1WT or non-
transgenic mice (Fig. 1C and F), indicating increased JAGGED-1

Fig. 1. The Notch receptors and the ligand Jagged-1 are more abundantly expressed in the affected lumbar spinal cord of SOD1G93Amice compared to control mice. mRNA
levels of (A) the Notch receptors and (B) the ligand Jagged-1 in the affected lumbar spinal cord of SOD1G93A mice (G93A) at different disease stages
(60d= asymptomatic stage; 125d= symptomatic stage; 150d= end stage), determined by qRT-PCR. Lumbar spinal cords of age-matched SOD1WT mice (WT) and
non-transgenic mice (NT) were used as controls. Expression data are normalized to Hprt and Gapdh and scaled to NT 60d. (C) Western Blot analysis showing NOTCH-
1, NOTCH-2 and JAGGED-1 in the affected lumbar spinal cord of SOD1G93A mice (G93A) at different disease stages (60d= asymptomatic stage; 150d= end stage).
Lumbar spinal cords of age-matched SOD1WT mice (WT) and non-transgenic mice (NT) were used as controls. α-TUBULIN and GAPDH were used for loading controls.
(D, E and F) Protein levels of indicated proteins determined by densitometric analysis of the Western Blots shown in (C). One-way ANOVA with Tukey's posthoc
analysis: *p < 0.05, **p < 0.01, ****p < 0.0001 with all other groups, except when indicated differently, and Δ p= 0.06 indicates a tendency, n=6 mice per
group for qRT-PCR and n=3 mice per group for western Blot. Data represent mean ± SEM.
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processing (cleavage, endocytosis and degradation) after signal trans-
duction (D'Souza et al., 2008; Hansson et al., 2010; He et al., 2014;
Lavoie & Selkoe, 2003; Le Bras et al., 2011).

3.2. Increased activation of the Notch signaling pathway in lumbar spinal
cord of SOD1G93A mice

The mRNA and protein expression profiles described above suggest
that the Notch signaling pathway is aberrantly activated in the spinal

(caption on next page)

A. Nonneman et al. Neurobiology of Disease 119 (2018) 26–40

31



cord of SOD1G93A mice. To test this, we evaluated Notch receptor
cleavage, the expression of key-components of the downstream tran-
scription activation complex and the expression of Notch target genes.

NICD-1 was readily detectable by immunohistochemical staining
using tyramide signal amplification, although it was undetectable using
Western blot. In order to quantify Notch-1 activation in a cell-specific
way, we evaluated the number of NICD-1 postive cells in the affected
lumbar spinal cord ventral horn of SOD1G931 mice compared to control
ventral horn of SOD1WT mice. Unfortunately, the lack of specific anti-
bodies precludes the study of NICD-2. As shown in Fig. 2A, nuclear
NICD-1 staining was present in a significantly higher number of cells in
the lumbar spinal cord ventral horn of symptomatic SOD1G93A mice
compared to age-matched SOD1WT control mice (Fig. 2A). The specifi-
city of the NICD-1 staining was evaluated by staining the spinal cord of
Notch-1lox/lox CAGG-CreER mice (Supplementary Fig. 2A–B), in which
Notch-1 mRNA expression is reduced by approximately 90% upon ta-
moxifen administration (Supplementary Fig. 2C), resulting in an almost
complete abolishment of NICD-1 positive cells in the ventral horn
(Supplementary Fig. 2A–B).

We next evaluated the expression levels of Rbpjk and Maml. These
cofactors form the transcription-activation complex together with NICD
and contribute to enhanced Notch signaling activation when expressed
at high-level (Larabee et al., 2013; Kochert et al., 2011). A significant
upregulation of Rbpjk and all three isoforms of Maml (Maml-1, Maml-2,
Maml-3) was evident during disease progression, when compared to
age-matched control SOD1WT mice or non-transgenic mice (Fig. 2B). In
agreement with the mRNA data, protein expression of RBPjk was in-
creased as well (Fig. 2C–D).

We next quantified the expression of the Hes and Hey downstream
target genes of Notch, of which the expression levels are differentially
affected upon activation of Notch signaling (Petrovic et al., 2015;
Hatakeyama et al., 2004; Mukhopadhyay et al., 2009; Fior & Henrique,
2005). Indeed, Hes-7 and Hey-2 expression levels were significantly

enhanced during disease progression (Fig. 2E), while levels of Hes-1 and
Hey-1 remained unchanged (Fig. 2F), and Hes-5 and Hey-L expression
levels were decreased (Fig. 2G). This pattern of changes of target gene
expression is known to occur upon Notch signaling activation (Petrovic
et al., 2015; Hatakeyama et al., 2004; Mukhopadhyay et al., 2009; Fior
& Henrique, 2005).

Overall our data suggest that the Notch signaling pathway is over-
active in the lumbar spinal cord of ALS mice compared to controls.

3.3. Neurons and astrocytes are the cell types involved in Notch signaling in
SOD1G93A mice

To investigate which cell types of the spinal cord mediate Notch
signaling, we determined the cellular localization of NICD-1 and
JAGGED-1 using double staining for these proteins and different neu-
ronal and glial cell type markers. In the spinal cord ventral horn of both
SOD1G93A mice at the age of 130 days (symptomatic stage) and age-
matched SOD1WT mice, NICD-1 was found in nuclei of GFAP-positive
astrocytes, and more NICD-1 positive astrocytes were observed in the
ventral horn of symptomatic SOD1G93A mice when compared to control
SOD1WT mice (Fig. 3 and supplementary Fig. 3). No NICD-1 signal was
observed in NeuN-positive neurons (Supplementary Fig. 4A and D), and
only some of the CC1-positive oligodendrocytes and the F4-80-positive
reactive microglia are positive for NICD-1 (Supplementary Fig. 4B–D),
however as described before (Zhang et al., 2014), the levels of NICD-1
in microglia and oligodendrocytes are considered negligible. Conse-
quently, our data suggest that the increased Notch signaling activation
in the spinal cord of SOD1G93A mice is mainly astrocytic in nature.
JAGGED-1 expression was clearly identifiable in NeuN-positive (motor)
neurons, both in the SOD1WT and SOD1G93A mouse spinal cord
(Fig. 4A). Interestingly, after disease onset, JAGGED-1 was abundantly
expressed in GFAP-positive reactive astrocytes in symptomatic
SOD1G93A mice at the age of 130 days (Fig. 4B), while never observed in

Fig. 2. Notch signaling is more active in the affected lumbar spinal cord of SOD1G93Amice compared to control mice. (A) Representative image of the NICD-1 staining in the
lumbar spinal cord of symptomatic SOD1G93A mice at the age of 130 days and age-matched SOD1WT mice, and quantification of the relative number of NICD-1
positive nuclei counted per section in the ventral horn. Nuclei are stained with DAPI. Higher magnification images of the boxed area are shown in the right panels.
Scale bar is 100 μm (left and middle panels) and 25 μm (right panels with higher magnification). Unpaired t-test: **p < 0.01, n=4 mice per group. (B) mRNA levels
of the cofactors, necessary to form the transcription activation complex, Rbpjk and the different isoforms of Maml, in the affected lumbar spinal cord of SOD1G93A

mice (G93A) at different disease stages (60d= asymptomatic stage; 125d= symptomatic stage; 150d= end stage), determined by qRT-PCR. Lumbar spinal cords of
age-matched SOD1WT mice (WT) and non-transgenic mice (NT) were used as controls. Expression data are normalized to Hprt and Gapdh and scaled to NT 60d. (C and
D) Western Blot analysis of RBPjk and its quantification of by densitometric analysis in the affected lumbar spinal cord of SOD1G93A mice (G93A) at different disease
stages (60d= asymptomatic stage; 150d= end stage). Lumbar spinal cords of age-matched SOD1WT mice (WT) and non-transgenic mice (NT) were used as controls.
α-TUBULIN and GAPDH were used for loading controls. (E-G) mRNA levels of the Notch target genes Hes-1, Hes-5, Hes-7, Hey-1, Hey-2 and Hey-L in the affected
lumbar spinal cord of SOD1G93A mice (G93A) during disease progression (60d= asymptomatic stage; 125d= symptomatic stage; 150d= end stage), determined by
qRT-PCR. Lumbar spinal cords of age-matched SOD1WT mice (WT) and non-transgenic mice (NT) were used as controls. Expression data are normalized to Hprt and
Gapdh and scaled to NT 60d. One-way ANOVA with Tukey's posthoc analysis: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 with all other groups, except
when indicated differently, and Δ p= 0.062 indicates a tendency, n= 6 mice per group (for qRT-PCR) and n=3 mice per group (for Western Blot). Data represent
mean ± SEM.

Fig. 3. Astrocytes mediate Notch signaling in the af-
fected lumbar spinal cord of SOD1G93Amice.
Immunofluorescent staining of NICD-1 in the ventral
horn of the lumbar spinal cord from symptomatic
SOD1G93A mice at the age of 130 days and age-mat-
ched SOD1WT mice. Confocal images show NICD-1
expression in the DAPI+ nuclei of GFAP+ astro-
cytes, both in resting astrocytes of SOD1WT mice and
diseased and reactive astrocytes of symptomatic
SOD1G93A mice. Scale bar is 10 μm.
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astrocytes of non-transgenic or SOD1WT mice. The typical staining
pattern of JAGGED-1 disappeared after pre-incubation of the JAGGED-
1 antibody with two different neutralizing JAGGED-1 peptides, sc-6011
P (Santa Cruz Biotechnology) and NBP1–90208 PEP (Novus Biologi-
cals), demonstrating the specificity of the antibody (Supplementary
Fig. 5).

These data reveal prominent activation of Notch signaling and
abundant expression of JAGGED-1 in spinal cord reactive astrocytes of
symptomatic ALS mice.

3.4. Aberrant Notch signaling in postmortem tissue from ALS patients

To examine whether enhanced Notch-1 signaling is also present in
human ALS, we investigated the Notch signaling pathway in postmortem
spinal cords from sALS patients and compared them to spinal cords
from control individuals. From publically available data (www.ncbi.
nlm.nih.gov/geo, accession number GSE18920) (Rabin et al., 2010) we
retrieved the mRNA expression of NOTCH-1, NOTCH-2 and JAGGED-1
in human lumbar spinal cord motor neurons (obtained using laser
capture microdissection) and in the remaining anterior horn (devoid of
motor neurons) from 12 sALS patients and 8 control individuals.

Increased mRNA expression of NOTCH-1, NOTCH-2 and JAGGED-1 was
found in sALS spinal cords, both in the motor neuron fraction (Fig. 5A),
and in the remaining anterior horn fraction (Fig. 5B). No significantly
altered mRNA expression was observed for the other Notch receptors
and ligands, except for the non-canonical ligand F3/CONTACTIN-1 that
was more abundant in sALS spinal cords (Supplementary Fig. 6A–B).

We then evaluated the Notch signaling activation status by studying
the mRNA expression profiles of the cofactors RBPjk and MAML, and
the Notch target genes. In the motor neuron fraction of sALS patients, a
significant increase in mRNA expression of the cofactor MAML-2 and
the Notch target genes HES-1 and HEY-2 was observed when compared
to human control motor neurons (Fig. 5A). In the remaining anterior
horn fraction, the mRNA expression of HES-1 and HEY-2 tended to be
increased as well, but to a lesser degree than in the motor neuron
fraction. Other components of the Notch pathway did not show con-
sistent changes of expression (Supplementary Fig. 6A–B). The purity of
the motor neuron fraction and the remaining anterior horn glial frac-
tion and the presence of reactive astrocytosis and microgliosis in the
sALS samples compared to the control samples, were analyzed by
evaluating the expression of the motor neuronal marker choline acet-
yltransferase (ChAT) and the glial markers glial fibrillary acidic protein

Fig. 4. Jagged-1 is expressed by (motor) neurons and reactive astrocytes in the affected lumbar spinal cord of SOD1G93Amice. Confocal images of the immunofluorescent
staining of JAGGED-1 in the ventral horn of the lumbar spinal cord from symptomatic SOD1G93A mice at the age of 130 days and age-matched SOD1WT mice in
combination with (A) the neuronal marker NeuN and (B) the astrocytic marker GFAP. Scale bar is 20 μm.
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(GFAP) for astrocytes and ionized calcium-binding adapter molecule-1
(IBA-1) for microglia (Supplementary Fig. 7).

We next examined the cellular localization of JAGGED-1 and NICD-
1 in postmortem spinal cord of sALS patients and control individuals
(Fig. 6). In both ALS and control spinal cord, JAGGED-1 was faintly
expressed in (motor) neurons. In agreement with what we observed in
the SOD1G93A mouse model we observed JAGGED-1 to be expressed by
reactive astrocytes in sALS lumbar spinal cord samples, while JAGGED-
1 was absent in resting astrocytes in lumbar spinal cord samples from
control individuals. NICD-1 could not be detected in the lumbar spinal
cord ventral horn of control individuals. However, in the lumbar spinal
cord ventral horn of sALS patients NICD-1 was prominently present in

the reactive astrocytes. We observed this astrocytic JAGGED-1 and
NICD-1 staining pattern in 5 out of 6 sALS patient lumbar spinal cords.
No staining signal was observed in the sALS patient sample with the
longest postmortem time interval (PMI=8.5 h).

Together, these data obtained from sALS patients are in full agree-
ment with our findings from the SOD1G93A mouse model, and confirm
the increased Notch signaling activation and the aberrant cellular lo-
calization of JAGGED-1 and NICD-1 in reactive astrocytes in sALS
spinal cord.

Fig. 5. Notch signaling is increased in postmortem spinal cord tissue from sALS patients compared to controls. RNA expression of different components of the Notch
signaling pathway retrieved from a publicly available data set from a whole-genome exon splicing array (www.ncbi.nlm.nih.gov/geo, accession number GSE18920)
performed on (A) motor neurons isolated by laser capture microdissection and (B) the remaining anterior horn glial fraction from spinal cords of 12 sporadic ALS
patients (sALS) and 8 control individuals. RNA expression data were calculated based on summarized probe intensities. Unpaired t-test: *p < 0.05, data represent
mean ± SEM.
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3.5. Deleting Jagged-1 in astrocytes aggravates disease progression of
SOD1G93A mice

We next investigated whether interfering with the Notch signaling
system may affect motor neuron degeneration in the ALS mouse model.
As Jagged-1 is the only Notch ligand showing alterations in expression
level in spinal cord of sALS patients and SOD1G93A mice, and is pro-
minently expressed in reactive ALS-affected astrocytes, but not in
resting healthy astrocytes, we aimed to study the role of the ligand
Jagged-1 in reactive astrocytes in ALS. Therefore, we inactivated
Jagged-1 specifically in astrocytes by crossbreeding Jagged-1lox/lox mice
with Cx30-CreER mice. In these transgenic mice, exon 4 of the ligand
Jagged-1 is deleted by Cre-mediated excision upon administration of
tamoxifen (Tx) at the age of 60 days (asymptomatic). This modified
allele gives rise to a truncated non-functional JAGGED-1 protein
lacking the Notch receptor binding domain (Kiernan et al., 2006).

The specificity and efficiency of the astrocytic Cx30-CreER line was
evaluated by crossbreeding Cx30-CreER mice to YFP reporter mice
(Rosa-loxSTOPlox-YFP mice), showing the expression of YFP upon ta-
moxifen induced Cre-mediated excision of the STOP-cassette.
Immunofluorescent co-staining of YFP and GFAP in the spinal cord of
Rosa-loxSTOPlox-YFP Cx30-CreER mice after tamoxifen administration
(YFP+/+ Cx30-CreER & Tx) revealed that YFP was only expressed in
GFAP-positive astrocytes and that recombination took place in on
average 84 ± 5% of all GFAP-positive astrocytes (Supplementary fig.
8A-B). No recombination took place in the absence of tamoxifen (YFP

+/+ Cx30-CreER & no Tx) or in the absence of Cx30-CreER (YFP +/+
& Tx) (Supplementary Fig. 8A–B).

The offspring of the breeding of Jagged-1lox/lox mice with Cx30-
CreER mice and SOD1G93A mice was treated with tamoxifen at the age
of 60 days. This tamoxifen-induced deletion of exon 4 of Jagged-1 in
astrocytes resulted in a significant reduction of total spinal cord mRNA
of Jagged-1 containing exon 4 of on average 17.5 ± 3% in Jagged-1lox/
loxCx30-CreER SOD1G93A mice compared to control SOD1G93A mice
(SOD1G93A+Tx) (Supplementary fig. 8C). The remaining expression of
Jagged-1 containing exon 4 thus largely came from non-astrocytic
(mainly neuronal) cells. No gross phenotypical abnormalities were
observed in these mice upon inactivation of Jagged-1 in double trans-
genic Jagged-1lox/loxCx30-CreER mice (without SOD1G93A) compared to
control Jagged-1lox/lox mice (data not shown).

Astrocytic homozygous inactivation of Jagged-1 in SOD1G93A mice
(Jagged-1lox/loxCx30-CreER SOD1G93A+Tx), had no effect on disease
onset compared to control SOD1G93A mice (SOD1G93A+Tx) (Fig. 7A),
but accelerated disease after onset. Survival was significantly reduced
by 18 days (Fig. 7B) and consequently disease progression was hastened
with an on average disease duration of 38 ± 5 days in SOD1G93A mice
with homozygous Jagged-1 inactivation (Jagged-1lox/loxCx30-CreER
SOD1G93A+Tx) compared to 52 ± 3 days in control SOD1G93A mice
(Fig. 7C). Follow-up of body weight during disease progression
(Fig. 7D) showed significantly more pronounced weight loss when in-
activating Jagged-1 homozygously in astrocytes compared to control
SOD1G93A mice. Motor performance was assessed by two classical tests,

Fig. 6. JAGGED-1 is expressed in (motor) neurons and reactive astrocytes in postmortem spinal cord from ALS patients, and NICD-1 is expressed in reactive astrocytes only.
Representative images of the immunohistochemical staining of (A) JAGGED-1, (B) NICD-1 and (C) GFAP in the ventral horn of postmortem human spinal cords from
control individuals (left) and sALS patients (right). Arrowheads indicate the faint JAGGED-1 expression in (motor) neurons and the arrows indicate the pronounced
JAGGED-1, NICD-1 and GFAP expression in the reactive astrocytes. Scale bar is 50 μm and n=6 individuals per group.
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Fig. 7. Astrocyte-specific inactivation of JAGGED-1 in SOD1G93Amice aggravates disease progression. (A) Onset analysis determined by failure on the hanging grid test in
Jagged-1lox/loxCx30-CreER SOD1G93A mice (102 ± 6 days, n= 12) and control SOD1G93A mice (107 ± 3 days, n= 24). Log-rank Mantel-Cox test: p > 0.05 (not
significant). (B) Survival analysis in Jagged-1lox/loxCx30-CreER SOD1G93A mice (141 ± 3 days, n=11) and control SOD1G93A mice (159 ± 3 days, n= 24). Log-rank
Mantel-Cox test: ****p < 0.0001. (C) Disease duration in Jagged-1lox/loxCx30-CreER SOD1G93A mice (38 ± 5 days, n= 11) and control SOD1G93A mice
(52 ± 3 days, n=23). Unpaired t-test: *p < 0.05. (D) Follow-up of bodyweight during disease progression in Jagged-1lox/loxCx30-CreER SOD1G93A mice (n=12)
and control SOD1G93A mice (n=24). Two-way ANOVA: ****p < 0.0001 for age and **p < 0.01 for genotype. (E-F) Motor performance was determined during
disease progression by means of (E) the fixed rotarod test (Two-way ANOVA: ****p < 0.0001 for age and **p < 0.01 for genotype) and (F) the hanging grid test
(Two-way ANOVA: ****p < 0.0001 for age and p= 0.10 for genotype) in Jagged-1lox/loxCx30-CreER SOD1G93A mice (n= 12) and control SOD1G93A mice (n= 25).
(G) Innervation of the gastrocnemius muscle during the course of disease was determined by measuring CMAP amplitudes in Jagged-1lox/loxCx30-CreER SOD1G93A

mice (n=12) and control SOD1G93A mice (n=25). We normalized the CMAP amplitudes to the amplitude measured at the age of 50 days. Two-way ANOVA:
****p < 0.0001 for age and ***p < 0.001 for genotype. (H–I) Thionin staining in the spinal cord of Jagged-1lox/loxCx30-CreER SOD1G93A mice (n=3) and control
SOD1G93A mice (n=3) at the age of 130 days was used to quantify the number of small motor neurons (with a cell body area of 250–400 μm2) and large motor
neurons (with a cell body area above 400μm2) shown in (I). Scale bar is 50 μm. One-way ANOVA with Holm-Sidak's multiple comparison test: *p < 0.05. Data
represent mean ± SEM. All mice received tamoxifen at the age of 60 days.
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the fixed rotarod test (Fig. 7E) and the hanging grid test (Fig. 7F). We
observed that SOD1G93A mice with homozygous astrocyte-specific
Jagged-1 inactivation perform significantly worse on the fixed rotarod
tests compared to control SOD1G93A mice (Fig. 7E). With the hanging
grid test we could detect a clear tendency towards reduced performance
(Fig. 7F). Innervation of the gastrocnemius muscle was evaluated by
measuring compound muscle action potentials (CMAP) at the level of
the gastrocnemius muscle (Fig. 7G). We observed that the CMAP am-
plitudes decreased significantly faster during disease progression, when
Jagged-1 was inactivated homozygously in astrocytes of SOD1G93A

mice, compared to control SOD1G93A mice (Fig. 7G). No difference in
CMAP latencies was noticed (data not shown).

Quantification of the number of motor neurons revealed that both
the number of small motor neurons (cell body area of 250–400 μm2)
and the number of large motor neurons (cell body area above 400μm2)
were significantly reduced in the lumbar spinal cord ventral horn of
Jagged-1lox/loxCx30-CreER SOD1G93A mice at the age of 130 days, when
compared to age-matched littermate control SOD1G93A mice (Fig. 7H–I).
We additionally investigated whether this enhanced disease severity
was evident when quantifying reactive astrogliosis and microgliosis by
staining for the markers glial fibrillary acidic protein (GFAP) and io-
nized calcium-binding adapter molecule 1 (IBA-1) respectively, and
although not statisticaly significant, we observed a 38% increase in
GFAP staining intensity and a 53% increase in IBA-1 staining in the
lumbar spinal cord ventral horn of Jagged-1lox/loxCx30-CreER SOD1G93A

mice at the age of 130 days compared to control SOD1G93A mice (Sup-
plementary Fig. 9).

Heterozygous astrocytic inactivation of Jagged-1 in SOD1G93A mice
(Jagged-1lox/−Cx30-CreER SOD1G93A+Tx) resulted in a more modest
reduction of total spinal cord mRNA of Jagged-1 containing exon 4 (on
average 9.2 ± 2%) as expected (data not shown) and did not affect
disease onset or motor performance. Of interest, this limited reduction
already tended to reduce survival (reduction of 12 days) compared to
control SOD1G93A mice (SOD1G93A+Tx) (data not shown).

We next evaluated the effect of astrocytic Jagged-1 inactivation on
Notch signaling in this cell type. To this end, we stained for NICD-1 and
quantified the number of NICD-1 positive nuclei in the lumbar spinal
cord ventral horn of end stage SOD1G93A mice and end stage SOD1G93A

mice with homozygous inactivation of Jagged-1 specificly in astrocytes
(Fig. 8A–B and supplementary Fig. 10). We found the number of such
NICD-1 positive nuclei to be significantly increased with 80% in Jagged-
1lox/loxCx30-CreER SOD1G93A mice compared to control SOD1G93A mice.

Together these data show that homozygous inactivation of Jagged-1
specifically in astrocytes of SOD1G93A mice aggravates disease after
onset, shortens survival and enhances Notch signaling activation,
thereby suggesting a beneficial role for the astrocytic expressed Jagged-
1.

4. Discussion

The Notch signaling pathway, as a critical mediators of cell-cell
interaction (Artavanis-Tsakonas et al., 1999; Lai, 2004), is an under-
estimated target in the study of the non-cell autonomous component of
the pathogenesis of ALS and other neurodegenerative diseases. This is
mainly due to the impressive complexity of this pathway and the rather
limited knowledge about its role in the adult central nervous system
(Ables et al., 2011).

In this study, we explored the contribution of Notch signaling to the
pathogenesis of ALS, by using sALS patient samples, the SOD1G93A

mouse model and conditional knockout mice. Our data show that the
Notch signaling pathway is abnormally active in the affected spinal
cord of both sALS patients and SOD1G93A mice and contributes to motor
neuron degeneration and disease progression in the ALS mouse model.
Several lines of evidence support this statement.

First, overactive Notch signaling was suggested by the prominent
increase in the mRNA expression of the receptors Notch-1 and Notch-2,

along with an increase in the expression of the processed (not full-
length) forms of these Notch proteins, including an increase in the le-
vels of the active signaling fragment NICD-1, in SOD1G93A mice. In
human sALS postmortem lumbar spinal cord, the mRNA expression level
of these two Notch receptors was also found to be increased in both the
motor neurons and the remaining non-motor neuron fraction, as well as
overactive Notch signaling was suggested by the increase in the levels
of the active signaling fragment NICD-1 in sALS postmortem lumbar
spinal cord ventral horn, when compared to control individuals.

Second, the increased mRNA expression of the canonical ligand
Jagged-1 in lumbar spinal cord of both sALS patients and SOD1G93A

mice in combination with the decreased expression level of the full
length form of the Jagged-1 protein in the spinal cord of SOD1G93A

mice, suggests increased JAGGED-1 processing and turnover (cleavage,
endocytosis and degradation) after signal transduction (D'Souza et al.,
2008; Hansson et al., 2010; He et al., 2014; Lavoie & Selkoe, 2003; Le
Bras et al., 2011).

Furthermore in lumbar spinal cord of SOD1G93A mice and sALS
patients, several cofactors needed to form the transcription activation
complex togheter with the active signaling fragment NICD, are found to
be upregulated. This observation suggests increased Notch signaling
activation as well, because it is known from overexpression studies that
increased levels of RBPjk or Mastermind-like 2 are sufficient to trigger
Notch signaling activation (Larabee et al., 2013; Kochert et al., 2011).

We visualized and quantified NICD-1, along with the expression
levels of downstream Notch target genes to evaluate the activation
status of the Notch signaling pathway. Significantly more astrocytes
stained positive for NICD-1 in the lumbar spinal cord ventral horn of
both SOD1G93A mice and sALS patients compared to controls, reflecting
increased signaling activation. Surprisingly, we could not detect NICD-1
in neurons and only very few oligodendrocytes stained positive for
NICD-1, in spite of the reported effects of Notch-1 in neurons (Bonini
et al., 2013; Berezovska et al., 1999; Redmond et al., 2000; El Bejjani &
Hammarlund, 2012) and oligodendroglial cells (Wang et al., 1998;
Genoud et al., 2002; Popko, 2003; Park & Appel, 2003). Obviously, its
level may be below the limit of detection by immunohistochemistry.
These results are in agreement with publically available data (https://
web.stanford.edu/group/barres_lab/brain_rnaseq.html) (Zhang et al.,
2014). When looking at the Notch target genes in SOD1G93A mice
compared to SOD1WT mice, a differential effect on target gene expres-
sion was observed, with enhanced expression of Hes-7 and Hey-2, de-
creased expression of Hes-5 and Hey-L, and unchanged Hes-1 and Hey-1
levels. This is known to occur upon Notch signaling activation, as they
are subject to a rather complex system of regulation (Petrovic et al.,
2015; Hatakeyama et al., 2004; Mukhopadhyay et al., 2009; Fior &
Henrique, 2005). The Hes and Hey genes described above are all direct
Notch downstream targets, but they differ in the level of Notch acti-
vation required for their transcription activation and their expression is
known to correlate with different Notch ligands (Petrovic et al., 2015).
In addition they also differ in mRNA stability (Petrovic et al., 2015),
they can cross-regulate each other (Petrovic et al., 2015; Hatakeyama
et al., 2004; Mukhopadhyay et al., 2009; Fior & Henrique, 2005) and
their expression can be influenced by other signaling pathways, such as
Bmp, Wnt and Fgf signaling (Petrovic et al., 2015). In contrast, the
increase in Notch signaling activation in the spinal cord of sALS patients
is nicely reflected in the expression of the Notch target genes, with an
upregulation of HES-1 and HEY-2, while no changes were observed for
HES-7, HEY-1 and HEY-L. HES-5 was not detected in the human dataset.
The differential expression of the target genes between the spinal cord
of the ALS mouse model and sALS patients can be explained by inter-
species-variability and possibly also by the fact that we found the non-
canonical ligand F3/CONTACTIN-1 to be significantly upregulated in
the motor neurons and the non-motor neuron fraction of sALS patient
spinal cord samples, while we could not detected a significant increase
for F3/Contactin-1 in the spinal cord of SOD1G93A mice.

Overal these data obtained from the ALS mouse model and
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postmortem sALS patient samples clearly demonstrate a signature of
overactive Notch signaling in the lumbar spinal cord.

Interestingly, we found Jagged-1 to be ectopically expressed in the
reactive ALS-astrocytes localized in the lumbar spinal cord ventral horn
of both sALS patients and SOD1G93A mice, while it was below detection
level in resting, healthy astrocytes of control individuals and SOD1WT

mice. This observation together with our finding of Jagged-1 to be the
only canonical ligand showing increased mRNA expression levels in
both SOD1G93A mice and sALS patients suggests its involvement in the
pathogenesis of ALS and inspired us to study the role of Jagged-1 on
these reactive ALS-astrocytes. Inactivation of Jagged-1 specifically in
astrocytes aggravated disease substantially by affecting disease dura-
tion rather than disease onset, which is in agreement with the hy-
pothesis that reactive astrocytes affect disease progression rather than
disease onset (Yamanaka et al., 2008; Yamanaka & Komine, 2018).
Interestingly, the worsening of disease upon astrocyte-specific in-
activation of Jagged-1, both behaviorally and pathologically, was ac-
companied by enhanced Notch activation. This can be explained by our
model depicted in Fig. 8C, that is based on the fact that the Notch
signaling pathway only can get activated by a ligand positioned in trans
(i.e. on another cell) (Chillakuri et al., 2012), while it is inhibited by a
ligand positioned in cis (i.e. on the same cell) (del Alamo et al., 2011).
We suggest that the overactive Notch signaling in astrocytes, possibly
activated by neuronal trans-Jagged-1, is detrimental to the motor neu-
ronal system and contributes to the pathogenesis of ALS; reactive as-
trocytes attempt to mitigate this detrimental trans-activation of the
Notch signaling pathway by overexpressing Jagged-1 in order to med-
iate cis-inhibition (see model in Fig. 8C).

All togheter, this study shows that aberrant Notch signaling acti-
vation contributes to motor neuron degeneration in ALS and that ex-
acerbation of Notch signaling by inactivation of the astrocytic Jagged-1

accelerates disease progression after onset. A similar detrimental effect
of Notch on neurodegenerative diseases has been suggested before, in a
mouse model of focal ischemic stroke showing a significant increase in
Notch signaling activation (Arumugam et al., 2006). However, when
the NICD levels were decreased, as in mice transgenic for antisense
Notch and mice treated with γ-secretase inhibitors, smaller infarct sizes,
reduced microglial activation and lymphocyte infiltraton, and a better
functional outcome were observed (Arumugam et al., 2006). This study
suggests the involvement of Notch signaling in neuroinflammatory re-
sponses in other neurodegenerative diseases as well. Our data are also
in agreement with findings in Drosophila, showing that loss-of-function
mutations of Notch or of downstream Notch target genes extended the
lifespan of TDP-43 transgenic flies (Zhan et al., 2013). It should be
noted however that they contrast with another study in Drosophila, in
which increased Notch expression was found to suppress toxicity in-
duced by the GR dipeptide repeat associated with C9orf72 expansions
(Yang et al., 2015).

Our results also add to the understanding of the role of astrocytes in
the pathogenesis of ALS. It is generally accepted that astrocytes actively
contribute to the progression of disease (Yamanaka et al., 2008;
Yamanaka & Komine, 2018), because they lose important neuropro-
tective functions and acquire toxic phenotypes (Yamanaka & Komine,
2018). However, our results show that reactive ALS astrocytes also
exert some protective functions, as they appear to sense the harmfull
Notch activation and respond by increasing their own Jagged-1 ex-
pression in order to reduce the detrimental Notch signaling activation
through Jagged-1 mediated cis-inhibition. Interfering with this protec-
tive function of ALS astrocytes therefore deteriorates disease.

It is clear from our data that therapeutic approaches for neurode-
generative disorders that target Notch signaling, although certainly
being promissing, have to be looked at with caution, as the balance

Fig. 8. Astrocyte-specific inactivation of JAGGED-1 in
SOD1G93Amice enhances Notch signaling activation in
lumbar spinal cord ventral horn, possibly due to the re-
moval of Jagged-1 mediated cis-inhibition. (A)
Representative image of the immunofluorescent
staining of NICD-1 in the ventral horn of lumbar
spinal cord of end stage Jagged-1lox/loxCx30-CreER
SOD1G93A mice (n= 4) and end stage control
SOD1G93A mice (n=4). (B) Quantification of the
number of NICD-1 positive nuclei per section in the
lumbar spinal cord ventral horn. Nuclei were stained
with DAPI (see supplementary fig. 10 for images and
overlay). Scale bar is 50 μm. Un-paired t-test:
*p < 0.05. Data represent mean ± SEM. All mice
received tamoxifen at the age of 60 days. (C) Model
describing our hypothesis about the role of Jagged-1
expressed on reactive astrocytes in ALS. In healthy
spinal cord (left panel), Jagged-1 is expressed on
(motor) neurons and Notch-1 on some astrocytes,
resulting into basal levels of NICD-1, reflecting
normal Notch signaling activation (indicated by
“+”). In ALS affected spinal cord (middle panel),
Jagged-1 is expressed on (motor) neurons and more
astrocytes express Notch-1, resulting into an increase
in the number of NICD-1 positive astrocytes, re-
flecting enhanced Notch signaling activation (in-
dicated by “++”) that is harmful for motor neurons
in ALS. Remarkably, reactive ALS astrocytes over-
express Jagged-1 as well. Ligands expressed on the
same cell as the Notch receptor act inhibitory on
Notch signaling activation, a mechanism called cis-
inhibition. Consequently, we believe that the astro-
cytic Jagged-1 mediates cis-inhibition (indicated by
“-”) as an attempt to reduce the enhanced Notch
signaling activation in ALS, but it is not enough to

reduce Notch signaling activation to normal healthy levels. In ALS affected spinal cord upon astrocyte-specific Jagged-1 inactivation (right panel), the cis-inhibitory
rescue mechanism is removed. Consequently, the Notch signaling pathway is activated even more (indicated by “+++”) and disease is aggravated substantially.
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between trans-activation and cis-inhibition needs to be taken into ac-
count. Thus, targeting Notch signaling as a therapeutic option has to be
done with a great deal of precision in order to circumvent the harmful
effects of interfering with feedback mechanisms (Andersson & Lendahl,
2014).
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