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CHAPTER 1

INTRODUCTION

1. Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) was firstly debed by Aran
(Aran, 1850) and later by Charcot and Joffroy i69g§Charcot and
Joffroy, 1869). It is a fatal progressive disordbaracterized by the
degeneration of upper motor neurons in the mototegocand lower
motor neurons in the brainstem and spinal cord. ame of the
disease derives from Charcot’s observation of andtsmyelin pallor
in the lateral portions of the spinal cord, represg loss of the axon
of the upper motor neurons, that descend from btairconnect
directly or indirectly on the lower motor neuromsthe spinal cord.
The incidence of ALS in Europe is 2-3 cases per,d@D individuals
in general population (Hardiman et al.,, 2011). Ab80% of ALS
cases are sporadic (SALS) and most of them aralofawn etiology.
Familial ALS (FALS) makes up the remaining casdse BALS and
FALS forms are clinically indistinguishable (Gruzmat al., 2007)
and are characterized by similar pathological hatks, including
progressive muscle weakness, atrophy, and spgstinitFALS the

time of the disease onset and duration is diffelPenervation of the



respiratory muscles and diaphragm is generallyated event (Bourke
et al.,, 2006). Several evidences indicate that tgerfactors are
involved in FALS and also in SALS (Andersen andGXalabi, 2011).
The 12-23% of FALS cases are caused by mutatiotiseisuperoxide
dismutase 1 (SOD1) gene (Andersen and Al-Chalddilp, encoding
the SODL1 protein expressed in all cells and cagalyhe reduction of
the superoxide anion to?Gnd HO,. Since the first SOD1 missense
mutations were discovered (Rosen et al., 1993)ntimber of know
mutations has increased to more than 150 (AndeasdnAl-Chalabi,
2011). Many SOD1 mutants result in the same agenset, but in
different disease progression, sites of symptometorss disease
penetrance (Andersen and Al-Chalabi, 2011). Theatimuts in SOD1
gene can lead to a gain of toxic function or t@sslor diminution of
SOD1 detoxifying activity, causing oxidative stresisrough an
excessive extracellular production of llieva et al., 2009). The
mutations in SOD1 gene can cause alterations incyt@protective
machine determining the presence of cytoplasmicombal SOD1
protein aggregates in motor neurons and glial ¢iiéva et al., 2009).
Although ALS pathogenesis is not clearly understoadvances in
genetics and molecular biology have led to the tileation of a
combination of several cellular mechanisms thathinigpntribute to

the selective death of motor neurons.

1.1 Pathophysiological features

1.1.1 Astrocytes and microglia damage




Astrocytes are one of the most numerous cell typesdult nervous
system. Closely to motor neurons, they are respn$or supplying
nutrients, buffering ions, recycling neurotranseritprecursors, and
limiting motor neuron firing through rapid recoveryf synaptic
glutamate transport (Halassa and Haydon, 2010yoéwes respond
to damage by activating several pathways, includangstrong
immunoreactivity to glial fibrillary acid proteinGFAP) and an
increase in the number and size of cytoplasmaticqeses (Pekny and
Nilsson, 2005). Astrocyte activation was seen ia $pinal cord of
ALS patients and of SOD1 mutant mice (Hall et 4898; Levine et
al., 1999; Schiffer et al., 1996; Diaz-Amarillaadt, 2011).

Astrocytes are the cell type primarily responsilbe glutamate
uptake. Glutamate uptake by astrocytes plays aimotegulating the
activity of glutamatergic synapses. The releaseglatamate from
astrocytes via transporter reversal can contributdutamate receptor
activation (Anderson and Swanson, 2000). Altereditaghate
transport, that causes an excessive release danggie, determines
the phenomenon of excitotoxicity, which is a commoellular
mechanism of SALS and SOD1 mutant ALS (Haidet-Risllet al.,
2011; Fig. 1). Glutamate-mediated excitotoxicitfeefs have long
been postulated to have an important role in mot@uron
degeneration in ALS (Zeinman and Cudkowicz, 20Thg activity of
excitatory amino-acid transporter 2 (EATT2), thaegulates
extracellular glutamate concentration, was reducedynaptosomes
derived from ALS tissue patients (Rothsen et &92) and decreased
in motor cortex and spinal cord of ALS patientsafFet al., 1998;
Maragaski et al., 2004; Rothstein et al., 1995aBast al., 2000) and



in spinal cord of mutant SOD1 mice (Bruijn et 41997). ALS mice,
that expressed the human mutated SOD1 gene anttketa®zygous
for EATTZ2, developed earlier-onset disease (Patdd.£2006), while
drugs that increase EATT2 activity extended themathisurvival

(Ganel et al., 2006; Rothstein et al., 2005). Aerothstudy
demonstrated that by treating transgenic SOD1 mitie methionine
sulfoximine, an inhibitor of glutamine synthetashe levels of
glutamine decreased by 60% and of glutamate by 208 the
lifespan of the mice was extended by 8%, with arekse of the
concentration of glutamate in the brain (Ghoddowsal., 2010).
Recently, it was reported that the activation odb@r | metabotropic
glutamate receptors, implicated in the modulatiérthe release of
glutamate, determined an abnormal glutamate release.S mouse
model, suggesting that these receptors are imepticain the

pathogenesis of ALS and that selective antagomstg be predicted
for new therapeutic approaches (Giribaldi et €12).

Additional, implication for a toxic astrocyte coifintion in ALS has
been demonstrated in cell co-culture of astrocytesn FALS and

SALS patients and motor neurons (Haidet-Phillipslet 2011). The
authors revealed that the espression of inflammgiathway genes,
investigated to identify the potential causes @& toxicity of FALS

and SALS astrocytes, were similary up-regulatedboth forms.

Although a selective mutant SOD1 expression inoagtes is not
sufficient for disease onset (Lobsiger and Clewtla007), a
selective reduction of mutant SOD1 expression inoagtes slowed

disease progression.
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The severity of ALS is accompanied by microgliatization, that
shows a functional correlation with mutant astresy{Lobsiger and
Cleveland, 2007; Fig. 1). Microglial cells expldunctional plasticity
during activation, involving changes in cell numbenorphology,
surface receptor expression, and production of tirofactors and
cytokines. These changes reflect the altered diivastates of
microglia induced by signals derived from motor meudegeneration
and neighboring astrocytes. Microglia exhibits aativated or
deactivated M2 phenotype or a classically activa#d phenotype
(Nakamura, 2002). M1 activated phenotype is cytictaue to the
secretion of reactive oxygen species (ROS) andnffannmatory
cytockines; M2 activated or deactivated phenotypéocks

proinfammatory response and produces high levels aati-

inflammatory cytokines and neurotrophic factors Kalaura, 2002).
In the ALS mouse model, microglia appears to switdm an M2

microglial phenotype observed at the beginninghef pathology, to
an M1 phenotype as disease advances with increagimgession of
proinflammatory cytokines, including TNé&and IL-13 (Henkel et al.,
2009). Microglia might improve motor neuron suntithrough the
release of trophic and anti-inflammatory factotswés reported that
the treatment of microglia/motor neuron co-culturegth IL-4

suppressed M1 microglial activation promoting an Igl2enotype,
reducing the release of ROS, enhancing insulire-§kowth factor
(IGF)-1 secretion, and improving motor neuron sual/{Zhao et al.,
2006). In addition, the enhanced IGF-1 secretioy araeliorate the
activation state of astrocytes, promoting neuramidn (D’Ercole

and Ye, 2008). A recent study showed a crucial oblmflammatory
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monocytes in the progression of ALS (Butovsky et 2012). Prior to
disease onset, splenic Ly6Chi monocytes expressealagized M1
macrophage phenotype, which included increasedsl®@fe&ehemokine
receptor CCR2. At disease onset, microglia showedingrease
expression of chemokine ligand 2 (CCL2) and othleentotaxis-
associated molecules, which led to the recruitneéninonocytes to
the central nervous system by spinal cord derivadraglia. A
therapy with anti-Ly6C monoclonal antibody moduthatde Ly6C
monocyte cytokine profile, reduced monocyte reameitt to the
spinal cord, diminished neuronal death, and extndarvival
(Butovsky et al., 2012). The authors suggestedtttetecruitment of
inflammatory monocytes might play an important rale ALS
progression and that modulation of these cells miogha potential

therapeutic approach.

1.1.2 Axonal disorganization

Alterations in axonal structure of motor neurons aell documented
in SALS and FALS patients (Hirano et al., 1984; kawra et al.,
1981) and mutant SOD1 mice (Wong et al., 1995; EjgThe axons
of motor neurons are characterized by accumulatforeurofilaments
(Lee et al., 1994; Fig. 1), which are seen earlynitant SOD1 mice
(Kong and Xu, 1998). The removal of axon neurofigus prolonged
the survival of mutant SOD1 mice (Nguyen et alQ420 ALS motor
neurons show a defect of both anterograde andgreple axon
transport (Williamson and Cleveland, 1999) befohe tonset of

neurodegeneration. In particular, transport ofalesiwas observed to
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be suppressed in both anterograde and retrogradetidns in ALS
mice (De Vos et al., 2007); while transport of skeletal elements,
including neurofilaments, was reported to be slowedly in
retrograde direction (Williamson and Cleveland 19%¢arita et al.,
1999). Several studies suggested that mitochonaralement could
be suppressed in anterograde and retrograde dimec{Magrane et
al.,, 2009). Indeed, the expression of dynein andedin motor
proteins, implicated in axonal transport of mangasrelles, including
mitochondria, were altered in ALS model (Shi ef 2009). Recently,
it has been demonstrated that depletions of dyaath dynactin-1,
another motor protein which regulates axonal tchifig, disrupted
axonal transport, and mutations in their genes ezhusotor neuron
degeneration in humans and rodents (Ikenaka &Qdl2). In addition,
gene expression profiles indicated that dynactmRNA was down-
regulated in degenerating spinal cord motor neucdr&BALS patients
(lkenaka et al., 2012). Defects in kinesin-1 miabatle-binding
activity and in anterograde axonal transport wasretated to
activation of c-JunN-terminal kinase (Ikenaka et al., 2012). This
pathological mechanism caused the disruption o&dim ability to
bind microtubules, determining a failure of adeguainterograde
transport (lkenaka et al., 2012). Another recentstdemonstrated
that deficits in axonal transport of organelles axdn degeneration
can evolve independently in the SOD1 ALS models r{iiM@avic et
al., 2012). In the SOD1 mouse, the axon transpafititl preceded the
onset of axon degeneration; while in the SOD1 G&4FS mouse
model, motor axons degenerated, but the transpast unaffected,

suggesting that axon transport deficit was notidefit to cause
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immediate motor neuron degeneration. In additianpice that over-
expressed wild-type SOD1, axons showed chronicspram deficits,
but survived (Marinkovic et al., 2012).

There is some uncertainty about the sequence aft®veading to
motor neuron degeneration and thus the diseaser&@estudies have
shown dysfunction/degeneration of the neuromusqgutaation in the
mouse model (Frey et al., 2000; Kennel et al., 1986en motor
neuron loss is not detected yet (Chiu et al., 19Bigtal axonopathy
was shown to occur early, following neuromusculamciion
impairment, but before neuronal degeneration arsgtoof symptoms
(Fischer et al.,, 2004). Muscle atrophy preceded sequence of
events in the mouse model (Brooks et al., 2004)randnt studies in
mice expressing mutant SOD1 gene variants selégtineskeletal
muscle suggested that muscle degeneration mighktf itsad to
neurodegeneration and might cause ALS ( Dupis amaliz-Laguna,
2010; Wong and Martin, 2010).
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1.1.3 Inhibition of proteasome and chaperone, endothdiatss,

mitochondria damage

Pathological aggregates are characteristic of nmmuyodegenerative
diseases, as Alzheimer, Parkinson, Huntington ao@ @oilée et al.,
2006). To protect themselves from stress of abnbrpratein
aggregates all cells express a cytoprotective machithat includes
proteaosome and molecular chaperones, a familygbfyhconserved
proteins that recognize nascent polypeptides aludifitermediates to
guide proteins to their native state. Cytoplasmimarmal SOD1
protein aggregates are observed in both SALS aridSFaases as well
as in mutant SOD1 transgenic mice (Buijn et al97t%urney et al.,
1994; Watanable et al., 2001). Aggregates observé&d S patients,
as well as in mouse model, contain ubiquitin (Ireteal., 1998;
Watanable et al., 2001), a protein which typicadggets proteins for
disposal via the proteasome. It was reported thatatcumulation of
ubiquitinated, misfolded proteins unfavorably imhced the
cytoprotective machinery causing the failure oftpasome-mediated
degradation of SOD1 aggregates (Basso et al., Z62).

Molecular chaperones are involved in the assemity disassembly
of multimeric complexes, traslocation of proteinsrass cellular
membranes, and regulating vesicular transport (Bukad Horwich
1998; Hartl and Hayer-Hartl, 2002). They have atreénrole in
proteostasis preventing the accumulation of aggesgas occurs in
neurodegeneration such as in ALS. Hps70, a praesociated to
chaperoning activity, has been observed up-reglliatehaperone in

ALS models. This up-regulation influenced the feslu of
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cytoprotective machinery (Jain et al., 2008), sstjgg that this
pathogenic mechanism might be a possible theraptutiet for ALS
(Jain et al., 2008; Fig. 2).

Mutant SOD1 has been observed to induce endoplasnediculum
(ER) stress through different pathways. Mutant aggtes were
accumulated in ER membranes and in particularhen ER-luminal
polypeptide chain binding protein (BiP), a chaperdmat regulate the
activation of ER stress (Kikuchi et al., 2006). Amer study
demonstrated that mutant SOD1 inhibited ER-assetidegradation
and the process of eliminating proteins failed dasthe ER. This
phenomenon is associated with an altered retrogteadesport of
misfolded proteins out of the ER lumen into cyto@dishitoh et al.,
2002).

Mitochondrial dysfunction has been reported to hameimportant
early role in the progression of disease and has lm®nsidered a
possible target for toxicity in ALS (Zeinman and dRowicz, 2011)
(Figs. 1, 2). Mitochondria appeared vacuolated aildted with
disorganized cristae and membranes in the motaonswand muscle
in SALS and FALS patients (Zeinman and CudkowicflD).
Impaired mitochondrial respiration and increasectle of misfolded
proteins have been observed in spinal cord and Imdmopsies of
ALS patients (Chung and Suh, 2002; Dupuis et a0Q32 The
electron transport chain, which generates ATP viddaiive
phosphorylation, has been demonstrated to haveceentated or
attenuated activity in mouse models (Damiano et28l06; Mattiazzi
et al., 2002). Complex | activity has been repordtdated or reduced
(Mattiazzi et al., 2002; Damiani et al., 2006). it SOD1 altered
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also the control of calcium homeostasis increashmg excitotoxic
phenomenon that was demonstrated to be cruciamfator neuron
degeneration (Damiano et al., 2006). Mitochondréathe gatekeepers
of apoptosis, by opening the permeability transifpmre and release
of cytochrome c implicated in the cascade of caspadtivation.
Several studies described a relevant aspect ofonalurdeath
associated with an activation of caspase-3 in mousgels (Li et al.,
2000; Pasinelli et al., 2000) and with low levefstlte antiapoptotic
Bcl-2 in spinal cord tissue of ALS patients (Ekeget al., 1999) and
mutant SOD1 mice (Gonzalez de Aguilar et al., 2000yeed,
Boston-Howes and colleagues (2006) demonstrateadrthglial cells
caspase-3 activation inactivated the glutamatespamer EAAT2,
considered a main participant in excitotoxicitypyiding an attractive
mechanism which correlates mitochondrial dysfumctiovith

excitotoxicity (Boston-Howes et al., 2006).
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1.2 Animal model G93A-SOD1 mouse

One of the most know mutations of human SOD genehes
substitution of glycine by alanine at residue 933&) (Andersen and
Al-Chalabi, 2011). Transgenic mice and rats, exgngsthis mutation,
develop progressive motor neuron degeneration tasgmhuman
disease (Bruijn et al., 1997; Gurney et al., 1994 G93A-SOD1
transgenic mouse has been extensively studied asxp@rimental
model for FALS (Achilli et al., 2005). It presentinical symptoms
and neuropathological features that mimics thosarateristic of
FALS (Achilli et al., 2005), such as severe hinahbi paralysis with
atrophy of skeletal muscle. In this model, the pmynsymptoms are
linked to the degeneration of lower motor neureanthe lumbar spinal
cord and brainstem, and atrophy of the diaphragrectea (Holzbaur
et al., 2006) results in respiratory death (Tarlkgrst al., 2007). Mice
are clinically scored for disease progression dsvio stage | (week
12-13 of age), onset of hind limb tremor and bodight; stage II,
onset of hind limb paresis; stage lll, severe Hintb paresis with
abnormal gait; stage 1V, hind limb paralysis; atags V (week 19 of
age), death for atrophy of the diaphragm musclehifhet al., 2005).
G93A-SOD1 mice showed numerous vacuolized motoramsuin the
spinal cord in the early phase of the disease ittiear compromised
blood-spinal cord barrier (Garbuzova Davis et 2007). Astrogliosis
increased with the number of degenerating motorameu(Levine et
al., 1999). The G93A-SOD1 mouse model is excellent many
purposes. Recently, a variant of this strain exgingseight to ten

mutant SODJgenes, underwent a slower course of the diseagagqgi
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the opportunity to study the early-stage patholalgrocesses that

characterized the disease (Acevedo-Arozena €Gil).

2. Spinal cord-derived stem cells

Adult neural stem cells were identified in the sedmtricular zone
(SVZ) and in the subgranular zone of mammaliannb(8ing and

Song, 2011). They are able to proliferate, to setfewal and to
differentiate into the three different types of raducells: neurons,
astrocytes and oligodendrocytes (Ming and SonglR204dult neural

stem cells reside in specific cellular microenvire@nts or niches,
which are considered as biochemical entities rathan anatomical
entities because they enclosed complex signals ribgalate the
capacity of stem cells to proliferate, self renewl differentiate (Ming
and Song, 2011).

In the 1990s, researchers identified and isolagedal stem cells from
adult mammalian spinal cord (Weiss et al., 1996).aXd colleagues
(2008) demonstrated that stem cells were largediriduted in dorsal
horn and central canal of rodent spinal cord ared tiey were more
numerous in the cervical segment than in the lundrad thoracic
regions (Xu et al., 2008). These stem cells residea biochemical
niche identified in the central ependymal zone @inal cord

(Hamilton et al; 2009). Immunohistochemical comgani of the

ependymal zone of spinal cord and the SVZ nicheakd a distinct
pattern of neural precursor marker expression. drtiqular, in the
spinal cord the ependymal cells were delimited gub-ependymal

layer, which was relatively less elaborate thart tifathe SVZ and
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comprised of small numbers of astrocytes, oligodecyte

progenitors and neurons. Proliferating cells sunding, in particular,
the dorsal region of the central canal, occurre¢lose association
with PECAM-expressing blood vessels. These typicadlif-renewal
Ki67+ proliferating cells resided within the epenil layer and
showed no evidences of a relationship to sub-epeatigells. The
dorsal region of the central canal is characterlzgad sub-population
of tanycyte-like cells that express markers of begendymal cells
and neural precursors, and their presence cordelaigh higher

numbers of proliferating ependymal cells. Withir thub-ependymal
region, there are GFAP expressing astrocytes, €ligizessing
oligodendrocyte progenitors, double cortin X-expneg neuroblasts
and nestin-expressing neural progenitor/stem cBigIN-expressing
neurons are located under the sub-ependymal zode dan not

proliferate. In the spinal cord, the central camat lined with ciliated
ependymal cells that expressed vimentin (Hamiltbale 2009; Fig.
3).
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Several physiological and pathological conditiong)cluding
neurodegenerative and spinal cord injury diseaggemote an
extensive stem cell proliferation (Guan et al., 200othe et al.,
2005). In experimental autoimmune encephalomyettisiced in rats,
stem cells not only proliferated but also migrated the
neuroinflammed area and differentiated into cetisressing neuronal
markers (Danilov et al., 2006). After a trauma stegils positive to
nestin increased in the lesion site of injured (Rtwet et al., 2010). In
ALS mice it was demonstrated that neurodegenergiiomoted the
proliferation and migration of stem cells residifgnd normally
guiescent) in the spinal cord (Guan et al., 2087¢m cells migrated
out the ependymal zone initially toward the dotsain direction and
then to the ventral horn regions, where motor nesiravere
degenerated (Chi et al., 2005). However, as in muiBS, new
mature motor neurons were not generated in G93A-5@use
spinal cord (Guan et al., 2007). The presenceevh gtells in the adult
spinal cord suggests that endogenous stem celtiagst mechanisms
might be exploited to repair or sustain the neuncaize.

Spinal cord-derived stem cells culturéd vitro generate floating
clonal aggregates, usually termed as neurosph&nesneurospheres
are characterized by stem, progenitor and apoptetls and undergo
a symmetric and asymmetric division (Reynolds anetzZe, 2005).
The neurospheres show the capacity to proliferate self renewal
and to differentiatan vitro into three neural phenotypes: neurons,
astrocytes and oligodendrocytes (Meletis et al.0820 It was
proposed that bone morphogenetic factors (BMPsldcagulate the

proliferation and differentiation of stem cells efttraumatic injury
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(Xiao et al., 2010). Neurosphere cultures showedt tBMP-4

promoted astrocyte differentiation from stem celsd suppressed
differentiation production of neurons and oligodeaytes.

Conversely, the inhibition of BMP-4 by Nogging deased the ratio
of astrocytes to neurons (Xiao et al., 2010). ladespinal cord-

derived stem cells, specifically termed as epend\gteam progenitor
cells (epSPCs), isolated from injured rats, prodifedin vitro faster

than stem cells derived from control animals. Aevaht role of

inflammation, on signaling pathways in stem celi®rainjury, has

been revealed through gene expression analysisoB{ghere cultures
from spinal cord injured rats were able to diffdérate into

oligodendrocytes and functional motor neurons (Mor#&anzano et
al., 2010). Transplantation of undifferentiatedsieells and precursor
oligodendrocytes into a spinal cord of injured rdgtermined a
significant recovery of motor activity. These cellgere able to
migrate for long distance in and around the lesgite. The

endogenous modulation of these stem cells mighesept a viable-
cell strategy for repairing neuronal dysfunctionofl@no-Manzano et
al., 2010).

Interestingly, stem cells derived from post-mortepinal cord of

SALS and FALS patients showed their multipotentapacity to

differentiatein vitro into the three neural cell lineages (Haidet-Rbslli
et al, 2011). The authors (2011) demonstrated thsttocyte

differentiated generated from spinal cord derivesrscells, of both
FALS and SALS patients, were similarly toxic to motneurons

obtained from mouse embryonic stem cells. The stelis as a source

of multipotent cells represent a new vitro model system, to
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investigate common disease mechanisms and evalpetential
therapies for SALS and FALS (Haidet-Phillips et aD11).

3. MicroRNAs

MicroRNAs (miRNAs) are non-coding, 18-25 nucleotidag RNA
transcripts that regulate gene expression by priognothe post-
transcriptional inhibition or degradation of complentary mRNA
sequences (Makeyev and Maniatis, 2008). The bicieé mMiIRNAs
is conserved and includes endonucleolytic cleavhgds/o RNase Ill
enzymes, Drosha and Dicer (Kim, 2005; Sun et @102 miRNAs
are initially transcribed as a long, capped polysgtied pri-miRNA.
The Drosha complex crops the pri-miRNA into a hiakghaped pre-
mMiRNA (Fig. 4). Next, exportin-5 promotes the naléranslocation
of the pre-miRNA, which is processed by the Dicemplex. The
resulting miIRNA:miRNA* is dissociated and the m&uniRNA is
incorporated into the RISC, where it functions tegulate gene
silencing either by translational inhibition or kyromoting the
degradation of target mMRNAs (Kim 2005; Sun et2010; Fig. 4).
MIiRNASs play a crucial role in many neuronal bioclheahpathways,
including neuroplasticity and stress responses.eréit miRNA
expression is associated with neurodegenerativeasis including
ALS (De Smaele et al.,, 2010; Haramati et al., 20%8toh et al.,
2010). miRNAs target and regulate the expressionpaiticular
proteins that could be crucial for disease pathegiesn Considering
that the toxic protein aggregates in neuronal paiparis appears to be

critical to neurodegeneration, as in Alzheimer'sedise, miRNA-
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mediated regulation represents a new target offgignt therapeutic
prospects (Schonrock et al.,, 2010; Junn and Mamjdi2011).
Haramati and colleagues (2010) observed that miRig#vity was

essential for long-term survival of postmitotic rsgdi motor neurons;
mice that did not process miRNA in the spinal mateuron exhibited
hallmarks of spinal muscular atrophy, sclerosigha&f spinal ventral
horns and myofiber atrophy with signs of denervatidhis study
underlines the potential role of miRNA in the neleggenerative
processes (Hamarati et al., 2010). miRNAs mightesas biomarkers
for neurodegenerative disease (Keller et al., 2008uding spinal
cord injury; specifically, it was observed that sgas in miRNA
expression explained the variability in initial uny severity
(Strickland et al., 2011). In multiple sclerosisiRNA microarray
analysis in blood cells from patients identifiedthe best biomarker
of the disease miR-145, suggesting the potentild of MiIRNA

expression profile as diagnostic biomarkers for aomdiseases
(Keller et al., 2009). Interestingly, plasma cortcations of brain-
specific miRNAs were identified as early biomarkef cerebral
infarction in rats, that were generated by midderebral artery
occlusion (Weng et al., 2011).

In ALS, disease-associated mutations in TDP-43 ékseh and Al-
Chalabi, 2011), a protein involved in the Droshenptex required for
the biogenesis of miRNAs, strongly implicate miRNgsfunction in

ALS pathogenesis. It was reported that a deficiemcya skeletal
muscle-specific miRNA, miR-206, accelerated disga®gression in
ALS mice (Williams et al., 2009). Indeed, the tramstional

repression observed in FALS and SALS motor neuranstriptomes
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(Jiang et al., 2005; Kirby et al.,, 2005) most likealeflected an
alteration in miRNA expression. Similar transcrpial repression
was observed at late-stage disease in G93A-SOD4 (Rarraiuolo et
al., 2007).
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3.1 microRNA-124a and-9

Several studies indicated that miRNAs play a aiticole in
maintenance, differentiation, and lineage commitm&nstem cells
(Liu and Zhao, 2009; Arnold et al., 2011). DistintiRNAs are
functionally involved in modulating neural differgation of
embryonic and adult stem cells (Krichevsky et2006; Cheng et al.,
2009; Shen and Temple, 2009; Zhao et al., 200%ID¢kt al., 2010;
Gao, 2010; Li and Jin, 2010; Jing et al., 2011).

miR-124a and miR-9 are highly expressed in the raéntervous
system. miR-124a is the most abundant miRNA in ddealt brain
(Lagos-Quintana et al., 2002). Cheng and colleag(@809)
demostred that miRNA-124 was up-regulated by ndastb in adult
SVZ of mammalian brain. They found that this miRN#¥as an
important regulator of the temporal progressiomadlt neurogenesis
in mice. They identified the SRY-box transcriptitattor Sox9 as a
target gene of miR-124 at the transition from trensit amplifying
cell to the neuroblast stage. The over expressfo8oa9 abolished
neuronal differentiation, and Sox9 knockdown ledhizreased neuron
formation (Cheng et al., 2009). miR-124a promotesuronal
differentiation and neurogenesis in vivo by dowgudating
expression of Sox9 (Cheng et al., 2009; Shi ekallQ). This miRNA
was also recently shown to be expressed in mia@aghere it plays a
role in maintaining the cells in a quiescent stateormal central
nervous system (Ponomarev et al., 2012), a fedligidy relevant to

central nervous system diseases associated wiiminfation.

30



miR-9 is expressed specifically in neurogenic regi@f the brain
during development and adulthood; it promotes ngemesis by
downregulating different suppressors of neuroniéintiation (Gao,
2010) and is upregulated during differentiationadult stem cells in
culture (Zhao et al.,, 2009). miR-9 promote the ediéhtiation of
mesenchymal stem cells into neurons through Nagstaing (Jing et
al., 2011); it is involved in neural stem cell faketermination through
a feedback regulatory loop with the nuclear receptX (Zhao et al.,

2009) and could coordinate proliferation and migratchoices in
human neural progenitor cells through targetinghsten (Delaloy et
al., 2010).

In vitro, miR-124a and miR-9 were shown to promote the arealr
phenotype during differentiation of uncommittedis€Krichevsky et
al., 2006). Brain-specific miR-124a and miR-9 wéngolved into

neural differentiation of embryonic stem cells ahdir function was
regulated directly or indirectly by a specific tatgactivator of
transcription (STAT) 3, a member of the STAT fanull signalling

pathway responsible for cell survival and neurogengrichevsky et
al., 2006). Recently, a study demonstrated thattthesfection of
these two neuronal miRNAs into human fibroblastduced their
conversion into neurons that exhibited functioryalapses (Yoo et al.,
2011).

3.2 MicroRNA-19a and -b

MiR-19a and -19b belong to the miR-19 family of ther-17-92

cluster which has been linked to tumorigenesisrdker et al., 2011;
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Olive et al., 2009). More generally, miRNAs of timér-17-92 cluster
tend to target genes involved in growth control acell-cycle
regulation (Cloonan et al., 2008). In this contartR-19a and -19b
are enriched in several stem-cell types and weogsho be part of
the early commitment signature that marks a comskrstem-to-
progenitor transition process (Arnold et al., 2018tadler and
colleagues (2010) observed that these miRNAs wigldyhexpressed
in embryonic stem cells and were down regulatedlincell lines
analyzed in response to early cell differentiatisunggesting that these
mMiRNAs might be the key of differentiation procesg¢8tadler et al.,
2010). In addition, miR-19a and 19-b were up-remaa in
undifferentiated adult stem cells obtained frompade tissue and
down regulated in differentiated cells generatedmfrthe neural
differentiation of the adipose derived stem cdllsis study confirmed
a relevant role of these mMIRNAs during neural défgiation
processes, also in adult stem cells (Cho et al1R0niR-19a and -
19b target cyclin D2 regulating the cellular pretdtion (Lam et al.,
2010), and activate the Akt—-mTOR pathway, thus tionally
antagonizing PTEN and promoting cell survival (@let al., 2009). It
was also demonstrated that miR-19a and -19b dogulated the
expression of SOCS-1, a gene highly implicatedhm riegulation of
pathways associated with modulation of the celleynd with cell

arrest and apoptosis (Pichiorri et al., 2008).
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4. Aim of thethesis

The first aim of the study was to analyze the pesgion of ALS, by
evaluating muscle atrophy and neuronal degenerati@93A-SOD1
mice. For this purpose, we used magnetic resonamaging (MRI), a
non-invasive neuroimaging tool that permits longdital examination
of the same animals, to investigate changes in biatim and skeletal
muscle at different phases of disease developmmhtpeogression.
We combined MRI investigation with muscle histokagjianalysis and
motor tests to pathological changes in the brairsug pathological

changes in muscle architecture, in relation toi@hnsigns.

In the second part of the thesis we evaluateceifaithult spinal cord of
G93A-SOD1 mice was a potential source of stem cdllthe stem

cells derived from G93A spinal cord had a wild-tygreenotype or not
and finally, if miRNA expression was altered duritige neural

differentiation of spinal cord-derived stem celsr this propose, we
isolated and characterized spinal cord-derived stelfs from G93A-

SOD1 mice at asymptomatic and symptomatic phastheofdisease
and from control animals and analyzed the expras&weels of four

specific miRNAs, miR-124a and -9, highly expressedhe central

nervous system, and miR-19a and -19b, that gepdeaid to target
gene products involved in cell-cycle regulation, stem cell

population and in spinal cord tissue.
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Abstract

Amyotrophic lateral sclerosis (ALS) is a progressivfatal,
neurodegenerative disorder caused by the degemerafi motor
neurons in the CNS, which results in complete paralof skeletal
muscles. Recent experimental studies have suggtstthe disease
could initiate in skeletal muscle, rather thanhe tmotor neurons. To
establish the timeframe of motor neuron degenaraitiorelation to
muscle atrophy in motor neuron disease, we havel M4RI to
monitor changes throughout disease in brain antetskenuscle of
G93A-SOD1 mice, a purported model of ALS. Longitali MRI
examination of the same animals indicated that reusdume in the
G93A-SOD1 mice was significantly reduced from adyeas week 8
of life, 4 weeks prior to clinical onset. Progregsimuscle atrophy
from week 8 onwards was confirmed by histologicablgsis. In
contrast, brain MRI indicated that neurodegenenatiocurs later in
G93A-SOD1 mice, with hyperintensity MRI signals efged only at

weeks 10-18. Neurodegenerative changes were olsenkg in the
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motor nuclei areas of the brainstem; MRI changedicative of
neurodegeneration were not detected in the motdexavhere first
motor neurons originate, even at the late diseasges This
longitudinal MRI study establishes unequivocallyatth in the
experimental murine model of ALS, muscle degenenatoccurs
before any evidence of neurodegeneration and alinisigns,
supporting the postulate that motor neuron diseaseinitiate from
muscle damage and result from retrograde dying-ldcke motor

neurons.

Introduction

Amyotrophic lateral sclerosis (ALS) is the most ¢oan form of
motor neuron disease. ALS is a progressive, faglrodegenerative
disorder caused by the degeneration of motor nsunorthe spinal
cord, the brainstem, and the motor cortex. It le&mscomplete
paralysis of skeletal muscles and premature deaghally from
respiratory failure. ALS can occur in two differefarms: sporadic
ALS in about 90% of cases, mostly of unknown etigloand familial
ALS (FALS) in the remaining cases, 20% of which aerised by
mutations in the superoxide dismutase 1 (SOD1) @eoiasiger et al.,
2007). In both sporadic and FALS, there can besa & upper and/or
lower motor neurons (Cleveland and Rothstein, 200d3ulting in
similar pathology (Barber and Shaw, 2010).

The G93A-SOD1 transgenic mouse, which over-expseasmutated
form of the human SOD1 gene (Achilli et al., 200%s been studied
as an experimental model for FALS. Indeed, it presevith clinical

symptoms and neuropathological features that mintihose
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characteristic of FALS (Achilli et al.,, 2005; Rosel®93), such as
severe hind limb paralysis with atrophy of skeletaiscles (Tu et al.,
1996). In G93A-SOD1 mice, atrophy of the diaphragmuscles
(Holzbaur et al., 2006) results in respiratory usl and death
(Tankersley et al., 2007).

It is generally accepted that ALS is caused byldeatnotor neurons.
However, there is some uncertainty as to the semuerh motor
neuron degeneration resulting in disease. Indemabral studies in the
mouse model have shown dysfunction/degeneration tloé
neuromuscular junction (Frey et al., 2000; Kennekhk, 1996) at
times when motor neuron loss is not detected inntiee (Chiu et
al.,1995). Furthermore, distal axonopathy was shtwoccur early,
following neuromuscular junction impairment, butfdre neuronal
degeneration and onset of symptoms (Fischer e2@04). Muscle
atrophy was shown to precede this sequence of ®werthe mouse
model (Brooks et al., 2004), and recent studiesnioe expressing
mutant SOD1 gene variants selectively in skeletadate suggest that
muscle degeneration might itself lead to neurodeggion and cuse
ALS (Dobrowolny et al., 2008; Dupuis and Echanigyuaa, 2010;
Wong and Martin, 2010).

The aim of this study was to investigate further thmporal uence of
neurodegeneration in relation to muscle degeneraiinoG93A-SOD1
mice. For this purpose, we have used magnetic ag®enimaging
(MRI), a non-invasive neuroimaging tool that allowmngitudinal
examination of the same animal, to investigate ghann both brain
and skeletal muscle at various phases of diseaseelapment and

progression. We have combined MRI investigationhwrhuscle
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histological analysis and motor tests to time plathical changes in
the brain versus pathological changes in muscléiteature, in

relation to clinical signs.

Materials and methods

Animals

Transgenic G93A-SOD1 (B6SJL-Tg(SOD1*G93A)1Gur) mice
carrying a high-copy number (approximately 27 cepief mutant
human allele SOD1, transgenic Wt-SOD1 (B6SJL-Tg(&32Bur/J)
mice, and age-matched B6.SJL mice were purchased €harles
Rivers Laboratories International, Inc. (WilmingioMA, USA),
maintained and bred at the animal house of Neuicdbgnstitute
Foundation “Carlo Besta,” according to the insidnél guidelines
and international laws (EEC Council Directive 8&®6@JL 358, 1,
December 12, 1987, NIH Guide for the Care and Useaboratory
Animals, U.S. National Research Council, 1996). Théhics
Committee of the Institute approved the study. Wdicessary steps
were taken to ameliorate suffering to animals imedl in the study.
Animals were sacrificed by exposure to carbon diexiMale mice

were used in all the studies.

Genotyping of transgenic mice

Transgenic G93A-SOD1 or Wt-SOD1 progenies were titied by
real-time PCR amplification (RT-PCR) of the mutamt wild-type
human SOD1 gene, respectively. DNA was extractenh frail tissue
using GenElute™ mammalian Genomic DNA Miniprep (&igma,

St. Louis, MO, USA), according to the manufact@renstructions.
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For the quantification of SOD1 gene copy number, ADMas
subjected to RTPCR as previously described (Alezaed al., 2004),
with some modifications. Briefly, primers and prdbe human SOD1
were forward primer, SGGCCGATGTGTCTATTGAAGATT-3,
reverse primer, '5BTGCGGCCAATGATGCA-3 and probe, B
6FAM-ATCTCACTCTCAGGAGAC- MGB-3. The standard curve
was performed using serial dilutions of DNA isothfeom brain of a
G93A-SOD1 mouse known to have 27 copies of mutd&@®d1 gene
or a Wt-SOD1 mouse known to have 27 copies of wifte SOD1
gene (parents obtained from Charles River Intevnat). RT-PCR
reactions were performed in a final volume of@@ontaining 5 ng
DNA, 10 ul TagMan Universal PCR Master mix (Applied
Biosystems, Foster City, CA, USA), 300 nM forwartghger, 200 nM
reverse primer, and 150 nM probe. Following incidret at 50 °C for
2 min and at 95 °C for 10 min, 40 cycles of 1 9@fC followed by 1
min at 60 °C were carried out in a 7500 Fast RéaleTPCR System
(Applied Biosystems). The standard curve was obthewtomatically
through the 7500 Fast System software. Mouse IL-@neg
amplification was performed to normalize for DNAput (Alexander
et al., 2004).

Determination of muscular deficit

Male G93A-SOD1 and B6.SJL control mice (n=7 perugiowere
evaluated at weekly intervals from week 8 to we&kfdr signs of
muscular deficit, according to motor function, pawp endurance
(PaGE), and body weight. Motor function and PaGEistewere
performed as previously described (Weydt et alQ320Briefly, the

60



following hanging wire test was used for the Pa@&t:tthe mouse
was placed on a wire grid (wire thickness, 2 mngt twas shaken
gently to prompt the mouse to hold onto the wird #me grid was
turned upside down. The time taken for the moudettgo of the grid
was measured for three attempts and the mean tilhe#S recorded.
Impairment of motor function was scored as folloiWgeydt et al.,
2003): 4=moving normally; 3=obvious hind limb trersp 2=gait

abnormalities; 1=dragging of at least one hind lirBbinability to

move.

Histological analysis

Muscle tissue was obtained from the hind limb (pg)eof three
B6.SJL control and three G93A-SOD1 mice at 8, 12, and 18
weeks of age, immediately embedded in Optimal Ggfliemperature
compound (Bio-Optica, Milan, Italy), and stored &80 °C until
histological analysis. For each animal, four frotissue sections (10
um thick) were stained with hematoxylin-eosin andareixned by
optical microscopy (Nikon GMBH, Germany) at 40x mdigation.
Muscle fiber diameters were measured using ImagePRrs (Media
Cybernetics, Silver Spring, MD, USA). Fiber dianreteas defined as
the widest transversal distance. For each hind limiscle section
examined (four sections per mouse), fiber diametere measured in

ten randomly selected microscope fields.
MRI analysis

MRI experiments were performed on a 7-Tesla Brugiespec 70/ 30

USR scanner, horizontal bore (Bruker BioSpin, Egin, Germany)
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equipped with a BGA 20 (200 mT/m) gradient syst&aven male
G93A-SOD1 mice and seven B6.SJL control mice wesssed for
both brain and muscle MRI at age intervals thatespond to distinct
disease phases: week 8 (asymptomatic phase), weefclihical
disease onset), week 15 (symptomatic phase), ar & (terminal
stage), with a 3-day interval between muscle aathbviRIs to enable
the animals to recover from the anesthesia. Fivie IG®3A-SOD1
mice and five B6.SJL control mice were also scarfoetirain MRI at
week 10. Five male G93A-SOD1 mice and five B6.Sdhatiol mice
were analyzed for muscle MRI at week 6 to chedkoifmal muscle
mass is achieved developmentally in G93A-SOD1 mideee Wit-
SOD1 mice were scanned for brain and muscle MRiegk 18 to
ensure suitability of B6.SJL mice as controls tigloout the study.
Mice were anesthetized with 1.5-2% isoflurane (60420:02
(vol:val), flow rate 0.8 L/min). The respiratoryteawas monitored by
pneumatic sensor to detect the depth of anesthdisisng MRI
acquisition. Mice were positioned on an animal bgdipped with a
nosecone for gas anesthesia, three point-fixaystems (tooth-bar and
ear-plugs), and opening for throat access and bedyperature
stabilization.

Protocol for muscle MRI

A 35 mm quadrature volume coil was used for RF takion and
signal reception. For anatomical references, imaga® acquired in
three orthogonal planes: axial, sagittal, and caltofl-weighted spin-
echo images were performed using the following patars: TE=11.7
ms, TR=454.6 ms, FOV 30x30 mm, 18 axial slices dagethe entire
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hind limb without gap, slice thickness=1 mm, imagatrix=256x256
pixels, 10 averages, in plane resolution=uh7. The total acquisition

time was 19 min and 23 s.

Protocol for brain MRI

A 75 mm birdcage linear coil was used for RF exicta A mouse
brain surface coil was used for signal receptio@-wkighted fast
spinecho images were performed using a rapid atiqQuiselaxation
enhanced (RARE) sequence with the following parametTE=54
ms, TR=3500 ms, RARE factor=8, FOV 22x22 mm, 26esliaxial,
sagittal, and coronal plane, slice thickness=0.60n, mimage
matrix=256x256 pixels, 10 averages, in plane reésma86 um.

The total acquisition time was 22 min and 24 s.

Processing of MRI data

In order to quantify the total hind limb muscle waie, muscles were
manually segmented from fat and bone by two inddeen
radiologists, blinded for the health status ofahemals, using the
Bruker Paravision (version 5.0) software. The ragiof interest
(ROI) were added and multiplied by slice thicknéssobtain the
entire volume of the hind limb muscles for eachraali

In order to quantify the hyperintensity observed amly in
hypoglossal, ambiguus, facial, and trigeminal nu¢t®e Results),
nuclei were manually segmented using the Brukea\®sion (version
5.0) software and the nuclei signal intensity wasasured and

expressed in terms of Contrast to Noise Ratio (CHBfined as
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(Nucleus-NormalTissue)/Noise, where Nucleus is thean signal
intensity of the nucleus, NormalTissue is the m&gnal intensity of
an adjacent ROI in the surrounding tissue at theesgepth and Noise

is the standard deviation of the background noise.

Satistical analysis

Statistical analysis was performed using pairedwanzhired twotailed
Student's t-test, and data were expressed as mPart8aluesb0.05
were considered statistically significant. GraphfPaigm version 4.0
(GraphPad Software, San Diego, CA, USA) was used fo

data elaboration and statistical analysis.

Results

Longitudinal motor deficit analysisin G93A-SOD1 mice

The time course of disease progression in G93A-S@ide was

monitored by motor function scoring, PaGE, and badight (Fig. 1).

The first clinical signs of motor neuron diseasethe seven male
G93A-SOD1 mice were observed from week 12, as shmyvmotor

scores indicating obvious hind limb tremor (meanre£SD=3.40+

0.10 vs. 4.00£0.00 in control mice, Pb0.01; Fig.abd PaGE test
showing reduced muscular strength (mean grip tirbe=82.00+ 3.35
s vs. 75.00+1.80 s in control mice, Pb0.001; Fjg.The difference in
mean body weight of G93A-SOD1 mice and B6.SJL @bmirice was

significant from week 13 (23.00+0.40 g vs. 25.0&80g for control

mice; Pb0.05; Fig. 1); indeed, by week 18, G93A-3@ixeweighed
on average 13 g less than B6.SJL control mice (0.@0 g vs.

33+0.65 g for control mice, Pb0.001; Fig. 1).
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Longitudinal quantitative MRI analysis demonstrates significant
losses in muscle mass in G93A-SOD1 mice from week 8

At week 6, quantitative MRI analysis of hind limbuscle volume
indicated that muscle mass in G93A-SOD1 mice did differ
significantly from that in B6.SJL control mice (#£).36 cm3 vs.
1.60+0.25 cm3; Fig. 2B), indicating that normal lesnass was
achieved developmentally in the G93A-SOD1 mice. Ewosv, MRI
analysis showed a significant reduction in musculaass in
G93ASOD1 mice as compared to B6.SJL control miceve¢k 8
(1.51+ 0.08 cm3 vs. 1.74+0.04 cm3, Pb0.05; Figs. @@ B). At
week 12, while muscle mass had increased in comticg (1.94+0.07
cm3) as expected, there was a further decreasaustlenvolume in
G93ASOD1 mice (1.41+0.10 cm3). Henceforth, musclduwme
continued to decrease in G93A-SOD1 mice (Fig. 2#ajile it
increased in B6.SJL control mice (week 15: 1.2380d@nm3 vs.
2.19+0.09 cm3, Pb0.001; week 18: 0.89+0.25 cm2%1+0.12 cm3,
Pb0.001; Fig. 2B). As can be seen in Fig. 2, teae no difference in
muscle volume as late as week 18 in Wt-SOD1 contnate
(2.39£0.21 cm3), as compared to B6.SJL control n{i@4+0.12
cm3), indicating that expression of the human wyigde SOD1
transgene has no deleterious effect on the muacteese mice, in
contrast to that of the mutated G93A-SOD1 gene, thatl B6.SJL
mice are indeed adequate controls for this study.
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Longitudinal histological analysis shows increasing derangement of
muscle architecture in G93A-SOD1 mice from week 8

We observed a reduction in muscle fiber diameteGH8A-SOD1
mice compared to B6.SJL control mice from as easlyveek 8, when
the animals were still asymptomatic (Fig. 3A). Asedise progressed
from weeks 12 to 18, muscle organization in G93A80
miceappeared increasingly altered, with numercargiel endomysial
spaces within the fibers and a majority of fibenghviighly reduced
diameter; as an additional evidence of muscle hiropegenerating
fibers with centrally located nuclei and small deter were present at
week 18 (Fig. 3A). Measurement of fiber diameterGA3A-SOD1
mice, as compared to B6.SJL control mice, indicatkdt the
reductions observedwere significant fromweek 8 (@5818.08umvs.
317.00+60.82um, Pb0.005; Fig. 3B). Further highly significant
decreases in muscle fiber diameter occurred asshsprogressed in
the G93ASOD1 mice (37.86x£12.4@n at week 18 vs. 259.65+18.08
um at week 8, Pb0.001; Fig. 3B).

Longitudinal brain MRI analysis shows neurodegeneration in
G93ASOD1 mice fromweek 10

When MRI analysis of the whole brain was carried auregular
intervals from weeks 8 to 18, clear T2-weighted Migperintensity,
indicative of neurodegeneration, was detected iIBASSOD1 mice
from week 10 (Fig. 4A). These hyperintensity signakre observed
only in the brainstem at areas corresponding tarigeminal, facial,
ambiguus, and hypoglossal motor nuclei from whichginate

secondary motor neurons (Fig. 4A). No significaignals were
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observed in these mice at week 8 (Figs. 4A andwlBgn muscular
mass and muscle fiber diameter are significanttijuced (Figs. 2 and
3). These hyperintensive signals increased as s#isg@aogressed
indicating an increase in motor neuron degenerdfags. 4A and B).
Thus, while signals remained at baseline in nuofecontrol brain
throughout the study period (trigeminal: 1.11+048d 1.15%0.25;
facial: 1.42+0.55 and 0.82+0.11; ambiguus: 0.892@ad 0.59+ 0.29;
and hypoglossal: 4.26+1.65 and 7.69+0.81, at wegkand 18,
respectively. Fig. 4B), hyperintensity in the nudhereased steadily
in G93A-SOD1 mice (trigeminal: 2.16+0.75 and 8.53£% facial:
2.24+0.75 and 10.72+1.25; ambiguus: 0.97+0.88 afd+0.61; and
hypoglossal: 6.05+1.9 and 18.62+1.25, at weeks & a8,
respectively. Fig. 4B). Evidence of neurodegenenatvas significant
from week 10 in trigeminal, facial, and ambiguusley and from
week 15 in the hypoglossal nucleus (Fig. 4). We rd detect any
significant hyperintensive signal in these micetlie motor cortex
where first motor neurons originate. It should beted that
hyperintensity was not detected in the brain of S@D1 control mice
as late as week 18 (Supplemental Figure), indigatmat these mice
do not differ from B6. SJL control mice also inghespect; these data
confirm that B6.SJL miceare also adequate contimisbrain MRI

comparison with G93A-SOD1 mice.

Discussion

Our aim in this study was to establish unequivgctie sequence of
muscular versus neurological events leading to adisein the
G93ASOD1 mouse model of ALS. We have addressed dhis
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through longitudinal MRI studies of both skeletalisnle and brain
starting at week 8, that is from about 4 weeks teefdinical onset,
and evaluated the data in parallel with muscleolagly and motor
function.

MRI has been used experimentally in ALS to invedgg CNS
alterations at the final phase of the disease,ishat the symptomatic
stage in patients (Charil et al., 2009) and at wegkn SOD1G93A
G1H transgenic mice (Andjus et al., 2009). In theuse model, MRI
study of the brain from the frontal cortex througie brainstem
medulla at week 18 revealed hyperintensity sigimatee brainstem at
the ambiguus and trigeminal motor nuclei (Andjusakt 2009),
similar to what we have observed from week 10 i83&$0D1 mice
in the present study. In a previous longitudinal IMiRudy of hind
limb muscle in G93A-SOD1 mice, Brooks et al. obsergignificant
decrease in muscle volume of mutant male mice onweeks of age
(Brooks et al., 2004), as we have also observatbedd, our analysis
of T1l-weighted images of hind limb muscle showedignificant
reduction as early as week 8 in muscle volume aAZDOD1 mice,
as compared to control mice. These data indicadg tlhile early
clinical signs first appear around week 12 in GEBAD1 mice
(Weydt et al., 2003), as we confirm through condanti three way
monitoring of clinical disease progression from lw&e disease onset
actually occurs in these mice at least 4 weekseea@ur longitudinal
histological analysis confirms these MRI findinggjeed, evidence of
muscle atrophy with significant reductions in meast@iber diameter
was observed from week 8 onwards in the G93A-SODtem

Increasing muscle atrophy was commensurate witlsewng clinical
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signs. Thus, endomysial spaces were observed amosge fibers at
week 12, when G93A-SOD1 mice presented with eaglyssof motor
impairment; at weeks 15 and 18, when mice werelyighpaired in
their muscle function, the muscles presented vatigd numbers of
fibers with highly reduced diameter, large endomlysipaces, and
some evidence of regenerating fibers, all of white highly
representative of muscular atrophy in this muringSAnodel (Zhang
et al., 2008) and in other motor diseases (DupuisEchaniz-Laguna,
2010).

Our concomitant longitudinal MRI analysis of the old brain
demonstrated unequivocally that muscular degemeratiin
G93ASOD1 mice occurs prior to neurodegeneratiotedwal, clear T2-
weighted MRI hyperintensity was only detected aekv&0, whereas
significant alterations were observed in the mustleveek 8. These
results corroborate data obtained in a previougitodinal study of
brain changes by MRI analysis, where T2 values vegggificantly
higher for the three hypoglossal, trigeminal andidi brainstem
nuclei analyzed from day 80 after birth (Bucherkt 2007). In that
study, morphological alterations in the three lstm nuclei
investigated were observed by histological analgsmind the same
time point, i.e., 80 days after birth, when changethe MRI images
became obvious (Bucher et al., 2007). Recent stualith transgenic
mice expressing the mutated human G93A-SOD1 gedesxely in
skeletal muscle have demonstrated that skeletalclerusstricted
expression of the mutant SOD1G93A gene leads tcclensrophy
and dysfunction in these mice (Dobrowolny et a00& Wong and
Martin, 2010). Most importantly, Wong and Martin sfex that such
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skeletal muscle-restricted expression of this negtatene is sufficient
to also cause dismantled neuromuscular junction rantbr neuron
distal axonopathy resulting in motor neuron dise@s¢hese mice,
suggesting that subclinical disease in skeletal cleugsan be an
initiating causal pathologic process rather tha@ tonsequence of
neurogenic atrophy (Wong and Martin, 2010). It atenvorthy that
these effects were observed at low levels of expaf the mutated
gene (Dobrowolny et al., 2008; Wong and Martin, @04and indeed,
partial (60%) siRNA-mediated suppression of mu@D1 in muscle
of SOD1-G93A mice did not affect disease in thesmer{Miller et al.,
2006). Our longitudinal study demonstrating clearusoular
alterations before any evidence of neurodegeneradiod clinical
signs in this ALS murine model fully supports thenclusion of
Wong and Martin that muscle fiber degeneration doldad to
neuronal damage (Wong and Martin, 2010). Most @sengly, our
7T-MRI analysis demonstrated that, in the braiG8B8A-SOD1 mice,
the secondary motor neurons originating in therstaim, and not the
first motor neurons, are the first affected by tleurodegenerative
process. Similar MRI findings were obtained, foe #nd stage of the
disease, in ALS rats expressing the same mutat@3AGhuman
SOD1 gene (Andjus et al., 2009) and in other mansdels (Zang et
al., 2004). In a recent study, however, Ozdinlealef2011) observed
degeneration of upper motor neurons in their hSOZBKGtransgenic
mice, as early as at postnatal day 30. While tlfieséngs seemingly
contradict our data, it should be noted that thare significant
differences that could account for this discrepaddye hSOD1G93A
mice used in the study of Ozdinler et al. diffegréficantly from the
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mice we have studied here: they are on a genetiZBII&)

background, whereas the mice in the present stuelyoa a mixed
C57BI/6J x SJL background, and they apparently fzaxweich earlier
disease onset. Indeed, according to the authoes, HSOD1G93A
mice are already symptomatic at postnatal day Hfkeitadisease
course was not shown, whereas the G93A-SOD1 micehaue

studied have a disease onset around 30 days tateyek 12, as was
also shown by other studies (Tu et al., 1996; Testkg et al., 2007).
Accordingly, it is highly possible that other maesfations of the
disease, including muscle degeneration, occuregairii these mice
also. However, because muscle degeneration wasstnodied by
Ozdinler et al., it is not possible to ascertainetiler or not their
findings could affect our conclusions. At presetiigrefore, our
findings further corroborate the postulate thathe murine model of
ALS, neurodegeneration resulting from muscular degsion occurs
through a retrograde “dying-back” mechanism (Womgl &Martin,

2010).
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Fig. 1. Longitudinal analysis of motor deficit in G93A-SOD1 mice.
G93A-SOD1 and control B6.SJL mice (n=7 per groupgrev
monitored weekly as described in Materials and oaghfor motor
function, PaGE, and body weight, from weeks 8 t@ft&r birth. Data
are presented as mean+SD. *Pb0.05; $Pb0.001
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Fig. 2. Longitudinal MRI analysis of hind limb muscle in G93A-
SOD1 mice. Representative T1-weighted MR images of axiaesli
through the hind limb of G93A-SOD1 and B6.SJL cohinice from
weeks 8 to 18. ROI are indicated by white outlir. ROI
guantification of hind limb muscle volume in G93/AB1 and
control B6.SJL mice from weeks 6 (n=5 per group)L& (n=7 per
group from week 8). Data are presented as mean+BDB0.005;
1PDb0.001. A representative MR image of hind limb3@D1 muscle
taken at week 18 is also presented in A, and trenmeuscle mass for
three Wt-SOD1 mice at week 18 is shown in B.
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Fig. 3. Longitudinal histological analysis of hind limb muscle in
G93A-SOD1 mice. Representative transversal hind limb muscle
sections in G93A-SOD1 and control B6.SJL mice s@irwith
hematoxylin/eosin. Long arrows indicate endomysigpaces;
arrowheads indicate fibers with reduced diametad short arrows
indicate fibers with centrally located nuclei ingive of fiber
regeneration. Magnification 40x. B. Measuremenrfildr diameter in
hind limb muscle of G93A-SOD1 and control B6.SJLcenifrom
weeks 8 to 18. Each histogram represents the mieameter+SD of
muscle fibers measured in four hind limb muscldgisas from three
mice in each group. *Pb0.005 vs. control at eatte fpoint; $Pb0.001
for G93A-SOD1 mice at indicated times vs. week 8.
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week 15 when degeneration first appeared, and weéeKD), in
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hyperintensity signals in the respective brainstemtor nuclei in
G93A-SOD1 and B6.SJL control mice (n=7 per groupif weeks 8
to 18.Data are presented as meantSD. *Pb0.005 Bb0.G01 vs.
control at relevant time points. E. Representaizeweighted MR
images of brainstem areas of trigeminal, facial,bigious, and

hypoglossal nuclei in B6.SJL control mice (week.18)
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Trigeminal Facial Ambiguus Hypoglossal

Supplemental figure. MR images of brainstem nuclel areas in
control B6.SJL and Wt-SOD1 mice at week 18. Brain MRI analysis
in B6.SJL (upper panel) and Wt-SOD1 (lower panabenshows the
absence of hyperintensity indicative of neurodegsian in both
control groups as late as at week 18, thereby womfg the suitability
of B6.SJL mice as controls in this study.
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CHAPTER 3

Altered miRNA expression skews neural fate in G93A ependymal
stem progenitors.

Stefania Marcuzzo, Nicole Kerlero de Rosbo, FulBaggi, Silvia
Bonanno, Claudia Barzago, Paola Cavalcante, Dima@gpeHs,
Margherita Bodini, Renato Mantegazza, and Pia Bsoai.

Submitted Sem Cells and Devel opment

Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal dider characterized
by motor neuron degeneration.

To examine why de novo neurogenesis fails in AL8,imvestigated
spinal cord and cultures of spinal cord ependynt@mgrogenitor
cells (epSPCs) isolated from G93A-SOD1 mice at\B(g@gomatic)
and 18 (advanced disease) weeks.

We characterized the ability of epSPC cultures toliferate and
differentiate into the three neural cell lineage¥/e used
immunocytochemistry to characterise cell types. Mged real-time
PCR to assess miR-9, miR-124a, miR-19a and miRekPbession.
Cultured G93A-SOD1 epSPCs produced neurospheressetf
renewing cells that differentiated into the thremumal cell lineages,
but there were more neurons and fewer astrocytas tontrols;
neurons were small and astrocytes were activatéd-9mand miR-
124a were upregulated in differentiating G93A-SORPSPCs,
particularly those taken at 18 weeks, but were degulated in the
most severely affected spinal cord regions. miR-28d miR-19b
expression was altered in G93A-SOD1 spinal corddurthg G93A-
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SOD1 epSPC differentiation. Although neural steragpnitor cells

(nestin-positive) were abundant, few neuroblastgZipositive) were

present in G93A-SOD1 spinal cord.

Our findings link lack of neurogenesis in the spioard of G93A-

SOD1 mice to defective expression miRNAs involvednieuronal

differentiation and cell-cycle regulation. Furthems, since G93A-
SOD1 epSPCs seem to retain a memory (altered ndatal

programming) of dysregulated spinal cord, they ddaé useful as an
in vitro model for investigating ALS pathogenesisida new

therapeutic agents.

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal pregsive disorder in
which motor neurons of cortex, brainstem, and dgioed degenerate.
About 90% of ALS cases are sporadic (SALS) and mbshese are
of unknown aetiology. Familial ALS (FALS) makes thfg remaining
cases, 12- 23% of which are caused by mutatiortansuperoxide
dismutase 1 (SOD1) gene [1]. The SALS and FALS #forame
clinically indistinguishable [2] and increasing @gnce indicates that
genetic factors are also involved in SALS [1].

The G93A-SOD1 transgenic mouse, a widely used Atihal model
over-expressing the G93A mutated human SOD1 gesesymptoms
and neuropathological features resembling thoskuaian ALS, [3]
including severe hind limb paralysis and skeletalsake atrophy
starting from postnatal week (wk) 8 [4].

No current treatment can prevent or reduce motoramedegeneration

in ALS, so enhancing de novo neurogenesis may le voay of
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mitigating the effects of ALS [5]. Neural stem &el(NSCs) are
present in the CNS of adult humans and mice, andogenesis
occurs in both [6,7]. Several physiological and hpéigical

conditions, including spinal cord injury and neuggdnerative
diseases, promote adult neurogenesis [8,9]. Atbadih it is unclear
whether neurogenesis occurs in ALS, neural progergells from
post-mortem spinal cord of SALS and FALS patientsreh been
shown to differentiate in vitro into the three reucell lineages [10].
In ALS mice, neurodegeneration promotes the pmalifen and
migration of NSCs present (and normally quiescenspinal cord [8].
However, as in human ALS, new mature motor neurare not
generated in G93A-SOD1 mouse spinal cord [8] am&luinclear why
final maturation fails.

MicroRNAs (miRNAs) are non-coding, 18-25 nucleotidag

transcripts that regulate gene expression throuagt-tpanscriptional
inhibition or degradation of complementary Mrna s=aces [11].
They play crucial roles in the maintenance, diffitiagion, and lineage
commitment of embryonic and adult stem cells [13-18ltered

MIRNA expression is associated with neurodegeneragnd other
diseases [19-21]. Mutations in TDP-43 — a protexquired for
MiRNA biogenesis — are associated with ALS [1], grsjing that
miRNA dysfunction is involved in ALS pathogenedificiency in a
skeletal muscle-specific mIRNA is known to accdleralisease
progression in ALS mice [22]. The transcriptiongpression of motor
neuron transcriptomes in SALS [23] and a cellulardei of FALS

[24] probably reflects altered mMIRNA expression. miar
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transcriptional repression has been observed eiskaige disease in
G93ASOD1 mice [25].

miR-124a is expressed in neuronal cells and prosnotiee
differentiation of neuronal progenitors into  maumeurons
[14,26,27]. miR-124a is expressed in microglia vehiers involved in
maintaining the quiescent microglial phenotype amnmal CNS [28].
miR-9 is expressed specifically in neurogenic regi@f the brain
during development and adulthood; it promotes ngemesis by
downregulating suppressors of neuronal differeiotiaf29] and is
upregulated during NSC differentiation [30]. BothR¥124 and miR-
9 strongly influence NSC fate: their early overeegsion in neural
progenitors reduces the number of astrocytes fardifitiated cultures,
while inhibition of miR-9 alone or in combinationittv miR-124
reduces the number of neurons [13].

miR-19a and miR-19b are encoded by the miR-17-Q&tet linked to
tumorigenesis [31], but more generally tend to ¢argene products
involved in cell-cycle regulation. They are enridhi@ several stem
cell types and are part of the early commitmematgre marking the
conserved stemto- progenitor transition [12,32].

We report here our investigations (a) of the apbiit ependymal stem
progenitor cells (epSPCs) from G93A-SOD1 spinal dcoio
differentiate into neurons, astrocytes and oligallecytes; (b) the
expression of miR-9, miR124a, miR-19a and miR-18bG93A-
SOD1 spinal cord, and their effects on neurona faath in spinal
cord and cultured epSPCs. Our aim was to gain htsigito why

motor neuron regeneration fails in ALS.
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Materials and M ethods

All reagents are detailed in Supplementary Table S1

Animals

Transgenic G93A-SOD1 (B6SJL-Tg(SOD1*G93A)1Gur) amiid-
type (WT)-SOD1 (B6SJLTg(SOD1)2Gur/J) mice, and B&. $nice
were from Charles Rivers Laboratories Internatipndhc.
(Wilmington, MA), and maintained and bred in thenaal house of
the Besta Institute, in accordance with the ethicapproved
institutional guidelines that are in compliance hwihational and
international laws and policies (European Econor@icmmunity
Council Directive 86/609, Official Journal L 358, December 12,
1987; Guide for the Care and Use of Laboratory Aaten U.S.
National Research Council, 1996). G93A- and WT-S@Bdgenies
were identified by RT-PCR of the human SOD1 gersedascribed
[4]. Animals were killed, at either 8 or 18 wksaje, by exposure to
carbon dioxide. Male mice were used in all studies.

Spinal cord stem/progenitor cell isolation and wdtepSPCs were
isolated from whole spinal cord of 8- or 18-wk-@@3A-SOD1, WT-
SOD1 and B6.SJL animals. After removal of the asgrlg meninges
and blood vessels, spinal cord was cut into smatigs, dissociated
with 0.05% collagenase | for 15 minutes at 37°QJ dren processed
to produce epSPC neurospheres as described [338Y], the
difference that neurospheres were usually dissetiatto single cells
every 7 days with 0.1% collagenase and re-platexdlawver density;

expansion continued for up to 50 days to obtairigent cells for

86



further analyses and ensure that cultures wereidledocells not
forming neurospheres. The neurospheres were cheekedlically by
optical microscopy (Eclipse TE 2000-S, Nikon, Tokylapan) and
characterized for nestin expression by immunocyouktry. Cell
viability of collagenase-dissociated neurospheress vassessed by

Trypan blue exclusion method.

Differentiation of epSPCs

Neurospheres in culture for 50 days were dissatimi® single cells
and plated onto eight Matrigel-treated 19-mm glasegerslips (7x104
cells/ml). After two days, the proliferation mediwvas replaced by
differentiating medium, which differs for the addit of 2% fetal

bovine serum and absence of growth factors. THerdiitiated cells
were used for experiments after being in culture2fodays, by which
time the cultures had become confluent. Six sepaidferentiation

experiments were performed for each mouse strath sabsequent

experiments were performed on each of the six leatch

I mmunocytochemistry

To immunostain neurospheres with nestin, they waeted onto
Matrigel-treated glass coverslips, left to adhemre3-5 hours, fixed in
4% paraformaldehyde at room temperature for 20 tesu
permeabilized with 0.1% Triton X-100, and treateithw.0% normal
goat serum in PBS to block non-specific bindingeytwere then
incubated with mouse anti-nestin antibody. Immursipoty was

revealed with Cy3-conjugated goat anti-mouse Ig@EfeEntiated

epSPCs were immunostained on Matrigel-treated ecbpsr as
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described for neurospheres. They were reacted thighfollowing
primary antibodies: rabbit anti- NeuN antibody; rseuanti-glial
fibrillary acidic protein (GFAP) antibody; mouseta®4 antibody;
mouse anti-N-methyl-D-aspartate (NMDA) receptor BAdntibody;
mouse anti-synaptophysin antibody. Secondary adiitdsowere Cy2-
conjugated goat anti-mouse IgG, Cy3-conjugated goirabbit 1gG,
or Cy3-conjugated goat anti-mouse IgM. Neurospheres
differentiated cells were counterstained with DAFhe coverslips
were mounted with FluorSave. Confocal fluorescemeages were
obtained with a laser-scanning microscope (Ecligée 2000-E,
Nikon) and analyzed with the EZ-C1 3.70 imagingwafe (Nikon).

Analysis and quantification of cell fate in differentiated epSPC
cultures

B-tubulin-lll-positive (neurons), GFAP-positive (estytes) and O4-
positive (oligodendrocytes) cells were quantitated 10 randomly
selected fields for each coverslip. Eight covesshyere analyzed for
each of the six cultures for each mouse strain. péreentages of
neurons, astrocytes, and oligodendrocytes weralleddc in relation
to the total number of DAPI-positive cells/fieldnda expressed as
means = SD for each of the six cultures obtainethfeach mouse
strain. GFAP staining intensity was measured usieg Image Pro-
Plus software (Media Cybernetics, Silver Spring, MBeuronal cell
body perimeter was also measured with Image Pre-Rim
differentiated cells immunostained for synaptophysind NMDA
receptor 2A/B.

88



I mmunohistochemistry

Lumbar spinal cord (L1-L5) was dissected out, imiatsly

embedded in Optimal Cutting Temperature compound,stored at -
80°C pending histological analysis. Twenty 30-Triwkh cryostat

sections were fixed in 4% paraformaldehyde, treatigll 0.1% Triton

X-100, incubated with 10% normal goat serum or 58ie serum
albumin and overnight with mouse anti-nestin ardipto mark neural
stem cells, mouse anti-distal-less homeobox 2 (Dkatibody to
mark neuronal precursors, and mouse puttibulin Il antibody to

mark neurons. After washing, the samples were iatth with

secondary antibody: either Cy2-conjugated goat-raotise 1gG
antibody or Cy2-conjugated donkey anti-goat IgGilkeay. After

rinsing three times with PBS, preparations were mbed with

FluorSave Reagent and images captured in a fluemescmicroscope
(Nikon). Negative control sections were incubatedhwisotype-

specific non-immune immunoglobulin G (IgG) or notrgaat serum.
Nestin-positive cells in the ependymal zone of lambpinal cord
were guantitated at x10 magnification on a consgmtmm2 area,

using Image Pro Plus.

Real-time PCR

A was extracted with TRIzol from 1-2x106 undiffetieed and
differentiated epSPCs or 35-50 mg (wet weight) apitord. RNA
quality was checked using a 2100Nano Bioanalyzegiléat
Technologies, Waldbron, Germany). Total RNA wasoteanscribed
using a TagMan MicroRNA Reverse Transcription Kithaprimers
specific for miR-9, miR-124a, miR-19a, miR-19b, amiR-24 as
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control. cDNA (corresponding to 15 ng total RNA) svamplified by
quantitative real-time PCR, in triplicate, usingitirsal PCR master
mix and pre-designed TagMan MicroRNA assays, asateld above,
on Applied Biosystems PRIMS 7700HT Fast Real- TiRER

System. Relative miRNA expression was calculatedobs changes

using the 2-UCt method with normalization againgR+24.

miRNA target prediction

Functional annotation of validated miRNA targetsswaerformed
using the Cytoscape software version 2.8.2
(http://www.cytoscape.org/) with the ClueGO pludiB5] through
metabolic pathways (KEGG, Biocarta) and Gene OgtoBiological
Process terms. ClueGO displays the functional tersnsodes and the
relationships between the terms based on the sityilaf their
associated genes as edges. The degree of contyebBtveen terms

is calculated through Cohen's kappa statisticsgusithreshold cutoff

> 0.4. GO term fusion was applied for redundanciucgion.

Satistical analysis

Quantitative data are expressed as mean * staddaration (SD) of
the mean. One- and 2-way analysis of variance (ANDWith
Bonferroni post hoc test were performed to asdessignificance of
differences; p <0.05 was considered statisticatjpiScant. GraphPad
PRISM version 5.0 (GraphPad Software, San Diego) ®Was used
for data elaboration and statistical analysis.
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Results

Nestin-positive (stem) cells are more numerous in ependymal zone of
G93A-SOD1 mouse spinal cord at 18 weeks than 8 weeks.

We first evaluated the neuroregenerative poterdfalG93A-SOD1
spinal cord following motor neuron degenerationd@germining the
expression of nestin (marker of NSCs) in the donsath, ependymal
zone and ventral horn of lumbar spinal cord (Fi). At postnatal wk
8, we observed fewer nestin-positive cells in anduad the
ependymal zone of G93A-SOD1 mice (mean £ SD =8218.8) than
controls (mean = SD = 118.3 £ 29.7 for B6.SJL af@.9 + 30.8 for
WT-SOD1, p<0.001 and <0.05, respectively; Fig. 1Bpwever, at
wk 18, while in B6.SJL and WT-SOD1 mice the numbé&mestin-
positive cells in the ependymal zone remained smbisily
unchanged (mean £ SD = 110.9 £ 36.7 in B6.SJL &&i31+ 38.2 in
WT-SOD1, p>0.05; Fig. 1B), in G93ASOD1 mice negiositive cell
number was markedly increased (mean = SD = 217.832,
compared to 8 wk and age-matched controls, p<0.B@l;1B). We
further characterized the neuroregenerative progess93A-SOD1
lumbar spinal cord at wk 18 by staining tissue isestwith antibodies
against DIx2 andg-tubulin 1ll, markers of neuroblasts and neurons,
respectively. As shown in Supplementary Fig. 1, feix2- and p-
tubulin Ill-positive cells were present in G93ASQDite and in

controls.
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Proliferation potential of epSPCsis maintained in G93A-SOD1 mice.
We next evaluated the ability of isolated epSPQwrddiferate in vitro
and differentiate into the three neural lineaggsSRCs expanded
slowly regardless of source (B6.SJL, WT-SOD1, G93BA3) and
whether obtained from 8 or 18 week-old animals. rdspheres
formed from epSPCs from the three mouse straif®it 8 (data not
shown) and 18 weeks, did not differ in appearastss or nestin
reactivity (Fig. 2A).

To obtain sufficient cells for further analysis amsure that cultures
were devoid of cells not forming neurospheres, wgaaded them for
50 days, dissociating them into single-cell susjpgrssevery seven
days and re-plated at lower density. After 20 abdi&ys we assessed
neurosphere cell viability by dissociation into gl cells and
counting the numbers that did not take up TrypamneblSimilar
numbers of viable cells after 20 and 50 days itucellwere produced
from all the three mouse strains for material takeweek 8 (Fig. 2B).
However, for cells taken at postnatal week 18, nalinber after 50
days was greater in G93A-SOD1 mice (mean £ SD 343} x 105)
than B6.SJL mice (12.4 = 1.4 x 105, p<0.05) and ®OP1 (12.1 +
1.7 x 105, p<0.05) (Fig. 2B).

Differentiation of G93A-SOD1 epSPCs produces the three neural
lineages in different proportions and morphologies to control epSPCs.
We next assessed the differentiation potentialp&RCs from G93A-
SOD1 and controls. In all cases, following growdlstbr removal, the
cells differentiated spontaneously into neuronstroagtes, and

oligodendrocytes, as shown by morphology and immeamdivity
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with anti-NeuN (data not shown), aftitubulin 11, anti-GFAP and
anti-O4 antibodies, respectively (Fig. 3A). Thisunghotency was
observed in cells taken from both 8 and 18 wk-ainnals, so even at
late disease stage, G93A-SOD1 epSPCs had nohspturipotency
(Fig. 3A). However, the proportions of differengdt cell types
differed between disease and control groups (F&): &1 cultures
originally isolated at wk 8, neurons formed a dlighgreater
proportion of G93A-SOD1 epSPCs than control epSfp@=an % *
SD =56 +5.3vs. 45.7 + 7.2 for B6.SJL and 448 3for WTSOD];
Fig. 3B). The proportions of astrocytes and oliguitecytes were
correspondingly lower in G93A-SOD1 epSPCs (meanstoaytes +
SD = 37.5 £ 7 vs. 58,5 = 20 for B6.SJL and 55.23t31for WT-
SOD1, p<0.01; mean % oligodendrocytes + SD = 121#8. 19.5 +
4.2 for B6.SJL and 16.2 + 2.2 for WT-SOD1; Fig. 3Bpr cells
originally isolated at wk 18, the proportion of mems increased
further in G93A-SOD1 (mean % = SD = 69.7 = 4.9; .FRB)
compared to controls (mean £ SD =40.7 £ 11.9 ®&BL and 42.8 =
4.9 for WT-SOD1, p<0.001; Fig .3B and those takiewla8 (p<0.01),
accompanied by a further decrease in astrocyteoptiop (mean % +
SD =20.2 + 6.6 vs. 56 + 16.8 for B6.SJL and 60&f8r WT-SOD1,
p<0.001; Fig. 3B). The proportion of oligodendraes/tdid not differ
with age or mouse strain (Fig. 3B).

We next explored the morphology of neurons andoagtes: 8-wk-
old G93A-SOD1 neurons were morphologically simikar those
derived from controls; however, neurons derivedmfra8-wk-old
G93A-SOD1 were smaller than 18-wk-old control nesras shown

by measurement of cell body perimeter (mean + SI25 + 2.4 vs.
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30.3 £ 7.3 for WT-SOD1, p<0.001; Figs. 3A and 4B0®91) and
than 8-wk-old G93A-SOD1(mean £ SD = 19.9 + 3.9, 0€Q; Figs.
3A and 4B).

We also analyzed the expression of synaptic comena neurons.
Most B-tubulin Ill+ neurons, from 8 and 18 wk-old G93A-BO and
control animals, expressed the NMDA-R 2A/B and gyophysin
(Fig. 4A), indicating that cells from diseased aswhtrol mice can
reach late stages of neuronal differentiation. G&2D1 astrocytes
had an activated phenotype as evidenced by thmkeesses, at wks
8 and 18, and greater GFAP immunoreactivity thdroegtes derived
from age-matched control mice (Fig. 3A, C); GFARemsity did not
change from wk 8 to wk 18 in G93A-SOD1 (or contraftrocytes
(Fig. 3C), indicating no further increase in asytecactivation as the

disease progressed.

Expression of differentiation and stem-cell-proliferation miRNAS in

G93A-0OD1 epSPCs differs from that in WT-SOD1 and B6.SIL

epSPCs

We next investigated the role of miRNAs in epSP@edentiation.

We analyzed miR-9, miR-124a, miR-19a and miR-19pression
levels in undifferentiated and differentiated epSPOM G93ASOD1
and controls (Fig. 5). At wk 8 miR-9 and miR-124mded to be
expressed at higher levels (not significant) iniffiecentiated G93A-
SOD1 cells than controls; in differentiated cultiraiR-9 was higher
(not significant) in G93A-SOD1 than B6.SJL and WO{31, and
miR-124a was significantly decreased compared taelde in

undifferentiated G93A-SOD1 cells (p<0.0001) at Isveimilar to
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those in controls. At wk 18, miR-9 was lower in iffetentiated
G93A-SOD1 cells than controls(p<0.05 versus B6.SJbut
significantly higher in differentiated G93A-SODL1 llse than in
undifferentiated G93A-SOD1 cells (around 1000 fojk0.0001),
differentiated controls (p<0.001) and differentcht® wk-old G93A-
SOD1 cells (p<0.001). miR-124a expression was Bagmitly higher
in undifferentiated G93A-SOD1 cultures than B6.$3k0.01), while
in differentiated cells it was expressed at higheels in G93A-SOD1
than controls (p<0.001) and than differentiatedwd<old G93A-
SOD1 cells (p<0.001).

Levels of miR-19a did not differ between diseased aontrol cells
taken at wk 8, irrespective of differentiation sgtbut significantly
increased from wk 8 to wk 18 in differentiated G9S®D1 cultures
(p<0.001 versus age-matched differentiated contraisl 8-wk-old
G93A-SOD1 cultures), and versus undifferentiate@&$0D1 cells
at wk 18 (p<0.0001). miR-19a levels did not diftmmtween 8 and 18
wks in controls.

Levels of miR-19b were similar in undifferentiat8evk-old G93A-
SOD1 and control cells, but

were significantly higher in differentiated cultsreaken at 8 wks than
in undifferentiated cultures, both for disease (0€01) and control
cells (p<0.001, WT SOD1,; p<0.05 B6.SJL). At wk 18ai9b levels
were significantly lower in undifferentiated G93/A81 cells
compared to controls (p<0.001), while after diffdration the levels
in G93A-SOD1 cells significantly increased comparéal the
undifferentiated (p<0.05) reaching a value simitathose detected in

controls.
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Changes in miRNA expression in G93A-SOD1 spinal cord as disease
develops

Differences in miRNA expression between G93A-SODd eontrols
in cultured epSPCs following differentiation suggelsthere might
that miRNA expression might also differ in spinakd. We therefore
assessed miIRNA expression in samples of cervibakatic, and
lumbar spinal cord taken at wks 8 and 18. We fainadl miR-9 levels
in cervical and thoracic spinal cord, did not diffeither between
disease and control groups or between time pokits 6). However,
levels in G93A-SOD1 lumbar spinal cord taken at W& were
decreased compared to wk 8 (p<0.01).

Furthermore miR-9 levels in G93A-SOD1 lumbar spinatd were
significantly lower than controls (p<0.01 and p<).G&t both ages
(Fig. 6).

Levels of miR-124a in the cervical region did noffed between
disease and controls or between wk 8 and wk 18&hénthoracic
region, miR-124a levels in G93A-SOD1 were signifiita decreased
at wk 18 compared to wk 8 (p<0.05) and at wk 8 carag to age-
matched WT-SOD1

(p<0.05). In the lumbar region miR-124a expressibwk 8 and at wk
18 was significantly lower in G93A-SOD1 than coidr(p<0.05).
Levels of miR-19a were significantly higher in G9S30OD1 mice
than controls (p<0.05) in all spinal cord regionsv& 8 (Fig. 6). At
wk 18 miR-19a levels were still higher in G93A theontrols in the

cervical region (p<0.05), but in the thoracic regithey were
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significantly lower in G93A-SOD1 mice than WT-SOQh<0.05;

Fig. 6).

Levels of miR-19b did not differ between diseasd aantrol groups
at wk 8 in any spinal cord region, or at wk 18 lne thoracic region
(Fig. 6). In the cervical and lumbar regions, hoareymiR19b levels
at wk 18 were significantly higher in G93A-SOD1 mithan controls
(p<0.01; Fig. 6), and in the lumbar region, wergngicantly higher
than levels in 8-wk-old G93A-SOD1 mice (p<0.01).

Discussion

Motor neuron function might be restored in ALS byompoting
neurogenesis from the NSCs present in adult CNSomtrast to other
neurodegenerative disorders, however, there ikditidence that
neurogenesis actually occurs in ALS [36] althougldi®s on G93A-
SOD1 miceindicate that the potential for neuralereggation exists in
these animals [8,37]. In particular, stem cell peohtion and
migration from the ependymal zone of adult spirabovas found to
be much greater in symptomatic than asymptomati@ASS0D1
mice, especially in the lumbar region [8,37,38]eTindings of our
study support this idea, since significantly greatembers of neural
stem/progenitor cells were present in and arouedeffendymal zone
of lumbar spinal cord of 18-wk-old animals than B-@id animals;
numbers of these cells did not change with age antrol mice
confirming that these cells are normally quies¢a8t39].

We also found that the proliferation ability of G830D1 epSPCs
was enhanced relative to control epSPCs, partiguédrlate-disease

stage. This situation differs from that of rat e@SHsolated a week
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after spinal cord injury, they proliferated in auk at a much higher
rate than those from uninjured controls [34]. ThB83A-SOD1
epSPCs appear to be activated in late stage djsbasaot to the
extent or in the same way that they are activayespinal cord injury.
Multilineage differentiation epSPCs in vitro hashalemonstrated in
mice and rats [34,40] and in the latter is skewadatrds glial fate
[8,34]. Our in vitro data revealed that over 50% odntrol
differentiated epSPCs expressed GFAP (which iskelylito be
marking stem cells in these cultures as they hawh eaintained in
differentiating medium for 25 days and is reponted to be expressed
by adult murine epSPCs [39]). Our control cultusdso produced
some oligodendrocytes, but over 40% differentiatedeurons.

By contrast, differentiated G93A-SOD1 epSPCs preducenore
neurons and fewer astrocytes than controls, andptbportion of
neurons further increased (and astrocytes decreaseliite stage
disease, suggesting that neural fate programmimgptntoe altered in
these mice.

The G93A-SOD1 astrocytic cells were more activaigiicker
processes and greater GFAP immunoreactivity) [40jant
differentiated control cells, at both asymptomatind symptomatic
time points. Another study found greater numbers acfivated
astrocytes in G93A-SOD1 mice than non-transgeniatrots
throughout the animals’ lifespan [41]. A more reicgiady found that
primary cortical astrocytes cultured from neon&8BA-SOD1 mice
were highly prone to enter an activated neuroinflatory state [42].
While activated astrocytes seem to be involvednidogenous repair

following brain injury, [40] those carrying an AL&using mutation
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have a pathologic role in ALS, in that they shoveafic toxicity
towards motor neurons [10,43].

As regards neurons differentiated from G93A-SODSRPs, those
isolated at wk 18 were significantly smaller th&oge from control
epSPCs. Interestingly, in dissociated spinal caltles, most small-
size neurons positive for Hb9 (motor neuron markegje negative
for markers of mature neurons (non-phosphorylatgdafilament and
choline acetyltransferase) [44].

By confocal microscopy of G93A-SOD1 mouse lumbanaipcord at
late-stage disease, residual motor neurons teraldé@ tsmaller than
typical a-motor neurons [45]. Taken together, these datgesighat
epSPC-derived neurons in G93A-SOD1 mouse are |ledgrenthan
their control counterparts.

Our hypothesis that neural fate programming isredtein G93A-
SOD1 mice is reinforced by changes in miR-9 and -iRa
expression on epSPC differentiation in vitro. BathRNAs were
highly upregulated in differentiated G93A-SOD1 efSHsolated at
wk 18 compared to wk 8, whereas changes in expredsilowing
differentiation of control epSPCs were small or exiatent.
Krichevsky et al. [13] showed that upregulationn@R-9 and miR-
124 leads to reduced in vitro differentiation oérat cells along the
astrocytic lineage, with commensurate increase iiferdntiation
along the neuronal lineage. While miR-9 exertsedéht effects on
proliferation, migration and differentiation of mali progenitor cells
in a context-dependent manner [46,47], miR-124darty involved in

neuronal differentiation and is also expressedatune neurons [14].

99



miR-9 expression was also highly altered in the damregion of
G93A-SOD1 mouse spinal cord in comparison with st In
contrast to our findings on differentiation in watiwhere miR-9 was
highly upregulated) this miRNA was significantly wloregulated in
diseased lumbar spinal cord at wk 18, supportingtolagical
observations indicating that reactive astrogliasisncreased in the
G93A-SOD1 lumbar spinal cord [8,41]. Similarly, tHewnregulated
miR-124a expression in 18-wk-old G93A-SOD1 spinardc is
consistent with the few sporadic DIx2-positive selle observed in
wk 18 spinal cord, and also consistent with thdifigs of Guan et al.
[8] in the same animal model, that no new neuroesewproduced.
Our study has shown, however, that while G93A-S@PFPCs can
differentiate into neurons in vitro, and at leashe of the appropriate
mMiRNA differentiation signals are present in viibgese signals are
repressed in vivo, as conjectured by Guan et al [8]

Our findings on altered miR-19a and -19b expressicB93A-SOD1
mice is potentially relevant to human ALS since B81S phase cell-
cycle regulators are altered in ALS possibly beeagsll cycle
proteins are altered and these are predicted saafemiR-19a and
miR-19b regulation [48].

We propose that the greatly increased numbers $P€g in spinal
cord do not give rise to new neurons in vivo, eithmecause
differentiation is blocked by altered neural celtef programming, or
because differentiating epSPCs die, due to an ipgoreell cycle
activation [48].

The network representation of Gene Ontology, KEG@] BioCarta

functional annotation terms of genes that are tathby the miRNAs
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studied is presented in Figure 7; it recapitulatte possible
involvement of the studied miRNAs in functions asated with
neurogenesis, to which participate the gene tatbetswere shown to
regulate experimentally. It should be kept in mihdt, while the role
of miIRNAs is generally thought to be one of gen@ression,
enhancement of translation by miRNAs has also lEsmonstrated
[49,50,51], and the mode of action by which the MiRwe have
studied could affect neurogenesis in G93A-SOD1 micgarticular
by altering neural cell fate, is as yet unclearvéttheless, it can be
seen that each of the studied miRNAs can affectentban one
function relevant to neurogenesis, either by tangemore than one
gene relevant to a particular function or throughnéque target that
has repercussions on several pathways. One of ¢tisé studied CNS-
associated miRNA, miR-124a, targets a number okgdrig. 7). A
recent study validated miR-124a as a regulatordoftaneurogenesis
in brain subventricular zone (SVZ) stem cell nichieough direct
targeting of Jagl, DIx2 and SOX9; in particularwdoegulation of
SOX9 was shown to be required for neurogenesis &sd
overexpression maintained SVZ cells as GFAP-pasHstrocytes and
completely eliminated neuronal production [14]. BohiR-124a and
miR-9 could be involved directly or indirectly iheg regulation of the
cell-function signaling pathways responsible foll crvival and
neurogenesis, through regulation of Stat3 signa(ifig. 7). MiR-9
was shown to promote the differentiation of mesgnel stem cells
into neurons through Notch signaling [18]; it isvafved in neural
stem cell fate determination through a feedbackileg¢gry loop with

the nuclear receptor TLX [30] and can coordinatelifgration and
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migration choices in human neural progenitor ce#l®ugh targeting
stathmin [16]. Both TLX (Nr2el) and stathmin (Stnynas well as
Hesl which plays a crucial role in maintaining rauprogenitors
[46], are linked directly or indirectly through Jago the Notch
signaling pathway (Fig. 7). It can be seen fromuFeg7 that miR-19a
and -19b through their targeting Pten [31], Ccnsl?],[and/or SOCS-
1 [53], are highly involved in regulation of pathygaassociated with
modulation of the cell cycle and with cell arresidaapoptosis. We
therefore suggest that they might be involved it agest and/or
death of progenitors arising from epSPCs, a prottestsmight result
from the highly inflammatory environment at thiage of the disease
[54].

Factors negatively influencing miRNA expression @93A-SOD1
spinal cord, particularly when the disease is ssveemain to be
investigated. It is known that an inflammatory eowment prevails in
the spinal cord of these mice [41,42] and could wduence miRNA
expression, as occurs for example in the multiglerssis mouse
model: during active CNS inflammation both micragliand
macrophages expressing markers of the classicalvpgt (mediated
by Thl cytokines) had low levels of miR-124 [55heTeffects of the
mutated SOD1 must also be considered. We speduktdigh levels
of hydroxyl radical, produced by mutant enzyme [B6yht interfere
with the nitric oxide signalling involved in the fidirentiation of
neuronal precursors to mature neurons [57], anddcau turn
influence MiIRNA expression. However, further stgdiee required to
firm-up the hypothesis.
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Overall our findings link lack of neurogenesis lre tspinal cord of 18-
wk-old G93A-SOD1 mice to defective expression of RMAS
involved in neuronal differentiation and cell cyategulation. We
propose epSPCs (and neurospheres) isolated frorA-S@®1 as an
in vitro model for investigating ALS pathogenesisida new
therapeutic agents since these cells seem to rateiemory (altered

neural fate programming) of the dysregulated spoad.
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Fig. 1. Nestin-positive cells are more numerous in ependymal zone
of G93A-SOD1 mouse spinal cord at postnatal 18 week than week
8. (A) Photomicrographs showing nestin immunostainigumbar
spinal cord at postnatal weeks 8 and 18 in B6.SVUL;SOD1 and
G93A-SOD1 mice. The rectangle illustrates the sizarea in which
nestin-positive cells in and around the ependymakzwere counted
(magnification x10). (B) Quantification of nestirgitive cells in and
around the ependymal zone of B6.SJL, WT-SOD1 an8AG8@ouse
spinal cord, expressed as mean number + SD ofhrgssitive cells in
rectangle from 20 lumbar spinal cord sections peuse with three
mice analyzed per mouse strain. *p<0.05 and **p&0,0ANOVA
and Bonferroni post-hoc. Scale bar .85
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Fig. 2. The proliferation potential of G93A-SOD1 epSPCs at late
disease stage is dlightly greater than in controls. (A)
Photomicrographs of neurospheres cultured from 18-week-old
B6.SJL, WTSOD1 and G93A-SOD1 spinal cord for 50 days. Upper
panel, optical microscopy; lower panel, confocakmmscopy with
double-staining for nestin (green) and DAPI (bly8). Quantification
of viable cells dissociated from neurospheres &@and 50 days in
culture originally isolated from mouse spinal catdveeks 8 and 18.
Data are means + SD of 6 mice per strain, 1 cufrem® each mouse.
*p<0.05, ANOVA and Bonferroni post-hoc. Scale baGam
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Fig. 3. Differentiation of epSPCsinto three neural lineages showed

a higher percentage of neurons and more activated astrocytes in
cells derived from G93A-SOD1 than in those derived from
agematched controls. (A) Confocal microscopy images of B6.SJL,
WT-SOD1 and G93A-SOD1 epSPCs cells isolated at vieek 18,
cultured as neurospheres for 50 days, dissociditfdrentiated for 25
days, and stained for neuron@ttGbulin Ill, counterstained DAPI),
astrocytic (GFAP), and oligodendrocytic (04) cells(B)
Quantification of differentiated cells from B6.SJWT-SOD1 and
G93A-SOD1 epSPCs at week 8 and 18 of age. Datmea®d % + SD

(separate cultures, 6 mice per strain) of DAPIrsdicells positive for
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either B-tubulin Il (b-Tub), GFAP, and O4. *p<0.01, **p<@1

ANOVA and Bonferroni post-hoc. (C) Quantificationf &GFAP

Immunoreactivity in astrocytes from 8- and 18 weékB6.JSL, WT-
SOD1 and G93A mice. Data, expressed as percentagdeosity
relative to the delimited area, are mean (x SD¥tafning intensity
obtained throughout the length of single astrocyessent in 10
randomly selected fields per coverslip (8 covesslpger culture, 6
cultures for each animal group). *p<0.05; **p<0:01, p<0.001

ANOVA and Bonferroni post-hoc. Scale bar =ir1.
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Fig. 4. 18-week-old G93A-SOD1 epSPC-derived neurons were
smaller than those derived from age-matched WT-SOD1 mice. (A)
Confocal microscopy images of WT-SOD1 and G93A-S@pPSPCs
isolated at week 8 or 18, cultured as neurosphtyes0 days,
dissociated, differentiated for 25 days, and sthiioe two markers of
mature neurons: synaptophysin (green) and NMDA ptece2A/B
(red). (B) Quantification of neuronal body perinreteata, expressed
in um, are mean (xSD) of cell perimeter (separate cedtdrom 3
mice per strain, 3 slides per culture, 5 randontipsen fields per
slide). *P<0.001 ANOVA and Bonferroni post-hoc. &char: 15um.
FIG. 5. Altered expression of miRNAs involved inuna cell fate
(miR-9 and miR-124a) and cellcycle regulation (ni® and miR-
19b) in G93A-SOD1 epSPCs. Real-time RT-PCR measemtsmof
MiRNA expression levels in undifferentiated and faediéntiated
epSPCs isolated from spinal cord of B6.SJl (whaesjy WT-SOD1
(light gray bars), G93A-SOD1 (black bars) at weBk® = 5 animals
per group) and 18 (n = 5 animals per group). Redatixpression data
are presented as mean + SD, *p<0.05; **p<0.01; ¥BWO01.
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Fig. 5. Altered expression of miRNAs involved in neural cell fate
(miR-9 and miR-124a) and cell-cycle regulation (miR-19a and
miR-19b) in G93A-SOD1 epSPCs. Real-time RT-PCR measurements
of mIRNA expression levels in undifferentiated adiferentiated
epSPCs isolated from spinal cord of B6.SJI (whiesy WT-SOD1
(light gray bars), G93A-SOD1 (black bars) at weBk® = 5 animals
per group) and 18 (n = 5 animals per group). Redagxpression data
are presented as mean + SD, *p<0.05; **p<0.01; ¥BWO01.
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Fig. 6. Altered expression of miRNAs involved in neural cell fate
(miR-9 and miR-124a) and cell cycle regulation (miR-19a and
miR-19b) in G93A-SOD1 spinal cord. Real-time RT-PCR
measurements of miRNA expression levels in ceryitealracic, and
lumbar spinal cord of B6.SJI (white bars), WT-SODipht gray
bars), G93A-SOD1 (black bars) at weeks 8 (n = Bnats per group)
and 18 (n = 5 animals per group). Relative expoessiata are
presented as mean + SD, *p<0.05; **p<0.01; **p<@L0
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Fig. 7. Network representation of the possible involvement of
studied miRNAs in functions relevant to adult neurogenesis,
analyzed on the basis of their experimentally validated targets.
The targets for the studied miRNAS were selectetherbasis of their
published experimental validation. The network wasstructed using
the Cytoscape software through the ClueGO plugaih was further
customized manually to show inhibition of the valied targets by the
relevant miRNAs studied. Pten and SOCS-1 were pisdicted as
targets of miR-9 and miR-19b, respectively using tBIANA-
microT-3.0-Strict algorithm through the DIANA miRNAlatabase

(http://diana.cslab.ece.ntua.gr/microT/).
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Supplementary Information

1. Supplementary materials
2. Supplementary Figure 1. Detection of neuroblasts in the lumbar
spinal cord of G93A-SOD1 and WTSOD1 mice at week 18

Supplementary. List of reagents and manufacturers Source Working

dilution

Reagents for cell culture:

- Collagenase | Life Technologies (Foster City,)CAll culture

- Matrigel BD Biosciences (San Jose, CA)

- Fetal Bovine Serum Life Technologies (Foster Cp)

Primary antibodies:

- Mouse anti-mouse nestin IgG antibody Millipotillerica, MA)

1:200

- Mouse anti-mous@-tubulin Il IgG antibody Millipore (Billerica,
MA) 1:100

- Mouse anti-mouse NeuN antibody 1gG Millipore (Brica, MA)

1:100

- Rabbit anti-mouse glial fibrillary acid proteiGFAP) IgG antibody
Dako Cytomation (Glostrup, Denmark) 1:300

- Mouse anti-mouse O4 IgM antibody Millipore (Biilea, MA) 1:100

- Rabbit anti-mouse N-methyl-D-aspartate receptdrB2antibody
(NMDA) Millipore (Billerica, MA) 1:100

- Mouse anti-mouse synaptophysin IgG antibody kidie (Billerica,
MA) 1:100
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- Goat anti-mouse distal-less homeobox 2 (DIx2) m@body Santa
Cruz (Heidelberg, Germany) 1:50

Secondary antibodies:

- Cy3-conjugated goat anti-rabbit 1gG Jackson ImaResearch
(Newmarket, UK) 1:600 antibodies

- Cy3-conjugated goat anti-mouse IgM Jackson ImrResearch
(Newmarket, UK) 1:600

- Cy2-conjugated goat anti-mouse IgG Jackson ImmResearch
(Newmarket, UK) 1:200

- Cy2-conjugated donkey anti-goat IgG Jackson ImoResearch
(Newmarket, UK) 1:200

- DAPI Life Technologies (Foster City, CA) 1:1000

- Isotype-specific non-immune IgG (control) Dako t@wation
(Glostrup, Denmark) 1:200

- Normal goat serum (control) Vector Laboratori€eterborough,
UK)

Reagents for Sample conservation:

- Optical Cutting Temperature Compound Bio-Optigaldn, Italy)

- FluorSave Reagent Calbiochem (Darmstadt, Germany)
Reagents for gReal-Time PCR:

- Trizol Life Technologies (Foster City, MA)

- TagMan MicroRNA reverse Transcription Kit Life dmnologies
(Foster City, MA)

- Mmu-miR-9 Assay ID000583 Life Technologies (Fostay, MA)

- Mmu-miR-124a Assay 1D001182 Life Technologies steo City,
MA)
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- Mmu-miR-19a Assay ID000395 Life Technologies (teosCity,
MA)

- Mmu-miR-19b Assay ID000396 Life Technologies (teosCity,
MA)

2. Supplementary Figure

Supplementary Figure

Dix2 B-tubulin i

Supplementary Figure 1. Detection of neuroblasts in the lumbar
spinal cord of G93A-SOD1 and WT-SOD1 mice at week 18. Tissue
sections stained with antibodies to DIx2 (red), kearof neuroblast,

WT-50D1

GR3A-50D1

andp-tubulin 11l (green), marker of neurons, showed pinesence of a
small number of neuroblasts coexpressing DIx2 andpatubulin 111
in G93A-SOD1 mice and in controls without any sfig@int
difference between the two groups of animals (sbarelQum).
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CHAPTER 4

SUMMARY, CONCLUSIONSAND FUTURE PERSPECTIVES

ALS is a progressive neurodegenerative diseasectiife motor
neurons. Although most cases of ALS are sporadienaliar form
(10% of patients), mainly caused by mutations opesuoxide
dismutasel (SOD1) gene, also exists (Andersen,haldbi, 2011). In
both sporadic and familial ALS forms the same nesraith similar
pathology are affected (Gruzman et al., 2007). ek vulnerability
of motor neurons likely arises from a combinatioh several
mechanisms, including protein misfolding, mitochoalddysfunction,
oxidative damage, defective axonal transport, ekmxicity and
inflammation (Boillée et al., 2006). Damage witmmotor neurons is
enhanced by damage incurred by non-neuronal neigigpoells, via
an inflammatory response that accelerates the sis@aogression
(Lobsiger and Cleveland, 2007).

The ALS animal model G93A-SOD1 mouse over expresbes
human mutated SOD1 gene and develops a patholsgni#ing the
human disease (Achilli et al., 2005). The G93A-SOmbuse is
characterized by degeneration of secondary motanons in the brain
stem and lumbar spinal cord. The onset of the desaeppears at week
12 of life with hind limb tremor; at about week @8life the animals
present muscle paralysis and atrophy of hind limke do the
degeneration of secondary motor neurons of spioal, and start to
have difficulties in breathing, until they die foespiratory arrest

(Achilli et al., 2005). It is unknown the sequenafmotor neuron
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degeneration resulting in disease. Several studiése mouse model
have shown dysfunction/degeneration of the neuroaias junction

(Frey et al., 2000; Kennel et al., 1996) at timdsemw motor neuron
loss is not detected in the mice (Chiu et al.,198h)thermore, distal
axonopathy was shown to occur early, following oewscular
junction impairment, but before neuronal degenemaind onset of
symptoms (Fischer et al., 2004). Muscle atrophy whswn to

precede this sequence of events in the mouse niBdabks et al.,
2004), and recent studies in mice expressing muEdD1 gene
variants selectively in skeletal muscle suggestt thauscle

degeneration might itself lead to neurodegeneratioth cause ALS
(Dobrowolny et al., 2008).

The first aim of the study was to analyze the peegion of ALS, by
evaluating muscle atrophy and neuronal degenerati@93A-SOD1

mice. For this purpose, we used the MRI, a nonsivea
neuroimmaging tool that permits longitudinal exaation of the same
animals, to investigate changes in both brain dwdetal muscle at
various phases of disease development and progmessie

combinated MRI investigation with muscle histoladi@analysis and
motor tests to time pathological changes in theinbraersus
pathological changes in muscle architecture, imti@h to clinical

signs. Our analysis of T1l-weighted images of himdbl muscles
showed a significant reduction as early as weeakr@uscle volume of
G93A-SOD1 mice, as compared to control mice. Oua dadicated
that, while early clinical signs first appear ardumeek 12 in G93A-
SOD1 mice confirmed through concomitant three wanitoring of

clinical disease progression from week 8, diseasetoactually occurs
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in these mice at least 4 weeks earlier. Our longial histological
analysis confirmed the MRI findings; indeed, evidenof muscle
atrophy with significant reductions in muscle fibdrameter was
observed from week 8 onwards in the G93A-SOD1 miCer
concomitant longitudinal MRI analysis of the wholbrain
demonstrated unequivocally that muscular degemerath G93A-
SOD1 mice occurred prior to neurodegeneration. dddelear T2-
weighted MRI hyperintensity was only detected aekv&0, whereas
significant alterations were observed in the musdleveek 8. Our
longitudinal study demonstrated clear muscularaitens before any
evidence of neurodegeneration and clinical signgy@ALS murine
model. Our findings further corroborated the hygsth that in the
murine model of ALS, neurodegeneration resultingmfrmuscular
degeneration occurs through a retrograde “dyind¢bacechanism
(Wong and Martin, 2010). Future studies will be @imto better
support this hypothesis through the analysis ofodegeneration that
occur the spinal cord of G93A-SOD1 mice by MRI lgadinal study.
We will perform longitudinal examination of G93A-8Q mice and
controls, to investigate changes in spinal cordvaatous phases of
disease development and progression. This studly peitmit to
identify the first target of disease.

Based on several studies that demonstrated theme®of stem cells
in human and rodent adult spinal cord suggestimg #&mdogenous
stem cells might be exploited to repair or sustagneurodamage or
might be a relevant source of multipotent cellsnizestigate disease
mechanisms and evaluate potential therapies (Damitoal., 2006;
Haidet-Phillips et al., 2011; Chi et al., 2005) tlve second part of the
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thesis we evaluated: if the adult spinal cord 0B&$0OD1 mice was
a potential source of stem cells, if stem cellsveer from spinal cord
have a wild- type phenotype and finally, if miRNApeession was
altered during the neural differentiation of thesem cells. For this
propose, we first identified nestin positive céfisspinal cord tissue of
G93A-SOD1 mice at asymptomatic and symptomatic @lodslisease
and from control animals; next, we isolated andatterized the stem
cellsin vitro; finally, we analyzed four specific miRNAs, miR-42
and -9 and miR-19a and -19b, in stem cell pomratnd in spinal
cord tissue. Our data showed a greater numberstinngositive stem
cells in the spinal cord of G93A-SOD1 mice compareontrols. The
isolated stem cells maintained vitro their proliferative and self-
renewal capacity when the passage increased ireulhdeed, ouin
vitro studies revealed that differentiated G93A-SODImsteells
produced more neurons and fewer astrocytes thatrot®nand the
proportion of neurons further increased (and ofoagtes decreased)
in late stage disease, suggesting that neuralpfaigramming might
be altered in G93A mice. The G93A-SOD1 astrocyitsowere more
activated (thicker processes and greater GFAP inoneactivity)
(Escatin and Bonvento, 2008) than differentiateati@d cells, at both
asymptomatic and symptomatic time points. As regangurons
differentiated from G93A-SOD1 stem cells, thosdatal at week 18
were significantly smaller than those from cont@ur hypothesis that
neural fate programming is altered in G93A-SODlamgreinforced
by changes in miR-9, miR-124a and miR-19a exprestwels on
derived-spinal cord stem cells differentiai@dvitro. These miRNAs

were highly up-regulated in differentiated G93A-SDBtem cells
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isolated at week 18 compared to week 8, whereasmgesain
expression following differentiation of control ste cells were
minimal. In G93A-SOD1 spinal cord tissue miR-9 amiR-124a
expression was highly down-regulated in comparisith controls, in
contrast to our findings on differentiated caltsvitro (where miR-9
and miR-124a was highly up-regulated). While miRxBd miR-19b
expression was up-regulated in the G93A-SOD1 meps®l cord in
comparison with controls. Our data are consisteith Whe greater
number of nestin positive cells and the few sparandiuroblast cells
that we observed in week 18 G93A-SOD1 spinal cisslie.

Future studies will be aimed to better confirm thk of these four
mMiRNAs on derived-spinal cord stem cells differated in vitro.
Based on miRNA target prediction we will analyze #ixpression of
PTEN, Ccnd2, Socsl, Stat3, Stmnl, Hsl, Nr21, Sda§]l, DIx2
genes in stem cell population and in spinal cosgue. Moreover, we
will better define the functionality of miRNAs, mioking or
inhibiting their expressionn vitro cultures andn vivo in the ALS
animal model. These future studies will further o our hypothesis
that neural fate programming is altered in G93A-3QDice due to
changes in miRNA expression during differentiat@nspinal cord-

derived stem cells.
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