)7

UNAB ,.—l;«;»,«'lNc

et = Institut de
niversitat Automoma ™~ Neurociéncies
de Barcelona

Electrophysiological biomarkers for
the study of new therapeutic

strategies for motoneuron disease

Renzo Mancuso

ACADEMIC DISSERTATION
To obtain the degree of PhD in Neuroscience

by the Universitat Autonoma de Barcelona

2014

Supervisor: Dr. Xavier Navarro Acebes

Hed E

i
=
i
;












Index

Index






Index

Page
Introduction 9
Motoneuron disease 10
Diagnostic criteria and methods 12
Electrophysiological tests for lower motoneuron involvement 13
Electromyography 14
Motor unit number estimation 14
Transcranial magnetic stimulation and central motor conduction studies 15
Neuroimaging studies 15
Muscle biopsy and neuropathological studies 16
Frontotemporal lobal degeneration — ALS 16
Animal models 17
mSODI1 models 17
TDP-43 models 19
FUS models 20
Controversies of preclinical studies 21
Pathophysiological mechanisms 21
Oxidative stress 22
Mitochondrial dysfunction 23
Impaired axonal transport 25
Excitotoxicity 26
Protein aggregation 27
Endoplasmic reticulum stress 28
Neuroinflammation 29
The role of non-neuronal cells 30
Abnormal RNA processing 31
Most relevant current therapies 33
Drug-based therapy 33
Growth factors 35



Index

Gene therapy
Stem cell therapy
Objectives
Study design
Chapter I: SOD1%*** mouse model characterization
Electrophysiological characterization of a murine model of motoneuron disease

G93A
19

Evolution of gait abnormalities in SOD transgenic mice

Pre-symptomatic electrophysiological tests predict clinical disease onset and survival

in SOD1%** ALS mice
Differences in the disease progression depending on the genetic background of
SOD1%%** mice

Chapter II: Sigma-1R agonist improves motor function and motoneuron survival

in ALS mice

Chapter III: Resveratrol improves motoneuron function and extends survival in
SOD1%** ALS mice

Chapter I'V: Lack of synergistic effect of resveratrol and sigma-1R agonist (PRE-
084) in SOD1%*** ALS mice: an indication of limited therapeutic opportunity?

Discussion
Motoneuron vulnerability in ALS
SOD1%** mouse model characterization: developing reliable, objective disease
markers.
Sigma-1R therapeutic effect on SOD1°”** ALS mice
Resveratrol therapeutic effect on SOD19** ALS mice
Lack of synergistic effect of sigma-1R agonist and resveratrol co-administration
Mechanisms underlying neuroprotection and possible overlapping effects
Does the SOD1°** mouse model present a limited therapeutic capacity?
Conclusions
References
Abbreviations

Acknowledgments

35
36
39
43
49
49
63
75

85

97

113

129

147
149
151

155
156
157
157
159
163
167
191
195



Introduction

Introduction






Introduction

Motoneuron disease

Motoneuron diseases (MND) are progressive neurodegenerative disorders with different etiologies
and clinical spectra, but a common final event: loss of lower and/or upper motoneurons (MNs).
Amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy (SMA) are the most frequent
forms of MND and therefore the most studied. ALS was first described by Charcot in 1869 and is
the most common form of MND (incidence of 1-5 per 100.000) affecting adults. Despite that most
ALS cases are sporadic (SALS), 5-10% are familiar (fALS), related with several genetic mutations
(summarized in Table 1) (Shaw, 2005). No matter if they are sporadic or familiar, patients develop
progressive weakness and muscle atrophy, with spasticity and contractures. Progressive weakness
may start distally or proximally in the upper or lower limbs and reaches all muscles, including those
related with breathing, speaking and swallowing. Patients die, mostly due to respiratory failure, 2-5
years after diagnosis (Wijesekera and Leigh, 2009; Worms, 2001). No satisfactory treatment is
presently available for ALS. Patient care focuses on symptomatic treatment and physical therapy.
Assisted ventilation and nutrition can transiently overcome the loss of upper airway and respiratory
muscular control (Wijesekera and Leigh, 2009). A large number of therapeutic trials have been
attempted, but it was not until the early 1990s that the first drug approved by the FDA for the
treatment of patients with ALS reached the market: riluzole, an antiglutamatergic agent that blocks
the presynaptic release of glutamate. However, the efficacy of riluzole is questionable, with

minimal therapeutic benefits of about 3-4 months of survival increase (Ludolph and Jesse, 2009).

Table 1. Currently known genetic causes of fALS. Table includes data on mutations identified to date,

and the percentage known for which the mutation accounts for fALS or SALS.

Protein/gene Chromosome | Mutations | FALS SALS Reference

cases (%) | cases (%)

SOD1/SOD1 21q22.11 166 20 1-3 (Rosen, 1993)
Alsin/ALS2 2q33.2 19 - - (Yang et al., 2001)
Senataxin/SEXT 9q34.13 7 - - (Chen et al., 2004)
TDP-43/TARDBP 1p36.22 39 4 0.2-0-4 (Kabashi et al., 2008;

Sreedharan et al., 2008)

FUS/FUS 16pl1.2 27 4 0.2-0-4 (Kwiatkowski et  al.,
2009)
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Optineurin/OPTN | 10p13 3 - - (Maruyama et al., 2010)

VCP/VCP 14ql1.1 4 - - (Johnson et al., 2010)

Angiongenin/ANG | 20q13.33 18 - - (Greenway et al., 2006)

VAPB/VAPB Xpll.21 2 <1 - (Nishimura et al., 2004)

Ubiquilin- 9p21.2 5 - - (Deng et al., 2011)

2/UBQLN2

C90rf72/C9ORF72 | 17pl13.3 GGGGCC | 20-40 10 (DelJesus-Hernandez et
repeat al., 2011; Renton et al.,
expansion 2011)

Profilin 1/PFN1 4 - (Wu et al., 2012)

“~* denotes that this information is unclear. Source: http://alsod.iop .kcl.ac.uk.

Uppetr motor neurons
In motor conex

Figure 1. Outline of the human
motor system. Upper motor neuron
cell bodies are situated in the motor
cortex and project axons via the
corticospinal tracts to the spinal

Brain stem lower
motor neurons

conlroling speech
and swalowng

Conocospinal
tract from upper
motor neurons

Lower motor
Neurons controiing
AMb and 1espiratory muscles

Diagnostic criteria and methods

cord. There they synapse in the
anterior horn with lower motor
neurons, which project axons via
peripheral nerves that then contact
muscle fibers at the neuromuscular
junction. Lower motor neurons
originating in the brain stem that
control speech and swallowing
(bulbar motor neurons), and lower
motor neurons that originate in the
spinal cord that control limb and
respiratory muscles, may both be
affected.

Extracted from Goodall et al., 2006

ALS is characterized by the loss of MNs of primary motor cortex, brainstem and spinal cord. This
special combination of upper and lower MNs provokes physical signs of upper or lower MN

involvement (Leigh and Ray-Chaudhuri, 1994): loss of upper MNs affects central motor drive
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(reduced firing rates and recruitment of lower MNs), leading to slowing of contraction speed, slow
repetitive movements, weakness, and decreased muscle activation, as well as hyperreflexia and
spasticity. Loss of lower MNs and, consequently, loss of motor units results in muscle atrophy,
fasciculations, hyporeflexia, and a comparable loss of both voluntary and electrically stimulated
(tetanic) muscle force (Hardiman et al., 2011; Wijesekera and Leigh, 2009). Not all motor units are
equally vulnerable to the disease process. Electromyographical analysis performed in ALS patients
revealed that the larger and physiological stronger motor units are clearly more affected by the
disease (Dengler et al., 1990). Moreover, histopathological studies also described a preferential

degeneration of large MNs in ALS (Sobue et al., 1983).

One of the major problems of ALS is the delay in diagnosis, mainly because the initial
symptoms mimic other spinal cord diseases, neuropathies and several neurological syndromes
(Kraemer et al., 2010). With the advent of possible new therapies for ALS, there is an increasing
need for early diagnosis, because is intuitively probable that early therapy will produce better
results. Many efforts have been conducted to develop reliable biomarkers to early diagnose ALS
mainly focused on either biochemical or live-imaging fields. However, physiological markers are

still the most important approach in terms of ALS diagnosis and monitoring.

Electrophysiological tests for lower motoneuron involvement

Nerve conduction studies are crucial for the diagnosis of ALS since they permit to define and
exclude other peripheral nerve, neuromuscular junction or muscle disorders that may mimic the
ALS phenotype (Brooks et al., 2003). In ALS, the major electrophysiological feature is the
reduction of the compound muscle action potentials (CMAP) (Brooks et al., 2003). On the contrary,
the distal motor latency and the motor nerve conduction velocity remain almost normal, below 70%
of upper or lower limits of normal (Cornblath et al., 1992; de Carvalho and Swash, 2000; Mills and
Nithi, 1998). Motor studies are also important for excluding multifocal motor neuropathy by the
detection of partial conduction blocks. A marked reduction of proximal amplitude or negative-peak
area as compared with the distal ones (over 50%), in short segments (excluding entrapment sites)

implies partial conduction block (de Carvalho et al., 2001).

F-wave tests are also useful in assessing proximal conduction and some abnormalities have
been described in ALS patients (de Carvalho et al., 2008), including increased F-wave latency with

normal frequency and increased amplitude, and slowed F-wave velocity with decreased F-wave
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latency. Upper MN abnormalities may be associated with an increased F-wave rate (de Carvalho

and Swash, 2000).

Sensory nerve conduction studies can be abnormal in the case of entrapment syndromes and
peripheral nerve diseases (Brooks et al., 2003). There are also recent evidences pointing to a sub-
clinical involvement of the sensory system in 10-20% of ALS patients, suggesting an additional

polyneuropathy (Isaacs et al., 2007; Pugdahl et al., 2007).

Electromyography

Needle electromyography (EMG) provides evidences of lower MN dysfunction, which are
required for ALS diagnosis (Krarup, 2011). Abnormal EMG should be found in muscles innervated
by MNs from at least two of the following four CNS regions: brainstem (bulbar/cranial MN),
cervical, thoracic or lumbosacral spinal MNs. For the brainstem region it is enough to find EMG
changes in one muscle (e.g. tongue, facial muscles, jaw muscles, etc). For thoracic spinal cord
region it is sufficient to demonstrate EMG alterations in either paraspinal muscles at or below T6
level or abdominal muscles. Finally, for cervical and lumbosacral spinal cord regions, at least two
muscles innervated by different roots and peripheral nerves must show EMG abnormalities (Brooks
et al., 2003; Mitsumoto et al., 2007). EMG alterations could be manifested as: 1) large motor unit
potentials of increased duration with an increased proportion of polyphasic potentials, often of
increased amplitude; 2) reduced interference pattern with firing rates higher tan 10 Hz (unless there
is a significant upper MN component, in which case the firing rate may be lower than 10 Hz); 3)

unstable motor unit potentials.

Fasciculation potentials are another important feature in ALS, although they can also be
seen in normal muscles (benign fasciculations) and are not present in all muscles of ALS patients.
In benign fasciculations the morphology of fasciculation potentials is normal, whereas pathological
fasciculations have a complex morphology (de Carvalho et al., 2008; Janko et al., 1989). It has been
suggested that abnormal fasciculation potentials can be considered as equivalent in importance to

fibrillation potentials or positive sharp waves (de Carvalho et al., 2008).

Motor unit number estimation

Motor unit number estimation (MUNE) is an electrophysiological technique that provides
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quantitative information about the number of axons innervating a muscle. MUNE can be performed
using a number of different approaches (incremental method, multiple point stimulation, spike-
triggered averaging, F-wave, and statistical method), with each presenting advantages and
limitations. Despite the lack of a single method for MUNE performing, it is crucial for the
evaluation of progressive motor axonal loss in ALS (Bromberg and Brownell, 2008; Mitsumoto et

al., 2007).

Transcranial magnetic stimulation and central motor conduction studies

Transcranial magnetic stimulation allows non-invasive evaluation of corticospinal motor pathways
and thus the detection of upper MN lesion even when patients do not show upper MN clinical signs
(Mitsumoto et al., 2007). Using this technique, motor amplitude, stimulation threshold, central
motor conduction time and silent periods can be easily evaluated (Eisen and Shtybel, 1990).
Electrophysiological features reflecting upper MN involvement include (Brooks et al., 2003): 1) up
to 30% increase in central motor conduction time determined by cortical magnetic stimulation.
Marked increase in central motor conduction time was reported in fALS patients with D90A SOD1
mutation (Cappellari et al., 2008; Osei-Lah et al., 2004; Vucic and Kiernan, 2007); 2) low firing

rates of motor unit potentials on maximal effort.

Neuroimaging studies

The most important use of neuroimaging for ALS diagnosis is to exclude treatable structural lesions
that mimic ALS by producing varying degrees of upper and lower MNs signs, especially in those
with clinically probable or possible ALS. Clinically definite ALS with bulbar or pseudobulbar onset
is the only condition where imaging studies are not required, since structural lesions are unlikely to
reproduce this kind of signs (Brooks et al., 2003). Magnetic resonance image (MRI) can be also
used to reveal lesions in the corticospinal tract in ALS. The most characteristic feature in ALS is the
hyperintensity of the corticospinal tract on T2-weighted, proton density weighted and FLAIR-
weighted MRI, and is best visualized in the brain and brainstem and to a lesser extent in the spinal

cord (Abe et al., 1997; Goodin et al., 1988; Thorpe et al., 1996; Waragai, 1997).
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Muscle biopsy and neuropathalogical studies

Biopsy of skeletal muscle or other tissues is not required for diagnosis, unless to rule out a mimic
syndrome (e.g. inclusion body myositis). In addition, muscle biopsy may be used to demonstrate
lower MN dysfunction in a body region where clinical or electrophysiological findings do not

evidence involvement (Brooks et al., 2003).

Frontotemporal lobal degeneration - ALS

Frontotemporal lobal degeneration (FTLD or FTD) is caused by a progressive neuronal atrophy and
loss in the frontotemporal cortex, and is characterized by personality and behavioral changes, as
well as gradual impairment of language skills. It is the second most common dementia after

Alzheimer’s disease (Van Langenhove et al., 2012).

A Genetics of ALS and FTD

[ 25 50 100 . .. .
. . Figure 2. Clinical, genetic, and
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to the major protein misaccumulated.
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(2%) (<1%) (1%)
Extracted from Ling et al., 2013

Traditionally, ALS and FTLD were considered as two distinct identities. However, novel
evidences suggest that both pathologies form one clinical continuum, where pure forms are linked
by overlap syndromes. The first link established between FTLD and ALS was the identification of
TDP-43 positive ubiquitinated cytoplasmic inclusions in almost all cases of ALS and more than a
half of FTLD patients (Neumann et al., 2006; Van Langenhove et al., 2012). Although

neuropsychological testing shows normal cognition in the majority of ALS patients, up to 50% of
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them present some degree of cognitive impairment, while 15-18% meet the criteria for FTLD
(Ringholz et al., 2005). On the contrary, few patients with FLTD develop ALS (Lomen-Hoerth et
al., 2002). In fact, FTLD-only, ALS-only and coincident FTD-ALS were reported to occur inside a
same family. Despite genetic alterations underlying these cases are unknown, some studies have
identified a common locus on chromosome 9 (Vance et al., 2006). The recent finding of an
hexanucleotid expansion in C9ORF72 constitutes a strong link between ALS and FTLD (DelJesus-
Hernandez et al., 2011; Ling et al., 2013; Mori et al., 2013a; Renton et al., 2011).

Animal models

The development of transgenic animal models carrying genetic mutations described in fALS cases
has facilitated the study of MNDs. These models show similar pathological events to the ones
observed in patients. There are different mouse models for ALS, including those with spontaneous
mutations, such as the MN degenerative (mnd) mouse, the wasted mouse, the wobbler mouse, and
the progressive motoneuronopathy (pmn) mouse; and genetically engineered mice, such as the
transgenic mouse that overexpresses mutant human SOD1 (mSOD1). During the last 20 years, the
study of ALS-liked genetic mutations has led to the development of several transgenic animal

models.

mSOD1 models

Missense sodl gene mutations on the chromosome 9 were the first identified genetic cause of ALS
(Rosen, 1993). Research into the aberrant function of mSOD1 has formed the basis of much of our
understanding of ALS pathogenesis through the generation and study of transgenic rodent models
overexpressing the human mSODI protein. However, after 20 years of research, the exact
mechanisms underlying mSOD]1 pathology remain unknown. It was originally hypothesized that
mSODI1 may cause ALS as a result of a loss of dismutase activity. However, further studies in sod/
KO mice revealed that SOD1 deficiency was not the cause of motor dysfunction (Reaume et al.,
1996). In contrast, the degeneration of MN in transgenic mice expressing mSODI is likely to result
from a toxic gain-of-function (Gurney et al., 1994). Few years after the discovery of SODI1
mutations as a cause of familial ALS (Rosen, 1993), the transgenic mouse model SOD1%"** was
developed, expressing the human mutation of a glycine to alanine conversion at the 93rd codon of

SODI gene in high copy number (Ripps et al., 1995). These mice develop a rapidly progressive
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MND, which leads to hindlimb paralysis and death in around 4-5 months of age. This phenotype
recapitulates several clinical and histopathological features of both familial and sporadic forms of
the human disease (Ripps et al., 1995). Since the development of this model, over twenty other
mSOD1 models have been created carrying other mutations such as G37R or G85R, leading to
heterogeneous phenotypes in terms of disease onset and progression. In fact, mSOD1 rodent models
of ALS have variable ages of clinical disease onset, rates of progression and survival mostly
depending upon the specific mutation on the gene (G93A, G85R, G37R, etc), the number of
mSODI1 transgene copies or its expression level, the gender of the animals or their genetic
background (Alexander et al., 2004; Heiman-Patterson et al., 2005; 2011). Although the high

variety of existing mSOD1 mouse models, SOD1%** mice are still the most widely used on basic

research and preclinical studies.
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More recently, models of neuronal-specific (Jaarsma et al., 2008; Lino et al., 2002) or non-
neuronal-specific (Clement et al., 2003; Yamanaka et al., 2008) mSOD1 expression have also been
developed, leading to important findings about the role of non-neuronal cells on ALS
physiopathology. In order to assess the possibility that the disease phenotype may be triggered by
the overexpression of the SOD1 per se, some lines of transgenic mice overexpressing the human
wild type SOD1 (wtSOD1) protein have been created and used as control in several studies (Gurney
et al., 1994; Jaarsma et al., 2000; Saxena et al., 2009). It was originally described that wtSOD1 did
not play a role in ALS, as mice overexpressing this protein show mild axonopathy with signs of
abnormal mitochondrial morphology but without overt motor dysfunction (Jaarsma et al., 2000).
However, more recently it has emerged that wtSOD1 could play a role in ALS pathogenesis, since
overexpression of human wtSODI1 at similar levels to that seen in mSOD1 mouse models, causes
progressive MN degeneration (Graffmo et al., 2013). In their work, Graffmo et al. reported that
wtSOD1 overexpression resulted in an ataxic staggering gait with abnormal hindlimb reflexes and a
reduced lifespan, with median survival of 367 days. These clinical signs were accompanied by
gliosis and misfolded wtSOD1 in transgenic mice spinal cord from 100 days of age, and a 41%
reduction of thoracic MN. These novel findings, together to those reporting a potential role of
conformationally altered wtSOD1 in sporadic ALS patients (Bosco et al., 2010b) lead to the need of

further investigation on the contribution of SOD1 in ALS pathology.

TDP-43 models

TDP-43 is a 43kDa nuclear protein originally discovered because of its effects on human
immunodeficiency virus transcription (Ou et al., 1995). It is encoded by the fardbp gene on
chromosome 1 and is composed by a nuclear localization signal, two RNA-binding motifs and a
glycine-enriched region, which contains a “prion-like” domain and mediates protein and hnRNP
interactions. In fact, it is in this glycine-enriched domain where most of ALS-associated mutations

have been described (Kabashi et al., 2008; Sreedharan et al., 2008).

Although not all TDP-43 functions are known, it plays crucial roles in alterative splicing and
gene expression (Buratti and Baralle, 2008), embryogenesis (Sephton et al., 2010) and neuronal
development. Nevertheless, the effect of TDP mutations on such functions is not understood.
Several in vitro and in vivo studies have identified a large range of aberrant cellular dysfunctions

caused by mTDP-43, including abnormal neuronal function and synaptic defects (Godena et al.,
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2011; Lin et al., 2011), mitochondrial alterations (Braun et al., 2011) proteasome dysfunction (Estes
et al., 2011) and altered neuroinflammatory response (Swarup et al., 2011). Although it remains
unclear how TDP-43 mutations cause ALS, both loss and gain of function have been proposed
(Tsao et al., 2012). Several groups have attempted to generate TDP-43-ALS mouse models but
results have shown varied phenotypes, with no TDP-43-ALS model completely replicating an ALS
phenotype. Similar to mSOD1 murine models, development of disease phenotype in TDP-43-ALS
transgenic rodents is highly dependent upon the level of transgene expression and, ultimately, the
promoter used. However, in marked contrast to mSODI transgenic mice, these models develop
mostly axonal alterations with relatively mild MN degeneration. Overexpression of human wild
type TDP-43 has been shown to cause significant neurodegeneration (McGoldrick et al., 2013; Tsao

etal.,2012).

FUS models

FUS was originally identified because its oncogenic properties following a chromosomal
translocation resulting in the fusion of truncated FUS protein with the transcription factor CHOP
(Crozat et al., 1993; Rabbitts et al., 1993). The FUS gene is located at 16p11.2 and comprises 15
exons encoding a multifunctional 526 amino-acid protein (Prasad et al., 1994) with a complex
domain structure. The N-terminus contains a Gln-Gly-Ser-Tyr-rich domain and glycine rich
domain, and is proposed to have ‘prion-like’ properties (Udan and Baloh, 2011). Adjacent to this
domain is an RNA recognition motif (RRM) domain, which contains a nuclear export sequence,
followed by two Arg-Gly-Gly domains, which flank a zinc-finger region. The C-terminus of the
protein contains a non-classical nuclear localization signal, which is recognized by transportin
(Dormann et al., 2010). FUS is ubiquitously expressed in all cells, despite some rodent data suggest
that expression outside the CNS decreases with age, being absent in mouse skeletal muscle, liver
and kidney from 80 days of age (Huang et al., 2010). FUS binds DNA and RNA and primarily

shows nuclear localization (Bosco et al., 2010a; Gal et al., 2011) .

Mutations in FUS have been described as causative in similar proportion of fALS cases
(FUS-ALS) as TDP-43 mutations, but it has been proposed that it may function downstream TDP-
43 and in parallel to other RNA-binding proteins (Kabashi et al., 2011). Developing models of
FUS-ALS models is important to clarify the mechanisms by which mutations in this protein cause

ALS and how aberrant RNA metabolism may lead to neurodegeneration.
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There are four published transgenic rodent lines overexpressing FUS: 1) transgenic mice
which overexpressing HA-tagged human wild-type FUS under control of the mouse prion promoter
(Mitchell et al., 2013); 2) somatic brain transgenic mice expressing V5-tagged human wild-type
FUS, mutant R521C and FUS lacking its nuclear localization signal (A14) (Verbeeck et al., 2012);
3) transgenic rats which conditionally express human wild-type or mutant FUS under a TRE
(Huang et al., 2011); and 4) transgenic rats which express mutant FUS under the CaMKIla
promoter with a TRE (Huang et al., 2012). Controversially, all four models display different
phenotypic manifestations from pure motor involvement with muscle denervation, axonopathy and
spinal MN degeneration, to pure cognitive deficits with memory impairment and hippocampal

neurons death.

Controversies of preclinical studies

One of the most important problems regarding the development of new therapies for ALS is
the failure to translate positive experimental results into successful human trials (Benatar, 2007;
Rothstein, 2003). There are several possible explanations for the failure of successful translation
from preclinical studies to effective human treatments. Firstly, mSOD1 rodent models represent a
proportion of familial ALS rather than sporadic ALS cases. Given this, it can be argued that
mSODI1 animals only model fALS or even only the fraction of cases caused by specific mutations
that were introduced to the rodents. Since ALS pathophysiology is incompletely understood, it is
possible that familial and sporadic ALS differ in some fundamental biological aspect that
determines the effectiveness of a given treatment. Secondly, therapeutic approaches in animal
models are usually applied prior to clinical onset of the disease. Despite this strategy might offer
better results on preclinical studies and could be relevant for fALS cases, it cannot be replicated in
human sALS. Thirdly, drug dosage and bioavailability are difficult to translate to humans based on
rodent experimental data. And fourthly, drug effect discrepancies may be related to methodological
shortcomings rather than drawbacks in the models themselves, increasing the importance of

developing and applying techniques that lead to reliable, objective reliable preclinical results.

Pathophysiological mechanisms

The exact molecular pathway causing MN degeneration in ALS is unknown, but as with other

neurodegenerative diseases, is likely to be a complex interplay between multiple pathogenic cellular
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mechanisms that may not be mutually exclusive (Ferraiuolo et al., 2011; Pasinelli and Brown, 2006;

Shaw, 2005).
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Oxidative stress

Oxidative stress results from the imbalance between the production of reactive oxygen species
(ROS) and the biological system capacity to remove ROS or repair the ROS-induced damage.
Although oxidative stress by itself may not be such harmful, accumulation of ROS may be an
important factor that reduces the ability of the cell to cope with an underlying pathologic situation.
The discovery that defects in the gene encoding SOD1 (Rosen, 1993) were associated with
cases of familial ALS has heightened interest in the possibility that oxidative stress may contribute
to MN death. However, further experiments demonstrated that MN death was related to the
accumulation of abnormal mSODI1 instead of a loss of dismutase activity, since SODI deletion in

mice do not lead to MN degeneration (Reaume et al., 1996).
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The analysis of CSF and serum from both familial and sporadic ALS patients showed
increased concentrations of oxidative stress-induced damage (Lyras et al., 1996; Mitsumoto et al.,
2008; Simpson et al., 2004; Smith et al., 1998). In this sense, evidences of oxidative damage to
proteins (Shaw et al., 1995b), lipids (Simpson et al., 2004) and DNA (Bogdanov et al., 2000) have
been reported in tissue of ALS patients.

Oxidative damage has been documented in both cellular and rodent models of ALS (Barber
and Shaw, 2010; Parakh et al., 2013). One of the most important consequences of oxidative stress is
the damage to RNA species. Chang et al. (2008) reported that mRNA oxidation primarily occurs in
MNs and spinal cord oligodendrocytes in SOD1°”** mice at early pre-symptomatic disease stages,
and that translation of oxidized mRNA species decreased. Some mRNA species seem to be more
susceptible to oxidation, including those involved in the mitochondrial electron transport chain,
protein biosynthesis, folding and degradation pathways, myelination, the cytoskeleton, and the
tricarboxylic acid cycle and glycolysis pathways. Interestingly, aberrant oxidation of wtSODI1
present in sSALS patients confers pathological properties similar to those observed in mSOD1, such

as the inhibition of axonal transport (Bosco et al., 2010b).

Mitochondrial dysfunction

Mitochondria are the cellular organelle in charge of ATP production, calcium homeostasis
maintenance and intrinsic apoptosis regulation. Numerous studies have highlighted the common
role of mitochondria in the pathogenesis of neurodegenerative diseases (Lin and Beal, 2006). An
important core of evidences implicates mitochondria as a key player in ALS physiopathology (Shi
et al., 2010). Reduced mitochondrial DNA content associated to increased mutations of
mitochondrial DNA, and respiratory chain complexes activity have been described in the spinal
cord of ALS patients (Hirano et al., 1984; Wiedemann et al., 2002). In this sense, mitochondrial
function impairments have been also reported in the skeletal muscle of ALS patients (Wiedemann
et al., 1998). In vitro studies showed mitochondrial morphological and functional alterations in
NSC-34 cells (a MN cell line) expressing mSOD1 (Menzies et al., 2002). Experiments performed in
mSODI mice also revealed early mitochondrial morphological abnormalities prior to onset of
symptoms (Kong and Xu, 1998).

Although the exact mechanism by which mSOD1 might disrupt mitochondrial function is
not clear, several possible explanations have been postulated. mSODI could aggregate into the

mitochondrial intermembrane space physically blocking the TOM/TIM protein import machines,
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thus impeding mitochondrial protein import (Liu et al., 2004; Wong et al., 1995). MNs are large
cells with important energy requirements. Despite several studies conducted, there is no consensus
about the presence and contribution of mitochondrial respiratory chain alterations in mSOD1
models. Mitochondrial respiration, electron transfer chain, and ATP synthesis have been reported as
defective in SOD1%** mice at disease onset (Jung et al., 2002; Mattiazzi et al., 2002), and ATP is
1093A

even depleted in pre-symptomatic SOD
et al. (2006) reported unchanged ATP synthesis in SOD®**® mice.

mice (Browne et al., 2006). On the contrary, Damiano

Maintaining calcium homeostasis is a critical function of mitochondria. It has been reported
that neural mitochondrial calcium buffering capacity is altered prior to symptoms onset in the brain
and spinal cord of SOD1°”** mice (Damiano et al., 2006). Furthermore, mitochondrial calcium
uptake deficits have been shown in hypoglossal (vulnerable) MNs of SOD1%** mice (Fuchs et al.,
2013). Calcium buffering impairments in MNs could increase their susceptibility to the altered
calcium homeostasis associated with glutamate-mediated excitoxicity. Parone et al. (2013) explored
the contribution of mitochondrial calcium buffering dysfunction by eliminating the expression of
cyclophilin D, an important regulator of calcium-mediated opening of the mitochondrial
permeability transition pore that determines mitochondrial calcium content. They determined that a
chronic increase in mitochondrial calcium buffering capacity improved mitochondrial ATP
synthesis, reduced mitochondrial swelling preserving their normal morphology.

Mitochondria are a central element controlling apoptosis since the opening of the
permeability transition pore and release of cytochrome ¢ from the mitochondrial intermembrane
space is crucial for the activation of the caspase cascade. mSOD1 aggregates may interfere with
mitochondrial anti-apoptotic elements, such as Bcl-2, thereby triggering abnormal activation of
intrinsic apoptosis by the premature release of cytochrome c to the cytoplasm (Pasinelli et al.,
2004). In this sense, Tan et al. (2013) reported that small peptides that specifically block the
mSODI1-Bcl-2 complex formation rescue mitochondrial dysfunction. However, further experiments
demonstrated that Bax deletion was able to rescue spinal MNs but failed to prevent neuromuscular
denervation and mitochondrial vacuolization (Gould et al., 2006), suggesting that apoptosis
contribution is limited to the last part of the MN degenerating process.

Recent findings from Wang et al. (2013) and Xu et al. (2010) showed that mTPD-43 also

impairs mitochondrial morphology and function in transgenic mice.
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Impaired axonal transport

Intracellular transport is an essential element for neuronal cells. Neurons are polarized cells and
they require mechanisms to direct axonal vs. dendritic transport. Since neurons transmit signals
along long distances, proteins and organelles have to travel more than in other cell types (axons of
human MNs can reach 1 m long). Even within an axon, proteins must be delivered to specific
compartments (e.g., sodium channels must go to the plasma membrane in the nodes of Ranvier, and
synaptic proteins to the axon terminal) thus increasing the importance of axonal transport within
MNs.

One of the main findings supporting axonal transport deficits as a hallmark of
neurodegeneration is the axonal and cell body accumulation of organelles and other proteins
observed in many human neurodegenerative diseases (De Vos et al., 2008). Regarding ALS,
several works have demonstrated the accumulation of neurofilaments in MN cell bodies in human
patients, suggesting that axonal transport is impaired in these cells (Hirano et al., 1984; Julien,
1997; Julien et al., 1998; Schmidt et al., 1987). Additionally, abnormalities of organelle axonal
trafficking have been described in ALS patients (Breuer et al., 1987).

Axonal transport has been widely studied in animal models mimicking ALS. Similar to what
was reported in patients, it has been demonstrated that transgenic mice overexpressing mSOD1
transgene develop neuronal cytoeskeletal pathology resembling human ALS (Tu et al., 1996).
Further studies reported impaired anterograde axonal transport and neurofilament accumulation in
SOD1%** mice (Zhang et al., 1997). How mSOD1 perturbs axonal transport is not fully understood.
It has been proposed that SOD1 mutations could indirectly alter axonal transport by increasing
inflammatory and excitotoxic mediators, altering mitochondria or damaging transport cargos (De
Vos et al., 2008). However, some evidences suggest a direct link between mSOD1 and axonal
transport deficits since misfolded SOD1 specifically and abnormally binds to kinesin-associated
protein 3 (KAP3) in the ventral grey matter of SOD1°"** spinal cord. KAP3 is a kinesin-2 subunit
responsible for binding to divers cargos including choline acetyltransferase (ChAT). The
consequent reduction of ChAT in the axon terminal may contribute to the synaptic deficit and,
finally, to muscle denervation (Tateno et al., 2009). However, recent evidence from Marinkovic et
al. (2012) suggests that axonal transport deficits may evolve independently from MN degeneration
in SOD1** mice. In their work, Marinkovic et al., (2012) demonstrated that SOD1%** axons can
survive despite long-lasting transport deficits since these are present soon after birth, months before

the first signs of muscle denervation (Fischer et al., 2004). Even more, they showed that MN
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degeneration in SOD®*® ALS mice occurs without axonal transport abnormalities. In light of these
results, further experiments have to be performed to elucidate the role of axonal transport alterations

in the specific MN degeneration in ALS.

Excitotoxicity

Glutamate is the main excitatory neurotransmitter in the CNS. It exerts its effect through the
activation of several types of ionotropic and metabotropic receptors. Neuronal injury caused by
excitatory mediators, known as excitotoxicity, results from the excessive activation of glutamate
receptors, and may be due to failure in the neurotransmitter clearance from the synaptic cleft or
increased postsynaptic sensitivity to glutamate. This enhanced activation induces massive calcium
influxes that damage the cell through the activation of calcium-dependent protreases, lipases and
nucleases. In fact, excitotoxicity is closely related to other important features of ALS, such as
intracellular calcium disruption, with secondary activation of proteolitic and ROS-generating
enzymes, and mitochondrial abnormalities and energy imbalance (Arundine and Tymianski, 2003).
A large amount of evidences implicate excitotoxicity as a mechanism contributing to MN injury in
ALS, although clear evidence that it is a primary disease mechanism is lacking. The most important
evidences supporting the role of excitotoxicity in ALS physiopathology are the three-fold increased
glutamate levels present in ALS patients CSF (Perry et al., 1990; Shaw et al., 1995a) and the
benefits achieved by riluzole as an anti-excitotoxic drug (Ludolph and Jesse, 2009).

Excitotoxicity detrimental effects are mainly mediated through calcium-dependent pathways
(Grosskreutz et al., 2010; Van Den Bosch et al., 2006). One possible explanation for the role of
excitotoxic injury to MNs is that ALS-vulnerable spinal and brainstem MNs display low
endogenous Ca** buffering capacity, that is 5-6 times lower than that found in ALS-resistant MNs
(i.e. oculomotor MNs), making them more susceptible to excitotoxic insults (Alexianu et al., 1994).

Overactivation of a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-
methyl-D-aspartate (NMDA) receptors is considered one of the main causes of excitotoxiciy (Van
Den Bosch et al., 2006). It has been demonstrated that MNs are especially vulnerable to AMPA-
mediated excitotoxicity in vitro (Carriedo et al., 1996). AMPA receptor calcium permeability is
largely determined by the GluR2 subunit. Most native AMPA receptors in the mammalian CNS
contain the GluR2 subunit, which is post-transcriptionally edited at the Gln/Arg site 586 in the
second transmembrane domain, making the receptor complex calcium-impermeable (Kwak et al.,
2010; Williams et al., 1997). Williams et al., (1997) reported that GluR2 subunit is reduced in

human spinal MNs, making them highly calcium permeable and more susceptible to excitotoxic
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insults, while Kawahara et al., (2004) reported a defect in the editing of the GluR2 subunit mRNA
in the spinal motoneurons of individuals affected by ALS. In contrast, mRNA analysis performed in
SOD1%** and SOD1"® transgenic rats showed a complete edition of the GluR2 subunit (Kawahara
et al., 2004; 2006).

Although the role of the NMDA receptor has received less attention, there is some evidence
supporting its contribution to excitotoxicity in ALS. In fact, Texido et al., (2011) (Texido et al.,
2011) have reported that sera from ALS patients induces abnormal NMDA receptors activation.
Moreover, Sunico et al. (2011) have recently showed an excitation/inhibition imbalance in MNs of
SOD1%** mice with an increased density of glutamatergic synapses, which could lead to an
excitatory imbalance.

As above mentioned, excitotoxicity could also result from glutamate clearance alterations
from the synaptic cleft. Excitatory amino-acid transporters (EAATS) are located at most synapses in
the CNS and translocate glutamate from the synaptic space into astrocytes (Foran and Trotti, 2009).
Glutamate transport deficits have been identified in the motor cortex and the spinal cord of ALS
patients, especially focused in the astroglial specific EEAT2 (Bristol and Rothstein, 1996).
Furthermore, loss of glial EEAT2 have been also reported in mSOD1 models of ALS (Howland et
al., 2002; Trotti et al., 1999).

Finally, it has been reported that mSOD]1 can directly alter calcium hemeostasis. Allen et al.
(2011) recently demonstrated that misfolded A4V mSOD1 aggregates forming pores that integrate
in the membrane permitting the influx of calcium into the cytoplasm. This finding suggests that
mSODI can contribute to excitotoxic damage to MNs without contribution of other glutamatergic-

related elements.

Protein aggregation
Protein aggregates or inclusions have long been recognized as a pathological hallmark of several
neurodegenerative disorders, including ALS, in which protein aggregates are common in spinal
MNs. Ubiquitin-positive inclusions are characteristic of ALS pathology. However, it remains
unknown whether inclusion formation is responsible of cellular toxicity and ALS pathogenesis, if
aggregates may be innocuous neurodegeneration-derived products, or if they may represent a
protective mechanism of the cell to reduce intracellular concentrations of toxic proteins.

Most ALS cases present small eosinofil Bunina-bodies containing cystatin C and transferrin

(Okamoto et al., 1993b; 2008). However, the significance of these inclusions remains unclear.
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Neurofilament-rich hyaline aggregates are found in the citoplasm and proximal dendrites of spinal
MNs in human patients (Schmidt et al., 1987) and animal models (Zhang et al., 1997) of ALS.
Although for some time neurofilament accumulation was considered an evidence of MN

dysfunction, nowadays it is not clear their real contribution to ALS physiopathology (Julien, 1997).

SODI inclusions are found in MNs of familial and sporadic ALS patients (Shibata et al.,
1994). Aggregation of mSODI1 is also a pathophysiological hallmark in mSOD1 rodent models
(Bruijn et al., 1998). Further studies revealed that conformational antibodies that react with
structurally altered mSOD1 mainly labeled cell bodies and proximal axons of spinal MNs (Rakhit et
al., 2007). Bosco et al. (2010b) recently demonstrated that conformational antibodies against
mSODI1 also react with structurally altered wtSODI1 present in sALS patients. Extracellular
aggregates of mSODI are also able to activate microglial cells in vitro (Roberts et al., 2012).

Non-mutated TDP-43 is found in aggregates both in neuronal and non-neuronal cells in all
sALS patients and the vast majority of SOD1-negative familial ALS patients, but not in SODI-
related ALS (Mackenzie et al., 2007; Neumann et al., 2006). Under normal conditions, TDP-43 is
predominantly localized in the nucleus, and loss of nuclear TDP-43 staining is seen in most cells
containing TDP-43-positive cytoplasmic inclusions (Zhang et al., 2008). It has been hypothesized
that cytoplasmic redistribution of TDP-43 is an early pathogenic event in ALS. In fact, mutations in
TARDBP, the gene encoding TDP-43, were discovered in several familial ALS pedigrees, thereby
consolidating the evidence for TDP-43 dysfunction in ALS and establishing this protein as a crucial
player in both sporadic and familial disease (Sreedharan et al., 2008).

Similarly, cytoplasmic inclusions containing mutant FUS protein have been observed in
some patients with FUS-related fALS (Groen et al., 2010; Hewitt et al., 2010).

Mutations in ubiquilin 2, which encodes a cytosolic ubiquitin-like protein, have recently
been found to be associated with a dominantly inherited X-linked subtype of ALS (Deng et al.,
2011). The exact function of ubiquilin 2 is unknown, but it has been implicated in protein
degradation via both the Ubiquitin-Proteasome System (UPS) and autophagy (Lee and Brown,
2012).

An intronic hexanucleotide repeat expansion in CO9ORF72 was recently identified as the
most prevalent cause of ALS, FTD and ALS-FTD (DelJesus-Hernandez et al., 2011; Renton et al.,
2011). Interestingly, TDP-43-negtive, ubiquilin 2-positive inclusions can distinguish expanded

repeat from non-expanded repeat carriers (Brettschneider et al., 2012). In fact, these protein
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accumulations contain polydipeptide repeat proteins generated by non-AGT-initiated translation

from the CO9ORF72 intronic repeat expansion (Ash et al., 2013; Mori et al., 2013a).

Endoplasmic reticulum stress

Physiologically, accumulation of misfolded protein elicits the ER stress response. ER-resident
chaperons recognize the accumulation of misfolded proteins and activate the Unfolded-Protein
Response (UPR), which can cause suppression of general translation and ER-associated protein
degradation. Although these mechanisms are initially cytoprotective, prolonged UPR activation can
trigger apoptotic signaling (Kaufman, 2002).

A deal of evidence implicates ER stress as an important feature of MN degeneration in ALS.
UPR markers are up-regulated in sporadic ALS patients (Atkin et al., 2008) and mSOD1 rodent
models (Atkin et al., 2006; Saxena et al., 2009). In fact, protein disulphide isomerase (PDI), an ER-
resident chaperone is overexpressed in mSOD1 mice, where it co-localizes with SODI1 inclusions
(Atkin et al., 2008). In mSODI1 mice, a longitudinally gene expression profile of vulnerable MNs
(innervating fast fatigable muscles, e. g. extensor digitorum longus) vs. resistant MNs (innervating
slow muscle fibers, e. g. soleus) revealed early up-regulation of several UPR markers prior to
muscle denervation in vulnerable MNs. Similar changes eventually occurred in disease-resistant
MNss but 25-30 days later (Saxena et al., 2009).

Addition of CSF from sporadic ALS patients on NSC-34 cells and primary rat spinal MNs
cell cultures induces ER stress, including the up-regulation of UPR markers, such as GRP-78 and
caspase-12 (Vijayalakshmi et al., 2011).

Under ER stress conditions, UPR is triggered by the activation of three sensor proteins,
IRE1, ATF6, and PERK. Diminishing PERK activity in mSOD1°*® mice dramatically accelerated
disease onset as well as shortened disease duration and lifespan (Wang et al., 2010). Although UPR
improves the ability of protein folding by inducing ER resident chaperones expression and protects
the cell from ER stress, excessive ER stress leads to apoptosis by the activation of C/EBP
homologous protein (CHOP). CHOP levels are increased in neurons, astroglia, microglia and

oligodendrocytes of both SALS patients and mSOD1%** mice (Ito et al., 2009).

Neuroinflammation
Neuroinflammation is a common pathological event of neurodegenerative disorders (Khandelwal et

al., 2011) and its modulation has been proposed as an important potential therapeutic target (Yong
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and Rivest, 2009). Analysis of sporadic and familial ALS spinal cord tissue and CSF revealed
increased microglial activation and T cells infiltration (Henkel et al., 2004; Sta et al., 2011), and
higher concentration of some proinflammatory mediators, including monocyte chemoattractant
protein 1 (MCP-1) and IL-8 (Kuhle et al., 2009). Consistent with these results gene array analysis
of mSOD1 mice revealed an enhanced expression of inflammatory-related molecules especially at
later stages of disease progression (Ferraiuolo et al., 2007; Lincecum et al., 2010). Additionally,
Lincecum et al. (2010) reported a therapeutic improvement after the administration of an anti-
CD40L in mSOD1 mice.

Microglial activation and proliferation is also evident in rodent models of ALS (Henkel et
al., 2009). Gowing et al. (2008) reported an increased number of CD45"/CD11b* microglial cells in
SOD1%** mice from 100 days of age. Additionally, they demonstrated an increased
CD45"/CD11b*/CD86" ratio from 80 days of age, evidencing an increased proportion of activated
microglial cells. Although it is still unknown whether microglial activation is a cause or a
consequence of the MN degeneration, some works have been conducted manipulating microglial

D" mice did affect

cells in mSOD1 mice. However, ablation of proliferating microglia in SO
neither disease onset nor progression (Gowing et al., 2008).

Astrocytes also play a key role in the neuroinflammatory process by producing several
inflammatory signals. Astrocytes from SODI1°** secrete inflammatory mediators, such as
prostaglandin E2, leukotriene B4, and nitric oxide both at basal (non-activated) and activated
conditions (Hensley et al., 2006). Additionally, co-cultures of astrocytes from familial and sporadic
ALS are toxic to MNs. This toxicity is in part mediated by the up-regulation of inflammatory gene

expression (Haidet-Phillips et al., 2011).

The role of non-neuronal cells
It is now accepted that neighboring glial cells have a crucial role in the MN degeneration occurring
in ALS. In 2003, Clement et al. (2003) generated a chimeric animal expressing mSOD1 in specific
cell lines and demonstrated that normal MNs developed ALS signs when surrounded by mSOD1-
expressing glia. Moreover, the proportion of non-neuronal cells that lacked the transgene positively
correlated to the lifespan of the chimeric mice.

To determine the contribution of microglia, double transgenic mice were generated

expressing the Cre-Lox recombination system to specifically suppress mSOD1%"®

expression in
MNs or microglia. mSOD1 deletion from MNs showed delayed disease onset but no modifications

of disease progression once it had been initiated. On the contrary, mSODI1 suppression from
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CD11b+ cells (microglia and macrophages) did not alter disease onset but significantly prolonged
mice survival. These findings suggest that disease onset and propagation could be underlined by
different mechanisms (Boillee et al., 2006a; 2006b). To deeply study the role of microglial cells in
ALS disease progression, CD11b-Tkmut-30;SOD1%** double transgenic mice were generated to
allow the selective elimination of proliferating microglial cells under the administration of
ganciclovir. Surprisingly, a 50% reduction of reactive microglia in the lumbar spinal cord of these
animals had no effect on MN degeneration (Gowing et al., 2008).

Although the generation of transgenic animals selectively expressing mSODI1 in astrocytes
failed to induce MN degeneration (Gong et al., 2000), it is accepted that astrocytes play a crucial
role in ALS. Astrocytes derived from postmortem tissue of familial and sporadic ALS patients are
toxic to MNs. Interestingly, the toxic effect was restricted to MNs, since ALS-astrocytes are not
toxic when co-cultured with GABAergic neurons. Surprisingly, blocking mSOD1 expression
produced significant neuroprotective effects both on familial and sporadic ALS-derived astrocytes
(Haidet-Phillips et al., 2011).

Rodent astrocytes expressing mSODI1 are toxic to spinal primary and embryonic mouse
stem cell-derived motor neurons (Diaz-Amarilla et al., 2011; Nagai et al., 2007). Moreover,
diminishing mutant expression in astrocytes does not affect onset, but delays microglial activation
and sharply slows later disease progression (Yamanaka et al., 2008).

There is emerging evidence that oligodendrocytes provide crucial metabolic support to
neurons (Nave, 2010) but their role in ALS has been not established. Kang et al. (2013) recently
reported an extensive degeneration of gray matter oligodendrocytes in the spinal cord of
mSOD1°** mice prior to disease onset. Moreover, they showed that selective removal of mSOD1
from oligodendroglia substantially delayed disease onset and prolonged survival.

Surprisingly, diminished mSOD1 synthesis exclusively within Schwann cells of SOD1%*®
significantly accelerates disease progression, accompanied by a reduction of insulin-like growth

factor 1 (IGF-1) in nerves (Lobsiger et al., 2009).

Abnormal RNA processing

RNA processing abnormalities were first implicated in MND by the description of mutations in
SMNT as a cause of SMA (Lefebvre et al., 1995). The SMN protein participates in the assembly of
small ribonucleoproteins, which have a role for pre-mRNA splicing (Burghes and Beattie, 2009).
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1A mice

Gene expression profiling revealed transcriptional repression in isolated MNs from SOD
(Ferraiuolo et al., 2007; Kirby et al., 2005).

Later identification of TDP-43, a RNA-DNA binding protein, as a major component of the
ubiquitinated inclusions in ALS (Neumann et al., 2006) focused the attention to RNA metabolism
alteration as an important pathophysiological disease mechanism. TDP-43 is a predominantly
nuclear protein implicated in several aspects of RNA processing, including transcriptional
regulation, alterative splicing and microRNA processing. ALS-related TDP-43 positive cytoplasmic

inclusions are present in both neuronal and glial cells, excluding those based on mSOD1 and FUS

mutations (Mackenzie et al., 2007; 2010).

Recent studies using ultraviolet cross-linking and immunoprecipitation (CLIP) on brain and
spinal cord of ALS mouse models and human patients have evaluated the RNA-binding targets of
TDP-43 (Polymenidou et al., 2011; Tollervey et al., 2011; Xiao et al., 2011). Results revealed that
TDP-43 binds to numerous RNA target molecules (approximately 30% of the mouse
transcriptome). Binding commonly occurs to long UG-rich sequences in introns and less frequently
to non-coding RNA molecules or to 3’ untranslated regions of mRNA. This high proportion on
intronic binding suggests a nuclear function for TDP-43. Blocking tardbp43 expression with
antisense oligonucleotides in adult mouse striatum altered the expression levels of 601 mRNA and
changed the splicing pattern of 965 mRNA transcripts, including some relevant to
neurodegeneration, such as FUS, progranulin and choline acetyltransferase (Polymenidou et al.,
2011). A recent study shows that fibroblast cell lines derived from patients with TDP-43-related
ALS loss nuclear expression of TDP-43, together with RNA splicing changes, including changes of
transcripts of RNA-processing genes previously implicated in ALS (Highley et al., 2010). A note
of caution relating to genetic studies is that although gene structures are often similar between
species, intronic sequences show great variability. Given the key role of TDP-43 in binding to long
intronic sequences, the intraspecies variability in introns may hinder accurate modeling of human

TDP-43 proteinopathies in other species, including rodents (Xiao et al., 2011).

Further evidence of dysfunctional RNA metabolism in ALS emerges from the presence of
mutations in angiogenin (ANG) (Greenway et al., 2006) and the DNA—RNA helicase senataxin
(SETX) (Chen et al., 2004) in some cases. ANG, which expression is increased during hypoxia to
promote angiogenesis, also acts as a transfer RNA-specific ribonuclease and regulates ribosomal
RNA transcription (Kieran et al., 2008). A proposed mechanism by which ANG normally prevents

cell death is inhibition of the translocation of apoptosis-inducing factor into the nucleus (Li et al.,
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2012). Mutations in ANG are likely to have a deleterious effect through loss of function, as
overexpression of ANG extends the lifespan of mSOD1 mice (Kieran et al., 2008). SETX
autosomal dominant mutations are associated with juvenile-onset fALS (Chen et al., 2004). The
SETX protein is predicted to be a component of large ribonucleoprotein complexes, with roles in
maintaining DNA repair in response to oxidative stress, and RNA processing (Chen et al., 2004).

The mechanisms by which mutant SETX causes ALS remain to be determined.

Additional evidence that dysregulated RNA processing may contribute to MN injury in ALS
arises from the detection of biomarkers of RNA oxidation in human ALS and mSOD1 mice (Chang
et al., 2008; Kieran et al., 2004) and the transcriptional repression within MNs that occurs in the

presence of mSOD1 (Ferraiuolo et al., 2007; Kirby et al., 2005).

Most relevant current therapies

Drug-based therapy

The beneficial effect of riluzole in ALS is though to be due to its antiglutamatergic actions (non-
competitive blocking of NMDA receptors) and by the blockage of voltage-dependent sodium
channel (Doble, 1996). Although several trials targeting glutamate excitotoxicity (including
gabapentin, toporimate, verapamil, lamotrignine or dextromethorphan) have been performed, the
overall results have been disappointing (Choudry and Cudkowicz, 2005).

Several antioxidants, such as vitamin E, N-acetyl-L-cysteine (NAC) or catalase, produce
benefits in mSOD1 mouse models but without successful translation in clinical trials (Orrell et al.,
2005). Creatine, that promotes glutamate uptake into synaptic vesicles and stabilizes mitochondrial
energy transfer complex through inhibiting the opening of the mitochondrial permeability pore,
showed promising results when orally administered to mSODI1 mice (Klivenyi et al., 1999).
However, three large clinical trials in human ALS failed to reproduce these benefits (Groeneveld et
al., 2003; Rosenfeld et al., 2008; Shefner et al., 2004). Coenzyme Q10 is a co-factor of the electron-
transport chain in the mitochondria. It prolongs survival in mSOD1 mice but it also failed to
translate in successful human clinical trials (Kaufmann et al., 2009).

Increased interest is focused on the antibiotic minocycline since it has been one of the most
effective agents in prolonging life in the rodent mSOD1 mouse models (Kriz et al., 2002). Although
the exact mechanism underlying such effect is unclear, it is though that it inhibits microglial

activation and modulates apoptosis (Yong et al., 2004). Unfortunately, recent phase III clinical trial
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in human ALS patient revealed harmful effects after continuous minocycline administration
(Gordon et al., 2007).
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Figure 5. Summary of ALS therapeutic targets and agents tested on recent preclinical studies.

Extracted from McGoldrick et al., 2013
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Glatiramer acetate (copaxone) was also proposed as a promising candidate since it produces
almost 25% increased survival in mSOD1 mice (Angelov et al., 2003). However, a phase III clinical

trial showed no impact on disease progression in human ALS patients (Meininger et al., 2009).

Arimoclomol is one compound of the novel “smart drugs” family that induces the
expression of heat-shock proteins only under cellular stress conditions. Treatment with arimoclomol
after symptoms onset slowed disease progression and increased survival in mSOD1 mice (Kieran et

al., 2004). A phase III human trial is currently under recruiting phase (see www.alsa.org).

Growth factors

As the main hallmark of ALS disease progression is the loss of MNs, another therapeutic strategy
has been the treatment with a variety of growth factors. Ciliary neurotrophic factor (CNTF), glial
derived neurotrophic factor (GDNF) and insulin growth factor (IGF-1) showed promising effects on
mSODI1 models, but clinical trials have been disappointing. IGF-1 was reported to produce some
modest effects slowing disease progression and functional decline in American trials but these
results were not confirmed in subsequent studies (Borasio et al., 1998; Lai et al., 1997).
Neurotrophic factors lack of effect may be due to the low bioavailability and the poor delivery to

MNss thus increasing the interest of the development of gene therapy approaches.

Gene therapy
Gene therapy is a promising therapeutic approach for ALS since it permits to specifically deliver
treatments to damaged MNs overcoming the difficulty of crossing the blood-brain barrier. Several
strategies have been developed, including the delivery of genes encoding for neurotrophic factors,
anti-apoptotic proteins or blocking the expression or detrimental factors (e.g. by means of small
interference RNAs). The main advantage of gene therapy is that viral vectors can be administered
either directly to the CNS or systemically (intramuscular, intravenous, etc), but always affecting a
determined cell target (Federici and Boulis, 2006). At present, gene therapy is restricted to
preclinical studies in mSOD1 models. Retrograde adeno-associated virus (AAV) delivery systems
for IGF-1 and GDNF have shown benefits in mSOD1 mice (Kaspar et al., 2003; Wang et al., 2002).
Intramuscular injections of lentiviral-tagged VEGF or anti-apoptotic Bcl-2 also resulted successful
in rodent models (Azzouz et al., 2000; 2004).

An alternative approach is to block the expression of genes that are causative of MNs

degeneration, such as mutant sod/. Successful reports has been published using small interfering
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RNAs (RNAIi) targeted to mutant sod! (Ralph et al., 2005; Raoul et al., 2005). In fact, a phase I,
randomized clinical trial has been recently performed intratecally delivering an antisense

oligonucleotide against mutant sod/ in SOD1 familial ALS patients (Miller et al., 2013).

Stem cell therapy

Several preclinical works have been carried out transplanting different types of cells in mouse
models of ALS, including embryonic stem cells, neural stem cells, bone marrow cells,
hematopoietic stem cells and mesenchymal stem cells (MSCs) (Giordano et al., 2007; Kim and de
Vellis, 2009; Meamar et al., 2013). As in other contexts, there are potential complications after
embryonic or neural stem cell transplantation since both have the ability for unlimited growth and
could be associated with high risk of teratoma formation. In addition, the possibility to replace the
lost MNs is low. Despite evidence of MN differentiation in vivo, it seems unlikely that single
localized injections of stem cells will provide long-term benefit in ALS pathology. Furthermore, the
new MNs would need to reestablish appropriate connections to both upper MNs and the correct
target muscle to become functional. Even considering the successful integration of transplanted,
MN axons growth at a rate of 1-3 mm/day requiring months for complete generations of new
connections. This limitation is largely underappreciated and, among others, is the reason that MNs
replacement cannot be currently considered as an effective therapeutic strategy for ALS (Lindvall

and Kokaia, 2010; Meamar et al., 2013; Papadeas and Maragakis, 2009).

Induced pluripotencial stem (iPS) cells are capable of differentiating into any cell type,
including MNs. Patient-specific iPS cells can be used for disease modeling, drug discovery, and
perhaps autologous cell replacement therapies. iPS cells can also differentiate into MNs for drug
screening or studying ALS cell mechanisms. Their ability to overcome immune rejection adds to

their therapeutic potential.

MSCs are also being tested for ALS cell therapies. Following intravenous injection into
SOD1%** ALS mice, human MSCs showed neuroglia differentiation and migrated to the brain and
spinal cord, surviving for long time (Zhao et al., 2007). In addition, hMSC-transplanted mice
showed a significant delay in disease onset (14 days), increased lifespan (18 days), and delayed
disease progression compared to untreated mice. Results from Phase I clinical trials have confirmed
the safety of MSC transplantation into the spinal cords of ALS patients, suggesting that MSCs may

have clinical utility (Mazzini et al., 2010).
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Hematopoietic stem cells infusion into the spinal cord parenchyma of adult mdf mice,
produced functional improvement, as well as an increase in the number of MNs in the anterior horn
of the spinal cord when compared to sham mice (Pastor et al., 2012). However, no neural
differentiation of the transplanted cells was observed. Further analysis of the experimental spinal
cords showed that the grafted cells formed cellular nests surrounding the MNs and that they
expressed GDNF, which has been hypothesized to be responsible for the neuroprotective effects of
the transplant. A phase I clinical trial in which autologous bone marrow cells were infused into the
thoracic spinal cord confirmed not only the safety of the procedure in ALS patients but also

provided evidence strongly suggesting their neurotrophic activity (Blanquer et al., 2012).
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Objectives

The general objective of the present thesis is to develop new therapeutic approaches for the

SOD1%** mouse model of ALS. With this aim, we established the following specific objectives:

1. To characterize the SOD1%** mouse model of ALS in order to develop reliable, objective

markers to assess disease onset and progression, and to evaluate new potential treatments.

2. To test the potential therapeutic effect of sigma-1 receptor modulation in SOD19** ALS mice.

3. To test the potential therapeutic effect or resveratrol administration in SOD1%** ALS mice.

4. To assess the combinatory effect of sigma-1 receptor modulation and resveratrol in SOD19**

ALS mice.
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Study design

The main goal of the present thesis was to assess by reliable biomarkers the potential effects on
disease progression and MN protection of new therapeutic approaches in the SOD1%** mouse
model of ALS. Here, we show a summary of the performed studies to facilitate understanding of the

following chapters.

Chapter I: SOD1*** mouse model characterization

19°** mouse model of ALS

The fist chapter of this thesis focused on the characterization of the SOD
in order to develop reliable, objective tools for assessing disease onset and progression, and

evaluating new potential treatments.

Electrophysiological characterization

We first made a detailed characterization of the SOD1%** mice by using electrophysiological tests,
since they are the most important tool for monitoring disease progression in ALS patients. We
found that alterations of lower MN function were evident from 8 weeks of age whereas concomitant

upper MN abnormalities appeared at 12 weeks of age.

Evaluation of gait alterations

19** mice locomotion in order to evaluate

Then, we focused on the characterization of SOD
whether alterations of both lower and upper MNs were translated into locomotor abnormalities. We
performed a detailed locomotor assessment by means of a computerized system in which mouse
gait was recorded, digitized and analyzed. Using this approach we found that first gait alterations

were evident from 8 weeks of age, correlating with the first signs of lower MNs dysfunction.

Predictive value of electrophysiological tests

Following the electrophysiological and locomotor characterization, we focused on whether pre-
symptomatic electrophysiological results were able of predict clinical disease onset and survival in
SOD1%** ALS mice. We found that pre-symptomatic electrophysiological tests are accurate in
differentiating transgenic vs. non-transgenic animals and can predict both clinical disease onset and

survival.
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Differences in disease progression depending on the genetic background of SOD1°** mice

Finally, we performed a proof of concept assessing whether electrophysiological and locomotion
tests were able to discriminate differences on disease onset and progression in SOD1%** animals
bread from distinct strains. The results revealed that although both strains have similar locomotor
impairments in rotarod from 12 weeks of age, motor nerve conduction tests showed a quite different
disease progression. Whereas muscle denervation began 2 weeks earlier in B6 than in B6SJL mice,
disease progression was more pronounced in the latter strain leading to a reduced lifespan. Thereby,
genetic background is an important factor determining disease onset and progression, and
electrophysiological tests are a useful tool to discriminate even minor differences in the course of

MND models.

Chapter II: Sigma-1 receptor agonist treatment

Once demonstrated that electrophysiological and locomotion tests were appropriate for assessing
disease progression in SOD1°*** ALS mice, we developed a first therapeutic approached based on
the manipulation of the Sigma-1 receptor (Sigma-1R). Previous studies from our laboratory
revealed that the sigma-1 receptor agonist PRE-084, produced neuroprotective effect of MNs both
in vitro (after excitotoxic insult) and in vivo (after spinal root avulsion). PRE-084 administration in
SOD1%** mice from 8 weeks of age significantly preserved lower MN function and extended
animal survival. Further analyses led us to hypothesize that PRE-084 promoted neuroprotection by

modulating the NMDA receptor function and reducing microglial reactivity.

Chapter III: Resveratrol treatment

Secondly, we evaluated a therapeutic approach based on the administration of a resveratrol (RSV)
enriched-diet. Our results revealed that resveratrol promoted significant preservation of both upper
and lower MN function accompanied by survival extension and reduced spinal MN degeneration. In
this case, we hypothesized that resveratrol was acting through the activation of sirtuin 1 and AMPK

leading ultimately to a normalization of autophagy and enhanced mitochondrial biogenesis.
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Chapter IV: Combinatory PRE-084 + resveratrol treatment

The final step was to combine both Sigma-1R modulation and RSV administration in SOD1**

mice. Although we found a significant preservation of lower MN function, survival extension and
reduction of spinal MN degeneration after the combinatorial treatment, these effects were not
enhanced compared to single treatments. Although in the previous chapters we hypothesized that
PRE-084 and RSV were acting through independent molecular pathways, the lack of synergistic
effect of the combined administration pointed to possible overlapping. In this chapter we also raised
the possibility of a limited therapeutic opportunity in SOD1°”** mice as a potential explanation of

the lack of effect of the combinatorial therapy.
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Chapter I: SOD1°”** mouse model

characterization

1.1. Electrophysiological analysis of a murine model of motoneuron

disease

Mancuso R, Santos-Nogueira E, Osta R, Navarro X. Electrophysiological analysis of a murine

model of motoneuron disease. Clin Neurophysiol 2011, 122:1660-1670.
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« Electrophysiological tests for peripheral and central conduction are useful to evaluate the early detec-
tion and the temporal progression of motor dysfunction in the SOD1 transgenic mouse model.

* Motor evoked potentials revealed early abnormalities in central motor pathways,

eree— « Motor nerve conduction tests revealed very early abnormalities in peripheral motor conduction,
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Motoneuron disease
Motor unit

Nerve conduction
Neurodegeneration

ABSTRACT

Objective: Amyotrophic lateral sclerosis (ALS) is a fatal peurodegenerative disease characterized by loss
of motoneurons of the primary motor cortex, the brainstem and the spinal cord, for which there are
not effective treatments. Several transgenic mice that mimic motoncuron discase have been used to
investigate potential treatments. The objective of this work is to characterize electrophysiologically the
SOD1“"™ transgenic mouse model of ALS, and to provide useful markers to improve early detection
and monitoring of progression of the disease.

Methods: We performed nerve conduction tests, motor unit number estimation (MUNE ), H reflex tests and
motor evoked potentials (MEPs) in a cohort of transgenic and wild type mice from 4 to 16 weeks of age.
Resulrs: The results revealed dysfunction of spinal motoneurons evidenced by deficits in motor nerve con-
duction tests starting at 8 weeks of age, cardier in proximal than in distal musches of the hindlimb. MUNE
demonstrated that spinal motoneurons loss muscle innervation and have a deficit in their sprouting capac-
ity, Motor evoked potentials revealed that, coexisting with peripheral deficits, there was a dysfunction of
central motor tracts that started also at 8 weeks, indicating progressive dysfunction of upper motoneurons,
Conclusions: These electrophysiological results provide importamt information about the SOD1"* mouse
model, as they demonstrate by the first ime alterations of central motor pathways simultaneously to lower
motoneuron dysfunction, well before functional abnormalities appear (by 12 weeks of age).

Ségnificance: The finding of concomitant dysfunction of upper and lower motoncurons contributes to the
validation of the SOD1%* mouse as model of ALS, because this parallel involvement is a diagnostic condi-
tion for ALS. Electrophysiological tests can be used as early markers of the disease and to evaluate the poten-
tial benefits of new treatments on both upper and lower motoneurons.

© 2011 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

1. Introduction

Motoneuron diseases are progressive neurodegenerative disor-
ders characterized by the loss of upper and/or lower motoneurons
(MN). Amyotrophic lateral sclerosis (ALS) is the most common
form of MN disease and it differs from others because of the degen-
eration involves both upper and lower MN. Clinically, ALS is man-
ifested as weakness, muscle atrophy and progressive paralysis and

* Corresponding author. Address: Unstat de Fisiologia Médica, Facultat de
Modicing, Universitat Autdnoma de Barcelona, E-08193 Bellaterra, Spaan. Tel: +34
G¥5811966: fax: «34 935812986

E-mall address: xavier.navarro@uab.cat (X Navarro)

1388.2457/$36.00 © 2011 International Federation of Chinical N >

reserved,

finishes with patient’s death 2-5 years after diagnosis (Wijesckera
and Leigh 2009; Worms 2001). No satisfactory treatment is pres-
ently available for ALS, Despite numerous therapeutic trials have
been attempted, the only drug approved by the FDA for the
treatment of ALS is riluzole, with limited therapeutic benefits of
about 3-4 months survival increase (Ludolph and Jesse 2009),
One of the problems of ALS is the delay in diagnosis, mainly be-
cause the initial symptoms mimic other spinal cord diseases, neur-
opathies and neurological syndromes (Kraemer et al., 2010). With
the advent of possible new therapies for ALS, there is an increasing
need for early diagnosis, because probably early therapies will pro-
duce better results,

oi:10.1016/|.clinph 2011.01.045 el

logy. Published by Blsevier Ireland Ltd. All rights reserved.

51



Results: Chapter I — Electrophysiological characterization

R Mancuso et al / Clwicel Neurephysiology 122 (2011) 1660- 1670

The development of transgenic animal models carrying genetic
mutations described in familiar ALS cases has facilitated the study
of ALS. The most widely used is a transgenic mouse with a glycine
to alanine conversion at the 93rd codon of the SOD1I gene in high
copy number (SOD1%**) (Ripps et al,, 1995). These mice develop
a rapidly progressive motoneuron degeneration, which leads to
locomotor deficits starting at 12-13 weeks and ending up with
hindlimb paralysis at 16 weeks and death around 17-19 weeks of
age (Gurney et al, 1994; Miana-Mena et al, 2005, Turner and
Talbot 2008 ). This phenotype recapitulates several clinical and his-
topathological features of both familial and sporadic forms of the
human disease (Ripps et al., 1995). Although animal models carry-
ing SOD1 mutations have been developed based on familial cases
of ALS and their validity has been questioned, especially after the
development of new models based on mutations in the TDP-43
protein (Wegorzewska et al., 2009), it has been recently found that
alterations of SOD1 protein are also related to sporadic ALS cases
(Bosco et al, 2010), thus, increasing the interest in the study of
these transgenic animals.

Electrophysiological tests are fundamental for diagnosis and
progression monitoring of patients  suffering MN  discases
(Mitsumoto et al, 2007; de Carvalho et al., 2008; Wijesekera and
Leigh 2009; Krarup 2010). Several authors have used these tech-
niques on the SOD1“"* model but. in most cases, only focusing
on the analysis of lower MN function (Kennel et al,, 1996; Azzouz
et al,, 1997: Shefner et al, 2006) and on several occasions using
methods that do not allow a time follow-up of the same animal
(Hegedus et al., 2007, 2008). The objective of this work is to pro-
vide a detailed electrophysiological characterization of the SOD1-
GHA rransgenic mouse model of ALS, Lower and upper MN
function was evaluated from early pre-symptomatic (4 weeks) 1o
end stage of the disease (16 weeks) by means of nerve conduction
and evoked potential tests. The advantages of electrophysiological
tests compared to behavioral and histological methods are estab-
lished for the early detection and evaluation of disease progression
in this animal model. We have previously used the electrophysiol-
ogy tests to assess peripheral nerve function in neuropathic
diseases (Verdd et al, 1999; Bruna et al, 2010) and after nerve
trauma (Navarro et al, 1994; Udina et al., 2003) in small labora-
tory animals, showing that these methods can reliably help in
the early detection and quantitation of loss or recovery of motor
and sensory functions (Navarro and Udina 2009).

2. Materials and methods

2.1. Transgenic mice

Transgenic mice with the G93A human SOD1T mutation (B6S)L-
TgISOD1-GI3A]1Gur) were obtained from The Jackson Laboratory
(Bar Harbor, ME, USA), and provided from the colony maintained
at the Animal Service of the Universidad de Zaragoza. Hemizygotes
were maintained by breeding SOD1%"* males with female litter-
mates, The offspring was identified by PCR amplification of DNA
extracted from the tail tissue. All experimental procedures were
approved by the Ethics Committee of the Universitat Autdonoma
de Barcelona. Rotarod and nerve conduction tests were performed
comparing female SOD1 and wild type mice with 25 animals in
each group, while motor unit number estimation (MUNE) was per-
formed in subgroups of 10 mice.

2.2, Rotarod test
Rotarod test was performed to evaluate motor coordination,

strength and balance of the animals (Miana-Mena et al, 2005),
and to establish the onset of symptomatic disease. Mice were
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placed onto the rod rotating at a constant speed of 14 rpm (rotating
cylinder 3.4 cm in diameter). The time for which each animal could
remain on the rotating rod was measured. Each animal was given
three trials and the longest latency without falling was recorded:
180 s was chosen as the arbitrary cut-off time. Rotarod was tested
weekly from 4 to 16 weeks of age.

2.3, Nerve conduction tests

For motor nerve conduction tests, the sciatic nerve was stimu-
lated percutancously by means of single pulses of 0.02 ms duration
(Grass $88) delivered through a pair of needle electrodes placed at
the sciatic notch, The compound muscle action potential (CMAP, M
wave) and the reflex H wave were recorded from the tibialis ante-
rior (TA) and the plantar (interossei) muscles with microneedle
clectrodes (Navarro et al, 1994; Udina et al, 2003; Navarro and
Udina 2009). The amplitude of the maximal M and H waves were
measured, and the H/M amplitude ratio was calculated for assess-
ment of spinal reflex function (Valero-Cabré and Navarro 2001).
For evaluation of the motor central pathways, motor evoked poten-
tials (MEP) were recorded from the TA and plantar muscles in re-
sponse to transcranial electrical stimulation of the motor cortex
by single rectangular pulses of 0.1 ms duration, delivered through
needle electrodes inserted subcutaneously, the cathode over the
skull overlaying the sensorimotor cortex and the anode at the nose
(Garcia-Alias et al, 2003). For sensory nerve conduction tests, the
recording electrodes were placed near the digital nerves of the
fourth toe to record the compound sensory nerve action potential
(CNAP) following stimulation of the sciatic nerve as above.

All potentials were amplified and displayed on a digital oscillo-
scope (Tektronix 450S) at settings appropriate to measure the
amplitude from baseline to the maximal negative peak and the
latency from stimulus to the onset of the first negative deflection,
to the maximal negative peak and to the end of the wave. To en-
sure reproducibility, the recording needles were placed under
microscope 1o secure the same placement on all animals guided
by anatomical landmarks. During the tests, the mice body
temperature was kept constant between 34-36 “C by means of a
thermostated heating pad.

24, Motor unit number estimation

For motor unit number estimation (MUNE) a subset of 10
female SOD1 mice and their respective wild type littermates were
used, The setting was the same as for the motor nerve conduction
tests, The protocol used consisted in the incremental technique
(Shefner et al,, 2002; Lago et al,, 2007), Starting from subthreshold
intensity, the sciatic nerve was stimulated with single pulses of
gradually increased intensity until the first response appeared, rep-
resenting the first motor unit recruited. With the next stimuli,
quantal increases in the response were recorded. Increments
>50 pV were considered like the recruitment of an additional mo-
tor unit. The amplitude of a single motor unit was calculated as the
mean of ~ 15 consistent increases. The estimated number of motor
units results from the equation: MUNE = CMAP maximal ampli-
tude/mean amplitude of single motor unit action potentials,

Inherent to this technique is a problem called “alternation™, in
which a difference in the amplitude of the CMAP could be due to
a different combination of already recruited motor units rather
than to the recruitment of a new motor unit. The influence of alter-
nation on the MUNE causes the number of motor units to be over-
estimated (Arasaki et al, 1997), In order to minimize the effect of
the “alternation™ phenomenon only the increases >50 uV in the
amplitude of the CMAP were considered as representing recruit-
ment of a new motor unit. Moreover, MUNE of SOD1 animals is
always referred to age matched control mice, evaluated in parallel,
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so that an overestimation should not have an effect on the
comparative results,

2.5, Histology

Subgroups of four mice were perfused with 4% paraformalde-
hyde in PBS at 4, 8, 12 or 16 weeks of age. The lumbar segment
of the spinal cord was removed, post-fixed for 24 h, and cryopre-
served in 30% sucrose, Transverse 40-pum thick sections were sen-
ally cut with a cryotome (Leica) at L2, L3 and L4 segmental levels.
For ecach segment, ecach section of a series of 10 was collected
sequentially on separate gelatin-coated slides. One slide was rehy-
drated for 1 min and stained for 2 h with an acidified solution of
3.1 mM cresyl violet. Then, the slides were washed in distilled
water for 1 min, dehydrated and mounted with DPX (Fluka). MNs
were identified by their localization in the ventral horn of the
stained spinal cord sections and counted following strict size and
morphological criteria: only MNs with diameters larger than
20 pm and with polygonal shape and prominent nucleoli were
counted. The number of MNs present in both ventral horns was
counted in four serial sections of cach L2 and 14 segments (Penas
et al., 2009).

2.6, Statistical analysis

All electrophysiological measurements were analyzed with re-
peated measurements ANOVA, applying Bonferroni post hoc test
when necessary, Histological data was analyzed using Mann-
Withney non-parametric test for each age group, Linear regression
tests were used for correlation analysis between variables.

3. Results
3.1. Rotarod test

Rotarod test was performed to evaluate the locomotion capabil-
ity of the animals and to determine the beginning of the symptom-
atic phase of the disease. The results showed differences between
transgenic and wild type mice. The performance of the SOD1 mice
started to decline between 12 and 13 weeks of age, and continued
decreasing until the end stage of the disease, when the animals
were paralyzed (Fig. 1) Control animals performance was main-
tained in 180s during all the follow-up.

Rotarod time (s)
r3
=3

404 =W W,
204 |--e- SOD
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4 5 6 7 8 9 10111213 141516
Age (weeks)

Fig. 1. Rotarod test was used to assess motor function, coordination and strength.
The trassgenic SOD1 mice performance declined from 12-13 weeks of age, Wild
type mice muiatained permanence in the rotarod during 180 s during Al the follow
wp. Values are mean £ SEM; “p <005 vs. wild type mice.

3.2. Motor nerve conduction

Motor nerve conduction test was performed to evaluate lower
MNs function, by monitoring their capacity to transmit signals from
the spinal cord to the hindlimb muscles, The results showed a pro-
gressive functional loss following a slightly different pattern
depending on the muscle tested. The degree of neuromuscular func-
tional innervation, assessed by the amplitude of the M wave, was sig-
nificantly reduced at 12 weeks in the plantar muscle, evidenced by a
60-70% reduction in M wave amplitude, whereas in the TA muscle it
started to decline earlier, at 8 weeks, when the M wave amplitude
was 75% of control values (Table 1), Fibrillation potentials, indicative
of muscle denervation, were detected at 8 weeks in the TA muscle,
were moderately abundant at 12 weeks and increased at 16 weeks
in both muscles tested. Fig. 2 shows representative recordings of
CMAPs of plantar and TA muscles of wild type and SOD1 mice. The
denervation of both muscles progressed with a different slope: the
M wave showed a marked drop between 8 and 12 weeks in the plan-
tar muscle, and a steadier decline in the TA muscle. At 16 weeks, the
M wave amplitude for both muscles averaged about 25-30% of nor-
mal values (Table 1) Electrophysiological analysis also demon-
strated slowing of motor nerve fibers conduction starting at
12 weeks in both plantar and TA muscles. The latency to the onset
of the M wave, reflecting the conduction time of the largest motor fi-
bers, showed slowing of 20-30% at 12 and 16 weeks in both muscles
(Table 1), In contrast, the M wave duration was only significantly in-
creased in the distal plantar muscle, suggesting also slowing in con-
duction of the small motor fibers (Table 1).

3.3. Sensory nerve conduction

Sensory nerve conduction tests were performed as a control,
considering that ALS does not affect the sensory system. The elec-
trophysiological recordings did not show any significant difference
neither in the amplitude nor in the latency of the CNAP recorded
from the digital nerves in the toes of SOD1 mice compared with
wild type mice (Table 1). However, the latency showed a slight,
not significant increase of about 10% in SOD1 animals at 12 and
16 weeks (Table 1)

3.4. Spinal motor reflexes

To evaluate the functional state of the spinal cord motor re-
flexes, the H/M ratio was calculated in the motor nerve conduction
tests performed (Fig. 2). In the TA muscle at 12 weeks there was a
slight increase of the H/M ratio with respect to control values that
progressed to a large increase of almost 8-fold at 16 weeks
(Table 1). In the plantar muscle, the H/M ratio of SOD1 mice was
maintained similar to normal valves until 16 weeks, when it
showed an increase of 50% (Table 1),

3.5. Motor evoked potentials

The conduction of central motor pathways was tested to evalu-
ate potential dysfunction of the descending corticospinal and
brainstem-spinal tracts and, thus, of the upper MNs in the SOD1
transgenic mice. Fig. 3 shows representative recordings of MEPs.
The results obtained from the TA muscle showed a marked de-
crease of the MEP amplitude of 40% as early as 8 weeks of age, well
before the symptomatic phase started (Table 2), The mean MEP
amplitude showed an important decline to about 15% of control
values by 16 weeks of age. The MEP latency started to increase sig-
nificantly at 12 weeks, as evidenced by an increment of 35% with
respect to wild-type mice (Table 2). In contrast, the results ob-
tained from plantar muscles showed a decline of both MEP latency
and amplitude from 12 weeks of age.
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Table 1
Electrophysiological results of peripheral nerve conduction comparing SODI and wild type (WT) mice at 4. £ 12 and 16 weeks of age.
4 weeks Bwecks 12 weeks 16 weeks
Wiin=14) SOD(n=14) WT(n~14) SOD(m=22) WT(n=21) SOO(n=22) WT(n=16) SOD(n=22)
Tibdalis ant mescle  Latency (ms) 0912002 0922001 0912002 095 002 089 s 002 106+ 002" 0862003 107 2003
Dur CMAP (ms) 1352006 1461003 1422005 146 2002 150+ 004 157003 1412004 1,60 2 0.08
Amp CMAP (mV) 4722254 5302200 5282247 3892260 526+123 298:279° 5062290 1322162
H/M ratio (X) 2812027  23%:020 317009 2985:047 J16£038 491:08 1692062 1132149
Plantar mascle Latency (ms) 1732002 173002 1852007 153004 1L70:003 2142006 1642007 2092009
Dur CMAP (ms) 104 2 006 L1003 0582003 10004 101 £ 003 149010 0962004 1512009
Amp CMAP (mV) 6581045 6742042 6482037 599:040 6861043 2462028 65412065 1932 042"
HM ratio (X) 1442332 1202139 1652295 1752225 15452203 1202234 1832318 27212646
Degpital perve Latency (ms) L21 2002 119002 1162004 1132002 108 s 002 118003 100 £ 003 107 2002
Amp CNAP (pV) 5422337 507243 504399 4762265 4702273 4972229 479:+29 49.2 1 266
CMAP. compound muscle action p al: CNAP, compound nerve action potential; Dur, duration; Amp. amplitude,

© p <005 vs. wild type group.

To ascertain the involvement of central versus peripheral motor
pathways. the MEP/M amplitude ratio and the MEP-M latency
were calculated. For the TA muscle, there was a progressive de-
crease of the MEP/M ratio in SOD1 mice compared with wild type
mice, The decline started at 8 weeks when the ratio was
225+ 1.9%, about 80% of control values, and became significant
at 12 and 16 weeks with ratios decreased to 154 +1.6% and
13.5 £ 2.4%, about 55% and 45% of control values, respectively
(Table 2). The MEP-M difference latency showed a mild increase
of central conduction time at 8 and 12 weeks, and marked at
16 weeks, being about 60% higher with respect to controls
(Table 2). In the case of the plantar muscle, the MEP-M latency
was significantly increased only at 16 weeks, when it was more
than 100% higher than control values (Table 2).

3.6, Motor unit number estimation

The estimation of the number of functioning motor units
(MUNE) was performed in a subset of animals as an indirect evi-
dence of the survival of spinal MNs, The motor unit number started
to decline significantly in SOD1 mice at 8 weeks in the TA muscle
(176 £ 16 vs. 218 £ 13 motor units) and at 12 weeks in the plantar
muscle (12 £ 2 vs. 31 £ 2 motor units). Disease progression resulted
in a marked drop of the MUNE between 8 and 12 weeks that was
more severe in the plantar than in the TA muscle, reaching 40%
and 50% of control values, respectively. At 16 weeks, there were
about 35% of functioning motor units compared with wild type
mice in both muscles (Fig. 4),

The mean amplitude of single motor units in SOD1 mice
showed a significant reduction compared with wild type mice,
both in plantar and TA muscles (Fig. 4E and F). In the plantar mus-
cle, the amplitude reduction started at 12 weeks (0.19 £ 0,02 vs.
024 £ 002 mV) and progressed until 16 weeks (0152002 vs,
0.22 £ 0.02 mV), whereas in the TA muscle the decline became sig-
nificant only at 16 weeks (0.17 £ 0.01 vs. 0.22 £ 0.01 mV).

The motor nerve conductions tests performed in this subgroup
of animals revealed an evident decrease in the amplitude of the
CMAP of plantar and TA muscles, which followed a similar trend
that for the whole group of mice. Thus, the M wave amplitude
started to decline at 8 weeks in the TA muscle (39.0£4.4 vs.
5112 1.6mV in wild type mice; 25% decrease), and at 12 weeks
in the plantar muscle (2262048 vs, 7612048 mV; 30%
decrease) (Fig. 5A and B). There was a significant linear regression
between the MUNE and the M wave amplitude for both plantar
and TA muscles (Fig. 5C and D).

3.7. Motoneuron loss

The extent of MN degeneration was determined by counting the
number of stained MN soma in the ventral homs of lumbar spinal cord
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sections of wild type and SOD1 mice of 8, 12 and 16 weeks of age. The
lumbar segments analyzed were L2 and L4, in which the TA and the
plantar muscles motor nucled are represented ( McHanwell and Biscoe
1981). In all the sections, MN counts were made for the lateral (inner-
vating hindlimb muscles) and the medial (innervating axial muscies)
areas of the ventral horn lamina IX. Neurons smaller than 20 pym in
diameter were excluded from counting, even if they could be atrophic
MNs because they were unlikely to be functional,

The first pathological observation in SOD1 mice spinal cord was
the appearance of MN degeneration evidenced by cytoplasm vacu-
olization and attenuation of the Nissl bodies staining (Fig. 6A).
Fig. 68 shows representative microphotographs of L4 and 12 ven-
tral homs from wild type and SODI mice at 12 weeks and
16 weeks of age. The number of lateral MNs started to decline at
12 weeks at both L2 and L4 segments, with a loss of approximately
25% compared to wild type mice. MN degeneration progressed at
16 weeks, when the surviving MNs were only 50% in both seg-
ments (Fig. 6C), The number of medial MNs did not show differ-
ences at 8 and 12 weeks compared with wild type animals, but it
was reduced at 16 weeks to about 70% of controls for the two
spinal segments (Fig. 6C).

4. Discussion

The results of the electrophysiological tests performed provide
important information about the SOD1“** transgenic mouse ani-
mal model, as they demonstrate for the first time that dysfunction
of central motor pathways is coexisting with peripheral motor def-
icits, and both are detected well before the loss of spinal motoneu-
ron cell bodies or the first functional evidences appear (by
12 weeks of age). The results of this study show dysfunction of
the lower MNs that progress from proximal to distal muscles, evi-
denced by a deficit in motor nerve conduction from 8 weeks of age.
Moreover, the MUNE demonstrated that lower MNs lose muscle
innervation and had a deficit in their sprouting capacity, The study
of the MEPs showed that, in parallel to peripheral deficits, there is a
dysfunction in central motor conduction in SOD1 mice starting also
at 8 weeks. The finding of a concomitant dysfunction of upper and
lower MN contributes to the validation of the SOD1°*™ mouse as a
useful model of ALS, because this double contribution is an essen-
tial condition for ALS diagnosis in patients. Electrophysiological
tests can be used as early markers of the disease and to evaluate
new treatments and their potential beneficial effects both for
upper and lower MN manifestations,

4.1. Lower motoneuron contribution to motor dysfunction

Motor nerve conduction and electromyography tests are widely
used to analyze lower MN function in ALS patients, and may reveal
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Fig. 2. Representative recordings of CMAPs from plantar and tiblalis anterior muscles in wild type and SO0 animals at 12 and 16 weeks of age. The CMAP recordings present
two waveforms: the M wave, pointed by an "M”, and the late H reflex response, posnted by an "H”. Note the marked decline of the amplitude and the slight increase of the
latency of the M wave in SOD 1 mice, There is also an increased duration of the M wave in SOD1 asimals at 16 weeks of age, demonstrating invalvement of all types of motor

unets.

involvement in clinically silent muscles (Krarup 2010; Wijesekera
and Leigh 2009). These techniques have been also applied to eval-
uate motor function in animal models, such as the SOD1 transgenic
mouse (Kennel et al, 1996; Azzouz et al, 1997; Shefner et al,
2006). Kennel et al. (1996) reported the earliest significant decre-
ment in CMAP and loss of motor units in the gastrocnemius muscle
of SOD1%7 mice at 47 days of age. which progressed linearly until

end-stage disease. Yet with the same methodology from the same
muscle, Azzouz et al. (1997) reported a biphasic decline of the
CMAP and motor unit number, with a slow decline between 60
and 100 days of age followed by a faster loss. By using surface elec-
trodes to record from all hindlimb muscles simultaneously, Shef-
ner et al. (1999, 2002) found that the CMAP begins to rapidly
decline at ~60 days of age, concomitantly with a loss of functional

55



Results: Chapter I — Electrophysiological characterization

R Mancsso ef ol / Climicol Newrephysiology 122 (2011) 1660-1670 1665
Plantar Tibialis anterior

g

\/ ™\
W |
=

1mv| 2ms : ‘Jl&
2
g
g /
~ /
: /‘\','\\.r-’ \(/—h—- \
a | A
2 A

uuvl S 2"ﬂ'Vl 2 T
E
z A
° —
E “'J\A\f-'\r_/__ [ \ﬁ’,
2

unvl
1mvl S 2me

Fig. 3. Repeesentative recordings of MEPs from plantar and tiblalis anterior mescles in wild type and SOD1 animals at 12 and 16 weeks of age, Note the marked decline of the

amplitisde and the slight incroase of the latency in SODI mice.

motor units. Using more sophisticated and time consuming tech-
nique Bodrio et al. (2010) have also demonstrated that SOD1%"**
mice show abnormalities in axonal excitability that start between
8-10 weeks and stabilize by 11-13 weeks: although these findings
do not provide direct information about the loss of lower MN func-
tion, they contribute to the understanding of mechanisms that
could be altered in the degenerating MN. One of the aims of this
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study was to provide novel information of the discase course by
combining electrophysiological evaluation of TA and plantar
muscles from the same animals, during all their life span. Our re-
sults showed that, despite human ALS and the SOD1 mice usually
present clinical symptoms from distal to proximal muscles (Brown
1995), the first signs of muscle denervation were observed in the
TA muscle rather than in the more distal plantar muscles, as
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Table 2
Electrophysiological results of central motor conduction comparing SOD1 and wild type (WT) animals at 4, 8, 12 and 16 weeks of age
4 woeks 8 weeks 12 weeks 16 weeks
Wiin=14) SOD (n+=14 Wiine14) SOD(n=22] WTin«21) S00(n=22) Wiin=16) SOD(ne22)
Tibsals ant muscle  Latency MEP (ms) 4702018 5062012 454200 5642040 438: 01 5772037 429:026 858 080"
Amp MEP (ms) 1772078 1902 156 147220 897 2 1.06 1432167 4842082 1342166 13700
MEP/M ratio (%) 62230 IGO0 L2354 2722336 2252188 2712293 1542160 2512256 1352244
Latency MEPM (ms) 3792018 4.13:002 3622029 469 2 040° 349:022 4722037 3.16£035 753080
Plantar muscle Laterscy MEFP (ms) 5692004 581:0m 5582003 6322057 5372002 6722023 499:014 112120
Amp MEP (ms) 0.60 = 0.08 058:009 0442008 0752006 0302005 0732015 0162004
MEP/M ratio (%) 8512146 8962116 8212148 108+193 1562264 152242 2902977
Latency MEP-M (ms) 397:0014 3722027 409 =057 366:002 4192024 103+034  903:120
MEP, motor evoked potential, Amp, ampitude.
T p <005 vs. wild type group
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Fig. 4. Evaluation of functiosal motor units of SODT mice, Number of functsonal motor usats [MU) of (A) plantar muscle and (C) tibialis anterior muscle. Repeesentative
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evidenced by the earlier decrease of M wave amplitude and the
more pronounced reduction of number of functioning motor units
in the TA muscle at 8 weeks (56 days). Nevertheless, at the
beginning of the symptomatic phase by 12 weeks denervation
was more pronounced in plantar than in the TA muscle. The CMAP
amplitude followed a linear decline in the TA muscle from 4 to
16 weeks of age, whereas in the distal plantar muscle there was
a more marked decline from 8 to 12 weeks followed by a mild de-
crease until 16 weeks of age in the SOD1 mice. The finding of many
fibrillation potentials from 12 weeks indicates that an acute ongo-
ing denervation process was taking place (Navarro and Udina
2009). It has been shown that larger (and faster) motor units are
the most susceptible to loss in mouse models of ALS (Fischer
et al, 2004; Pun et al, 2006) and in human patients (Dengler
et al, 1990; Sobue et al, 1983). Considering that TA and plantar
muscles have ~90% and ~60% of fast twitch muscle fibers, respec-
tively (Hegedus et al., 2007; Boério et al., 2010), the especial vul-
nerability of faster motor units could explain the differences in
the onset of manifestations in these two muscles. However, it re-
mains unclear why the TA muscle shows progressive involvement
during the discase process while the plantar muscle suffers an
acute drop of innervation, with a common final preservation of
25-30% of function by 16 weeks. These findings about progression
of motor loss in muscles located at different distance from the
spinal cord has not been described before and reveal that, although
SOD1“"** mice have been extensively studied, we still need deeper
knowledge that may lead to a better understanding of the disease
process,

Although the electrophysiological results show clear functional
deficits from 8 weeks, the locomotor tests demonstrate that symp-
toms begin between 12 and 13 weeks, when SOD1 mice start to de-
cline in the rotarod performance, as well as in other strength tests
(Miana-Mena et al., 2005: Moreno-Igoa et al., 2010). This means
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that the animals are able to perform the locomotion tests even if
they do not have full motor innervation, and that behavioral symp-
toms become evident when motor nerve function declines below a
critical value, estimated in approximately 50% reduction of the M
wave of TA and gastrocnemius (Kennel et al., 1996) muscles.

The histological results indicate that degeneration and loss of
spinal MNs follow with delay the abnormalities in motor nerve
conduction tests, but are more coincident with locomotion defi-
cits in SOD1 mice. In fact, the first MN cell bodies that degener-
ate in the spinal cord are those located in the lateral portion of
the anterior hom, which are those that innervate hindlimb mus-
cles, whereas MNs in the medial portion that innervate axial
muscles are smaller in size and presumably more resistant to
the disease (Pun et al, 2006; Hegedus et al., 2008). The decrease
in motor unit number before motoneuron loss in the spinal cord
is the result of axonal lesion likely taking place distally by
detachment at neuromuscular synaptic sites. Analysis of the neu-
romuscular junction showed that denervation of end-plates was
significant by ~7 weeks, and continued to progress until the end
stage of the discase (Fischer et al, 2004), These findings agree
with the CMAP reduction we observed from 8 weeks in the TA
muscle.

It has been noticed in previous studies that large MNs are more
vulnerable to disease progression than the small ones (Frey et al.,
2000; Pun et al., 2006). These observations are partially supported
by our electrophysiological results. First, the large decrease of the
M wave amplitude with a comparatively less reduction in number
of MNs suggests predominant loss of large motor units. Second, in
the TA muscle there was more marked slowing in the initial la-
tency than in the final latency of the CMAP (see Fig. 2B and (),
pointing to earlier involvement of the larger (and faster) motor
units. According with what happens in ALS patients (Wijesekera
and Leigh 2009), sensory nerve conduction was not affected in
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SOD1 transgenic mice, However, it is worth to note that there was due to axonal atrophy or to a decrease in metabolic activity and
a slight but not significant increase in the sensory latency, which body temperature of the animals. This could also contribute to
may point to a general loss of axonal conduction velocity, likely the decline observed in the motor nerve latency.
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Motor unit number estimation is also useful to evaluate lower
MN function and to analyze disease progression both in ALS pa-
tients and animal models (Hegedus et al, 2008: Shefner et al,
2002, 2006; Wijesekera and Leigh 2009). Methods used for the
determination of the number of functioning motor units in vivo,
based on electromyographic and tension measurements, give an
estimate that does not exactly match but correlates well with the
histological counts of alpha-MNs in the spinal cord (Arasaki
et al. 1997: McHanwell and Biscoe 1981) Our results
demonstrated a progressive reduction in the number of functional
motor units, in concordance with previous reports (Azzouz et al.,
1997; Hegedus et al,, 2008; Shefner et al., 2006). Surviving motor
units in SOD1 animals do not have enough sprouting capacity to
compensate the loss of their partners, as evidenced by the lack of
enlargement, and even reduction, in the mean amplitude of single
motor units along time (Hegedus et al.. 2008; Shefner et al., 2002,
2006). We also found a significant positive correlation between the
number of surviving motor units and the amplitude of the M wave
during follow-up. These means that, although other authors sug-
gested that MUNE is the best technique to assess loss of lower
MN function in ALS models (Hegedus et al, 2008; Shefner et al,
2002, 2006; Wijesekera and Leigh 2009), the CMAP recorded by
motor nerve conduction tests may be a reliable enough and easier
to perform measurement to follow up disease progression and
evaluate the effects of potential treatments.

4.2. Upper motoneuron contribution to motor dysfunction

Further analysis of lower MN function show that they may be-
come hyperexcitable as MN disease is progressing, as evidenced by
the increase in the H/M ratio, especially in the TA muscle, The
hyperreflexia is consistent with the spastic paresis that the SOD1
mice present in the symptomatic phase. Actually, this is the first
study evidencing abnormalities in the spinal circuits leading to
hyperreflexia, similar to what happen in ALS patients (Leigh and
Ray-Chaudhuri 1994). The increased H/M ratio may be due to sev-
eral reasons: first, intrinsic plastic changes or degenerative pro-
cesses in the spinal cord involving inhibitory interneurons
(Chang and Martin 2009); second, changes in intrinsic excitability
of MNs (Kuo et al., 2004, Zona et al.. 2006) or motor axons (Kuo
et al., 2004; Boério et al., 2010), and third, dysfunction of cortico-
spinal pathways that exert control of lower MNs (Wada et al,
1989),

It has been recently shown that SOD1 alterations are related
with sporadic forms of ALS (Bosco et al.. 2010). These findings in-
crease the need to better understand if animal models based of
SOD1 gene mutations develop a disease process similar to which
happens in patients, Although it has been already shown that low-
er MNs are affected in this mouse models (Kennel et al., 1996;
Azzouz et al, 1997; Shefner et al, 2006), a concomitant dysfunc-
tion of upper MN, an essential condition for ALS diagnosis in pa-
tients (Wijesekera and Leigh 2009) was not demonstrated until
now. To our knowledge, this is the first study revealing functional
abnormalities of central motor pathways simultancously to the
dysfunction of spinal MNs, demonstrating an upper MN contribu-
tion to the disease in the SOD1%"™ mouse model. Our results illus-
trate that central conduction tests showed a decline in the MEP/M
ratio and an increase in MEP-M latency from 12 weeks of age,
reflecting involvement of brain and brainstem upper MNs (Table 2).
By means of the injection of fluorescent retrotracers at the spinal
cord it was shown a progressive reduction in corticospinal and
brainstem-spinal projections in the SOD1“** transgenic model
that started at 90 days (Zang and Cheema, 2002). Central motor
conduction analysis also showed that lower MN dysfunction pre-
cedes that of upper MNs, as evidenced by the earlier decline of
the M wave amplitude compared with the MEP/M amplitude ratio,
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This progression fits with that of patients who suffer lumbo-sacral
onset ALS, in which the first symptoms are due to lower MN dys-
function (Wijesekera and Leigh, 2009),

4.3, Potential markers of motoneuron disease

In a degenerative disease with so fast evolution, such as ALS, it
is presumed that for being effective any therapeutic approach
should be started as early as possible in the course of the disease
before a significant number of MNs start degenerating. With the
advent of specific biological therapies for ALS there is an increasing
imperative for carly diagnosis, In this work we show that non-
invasive electrophysiological studies can be applied in experimen-
tal models, as wells as in the clinic, for the early detection of
dysfunctions in MN diseases, and as precise markers to assess
the functional efficacy of new potential treatments at the experi-
mental level. The diagnosis of ALS is based on the combination of
both lower and upper MN dysfunction signs (Wijesekera and Leigh
2009), Interestingly, the results of this study indicate that, at least
in the SOD1 mouse model, recording of peripheral CMAPs is an
equally reliable functional parameter than MUNE. This may repre-
sent an improvement in the repeated evaluation because CMAP
acquisition is easier and its variability is lower compared with
MUNE, which is a more time-consuming technique, The involve-
ment of central motor pathways also contributes significantly to
the progression of ALS not only in patients but also in the animal
madel. In the search for diagnostic tests to evaluate upper MN
involvement, neurophysiological and imaging techniques are used
{Iwata 2007), but there is a lack of agreement regarding the sensi-
tivity and specificity of these techniques. The non-invasive record-
ing of MEPs, as performed in this study, is an adequate technique
for the study of motor pathways in the experimental model, allow-
ing comparative assessment of lower and upper MN function,
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ARTICLEINFO ABSTRACT
Article history: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by the loss of
Accepted 12 june 2011 upper and lower motoneurons. Clinically, it is manifested by weakness, muscle atrophy and
Available online 5 July 2011 progressive paralysis and ends up with patients’ death 2-5 years after diagnosis. Although
these symptoms lead in many cases to gait deficits in patients, an exhaustive locomotor profile
Keywords: of animal models mimicking the disease has not been assessed yet. In this work we evaluated
Locomotion the locomotor performance of the SOD1“" mouse model of ALS using computerized treadmill
Motoneuron disease gait analysis. SOD1“** mice presented early (8 weeks of age) gait abnormalities, evidenced by
Neurodegeneration an increase in the time of the propulsion phase of hindlimb stance. The alterations progressed
SOD1 mouse during the disease until a complete disturbance of normal gait. This finding is meaningful to

the field because the identification of a significant difference in a functional endpoint as early
as 8 weeks might be a step forward resolving the debate about treatment of mice prior to the
symptomatic phase in efficacy studies. These results also point out that digitizing analysis of
treadmill locomotion may be useful to evaluate whether new therapeutic approaches are
improving functional outcome of the animals.

© 2011 Elsevier B.V. All rights reserved.

1 Introduction strategies for the human disease, The most widely used is the
SOD1“A transgenic mouse, whose phenotype recapitulates
Amyotrophic lateral sclerosis (ALS) is the most commeon form the clinical and histopathological features of ALS (Miana-Mena
of motoneuron disease, characterized by degeneration of both et al, 2005; Ripps et al, 1995; Tumer and Talbot, 2008).
upper and lower motoneurons. Clinically, ALS manifests as Although animal models carrying SOD1 mutations have been
weakness, muscle atrophy and progressive paralysis, and developed based on familial cases of ALS, it has been recently
finishes with patients’ death a few years after diagnosis described that alterations of SOD1 protein are also related to
(Wijesekera and Leigh, 2009; Worms, 2001), since there are no sporadic ALS cases (Bosco et al, 2010), thus, increasing the
effective treatments available (Ludolph and Jesse, 2009). The applicability of studies based on these transgenic animals.
development of transgenic animal models carrying genetic Detailed gait analysis applied to common laboratory
mutations described in familial ALS cases (Rosen, 1993) has species has provided valuable information regarding human
facilitated the study of etiopathogenic factors and therapeutic and quadruped locomotion (Clarke and Still, 1999; Gillette and
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Abbreviations: ALS, amyotrophic lateral sclerosis; CMAP, compound muscle action potential; CV, coefficient of variation; PL, print
length; SOD, superoxide dismutase; TS, toe spreading
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Angle, 2008; Varejao et al,, 2001), and has shown sensitivity to
detect disease- or injury-related changes. Until now, the most
common behavioral locomotion techniques used in mice have
been footprint analysis (mainly used to evaluate recovery from
peripheral nerve lesions) (de Medinaceli et al, 1982, Varejio
et al, 2001) and the rotarod test (mainly used in peripheral
neuropathies and neurodegenerative models including SOD1
mice) (Kaplan and Murphy, 1972, Knippenberg et al, 2010;
Miana-Mena et al, 2005; Verdu et al,, 1999). However, they are
limited by their low sensitivity and specificity.

Historically, the locomotor performance of SOD1°** mice
has been evaluated using the rotarod test (Gumey et al., 1994;
Miana-Mena et al, 2005) as one of the primary measures of
disease progression and its modification by therapeutical
strategies. However, the rotarod test lacks sensitivity, since it
only begins to detect motor deficits at 13 weeks of age. These
deficits progress rapidly until complete hindlimb paralysis at
16-18 weeks, thus providing a relatively narrow time frame in
which to detect possible changes. Thus, rotarod is not suffi-
ciently sensitive to detect motor deficits prior to the onset of
overt clinical symptoms, despite histological and electrophys-
iological evidences demonstrating earlier motor abnormalities
in pre-symptomatic SOD1 mice (Azzouz et al, 1997; Fischer
et al, 2004; Kennel et al,, 1996; Mancuso et al,, 2011). Moreover,
the rotarod test is not always able to reveal functional
improvement, even when the treatment applied improves the
condition of the animals or improves the survival of motoneu-
rons (Fischer et al., 2005). For these reasons, in the current study
we sought to evaluate locomotor performance of SOD1”** mice
using a digital video system that captures paw placement
during treadmill locomotion and calculates standardized gait
parameters (DigiGait™, Mouse Specifics Inc.). Our goal was to
determine whether locomotor abnormalities could be detected
early in the disease, prior to onset of overt symptoms, as well as
during symptomatic and end-stage disease. The capability of
early detection would likely increase the possibility of demon-
strating functional improvement, the primary objective during
testing of potential therapeutic approaches.

2. Results

2.1.  Rotarod test

The performance of the SOD1 mice in the rotarod test started
to decline between 12 and 13 weeks of age, and continued
decreasing until the end stage of the disease, when most
animals (75%) were paralyzed and completely unable to hold
by themselves in the rod (Fig. 1). In contrast, wild type animals
maintained performance during the cut-off 180 s time in the
rotarod during all the follow up.

2.2.  Footprint analysis

The analysis of the footprints recorded in the walking track
test did not show significant differences in the print length
and in the toe spread between SOD1 and wild type mice (Fig. 2;
data not shown). Although other authors have considered the
stride length as another parameter for the study of mouse

66

160 =~ ."'
140 = 3
€ 304 Yk — T
§ 100 = ! --e- 50D
3 w- ",
3 60 = ¥ 29%
40 = ¥
20 - i’"
0 L) Ll Ll L) L) L) Ll L) L 1

Al Ll
4 5§ 46 7T X 9 N
Age (weeks)

12 13 14 15 16

Fig. 1 - Time on the rotared in SOD1 (n=12) and wild type
(n=10) mice: the time declined after 12 weeks of age in
transgenic SOD1 mice, whereas wild type mice maintained
permanence in the rotarod during 180 s during all the follow
up. Values are mean = SEM; * p<0.05 vs. wild type mice. Only
25% of SOD1 mice were able to maintain in the rotarod during
at least S s to allow for measurement at 16 weeks,

locomotion (Knippenberg et al,, 2010), we did not find itas a
reliable measurement in this test because mice do not usually
perform a regular voluntary walk across the walkway.
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Fig. 2 - Representative images of footprint analysis of (A) wild
type and (B) SOD1 mice at 16 weeks of age. The analysis of the
footprints did not show any differences in the print length
and in the toe spreading between wild type (n=10) and
transgenic SOD1 (n=12) animals. TS, toe spread; PL, print
length.
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Fig. 3 - A. Images of a mouse walking on the DigiGait, and corresponding software processing (forepaws: right in blue and leftin
purple; hindpaws: right in red and left in green). B, Representative gait signals for the left forepaw and right hindpaw of a wild
type mouse walking at 20 cm/s. Note that gait pattern is qualitatively and quantitatively different in fore- and hindpaws,

2.3. DigiGait analysis

Fine analysis of the walking pattern was performed with the
DigiGait system (Fig. 3, Tables 1 and 2). To validate the gait
analys

sis performed, we paid attention first to the wild type
mice at 8 weeks of age. Previous studies by Clarke and Still
(1999) showed that normal mouse locomotion has two main

increases with increasing velocity. As shown in the Tables 1
and 2, stride duration of fore
unchanged in wild type animals at 20 cm/s. Moreover, stride
duration decreases from 3200 to 251.5 ms and stride frequen

and hindlimbs remains

cy increases from 3,38 10 4,12 steps per second when treadmill
speed was increased from 15 to 20 cmy/s. Thus, our results
demonstrate that DigiGait analysis is an adequate method to

characteristics: on one hand, stride duration of fore- and
hindlimbs does not change when velocity is constant and, on
the other hand, stride duration decreases and stride frequency

evaluate locomotion of mice. Then, in order to analyze the
repeatability of the gait measurements, wild type mice were
subjected to three tests on consecutive days. We calculated

Table 1 - Gait parameters of WT (n=10) and SOD19** (n = 12) mice hindlimbs during disease progression.

8 weeks 12 weeks 16 weeks
wT SOD1 wT SOD1 wWT SOD1
Stride (ms) 2512295 2652250 2576289 271.0+82" 2500+88 317.7+114"
Stance (ms) 1536248 1680:4.2" 54059 1703+86" 1545285 1963296
Swing (ms) 976265 973:56 1036263 14273 955259 121.4260"
Propulsion (ms) 1158246 1269246 1120262 122927.2" 1129278 161.42104"
Absolute paw angle (%) 16.10= 1.855 1467 £2.203 159022169 13.4521.752° 153322027 504821443"

3270+0.159"
148020107

3.762+0111°
1.908.+0,081

412020155
2.000:0.070

3.827 £ 0,085
1.918:0117

194020142
204420079

4.056+0.165
2.10020.062

Stride freq. (# of stepa/s)
Stance width (cm)

Values are mean « SEM
p<0.05 vs. wild type
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Table 2 - Gait parameters of WT (n=10) and SOD1“"** (n=1
P (

2) mouse forelimbs during disease progression

8 weeks 12 weeks 16 weeks

wT SOD1 wT SOD1 wT SOoD1
Stride (ms) 2495:88 2638:59 251.7187 2745289" 2451294 29152105"
Stance (ms) 1604246 1658154 1530157 1666257" 1456278 1889262"
Swing (ms) 89.2253 98.1246 986247 1081250 95255 1026271
Propulsion (ms) 929260 915257 88.71+82 875164 818276 832288
Absolute paw angle (") 6.87321.036 5.55041.751 69504 1.194 373220977" 741121240 2.07520680"
Stride freq. (# of steps/s) 4.095+0.154 38450072 4.017+0.150 3686:0.118" 4.14420.180 3.298:0.139"
Stance width (cm) 152020078 141820078 1.34420.108 1.30920.107 1.54420.151 1.11720.109"

Values are mean « SEM.
"p<0.05 vs. wild type.

the coefficient of variation (CV) from 5 to 7 steps of one single
recording (intra-test CV) and also from the three different
recordings of the same animal (inter-test CV). Intra-test CV of
stride, stance, swing and propulsion durations ranged be-
tween 9.2 and 16.6%., while inter-test CV was comprised
between 7.0 and 14.5%, thus demonstrating enough reproduc-
ibility of the results, Furthermore, the mice were divided in
two subgroups of wild type (n=5 each subgroup) and SOD1
transgenic (n«=6 each subgroup), which were tested on
different days. Since we did not find any significant difference
in any gait parameter during all the follow up between
subgroups (ANOVA for repeated measurements taking the
day as a factor; p>0.05 in all cases), the results were pooled
together for comparisons between wild type and SOD1
animals.

The evaluation of the general motor performance showed
that not all SOD1 mice were able to run in the DigiGait test
until the end stage of the disease. All the mice were able to
walk at the three treadmill speeds assessed (15, 20 and 30 cnv/s)
at 8 and 12 weeks of age, but their performance significantly
(Kaplan-Meir test, p<0.05) declined at 16 weeks when only
66.7% (8 of 12) of the mice were able to maintain regular
walking at 15 cm/s, 50% (6 of 12) at 20cm/s and none at
30 cm/s.

A detailed analysis of gait parameters was made for runs at
20 em/s speed, since this speed is the most adequate for both
early detection and evaluation of deficits until the late phase
of the disease. When the animals were not able to perform the
test at the end stage of the disease (16 weeks), an arbitrary
penalization value was attributed consisting on a 10% worse
value with respect to the animal that showed the worst
performance for each particular parameter.

Gait dynamics of SOD1 mice was significantly different
from wild type mice. The most marked differences were
related to the hindlimbs' performance, in which SOD1 mice
presented a longer stance time compared with wild type mice
already at the pre-symptomatic stage (8 weeks). A detailed
analysis of the different phases of the stride revealed that this
change was due to a significant increase in the propulsion
phase, the accelerating part of the stride, whereas the braking
phase was not affected (Fig. 4; Table 1),

At 12 weeks of age, gait abnormalities progressed in the
hindlimbs and affected also the forelimbs, Stance and
propulsion times of the forelimbs were significantly increased,
involving relatively more the swing than the propulsion
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phase, and the global stride time also increased in SOD1
mice compared with wild type mice (Fig. 4, Table 2). In parallel
with this increment in the stride time, SOD1 animals showed a
significant reduction in the stride frequency. At 16 weeks of
age the animals able to perform the test showed pronounced
locomotor abnormalities both in forelimbs and hindlimbs. In
fact, the only parameter that remained unchanged was the
swing time of the forelimbs (Tables 1 and 2).

Finally, SOD1 mice showed a reduction in the paw angle
(Fig. 5) that was significant at 12 and 16 weeks, but the stance
width showed & significant reduction only at the end stage of
the disease (16 weeks) (Tables 1 and 2).

24, Nerve conduction results

Motor nerve conduction tests were performed to assess
whether the repeated battery of locomotion tests applied
could somehow affect the disease progression of the animals,
thus compromising the reliability of the study. The results did
not show any differences between the group of SOD1 mice that
were tested and another group not tested (Table 3).

3. Discussion

The results of this study indicate that SOD1 mice suffer early
locomotor abnormalities (by 8 weeks of age), mainly evidenced
by a significant increase in the time of the propulsion
(accelerating) phase of hindlimb stride. These gait abnormalities
correlate with previous findings revealing early electrophysio-
logical deficits of peripheral motor function in the hindlimbs of
SOD1 mice, also evident at 8 weeks of age (Azzouz et al,, 1997,
Kennel et al., 1996; Mancuso et al, 2011), and show that these
alterations lead to functional deficits. These findings also
indicate that computerized analysis of gait parameters may
have an important role for the study of the motor system
function in mice. Focusing in the ALS model, it is critical to
understand functional consequences of the disease process in
transgenic mice to determine whether new treatments may not
only arrest the disease but also prevent the development of
irreversible deficits.

ALS affects the motor system producing muscle weakness
and leading in many cases to lower limb paresia and gait
deficits in patients (Wijesekera and Leigh, 2009). Despite this
fact, there is no exhaustive study evaluating the evolution of
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Fig. 4 - Stance and propulsion duration dynamics of fore- and hindlimbs in SOD1 (n=12) and wild type (n»10) mice, Note the
significant increase in the duration of both parameters in hindlimbs at 8 weeks, pointing out to early abnormalities in
locomotion of the transgenic mice. Values are mean + SEM; * p<0.05 vs. wild type mice.

gait performance during disease progression in SOD1 mice,
the most widely used animal model of ALS. Usually, the study
of these animals was focused in the detection of the first
deficits in motor performance using simple tests such as the
hangwire test and the rotarod, with the aim of determining
the onset of the symptomatic phase of the disease, (Miana-
Mena et al., 2005; Moreno-igoa et al., 2010). However, these two
methods have several limitations, the most important of
which is the lack of sensitivity to detect early abnormalities
and the short time of dysfunction until complete paralysis,
Our results regarding footprint analysis show that this
technique is unable to detect significant deficits in SOD1 mice
locomotion, neither in the print length nor in the toe

A

spreading. These findings regarding footprint analysis are in
accordance with those from other authors describing abnor-
malities in locomotion until 17 weeks, when the animals
started to show signs of paralysis (Knippenberg et al., 2010). in
fact, Knippenberg et al. (2010) have shown a slight reduction in
the stride length of SOD1 animals from 15 weeks of age using
footprint analysis. However, this reduction might be inter-
preted as an artifact due to the decline in the runtime of the
mice, that increased by 15 weeks. The ability for toe spreading
was also reported to occur quite late in the SOD1 mice (Azzouz
et al, 1997). It has been shown that electrophysiological
deficits of SOD1 mice start earlier in proximal muscles, such as
tibialis anterior or gastrocnemius, than in more distal ones,

Fig. 5 - Representative images of hindpaws placement angle at maximum contact area of (A) wild type and (8) SOD1 mice. Note
the marked decreased in the paw placement angle of SOD1 with respect to wild type animals.
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Table 3 - Results of the motor nerve conduction study comparing the disease progression of SOD1“"** mice that were tested

(SOD1 + DigiGait, n=12) and not tested (SOD1 Control, n=8) on the Digigait. The lack of significant (p >0.05) differences points
out that DigiGait can be done without affecting the condition of the animals.
8 weeks 12 weeks 16 weeks
SOD1 Control  SOD1+Digigait SOD1 Control SOD+Digigait SOD1 Control SOD1+Digigait
CMAP amplitude (mV) 3622122 3542077 2472245 2552257 1262222 1172155
Latency (ms) 0952002 0942003 1072004 1.0620.01 1062004 1.08+003
Values are mean s SEM.

such as plantar interossei muscles (Azzouz et al, 1997;
Mancuso et al, 2011), These observations suggest that the
first muscles showing functional deficits may be the most
proximal and, thus, out of the range of study of the footprint
analysis. However, the lack of sensitivity of footprint analysis
can also be related to selection bias that arises from the fact
that only enough well defined footprints are measured.

Rotarod results showed that SOD1 mice started to decline in
performance between 12 and 13 weeks and progressed rapidly
to complete lost. In contrast, the first abnormalities in motor
nerve conduction tests (Azzouz etal, 1997; Mancuso et al., 2011)
and the denervation process of motor end-plates (Fischer et al,
2004) start earlier, at 7-8 weeks of age. Considering that it has
also been described that SOD1 mice present marked defiat in
the compensatory sprouting capacity of their motoneurons
(Hegedus et al., 2008; Mancuso et al,, 2011), it is likely that these
deficits lead to locomotor manifestations,

This study provides novel information about the start and
progression of gait abnormalities in SOD1 mice. Regarding
hindlimbs, there was an early (8 weeks of age) enlargement of
stance duration mainly due to an increase of the propulsion
phase duration of about 10% that progressed over the disease
process (Table 1), Wooley et al, (2005) already noticed an
increase in the stance duration in SOD1 compared to wild type
mice from 8 weeks of age. Our results further demonstrate for
the first time that the abnormalities start in the accelerating
phase of the stride. In contrast, Guillot et al. (2008) did not find
consistent differences regarding SOD1 mice locomotion and
concluded that treadmill gait analysis was not able to
distinguish SOD1“* from wild type mice between 6 and
12 weeks. This lack of findings may be related to the small
number of animals used by these authors.

The impairments observed in the locomotor performance
of SOD1 mice point out to a contribution of muscles that are
related with the end of the stance phase and the beginning of
the swing phase, such as hamstrings, gastrocnemius and
flexor digitorum longus (FDL) muscles (Krouchey et al., 2006),
Previous results in our lab suggested that dysfunction of
hindlimb muscles progresses proximal to distal, evidenced by
earlier significant reduction of compound muscle action
potentials (CMAP) in tibialis anterior than in plantar muscles
(Mancuso et al,, 2011), Azzouz et al, (1997) also found a 15%
decline of the gastrocnemius CMAP at 7-8 weeks, However,
the loss of 15% muscle function could not be enough by itself
to produce overt abnormalities in locomotor activities, We
propose that these may be related to a combination of deficits
in gastrocnemius and hamstring muscles, both contributing to
the lift of the hindlimb (Krouchev et al., 2006), thus producing
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impairments in the take-off of the paw and delaying the
end of the stance phase. The finding of Alves et al. (2011)
regarding the impairment of tail elevation at early time points
(40 days) could also support the hypothesis of an involvement
of proximal muscles at the beginning of the disease process.
At 12 weeks, the increase of the stance duration became so
evident that it involved also the stride duration. The increase
of the stride duration led to significant reduction of the stride
frequency, as a compensatory phenomenon. Curiously, the
swing duration remained normal, supporting the contribution
of the same muscles related to the locomotor abnormalities
detected at 8 weeks. Finally, there was a reduction of the paw
placement angle possibly due to atrophy of proximal muscles.
At 16 weeks, all impairments become more pronounced and
swing duration was abnormal, pointing out to involvement of
other muscles.

Regarding the forelimbs, SOD1 mice did not show any
alteration at 8 weeks. However, at 12 weeks stride and stance
duration, paw placement angle and stride frequency started to
show abnormalities correlated with hindlimb deficits. Con-
sidering that SOD1 animals develop a lumbosacral type of ALS
(Ripps et al,, 1995), the involvement of forelimb gait could be
partially due to compensatory adaptation to the deficits of the
hindlimbs,

Since it has been reported that high-intensity exercise
exacerbates disease progression in SOD1 animals (Mahoney et
al., 2004), we assessed whether locomotion testing could affect
the disease progression. We compared the group of locomo-
tion-tested animals with another group of non-tested SOD1
mice by means of motor nerve conduction studies (Mancuso et
al, 2011), The results showed that tested and non-tested
animals had the same amount of muscle denervation,
demonstrating that the locomotor tests applied are not
interfering with the disease evolution.

In conclusion, SOD1 mice show significant gait abnormal-
ities, evidenced by increased propulsion phase duration at
8 weeks, indicating an early dysfunction of hindlimb muscles
that correlates with early abnormalities of motor nerve
conduction. The alterations progressed during the disease
until a complete disturbance of normal gait. These findings
are meaningful to the field because the identification of
significant differences in a functional endpoint as early as
8 weeks may be a step forward resolving the debate about
treatment of the mice prior to “symptoms onset” in efficacy
studies, Our results also point out that digitizing analysis of
treadmill locomotion may be used as a valuable tool to
evaluate whether new therapeutic approaches are improving
the functional outcome of the animals.
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4, Experimental procedures
4.1.  Transgenic mice

Transgenic mice with the G93A human SOD1 mutation (B6S/L-Tg
|SOD1-G93A]1Gur) were obtained from the Jackson Laboratory
(Bar Harbor, ME, USA), and provided from the colony maintained
at the Unidad Mixta de Investigacion of the University of
Zaragoza. Hemizygotes were maintained by breeding SOD19"4
males with female littermates, The offspring was identified by
PCR amplification of DNA extracted from the tail tissue, Analyses
were performed in 10 wild type and 12 SOD1 female mice that
were tested longitudinally from 8 to 16 weeks of age. These
animals were divided into two subgroups (5 wild type and 6 SOD1
each one) tested at different days to ensure the reproducibility of

the techniques. The experimental procedures were approved by
the Ethics Committee of the Universitat Autdnoma de Barcelona,

4.2. Rotarod test

The rotarod test was performed to evaluate motor coordina-
tion, strength and balance of the animals (Brooks and
Dunnett, 2009; Miana-Mena et al., 2005). Animals were trained
three times a week on the rod rotating at 14 rpm, and then
tested from 4 to 16 weeks of age, with an arbitrary maximum
time of maintenance in the rotating rod of 180 5.

4.3 Footprint analysis

Animals were tested in a confined walkway 3.7 cm wide by
21 cm long, dark at one end. After conditioning runs, the
plantar surface of the hindpaws was impregnated with block
printing paint (Speedball) and each mouse walked along the
walkway with office copier paper on the base. Four prints of
each foot were recorded on the length of the paper used. Two
measurements were recorded on both left and right prints: the
distance of the print length (PL) and the distance of the toe
spread (TS) between the first and the fifth toes (Fig. 2). The
walking track test was performed at 8, 12 and 16 weeks of age.

4.4.  Gait dynamics analysis

Digital video images of the underside of the mouse were
collected with a high-speed video camera (80 frames per second)
from below the transparent belt of a motorized treadmill
{DigiGait™ Imaging System, Mouse Specifics, Boston, MA).
The device was located in a normal laboratory room with
standard conditions. The compartment of the treadmill in
which the mouse walks is ~25 cm long and -5 cm wide, but it
can be adapted to the size of the animal. The mice were
introduced to the treadmill belt and testing conditions before
the recordings. Each mouse was allowed to explore the treadmill
compartment, with the motor speed set to zero, for S min. Then,
motor speed was set to 15 cm/s, 20 cm/s and 30 cmys to collect
the videos based on previous studies of mice locomotion (Clarke
and Still, 1959) and utilization of the same device (Hampton et
al,, 2004), Based on general performance results (see Section 2.3)
further gait analysis was performed from runs at 20cm/s. A
maximum of 3 recording trials at each velocity were needed to
obtain the videos for all animals. When necessary, food drops

were placed in the front part of the treadmill compartment to
encourage the mice to walk. Each animal was allowed to rest a
minimum of 2 min between recording trials. After each animal
test, the treadmill was carefully cleaned with ethanol 70% in
order to avoid a possible effect of urine and feces from previous
animal on test results. The time needed to test each animal was
less than 15 min. Animals were always tested between 9:00 and
13:00 h to avoid a potential effect of time-of-day on the results.

A minimum of 200 images was collected for each walking
mouse so that 5-7 strides were monitored in each run, Only
video recordings in which the mouse walked straight ahead,
maintaining a constant relative position with respect to the
camera were used for measurements and analysis. The
researcher was blind to the animals’ condition in order to
avoid bias in the selection of the recordings for digital analysis.
Each video image representing 12.5 ms was digitized and the
area (in pixels) of the paws was calculated with the DigiGait
software (Amende et al,, 2005; Hampton et al,, 2004) by means
of a computational process that needs to be run during several
minutes. Mistakes of the imaging in which a paw area was
visible during early swing, after the paw was lifted from the
belt and before the next stance, were corrected to improve
accuracy in differentiating stance from swing.

Fig. 3 shows representative images of the digitizing process
of the video and illustrates how plotting paw area over time of
walking provides a dynamic gait signal, indicating the
components of each stride. Table 4 provides the definition of
each parameter used. Fig. 5 shows representative images of
how hindpaw placement angle was calculated.

4.5. Nerve conduction test

For motor nerve conduction tests, the sciatic nerve was
stimulated percutaneously by means of single pulses of 0.02 ms
duration (Grass S88) delivered through a pair of needle electrodes
placed at the sciatic notch. The compound muscle action
potential (CMAP, M wave) was recorded from the tibialis anterior
(TA) muscle with microneedle electrodes (Mancuso et al,, 2011;
Udina et al,, 2003; Valero-Cabré and Navarro, 2001), The maximal
amplitude of the M wave was measured (Mancuso et al,, 2011;
Valero-Cabré and Navarro, 2001). The potentials were amplified
and displayed on a digital oscilloscope (Tektronix 450S) to
measure the maximal amplitude of the M wave. During the
tests, the mouse body temperature was kept constant between
34 and 36 °C by means of a thermostated heating pad.

46,  Statistical analysis

Data are presented as mean+SEM and differences were
considered significant when p<0.05. All data collected from
the longitudinal comparison of wild type and SOD1 mice at 8,
12 and 16 weeks of age were analyzed using ANOVA for
repeated measurements followed by Bonferroni post-hoc test
when necessary. The ability to walk on the treadmill has been
analyzed using Kaplan-Meir test. In the case of the DigiGait
test, the animals were divided in two groups tested at different
days. The data collected from wild type mice was analyzed
using ANOVA for repeated measurements to assess for
differences between days and to ensure the reproducibility
of the technique.
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Table 4 - Definition of the parameters used in the DigiGait analysis

Parameter Definition

Stride duration {ms) Time duration of one complete stride for one paw.

Stance duration (ms) Time duration of the stance phase (paw contact with belt).

Swing duration (ms) Time duration of the swing phase (no paw contact with the belt),

Propulsion duration (ms) Time duration of the propulsion phase (maximum paw contact to just before the swing phase).

Absolute paw angle (%) The angle that the paw makes with the long axis of the direction of motion of the animal.

Stride frequency (# of strides/second) The number of times that a paw takes a complete stride in each second.

Stance width (cm) The perpendicular distance between the centroids of forepaws or hindpaws during peak stance.
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ABSTRACT: Introduction: We assessed the predictive value of
eloctrophysiological 1051s as a marker of clinical diseaso onsot
and survival in superoxide-dismutase 1 (SOD1)°™* mice. Meth-
ods: We evaluated the accuracy of electrophysiological tests in
differantiating transgenic versus wilkd-type mice, We made a cor-
refation analysis of electrophysiological parameters and the
onset of symptoms, survival, and number of spinal motoneur-
ons. Reswlts: Presymptomatic electrophysiological tests show
great accuracy in differentiating transgenic versus wild-type
mice, with the most sensitive parameter being the tibialis ante-
rior compound muscle action potential (CMAP) ampitude., The
CMAP amplitude at age 10 weeks comelated significantly with
clinical disease onset and survival. Electrophysiological tests
increased their survival prediction accuracy when evaluated at
fater stages of the disease and aiso predicted the amount of
lumbar spinal motoneuron preservation. Conclusions: Electro-
physiological tests predict clinical disease onset, survival, and
spinal motoneuron preservation in SOD1%™™ mice, This is a
methodological improvement for preciinical studies,

Muscie Nerve 000:000-000, 2014

Amyotrophic lateral sclerosis (ALS) is the most
common form of adult motoncuron discase
(MND). It is characterized by progressive degener-
ation of motoneurons (MN) in the motor cortex,
brainstem, and spinal cord, Given the lack of bio-
markers, diagnosis is based mainly on elinical and
clectrophysiological findings. '™

Transgenic mice that overcxPress the muant
superoxide-dismutase 1 SODI™™™ gene* constitue
the most widely used model of ALS. High copy
SODI“"™ wransgenic mice develop rapidly progres-
sive MN loss, with locomotor deficits beginning at
age 12-13 weeks, characterized by hindlimb weak-

Adatonal supparting Information may be found N the onine verson of
this articlo
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MUNE, motor unt number estimaton; SOD1, suparoodce desmutase 1;
TA, toals antercr

Koy words: amyotrophic laterdd scloross; Domankon, electophysiology,
motonouron deease; SO01

Ths work was supported by TERCEL and CIBERNED funds and grant
PHIOO1TE7 fom the instauto do Salud Cardos I, grant SAF2009-12495
from the Mnisteno de Cencia ¢ Innovacdn of Spain, and FEDER funas.
M is recpiont of a prodoctoral felowship from the Minatero de Educa
Gdn of Spain.

Correspondence 10: X. Nanaro: Unitat de Fscloga Médics, Facutst oe
Medicna, Unversitat Autdnoma de Barcsiona, E-06193 Belaterra, Spain;
e-mal: xaver navarrotiuab cat

© 2014 Wiy Perodicals, Inc
Putilshod onlng 00 Month 2014 in Wiy Oniing Library (wlloyonineibrary,
corm. DO 10, 1002mus 24237

Electrophysiology in SOD1%% Mice

ness and muscle arophy, culminating in paralysis
and death between ages 16 and 19 weeks.™”
Although CY90ORF72 gene mutations are reported in
a  higher proportion  of ALS and ALS-
frontotemporal  lobar  degeneration  (FI'LD)
patients,”” SODIbased models are still an impor-
tant tool for basic rescarch and preclinical studies.
Alterations in SODI protein have also been found
in sporadic ALS patients,” and accumulation of
wild type SOD1 was reported to produce ALS in
mice.'”

A key problem in development of new thera-
pies for ALS is the filure o translate positive
experimental results into successful human -
als.'""" This may raise concerns about the validity
of ALS animal models, but it also may be related
to methodological shortcomings. Thus, it is impor-
tant 1o develop and apply techniques that provide
reliable, objective preclinical results, Electrophysio-
logical tests are the most important tool for diag-
nosis and monitoring of discase progression in
human ALS."™"® The clectrophysiological profile
of ALS animal models has been studied by our
group and others.'™"™ Although general guidelines
have been agreed upon for behavioral and histo-
logical evaluation of animal research on ALS/
MND," " few studies have focused on developing
new ols that permit the correct interpretation of
the findings from preclinical studies. We propose
that analysis of lower and upper MN function in
presymptomatic animals (ages 8 10 10 weeks) and
at late stages of the discase by means of nerve con-
duction studies and evoked potentials is i reliable,
objective biomarker for predicting clinical discase
onset and survival in SODI“"™ ALS mice.

MATERIAL AND METHODS

Transgenic Mice. Transgenic mice  with  the
G93A  human  SODI  mutation  (B6S]L-Tg[SODI-
GI93A]1Gur) were obtained from the Jackson Labo-
ratory (Bar Harbor, ME, USA) and maintained at
the Animal Semvice of the Universidad de Zaragoza.
Hemizygote BGSJL SODI“"™ males were obtained by
crossing with B6SJL. females from the CBATEG (Bar-
celona, Spain). The offspring was identified with
polymerase chain reaction amplification of DNA
extracted from tail tissue, A total of 134 wansgenic

MUSCLE & NERVE Month 2014 1
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mice were used in this study: 126 for the accuracy
assessment, 20 for the correlation with onset and
survival, and 8 for the histological analysis. All exper-
imental procedures were approved by the Ethics
Committee  of the Universitt Autonoma  de
Barcelona.

Rotarod Test. The rotarod test was performed to
assess the onset and progression of motor disability
during the course of the discase.”*' Animals were
trained 3 times per week on i rod rotating at 14
rpm and then were tested weekly from ages 8 to 16
weeks, with an arbitrary maximum time of mainte-
nance on the rotating rod of 180 s. Clinical disease
onset was defined as the first week when animals
were not able to hold on to the routing rod for
180 s.

Electrophysiological tests. Elccirophysiological tests
have previously been described as markers of dis-
case progression in ALS mice.'™'” Motor nenve
conduction tests were performed from ages 8 10 16
weeks based on previous observations."™'”* The
sciatic nerve was stimulated  percutancously by
means of single 0,02 ms duration pulses (Grass
S88) delivered through a pair of needle electrodes
placed at the sciatic notch. The compound muscle
action potential (CMAP, M wave) and the reflex H
ave were recorded from the tibialis anterior (TA)
and plantar interosscus muscles with microneedle
clectrodes, To ensure reproducibility, the record-
ing needles were placed under a microscope to
insure the same placement in all animals guided
by anatomical landmarks, The active recording
electrode was placed subcutancously in the first
third of the distance between knee and ankle
when recording from the TA muscle, and in the
third metatarsal space when recording from plan-
tar muscle."****!" The amplitudes of the maximal
M and H waves were measured, Because increased
MN' and motor axon™ excitability has been
described previously in SOD1“"*Y mice, we caleu-
lated the H/M amplitude ratio for assessment of
spinal reflex function.'"™* For evaluation of the
central motor pathways, motor evoked potentials
(MEPs) were recorded from TA and  plantar
muscles in response to transcranial electrical stimu-
lation of the motor cortex by single rectangular
0.1 ms duration pulses delivered through needle
clectrodes inserted subcutancously, with the cath-
ode over the skull overlaying the sensorimotor cor-
tex and the anode at the nose."™*" All potentials
were amplified and displayed on a digital oscillo-
scope (Tekronix 4508) ar settings appropriate for
amplitude measurement from the baseline to the
maximal negative peak. During the tests, mouse
body temperature was kept constant between 34

2 Electrophysiology in SOD1%* Mice

and 36°C by means of a thermostat-controlled
heating pad.

Histology. At age 16 weeks, 8 mice (4 of cach gen-
der) were transcardially perfused with 4% parafor-
maldchyde in phosphate buffered  saline. The
lumbar segment of the spinal cord was removed,
post-fixed for 24 h, and cryopreserved in 30%
sucrose, Transverse 40-pm-thick sections were cut
serially with a cryotome (Leica) between the L2
and L5 segmental levels. For each segment, series
of 10 sections cach were collected on scparate
gelatincoated slides, One slide of cach animal was
rehydrated for 1 min and stained for 2 h with an
acidified solution of 3.1 mM cresyl violet. Then,
the slides were washed in distilled water for 1 min,
dehydrated, and mounted with DPX (Fluka). MNs
were identified by their localization in the ventral
hom of the stined spinal cord sections and
counted following strict size and morphological cri-
teria; only MNs with diameters larger than 20 um
and with a polygonal shape and prominent nucle-
oli were counted. The number of MNs present in
both ventral horns was counted in 4 serial sections
of the 14 and L5 segments,'™*’

Survival. The end point of the discase was defined
as the time when a mouse was unable to right iselfl
within 30 s when placed on its side.

Data Analysis. Data arc cexpressed as mean =
SEM. Electrophysiological test results were ana-
lyzed statistically using analysis of vanance for
repeated measurements, applving a Bonferroni post
hoe test when necessary. Histological data were ana-
lyzed using the Mann-Whitney Cftest. Survival and
clinical disease onset data were analyzed using the
Kaplan-Meier test.

The accuracy of the tests was expressed by 2 dif-
ferent parameters. The sensitivity represents the
percentage of SODI“"™ mice that were correctly
considered to be transgenic animals, whereas the
specificity is the percentage of wild-type mice that
were correctly considered to be healthy animals.
Thus, the maximum accuracy is achieved when
both parameters are 100%.

To assess the predictive value of electrophysio-
logical tests, we performed a linear regression anal-
ysis between nerve conduction parameters and
onset of symptoms and survival of the animals, Fur-
thermore, we calculated the correlation between
variables using Pearson and Spearman correlations
for quantitative versus quantitative and quantitative
versus qualitative variables, respectively.

RESULTS

Classical Disease Progression Markers. SOD1‘""
mice of both genders had the same median onset
of symptoms, cvaluated with rotarod tests, at age

MUSCLE & NERVE  Month 2014
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Tibial anterior CMAP Electrophysiological Test Accuracy. Tables | and 2
summarize the electrophysiological  parameters
during the presymptomatic phase, between age 8
and 12 weeks, The TA CMAP latency shows high
. Males sensitivity at ages 10 and 12 weeks, and 100% of

B Females '

TA CMAP Amplitude (mV)
i 3 8 %8 8

T

8 10 12 14 16
Weeks of age

FIGURE 1. Tiblaks anterior (TA) muscle compound muscle
action potential (CMAP) amplitude. Note the progressive decline
between ages 8 and 16 weeks. The dashed line represents the
mean value of wild type mice,

84 days. Survival was significantly different between
genders (P < 0,01), with a median survival of age
132 days for females and 128 for males. MN num-
ber counts revealed that the number of surviving
MN at age 16 weeks was 23.3 = 2.5 and 245 = 2.2
in female and male mice, respectively, values which
were not different between genders,

Electrophysiological Test Results. Supplementary
Tables S1 and 82, which are available online, sum-
marize the main electrophysiological results found
during the presymptomatic phase of discase pro-
gression between ages 8 and 12 weeks. TA CMAP
amplitude showed a progressive decline from pre-
symptomatic (8 weeks) to the end stage of the dis-
case (16 weeks) (Fig. 1), whereas plantar CMAP
amplitude dropped dramatically at 12 weeks of
age. The MEP/M ratio markedly decreased at 12
weeks of age in the TA muscle but remained
unchanged in the plantar muscle. On the contrary,
the H/M ratio was increased at 12 weeks of age in
the plantar but not in the TA muscle.

specificity at all time points. The TA CMAP ampli-
tude shows the highest values for sensitivity among
all the considered parameters, reaching 90% and
100% at 10 and 12 weeks, respectively.

Early Electrophysiological Results Predict Clinical
Discase Onset and Survival. To assess the potential
predictive value of electrophysiological tests on
clinical discase onset and survival, we made a set
of linear correlations (Table 3). Although some
parameters showed significant correlations, the TA
CMAP amplitude  results most  consistently  pre-
dicted the onset and survival of SOD1™* mice of
both genders. The TA CMAP amplitude recorded
at age 10 weeks showed significant correlations
with both clinical discase onset and survival in
female and male mice, with correlaton indices
between 0.7 and 0.8 (Fig. 2).

Late Electrophysiological Results Increase Predictive
Power. We [further investigated the predictive
value of the TA CMAP amplitude when it was
recorded at a later disease stage (16 weeks), at
which time clear signs of motor impairment are
observed, The TA CMAP amplitude correlated sig-
nificantly with survival (P < 0,01) (Fig. 3). The cor-
relation cocfficient was higher than in carlier
disease stages. We also performed linear regression
analysis of the TA CMAP amplitude versus the
number of MN in the lumbar spinal cord. The
relationship was highly significant (£ < 0.01) with
an ¥ value of 0.82 (Fig. 8).

DISCUSSION

The aim of this study was 1o determine the
potential predictive value of electrophysiological
tests as a marker of clinical discase onset and

Table 1. Sensitmty of Electrophysiciogical Tests on B-, 10-, and 12-Week-Old Animals.*

8-Weeks-okd 10-Weeks-okd 12-Wooks-oid
Sansitivity (%) Sensitivity Sensitivity
Muscle Eloctrophysiclogical parametor F M F M B M
Plantar Inital &atency 0 10 10 20 30 20
Amplitude 0 0 10 0 40 20
HM ratio 40 40 80 30 40 60
MEP/ratio 0 0 0 0 0 0
Tibiaks anterior Inital latency 30 0 50 80 60 290
Ampltude 80 80 20 a0 100 100
H/M ratio 30 30 60 30 20 30
MEP/ratio 0 0 10 0 10 40

"Sensily (s expressed as he percantape of anvnals that were comectly classified 85 ALS mwce. Pantar cul-off values: intal foncy, 1.94¢ ms; ampén.oe,
382 mV; MM ratio, 8 30%; MEP/M rato, 1.83%. Tivals anterior cut off values: 0.98 ms; 39.66 mV; 6.32% and 6.86%, respectively. Bold charactors high
Nt the Mos! acCurate Darameler.
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Table 2. Specificity of Electrophysiological Tests on 8-, 10, and 12-Week-Old Anvmals.*

B-Weeks-oid 10-Weeks-oid 12-Weeks-od
Specificity (%) Spocicity Specificity

Muscle Electroptysiciogical parameter F M F M F M
Plantar Initiad latency 100 100 100 100 100 100
Ampitude 100 100 100 100 100 100
HM ratio 40 40 50 40 30 40
MEPMratio 100 100 100 100 100 100
Tibiaks anterior Initiad latency 100 100 100 100 100 100
Ampitude 100 100 100 100 100 100
H/M ratio 100 100 100 80 20 80
MEPMratio 100 80 100 100 100 100

"Sensitvly s axpressed a3 the percentage of aninals that were correctly classiied 10 be ALS mece. Planty cul-off valuea: ndied ltency, 1.94ms; ampd-
tude, 3.82mV; HM rato, 8.30% MER'M rata, 1.83%. Tibalks anterior cut-off valses: 0.98 mas; 35,66 mV, 6.32% and 6.86%, meapoctvely. Bokd chavacters

Hiphipht the most acCurale parameler.

progression in the SOD1™ model of ALS. The
results indicate that carly presymptomatic clectro-
physiological tests demonstrated great accuracy in
differentiating transgenic versus wild type animals,
which was especially notable for TA CMAP ampli-
tude. The TA CMAP amplitude recorded at age 10
weeks correlated significantly with both clinical dis-
case onset and survival, Finally, the survival predic-
tion of the electrophysiological results increased at
the discase end stage, when it also correlated sig-
nificantly with the number of preserved MN in the
lumbar spinal cord.

The development of new therapies for any dis-
case suggests translation from experimental studies
to human trials. In ALS, this issue has raised con-
cerns, because there has been a lack of successful
translational findings. Unfortunately, there are sev-
eral shortcomings in most of the currently existing
techniques. Despite consensus efforts o develop
agreed-upon guidelines for ’)rcclinlcal studies in
ALS/MND animal models,” reliable  objective
markers of clinical disease onset and progression
are lacking. Ludolph o al' recently summarized
the most commonly applied tests in ALS mice.
Briefly, they considered that an optimal experi-
mental design must include an onset measure, a
quantitative measure of disease progression, a sur-
vival analysis, and MN count. Unfortunately, the
classical techniques used for these purposes may

be inadequate. First, clinical disease onset and pro-
gression are analyzed using rotarod and hangwire
tests,  and  sometimes  arbitrary  neurological
scores.”™ ™ However, these methods are not suffi-
ciently specific and may be biased due to behav-
ioral effects (eg, animals need to be trained
regularly to leamn the sk properly, and their per-
formance depends on individual behavior) and
rescarcher objectivity, Second, survival analysis is
mandatory for preclinical study publication. How-
ever, this raises some concerns given the lack of
interlaboratory reproducibility. It has been shown
that genetic background affects SOD1™*Y mice
survival.” Moreover, in recent studies we observed
that BGSJL. SODI* animals bred from animals
purchased from different sources showed signifi-
cantly different life spans.™ These observations,
together with the ethical concerns raised by the
survival analysis itself might compromise preclini-
cal studies based on survival,

Electrophysiological tests are widely used to
diagnose and monitor discase progression in ALS
patients.'">" In fact, Maathuis et al™ recently
highlighted the potential predictive value of these
techniques  to quantify  disease  progression  in
human patients. Motor unit number  estimation
(MUNE) has been proposed 1o reliably monitor
disease progression in ALS patients.* Shefner
et al'™ found that MUNE can also predict clinical

Table 3. P-Valuas from Linsar Correlation between the Blectrophysiological Parameters and Onset and Sunvival of the Animals.*

Blactrophysiological Onoet Survivel
Muscle parameter Females Males Females Mates
Plantar interosseus initial latency <0057 = 0.569 0.519 0.629 0.544
Amplitude 0.914 0.733 0.1056 0.998
MEP/M ratio 0.744 0.167 0.326 < 0.05¢ = 0.655
Tibiais anterior Initial latency 0.875 0.059 < 0.05¢ = -0.636 0.070
Amplitude < 0017 = 0.783 < 0.01F = 0,692 < 001F = 0.772 < 0.01F° = 0.742
MEP/M ratio 0.626 0.229 0.540 0.0

‘When P < 0.05 junderined values), r is shown.
4  Electrophysiology in SOD1%% Mice
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FIGURE 2. Lincar regression analysis batween tibialis anterior CMAP ampitude at age 10 weeks and clinical disease onset and sur-
vival. Results from male and female animals are shown separately. In all 4 plots, there was a significant correlation with Spearman cor-
relation coefficients (r") higher than 0.69 for onset comparisons and Pearson correlation indices higher than 0.74 for survival

comparisons.

discase onset and survival in SOD1“"™" mice,
Although some MNs have the ability to generate
compensatory collateral  sprouts,™ this capacity
seems o be pour,'“" and it is not clear whether it
translates into a sustained functional effect. In fact,
single motor unit potentials remain unchanged
during discase progression in ALS mice,'"™"™ sug-
gesting lack of collateral sprouting. As we previ-
ously reported,'" this lack of compensatory
sprouting means that recording of CMAPs by nerve
conduction tests would be adequate as a marker of
muscle innervation. Therefore, we propose the use
of CMAP amplitude instead of MUNE as a marker
of disease progression in ALS mice, because as
shown in this study, CMAP amplitude has good
predictive value regarding clinical  disease onset
and survival. Li o al™ have recently reported that
other clectrophysiological measurements, such as
the decline of electrical impedance myography
also correlated with SOD1“"* mouse survival,

Electrophysiology in SOD1°%** Mice

The main goal of this study was o determine
whether electrophysiological analysis of upper and
lower MN function might serve as an indicator of
clinical disease onset and survival of SOD]1%"
mice. The correlation analysis of upper MN func-
tion (MEP/M ratio) revealed that central motor
conduction is not an carly predictor, because the
first abnormal values were detected from age 12
weeks, coincident with the onset of clinical signs in
the rotarod test. These findings are in agreement
with previous studies showing that SOD1Y"™ mice
develop a lumbosacral type of ALS in which upper
MN contribution is delayed with respect o muscle
denervation,'™™ Regarding lower MN function,
our results revealed a different pattern of decline
of the CMAP amplitude in TA and  plantar
muscles, with the first signs of muscle denervation
in the TA muscle rather than in the more distal
plantar muscle. Nevertheless, coincident with clini-
cal disease onset (12 weeks of age), plantar muscle
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FIGURE 3. Linear correlation between tiblalis anterior CMAP
ampitude at age 16 weeks and survival and between tibiaks
anterior CMAP at age 16 weoks and number of surviving moto-
neurons. For survival comparisons, results from male and
female mice are shown separately. For motoneuron preserva-
tion comparison, data from male and female animals were
pooled. In all cases, there was a significant correlation between
parameters with Pearson correlation coefficients () higher than
0.79. Note that correlation coefficients of survival comparisons
are higher than those obtained with CMAPs at age 10 weeks.

6 Electrophysiology in SOD1%™* Mice

CMAP amplitude suffered a marked decrease 1o
comparative values lower than in the TA muscle.
These findings suggest that the disease process
begins in localized groups of motoneurons and
then spreads to neighboring motoneuronal pools,
as observed in ALS patients.™ Although increased
MN'™ and motor axon®™ excitability has been
described in SOD1“"** mice, our spinal excitability
results showed no significant changes in the H/M
ratio during the presymptomatic phase of the dis-
case in either tested muscle. Therefore, the H/M
ratio is not a good predictor of clinical features in
this mouse model.

Diagnostic accuracy defines the ability of a test
to discriminate between healthy and sick individu-
als. We estimated the sensitivity as the percentage
of SODI"™ mice that were correctly considered
to be transgenic animals, and the specificity as the
proportion of wild type mice that were correctly
considered 1o be healthy animals. Of the various
clectrophysiological  parameters  reflecting  lower
MN function, our findings suggest that the ampli-
tude of the TA CMAP has the highest predictive
power, given its progressive decline from carly pre-
symptomatic to late stages of the discase. The TA
CMAP was the most accurate test result, achieving
G0% sensitvity and specificity at age 10 weeks (ie,
it only allows for 10% false negative and 10% false
positive “diagnoses™). Further analysis revealed that
the TA CMAP amplitude at ecarly stages strongly
correlates with both onset of symptoms and sur-
vival of SODI“™™ mice. Furthermore, the TA
CMAP amplitude at age 16 weeks has even higher
correlation with survival, and it was also correlated
with the number of preserved spinal MN. These
findings represent an improvement in terms of ani-
mal testing during preclinical studics, because elec-
trophysiological tests are performed  ecasily, are
objective, show small vanability, and can be trans-
lated directly to human clinical studies.

We are grateful for the wechnical help of Jessica Jaramillo and
Marta Morell and the statistical advice of Dr Albert Naviaro (Bio-
statistics Unit, Faculty of Medicine, Universitat Autonoma de
Barcelona),
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Abstract

Knowledge of the potential effect of genetic background in disease models 1s important. The SOD1-G93A transgenic
mouse i the most widely used model in amyotrophic lateral sclerosis (ALS). Since these animals show considerable
variability both in the onset and the progression of the disease, this study aimed to characterize the potential differences
between the two most widely used strains, C56BL/6 (B6) and B6SJL. A rotarod test was carried out to assess strength
and motor coordination, while electrophysiology tests were performed to evaluate the function of upper and lower motor
neurons. Survival of the animals and motor neuron loss were also studied. The results did not show any background effect
regarding the rotarod test, despite the differences in the pattern of decline in central and peripheral motor conduction.
The onset of motor neuron abnormalities was later in B6SJL. mice, but progressed more rapidly. Lifespan was longer for
B6 than for B6SJL. animals. In conclusion, background differences in disease onset and progression are important. The

characteristics of the strain should be taken into account in experimental design of therapeutic studies,

Key words: Movor meuron discase, neurodegeneration, SOD1-G93A mouse, background, amimal model

Introduction

Amyotrophic lateral sclerosis (ALS), the most com-
mon form of motor neuron (MN) disease, is char-
acterized by degeneration of MNs in the motor
cortex, brainstem and spinal cord. ALS manifests as
weakness, muscle atrophy and progressive paralysis
with a life expectancy of three to five years from first
symptom (1-3). Although most cases of ALS are
sporadic in origin, 10— 15% are inherited and related
o genetic mutations, such as those in the gene
encoding for the superoxide dismutase-1 (SODI)
enzyme or the recently described hexanucleotde
expansion in the non-coding region of COORF72
(4,5). Interestingly, it has been recently reported
that alterations in SOD1 protein also appear in spo-
radic ALS cases (6). There is limited correlation
between phenotype and genotype, as members of

families carrying the same mutation have significant
differences in the severity of their illness (7,8). The
variations in onset and severity of human ALS
patients with identical SOD1 mutations suggest that
there are other genetic modifiers of the discase.
Based on the genetic mutations described in the
familial cases of ALS (9), several animal models
mimicking the discase have been developed. The
most widely used is the SODI-G93A transgenic
mouse, which overexpresses the G93A human
mutant form of SODI1, either in high copy (25 cop-
ies of the gene) or low copy (eight or 10 copies)
numbers (8—11). High copy SODI1 transgenic mice
develop rapidly progressive MN degeneration, which
leads to locomotor deficits starting at 12— 13 weeks
with weakness, dragging of hindlimbs and loss of
coordination, and ending up with hindlimb paralysis
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and death between 16 and 19 weeks of age (10-12).
However, these animals show considerable variabil-
ity both in the onset and progression of the clinical
signs during the disease process, indicatung that
genenic variability can modify disease phenotype. It
has been observed that SOD1-G93A transgenic
mice show significant differences regarding their
lifespan depending on the genetic background either
in high copy animals (13,14) or low copy animals
(15). These differences in lifespan depending on
background are also present in other animal models
mimicking MN diseases, such as the ALS2/alsin
deficient mice (16), and models of neuromuscular
disorders (17,18). Moreover, it has been shown also
that other animal models not related with neuro-
logical disorders are sensitive 1o genetic background
effects (19,20). All these data highlight that the
genetic background may be an important factor
which modifies the disease characteristics in relevant
animal models.

Characterization of the potential differences
berween strains used to study neurodegenerative dis-
cases, such as ALS, is essential because the potential
efficacy of any new therapeutic approach is directly
related with the onset of the treatment and, ultimarely,
with the disease progression in a specific animal
model, For this reason, we have studied the back-
ground effect on the onset and progression of MN
discase by comparing the two most widely used strains
of transgenic mice overexpressing mutant SODI1-
G93A: C56BL/6] (B6) and B6SJL (21-24),

Material and methods
Transgenic mice

Two different strains expressing G93A human SODI
mutations were compared. For the development
of B6SJL. background mice, transgenic animals
with the G93A human SODI1 mutation (B6SJL-
Tg[SOD1-G93A]1Gur) were obtained from the
Jackson Laboratory (Bar Harbor, ME, USA), and
provided from the colony maintained at the Unidad
Mixta de Investigacion of the University of Zaragoza.
Hemizygotes B6SJL. SODI-G93A males were
obtained by crossing with B6S]L. females obtained
from Jackson Laboratory, For the development
of C57BI/6] background mice, transgenic animals
with the G93A human SODI1 mutation (B6SJL.-
Tg[SODI1-G93A)1Gur) were also obtained from
Jackson Laboratory, and provided from the colony
maintained at the Neurotec Pharma animal facilities
located at the University of Barcelona. First genera-
tion of hemizygotes carrying the G93A human SOD1
mutation was generated by breeding B6SJL. SODI1-
G93A males with C57Bl/6] females purchased from
Harlan, Animal colony was maintained by consecu-
tive crossbreeds between hSODI-G93A heterozy-
gotes males and C57BV6] females. The offspring
was identified by PCR amplification of DNA

extracted from the tail tissue. Animals used for these
experiments pertained at least to the 12th genera-
non. Wild-type mice of the same strains were used
as controls.

In order to determine the human SODI1 trans-
gene (hSOD1) copy number, real-time quantitative:
PCR (QPCR) analysis was performed following the
protocol described by Alexander et al. (25). Two
scts of primers were used: primers for the hSODI
transgene 5" -CATCAGCCCTAATCCATCTGA-3'
(forward) and 5-CGCGACTAACAATCAAAGT-
GA-3" (reverse) that amplify a 236 base pair prod-
uct, and primers for the reference gene (mouse
interleukin-2, mllL-2) 5-CTAGGCCACAGAAT-
TGAAAGATCT-3’ (forward) and 5'-GTAGGTG-
GAAATTCTAGCATCATCC-3"  (reverse) that
amplify a 324 base pair product. Both primers were:
obtained from Invitrogen and have been widely used.
for hRSOD1-G93A mice genotyping. Briefly, 5 ng of
genomic DNA were added to a reaction mixture
containing 15 pl of 2X SYBR Green QPCR Master
Mix reagent and 0.6 pl of 20-uM forward and reverse
primers for hSOD1 transgene or 0.75 pl of 20-pM
primers for I[.-2, to a total volume of 30 pl. Ampli-
fication was performed with the following thermal
cvcling parameters: initial incubation of 95°C for
10 min, followed by 40 cycles of 95°C for 30 5, 60°C
for 1 min and 72°C for 30 s. Assays were performed
in triplicate and 10 animals were analysed from each
strain.

Efficiency of amplification for both sets of prim-
ers was determined from seven points of four-fold
genomic DNA dilution series. Efficiency was calcu-
lated from the slope of the linear regression hSOD1
CT wvs. DNA standard curve with the expression
E=100"1V"I—1  where E is the efficiency of
amplification for each corresponding set of primers.
Efficiencies were 0.93 for hRSODI1 primers and 0.90
for 11.-2 primers, respectively. Relative transgene
detection was determined using the delta CT
method, calculated as the difference between the
hSOD1 CT and the mouse 11.2 CT.

Functional evaluation

Functional evaluation (rotarod and eclectrophysio-
logical tests) was performed using 28 animals of each
strain: seven female and seven male wild-type, and
scven female and seven male transgenic animals.
Histological analysis was performed using four sam-
ples for each of these subgroups. Survival analysis
was made on cohorts of 10 mice of cach strain and
gender. The experimental procedures were approved
by the Ethics Committee of the Universitat Autonoma,
de Barcelona,

The rotarod test was performed to evaluate gen-
cral motor coordination, strength and balance of the
animals (11,26). Animals were trained three times a
week on the rod rotating at 14 rpm, and then tested.
weekly from six to 16 weceks of age at thcanr\aew .
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For cach test, mice were given three runs in the
rotarod and the longest time of maintenance on the
rod was measured. An arbitrary maximum time of
maintenance in the rotatung rod of 180 s was con-
sidered.

Motor nerve conduction tests were made by
stimulating the sciatic nerve percutancously at the
sciatic notch by means of single pulses delivered
through a pair of needle electrodes, and recording
the compound muscle action potennal (CMAP,
M-wave) from the tibialis anterior (TA) and the
plantar (interossei) muscles with microneedle elec-
trodes (27,28). For evaluaton of motor central
pathways, motor evoked potentials (MEP) were
recorded from the TA muscle in response to tran-
scranial electrical stimulation of the motor cortex by
single electrical pulses, delivered through necedle
clectrodes inserted over the skull over the senso-
rimotor cortex (28,29). All potentials were ampli-
FBOled and displayed on a digital oscilloscope
(Tektronix 4508) at settings appropriate to measure
the amplitude from baseline to the maximal nega-
tive peak and the latency from stimulus to the onset
of the first negative deFB02ection, to the maximal
negative peak and to the end of the wave. During
the tests, the mice skin temperature was kept
between 34 and 36°C by means of a thermostated
heating pad.

Histology

Subgroups of four mice of each strain were per-
fused with 4% paraformaldehyde in PBS at 16
weeks of age, The lumbar segment of the spinal
cord was removed, post-fixed for 24 h, and cryo-
preserved in 30% sucrose. Transverse 40-pm thick
sections were serially cut with a cryotome (Leica)
at L2, L3 and L4 segmental levels. For cach seg-
ment, cach section of a series of 10 was collected
sequentially on separate gelatin-coated slides. One
slide was rehydrated for 1 min and stained for 2 h
with an acidified solution of 3.1 mM cresyl violet.
The slides were then washed in distilled water for
1 min, dehydrated and mounted with DPX (Fluka).
MNs were identified by their localization in the
ventral horn of the stained spinal cord sections and
counted following strict size and morphological
criteria: only MNs with diameters larger than
20 pm and with polygonal shape and prominent
nucleoli were counted. The number of MNs pres-
ent in the lateral aspect of both ventral horns was
counted in four serial sections of the L4 segment
(28,30).

Survival

It was considered that animals reached the endpoint
of the disease when they were unable to right them-
selves for 30 s when placed on their side.

Staristical analysis

Data arc expressed as mean = SEM. For the trans-
gene copy number comparison Student’s r-test was
used. Electrophysiological and locomotion tests
results were statistically analysed using repeated mea-
surements ANOVA, applying Bonferromi post hoc
test when necessary. Histological data were analysed
using the Mann-Whitney non-parametric test. Sur-
vival data were analysed using the Kaplan-Meir test.

Results
SODI1 rransgene copy number

No significant differences were found in the detec-
ton of hSODI1 rtransgene between mouse strains
(Figure 1, p>0.05), suggesting that differences
between the strains are due to the genetic back-
ground,

Rotarod test

Rotarod test was performed to determine whether B6
and B6SJL SODI1-G93A mice show different onset
and/or progression of sympromatic locomotor impair-
ments, The results show clear differences between
genders, since male SOD1-G93A mice evidenced the
first impairment at 11 weeks, while female SODI1-
G93A mice performed like wild-type animals until
12 weeks (Figure 2). Regarding differences between
strains, there was no background effect on the time
of maintenance in the rotarod, since in both cases
locomotor decline of female and male mice achieved
statistical differences with respect to wild-type litter-
mates from 13 and 12 weceks, respectively.

Motor nerve conduction

Motor nerve conduction was used to evaluate the
function of spinal MNs since the loss of neuromus-
cular connections is one of the hallmarks of the dis-
ease process in this animal model (31). Our results
confirm that lower MN abnormalities start early

1.2 e =

Wild type ¢

Cs57818

B6SJL

Figure 1. SODI rtransgene expression levels comparing Bo-
SODI-G93A, B6SJL-SOD G93A and wild-type animals. Note
the lack of differences between both strains (p > 0.05).* p< 0.05

vs. wild type. RIGHTE
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Figure 2. Rotarod test results. Transgenic SOD1 mice performance declined from 12 to 13 wecks of age in both strains, Wild-type
mice maintained permancence in the rotarod during 180 s during all the follow-up (grey dashed line). Values are mean = SEM.

during the disease process, particularly in the TA
muscle (between six and eight weeks of age), but also
show clear differences between the two strains, While
in B6 SOD1-G93A mice the first nerve conduction
abnormalities were found at six weeks of age (58%
of normal CMAP amplitude in females and 52% in
males for the TA muscle), B6SJL mice did not show
any deficit until ¢ight weeks (two weeks later), when
their CMAP amplitude was 74% of control values
in females and 52% in males, From the onset of the
abnormalities, there was a similar slope of decline of
the CMAP amplitude in both strains. At 16 weeks,
the CMAP reached 14% in female and male B6 mice
and 26% and 9% in female and male B6SJL mice,
respectively (Figure 3). With regard to plantar mus-
cles, the decline in the CMAP amplitude followed a
similar pattern in B6 and B6S]JL strains regardless
of the gender of the animals, In both mouse strains,
the abnormalities started at 12 weeks of age, evi-
denced by a reduction in the amplitude of 50-75%
that was maintained until 16 weeks (Figure 3).

Motor evoked potentials

Motor evoked potentials were performed to evaluate
the function of the connections that arise from the
upper MNs in motor cortex and brainstem, and
reach spinal MNs. The evaluation of central motor
pathways showed similar results compared with the
motor nerve conduction study. Abnormalities in cen-
tral motor pathways started carlier in the B6 SOD1-
G93A mice, evidenced by a reduction of MEP
amplitude of 50— 60% at six weeks. In turn, in B6SJL
SODI1-GY93A mice the MEP amplitude was not
reduced untl eight weeks of age, when it averaged
50-60% of wild-type mice values (Figure 4).

Amimal survival

The analysis of survival showed significant differ-
ences between the two strains. For both genders, the

lifespan was longer in B6 than in B6SJL animals. B6
male mice had a mean survival of 147 = 1.6 days,
whereas B6SJL. male mice only reached 138.2 £ 3.2
days (p<0.05, Figure 5). This difference was more
evident in female animals in which B6 had a mean
survival of 153 = 1.7 days and B6SJL only reached
138.1 = 1.9 days (p<0.05, Figure 5). With regard
to gender effect on survival, only B6 animals showed
significant differences since females lived longer than
male mice (p<0.05).

Motor neuron loss

MN degeneration was determined by counting the
number of stained MN soma in the lamina IX of the
ventral horns of lumbar spinal cord sections of wild-
type and SOD1-G93A mice of 12 and 16 wecks of
age. The segment analysed was L4, where TA and
plantar muscles motor nuclei are partially repre-
sented (32). Neurons smaller than 20 pm in diam-
cter were excluded from the count, even if they could
be atrophic MNs because they were unlikely to be
functional. There were marked differences in the
number of surviving MNs between strains. At 12
weeks of age, B6-SOD1-G93A animals showed a
lower number of MNs compared 1o B6SJL (47.5%
vs. 67.7%, respectively). However, at 16 weeks:
of age the percentage of MN loss was similar in
both cases (50 —~ 59% of respective wild-type mice)
(Figure 6).

Discussion

The detailed characterization of an animal model of
a disease, especially a neurodegenerative disorder
such as ALS, is essential for an accurate interpreta-
tion of the results obtained in experimental research.
The study of the effect of the background on the
disease process plays an important role in this char-
acterization. It has been reported that ALS patients:
expressing SOD1 mutations do not exhﬂgv : an::nﬂ
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disease progression

course of disease (7,8). Previous studies regarding
background effect on transgenic mutant SODI
models have shown significant variations in animal
survival depending on the genetic background they
were expressing (13,14). In this work we have analy-

sed not only survival but also the disease onser and
progression in two different genetic background
mouse strains. This information is important since
variations in these parameters may condition the

interpretation of basic studies ngardmﬂ dicrace
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actiopathogenesis, and the evaluation of porenual
treatments.,

Qur results demonstrate that the genetic back-
ground is a relevant factor that affects both discase
onset and progression in the transgenic mutant
SOD1 animal model of ALS. Interestingly, the
rotarod test did not show any differences in the onset
of locomotor impairments between the two strains.

Females

Percent survival

hassnnn

L)
150

140
Age (days)

L
170

Percent survival

Since this test is the most commonly used technique
to determine disease onset in SOD1-G93A animals
(11,33-35), it would seem that background does
not affect the onset of discase ‘symptoms’. However,
motor nerve conduction studies have been previ-
ously demonstrated as a more powerful tool to eval-
uate motor system impairments in this model (28).
Electrophysiological analysis showed that the initial
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Figure 5. Survival curves comparing each gender of B6 and B6SJL mice. Both female and male B6 lived significantly longer than

B6S]L animals (Kaplan-Meir test, p<0.05).
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signs of motor impairment are notably different
between both strains, since B6 mice showed the first
lower and upper MN dysfunctions about two weeks
carlier than B6SJL animals. Despite mice of both
strains reaching similar values of CMAP at 16 weeks,
it appears that B6SJL animals have faster muscle
denervation once it has started. These results are
confirmed by the histological analysis since the back-
ground also affects the progression of MN degen-
eration in SODI1-G93A transgenic animals. MN
counts revealed that B6 animals had a lower number
of spinal MNs than B6SJL animals at 12 weeks, indi-
cating that MN degenceration starts carlier in B6
mice, similar to what happens with the first signs of
MN dysfunction. These findings should be consid-
ered carefully because the timing of application of
new treatments and evaluation of consequent
improvement depends on the time of disease onset.

The study of upper MN function also indicated
clear differences between B6 and B6S]L animals, In
the B6, MEP abnormalities started carlier than in
B6LS] animals. These results are in accordance
with those from other authors using retrotracers to
assess the number of functioning upper MNs,
Ozdinler et al. (36) found a significant reduction of
labelled cortical MNs before six weeks in B6 SODI1-
G93A animals, whereas using the same method
Zang and Cheema (37) did not find any significant
reduction until 12 weeks of age in B6SJL SODI-
G93A mice. These findings suggest a strong effect
of the background on the evolution of the abnor-
malities in upper MN and central motor pathways
in this animal model.

In contrast with the motor conduction impair-
ments in upper and lower MNs, the SODI-G93A
B6 mice showed a more prolonged survival than
B6S]JL animals. It is also remarkable that only B6
animals show gender differences, suggesting that
background might also affect the suscepubility of
cach gender to the neurodegencrative process. Pre-
vious studies regarding survival in these mouse
models reported varying results, On the one hand,

Heiman-Patterson et al. (13,14) found that B6 ani-
mals lived longer than B6SJL ones, but also that
only the latter presented gender differences. On the
other hand, findings by Miana-Mena et al. (11) sup-
port our conclusions about the lack of differences in
survival of B6SJL animals between genders, These
contradictory findings may be accounted for by dif-
ferences in animal manipulation that may signifi-
cantly modify survival in this animal model. This
lack of inter-laboratory repeatability highlights that
survival analysis may suffer from lack of reliability
to evaluate influences of treatments, in addition to
¢thics concerns (35).

Many reasons could explain the effect of the
background in disease onset and progression of
SOD1-G93A animal models. Neuroinflammation
and, particularly, the role of microglia is a patho-
logical hallmark in ALS. Nikodemova and Watters
(20) have recently reported that microglial cells from.
different mouse strains differ on their pro- and anti-
inflammatory properties, pointing out that genetic
traits may modify microglial reaction, deeply affect-
ing many CNS pathologies. Since neuromuscular
junction destruction is also one of the key patho-
logical events in ALS, muscle disorders could play
an important role during the pathological process.
It has been reported that ALS pathogenesis pro-
duces several muscle abnormalities, such as hyper-
metabolism, energy deficits and alterations of lipid
metabolism (38) that could initiate and/or partici-
pate in the loss of neuromuscular junctions. Heyde-
mann et al. (17) have demonstrated that background
can modulate muscular dystrophy phenotype in a
mouse model with mutations in y-sarcoglicans, It
may be worth also to investigate whether differences
in muscle response to denervation and myogenesis
occur berween strains with SOD1-G93A mutations.
Abnormal energy metabolism is another important
trait both in ALS patients and animal models of the
disease (39). It is known that different mouse strains
have important differences regarding their metabolic
properties (The Jackson Laboratory,
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Hence, the study of these differences could also be
important to determine the background effect of dis-
case onset and progression. Finally, several authors
have noted the existence of some so-called ‘modifier
genes’ that might modulate the phenotype of a trans-
genic mouse depending on the background in which
it is maintained (14,19). The comparison of these
mouse models will also contribute to the identifica-
tion of these modifying genes. Understanding genetic
modifiers will also improve knowledge of potential
mechanisms related to ALS pathogenesis.

Our findings regarding the effects of background
differences on disease onset and progression are
important in this ficld because they demonstrate that
the experimental design must be adapted to the
strain used. With knowledge of these differences, it
is also important that all studies on SOD1-G93A
animal models include detailed information of mice
background in order to correctly interpret the
results.
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Abstract Amyotrophic lateral sclerosis is a neurodegener-
ative disorder characterized by progressive weakness, mus-
cle atrophy. and paralysis due to the loss of upper and lower
motoneurons (MNs), Sigma-1 receptor (sigma-1R) activa-
tion promotes neuroprotection after ischemic and traumatic
injuries to the central nervous system. We recently reported
that sigma-1R agonist (PRE-084) improves the survival of
MNs after root avulsion injury in rats. Moreover, a mutation
of the sigma-1R leading to frontotemporal lobar degenera-
tion/amyotrophic lateral sclerosis (ALS) was recently de-
scribed in human patients. In the present study, we analyzed
the potential therapeutic effect of the sigma-1R agonist
(PRE-084) in the SODI1“*** mouse model of ALS. Mice
were daily administered with PRE-084 (0.25 mg/kg) from
8 10 16 weeks of age. Functional outcome was assessed by
clectrophysiological tests and computerized analysis of lo-
comotion. Histological, immunohistochemical analyses and
Western blot of the spinal cord were performed. PRE-084
administration from & weeks of age improved the function
of MNs, which was manifested by maintenance of the
amplitude of muscle action potentials and locomotor behav-
ior, and preserved neuromuscular connections and MNs in
the spinal cord. Morcover, it extended survival in both
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female and male mice by more than 15 %. Delayed admin-
istration of PRE-0R84 from 12 weeks of age also significantly
improved functional outcome and preservation of the MNs,
There was an induction of protein Kinase C-specific phos-
phorylation of the NR1 subunit of the N-methyl-D-aspartate
(NMDA) receptor in SOD1“"** animals, and a reduction of
the microglial reactivity compared with untreated mice.
PRE-084 exerts a dual therapeutic contribution, modulating
NMDA Ca®' influx to protect MNs, and the microglial
reactivity to ameliorate the MN environment. In conclusion,
sigma-1R agonists, such as PRE-084, may be promising
candidates for a therapeutical strategy of ALS.

Keywords Motoneuron disease - Amyotrophic lateral
sclerosis - Sigma-1 receptor - PRE-084 - SOD19"** mice

Introduction

Amyotrophic lateral sclerosis (ALS) is an adult onset neu-
rodegenerative disorder characterized by progressive muscle
atrophy and paralysis due to death of upper and lower MNs
[1]. The majority ALS cases are sporadic with unknown
ctiology, whereas 10 % of cases correspond to inherited
forms of ALS. Among these cases, mutations in the gene
encoded for the enzyme CwZn superoxide dismutase |
(SODI) are observed in approximately 20 % [2]. Based on
these genetic mutations, transgenic animal models have
been developed for the study of ALS. The most widely used
model is a transgenic mouse with a glycine-to-alanine con-
version at the 93rd codon of the SOD1 gene in high copy
number (SOD19"**) [3]. The phenotype of this mice reca-
pitulates several clinical and histopathological features of
both familial and sporadic forms of the human discase [3].
Moreover, it has been recently reported that alterations of
the SOD1 protein are also related to sporadic ALS cases [4],
increasing the interest in the study of transgenic animals.
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Several studies using ALS animal models have hypothe-
sized that ALS pathogenesis might be related to glutamate
excitotoxicity, oxidative stress, protein misfolding, mito-
chondrial defects, impaired axonal transport, and inflamma-
tion, with all of these factors contributing to MN death [5].

The sigma-1R is a transmembrane protein found in the
endoplasmic reticulum [6, 7], which is highly expressed in
MNs and other cells in the spinal cord [6, 8-10]. This receptor
has the ability to translocate from the endoplasmic reticulum
to the plasma membrane and mitochondnia-associated mem-
branes 7, 11, 12]. In the nervous system, sigma-1R mediates
regulation of several processes, such as neuritogenesis, K
channels, and N-methyl-D-aspartate (NMDA) receptors activ-
ity, Ca®* homeostasis, and microglial activity. Furthermore, it
is related 1o some central nervous system pathologies, includ-
ing depression, schizophrenia, drug addiction, and Alzheimer
discase [13-16]. Several studies have demonstrated potent
therapeutic actions of sigma-1R agonists, reducing
glutamate-mediated cell death [17, 18] or modulating the
inflammatory reaction after stroke in rats [19, 20]. Luty et al.
[21] and Al-Saif et al. [22] recently reported a novel mutation
of sigma-1R in patients affected by ALS, suggesting that
pharmacological interventions targeting this receptor could
be a good therapeutic approach.

We have previously reported the role of the selective sigma-
IR agonist 2<(4-morpholi-nethyl)1-phenyleyclohexanecarbox-
ylate (PRE-084) in motoneuron death. We demonstrated that
PRE-084 administration promotes neuroprotection and neurite
clongation through protein kinase C (PKC) on MNs in an in
vitro organotypic model of excitotoxic lesion [18]. Moreover,
administration of PRE-084 prevented spinal MNs death after
spinal root avulsion in rats [ 10]. Therefore, the aim of this study
was 1o assess the potential therapeutic effect of the sigma-1R
agonist in the SOD1 mouse model of ALS.

Material and Methods
Transgenic Mice and Drug Administration

Transgenic mice with the G93A human SOD! mutation
(B6SIL-Tg[SOD1-G93A]1Gur) were obtained from the
Jackson Laboratory (Bar Harbor, ME), and maintained at
the Animal Service of the Universidad de Zaragoza. Hemi-
zygote B6SIL SOD1“"** males were obtained by crossing
with B6SJL females from the CBATEG (Barcelona, Spain).
The offspring was identified by polymerase chain reaction
(PCR) amplification of DNA extracted from the tail tissue.
All experimental procedures were approved by the Ethics
Committee of the Universitat Autonoma de Barcelona.
Animals were evaluated at 8 weeks (prior to drug admin-
istration) by clectrophysiological tests to obtain baseline
values, and as a diagnostic test to distribute them between
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the experimental groups. PRE-084 and BD-1036 (Tocris
Bioscience, Ellisville, MO) were used as sigma-1R agonist
and antagonist, respectively. Both drugs were dissolved in
saline and administered daily by intraperitoneal injections at
0.25 mg/kg. The experimental groups included in the study
are summanzed in Table 1.

Nerve Conduction Tests

Motor nerve conduction tests were performed at 8 weeks of age
and then every 2 weeks until 16 weeks in all the animals used in
the study (Table 1). The sciatic nerve was percutancously
stimulated by means of single pulses of 0.02 ms duration (grass
SK8) delivered through a pair of needle electrodes placed at the
sciatic notch. The compound muscle action potential (CMAP)
(M wave) and the reflex H wave were recorded from the tibialis
anterior (TA) and the plantar (interossei) muscles with micro-
needle clectrodes [23, 24 All potentials were amplified and
displayed on a digital oscilloscope (Tektronix 4508; Tektronix,
Beaverton OR, USA) at settings appropriate to measure the
amplitude from baseline to the maximal negative peak. To
ensure reproducibility, the recording needles were placed under
the microscope to secure the same placement on all animals
guided by anatomical landmarks. During the tests, the mice
body temperature was kept constant between 34 and 36°C by
means of a thermostated heating pad.

Treadmill Test

The DigiGait system (DigiGait Imaging System, Mouse
Specifics, Boston, MA) was used to assess the locomotor
performance of the animals at the end-stage of the discase
(at 16 wecks of age). All the animals used in the study
(Table 1) were tested. The animals were placed on the
treadmill belt and their capacity to run with increasing
velocity was recorded. Treadmill speeds used were 5, 10,
15, 20, 25, and 30 cm/s, based on previous studies per-
formed in our laboratory [25].

Table 1 Expenimental groups included in the study

Gender n Treatment onset  Expenimental group

Female 9 - Wild type

Fermale 19 8§ weeks SOD1 + saline (SOD1¢)

Female 19 8 weeks SOD1 + PRE (PRE)

Female 9 8 weeks SODI + PRE = BD (PRE + BD)
Female 12 weeks SODI + PRE (delayed)

Male 9 — Wild type

Male 19 8 weeks SOD1 + saline (SODI¢)

Male 19 8 weeks SODI +PRE (PRE)

BD=BD-1036; PRE=PRE-084; SOD1 = superoxide dismutase 1 trans-
genic; SODIe=superoxide dismutase | transgenic control

4) Springer
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Retrotracers Injection

Mice of 15 weeks of age (5 of cach group) were anesthetized by
an intraperitoneal injection of sodium pentobarbital (50 mg/
kg). Their left hind paw was gently shaved and the skin was
disinfected with povidone-todine, A small incision in the skin
was performed over the TA muscle and a 30-gauge needle
connected to a Hamilton syringe (Hamilton Co, Reno, NV,
USA) was inserted in the proximal region of the TA muscle.
Two pl of 4 % Fluorogold (Fluorochrome LLC, Denver, CO,
USA) were injected directly into the muscle. After the injec-
tion, the needle was left in place for 30 s and then slowly
withdrawn to avoid liquid from coming out of the muscle.

Histology

One week after retrotracer injection (at 16 weeks of age) mice
were transcardially perfused with 4 % paraformaldehyde in
phosphate-buffered saline (PBS) and the lumbar segment of
the spinal cord was removed, postfixed for 24 h, and cryopre-
served in 30 % sucrose. Transverse 40-pum thick sections were
serially cut with a cryotome (Leica CM190, Leica Micro-
systems, Wetzlar, Germany) between L2 and LS segmental
levels. For each segment, each section from a series of 10 was
sequentially collected on separate gelatin-coated slides.

One slide of each animal was rehydrated for | min and
stained for 2 h with an acidified solution of 3.1 mM cresyl
violet. Then the slides were washed in distilled water for 1 min,
dehydrated and mounted with DPX (Fluka, Buchs, Switzer-
land). MNs were identified by their localization in the ventral
hom of the stained spinal cord sections and counted afler strict
size and morphological criteria (only MNs with diameters
larger than 20 pm and with polygonal shape and prominent
nucleoli were counted) [10). The number of MNs present in
both ventral homs was counted in 4 serial sections of cach L4 1o
LS segments [10, 23].

To estimate the number of MNs innervating the TA muscle,
retrograde-labeled MNs were counted under epifiuorescence mi-
croscopy from slides 1, 3, 5, 7, and 9. The total number of MNs
was calculated according to the formula of Abercrombice [26],

Another series of sections was blocked with PBS-Triton-
fetal bovine serum (FBS) and incubated ovemight at 4 °C with
primary antibodies anti-glial fibnllary acidic protein (1:1000,
Dako, Glostrup, Denmark), rabbit anti-ionized calcium binding
adaptor molecule 1 (1:1000, Wako, Chemicals, Richmond, VA,
USA), anti-sigma-IR (1:500, Santa Cruz Biotechnologies,
Santa Cruz, CA, USA), anti-phospho-NR1 (Ser896) (1:500,
Millipore. Billerica, MA, USA), or anti-phospho-NR1
(Ser897) (1:500, Millipore). After washes, sections were incu-
bated for 1 h at room temperature with Cy2- or Cy3-conjugated
secondary antibody (1:200; Jackson Immunoresearch, West
Grove, PA, USA), or, in the case of anti-phospho-NR1 anti-
bodies, with biotinilated secondary antibody (1:200, Vector,
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Burlingame, CA, USA) and then for 2 h at room temperasture
with Cy3-conjugated streptavidin (1:1000, Vector). For co-
localizations, spinal MNs were labeled with Cy2- or Cy3-
conjugated fluorotracer Niss staming (1:200, Life Technolo-
gies, Grand Island, NY, USA). To quantify astroglial and micro-
glial immunoreactivity, microphotographs of the grey matter of
the ventral hom were taken at=400 and, after defining the
threshold for background correction, the integrated density of
glial fibnllary acidic protein (GFAP) or ionized calcium binding
adaptor molecule 1 (Ibal) labeling was measured using Image)
software (National Institutes of Health, Bethesda, MA, USA)
[27, 28]. The integrated density is the area above the threshold
for the mean density minus the background.

Protein Extraction and Western Blot

For protein extraction, a subset of mice (4 of each experimental
group) were anesthetized and decapitated at 16 weeks of age.
The lumbar spinal cord was removed and divided into quarters
to isolate the ventral parts. One of these parts was prepared for
protein extraction and homogenized in modified radioimmuno-
precipitation assay buffer (50 mM Tris-HCIpH 7.5, 1 % Triton
X-100, 0.5 % sodium deoxycholate, 0.2 % sodium dodecyl
sulfate (SDS), 100 mM NaCl, 1 mM cthylenedinminetetraace-
tic acid (EDTA)) adding 10 pul/ml of Protease Inhibitor cocktail
(Sigma, St Louis, MO, USA) and | mM sodium orthovanadate
(phosphatase inhibitor) (Roche, Manheim, Germany). After
clearance, protein concentration was measured by bicincho-
ninic acid assay (BCA Protein Assay Kit, Pierce, Rockford, IL).

To perform the Western blot, 30 ug of protein of cach
sample were loaded in 7.5 % SDS-poliacrylamide gels. The
transfer buffer was 25 mM trizma-base, 192 mM glycine, 20 %
(v/v) methanol, pH8.4. The membranes were incubated with
5 % bovine serum albumin in PBS plus 0.05 % Tween-20 for
1 h, and then with primary antibodies at 4 °C overmnight. The
primary antibodies used were: anti-b-actin (Sigma; 1:10000),
anti-sigma- 1R (Santa Cruz, 1:500), anti-NMDARI (Millipore,
1:500), anti-phospho NR1 ($896) (Millipore, 1:500), or anti-
phospho NR1 (S897) (Milllipore, 1:500). Horseradish peroxi-
dase, coupled with secondary antibody incubation was per-
formed for 90 min at room temperature. The membranes
were visualized using an enhanced chemiluminiscence method
and the images were collected and analyzed with Gene Ge-
nome apparatus and Gene Snap and Gene Tolls softwares
(Syngene, Cambridge, UK), respectively.

Survival

A subset (of 10 mice of each group and gender) was used to
assess the effects of treatment on survival of the animals. It
was considered that animals reached the endpoint of the
discase when they were unable to stand up for 30 s when
placed on their side.
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Statistical Analysis

Data are expressed as mean + SEM., Electrophysiological
and locomotion test results were statistically analyzed using
repeated measurements and 1-way analysis of vanance,
applying the Bonferrom post-hoc test when necessary. His-
tological data were analyzed using the Mann-Whitney U
test. Survival data was analyzed using the Kaplan-Meir test,

Results
Sigma-1R Expression in SODI Animals

We studied the sigma-1R expression levels and localization
in the ventral spinal cord of mice aged 16 weeks 1o assess
whether MNs could be directly affected by the PRE-084
administration. Western blot analysis revealed that the ex-
pression levels of the receptor were not altered during dis-
case progression because there were no differences in the
amount of protein between experimental groups (Fig. [A).
Furthermore, immunohistochemistry revealed co-labeling
between Nissl staining (labeling MNs) and sigma-1R
(Fig. 1B), indicating that this receptor is expressed in the
MNs of both wild-type and transgenic animals.

PRE-084 Administration Improves Spinal Motoneuron
Function in SOD1 Animals

The analysis of lower MN functional activity is crucial to

assess the effect of new treatments, because the loss of

Fig. 1 Sigma-| receptor
(sigma-1R) expression and
localization in the lumbar spinal
cord, (A) Western blot was used
1o assess the expression Jevels
of the sigma-1R in the ventral
part of the lumbar spinal cord.
(B) Quantification of the West-
em blot evidenced no differen-
ces between groups (Fy 55 B
0.63; p=0.6013). (C) Confocal

images of L4-LS motoncurons

A

(MNs) labeled with fluorescent &
Nissl staining (red) and anti- 12
sigma- 1R (green) to co-localize 1.0
the receptor into the MNs. Note 08
that the expression pattemn s 5
similar in wild-type (WT) mice 0.6
untreated (SOD1¢) and PRE- § 04
084 treated (PRE) SOD) A
Scale bas, 20 pum 02
0.0
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neuromuscular function is 1 of the hallmarks of the discase
process in ALS animal models [29-31]. The results showed
that PRE-084 administration significantly improved the am-
plitude of TA and plantar compound muscle action potential
(CMAP), both in female and male SOD1“"** mice from
12 weeks of age compared to untreated mice. This effect
was sustained until the end of the follow-up (16 wecks of
age) when the mean amplitude of the potentials was twice
that of the untreated animals, The functional preservation
was especially marked in the TA muscle, because at the end
of the follow-up its function was 80 % of the baseline values
recorded in the pre-treatment 8-weeks test. Coadministration
of the sigma-1R antagonist BD-1036 reverted the improve-
ment achieved by the PRE-084 agonist (Fig. 2).

PRE-084 Treatment Improves Locomotor Performance
in SODI Animals

PRE-084 administration also significantly improved the lo-
comotor performance of SOD1 animals (Kaplan-Meier test;
p<0.05). Both male and female mice administered with the
sigma-1R agonist were able to run at higher speeds com-
pared to untreated mice. The performance of untreated
SODI1 animals began to decline from 10 em/s and none
were able to run at 30 em/s (the maximum speed tested).
However, animals treated with PRE-084 did not show loco-
motor impairments until 25 cm/s, and approximately half of
them were able to maintain locomotor performance at
30 emvs at 16 weeks of age. Again the beneficial effects
were blocked when the sigma-1R antagonist was co-
administered (Fig. 3).

c

SOD1c PRE PRE+BD

Sigma-1R expression

+80
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Tibial anterior
Amplitude (mV)
2 § ¥ ¥ 8 %S

Plantar

Fig. 2 Electrophysiological 1ests of male and female animals to eval-
uate the lower motor function by means of the evoked compound
muscle action potential (CMAP). Tibialis anterior (TA) and plantar
muscles were evaluated from 8-16 weeks of age in wild-type (WT)
mice, SOD1 untreated (SOD I ¢), treated with PRE-084 (PRE), and co-
treated with PRE-0S4 and BD-1036 (PRE + BD). Daily administration

PRE-084 Administration Preserves Neuromuscular
Connections in SOD1 Animals

To assess whether PRE-084 administration could main-
tain the connection between MNs and the skeletal
muscles, retrotracers were injected in the TA muscle at
15 weeks and the number of stained MNs in the spinal
cord counted | week later. The results showed that
sigma-1R agonist administration significantly preserved
the number of MNs innervating the TA muscle (Fig. 4).
PRE-084 treated animals showed 40 % higher number
of labeled MNs in the spinal cord with respect to SODI
untreated mice. This beneficial effect was reverted by
coadministration of the sigma-1R antagonist. Figure 4A
shows representative images of the cord ventral homs of
untreated (SODI¢), treated with PRE-084, and co-
treated with PRE-084 and BD-1036 SODI transgenic
micce.

PRE-084 Administration Preserves Motoneurons
in the Anterior Horn of the Lumbar Spinal Cord

The survival of spinal MNs was assessed by counting
the number of stained MNs soma in the anterior homns
of the lumbar spinal cord in mice of 16 weeks of age,
focusing in L4 to L5 segments where the TA and the
plantar muscles motor nuclei are represented [32]. MN
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of PRE-084 significantly improved lower motoneuron (MN) function,
especially in the case of the TA because its function was almost
maintaimed until the end of the follow-up (TA muscle: Fis sq=5.63;
p<0.001 for females; Fy 7,=2.27; p<0.05 for males. Plantar muscle:
Fraam=4.71; p<0.001 for females; Fy j76= 15.43; p<0,001 for males),
Values are mean = SEM. *p<0.05 vs WT mice; “p<0.05 »s SODI¢

counts were restricted to the lateral area of the ventral
horn lamina IX, because this population innervates the
hind-limb muscles. Neurons smaller than 20 pum in
diameter were excluded from counting, even if they
could be atrophic MNs because they were unlikely to
be functional,

PRE-084 administration reduced the neurodegenera-
tive process in SODI mice (Fig. 5). Treated animals
showed a 30 % increase in the number of MNs present
in the ventral spinal horns, without differences between
males and females. Alhough SODI untreated animals
had 16.1=1.6 (male) and 20.1+1.1 (female) MNs per
section, PRE-084 treated mice had 34.8£0.9 and 339+
2.1, respectively. The coadministration of the sigma-1R
antagonist blocked the neuroprotective effect achieved
by the agonist (Fig SB). Figure SA shows representative
images of ventral horns of wild-type, untreated control,
treated with PRE-084, and co-treated with PRE-084 and
BD-1036 SOD! mice to illustrate the neuroprotective
effect.

PRE-084 Administration Reduces Microglial but Not
Astroglial Immunoreactivity in the SOD1 Spinal Cord

It has been extensively reported that ghal cells contrib-

ute to MN degeneration, both in animal models [33-35]
and in ALS patients [36]. Thus, we analyzed both
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% of SO01 mice
at 16 weeks of age
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S 10 18 2 28 »
Tresdmil speed (cmis)

Fig. 3 Locomotor performance of wild-type, SOD1 untrecated
(SODI1¢), treated with PRE-084 and co-treated with PRE-084 and
BD-1036 animals at 16 weeks of age. (A) The graphs represent the
proportion of animals that were able to run with increasing velocity and
cvidence the larger proportion of PRE-084 treated animals that were
able to run at higher speeds (Kaplan-Meier test; chi-square=17.27, p<

astroglial (glial fibrilar acidic protein-positive) and
microglial (Iba-1-positive) immunoreactivity in the ante-
rior homs of lumbar spinal cord sections to assess
possible modifications of glial cell behavior induced
by the treatment.

The results showed that PRE-084 administration sig-
nificantly reduced microglial, but not astroglial immu-
noreactivity in the ventral horn of SODI! animals
(Figs. 6 and 7), whereas in both male and female
untreated SOD1 mice, Iba-1 immunoreactivity was in-
creased by more than 600 % compared to wild-type
mice, PRE-084 trcatment reduced it to approximately

0.001 for females; chi-square=14.96, p<0.001 for males). (B) Repre-
sentative images of SOD1 untreated animals (SODI¢) and treated
animals with PRE-084 (PRE) running ot 10 ¢m's. Note the misplace-
ment of both paws (black dots) in the untreated SOD1 mouse and the
reversion of this sign achieved by PRE-084 admanistration

300 %. This improvement was reverted when the
sigma-1R antagonist was coadministered.

PRE-084 Delayed Treatment Also Produces Functional
Improvement in SOD1 Animals

Considering the important effect achieved by the sigma-
IR agonist administered from 8 weeks of age (e, a
presymptomatic stage), we studied that if a more
delayed treatment (ie., from the 12th week) could also
ameliorate the animals condition. Electrophysiological
tests revealed that PRE-084 treatment produced a

A B
P Females o
40+ b
354 .
204 "
244
204
/ 3 154 ® . 3
‘; 101 s 2
B ror%q fany 32
Coowr fc  PRE PRE+BD WT  S0Dlc  PRE

Fig. 4 Retrotrucer injection performed to assess the proportion of
lumbar motoneurons (MNs) that were still connected to the tibialis
antenior (TA) muscle in wild-type (WT) amimals, SODI untreated
animals (SODIc) animals treated with PRE-084 and co-treated with
PRE-084 and BD-1036 at 16 weeks of age. (A) Representutive image
of a Fluorogold-labeled MN in the lumbar spinal cord. Scale bar,

104

20 um. (B) The quantification of the total number of Fluorogold-
stained MNs revealed a 40 % preservation of newromuscular connec-
tions m the PRE-OS4 compared to SODIc untreated mice (Fy o~
1054, p<0.001 for females; Fy =86,68, p<0,001 for makes), Values
are mean = SEM. *p<0.05 vs WT mice: "p<0.05 vs SODI¢
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Fig. § Motoncurons (MN) survival in SOD1 amimals, (A) Represen-
tative images of Nissl stiined L4 spinal cord sections from wild-type
mice, SODI untreated (SODI¢), treated with PRE-084 (PRE), and co-
treated with PRE-O84 and BD-1036 (PRE + BD). Note the evidem
improvement afler PRE-084 treatment. Scale bar, 500 pm. (B) The

significant increase of the TA CMAP from 14 weeks,
with a maximum effect at the end of the follow-up,

o

when the mean amplitude was 25 % higher than in

untreated SODI mice (Fig. 8A). The delayed treatment
also improved the locomotor performance of the animals
(Kaplan-Meier test, p<0.05), whereas SODI1 untreated
animals performance declined from 10 cm/seconds to all
treated mice supported until 15 em/seconds. At 30 ¢m
seconds, when SODI1 controls were completely unable
to perform the test, 42 % of the treated animals were
able 1o run (Fig. 8B). MN counts revealed that delayed
administration of the sigma-1R agonist produced a sig-
nificant 13 % increase in the number of stained MN in

Fig. 6 Analysis of astroglial AL
reactivity, (A) Representative
microphotographs of wild-type

(WT) mice, SODI1 untreated

(SODI1¢) and treated with PRE-

084 (PRE) mice immunola-

beled for astrocytes (glal fibn.

lar acidic protein). Scale bar,

125 um. (B) Quantification of

glial fibrilar acidic protein im-
munoreactivity m female and B Females
male mice. There were no dif-
ferences between treated and
untreated animals (Fj = 38.52,
p<0.001 for fermales; Fy 4
106,1, p<0.001 for males)
Values are mean £ SEM. *p-
0.05 v WT; P 0.05 v SODI¢

% IR vs, wild

Females

-
3
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.
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quantification of MNs per sections in female and male mice showed a
30 % significant improvement in MN preservation (Fy 95,53, p-
0.001 for females; F5 14=197.9, p<0.001 for males). Values are mean =
SEM. *p<0.08 v WT mice; p<0.085 yx SODI¢

the anterior homs of spinal cord sections compared to
SODI untreated mice (Fig. 8C).

Sigma-1R Agonist Significantly Extends Survival of SODI

Iransgenic Mice

[he administration of PRE-084 from 8 wecks of age signif-
icantly prolonged survival of both female and male SODI
mice (Kaplan-Mecir analysis, p<0.001), whereas untreated
female and male SODI1 mice lived 124.1£0.96 and 122.64

3.06 days, respectively, and treated animals survived for
140.541.77 and 133.1£3.91 days (approximately 15 and
10 % longer) (Fig. 9).
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Fig. 7 Analysis of microghal
reactivity, (A) Representative
microphotographs of wild-type
(WT) mice, SODI untreased
(SODI¢) and treated mece with
PRE-O84 (PRE) immunola-
beled for microghal cells (Iha-
1). Scale bar, 125 um. (B)
Quantification of [ha-l immu-

ALl

noreactivity in female and male
mice. Note the marked reduc-
tion of the microglhial reactivity
after the PRE-0S4 treatment

(Fy 1071791, p<0,001 for
females; Fi 14 0.001

Females

85,7, P
for males). Values are mean =
SEM. *p- 005 vy WT. p<0,05
vy SODI1¢

% IR vs, wild type

Sigma-1R Exerts Modulation of NMDA Receptors
through the PKC Pathway

Previously reported, in vinro studies indicate that the sigma-| R
agonist suppresses NMDA currents in mat retinal ganglion

Tibial anterior muscle CMAP
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Fig. 8 Effect of delayed administration of PRE-034 from 12 weeks of
age. (A) Lower motoncuron (MN) function evaluated by the com-
pound muscle action potential (CMAP) of the tibialis anterior muscle
PRE-0R4 treatment prevents the decline in spinal MN function (Fy

6.71; p<0.001). (B) Locomotor performance of the anmmals at 16 weeks
of age. The graph represents the proportion of animals that were able to
run with increasing velocity. Note the greater proportion of PRE-OR4-

106

Males
-
— g
2
b4
3
s
x
*
PRE+BD

cells [14) and rescues MNs from excitotoxic-induced death
mediated by PKC activation [18]. Thus, we assessed if PRE-
084 might exert its therapeutic effect in vivo through modula-
tion of NMDA receptors via PKC, To assess this hypothesis,
we analyzed the phosphorylation state of 2 PKC-specific

C MN survival
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treated animals that were able to run at higher speeds (Kaplan-Meier
test, chi-square =821, p<0.05). (C) Quantification of MNs per sections
evidenced a 13 % significant improvement in MN preservation (F; 4
1387, p<0.,001). (D) Representative images of wald-type (WT) mice,
SODI1 untreated (SODI¢) and treated with PRE-OR4 mice from
12 weeks of age (PRE 12w) SEM. *p<0.05 vs
WT; “p<0.05 vs SODI¢

Values are mean =+
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Fig. 9 PRE-O84 administration Females Males
significantly extended \()!)I :("g: e 1004 « - SOD1e
mice survival. Sigma-1 receptor — 904 “--L _ wd L -\ PRE
(sigma-1R) agonist trestment 3 804 3 3 W L
prolonged SOD1 animals life- g 709 4 g :g: {‘
span for (A) 16 days in females ; x B x 504 L
(chi-square= 165.3, p<0.001) 8 40 -: g 40+ ]
and (B) 11 days in males (chi- & ::‘ l_' s : L
square~ 1412, p<0.001) !0: 1 104 :
0 —— e ——
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Days of age Days of age

serines (Ser896 and Ser897) in the NR1 subunits of NMDA
receptors. Because there were no differences between males
and females in the functional and histological results, data
from both genders was pooled. The results showed a signifi-
cant increase in the phosphorylation of PKC-specific Ser896
and Ser897 of the NMDA-NR1 subunit in mice treated with
the sigma-1R agonist, by 4.3- and 5.5-fold with respect to
SODI untreated animals, respectively, The copdministration
of the sigma-1R antagonist reduced the amount of
phosphorylated NR1 to control values (Fig, 10A), To assess
whether the phosphorylation was affecting the receptors
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Fig. 10 Protein kinase C (PKC)-dependent phosphorylation in 5897
and S897 of NMDA-NRI subunits in the anterior hom of lumbar
spinal cord of SOD1 animals at 16 weeks of age. (A) Westemn blots
to assess the degree of phosphorylation of the NMDA-NR 1 subunits in
the anterior hom of lumbar spmal cord. PRE-OS4 increased the PKC-
specific phosphorylation of NR1 subumits. (B, C) Quantification of
Westen blots revealed a 4.3- and 5.5-fold increase in phospho-NR|
subunits after the treatment with PRE-084 for (B) S896 and (C) S897,
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expressed in MNs, we performed immunohistochemical co-
localization of the phopho-NR 1 subunits and the MNs in the
lumbar spinal cord. Results revealed that both PKC-specific
NR1 phosphorylations were exclusively present in MNs of
PRE-084-treated SOD1 amimals (Fig. 10B),

Discussion

In this study we have analyzed the effect of the sigma-IR

agonist, PRE-084, as a treatment for the SOD19"** mouse

4

-
PRE pNR1 (S897)

pNR1{5896)

+BD pNR1 (S896) PRE+BD pNR1 (S897)

respectively (Fy 5= 15,91, p<0.001 for females; Fy 33~ 11,47, p<0.001
for males). Values arc mean = SEM. *p<0.05. (D) Confocal images of
L4 to LS motoneurons (MNs) labeled with fluorescent Nissl staining
(green) and anti-phospho-NR1 (red) to co-localize the phopho-NR1
mto the MNs. Note that phosphorylation of the NMDASNR subunit is
only visible in the MNs of animals treated with PRE-OS4, Scale bar,
20 pum
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model of ALS. The results indicate that daily administration
of PRE-084 from 8 weeks of age significantly improved
spinal MN function, manifested by maintenance of the am-
plitude of muscle action potentials and improved locomo-
tion behavior, and preserved both ncuromuscular
connections and MNs survival in the spinal cord, Morcover,
sigma-1R agonist prolonged survival in female and male
SODI animals, Delayed administration of PRE-084 starting
at 12 weeks of age also significantly improved functional
outcome and MN preservation of SOD19*** animals.
Among other possible effects, further analyses revealed that
PRE-084-induced PKC-specific phosphorylation of 2 ser-
ines (Ser896 and 897) of the NMDA-NRI subunit in MNs,
and a reduction of the microglial reactivity in the spinal cord
of SOD1“"**.ireated animals compared with SOD19%*A.
untreated mice.

We previously reported the beneficial role of PRE-034 in
terms of neuroprotection on both in vitro and in vive models
of MN death. First we demonstrated that PRE-084 promotes
MN survival and neurite outgrowth in an organotypic model
of excitotoxic insult [I18]. We have also shown a potent
neuroprotective effect of PRE-084 treatment on spinal
MNs after L4 to LS root avulsion mjury in adult rats [10].
Focusing on ALS, it has been recently described a causative
relation of mutations in the SIGMA-R/ gene in human
patients developing juvenile ALS and frontotemporal lobar
degencration-ALS pathology [21, 22], suggesting that this
receptor may be a good target for the treatment of ALS. First
we assessed the expression levels and localization of the
sigma-1R in the ventral part of the lumbar spinal cord of
SOD19"** mice. Despite a slight reduction compared to
wild-type mice, the results showed that sigma-1R was pres-
ent in spinal MNs of SOD1"** animals, even at 16 weeks
of age, pointing out that agonist administration can directly
affect MNs. To confirm that the effects of the selective
agonist PRE-084 were due to modulation of the sigma-1R,
a sclective antagonist (BD1036) was coadministered in an-
other group of animals. This coadministration blocked all
the beneficial effects, demonstrating that the therapeutic
action can be attributed to the activation of the sigma-1R.

Abnormal function of spinal MNs, loss of neuromuscular
Junctions, and subsequent death of the MNs are key ele-
ments of the pathology in human patients and animal mod-
cls of ALS [1, 29, 37). Recently, we characterized the
pattern of lower and upper MN dysfunction electrophysio-
logically [23] during disease progression in the SOD19**A
mouse model, revealing that this is a reliable test to monitor
the animal model, as well as human patients. In the present
work, we found that daily sigma-1R agonist administration
from 8 weeks of age, a time when signs of paresis are not
present, yet but when nerve conduction tests clearly identify
motor dysfunction, greatly improves the function of lower
MN in both male and female SOD1"** mice, as evidenced
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by the amplitude of the CMAPs, especially in the TA mus-
cle,which functioned at 16 wecks of age and was maintained
compared to baseline values, This improved function corre-
lated with the preservation of more than 70 % of spinal
MNs, still innervating the TA muscle, twice as many as in
the untreated SOD19** animals (32 %). Gait abnormalitics
and progressive paralysis are also 2 main characteristics of
ALS in human [1] and animal models [25]. We found a
significant improvement in the locomotor capacity of
SODI“"** mice treated with PRE-084 because they were
able to run at higher speeds on a treadmill than untreated
SOD19"** mice. This fact demonstrates that sigma-1R ag-
onist administration preserves muscle strength and reduces
signs of paralysis. Furthermore, it resulted in a significant
prolongation for 16 and 11 days in survival of female and
male SOD19*** mice, respectively. Therefore, sigma-1R
modulation produces important functional benefits in terms
of spinal MN function, locomotion, and survival in the
SOD1"*A mouse model, even comparatively better than
silencing the mutant SODI expression [38] or other phar-
macological treatments previously reported [39], such as
nluzole [40].

Once demonstrated that daily PRE-084 administration
from 8 weeks of age significantly improves functional per-
formance and preserves MN in the spinal cord, we per-
formed a sccond study in which PRE-084 was
administered from 12 weceks, the beginning of the classical
symptomatic phase in SOD1** mice, to mimic the time
point at which patients might start the treatment. The results
showed that delayed administration was also able to im-
prove spinal MN function and locomotion performance,
and significantly preserved MN cell bodies in the spinal
cord compared to SOD1%”** untreated animals,

Sigma-1R ligands have been shown to promote neuro-
protection in several types of insults [15]. /n vitro studies
revealed potent neuroprotective effects of sigma-1R ago-
nists after excitotoxic damage [ 18], hypoxia-mediated neu-
rotoxicity [41], oxidative stress-induced cell death [17], or
glucose deprivation [42]. /n vive studies demonstrated that
sigma-1R agonists exert therapeutic actions in rats after
stroke [19, 20], after selective cholinergic lesions [43), and
after spinal root avulsion [10]. The results found in this
study also reveal a potent neuroprotective effect of PRE-
084 administration on spinal MNs in the neurodegenerative
SODI* mice model. At 16 weeks of age, there was a
30 % increase in the number of surviving MNs in the spinal
cord of both male and female SODI animals treated with
PRE-084 with respect to untreated animals. We have previ-
ously described the progression of spinal MN degeneration
of SOD1“** mice, showing that the number of surviving
MNs per lumbar cord section averaged 37£2 and 3343 in
male and female mice, respectively, at 12 weeks of age, and
1642 and 2041 in male and female mice at 16 weeks of age
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[23, 44], respectively. In the present study, we found that
PRE-084 treated amimals had a mean of 35+ 1 (males) and
3422 (females) MNs per section at 16 weeks of age, Thus,
sigma-1R agonist administration slows down the degencra-
tive process so that treated animals have the same number of
MNs per section at 16 weeks than untreated animals at
12 weeks.

It has been extensively described that calcium dysregu-
lation and excitotoxicity are 2 main pathogenic mechanisms
of ALS pathology [45. 46]. ALS-vulnerable spinal and
brainstem MNs display low endogenous Ca®" buffering
capacity, that is 5 to 6 times lower than that found in ALS-
resistant MNs (i.e., oculomotor MNs), making them more
susceptible 1o excitotoxic insults [47]. NMDA receptor is
considered to be 1 of the key elements in excitotoxiciy [46].
It has been reported that sera from ALS patients induces
abnormal NMDA receptor activation [48]. Morcover,
Sunico et al. [49] showed an excitation/inhibition imbalance
in MNs of SOD1“"** mice with an increased density of
glutamatergic synapses, which could lead to an enhance-
ment of Ca®” influx into the cells. Thus, NMDA receptor
modulation might be a good target to reduce MN damage.
Sigma-IR agonists, such as SKF10097 and PRE-084, sup-
press NMDA currents in mat retinal ganglion cells through a
PKC-dependent mechanism, leading to a reduction of calci-
um influx into the cytoplasm [14]. Furthermore, sigma-1R
agonists prevent Ca®* dysregulation and promote neuropro-
tection in rat cortical neurons by modulating Ca®* influx
through NMDA receptors [41], and also protect MNs in
organotypic cultures against excitotoxicity [18]. Our novel
results show that sigma-1R agonist administration led to
increased PKC-specific phosphorylation of NR1 subunits
present in spinal MNs, demonstrating a direct effect of the
treatment in these cells. These changes in the NMDA re-
ceptor might reduce its permeability and, thus, the calcium
influx into the MNs, attenuating excitotoxicity. Further
expeniments should be performed to assess whether PRE-
084 modifies the NMDA channel properties in SOD1 MNs,

Neuroinflammation, and particularly the role of micro-
ghia is another pathological hallmark of ALS [50]. In
resting conditions, SOD1 transgenic microglia shows re-
duced neuroprotective properties [S1]. Moreover, phago-
cytic microglia adjacent 1o MNs is present at the very
carly stages of the disease in the transgenic rat model of
ALS [35], suggesting that abnormal microglial function
could play an active role in MN degeneration. Our
results revealed a reduction of microglial immunoreactiv-
ity in the ventral spinal cord of PRE-084-treated
SODIY** mice compared to untreated SOD1“™** mice,
In vitro assays performed by Hall et al. [I13], in 2009,
showed that the activation of sigma-I1R suppresses
adenosine triphosphate-induced Ca®” influx and attenuates
microghal activation. Both findings point out that sigma-
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IR could directly modulate microglial activation in
SOD19”*A animals acting through a complementary
non-ncuronal pathway to ameliorate the MNs environ-
ment and promote their survival. This effect may add
to the reduction of neuroinflammatory response, second-
ary to the prevention of motoneuron degeneration.

Our results demonstrate for the first time that a sigma-1R
agonist has potent beneficial actions in the SOD19"** mod-
¢l of ALS. We show that PRE-084 may exert, at least, a dual
therapeutic contribution, modulating the NMDA Ca®” influx
to reduce excitotoxic damage to MNs, and the microglial
reactivity to ameliorate the MNs environment. Such a pluri-
functional target may provide better translational outcomes
than drugs that act only on | of the multiple physiopatho-
logical mechanisms involved in ALS. These findings have
increased importance because sigma-1R alterations have
been reported in human patients, opening a novel perspec-
tive for the study of the potential role of sigma-1R agonists
as therapeutic agents for ALS.
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Abstract Amyotrophic lateral sclerosis (ALS) is an adult
onset neurodegenentive discase that causes progressive pa-
ralysis and death due to degeneration of motoneurons in spinal
cord, brainstem and motor cortex. Nowadays, there is no
effective therapy and patients die 2-5 years after diagnosis.
Resveratrol (trans-3,4',5-trihydroxystilbenc) is a natural poly-
phenol found in grapes, with promising neuroprotective ef-
fects since it induces expression and activation of several
neuroprotective pathways involving Sirtuinl and AMPK.
The objective of this work was to assess the effect of resver-
atrol administration on SOD1“*** ALS mice. We determined
the onset of symptoms by rotarod test and evaluated upper and
lower motoneuron function using electrophysiological tests.
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We assessed the survival of the animals and determined the
number of spinal motoneurons, Finally, we further investigat-
ed resveratrol mechanism of action by means of western blot
and immunohistochemical analysis. Resveratrol treatment
from 8 weeks of age significantly delayed disease onset and
preserved lower and upper motoneuron function in female and
male animals. Morcover, resveratrol significantly extended
SODI“** mice lifespan and promoted survival of spinal
motoncurons. Delayed resveratrol adminmistration from 12
weeks of age also improved spinal motoncuron function pres-
ervation and survival. Further experiments revealed that res-
veratrol protective effects were associated with increased ex-
pression and activation of Sirtuin 1 and AMPK in the ventral
spinal cord. Both mediators promoted normalization of the
autophagic flux and, more importantly, increased mitochon-
drial biogenesis in the SOD1“"** spinal cord. Taken together,
our findings suggest that resveratrol may represent a promis-
ing therapy for ALS.

Keywords Motoncuron discase - Amyotrophic lateral
sclerosis - Resveratrol - Sirtuin | - AMPK - SOD19"** mice

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegener-
ative discase characterized by the death of upper and lower
motoneurons (MN) that clinically manifests by progressive
muscle atrophy and paralysis [1]. Although the majority of
ALS cases are sporadic with unknown etiology, 10 % of them
are inherited forms, caused by genetic mutations. Among
these, mutations in the gene encoding for the enzyme Cu/Zn
superoxide dismutase 1 (SOD1) are observed in about 20 % of
the patients [2]. The study of these genetic mutations led to the
development of several transgenic amimal models of ALS.
The most widely used is a transgenic mouse that over-
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expresses the human mutated form of the SODI1 gene with a
glycine to alanine conversion at the 93rd codon [3]. This
model recapitulates most relevant clinical and histopatholog-
ical features of both familial and sporadic forms of the human
disease [3). It is also of relevance that alterations of the SODI
protein have been reported in sporadic ALS patients [4],
increasing the interest of this murine model. Several mecha-
nisms have been implicated as contributors to MN death in
ALS, such as glutamate excitotoxicity, oxidative stress, pro-
tein misfolding, mitochondrial defects, impaired axonal trans-
port, and inflammation [5, 6]. Nevertheless, positive expen-
mental results targeting some of these abnormalities have
failed to translate into successful human trials [7, ¥).
Resveratrol (3,5,4"-tnihydroxy-trans-stilbence), a polyphe-
nol found in grapes and red wine, has been reported to exert
age-delaying and neuroprotective effects [9, 10]. Despite these
well-documented beneficial effects, the mechanisms of action
of resveratrol remain controversial. However, it has been

recently described that resveratrol can tngger a cascade of

intracellular events that converge on Sirtuin | (Sintl), AMP-
activated protein kinase (AMPK) and PGC-1a, as important
cnergy-sensing regulators [11, 12]. Sirtl isa NAD -dependent
deacetylase that has emerged as an important element of the
cellular metabolic network. Its activation has been shown to
protect against neurodegencration in several neurodegencra-
tive disorders [13]. In fact, Sirt] may promote neuroprotection
by the modulation of several cellular pathways, such as au-
tophagy [14, 15] and mitochondnal biogenesis [16]. On the
other hand, it is also accepted that resveratrol benefits may be
mediated through AMPK activation [16, 17]. It has been
proposed that resveratrol works primarily by activating
AMPK, which then activates Sirt] indirectly by clevating
intracellular levels of its cosubstrate NAD+[18, 19]. Altema-
tively, resveratrol may first activate Sirtl, leading to AMPK
activation via deacetylation and activation of the AMPK
kinase LKBI1 [20, 21].

Resveratrol administration has been shown to provide ben-
eficial effects on several neurodegenerative disease models,
such as Alzheimer's discase [ 10] and Parkinson's discase [22
and in traumatic [23] and ischemic injuries to the central
nervous system [24]. Since previous studies showed that
resveratrol administration protects MN on in vitro ALS
models [25, 26], the main goal of the present work was to
assess the potential therapeutic effect of a resveratrol-enriched
diet in the SOD1** mouse model of ALS.

Material and Methods
Transgenic Mice and Drug Administration

Transgenic mice with the G93A human SODI mutation
(B6SIL-Tg[SOD1-G93A]1Gur) were obtained from the
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Jackson Laboratory (Bar Harbor, ME, USA) and maintained
at the Animal Service of the Universidad de Zaragoza.
Hemizygotes B6SIL SOD19”** males were obtained by
crossing with B6SJL females from the CBATEG (Bellaterra,
Spain). The offspring was identified by PCR amplification of
DNA extracted from the tail tissue, Mice were kept in standard
conditions of temperature (2242 °C) and a 12:12 light:dark
cycle with access to food and water ad libitum. All experi-
mental procedures were approved by the Ethics Committee of
the Universitat Autonoma de Barcelona, where the animal
experiments were performed.

Animals were evaluated at 8 weeks (prior to starting res-
veratrol administration) by rotarod and electrophysiological
tests to obtain bascline values, Animals were distnibuted,
according to their progenitors, weight and clectrophysiologi-
cal baseline values, in balanced experimental groups. All
functional and survival assessments were performed by re-
searchers blinded with respect to the group treatment. A
resveratrol-enriched diet [10] was given to the groups of
treated mice from 8 weeks of age and from 12 weeks of age
for the delayed treatment group., Assuming a normal food
intake of 4 g/animal/day, resveratrol was given at a daily dose
of 160 mg/kg. The control groups received a standard diet,
with no differences in manipulations during the study, The
experimental groups included in the study are summarized in
Table 1.

Nerve Conduction Tests

Motor nerve conduction tests were performed at 8 weeks of
age and then every two weeks until 16 weeks in all the animals
used in the study. The sciatic nerve was stimulated percutane-
ously by means of single pulses of 0.02 ms duration (Grass
S88) delivered through a pair of needle electrodes placed at
the sciatic notch. The compound muscle action potential
(CMAP. M wave) was recorded from the tibialis anterior
(TA) and the plantar (interossei) muscles with microneedle
¢lectrodes [27, 28]. For evaluation of the motor central path-
witys, motor evoked potentials (MEP) were recorded from the
TA and plantar muscles in response to transcranial electrical
stimulation of the motor cortex by single rectangular pulses of
0.1 ms duration, delivered through needle electrodes inserted
subcutancously, the cathode over the skull overlaying the
sensorimotor cortex and the anode at the nose [27, 29]. All
potentials were amplified and displayed on a digital oscillo-
scope (Tektronix 450S) at settings appropriate to measure the
amplitude from bascline to the maximal negative peak. To
ensure reproducibility, the recording needles were placed un-
der microscope to secure the same placement on all animals
guided by anatomical landmarks. Duning the tests, the mice
body temperature was kept constant by means of a thermostat-
ed heating pad.
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Table 1 Expenimental groups mcled in the study.

Expenmental group Gender n Treatment onset
Wild type Females 10 -

SODI untreated Females 20 -

SODI + Resveratrol Females 23 8 weeks
Wild type Males 10 -

SODI untreated Males 16 -

SODI + Resveratrol Males 22 8 wocks
SODI untreased Females 8 -

SODI + Resveratrol Females 8 12 weeks
SODI untreated Males s

SODI + Resveratrol Males 8 12 weeks

Locomotion Tests

The rotarod test was performed to evaluate motor coordina-
tion, strength and balance [30, 31] in all the animals used in
the study (Table 1). Mice were trained three times a week on
the rod rotating at 14 rpm, and then tested from 8 to 16 weeks
of age, with an arbitrary maximum time of maintenance in the
rotating rod of 180 seconds, Clinical discase onset was de-
fined as the first day when an animal was not able to complete
the 180 seconds on the rotating rod,

The DigiGait system (Mouse Specifics, Boston, MA) was
used to assess the locomotor performance of the animals at the
end stage of the disease (16 weeks of age). The animals were
placed over the treadmill belt and their capacity to run with
increasing treadmill velocity was recorded. Treadmill speeds
used were 5, 10, 15, 20, 25 and 30 cm's, based on previous
studies performed in our laboratory [32, 33].

Survival

For survival assessment, 23 female (10 untreated and 13
resveratrol administered) and 20 male (10 untreated and 10
resveratrol administered) SOD1“* mice were used. It was
considered that animals reached the end point of the disease
when they were unable to right themselves in 30s when placed
on their side.

Histology

At 16 weeks of age, 4-5 mice from each group were
transcardially perfused with 4 % paraformaldchyde in PBS
and the lumbar segment of the spinal cord was harvested,
post-fixed for 24 h, and cryopreserved in 30 % sucrose.
Transverse 40-pum thick sections were senally cut with a
cryotome (Leica) between L2-LS segmental levels. For cach
segment, cach section of a series of ten was collected sequen-
tially on separate gelatin-coated slides or free-floating in
Olmos medium.

One slide of cach animal was rehydrated for 1 min and
stained for 2 h with an acidified solution of 3.1 mM cresyl
violet. Then, the slides were washed in distilled water for
| min, dehydrated and mounted with DPX (Fluka), MNs were
identified by their localization in the ventral hom of the spinal
cord sections and counted following strict size and morpho-
logical critenia; only MNs with diameters larger than 20 um,
polygonal shape and prominent nucleoli were counted. The
number of MNs present in both ventral homs was counted in
four serial sections of cach L4 and LS segments [27, 34].

Another series of sections was blocked with PBS-Triton-
FBS and incubated overnight at 4 °C with primary antibodies
anti-glial fibnlary acidic protein (GFAP, 1:1000, Dako), rabbit
anti-ionized calcium binding adaptor molecule 1 (Ibal,
1:1000, Wako), or anti-sirtuin 1 (Sirtl, 1:200, Abcam). After
several washes, sections were incubated for | hour at room
temperature with Alexa 488 or Alexa 594-conjugated second-
ary antibody (1:200; Life Science), or, for anti-Sirt antibody,
with biotinilated secondary antibody (1:200, Vector) and then
for 1 hour with Alexa 594-conjugated streptavidin (1:1000,
Vector). For co-localizations, spinal MNs were labeled with
435/455-Newrotrace fluorescent Nissl staining (1:200, Life
Science). To quantify astroglial and microglial immunoreac-
tivity, microphotographs of the ventral hom grey matter were
taken at=<400 and, after defining the threshold for background
correction, the integrated density of GFAP or Ibal labeling
was measured using Image) software [33]. The integrated
density represents the area above the threshold for the mean
density minus the background,

Protein Extraction and Western Blot

For protein extraction, another subset of mice (4-5 from each
experimental group) were anesthetized and decapitated at 16
weeks of age. The lumbar spinal cord was removed and
divided into quarters to isolate the ventral quadrants. One of
them was prepared for protein extraction and homogenized in
maodified RIPA buffer (50 mM Tris-HCI pH 7.5, 1 % Triton
X-100, 0.5 % sodium deoxycholate, 0.2 % SDS, 100 mM
NaCl, | mM EDTA) adding 10 pl/ml of Protease Inhibitor
cocktail (Sigma) and PhosphoSTOP phosphatase inhibitor
cocktail (Roche). After clearance, protein concentration was
measured by Lowry assay (Bio-Rad Dc protein assay).

To perform westem blots, 20 pg of protein of cach sample
were loaded in SDS-poliacrylamide gels, The transfer buffer
was 25 mM tnzma-base, 192 mM glycine, 20 % (v/v) meth-
anol, pH 8.4, The membranes were blocked with 5 % BSA in
PBS plus 0.1 % Tween-20 for | hour, and then incubated with
primary antibodies at 4 °C ovemight. The primary antibodies
used were: anti-b-actin (Sigma; 1:10000), anti-GAPDH
(Millipore, 1:20000). anti-Sirtl (Abcam, 1:1000), anti-p353
(Abcam, 1:500), anti-acetyl p53 (L382) (Millipore, 1:500),
anti-AMPK (Cell Signaling, 1:1000), anti-pAMPK (Cell
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Signaling, 1:1000), anti-LC3b (Abcam, 1:200), anti-Beclin |
(Cell signaling, 1:1000), anti-Fis-1 (ThermoScientific,
1:1000), anti mitofusin 2 (Sigma, 1:1000), anti-porin,
(Abcam, 1:1000), anti-complex [ subunit 39 kDa (Invitrogen,
1:1000), anti<complex 11 Fp subunit (Invitrogen, 1:1000), anti-
complex 111 subunit Core 2 (Invitrogen, 1:1000), anti-complex
1V subunit I (Invitrogen, 1:1000), and anti-complex V subunit
« (Molecular Probes, 1:1000). Horseradish peroxidase-
coupled secondary antibody (1:5000, Vector) incubation was
performed for 60 min at room temperature. The membranes
were visualized using enhanced chemiluminiscence method
and the images were collected and analyzed with Gene Ge-
nome apparatus and Gene Snap and Gene Tolls software
(Syngene, Cambridge, UK), respectively.

Statistical Analysis

Data are expressed as meantSEM. Electrophysiological and
locomotion test results were statistically analyzed using re-
peated measurements and one-way ANOVA, applying Turkey
past-hoc test when necessary. Histological data were analyzed
using Mann-Whitney U test. Onset and survival data were
analyzed using the Mantel-Cox test.

Results

Resveratrol Treatment Delays the Onset of Symptoms
and Improves Locomotion Impaimment in SOD“"** Mice

The beginning of symptoms for each animal was considered
when it showed the first deficits in locomotor performance in
the rotarod test [35]. Results revealed a significant delay of
symptoms onset (Mantel-Cox test, p<0.05) in both female and
male treated SODI“"** mice of 1 and 2 weeks, respectively,
compared to untreated mice (Fig. 1a),

Locomotor performance was assessed with rotarod and
DigiGait tests [27, 32]. Rotarod performance was significantly
higher in both female and male resveratrol treated mice than in
control SOD1"** mice (Fig. 1b). Moreover, we explored the
ability of animals 1o run on a treadmill that induced forced
locomotion. The proportion of 16-weck-old mice that were
able to run at increasing velocitics revealed a significant
improvement of locomotor performance (Mantel-Cox test,
p<0.001) in resveratrol treated mice (Fig. 1¢).

Resveratrol Administration Preserves Lower and Upper
Motoneuron Function in SOD19"** Mice

Upper and lower MN function impairment is the main feature
of ALS pathology both in human patients [1] and animal
models [27, 36, 37]. We analyzed the amplitude of plantar
and TA CMAP and MEP as 2 measure of lower and upper MN
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functional state, respectively. The CMAP amplitude ranged
between 49 and 51 mV for TA muscle and between 6 and
9 mV for plantar muscles in wild type mice, and remained
unaltered during all the follow-up. In contrast, there was a
progressive decline in CMAP amplitude of SOD1“"** mice
from 8 to 16 weeks of age in TA and plantar muscles, as
previously reported [27). The results revealed a significant
preservation of plantar and TA CMAP amplitude in resvera-
trol treated mice of both sexes (Fig. 2). Central motor path-
ways were also protected by the treatment, since the amplitude
of MEP was also significantly preserved at the end of the
follow-up. Central motor conduction preservation was also
evidenced by an increased proportion of animals with record-
ed MEP responses in resveratrol treated groups at the end
stage of the discase (16 weeks of age) (Fig. 2).

Resveratrol Adminism[ion Reduces Spinal Motoneuron
Degencration of SOD19"* Mice

The survival of spinal MNs was assessed by evaluating the
number of stained MN cell bodies in the anterior homs of the
lumbar spinal cord in 16-week-old mice. We focused the
analysis on L4-L5 segments where the motor nuclei of TA
and plantar muscles are represented [38], MN counts were
restricted to the lateral part of the lamina IX, since this popu-
lation of MN innervates the hindlimb muscles. Neurons small-
er than 20 um in diameter were excluded from counting, even
if they could be atrophic MNs because they were unlikely to
be functional. MN counts of female and male animals were
pooled since there were no significant differences between
genders. Resveratrol administration significantly reduced MN
degeneration in SODI“"** mice. While SOD19"** untreated
animals had 18.2+ 1.3 (35.9 % vs. wild type) MNs per section,
resveratrol treated mice had 35.2+1.1 (63.6 % vs. wild type),
representing an increase of almost two-fold in surviving MNs
(Fig. 3). Figure 3 also shows representative images of ventral
homns of wild type, untreated and resveratrol treated
SOD1*** mice illustrating the neuroprotective effect.

Resveratrol Administration Reduces Microglial
Immunoreactivity in the SOD1“"** Mice Spinal Cord

It has been extensively reported that ghal cells contribute to
MN degeneration both in ALS patients [39] and animal
models [40-42]. We evaluated astroglial (GFAP labeled cells)
and microglial (Iba-1 labeled cells) immunoreactivity in the
anterior horns of lumbar spinal cord sections in order to assess
whether resveratrol treatment influenced the response of glial
cells. As in the MN counts, female and male animals were
pooled due to the lack of differences between them. Results
revealed that resveratrol administration significantly reduced
microglial but not astroglial immunoreactivity in the anterior
hom of SOD1“*** mice. Whereas in untreated SOD14"**



Resveratrol Treatment for ALS Mice

Results: Chapter I1I — Resveratrol treatment

W
:
g

Probability of onsot
$84% o

;
Latency to fall (seconds) O

Fig. 1 Resveratrol administration delays disease onset and improves
locomotor performance in SODIY* mice. Continuous lines represent
resveratrol SODI™* treated animals (r=23 females; 22 males) while
dashed lines represent SODI“™Y untreated mice (n=20 females; 16
males). a Discase onset assessed by means of rotarod test revealed a
significant delay of symptoms appearunce of 1 and 2 weeks for male and
female SOD1Y* mice, respectively. b Locomotor performance

mice Iba-1 immunoreactivity was increased over 1152 %
compared to wild type mice, resveratrol treatment reduced it
to 649 %, GFAP immunoreactivity remained unchanged after
the treatment, since untreated and resveratrol treated animals
showed similar values of 673 % and 614 % over wild type
levels, respectively (Fig. 4).

Resveratrol Treatment Significantly Extends Survival
of SOD19"*A Mice

The administration of resveratrol from 8 weeks of age sigmf-
icantly prolonged survival of both female and male
SOD1** mice (Mantel-Cox test, p<0.001). While untreated
female and male SOD1“"** mice lived a median of 134 (mean
+SEM=130.7+1.32) and 127 (121.6:2.07) days, treated an-
imals survived for 148 (142+2.76) and 139 (131x2.37) days,
respectively (Fig, 5).

Resveratrol Treatment from 12 Weeks of Age also Produces
Motor Fupctionnl Improvement and Neuroprotection
in SOD1** Mice

Considering the important effect achieved by resveratrol ad-
ministered from 8 weeks of age, a pre-symptomatic stage of
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cvaluated with rotarod test showed significant improvement with resver-
atrol administration. Values are expressed as meantSEM. *p<0.05,
**p<0.01, ***p<0.001 vs. SODI“*'* untreated mice. ¢ Locomotor

performance evaluated by the Digigait test and expressed as the propor-
tion of 16-week-0ld SOD1* mice that were able to run at increasing
treadmill velocities. Results revealed significantly increased locomotor
capacity in animals treated with resveratrol (p<0,05, Mansel-Cox test)

SOD1“*** mice, we wondered if a delayed treatment from the
12th week, when signs of the disease are clearly present, could
also ameliorate the animals’ condition. Electrophysiological
analysis revealed that resveratrol treatment led to preservation
of spinal MN function, evidenced by increased TA and plantar
muscle CMAP amplitudes that became statistically significant
at 16 weeks of age with respect to values of untreated mice
(Fig. 6a.b). This functional effect was accompanied by signif-
icant preservation of the number of surviving MNs in L4-LS
spinal cord segments (Fig. 6¢), along with a mild reduction of
microglial reactivity (p=0.15, Fig. 6d).

Resveratrol Administration Induces Sirtuin] Expression
and Activation

It has been extensively described that, among other effects,
resveratrol promotes neuroprotection by increasing Sirtl ac-
tivity [9, 43). To assess whether Sirt]l was overexpressed, we
analyzed Sintl levels in the lumbar spinal cord by westem blot
analysis. Results showed a marked increase in Sirtl expres-
sion in resveratrol treated animals (Fig. 7a). Moreover, immu-
nohistochemistry of the ventral spinal cord revealed that Sirtl
expression was localized in the MNs (Fig. 7b). To check the
activity state of Sirtl we evaluated the acetylation degree of
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4 Fig 2 Resveratrol treatment preserves upper and lower motoncuson
function. a Electrophysiological tests performed in female mice (#=20
untreated vs. 23 resveratrol treated SOD1“™* mice). b Electrophysiolog-
ical tests performed in male mice (=16 untreased vs. 22 resveratrol
treated SOD17*A mice). Results in both sexes revealed significant
preservation of compound muscle action potentials (CMAP) and motor
cvoked potential (MEP) amplitudes, and an increased proportion of
anmals maintaining MEPs a1 16 weeks of Values are meantSEM.
*p<0.08, **p<0.01, ***p<0.001 vs. SODI“* untreated mice

one of its most important downstream targets, pS3. Indeed, we
found a significant reduction in the acetylation of p53, indi-
cating increased Sirt] activation in the resveratrol treated
group (Fig. 7¢).

Resveratrol Treatment Restores Autophagic Flux

Increasing evidence suggests that autophagic abnormalities
may contribute to ALS physiopathology [44] and resveratrol
has been reported as a modulator of autophaga through Sirt]
activation [45]. Thus, we examined the autophagic state of the
animals after resveratrol treatment. The results showed nor-
malization of the carly markers of autophagy LC3II and
Beclin 1 after resveratrol administration (Fig. 8), suggesting
that resveratrol treatment normalizes autophagic flux in the
SOD1"** mouse spinal cord.

Fig. 3 Resveratrol
administration significantly
preserves spinal motoncurons
from degencration.
Representative images of L4
spinal cord at x200 of (a) wild
type, () SODI " untreated and
(¢) resveratrol SOD1"* treated
mice (=S animals per cach
gender and treatment). Scale bar,
500 pum, fnset baves show detail
of single motoncurons at* 1000,
Scale bar, 20 ym (d) L4-LS spinal
cord motoncurons quantification
reveaked sagnificant
neuroprodection exerted by
resveratrol admmstration (r= 5
per group). Values are mean
£SEM. *p<0.05 vs. wild vpe: i
p<0,05 vs. untreated SOD1*A
mice

Resveratrol Restores Mitochondnal Function and Promotes
Mitochondnal Biogenesis through AMPK Pathway

Recent evidence has demonstrated that resveratrol promotes
mitochondrial biogenesis through the activation of AMPK
[16]. Thus, we first assessed the expression and activation of
AMPK by analyzing the active phospho-AMPK and total
AMPK forms. Results revealed a significant increase of the
PAMPK/AMPK ratio (p<0.01) in the ventral part of the
lumbar spinal cord in SOD1"** mice treated with resveratrol
(Fig. 9c). Next, we analyzed whether resveratrol treatment led
to changes of mitochondrial behavior. We found that
SOD1“"** untreated mice had an increased expression of
the respirstory chain mitochondnal complexes compared to
wild-type mice. In contrast, resveratrol treatment reduced the
expression of these mitochondrial complexes, with levels
similar to wild type mice (Fig. 9a. b). Finally, we evaluated
mitochondnial fission and fusion in the ventral spinal cord.
Results revealed a significant increase of Fis-1 expression, a
marker of mitochondrial fission without alterations of
mitofusin 2, an indicator of mitochondnal fusion. Taken to-
gether, these results suggest that the activation of AMPK by
resveratrol likely leads to a switch of the mitochondnial re-
sponse to energetic stress from the upregulation of respiratory
chain complexes 10 a more adaptive increase of mitochondrial
biogencesis.
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Fig. 4 Resvenatrol treatment reduces microglial reactivity, Representa-
tive confocal mmages of microglsal cells (Iba-1, grven) and motoncurons

(fuoroniss| staining, Mae) in (#) untreated SOD1Y'* and (b) resveratrol
treated SODI™'*

Quantification of Iba-1 immunorcactivity revealed a significant reduction

mice (m=5 animals per gender and treatment), (c)

after resveratrol administration. Representative confocal images of

Discussion

T'he physiopathological complexity that chamacterizes ALS |5,
6] is one of the most limiting factors for the development of
successful therapies. Several works have been conducted
targeting onc or more of the physiopathological mechanisms
linked to the discase, but even if they achieved positive
experimental results they have failed to translate into success-
ful human therapies [7, 8], It is conceivable that successful
treatments should not only fight pathogenic elements of the
discase but also promote cellular neuroprotective pathways
providing surviving tools to the MNs. The main goal of the

present study was to assess the potential therapeutic effect of

9 . .
A model of ALS, since it has been

resveratrol in the SOD1*
reported to produce beneficial neuroprotective effects on other
neuropathologies through the modulation of several cellular
pathways [9]. Our results reveal that resveratrol significantly
delayed discase symptoms onset by 1-2 weeks and impor-
tantly improved the locomotor performance of the SOD19**A
animals. Morcover, clectrophysiological tests showed mainte-
nance of spinal MN function and, by the first time, a signifi-
cant improvement of upper MN function. These effects were
accompanied by an increased preservation of lower MNs cell
bodies in the lumbar spinal cord. Resveratrol administration

was also able to significantly extend both female and male
i Springer

122

c Iba-1 Immunoreactivity
* W SOD1c
12004 [ Resveratrol
& 10004 #
2 e *
3 =
w 6004
>
& 400+
# 00
. S0D1c  Resveratrol
f GFAP Immunoreactivity
800+ « i
& s00- I
S 00
¥
s
&
> 207

SOD1c  Resveratrol

astroglial cells (GFAP, green) and motoncurons (fluoroniss] staining,
blie) n (a) untreated SODTY™A Bdcad
mice. (€) Quantification of GFAP immunoreactivity did not show differ-
ences between groups. Scale bars, 20 um. *p<0.05 vs. wild type,

#pr< 0,05 vs. untreated S( D1 mice. IR immunorcactiv ity

and (b) resveratrol treated SODI

SODI“"** lifespan. Furthermore, delayed resveratrol admin-
istration from the beginning of evident locomotor impair-
ments (12 weeks of age) still produced a significant preserva-
tion of spinal MN function and cell bodies in the spinal cord.
Further experiments revealed that these therapeutic effects
were mediated by the increased expression and activation of
Sirt] and AMPK in the spinal cord, both well-known effectors
of resveratrol. Morcover, we observed significant restoration
of the autophagic flux normal values and, more importantly,
increased mitochondnal biogenesis in the spinal cord of res-
veratrol treated animals

It has been previously shown that resveratrol and its down-
stream cffectors Sirtl and AMPK promote protective effects
both in neurodegenerative and traumatic injury models. In-
deed, potent therapeutic effects of resveratrol administration
were reported i animal models of Alzheimer’s discase and
accelerated ageing [10, 26, 46], multiple sclerosis [47, 48],
Huntington's discase [, 49], Parkinson’s discase [22, 50, and
even reducing peripheral axonal degeneration [51] or promot-
ing functional recovery after tmumatic spinal cord injury [23]
In this sense, resveratrol has been also reported to exert
neuroprotection on in vitro models of ALS. Thus, Kim et al
[26] showed that resveratrol reduces cell death on primary

A

- ~ Ry
cultures of neurons overexpressing the SOD1' mutant

protein, and Yanez et al. [52] demonstrated that this
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compound protects from neuronal death triggered by CSF of

ALS patients. There is some controversy about the in vivo

. ; ‘ X MOTA s
effect of resveratrol administration in SOD1Y™' mice.

Markert et al. [53] reported that dictary resveratrol given at
25 mg/kg did not produce functional effects, whereas Han

Fig. 6 (a-b) Delayed resveratrol
adminstration from 12 weeks of
age significamly preserved lower
motoneuron function. Compound
muscle action potential (CMAP)
amplitude of plamtar and tibialis
antenor muscles in female and
male SODT™™ mice (n=8
treated and 8 untreated for cach
sex). Resveratrol admindstration

CMAP Amplitude (mV)

Plantar muscle

et al. [54] showed that intrapentoneal administration of res-
veratrol at 20 mg/kg led 10 improved functional outcome
although less important than found in our study. A likely
explanation of such discrepancies would be the differences
in the dose and the route of administration. Resveratrol
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Fig. 7 Increased sirtuin 1 (Sirt]) expression and activation in SODI
spinal motoncurons after resveratrol treatment. a Sirtl expression was

significantly mereased in the ventral pant of the lumbar spinal cord of

resveratrol treated amimals, b Confocal microphotoghraps of L4 spinal
cord confirmed that this expression was localized inssde spinal motoneu-
rons. Scale bag, 20 pum. W Twild type. SOD/ ¢ untreated SOD1Y™* mice,

pharmacokinetics have been extensively studied, revealing
that enteric absorption is up to 80 % after oral administration,
while up to 98 % of the compound is excreted 7-15 h after
administration [55]. Accordingly, resveratrol treatment should
be performed either dietary at high doses or intraperitoneally
but with more frequent injections than made in the above-
mentioned studies.

Although many studies have been conducted to elucidate
the mechanisms of action of resveratrol, they still remain
controversial. It is known that resveratrol acts through some
specific effector molecules, such as Sirtl or AMPK [11, 12].
Sirtl is a NAD -dependent deacetylase that plays an impor-
tant role regulating cell metabolism and has recently been
postulated as a neuroprotective element in several neurode-
generative disorders [13]. Sirtl induces protective effects
since it is upstream of multiple effectors that participate in
several cell processes, such as inflammation [43], autophagy
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deacetylation and thus, an increased activity of Sirtl in SOD1"™ mice
treated with resveratrol. *p<0,05 vs, wild type, #p<0.0S vs, untreated
SOD1Y™** mice

[45]) and mitochondrial function [ 16, 46], all of them related 1o
ALS physiopathology [5, 56]. In the present work, we found
that Sirtl was overexpressed in spinal MNs of SOD19"**
mice after resveratrol administration. Then, we assessed Sirtl
activity by evaluating the deacetylation degree of one of the
most important Sirtl substrates, p53. Indeed, we found sig-
nificantly reduced acetylation of p53, evidencing an increased
activity of Sirtl.

Autophagy serves multiple physiological functions, such
as protein degradation, organclle tumover and response 1o
stress. Dysregulation of autophagy has been reported to con-
tnbute to ALS pathology both in human patients and animal
models [44, 57]. Li et al. [58] reported a progressive increase
of the relative amount of LC3b 11 from 90 to 140 days ofage in
SOD1“"** mice, accompanied by accumulation of autopha-
gic vesicles. These findings could be the result of autophagic
flux impairment. Since it has been hypothesized that Sirtl
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Fig. 9 Resveratrol administration nommalized mitochondnial function
and increased misochondnial biogenesis. a Representative westem blot
of the five different mitochondrial respiratory chaan complexes. b Quan-
tification revealed significant increase of all complexes expression in
control SOD1"* mice, whereas in resveratrol administered SOD1A
mice the levels were close to normal. ¢ Enhanced AMPK activation after

plays its protective role through the modulation of autophagy
[45, 59], we evaluated the expression of two of the most
typical markers of autophagy, LC3 and Beclin-1, Our results
revealed that both Beclin-1 and the LC3bIVLC3bI ratio were
significantly increased in SOD19"** mice compared to wild
type litermates, evidencing impairment of the autophagic
flux. In contrast, after resveratrol administration, both markers
were normalized to wild type values. Though the restoration
of the autophagic flux may be a direct effect downstream of
resveratrol-induced Sirtl activation, it is also possible that it

resveratrol treatment, evidenced by an increased pAMPK/AMPK mitio. d
Increased mitochondrial biogenesis in resveratrol administered
SODI™ animals, e Mitochondrial fusion was not altered by the treat-
ment. Values are meantSEM, *p<0,05, *** p<0.001 vs. wild type; #
p<0.05, # p<0.01, ### p<0.001 vs. untreated SOD1“"** mice

could be an indirect consequence derived from the gencral
improvement of the mice condition and, thus, of restoration of
MN homeostasis,

On the other hand, recent evidence suggests that the
resveratrol-induced Sirt] activation works through AMPK
activation [18]. According to this view, Park et al. [12] recent-
ly described that resveratrol promotes AMPK phosphorilation
through the inhibition of cAMP phosphodiesterase, thus in-
creasing the amount of cAMP. AMPK then activates Sirtl
indirectly by elevating intracellular levels of its cosubstrate,

@ Springer

125



Results: Chapter III — Resveratrol treatment

Mancuso et al.

NAD+[18, 19]. Alternatively, other authors proposed that
resveratrol may first activate Sirtl, leading to AMPK activa-
tion via deacetylation and activation of the AMPK kinase
LKBI [20, 21]. In any case, resveratrol administration leads
to direct or indirect activation of AMPK, as evidenced in our
results by the increased pAMPK/total AMPK ratio in
SOD1“** treated animals.

Numerous studies have highlighted the common role of
mitochondria in the pathogenesis of neurodegenerative dis-
cases [60]. Although there is no consensus about the exact role
of mitochondnial abnormalities [61], it is accepted that mito-
chondrial dysfunction is an important hallmark of ALS path-
ogenesis [5, 62, 63]. Several authors have shown deficits in
mitochondnal function in the spinal cord and muscles of both
human patients [64] and animal models of ALS [65-67).
Resveratrol improves mitochondrnial function and induces bio-
genesis, although there is some controversy about whether this
effect 1s mediated by AMPK activation [ 18] or by Sirt] [16,
68). Since both Sirtl and AMPK were found over-activated in
SOD1“*** animals treated with resveratrol, we performed a
detailed analysis on mitochondnia, Contrary to what was ¢x-
pected, we found a significant increase of all the respiratory
chain complexes in SOD19”** mice compared to wild-type
littermates, but complete normalization following resveratrol
treatment, Then, we found an increased expression of the
fission protein Fis-1 in resveratrol treated SOD19"** mice,
evidencing an active process of mitochondrial biogenesis, Our
hypothesis is that resveratrol may promote a switch of mito-
chondrial response to cellular stress from the overexpression
of respiratory chain complexes and the consequent increased
production of harmful oxidative mediators, to a more adaptive
response by increasing mitochondrial biogenesis. It has also
been reported that resveratrol administration promotes mito-
chondrial biogenesis in skeletal muscles [12, 16] through
AMPK activation. Further studies are needed to assess wheth-
er resveratrol benefits in SOD1“™** mice could be partially
explained by its effect on skeletal muscles.

Neuroinflammation is another common pathological hall-
mark of neurodegenerative disorders [69] and its modulation
has been proposed as a potential therapeutic target [70]. In
ALS, the inflammatory response is characterized by the acti-
vation and proliferation of microglia, and the infiltration of T
cells into the spinal cord. Although it is still unknown whether
it is a cause or a consequence of the MN degeneration, some
evidence suggested that its manipulation could ameliorate the
discase progression. Resveratrol has been found to modulate
neuroinflammation in both in vive and in vitro models, specif-
ically targeting activated micloglial cells [71]. Actually, res-
veratrol suppresses the activation of the NF-kB pathway in
LPS-activated microglia by reducing the phosphorylation and
consequent degradation of its inhibitor, 1kB [72-75]. Our
results demonstrate that microglial, but not astroglial reactiv-
ity, was significantly diminished with resveratrol
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administration compared to untreated SOD19** mice. Al-
though further studies should be performed to assess the exact
effect, resveratrol modulates microglia activity, thus contrib-
uting to the neuroprotection observed in resveratrol adminis-
tered SOD1“*A mice.

The results of this work demonstrate that resveratrol exerts
potent therapeutic actions in the SOD1“** model of ALS.
Here, we show for the first time a treatment that combines
significant preservation of both lower and upper MN function,
translating into significantly delayed disease onset and extend-
ed animal survival. These effects were associated with an
important preservation of MN and a significant reduction of
microglial reactivity in the spinal cord. Molecular analyses
revealed that the beneficial effects of reseveratrol were accom-
panied by an activation of Sirtl and AMPK. Such plun-
functional targets that combine the inhibition of detrimental
processes and the promotion of neuroprotective pathways
may provide better translational outcomes than drugs with
more restricted targets, These findings strongly suggest that
resveratrol may be a promising therapy for motoncuron
diseases.
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Abstract

Background: Amyotrophic lateral sclerosis (ALS) is an adult onset neurodegenerative discase characterized by the loss of
motoneurons (MNs) in the spinal cord, brainstem and motor cortex, causing progressive paralysis and death. Nowadays,
there is no effective therapy and most patients die 2-5 years after diagnosis. Sigma-IR is a transmembrane protein highly
expressed in the CNS and specially enriched in MNs. Mutations on the Sigma-IR leading to frontotemporal lobar
degeneration-ALS were recently described in human patients. We previously reported the therapeutic role of the selective
sigma-IR agonist 2-(4-morpholi-nethyl) 1 -phenylcyclohexanecarboxylate (PRE-084) in SOD19*** ALS mice, that promoted
spinal MN preservation and extended animal survival by controlling NMDA receptor calcium influx. Resveratrol (RSV,
trans-3 4’ S-trihydroxystilbene) is a natural polyphenol with promising neuroprotective effects. We recently found that RSV

administration to SOD1“"**

mice preserves spinal MN function and increases mice survival, These beneficial effects were
associated to activation of Sirtuin 1 (Sirt]) and AMP-activated protein kinase (AMPK) pathways, leading to the modulation
of autophagy and an increase of mitochondnial biogenesis. The main goal of this work was to assess the effect of combined
RSV and PRE-084 administration in SOD1“""* ALS mice.

Methods: We determined the locomotor performance of the animals by rotarod test and evaluated spinal motoneuron
function using electrophysiological tests,

Results: RSV plus PRE-084 treatment from 8 weeks of age significantly improved locomotor performance and spinal
motoneuron function, accompanied by a significant reduction of motoneuron degeneration and an extension of mice
lifespan. In agreement with our previous findings, there was an induction of PKC-specific phosphorylation of the NMDA-
NR | subunit and an increased expression and activation of Sirt] and AMPK in the ventral spinal cord of treated SOD1“"*
animals.

Conclusions: Although combined PRE and RSV treatment significantly ameliorated SODI“™* mice, it did not show a
synergistic effect compared to RSV-only and PRE-084-only treated groups.

Corresponding author: Dr. Xavier Navarro, Unitat de Fisiologin Madica, Facultat de Medicing, Universitat Autbnoma de Bascelona, E-08193
Bellmerm, Spain, E-mail: xavier savamo® uab cat
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Introduction

Amyotrophic lateral sclerosis (ALS) is an
adult onset neurodegenerative disease characterized
by the loss of motoneurons (MN) in the spinal cord,
brainstem and motor cortex. It clinically manifests by
progressive weakness, muscle atrophy and paralysis
[1.2]. The majority of ALS cases are sporadic with
unknown etiology but 10% of them are inherited
forms, linked to genetic mutations. Mutations in the
gene encoding for the enzyme Cu/Zn superoxide
dismutase | (SODI) are observed in about 20% of the
familial cases of ALS [3]. The transgenic mouse that
over-expresses the human mutated form of the SODI
gene with a glycine to alanine conversion at the 93rd
codon is the most studied model [4-6] and
recapitulates the main features of both sporadic and
familial ALS forms [5]. SODI protein alterations have
also been reported in sporadic ALS patients [7].

The sigma-1 receptor (sigma-IR) is an
endoplasmic reticulum (ER) transmembrane protein
[8] highly expressed in spinal MNs [9-11], and
specially enriched in postsynaptic sites of C-terminals
[12]. Sigma-IR participates in several cellular
processes including neuritogenesis, ionic channels
conductance, calcium homeostasis and microglial
activity [13-16]. It has been implicated in diverse
neuropathologies, such as depression, schizophrenia
and Alzheimer's disease [17]. A novel mutation of the
sigma-IR has been recently described in patients
affected by juvenile ALS [18]. Sigma-1R agonists
have demonstrated to promote protective effects
reducing glutamate-mediated cell death [19.20] or
modulating inflammatory reaction following stroke in
rats [21]. Indeed, we have previously reported the
therapeutic role of the selective sigma-IR agonist 2-
(4-morpholi-nethyl)l-phenylcyclohexanecarboxylate
(PRE-084) in SODI“"* ALS mice, that promoted
spinal MN preservation and extended animal survival
by controlling NMDA receptor calcium influx [22].

Resveratrol  (RSV,  354"-trihydroxy-trans-
stilbene) is a polyphenol naturally present in grapes
and red wine that has been reported to exert
neuroprotective effects on neurodegenerative disease
models of Alzheimer's disease [23] and Parkinson’s
disease [24)], and in traumatic [25]) and ischemic
injuries to the CNS [26]. Previous studies showed
protective effects after resveratrol administration on in
vitro ALS models [27.28]. We recently found that
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RSV administration to SODI“* mice preserves
spinal MN function and increases their survival. These
beneficial effects were associated to activation of
Sirtuin 1 (Sirtl) and AMP-activated protein Kinase
(AMPK) pathways, modulation of autophagy and an
increase of mitochondrial biogenesis [29-32].

The pathophysiology of ALS is complex, with
several processes contributing to MN death, including
glutamate excitotoxicity, oxidative stress, protein
misfolding, mitochondrial defects, impaired axonal
transport and inflammation [33,34]. In this context, it
is likely that combined therapies targeting several
pathophysiological mechanisms could lead to stronger
effects and better functional outcomes, potentially
resulting in successful clinical translation. Thus, the
main goal of this study is to assess if the combination
of PRE-084 and RSV treatments may have synergistic
effects in the SOD1“"** ALS mice.

Material and methods

Transgenic mice and drug administration

Transgenic mice with the G93A human SODI
mutation  (B6SJL-Tg[SODI-G93A]1Gur)  were
obtained from the Jackson Laboratory (Bar Harbor,
ME, USA), and maintained at the Animal Service of
the Universidad de Zaragoza. Hemizygotes B6SIL
SODI“** males were obtained by crossing with
B6SJL females from the CBATEG (Bellaterra, Spain).
The offspring was identified by PCR amplification of
DNA extracted from the tail tissue. Mice were kept in
standard conditions of temperature (2212 °C) and a
12:12 light:dark cycle with access to food and water
ad libitum. All  experimental procedures  were
approved by the Ethics Committee of the Universitat
Autdonoma de Barcelona, where the animal
experiments were performed.

Animals were evaluated at 8 weeks (prior to
starting treatments) by rotarod and
electrophysiological tests to obtain baseline values.
Animals  were distributed, according to their
progenitors, weight and electrophysiological baseline
values, in balanced experimental groups. A
resveratrol-enriched diet [23] was given to groups of
treated mice from 8 weeks of age. It has been
previously demonstrated that RSV do not affect food
intake of the animals [35], thereby assuming a normal
food intake of 4 g/animal/day, then resveratrol was



given at a daily dose of 160 mg/kg. PRE-084 (Tocris
Bioscience, Ellisville, MO), a Sigma-1R agonist, was
dissolved in saline and administered daily by single
intraperitoneal injections at 025 mg/kg. The
experimental  groups included in the study are
summarized in Table 1.

Nerve conduction tests

Motor nerve conduction tests were performed at
8 weeks of age and then every two weeks until 16
weeks in all the animals used in the study. The sciatic
nerve was stimulated percutaneously by means of
single pulses of 0.02 ms duration (Grass S88)
delivered through a pair of needle electrodes placed at
the sciatic notch. The compound muscle action
potential (CMAP, M wave) was recorded from the
tibialis anterior (TA) and the plantar (interossei)
muscles with microneedle electrodes [3637). All
potentials were amplified and displayed on a digital
oscilloscope (Tektronix 450S) at settings appropriate
to measure the amplitude from baseline to the
maximal negative peak. To ensure reproducibility, the
recording needles were placed under microscope to
secure the same placement on all animals guided by
anatomical landmarks. During the tests, mouse body
temperature was kept constant by means of a
thermostated-controlled heating pad.

Locomotion tests and clinical disease onset

The rotarod test was performed to evaluate
motor coordination, strength and balance [38.39] in all
the animals used in the study (Table 1). Mice were
trained three times a week on the rod rotating at 14
diameters larger than 20 pum, polygonal shape and
prominent nucleoli were counted. The number of MNs
present in both ventral horns was counted in four
serial sections of each L4 and L5 segments [3640],
where motor nuclei innervating TA and plantar
muscles are located [41].

Protein extraction and western blot

For protein extraction, another subsets of mice
(4-5 of each experimental group) were anesthetized
and decapitated at 16 weeks of age. The lumbar spinal
cord was removed and divided into quarters to isolate
the ventral quadrants. One of them was prepared for
protein extraction and homogenized in modified RIPA
buffer (50 mM Tris=HCI pH 7.5, 1% Triton X-100,
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rpm, and then tested from 8 to 16 weeks of age, with
an arbitrary maximum time of maintenance in the
rotating rod of 180s. Clinical disease onset was
defined as the first day when an animal was not able
to complete the 180 seconds on the rotating rod.

Survival

The mice were inspected daily until the
standard end point or death. It was considered that
animals reached the end point of the disease when
they were unable to right themselves in 30s when
placed on their side.

Histology

At 16 weeks of age 4-5 mice of each group
were transcardially perfused with 4%
paraformaldehyde in PBS and the lumbar segment of
the spinal cord was harvested, post-fixed for 24 h, and
cryopreserved in 30% sucrose. Transverse 40 um
thick sections were serially cut with a cryotome
(Leica) between L2-LS5 segmental levels. For each
segment, each section of a series of 10 was collected
sequentially on separate gelatin-coated slides or free-
floating in Olmos medium.

One slide of each animal was rehydrated for |
min and stained for 2 h with an acidified solution of
3.1 mM cresyl violet. Then, the slides were washed in
distilled water for | min, dehydrated and mounted
with DPX (Fluka). MNs counts were made for
neuronal soma present in the lateral part of lamina IX
of the ventral horn in the spinal cord sections and
following strict size and morphological criteria: only
MNs with
0.5% sodium deoxycholate, 0.2% SDS, 100 mM
NaCl, I mM EDTA) adding 10 pl/ml of Protease
Inhibitor  cocktail  (Sigma) and PhosphoSTOP
phosphatase  inhibitor cocktail  (Roche).  After
clearance, protein concentration was measured by
Lowry assay (Bio-Rad D¢ protein assay).

To perform western blots, 20-30 pg of protein
of each sample were loaded in SDS-poliacrylamide
gels. The transfer buffer was 25 mM trizma-base, 192
mM glycine, 20% (v/v) methanol, pH 84. The
membranes were blocked with 5% BSA in TBS plus
0.1% Tween-20 for | hour, and then incubated with
primary antibodies at 4°C overnight. The primary
antibodies used were: anti-GAPDH (MAB374,
Millipore, 1:20000), anti-Sirtl (ab50517, Abcam,
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1

Figure 1. PRE+RSY administration improves locomotor performance and delays disease onset fn SODI mice. Rotarod test
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1:1000), anti-p53 (#2524, Cell Signaling, 1:500), anti-
acetyl p53 (L382) (06-758, Millipore, 1:500), anti-
AMPK (#2532, Cell Signaling. 1:1000), anti-pAMPK
(#2531, Cell Signaling, 1:1000), anti-NMDARI
(AB9864, Millipore, 1:500) and anti-phospho NRI
(S896) (ABNSS, Millipore, 1:500). Horseradish
peroxidase—coupled  secondary antibody  (1:5000,
Vector) incubation was performed for 60 min at room
temperature. The membranes were visualized by
enhanced chemiluminiscence method and the images
were collected and analyzed with a Gene Genome
apparatus using Gene Snap and Gene Tools software
(Syngene, Cambridge, UK). respectively.

Statistical analysis

Data are expressed as meantSEM.
Electrophysiological and locomotion test results were
statistically analyzed using repeated measurements
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and one-way ANOVA, applying Turkey post-hoc test
when necessary. Histological data were analyzed
using Mann-Whitney U test. Onset and survival data
were analyzed using the Mantel-Cox test,

Results

Combined and  PRE-084
locomotor impairments and delayvs clinical disease
onset in SODI"" mice

We assessed locomotor performance with the
rotarod  test [38,39]. Rotarod performance was
significantly  higher in both female and male
PRE+RSV treated mice than in control SODI“"**
mice (Fig. 1). Furthermore, the combined treatment
significantly improved motor outcome of female
animals with respect to single RSV or PRE-084 mice
at 15 and 16 weeks of age. However, in male mice

resveratrol reduces
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Figure 2. PRE4RSV treatment preserves lower motoneuron function, Electrophysiologhcal tests performed in (A) female and
(B) male SODIGO3IA mice revealed significant preservation of compound muscle action potentials (CMAP) amplitude in
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PRE+RSV did not produce additional benefits
regarding single treatments. Regarding clinical disease
onset, although PRE+RSV combination significantly
delayed first locomotor signs compared to untreated
SODI¢ mice, it not represented an improvement in
comparison 1o single treated groups (Fig. 1),

Combined resverairol and PRE-084 preserves spinal
motoneuron function in SOD1 mice
Lower MN dysfunction is one the main

clinical signs of ALS pathology both in animal models

[3641] and human patients [I]. We assessed the
functional state of spinal MN by evaluating the
amplitude of plantar and TA CMAPs. As previously
reported [36] there was a progressive decline in
CMAP amplitudes in both muscles along disease
progression in SOD1““'* untreated mice. The results
revealed that PRE4RSV administration significantly
preserves spinal MN function compared to SOD19"*
untreated animals, although it did not promote a better
outcome than separated RSV and PRE-084 treatments
(Fig. 2).

-

\
25+ -
: 4
a 3 : 11 il
b A v b v v v v - v v b Xy wel
100 110 120 130 140 150 180 100 110 120 10 140 150
Days of age Days of age
Figure 3. PRE+RSV administration significantly extended SOD1“™ mice survival (Mantel-Cox test, p<0.001), PRE+RSY
treatment also increased animals survival compared 1o PRE.O84.only treated group (Mantel-Cox test, p<f1.05),
v
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Representative images of L4 spenal
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Combined resveratrol and PRE-084 extends survival
of SODI*" mice

RSV and PRE-084 combined administration
from 8 weeks of age significantly extended both
female (12.9%) and male (8.7%) lifespan compared to
SOD1** untreated mice (Mantel-Cox test, p<0.001).
The combined treatment also prolonged mice survival
with respect to PRE-084 (Mantel-Cox test, p<0.01)
but not to RSV only treated SOD1“*** mice (Fig. 3).

Combined resveratrol and PRE-084 administration
reduces spinal motoneuron degeneration and reduces
microglial reactivity in SOD1**" mice

Spinal MN preservation was assessed by
evaluating the number of Nissl stained MN cell bodies
in the ventral horns of lumbar L4-L5 spinal segments
in 16 weeks old SOD1“* mice. Figure 4 shows
representative images of Nissl stained anterior horns
to illustrate the differences between experimental
groups. MN counts of female and male animals were
pooled since there were no significant differences
between  genders. PRE-084 and RSV co-
adminmistration from 8 weeks of age significantly
increased the number of preserved MNs in SOD1“"**
mice. PRE+RSV treated mice had 33.3+1.74 MNs
(65.4% vs. wild type) per section whereas SOD1“"*
untreated animals had 19.820.79 (38.9% vs. wild
type), almost a two-fold increase in surviving MNs.
However, the combinatory treatment did not represent
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improvement in terms of neuronal preservation
compared to single RSV or PRE-084 administered
animals (Fig. 4).

Combined resveratrol and PRE-084 increases Sirtl
and AMPK activation, and promotes specific PKC-
depended phosphorvlation of NMDA-NR 1 subunits

We have previously shown that RSV
treatment  induced an increased expression and
activation of Sirtl and AMPK and a consequent
modulation of autophagy and  mitochondrial
biogenesis [32]. On the other hand, PRE-084
administration leads to specific PKC-dependent
NMDA-NR! subunit phosphorylation that may
protect MN from degeneration by reducing NMDA
calcium currents and thus preventing excitotoxicity
[14,22.42]. Therefore, we further analyzed whether
RSV and PRE-084 co-administration  similarly
promotes the activation of the same downstream
cellular pathways or there was any interference
between drugs,

To assess RSV effects in the combinatory
treated SOD1""* mice we first analyzed Sirtl levels
and activation in the ventral part of the lumbar spinal
cord by western blot analysis. Results revealed a
pronounced increase in  Sirtl expression after
PRE+RSV co-administration (Fig. 5SA). To check
whether this augmented expression was translated into
an enhanced function we analyzed the acetylation
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state of one the most important Sirtl targets, p53. We
found a significant reduction of acetyl-p53 proportion
indicating that Sirt] was also over-activated (Fig. 5B).
Secondly, we assessed the activation of AMPK by
evaluating active phospho-AMPK  fraction. Results
showed a marked increase in the pAMPK/AMPK
ratio after PRE+RSV co-administration (Fig. 5C).
These changes were similar to those previously
reported after treatment with RSV alone [32).

On the other hand, we evaluated the molecular effects
of PRE-O84 by analyzing the phosphorylation state of
a PKC-specific serine (Ser896) in the NMDA-NRI
subunit. Western blot results showed increased Ser896
phosphorylation of the NMDA-NRI subunit in the
animals administered with PRE+RSV (Fig. 5D).

Discussion

The main goal of this study was to assess the
effect of a novel therapeutic approach combining a
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Sigma-1R agonist, PRE-084, and RSV in the
SODI“™ mouse model of ALS, since separate
administration of the two compounds had resulted in
significant improvement of disease progression and
survival of these mice [22.32). Our results indicate
that co-administration of PRE-084 and RSV from 8
weeks of age significantly preserved spinal MNs
function and reduced MN degeneration together with
a reduction of microglial immunoreactivity in the
lumbar spinal cord lamina IX. This effect was
accompanied by improvement in the locomotor
performance and significant extension of the animals
survival. Western blot analyses revealed that, as we
previously described, PRE-084 induced PKC-specific
phosphorylation of Ser896 of the NMDA-NRI
subunit, whereas RSV increased the expression and
activation of Sirtl and AMPK in the ventral part of
the lumbar spinal cord of SODI“"* mice.
Unfortunately, the combinatory therapy did not
represent a clear improvement compared to RSV-only
or PRE-084-only treated animals.

Mechanisms  of
overlapping effects

neuroprotection  and  possible

As we previously described, PRE-084
promotes potent neuroprotective effects to MNs both
in vitro after excitotoxic insults [43], and in vive after
spinal root avulsion [11] and in the SOD1“"* mouse
model accompanied by a significant extension of
animals survival [22]. Calcium dysregulation and
excitotoxicity are two pathophysiological mechanisms
contributing to ALS pathology (44 45]. In fact, spinal
ALS-vulnerable MNs have an endogenous calcium
buffering capacity 5-6 times lower than that found in
ALS-resistant MNs, increasing their susceptibility to
excitotoxic insults [46]. NMDA receptor plays an
important role during excitotoxicity [45] and Sigma-
IR agonists have been shown to suppress calcium
influx to the cells by modulating NMDA receptor
through PKC activation. Consistent with our previous
observations that PRE-084 administration promotes
PKC-specific NMDA-NR1 subunit phosphorylation
[22]. we have found that PRE+RSV combined
treatment also increased Ser896 phosphorylation of
the NDMA-NRI subunit in the ventral part of the
spinal cord. Interestingly, increased NMDA-NRI
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phosphorylation was only present in the treated group,
maybe suggesting that the treatment is activating
compensatory  protective  pathways rather than
counteracting  a  pre-existent  pathological event.
Although it has been demonstrated that Sigma-IR
physically interacts with NMDA-NR1 subunits [47]. it
has been also reported that Sigma-IR agonists can
modulate ionic flow through calcium, sodium and
potassium channels, thus modifying cells excitability
properties [144849]. In fact, recent findings by
Mavlutov et al. [50] indicate that the lack of Sigma-
IR is detrimental in SOD1** mice probably because
it acts by reducing the excitability of spinal MNs,
Moreover, Sigma-1R is found associated to ER
chaperones (such as BiP) and plays a role in clearance
of misfolded proteins by the ERAD response [51.52].
Sigma-IR is enriched in the so-called mitochondrial-
associated ER membrane (MAM) and its activation
can also modulate mitochondrial metabolism [8.53].

It has been reported that RSV promotes
protective effects both in neurodegenerative and
traumatic injury models, including Alzheimer's
disease and accelerated aging [23.28.54], multiple
sclerosis  [55.56]., Huntington’s disease [57.58].
Parkinson’s disease [24,59], and reducing peripheral
axonal degeneration [60] or promoting functional
improvements after spinal cord injury [25]. We have
recently found that RSV administration significantly
delays clinical symptoms onset, improves spinal MNs
function and survival, and extends SODI1“"** mice
lifespan. We also determined that the therapeutic
effect was mediated by the increased expression and
activation of both Sirtl and AMPK, leading to
normalization of the autophagic flux and enhanced
mitochondrial biogenesis [32]. Although there is some
controversy about the exact molecular mechanisms
underlying RSV effect, it has been established that
Sirtl or AMPK activation are upstream of pathways
that participate in several cellular processes, including
inflammation  [61-64], autophagy [32] and
mitochondrial function [29.54]. Consistent with our
previous findings, PRE+RSV treated animals also
presented higher expression and activation of both
Sirtl and AMPK compared to SODI“"** untreated
mice. As we previously observed regarding the
increased NMDA-NRI phosphorylation, Sirtl and
AMPK overactivation was only present in the treated



group, suggesting again that the treatment is activating
compensatory  protective pathways rather than
counteracting a pre-existent pathological condition.
This fact might increase the interest of these
treatments since the potentiation of endogenous
protective mechanisms can be translated to other non-
SODI1 ALS situations.

Although the absence of summative effect in
the PRE+RSV treated group may be due to an
insufficient dose of any of both compounds, a possible
overlapping in the pathways activated by both
compounds may underlie the lack of synergy. As
above mentioned., RSV protective effect is likely
related to normalization of the autophagic flux and
increased mitochondrial biogenesis [32]. Although
PRE-084 main therapeutic effects have been
considered associated to modulation of calcium influx
and MNs excitability [14.48.49]. it also participates on
the response to misfolded protein accumulation [8.52]
and the modulation of mitochondrial metabolism [53].
Considering this action, RSV effects on autophagy
and mitochondrial biogenesis may mask those of
PRE-084 administration thus explaining the lack of
summative effect of the combined treatment.
Alternatively, both compounds may exert opposite
effects on some pathways. For example, it has been
reported that Sigma-IR stabilize IREla and increase
cell survival through the transcriptional activity of X
Box binding Protein I (XBP1) which in turn regulates
genes responsible for protein folding and degradation
during the Unfolded Protein Response (UPR) [51]. In
contrast, RSV has been shown to suppress the
transcriptional activity of XBP1 through Sirtl [65],
therefore promoting an opposite effect that could
contribute to the lack of synergistic effect of the
combinatory treatment.

Another explanation for the lack of
summative effect of the combined treatment lies in the
pathology state of the animals in the moment we
began the drug administration. SOD1°"** mice at 8
weeks of age present 25-30% loss of CMAP
amplitude in  proximal muscles (TA and
gastrocnemius) [36,66), due to early neuromuscular
Jjunction retraction and motor axons degeneration [41].
Thus, although MN cell bodies in the anterior spinal
cord are intact, up 30% of them are already under a
degenerative process that may be irreversible. Since
our treatment is focused on the preservation of
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remaining functional MNs, it is likely that we are
acting on the still functioning population of MNs and
thus, the maximum effect that can be reached would
be limited.

Does the SODI**" mouse model present a limited
therapeutic capacity?

An alterative explanation for the lack of
summative effect after combining PRE-084 and RSV
could be that the SOD1** mouse model has a limit in
terms of MN function and survival that cannot be
overpassed by therapeutic interventions. To address
this possibility, we made a review of successful
preclinical trials using both single and combinatorial
treatments in SOD1“** mice. Supplementary table |
shows a summary of the therapies performed and the
percentage  of increased compared to
untreated mice. It is worth noting that no replication
of the positive results was achieved for several of the
drugs initially reported to provide efficacy when re-
tested using a careful study design [67]. Up to our
knowledge and without considering those works
showing negative or null results, only 4 of 48 studies
reported an extension of survival longer than 25%
with just few showing a synergistic effect after
combinatory approaches. Although deeper analyses
must be performed, such observations may reflect an
endogenous limitation for the therapeutical benefits
that can be achieved using the SODI““* mouse
model.

survival

Conclusions

The main goal of the present work was to
assess the therapeutic potential of a combinatory
strategy using RSV and PRE-084 in the SOD1“""*
mouse model of ALS. Our results revealed that RSV
and  PRE-084  co-administration  significantly
improved  MN  functional  preservation and
neuroprotection, accompanied by an improvement of
the locomotor performance and survival extension.
However, this effect was not comparatively better
than that achieved by administration of RSV alone.
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General discussion

Motoneuron vulnerability in ALS

ALS, the most frequent form of MND in adult humans, consists in a degenerative process in which
lower and upper MNs are selectively vulnerable, but interestingly some groups of MNs are
relatively resistant to the disease process. A consistent clinical feature of ALS is the preservation of
eye movements and external sphincters function. Pathological studies confirmed that there is
relative sparing of the cranial motor nuclei of the oculomotor, trochlear and abducens nerves, and of
Onuf’s nucleus in the sacral spinal cord, which innervates the external sphincters of the pelvic floor
(Mannen et al., 1977). Although neuronal numbers are relatively well-preserved in these resistant
motor nuclei, some pathological changes resembling those observed in anterior spinal cord cells are
present, but to a lesser degree (Okamoto et al., 1993a; 1991). In fact, in mSOD1 overexpressing
mouse models oculomotor nuclei are also relatively spared (Nimchinsky et al., 2000). The
oculomotor nucleus innervates four of the six extraocular muscles, which display a distinct
phenotype, gene expression profile (Porter et al., 2001) and disease responsiveness (Porter and
Baker, 1996). They have a unique composition of six fiber types, distinct from other skeletal
muscles, some with very high mitochondrial content and marked fatigue resistance. Such
differences may be determined by their distinct embryonic origin, or by demands imposed by the
relative complexity of oculomotor control systems, and the specific discharge patterns of
oculomotor neurons (Porter, 2002). Motor unit discharge patterns are a key determinant of skeletal
muscle properties, and extraocular muscles and oculomotor neurons interact in a highly specific
manner: explants of neonatal extraocular muscle grown in co-culture with incorrect spinal MNs die
faster than those grown with oculomotor neurons (Porter and Hauser, 1993). The pattern of
innervation of extraocular muscles is different from other skeletal muscles. Neuromuscular
junctions are distributed throughout the fiber length at a higher density (Harrison et al., 2007), and
show some structural peculiarities (Khanna et al., 2003). About 20% of the extraocular muscles
fibers are innervated by multiple neuromuscular junctions (Pachter, 1983). Oculomotor motor units
are amongst the smallest seen in any skeletal muscle (Porter et al., 2001), with high MN discharge
rates. Even in the primary position of gaze, 70% oculomotor neurons are active, commonly
discharging at 100 Hz (Robinson, 1970). This level of activity would be predicted to require a
significant metabolic demand on the neuron. It is likely that understanding the differences in

properties of vulnerable vs. resistant MNs may provide insights into the mechanisms of neuronal
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degeneration, and identify targets for therapeutic manipulation.

Why some MNs are particularly affected is not completely understood. One proposed
explanation of their specific vulnerability could lie in aspects of their structural and metabolic
specialization (Shaw and Eggett, 2000). MNs are unusually large neurons, with cell bodies of
approximately 50-60 um and axons of up to 1 m long in humans, which requires a high metabolic
input. These demands may leave the MNs more prone to oxidative stress because of the high-
energy demand that is met by the mitochondria, with the side effect of increased ROS production.
This could result in a vicious cycle of increased ROS generation and decreased mitochondrial
efficiency (Barber and Shaw, 2010). MNs express lower levels of cytosolic calcium-binding
proteins compared to other neuronal populations, with MN populations that are typically lost earlier
during the disease course showing the lowest expression levels, suggesting that reduced cytosolic
calcium buffering contributes to the selective vulnerability of MNs (Appel et al., 2001; Reiner et al.,
1995). In fact, ALS-vulnerable spinal and brainstem MNs display low endogenous Ca** buffering
capacity, that is 5-6 times lower than that found in ALS-resistant MNs (i.e. oculomotor MNs),
making them more susceptible to excitotoxic insults (Alexianu et al., 1994). However, this view
may not agree with above mentioned oculomotor motor units properties since although this MN

population is highly active it is not vulnerable to ALS disease process.

In a recent publication, Brockington et al. (2012) performed a microarray analysis to
compare the gene expression profile of isolated MNs from the ALS-resistant oculomotor nuclei and
ALS-vulnerable spinal cord MNs from post-mortem ALS patients tissue. They found nearly 2,000
genes differentially expressed by the two MNs subtypes, participating in synaptic transmission,
ubiquitin-dependent proteolysis, mitochondrial function, transcriptional regulation, immune system
functions and the extracellular matrix. They further focused on glutamate and GABA
neurotransmission. The AMPA glutamate receptor consists of four subunits, GluR1-GluR4, and the
presence of the GluR2 subunit determines the calcium permeability of the receptor. In the absence
of GluR2, the AMPA receptor—ion channel complex becomes permeable to calcium. Gene array
results showed up-regulation of the GluR2 subunit in resistant oculomotor MNs relative to the
vulnerable lumbar apinal MN population, thus reducing calcium influx into the cells. On the other
hand, GABA is the most widely distributed inhibitory neurotransmitter in the CNS and acts through
the interaction with GABA-A (ligand-gated chloride channels) and GABA-B (metabotropic)

receptors. In oculomotor MNs, there is up-regulation of six GABA-A receptor subunits and of
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GABA-B receptor subunit 2 relative to spinal MNs, leading to an increased inhibition. Other studies
performed in mSODI models confirmed these findings, revealing an excitatory/inhibitory

imbalance affecting spinal MN (Sunico et al., 2011).

Interestingly, Saxena et al. (2013) have recently hypothesized that the increased excitation
and reduced inhibition of MNs is a protective compensatory reaction rather a detrimental
phenomenon. As above mentioned, oculomotor nucleus MNs are strongly resistant to ALS
degenerative process, but have particular physiological characteristics, including high discharge
rates of about 100Hz (Robinson, 1970). In turn, it has been shown that vulnerable fast-fatigable
spinal MNs are those with larger cell bodies and more phasic activity pattern. Surprisingly, Saxena
et al. (2013) demonstrated that early administration of AMPA receptor agonist protects spinal MNs
whereas AMPA receptor antagonist enhances MNs pathology in SOD1°*** mice. Furthermore, the
authors propose that gephyrin (inhibitory synapse marker) reduction, increased serotonin labeled
area in the ventral spinal cord and increased c-buttons size and number that have been extensively

described are a protective compensatory reaction in order to promote MN survival.

It is also remarkable that MNs are not the only cell type affected by ALS. Recent studies
performed on mSODI1 mice have shown an important loss of oligocendrocytes from early pre-
symptomatic phases of disease process, together with a compensatory enhanced oligodendrocyte
biogenesis (Kang et al., 2013). In contrast, there are no evidences of astrocytes and microglial cells
death during ALS disease progression probably because these cell populations present strong
proliferation that translate into a gain in number of cells. Focusing on neuronal populations, other
kind of neurons have been also reported to degenerate during ALS, such as spinal calbindin positive
Renshaw cells. Renshaw cells are glycinergic inhibitory interneurons localized in the spinal lamina
VII that play an important role in the recurrent inhibition. Loss of glycinergic synaptic contacts onto
MNs and posterior Renshaw cells death have been described in mSOD1%** mice (Chang and

Martin, 2009; 2011; Modol et al., 2014).

SODI°* mouse model characterization: developing reliable, objective disease markers

One of the most important problems regarding the development of new therapies for ALS is the
failure to translate positive experimental results into successful human trials (Benatar, 2007;
Rothstein, 2003). This fact may raise concerns about the validity of ALS animal models but it also

may be related to methodological shortcomings. Thus, it is of importance to develop and apply
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techniques that provide reliable, objective preclinical results. However, few studies have focused on
developing new tools that permit the correct interpretation of the findings from preclinical studies.
General guidelines have been agreed through international consensus for the behavioral and
histological evaluation of animal research on ALS/MND (Ludolph et al., 2010; 2007). Briefly, an
optimal experimental design must include an onset measure, a quantitative measure of disease
progression, a survival analysis and MN counts. Unfortunately, the classical techniques used for
these purposes might not be up to the task. First, clinical disease onset and progression are usually
analyzed using rotarod and hangwire tests, and sometimes, arbitrary neurological scores. However,
these methods are not specific enough and may be biased due to behavioral effects (e. g. animals
need to be trained regularly to learn the task properly and their performance depends on individual
behavior) and researcher’s subjectivity. Second, survival analysis is mandatory for preclinical study
publication. However, there is lack of inter-laboratory reproducibility. It has been shown how
genetic background affects SOD1%%** mice survival (Heiman-Patterson et al., 2005; 2011; Mancuso
et al., 2012a). These observations, together with the ethical concerns raised by the survival analysis
itself might compromise preclinical studies based on survival. The main goal of the chapter 1 of this

G93A
1

thesis was to characterize the SOD mouse model of ALS to develop reliable, objective markers

of disease progression and to evaluate the potential usefulness of new therapies.

In the first part of chapter I we focused on the electrophysiological characterization of
SOD1%** mice since electrophysiological tests are the most clinically relevant for diagnosis and
monitoring of ALS patients (Inghilleri and Iacovelli, 2011; Wijesekera and Leigh, 2009). Several
1G93A

authors have used these techniques in the SOD

analysis of lower MN function (Azzouz et al., 1997; Kennel et al., 1996; Shefner et al., 2006) and

rodents but, in most cases, only focusing on the

on several occasions using methods that do not allow a time follow-up of the same animal (Gordon
et al., 2010; Hegedus et al., 2009; 2008). We provided a detailed electrophysiological profile of the
SOD1%** transgenic mouse model of ALS by evaluating both lower and upper MN function from
early pre-symptomatic (4 weeks) to end stage of the disease (16 weeks) by means of nerve
conduction and evoked potential tests. The results revealed dysfunction of lower MNs that
progresses from proximal to distal muscles, evidenced by deficits in motor nerve conduction from 8
weeks of age. Moreover, the MUNE demonstrated that lower MNs lose muscle innervation and had
a deficit in their sprouting capacity. The study of MEPs showed that, in parallel to peripheral
deficits, there is a dysfunction in central motor conduction in SOD1°** mice starting later, at 12

weeks. In parallel, we demonstrated that locomotor impairments assessed by rotarod began at 12-13
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weeks, coincident with noticeable MN loss in the anterior lumbar spinal cord. These results provide
important information about the SOD1°** transgenic mouse, as they demonstrate for the first time
that dysfunction of central motor pathways is coexisting with spinal motor deficits, and both are
detected well before the loss of spinal MN cell bodies or the first functional evidences appear (by
12-13 weeks of age). The finding of a concomitant dysfunction of upper and lower MNs contributes
to the validation of the SOD1°%** mouse as a useful model of ALS, because this double contribution
is an essential condition for ALS diagnosis in patients. We also demonstrated that non-invasive
electrophysiological studies can be applied in experimental models, as wells as in the clinic, for the
early detection of dysfunctions in MNDs, and as precise markers to assess the functional efficacy of
new potential treatments at the experimental level.

1% mice

In the second part of chapter I, we focused on the characterization of SOD
locomotion to investigate whether loss of neuromuscular connections evidenced by
electrophysiological recordings was translated to impairments of locomotor performance.

Historically, locomotor performance of SOD19**

mice has been evaluated using the rotarod test as
one of the primary measures of disease progression and its modification by therapeutical strategies
(Alves et al., 2011; Gurney et al., 1994; Klivenyi et al., 1999; Miana-Mena et al., 2005; Ralph et al.,
2005). Motor deficits detected by rotarod begin at 12-13 weeks of age and progress rapidly until
complete hindlimb paralysis at 16-18 weeks, thus providing a relatively narrow time frame for
detecting possible changes. In fact, the rotarod test is not sufficiently sensitive to detect motor
deficits in SOD1%** mice despite histological and electrophysiological evidences demonstrating
earlier motor abnormalities (Azzouz et al., 1997, Fischer et al., 2004; Kennel et al., 1996; Mancuso
et al., 2011). Moreover, the rotarod test is not always able to reveal treatment-derived functional
improvements, even when the treatment applied improves the condition of the animals or increases
the survival of MNs (Fischer et al., 2005). For these reasons, in this part of the study we evaluated

fine locomotor performance of SOD19%*

mice by using a digital video system that captures paw
placement during treadmill locomotion and calculates standardized gait parameters (DigiGait' ",
Mouse Specifics Inc.). Our goal was to determine whether locomotor abnormalities could be
detected early in the disease, prior to onset of overt symptoms, as well as during symptomatic and
end-stage disease. Our results provide novel information about the onset and progression of gait
abnormalities in SOD19”** mice. Focusing on hindlimbs, there was an early (8 weeks of age)

enlargement of stance duration mainly due to an increase of the propulsion phase duration of about

10% that progressed along the course of the disease. These findings agree with previous
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observations by Wooley et al. (2005) who already noticed an increase in the stance duration in 8-
weeks-old SOD1%** compared to wild type mice. Locomotor alterations progressed during the
disease until complete disturbance of the normal gait pattern. Interestingly, the early dysfunction of
hindlimb function correlates with early abnormalities of motor nerve conduction that we observed
in the electrophysiological characterization (Mancuso et al., 2011). These findings are meaningful
to the field because the identification of significant differences in a functional endpoint as early as 8
weeks may be a step forward resolving the debate about treating the mice prior to “symptoms
onset” in efficacy studies. Our results also point out that digitizing analysis of treadmill locomotion
may be used as a valuable tool to evaluate whether new therapeutic approaches are improving the

functional outcome of the animals.

We then performed an analysis of the potential predictive value of electrophysiological tests
as a marker of clinical disease onset and progression in the SOD1°** model of ALS. As previously
commented, the development of new therapies for any disease implies the translation from
experimental studies to human trials. In ALS, this issue has raised concerns since there has been
lack of success of numerous translational findings (Benatar, 2007; Rothstein, 2003), that may be
due to shortcomings in most of the currently existing techniques used in preclinical studies. To
address this objective we first evaluated the accuracy of electrophysiological tests in differentiating
transgenic vs. wild-type mice and then, we made a correlation analysis of electrophysiological
parameters and the clinical onset of symptoms, survival and number of spinal MNs. The results
from this part of the present thesis indicate that early pre-symptomatic electrophysiological tests
demonstrated great accuracy in differentiating transgenic vs. wild type animals, which was
especially notable for the TA CMAP amplitude. The TA CMAP amplitude recorded from 10 weeks
of age correlated significantly with both clinical disease onset and survival. The survival prediction
of the electrophysiological results increased at the end stage of the disease, when it was also
correlated significantly with the number of preserved MNs in the lumbar spinal cord. These
findings represent an improvement in terms of animal testing during preclinical studies, since
electrophysiological tests are easily performed, they are objective, they show small variability and

they can be directly translated to the clinical field.

As a proof of concept that nerve conduction studies and locomotion tests were capable of
detecting significant differences between variations in the MN dysfunction and the evolution of the
disease, we made a comparative study of SOD1°”* mice bread on two different genetic

backgrounds. The rotarod test results did not show any differences in the onset of locomotor
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impairments between the two strains. However, electrophysiological results showed that the initial
signs of motor impairment are notably different between strains, since B6 mice showed the first
lower and upper MN dysfunctions about 2 weeks earlier than B6SJL mice. In contrast, B6SJL mice
have faster course of muscle denervation once it has started than B6 mice. Our results were also
useful to demonstrate that the genetic background is a relevant factor that affects both disease onset
and progression in the transgenic SOD1%** animal model of ALS, as previously revised (Heiman-
Patterson et al., 2011). Therefore, the timing of application of treatments and evaluation of
consequent improvement should be different depending on the mouse strain used. From these
results, the following studies on new therapeutic approaches made in this thesis were performed on

B6SJL SOD1** mice (Mancuso et al., 2012a).

Sigma- IR therapeutic effect on SODI1°** ALS mice

The Sigma-1R is a transmembrane protein found in the ER (Alonso et al., 2000; Hayashi and Su,
2007), highly expressed in MNs and other cells in the spinal cord (Alonso et al., 2000; Gekker et
al., 2006; Palacios et al., 2003; Penas et al., 2011). In the nervous system, Sigma-1R mediates
regulation of several processes, such as neuritogenesis, K* channels and NMDA receptors activity,
Ca® homeostasis, and microglial activity. Furthermore, it is related to some CNS pathologies,
including depression, schizophrenia, drug addiction, and Alzheimer’s disease (Aydar et al., 2002;
Hall et al., 2009; Maurice and Su, 2009; Zhang et al., 2011). Several studies have demonstrated
potent therapeutic actions of Sigma-1R agonists, reducing glutamate-mediated cell death (Guzman-
Lenis et al., 2009; Tuerxun et al., 2010) or modulating the inflammatory reaction following stroke
in rats (Ajmo et al., 2006; Allahtavakoli and Jarrott, 2011). Luty et al. (2010) and Al-Saif et al.
(2011) recently reported a novel mutation of Sigma-1R in patients affected by ALS, suggesting that

pharmacological interventions targeting this receptor could be a good therapeutic approach.

It was previously demonstrated in our laboratory that PRE-084 administration promotes
neuroprotection and neurite elongation through protein kinase C (PKC) on MNs in an in vitro
organotypic model of excitotoxic lesion (Guzmén-Lenis et al., 2009). Moreover, administration of
PRE-084 prevented spinal MN death following spinal root avulsion in rats (Penas et al., 2011).
Based on these previous works, the aim of chapter 2 of this thesis was to assess the potential
therapeutic effect of the Sigma-1R agonist in the SOD1°*** mouse model of ALS. The results

indicate that daily administration of PRE-084 from 8 weeks of age significantly improved spinal

153



Discussion

MN function, manifested by maintenance of the amplitude of muscle action potentials, improved
locomotion behavior, and preserved both neuromuscular connections and MNs survival in the

1% animals.

spinal cord. Moreover, Sigma-1R agonist prolonged survival in female and male SOD
Delayed administration of PRE-084 starting at 12 weeks of age also significantly improved
functional outcome and MN preservation. Further analysis revealed that, among other possible
effects, PRE-084 induced PKC-specific phosphorylation of two serines (Ser896 and 897) of the
NMDA-NR1 subunit in MNs of SOD1%** treated animals, and a reduction of the microglial
reactivity in the spinal cord compared with untreated mice. Based on previous observations (Hall et
al., 2009; Zhang et al., 2011), we hypothesized that PRE-084 may exert, at least, a dual therapeutic
contribution, modulating the NMDA Ca’* influx to reduce excitotoxic damage to MNs, and the
microglial reactivity to ameliorate the MNs environment. Such a pluri-functional target may

provide better translational outcomes than drugs that act only on one of the multiple

pathophysiological mechanisms involved in ALS.

Resveratrol effect on SOD1°*** ALS mouse

Resveratrol (RSV, 3,5 4'-trihydroxy-trans-stilbene), a polyphenol found in grapes and red wine, has
been reported to exert age-delaying and neuroprotective effects (Albani et al., 2010) in several
contexts including Alzheimer’s disease (Porquet et al., 2013), Parkinson’s disease (Wu et al., 2011)
and in traumatic (Liu et al., 2011) and ischemic injuries to the CNS (Wang et al., 2011a). It has
been recently described that RSV can trigger a cascade of intracellular events that converge on
Sirtuin 1 (Sirtl), AMP-activated protein kinase (AMPK) and PGC-1a, as important energy-sensing
regulators (Donmez, 2012; Tennen et al., 2012). Sirtl is a NAD*-dependent deacetylase that has
emerged as an important element of the cellular metabolic network. Its activation protects against
neurodegeneration in several neurodegenerative disorders (Donmez, 2012). In fact, Sirtl may
promote neuroprotection by the modulation of several cellular pathways, such as autophagy (Jeong
et al., 2013; 2012) and mitochondrial biogenesis (Price et al., 2012). On the other hand, it has been
proposed that RSV works primarily by activating AMPK, which then activates Sirtl indirectly by
elevating intracellular levels of its co-substrate NAD+ (Cant6 et al., 2009; Fulco et al., 2008).
Alternatively, RSV may first activate Sirtl, leading to AMPK activation via deacetylation and
activation of the AMPK kinase LKB1 (Hou et al., 2008; Lan et al., 2008). Previous studies showed
that RSV administration protects MNs on in vitro ALS models (Kim et al., 2007; Wang et al.,

2011a), thus the main goal of the chapter III of this thesis was to assess the potential therapeutic
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effect of a RSV-enriched diet in the SOD19”** mouse model of ALS. The results of this work
demonstrate that RSV exerts potent therapeutic actions in the SOD1°** model of ALS. In fact, we
show for the first time a treatment that combines significant preservation of both lower and upper
MN function, translating into significantly delayed disease onset and extended animal survival.
These effects were associated to an important preservation of MNs and a significant reduction of
microglial reactivity in the spinal cord. Molecular analyses revealed that the beneficial effects of
RSV were accompanied by an enhanced activation of Sirtl and AMPK. Such pluri-functional
targets that combine the inhibition of detrimental processes and the promotion of neuroprotective

pathways may provide better translational outcomes than drugs with more restricted targets.

Lack of synergistic effect of Sigma-1R and resveratrol co-administration

The main goal of the last chapter of this thesis was to assess the effect of combining the Sigma-1R
agonist PRE-084 and RSV in the SOD1°”** mouse model of ALS, since separate administration of
the two compounds had resulted in significant improvement of disease progression and survival of
these mice (chapters II and III). The co-administration of PRE-084 and RSV from 8 weeks of age
significantly preserved spinal MN function and reduced MN degeneration. This effect was
accompanied by an improvement in the locomotor performance and a significant extension of
animals survival. According with what we previously described in chapters II and III, PRE-084
induced PKC-specific phosphorylation of Ser896 of the NMDA-NRI subunit, whereas RSV
increased the expression and activation of Sirtl and AMPK in the ventral part of the lumbar spinal
cord of SOD1°** mice (Mancuso et al., 2012b; 2014). Unfortunately, the combinatory therapy did

not represent a clear improvement compared to RSV-only or PRE-084-only treated animals.

Mechanisms underlying neuroprotection and possible overlapping effects

Consistent with our previous observations in chapter II (Mancuso et al., 2012b), we have found that
PRE+RSV combined treatment also increased Ser896 phosphorylation of the NDMA-NR1 subunit
in the ventral part of the spinal cord, thus modulating calcium influx into MNs (Zhang et al., 2011).
Although it has been demonstrated that Sigma-1R physically interacts with NMDA-NR1 subunits
(Balasuriya et al., 2013) and promote a reduction of NMDA calcium conductance (Zhang et al.,
2011), it has been also reported that Sigma-1R agonists can modulate ionic flow through calcium,

sodium and potassium channels, thus modifying cells excitability properties (Amer et al., 2013;
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Kourrich et al., 2013; Zhang et al., 2011). In fact, recent findings by Mavlyutov et al. (2013)
indicate that the lack of Sigma-1R is detrimental in SOD1°”** mice probably because it acts by
reducing the excitability of spinal MNs. Moreover, Sigma-1R is found associated to ER chaperones
(such as BiP) and plays a role in clearance misfolded proteins by the ERAD response (Hayashi et
al., 2012; Mori et al., 2013b). Sigma-1R is enriched in the so-called mitochondrial-associated ER
membrane (MAM) and its activation can also modulate mitochondrial metabolism (Hayashi and Su,
2007; Marriott et al., 2012). As above mentioned, it has been reported that RSV promotes protective
effects both in neurodegenerative and traumatic injury models, including Alzheimer’s disease and
accelerated aging (Herskovits and Guarente, 2013; Kim et al., 2007; Porquet et al., 2013), multiple
sclerosis (Fonseca-Kelly et al., 2012; Nimmagadda et al., 2013), Huntington’s disease (Albani et
al., 2010; Mabher et al., 2010), Parkinson’s disease (Jin et al., 2008; Wu et al., 2011), and reducing
peripheral axonal degeneration (Araki et al., 2004) or promoting functional improvements after
spinal cord injury (Liu et al., 2011). In the chapter III we described how RSV administration
significantly delays clinical symptoms onset, improves spinal MNs function and survival, and
extends SOD1°** mice lifespan. We also determined that the therapeutic effect was mediated by
the increased expression and activation of both Sirtl and AMPK, leading to normalization of the
autophagic flux and enhanced mitochondrial biogenesis (Mancuso et al., 2014a). Although there is
some controversy about the exact molecular mechanisms underlying RSV effect, it has been
established that Sirt]l or AMPK activation are upstream of pathways that participate in several
cellular processes, including inflammation (Bi et al., 2005; Candelario-Jalil et al., 2007; Meng et al.,
2008; Zhang et al., 2010), autophagy (Lee et al., 2008) and mitochondrial function (Herskovits and
Guarente, 2013; Price et al., 2012). Consistent with our previous findings, PRE+RSV treated
animals also presented higher expression and activation of both Sirtl and AMPK compared to

SOD1%2 untreated mice.

The lack of summative effect in the PRE+RSV treated group may be due to a possible
overlapping in the pathways activated by both compounds. As above mentioned (chapter III), RSV
protective effect is likely related to normalization of the autophagic flux and increased
mitochondrial biogenesis (Mancuso et al., 2014a). Although PRE-084 main therapeutic effects have
been considered associated to modulation of calcium influx and MNs excitability (Amer et al.,
2013; Kourrich et al., 2013; Mavlyutov et al., 2011; Zhang et al., 2011), it also participates on the
response to misfolded protein accumulation (Hayashi and Su, 2007; Hayashi et al., 2012) and the

modulation of mitochondrial metabolism (Marriott et al., 2012). Considering these actions, RSV
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effects on autophagy and mitochondrial biogenesis may mask those of PRE-084 administration thus
explaining the lack of summative effect of the combined treatment.

Another explanation for the lack of summative effect of the combined treatment lies in the

1A mice at 8

pathology state of the animals in the moment we began the drug administration. SOD
weeks of age present 25-30% loss of CMAP amplitude in proximal muscles (TA and
gastrocnemius) (Azzouz et al., 1997; Mancuso et al., 2011), due to early neuromuscular junction
retraction and motor axons degeneration (Fischer et al., 2004). Thus, although MN cell bodies in the
anterior spinal cord are intact, up 30% of them are already under a degenerative process that may be
irreversible. Since our treatment is focused on the preservation of remaining functional MNs, it is

likely that we are acting on the still functioning population of MNs and thus, the maximum effect

that can be reached would be limited.

Does the SOD1** mouse model present a limited therapeutic capacity?

An alterative explanation for the lack of summatory effect of combining PRE-084 and RSV could
be that the SOD1%** mouse model has a limit in terms of MN function and survival that cannot be
overpassed by therapeutic interventions. To address this possibility, we made a review of successful
preclinical trials using both single and combinatorial treatments in SOD1°*** mice. The following
table (Table 2) summarizes the successful therapies performed on SODI1°* mice and the
percentage of increased survival compared to untreated mice. It is worth noting that no replication
of the positive results was achieved for several of the drugs initially reported to provide efficacy
when re-tested using a careful study design (Scott et al., 2008). Up to our knowledge and without
considering those works showing negative or null results, only 4 of 48 studies reported an extension
of survival longer than 25%. Although further analyses must be performed, such observations may
reflect an endogenous limitation for the therapeutical benefits that can be achieved using the

SOD1%** mouse model.
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Table 2. Summary of recent therapeutic trials performed in the SOD1°*** mouse model. When dose-

dependent or gender effects were described, the greatest improvement was selected.

Compound

Oxidative stress

M30

Metallothionein-IIT
VK-28

Dispocynin

Apocynin

Mitochondrial dysfunction
Uridine

Dichloroacetate
Excitotoxicity
Methionine sulfoximine
Protein missfolding
Immunization against mSOD1
Ariloxanyl

Cyclohexane

Salubrinal

Trophic support

Lead

VEGF (AVV4-mediated)
IGF-1 (AVV4-mediated)
BDNF-TTC

Non-cell autonomous

linflammation
Revlimid
GCSF (AAV1/2-mediated)

Monoclonal antibodies
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Treatment onset

Pre-symptomatic
Onset
Pre-symptomatic

Post-symptomatic

Pre-symptomatic

Pre-symptomatic

Pre-symptomatic

Pre-symptomatic

Pre-symptomatic

Pre-symptomatic

Early pre-symptomatic

Pre-symptomatic
Onset
Onset

Pre-symptomatic

Onset
Pre-symptomatic

Pre-symptomatic

Survival
extension

6%
10%
10%
8%

2.3%

17%

9%

8%

6.5%
16%
18%

21.6%

10%
16%
10%

14%

12%
10%

7%

Reference

(Kupershmidt et al., 2009)
(Hashimoto et al., 2011)
(Wang et al., 2011b)
(Trumbull et al., 2012)

(Trumbull et al., 2012)

(Amante et al., 2010)

(Miquel et al., 2012)

(Ghoddoussi et al., 2010)

(Gros-Louis et al., 2010)
(Chen et al., 2012)
(Zhang et al., 2012)

(Saxena et al., 2009)

(Barbeito et al., 2010)
(Dodge et al., 2010)
(Dodge et al., 2010)

(Calvo et al., 2011)

(Neymotin et al., 2009)
(Henriques et al., 2011)

(Lincecum et al., 2010)



antiCD40L
Minocycline
Pegfilgastrim

Anti-Ly6C monoclonal

antibodies
Caffeic acid
Other

L-arginine

Activated protein C
SUN N8075

TTC

Diallyl trisulfide

CDDO ethylamide

CDDO trifluoroethylamide

Trichostatin A

AGS-499

PRE-084
Dihydrotestosterona
Bromocriptine methylase
CPN-9

Arimoclomol

Multiple pathways
Resveratrol
Lithium chloride

Combinatorial strategies

Early Pre-symptomatic

Pre-symptomatic

Onset

Post-symptomatic

Early pre-symptomatic
Pre-symptomatic
Onset
Pre-symptomatic
Pre-symptomatic
Onset

Early pre-symptomatic
Onset

Early pre-symptomatic
Onset

Onset
Pre-symptomatic
Pre-symptomatic
Pre-symptomatic
Onset

Onset

Early pre-symptomatic

Pre-symptomatic

Pre-symptomatic

Pre-symptomatic

8.8%

6%

16%

7%

20%
9%

22%
11%
12%
5%

16%
13%
14%
13%
7%

16%
16%
5%

2%

16%
22%

18%

10.5%

8%

Discussion

(Zhu et al., 2002)

(Pollari et al., 2011)
(Butovsky et al., 2012)

(Fontanilla et al., 2012)

(Lee et al., 2009)

(Lee et al., 2009)
(Zhong et al., 2009)
(Shimazawa et al., 2010)
(Moreno-Igoa et al., 2010)
(Guo et al., 2011)
(Neymotin et al., 2011)
(Neymotin et al., 2011)
(Neymotin et al., 2011)
(Neymotin et al., 2011)
(Eitan et al., 2012)
(Eitan et al., 2012)
(Mancuso et al., 2012b)
(Yoo and Ko, 2012)
(Tanaka et al., 2011)
(Kanno et al., 2012)
(Kieran et al., 2004)

(Kieran et al., 2004)

(Mancuso et al., 2014a)

(Ferrucci et al., 2010)
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VEGF+IGF-1 (AAV4-mediated)

IGF-1 (AVV2-mediated) +

exercise

Minocycline + Creatine
NEU2000 + Lithium chloride
PBA + AEOL 10150
Creatine + calecoxib
Creatine + rafecoxib

Resveratrol + PRE-084

Onset

Early pre-symptomatic

Onset

Early pre-symptomatic
Pre-symptomatic
Onset

Early pre-symptomatic
Early pre-symptomatic

Pre-symptomatic

8%

69.7 %

31%
25%
21.5%
19%
28.5%
30.5%

10.8%

(Dodge et al., 2010)

(Kaspar et al., 2005)

(Kaspar et al., 2005)
(Zhang et al., 2003)
(Shin et al., 2007)
(Petri et al., 2006)
(Klivenyi et al., 2003)
(Klivenyi et al., 2003)

( Mancuso et al., 2014b)

Bold letter labels those strategies that resulted in more than 25% increased survival.
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Conclusions

The main conclusions of the present thesis are:

Chapter I - SOD1%*** ALS mouse model characterization:

1. In the SOD1%** transgenic mouse model, there is a dysfunction of spinal motoneurons
beginning with muscle denervation and ending up with cell death. Lower motoneuron dysfunction
coexists with alterations of upper motoneurons. The electrophysiological tests for peripheral and
central motor conduction are useful for early detecting and temporal monitoring motor dysfunctions
in the ALS mouse model.

2. The functional abnormalities of lower and upper motoneurons evidenced by conduction studies

1934 mice. Fine locomotor

are accompanied by a significant alteration of locomotion in the SOD
disturbances are detectable by using the computerized DigiGait system from 8 weeks of age in
SOD1°%** mice, representing a step forward resolving the debate about treatment of the mice prior

to “symptoms onset” in efficacy studies.

3. The early electrophysiological tests can predict clinical disease onset, animal survival and
motoneuron preservation in SOD19”** ALS mice. Moreover, they can detect disease progression
differences on distinct SOD1%”** mice strains. Thereby, electrophysiological tests can be used both
as early markers of the disease and to evaluate the potential influences of neuroprotective

treatments.

Chapter II: Sigma-1R treatment in SOD1%*** ALS mice

4. The Sigma-1R agonist, PRE-084, improves spinal motoneuron function and prevents motoneuron

93A
1G

degeneration in SOD mice, exerting, at least, a dual therapeutic contribution:

- modulation of Ca®*" influx through NMDA receptors to reduce excitotoxic damage to MNs,

and
- reduction of microglial reactivity to ameliorate the motoneurons environment.

5. Such a pluri-functional target may provide better translational outcomes than drugs acting only
on one of the multiple pathophysiological mechanisms involved in ALS. These findings have
increased importance since Sigma-1R alterations have been reported in human patients, opening a

novel perspective for the use of Sigma-1R agonists as new therapeutic agents for ALS.
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Chapter III: Resveratrol treatment in SOD1%** ALS mice.

6. Resveratrol improves spinal motoneuron function, prevents motoneuron degeneration and

extends survival in SOD1%%*4

SOD1%%** mice.

mice by activating Sirtl and AMPK in the ventral spinal cord of

7. AMPK and Sirtl activation induces the recovery of mitochondrial function and promotes an

active process of mitochondrial biogenesis.

Chapter I'V: Sigma-1R modulation and resveratrol combinatory therapy

8. There is a lack of synergistic effect of PRE-084 and resveratrol co-administration that may be

due to:

- possible overlapping in the pathways activated by both compounds,
- the time point when the treatment begun given that a high proportion of motoneurons
were already suffering from the degenerative process, or

- intrinsic limitations of the SOD1%%** mouse model itself.
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ALS, amyotrophic lateral sclerosis
ANOVA, analysis of variance

BD1036,

CHOP, C/EBP homologous protein

CLIP, cross-linking and immunoprecipitation
CMAP, compound muscle action potential
CNS, central nervous system

CNTF, ciliary neurotrophic factor

CSF, cerebrospinal fluid

CV, coefficient of variation

DNA, deoxyribonucleic acid

EEAT?2, excitatory aminoacids transporter 2
EMG, electromyography

ER, endoplasmic reticulum

FALS, familial amyotrophic lateral sclerosis
FTLD, frontotemporal lobar degeneration
GABA, gamma-aminobutyric acid

GDNF, glial derived neurotrophic factor
IGF-1, insulin growth factor -1

IHC, immunohistochemistry

KAP3, kinesin-associated protein 3

MN, motoneuron

MCP1, monocyte chemoattractant protein 1
MEP, motor evoked potential

mnd, motoneuron degenerative

Abbreviations

MND, motoneuron disease

MRI, magnetic resonance image
MUNE, motor unit number estimation
NMDA, N-methyl-D-aspartate

SOD1, superoxide dismutase 1

PCR, polymerase chain reaction

PDI, protein disulphide isomerase
PKC, protein kinase C

PL, print length

pmn, progressive motoneuropathy
PRE-084,

ROS, reactive forms of oxygen

RNA, ribonucleic acid

RSV, resveratrol

SALS, sporadic amyotrophic lateral sclerosis
Sigma-1R, sigma 1 receptor

SMA, spinal muscle atrophy

SMN, spinal motoneuron protein

TA, tibialis anterior

TS, toe spreading

UPR, unfolded protein response

UPS, ubiquitin-proteasome system
VEGF, vascular endothelial growth factor
WB, western blot

WT, wild type
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