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Abstract

Amyotrophic Lateral Sclerosis (ALS) is a heterogeneous disease in terms of progression rate
and survival. This is probably one of the reasons for the failure of many clinical trials and the
lack of effective therapies. Similar variability is also seen in SOD1%°** mouse models based
on their genetic background. For example, when the SOD1%%** transgene is expressed in
C57BL6 background the phenotype is mild with slower disease progression than in the
129Sv mice expressing the same amount of transgene but showing faster progression and
shorter lifespan. This review summarizes and discusses data obtained from the analysis of
these two mouse models under different aspects such as the motor phenotype,
neuropathological alterations in the central nervous system (CNS) and peripheral nervous
system (PNS) and the motor neuron autonomous and non-cell autonomous mechanisms with
the aim of finding elements to explain the different rates of disease progression. We also
discuss the identification of promising prognostic biomarkers by comparative analysis of the
two ALS mouse models. This analysis might possibly suggest new strategies for effective
therapeutic intervention in ALS to slow significantly or even block the course of the disease.

doi:10.1111/bpa.12351

INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is the most common motor
neuron disease first described by Jean-Martin Charcot 150 years
ago, for which there is no effective therapy. The neuropathology is
characterized by progressive degeneration of motor neurons in the
cortex, brainstem and spinal cord followed by extensive muscle
wasting and atrophy leading to paralysis and death 3—5 years after
disease onset. Around 10% of ALS cases are classified as familial
(fALS) with a predominantly autosomal dominant pattern of inheri-
tance whereas the remaining 90% of cases occur sporadically.
Today, we know the genetic actiology of two-thirds of familial cases
and about 11% of sporadic ALS cases (1, 88). The most frequent
genetic causes in ALS population are related to the Superoxide dis-
mutase 1 gene (SOD1, 20% of fALS and 2%-7% in sALS), with
more than 180 mutations discovered (http:/alsod.iop.kcl.ac.uk)
since the first one found more than 20 years ago (91). More recently,
mutations of the gene encoding COORF72 characterized by hexanu-
cleotide repeat expansions in the intron 1 was found in about 40%
of fALS and 10% of sALS (88). Mutations in other genes, including
TAR DNA-binding protein (TDP43)(47), Fused in Sarcoma/Trans-
located in Liposarcoma (FUS/TLS) (51, 99), valosin-containing pro-
tein (VCP) (100) ubiquilin 2 (UBQLN?2) (24) and polymorphisms in
sequestrosome 1 (SQSTMI, p62) (30), angiogenin (ANG) (37),
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alsin (ALS2) (103), vesicle associated membrane protein B (VAPB)
(76), optineurin (66), Sigma 1 receptor (2), Charged multivesicular
body protein 2B (CHMP2B)(21) and TANK-binding kinase
(TBK1) (53), senataxin (105) and matrin 3 (44), are together respon-
sible for the 10% of familial cases and about 4%—9% of the sporadic
ALS (88). All these genes encode proteins implicated in a wide
range of cellular mechanisms such as oxidative stress, RNA process-
ing, axonal transport, protein quality control and angiogenesis. This
complexity indicates that the pathogenesis of ALS is rather compos-
ite with several different processes ultimately, leading to the selec-
tive motor neurodegeneration. Another level of complexity is related
to the phenotypic variability of patients with ALS showing different
rates of progression to death (8, 17, 64, 86).

Mouse models based on gene abnormalities associated with
ALS have been instrumental in defining the biology of the
disorder as well as in designing and testing potential targeted
therapeutics.

Transgenic mice overexpressing the SOD1 mutation have been the
first models to be developed soon after the discovery of a linkage
between this gene mutation and ALS (40) and since then myriad of
transgenic mutant SOD1-overexpressing mice have been generated
(46, 68, 84, 98). These various mouse lines invariably show progres-
sive hind limb tremor and weakness, locomotor deficits and paralysis
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followed by premature death which recapitulates several core clinical
features of ALS. These models have been widely used to dissect the
pathogenic mechanisms of mutant SOD1 and to assess the efficacy of
new therapeutic agents (see reviews, 15, 68, 62, 98).

In the last decade the discovery of TDP-43—positive cytoplas-
mic inclusions as major hallmarks of sporadic ALS and the identifi-
cation of mutations of the gene coding for this protein in fALS has
prompted several groups to create new genetic mouse models with
the high expectations to mimic the human conditions (75). Most of
these models have been amply described in recent reviews but in
general, none of the TDP43 driven animals appears to replicate the
progressive disease phenotype seen in ALS patients and SOD1
mutant mice (46, 68, 84).

More recently the discovery of the repeated expansion in the C9
or f72 gene as the most prevalent ALS-causing gene identified,
boosted several group to generate new mouse models. Given the
complexity of the mutation, only few have been developed so
far, however, none of them replicate the ALS pathology of human
(50, 79, 82).

Thus, to date, the mutant SOD1 mouse is the model that best
recapitulates several core clinical and neuropathological features of
ALS. Several preclinical trials has been performed in this mouse
model with positive effect in delaying the disease course (15, 62,
98). Unfortunately, none of these positive effects has been trans-
lated in successful clinical trial in ALS patients (9). This is in part
due to an overestimation of the mouse studies, which are often
inadequately powered and confounded by factors not properly con-
sidered such as variations in copy number, differential effects of
sex and variability in mouse strain genetic backgrounds leading to
nonreproducible preclinical results and potentially erroneous con-
clusions (81, 93). In attempt to overcome this problem guidelines
for the use of SOD1 mutant mice have been recently issued (59)
making comparative analysis more robust.

Another potential reason for the negative results of clinical trials
is the phenotypic variability in patients, also present in genetic fam-
ilial forms (70, 87). Controversy remains as to whether phenotypes
can be linked to one cause, several potential causes, or the presence
of modifying genes that affect the expression of ALS in a particular
patient. With respect to this, there are growing evidence indicating
that the severity of the disease may be remarkably influenced, also
in mutant SOD1 mice, by their genetic background (42, 63, 65,
74). Therefore, discovering those genes that may be determinant
for slowing the disease progression may lead to identify modifiers
as potential druggable targets and staging-disease biomarkers to be
eventually translated in the clinical practice.

This review aims to draw the attention on this underestimated
field in the preclinical research on ALS which may provide clues to
understand the causes of different rates of disease progression. In
particular, we illustrate the utility of mutant SOD1 mice in provid-
ing new insights in the cellular mechanisms underlying the variabil-
ity in ALS disease phenotype.

VARIABILITY IN THE DISEASE COURSE
OF SOD1%°3A MICE: CONTRIBUTION OF
GENETIC BACKGROUND

When Gumey et al (40) generated the first SOD19%** mouse
model in 1994, it was clear that the disease expression in these
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mice closely depended on the number of transgene copies trans-
ferred to the mouse. In fact, Gurney’s SOD19%** mice carrying 18
copies of transgene became symptomatic at age 121 * 23 days and
moribund at 169 = 16 days while mice carrying only 4 or less
transgene copies which expressed normal levels of human mutant
SOD1 did not show disease phenotype (40). However, the age of
symptoms onset and death variably changed over the years not
only because of the numbers of transgene copies (19, 98) but also
for the change in the genetic background of mice breeded with the
original SOD1%%A mice (42, 63, 83). The first observation in this
respect came from Jackson laboratory that by transferring the mice
to a C57B6/SJL background reduced the survival of the original
Gurney’s mice by 1 month (136 = 15) (39). This corresponds to
the mean survival reported later by the ALS-TDI group from more
than 4000 C57B6/SIL SOD1°”* mice analyzed over 4 years
(134 £10) (93). However, among the different studies published
over the last 15 years, the life span reported for these mice vary
from 102 to 151 days (9, 15). Interestingly, such variability some-
how reflects the variability in the clinical course of ALS patients (8,
17, 64, 86) including the familial cases. In fact, the patients carry-
ing the SOD1 mutation in G93C has a survival that span from 62
to 243 months (87). Thus, understanding the mechanisms at the
basis of such variability provides useful clues for the control of the
disease severity in mouse models and eventually in patients.

Different groups, including ours, have clearly demonstrated the
influence of the genetic background on the disease progression of
SOD1%%** mice despite they expressed the same amount of mutant
SOD1 (42, 63, 65, 83). In particular, we observed that transgenic
SOD1%%*# mice on C57BL/6JOlaHsd genetic background (C57-
SOD19%4), hereafter indicated as slow progressor, exhibited a
delay in the onset of symptoms and a prolonged survival of about 2
and 8 weeks, respectively, compared with the SOD1G93A mice on
129SvHsd strain (129Sv-SOD19%%4), hereafter indicated as fast pro-
gressor (65). The many differences between these two ALS mouse
strains are summarized in Table 1. In terms of disease course, the
129Sv-SOD1°%** mice develop a complete paralysis of the hind
limbs soon after the first sign of motor weakness was detected by
the impairment of hind limbs extension reflex. In less than 3 weeks,
these mice completely lose their muscular strength and are no lon-
ger able to perform neither the hanging wire-lid test or the rotarod
test (Figure 1). At this stage their body weight is reduced by about
19% and drops rapidly until they have lost more than 25% of their
original maximum weight at the time of euthanasia.

In slow progressors, the paralysis develops more steadily until
they are totally paralyzed and unable to right themselves when laid
on one side (Figure 1). Notheworthy, they become totally unable to
execute the hanging wire-lid test much earlier than the complete
inability to stay on rotarod indicating a more rapid decline in mus-
cular strength of all four limbs rather than in balance and motor
coordination.

Thus, our and other studies clearly show that when the expres-
sion of the SOD19%*# transgene is in C57BL6 background the phe-
notype is milder than all the other inbred strains. It is to be
emphasize, however, that there are C57BL/6 substrains that are
genetically and phenotypically different (http://www.informatics.
jax.org) (49, 106). For example, the survival of the SOD19%34
mice under C57B60laHsd substrain from Harlan, maintained in
our colony for more than 15 generations, is prolonged by more
than 10 days (180.9 =11.2 days) with respect to lifespan of
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Table 1. Phenotypic and molecular differences between ALS mouse
models with a slow (C57SOD1%%%4) vs. fast (129SvSOD16%%4)
disease progression. In the table are reported only the parameters
showing the major differences between the two SOD1%%A mouse
strains at the disease onset. The onset of motor symptoms is defined
when the mouse shows the first progressive impairment in grip
strength. The survival time is evaluated when the mouse is unable to
right itself within 10 s after being placed on each side and therefore
is euthanised by deep anaesthesia. MN are counted from the lumbar
spinal cord. NMJs denervation is evaluated in tibialis muscles.
Abbreviations: MN = motor neuron; NMJ = neuromuscular junction;
PPIA = cyclophilin A; CRYAB = alpha-B-crystallin; GFAP = glial fibrillary
acidic protein; CLIC1 = Chloride intracellular channel protein 1;

CCL2 = chemokine (C-C motif) ligand 2; CC3 = Complement compo-
nent 3; MHC-| = major histocompatibility complex 1; 2m = beta-2
microglobulin; LMP7 = immunoproteasome subunit; CD8+T = cyto-
toxic lymphocytes; NF200 = neurofilament 200Kd; TDP43-

P = phosphorylated TDP43; P-ERK = phosphorylated extracellular
signal-regulated kinases; AChRy = acetylcholine receptor gamma;

Ibal = lonized calcium binding adaptor molecule 1; LYBCM9" = acti-
vated monocytes; Ntg = nontransgenic. 0 = no changes; + =
increase; — = decrease.

Parameters C57SOD16%%4  129SvSOD16%%A
ONSET (days) 122.5+8.6 101.9+3.9
SURVIVAL (days) 180.9+11.2 1245+56
MN loss at onset —-52% —55%
NMJs innervated at onset —35% —63%
Alterations in spinal cord at onset
Protein aggregation o +++
Chaperones PPIA ++ (1]

CRYAB - ---
Proteasome 19S subunit 1) ---

B5 subunit 1) ---
Mitochondrial activity - ---
Astrocytes GFAP + +
Microglia CD68 ++ +++

CLIC1 - +
Immunity CCL2 ++ 0

CC3 ++ 0

MHCI ++ +

p2m + 0

LMP7 +++ +

CD8+T ++ 0
Biomarkers Nitrotyrosine 0 +
Alterations in sciatic nerves at onset
Axonal changes  NF-200 0 -

Acetyl-Tubulin 0 --

TDP43-P + 0

f-Importin 0 ++

CCL2 ++ 0

MHCI ++ 0

CC3 ++ 0 (lower in Ntg)
Schwann cells GFAP ++ + (lower in Ntg)

P-ERK ++ + (lower in Ntg)
NMJs AChRy + +++
Immune cells CD8™T cells +++ --

Ibal +++ ++
Alterations in peripheral blood at onset
Monocytes 0 (LYeCMish) 0 (CD45/CCR2)
Lymphocytes CD3+T - 0
PBMC Nitroactin 0 +++
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congenic B6.Cg-Tg(SOD1-G93A) 1Gur/Jmice either reported by
Heinemann-Patterson’s group (161 * 10 days)(42) and by AriSLA
animal facility managed by our group (169.7 = 12.9 days) (http://
www.arisla.org/?page_id=247).

C57BL/6JOlaHsd mice carry gene deletion for the alpha-
synuclein (Snca) and for the multimerin 1, involved in the patho-
physiology of the neuron and in platelet adhesion thrombus forma-
tion, respectively (96). Although we still ignore the effective
contribution of these genetic alterations in the disease progression
of ALS mice, it is important that investigators take into account
this genetic polymorphisms when plan to breed knockout mice to
identify ALS genetic modifiers and be as explicit as possible about
which substrain is under study. In fact, it is clear that the influence
of genetic background is far more effective in changing the course
of the disease of SOD1 mutant mice than the effect of single
genetic changes and therapeutic interventions tested so far in these
mice (62, 68, 89).

AXONAL DEGENERATION RATHER
THAN MOTOR NEURON LOSS IS THE
CAUSE OF DISEASE ACCELERATION

A striking and unexpected difference between the C57-SOD19%34
and the 129Sv-SOD19%*# mouse models was found in the
neuropathology of the central nervous system (CNS). In fact, the
extent of motor neuron loss was similar in the lumbar spinal cord
of these mice when measured either at the same stage of the dis-
ease, as expected, or at the same interval (2 weeks) after symptom
onset corresponding, respectively, to the early or obvious sympto-
matic stage for the slow and fast progressing mice (65). These
observations point out that the loss of motor neurons and survival
are two unrelated events in line with that shown in other studies
(25, 36, 92).

Even more unexpectedly, we found that in the brainstem the
facial and motor trigeminal motor neurons displayed a later and
milder vulnerability in fast-progressing compared with slow-pro-
gressing mice (14). Such difference was highlighted by the com-
parative longitudinal analysis of these cranial nuclei by Magnetic
Resonance Imaging showing an increased T2 value associated
with the formation of vacuoles in the motor neurons already at
the presymptomatic stage in C57-SOD19%** mice, while this was
present only at the advanced stage in 129Sv-SOD1%*# progress-
ing mice. One possible explanation for such difference is that the
129Sv-SOD19%** mice die so fast that the disease cannot propa-
gate to the brainstem, however, this hypothesis needs to be
verified.

In contrast to the fact that the motor neurons were affected at the
same extent or even more in slow progressing mice, the fast pro-
gressor showed earlier abnormalities in the axonal compartment as
demonstrated by ex vivo diffusion tensor imaging and histopatho-
logical analysis of the white matter of the spinal cord (14). In fact,
a decreased axial diffusivity was detected in the ventro-lateral and
dorsal white matter regions of 129Sv SOD19%*# mice with respect
to nontransgenic mice, already at the onset of the disease while in
C57 SOD19%** mice this phenomenon was evident only at the
advanced stage. In addition, in the gray matter of lumbar spinal
cord the vacuolated axons appeared earlier in fast compared with
the slow progressing mice (65).
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Figure 1. Rate of disease progression in 129Sv SOD1G93A and
C57SOD1G93A mice monitored with four different tests. A. Body
weight change from the maximum level to that reached at the time of
death. B. Score of hind limbs extension reflex. Three and zero
correspond, respectively, to the maximum or minimum opening of the
hind limbs when the mouse is raised by tail for 5 s. C. Rotarod
performance is evaluated on a rotating bar accelerated at a constant

Like in the CNS, the peripheral axons in the sciatic nerves and
their innervation at the NMJ were more severely affected in
129Sv-SOD15%** compared with C57-SOD19%** mice at the
onset of symptoms, predicting a faster disease progression in the
first strain. We have examined the causes of this phenomenon,
demonstrating an important role of mechanisms associated with
the immune response mediated by the major histocompatibility
complex I (MHCI) system at the axonal level (manuscript
submitted).

Thus, the extent of axonal and neuromuscular dysfunction,
rather than the motor neuron loss seems predictive of a more
aggressive phenotype in the SOD19%** mouse model. This par-
tially agree with Mancuso’s report of no differences in motor neu-
ron loss between C57B6-SOD1-G93A and C57B6SJL-SODI-
G93A at the same age (16 weeks) despite of a large difference in
their life-span (153 *1.7 vs. 138 = 1.9 days, respectively) (63). In
fact, despite both strains showed similar values of compound mus-
cle action potential (CMAP) from the tibialis anterioris (TA) at 16
weeks of age, mice surviving less appeared to have faster muscle
denervation once it was started (63).
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rate for a maximum of 5 min. The rate of disease progression is
evaluated from the mouse age at the maximum latency to fall (300 s)
to the age at which the mouse score 0. D. Paw grip endurance test
is evaluated by placing the mouse on the wire-lid of a housing cage
which is then swiflty turned upside down. The rate of disease pro-
gression is evaluated from the mouse age at the maximum latency to
fall (90 s) to the age at which the mouse score 0.

MOTOR NEURON AUTONOMOUS
MECHANISMS UNDERLYING
PHENOTYPE VARIABILITY

Our observation that the loss of spinal motor neurons was similar
in mice with different rates of disease progression, prompt us to
compare the intrinsic properties of these cells between the two
strains. Using a transcriptome analysis of the laser captured lumbar
spinal motor neurons from the two SOD1G93A mouse strains at
the disease onset we identified marked differences in the transcrip-
tional profile of these two mice providing the clues to explain the
difference in the rate of the disease progression (74).

The cluster of genes more strikingly downregulated in the motor
neurons of fast progressing mice at the disease onset are those related to
the mitochondrial activity, protein catabolic process and axonal function
impairment (74). Mitochondrial dysfunction and damage has major
implications in the rapid decline of MN function not only because they
are less efficient to produce energy necessary to the anterograde trans-
port (22) but probably also because they can aberrantly accumulate
along the axons, further altering the axonal transport (61).
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Another gene cluster highly downregulated in motor neurons of
fast rather than slow progressing mice at disease onset is the
“protein catabolic process.” In fact, the accumulation of polyubi-
quitinated protein aggregates occurs already at the presymptomatic
stages in MNs of 129Sv-SOD1%%*# mice, while it appears later in
the C57-SOD19%** (65). This phenomenon is associated with a
reduced expression of different chaperon proteins (CRYAB, PPIA,
Hsp90, Hsc70) (7, 52, 65) as well as impairment of the ubiquitin-
proteasome system caused by a decreased expression of constitu-
tive proteasome subunit (35 and 19S) (11, 65, 74). In contrast, the
autophagy-lysosomal pathway is activated more in the spinal cord
of fast progressing mice at the symptomatic stage (65). Interest-
ingly, the activation of autophagosome has been proposed as a
compensatory response of the surviving motor neurons to the pro-
teasome impairment (23). This may explain why in 129Sv-
SOD19%** mice the motor neurons loss is similar to C57-
SOD19%** mice at the symptomatic stage. Thus, although the con-
tribution of autophagy to the fALS linked pathogenesis is still
debated, our data suggest that its impairment in the spinal cord
does not contribute to the rapid disease progression. Autophagy
may instead be involved in the earlier axonal damage of fast pro-
gressing mice. In fact, it has been demonstrated that an impaired
autophagic removal of damaged mitochondria may result in their
aberrant accumulation in axons, thus causing distal axons to
become more vulnerable to dying back degeneration (101). Nota-
bly, in 129Sv-SOD1°”*# mice, at the presymptomatic stage, the
myelinated axons of the ventral roots were massively vacuolated
(65), a feature associated to the aberrant swelling of damaged mito-
chondria (10). Therefore, we cannot exclude that an aberrant accu-
mulation of damaged mitochondria along the axons may result
from an impaired mitophagy at this level.

Motor axon morphology and functionality in fast progressing
mice are also negatively influenced by the downregulation of
other gene clusters specifically related to neuron projection,
microtubules, axonal/synapse stability and regeneration as well
as to the anterograde axonal transport (74). In this context, spe-
cial attention deserve the kinesin-1 subunit, KiF5b, reported to be
essential in regulating fast anterograde axonal transport of differ-
ent cytoskeletal proteins as well as that of the proteasome com-
plex (80) in sciatic nerve. KiF5b is 16 times less expressed in the
MNss of fast with respect to slow progressing mice (74) underly-
ing once again the key role of the axonal dysfunction in the rapid
progression of the disease. Differently, in the motor neurons of
slow progressing mice predominates the activation of specific
biological processes related to the extracellular matrix, response
to wounding and protein translation that may help underpin a
more substantial response to stress which protect the axons in
this mouse strain longer (74). In this respect, it should be empha-
sized that the motor neurons of C57BL6 mice express higher
basal levels of the “stress transcription factor”’ATF3, whose
upregulation was reported to counteract protein aggregation and
promote motor axon sprouting in the peripheral nervous system
(PNS) (94). In addition, we found that the motor neurons of
C57BL6 mice express higher levels of cytosolic ribosomal subu-
nits (Rps9; Rps6; Rpll17) than 129Sv mice suggesting a higher
rate of physiological protein translation in MNs of the slow pro-
gressing mice. Rps9 transcript levels, in particular, are 140 times
higher in C57 vs. 129Sv MNs (Figure 2A). The levels of RSP9
protein in the spinal cord are also remarkably lower in 129Sv
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compared with the C57 mice and they decrease further in the
MNs of 129Sv-SOD19*# mice at disease onset (Figure 2B-D).
This suggests that an impairment of this ribosomal subunit and in
general of the protein translation has an important role in acceler-
ating the dysfunction of motor neurons particularly at the axonal
level.

In line with this, Angiogenin, which is fundamental to stimulates
the de novo biosynthesis of ribosomes, is eight fold more expressed
in C57 than 129Sv MNs and it is remarkably downregulated in
MNs of 129SvG93A mice at disease onset (74). Interestingly, mis-
sense mutation of ANG was found in a patient affected by sporadic
ALS with the SOD1 G93D mutation that disclosed an unusual rapid
disease progression (60). Taken together these results suggest that
the motor neurons of the C57 mouse strain are better equipped to
counteract the toxic effects caused by the overexpression of mutant
SOD1 and therefore they can function better and live longer.

NON-CELL AUTONOMOUS
MECHANISMS UNDERLYING
PHENOTYPE VARIABILITY: THE ROLE
OF GLIA AND THE IMMUNE SYSTEM

Despite similar number of spared motor neurons in the lumbar spi-
nal cord of 129Sv-SOD1%*** and C57-SOD1%** mice, we found
that microglia was differently activated in this region in the two
strains (65). In particular, the reactive microglia detected by immu-
nostaining for CD11b and the expression level of CD68 mRNA, a
marker of phagocytic microglia, were significantly elevated already
at the presymptomatic stage and further increased during disease
development in fast progressor 129Sv°%** mice (65). In contrast,
in C579°** mice the levels of CD68 mRNA increased only from
the symptom onset and increase further during the progression of
the disease but more slowly than in fast progressing mice. As
reported above the MNs of fast progressing mice, unlike those of
slow progressors, show clear indices of dysfunction such as the
accumulation of ubiquitinated protein aggregates already at the pre-
symptomatic stage when the MNs are still alive. In addition, as pre-
viously discussed, although the number of remaining MNs is the
same for both ALS models, the MNs from fast progressing mice
show an earlier and more rapid muscle denervation than in slow
progressors. An example of microglia activation in the spinal cord
despite the absence of MNs loss, derives from the transgenic mice
with muscle-restricted expression of SOD19%*# gene. These mice
develop progressive muscle atrophy, associated with a significant
reduction in muscle strength without evident sign of motor neuron
degeneration but with a clear activation of neuroinflammation in
the spinal cord (27). Thus, the fact that the 129Sv-SOD1°”*# mice,
showing very rapid decline in muscle strength, also express signifi-
cantly higher levels of CD68 in the lumbar spinal cord, supports
the hypothesis that toxic signals originating from skeletal muscle
may contribute to microglia activation in the CNS. This might fur-
ther compromise the functional connection between the MNs and
the muscle, leading to a more severe disease. Unlike the microglia,
the expression level of GFAP and its mRNA, markers of reactive
astrocytosis, increased equally and constantly from the appearance
of symptoms in both SOD19%** mouse strains suggesting that the
astroglial reactive response to the progressive motor neuron loss is
not a determinant factor in the variability of the disease course.
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Figure 2. Rps9 expression in MNs distinguishes C57 from 129Sv
mouse strains. A. Rps9 mRNA expression levels specifically increase
in C57 Ntg MNs. mRNA levels are reported as mean fold change ratio
(=} S.E.) between age matched C57 Ntg and 129Sv Ntg mice (n=4
per group) at 60 days of age. Q-values were generated from probabil-
ity of positive log ratio (PPLR) using the following formula: Q-
vallil = mean (1-PPLR[1:i]); (*) Q-value <0.01. B. Immunohistochemi-
cal comparison performed at the disease onset on lumbar spinal cord
of C57 SOD1G93A, 129Sv SOD1G93A and Ntg littermates showing (i)

We also found that the immune system made a major contribu-
tion to the variability in the disease course. In fact, from the tran-
scriptomic comparative analysis of the two SODI1%** mouse
strains at the disease onset we observed that the complement and
MHCI were upregulated either at mRNA and protein level in the
MNs of C57-SOD1°%*4 but not 129Sv-SOD1%%*# mice (74). In
particular, we observed a high accumulation of MHCI and C3 in
PNS of C57°%*# mice, in line with previous observations (20, 43,
74), suggesting a specific role of these immune molecules at this
level. A positive role of MHCI has been reported in the mainte-
nance of the axonal function and axon regrowth when the MN is
damaged by nerve injury (78, 97) or in case of spinal cord dam-
age(45). In addition, the activation of complement play an impor-
tant role in neuronal survival (102) and consistently, the Clq or C3
depletion dramatically enhances the loss of synapses in spinal MNs
of SOD19%** mice (57). Taken together these findings point out
that the upregulation of these immune molecules may be responsi-
ble of a more efficient axonal preservation. As regards the possible
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the expression of RPS9 by MNs; (i) lower levels of RPS9 in 129Sv
Ntg and 129Sv SOD1G93A MNs (scale bar: 50 um). €. RPS9 western
blot analysis on longitudinally dissected lumbar ventral spinal cord pro-
tein extracts from C57 SOD1G93A, 129Sv SOD1G93A and Ntg litter-
mates at disease onset. Immunoreactivity was normalized to Beta-
Actin. D. Densitometric analysis of RPS9 levels further validate immu-
nohistochemical evidences. Data are reported as mean *} S.E. of 4
mice per group. **P<0.01; ****P<0.0001 by Two-way ANOVA with
Tukey's postanalysis.

mechanism underlying this phenomenon, it is important to consider
that MHCI and C3 in the peripheral nerves are responsible for the
recruitment of hemathogenous CD8" T cells and macrophages,
respectively(20, 48), whose coordinated activity may be essential
to remove defective myelin (myelin debris) for preserving motor
axon activity (38). In addition, while removing motor axon debris,
these immune cells can release extracellular matrix molecules, cyto-
kines and growth factors that further support axon regrowth. These
processes are essential, particularly during Wallerian degeneration,
when the distal portion of the axon degrades quickly, whereas the
MN soma can often survive (33). Interestingly, in vivo imaging of
SOD1%%** mice crossbred with transgenic mice carrying fluores-
cently labeled macrophages/microglia and neuronal projections,
revealed distinct inflammatory activity of CNS microglia compared
with PNS macrophages, with the latter showing no substantial mor-
phological reaction during degeneration of peripheral motor axons,
but a passive role in clearing debris, particularly lipid-rich myelin
(26). Barrette et al (6) reported that peripheral macrophages are
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essential to promote the production of neurotrophins in the regener-
ating PNS and macrophage depletion significantly slowed axon
regeneration and functional recovery following sciatic nerve injury.
At the same time, interactions between neurons and CD8* T cells,
mostly studied in viro (51, 52) evidenced that activated CD8" T
cells establish stable contacts with axons in an antigen- and MHCI-
dependent manner (56). Further studies are needed to understand
the mechanism underlying the effective contribution of immune
cells in the PNS, however, the prominent activation of an immune
response in the slowly progressing mice suggest that specific
immune molecules are activated by MNs especially at the periph-
eral level, to preserve the activity of motor axons during the pro-
gression of ALS. Therefore, it appears that the contribution of the
inflammatory response in PNS stands in stark contrast with that of
the CNS, where the neuroinflammation tend to exacerbate the
motor neuronal damage. This might explain the partial efficacy of
anti-inflammatory treatments in mutant SOD1 mice and their fail-
ure in ALS patients.

ALTERED METABOLISM AS A CAUSE
OF DISEASE VARIABILITY

The SOD1%%*# mice are usually euthanised when they completely
lose they righting reflex for more than 10 seconds if laid on either
side or when their body weight falls below 20 to 30 % of their max-
imal weight (59). Therefore, we do not know the precise natural
cause of death in ALS mice. Although the body weight loss can in
part be the result of the mouse dysphagia due to the degeneration
of nuclei trigeminus (V), facial (VII) and hypoglossal (XII) in
C57SOD1%*A mice (55) this does not seem the case for the fast
progressing mice that rapidly lose weight until they die even if the
trigemini and facialis nuclei appeared normal during the disease
progression (14).

Thus, a possible cause of the faster body weight loss in the fast
progressing mice might be related to their hyperactive metabolism.
In fact, the 129Sv mice have been reported to have a higher basal
metabolic rate than the C57B16 mice measured as O2 consumption
during feeding with either low or high fat diet (3). In addition,
129Sv mice have a remarkable lower circulating insulin levels
compared with C57BL6 mice (71). The hypothesis of hypermetab-
olism as an additional contributor to ALS pathogenesis is supported
by different studies from Loeffler’s group (28). Noteworthy, the
SOD1 mouse model used by this group, the transgenic mice
expressing the murine G86R SOD1 mutation (90), also show very
rapid disease progression (about 3 weeks) after the onset, similarly
to the disease duration of the 129SvSOD1%%*4 mice. In addition,
hyperactivity of metabolism has been reported for the B6SIL
mouse strain as compared with the C57B6 mice potentially explain-
ing why the B6SILSOD19%# have a shorter lifespan with respect
to the C57B6 mice (83). Interestingly, an abnormal energy metabo-
lism has been seen in ALS patients too weight loss and hyperme-
tabolism being associated with poor prognosis (29).

VARIABILITY IN DISEASE COURSE:
TRANSLATIONAL BIOMARKERS

Progression of the disease in ALS patients is inherently heterogene-
ous and influenced by clinical, demographic and genetic traits (95).
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Therefore, there is a pressing need of biomarkers to objectively
quantify disease progression in longitudinal studies and eventually
monitor response to therapy in clinical trials. In view of this fact, it
would also be important to measure such biomarkers already in pre-
clinical studies to be able to more easily translate the findings to the
clinical context. However, reliable biomarkers are lacking and bio-
markers in the animal models are not often measured in clinically
accessible samples such as serum/plasma, PBMC and CSF. Few
potential translational biomarkers, that is, molecules that have been
measured in a clinical and preclinical setting and are similarly regu-
lated, have been identified, such as neurofilament proteins and, in
our laboratory, tyrosine-nitrated actin (nitroactin), cyclophilin A
(PPIA) and chloride intracellular channel protein 1 (CLIC1) (13,
58, 73). We found that high levels of nitroproteins, PPIA and
CLIC1 are early biomarkers of disease in SOD19%** animal mod-
els of ALS, both in spinal cord and PBMC (7, 16, 65, 67, 72, 73).
We also confirmed that nitroactin, PPIA and CLIC1 were increased
in PBMC of sporadic ALS patients compared with healthy individ-
uals(73). This indicates that there are some translational alterations
in PBMC of animal models that may suggest common pathogenic
pathways in the animal mutant SOD1-linked and human sporadic
forms and draws attention to PBMC analysis for mechanistic stud-
ies in patients. Nitroproteins are specific indicators of nitrative/oxi-
dative stress (34). We measured nitroactin in PBMC of fast and
slow progressors at presymptomatic, onset and symptomatic stages
of the disease. Nitroactin started to rise in 129SvSOD1%** mice
compared with nontransgenic mice already at a presymptomatic
stage of the disease, and increased steeply at the onset of the dis-
ease again compared to C57SOD1%%** mice (Figure 3), indicating

0.6+
3 C Ntg

@ Presymp
Bl Onset
El Symp

0.4-

Nitroactin/actin in PBMC

soD1%%**129svy  SOD1°%*AC57

Figure 3. Analysis of nitroactin in PBMC from mice with fast
(129SvSOD1G93A) and slow (C57SOD1G93A) disease progression.
Nitroactin was measured by dot blot analysis using antinitrotyrosine
antibody in-house developed, as described (73), in 129SvSOD1G93A
or C57SOD1G93A mice at presymptomatic (n=6 per group, at 10 or
14 weeks of age for 129SvSOD1G93A and C57SOD1G93A, respec-
tively), onset (n=6 per group, at 14 or 16 weeks of age for 129Sv
SOD1G93Aand C57SOD1G93A, respectively) and symptomatic stages
of the disease (n=6 per group, at 16 or 20 weeks of age for
129SvSOD1G93A and C57SOD1G93A, respectively) and in nontrans-
genic (Ntg) mice (n=6). Data were normalized to the actual amount
of protein loaded, by Red Ponceau staining, and to total actin immu-
noreactivity. *, significantly different from Ntg (P<0.05); §, signifi-
cantly different from Presymp and Symp (P<0.05); Y, P<0.05 vs.
corresponding stage, #, P<0.05 vs. corresponding age (two-way
ANOVA, Fisher’s least significant difference test).

243



Mechanisms of Phenotype Variability in ALS Mouse Models

that it could possibly be considered a biomarker of fast disease pro-
gression. Similar results were obtained in the lumbar spinal cord
ventral horn, where at 14 weeks of age nitroactin increased in the
fast progressing mice but did not change in the slow progressors
(Table 1). PPIA is an enzyme acting as an acceleration factor in
protein folding and assembly in nascent and mature proteins (31,
41). PPIA has a strong cytoprotective effect under oxidative stress
conditions (12), mitigates toxicity induced by mutant SOD1 protein
aggregates (54) and regulates key TDP-43 functions, including the
regulation of genes involved in clearance of protein aggregates
(52). In the slow-progressing mice PPIA is rapidly upregulated dur-
ing disease progression in the lumbar spinal cord, but not in the
fast-progressors where it is instead more sequestered in the Triton-
insoluble aggregates, which may further reduce its protective func-
tion (65). This is in line with the accelerated time course of the dis-
ease in SOD19%*4 mice knockout for PPIA (52).

CLICl is considered a sensor and an effector of oxidative stress
(4). In neurodegenerative conditions CLICI is up-regulated and is
mainly localized in the plasma membrane of activated microglia,
where it functions as a chloride selective ion channel and is possi-
bly involved in neuronal cell death (69, 77). CLIC1 was measured
in the lumbar spinal cord ventral horn in slow- and fast-progressing
mice at 14 weeks of age, which corresponds to the presymptomatic
and onset stages of the disease respectively. CLIC1 has an opposite
behavior in the two mouse strains. In the slow-progressing mice
CLIC1 is lower than in the corresponding nontransgenic controls,
while in the fast-progressors has a tendency to increase compared
to controls, suggesting an increased oxidative stress and/or micro-
glial activation in 129SvSOD1%%*2 mice (Table 1).

Summarizing, all these data agree with the marked down-
regulation of specific pathways involved in mitochondrial function
and protein quality control found in the fast-progressing mice, (65,
74) that probably lead to increased nitrative/oxidative stress and a
decreased ability to refold or degrade the oxidized/damaged pro-
teins in the SOD19%*4129Sv mice. The analyses in the SOD1G93A
mice with fast and slow disease progression suggested that nitro-
actin, PPIA and CLICl are promising prognostic biomarkers.
Validation in patients with slow and fast disease progression is now
called for.

VARIABILITY IN DISEASE COURSE:
RESPONSE TO TREATMENTS

The phenotypic variability of patients with ALS, in particular the
different rate of disease progression, is considered one of the poten-
tial reasons for the negative results in randomized controlled clini-
cal trials (70). As pointed out in the previous section, we still need
biological markers of ALS progression that can be applied in
routine clinical practice and clinical trials. It is likely that different
phenotypes are linked to different pathogenic mechanisms associ-
ated to several potential causes or to the presence of modifying
genes that affect the expression of ALS in a particular subgroup of
patients. This implies that the response of randomized patients to a
specific therapeutic intervention could differ depending on the phe-
notype and therefore the clinical trials need to be stratified to
account for these different phenotypes.

Considering the fast and slow progressing mice, we observed
different responses to specific treatments. For example, the treat-
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ment with lithium significantly anticipated the onset and reduced
the survival in the fast progressing mice while it did not change the
disease course of the slow progressors (85). This was confirmed by
another group who found that lithium anticipated the disease onset
of B6SILTgN(SOD1-G93A)1Gur) mice whose lifespan is similar
to our fast-progressors (35). Some ALS patients too treated with
lithium showed in some cases a more rapid disease progression
which was accompanied by an excess of serious adverse events
(17). However, as the patients have not been stratified based on
phenotype it is difficult to formulate any correlation.

On the contrary, treatment of either C57-SOD19%*A and 129Sv-
SOD19%*4 mice with Omega-3 Fatty Acid Eicosapentaenoic Acid
(EPA), before the onset of the symptoms, significantly accelerated
the disease progression in slow but not in fast progressing mice sug-
gesting that the long exposure to EPA may be detrimental (104).
This unexpected effect was correlated with increased oxidation
reflected in the higher level of 4-HHE in the spinal cord, which may
favor formation of small oligomeric SOD1 aggregates, potential pre-
cursors of the toxic forms (5). These data apparently contrast with
the observation of a reduced risk of ALS associated with higher die-
tary intake of n-3 PUFA in a large cohort study (32). However, the
cohort study could not assess whether PUFA intake affected the risk
of sporadic or familial ALS differently as no information is available
on the genetic or family history or phenotype of these patients.

CONCLUSIONS

This review comparing SOD19%** mouse strains with fast vs. slow
progressing disease, highlights that: (1) genetic background largerly
influences the course of the disease and lifespan more than each
single genetic modifier or drug treatments. Therefore, the interpre-
tation of results based on mixed genetic background, not properly
balanced among experimental groups, can lead to erroneous con-
clusions. In addition, this underlines the need to target more than
one gene or mechanism to significantly affect the disease progres-
sion; (2) motor neuron death is dissociated from motor neuron dys-
function underling a major role of the axonopathy and NMJ
function in the severity of the disease. Thus, treatment aimed at
only preserving the MN soma may be insufficient to counteract
ALS disease progression; (3) the immune response has a protective
rather than detrimental role in the ALS and this is particularly
important for the preservation of the MNs at the peripheral level.
This may explain the failure or the poor effect of various anti-
inflammatory and immuno-suppressor treatments in patients and
mouse models; (4) the disease course in these ALS mouse strains is
subject to a multisystem control and the metabolic status may have
a large role in the variability of their phenotype; (5) the detection of
different biomarkers in these two ALS mouse models should help
to identify prognostic factors for a proper stratification of patients
in the clinical trials.
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