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Abstract

Amyotrophic lateral sclerosis (ALS) is an incurable paralyzing disease character-
ized by motor neuron death and glial reactivity. Superoxide dismutase 1 (SOD1) are
among the most frequent alterations found in around 15-20% of ALS inheritable
forms. Mutant SOD1 murine models mimic main human ALS features and allow
purposing that pathological mechanisms include defective communication between
neural cells together with astrocyte preponderant roles in disease progression. Years
ago, a subset of the most neurotoxic aberrant astrocytes (AbAs) was obtained from
spinal cords of SOD1G93A rats. AbA cultures show an exponential growing yield
since the early symptoms of the disease up to the terminal stages. In cultures, AbAs
present unprecedented toxicity to motor neurons, increased proliferation, loss of
mature astrocyte markers, as well as extreme ER stress and abundant extracellular
matrix components. Strikingly, AbA phenotype seems to be changing along few
passages suggesting its signaling and features may accompany disease progression.
However, the link between main AbA features and their highest motor neuron
toxicity is not yet completely understood. Here, we reviewed ALS underlying
pathological mechanisms in association to AbA phenotype, to collaborate with
identification of the most relevant processes that seem crucially involved in the
triggering or maintenance of neurotoxicity.

Keywords: aberrant astrocytes, motor neuron death, non-cell autonomous disease

1. Introduction

This chapter will discuss the pathogenic contribution of a subtype of aberrant
glial phenotype into the progression and output of the neurodegenerative disease
amyotrophic lateral sclerosis (ALS). Complete understanding of neuronal and
glial cells roles and communication is necessary to unravel disease processes and
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mechanisms. This will further allow the improvement of more focused therapeutic
interventions aimed at reducing disease severity and positively impact on diagnosis,
therapeutic management, and patients’ care.

2. ALS

ALS is an adult onset neurodegenerative disease characterized by progressive loss
of spinal, brain stem, and cortical motor neurons, leading to fatal paralysis within
1-5 years since the onset of symptoms that include tremor, muscle weakness, and
spasticity [1-3]. ALS affects up to 2:100,000 persons per year; has a life risk around
1:500-1:1000; and exhibits a little predominance of men over women affected [4].
Although ALS is a sporadic multifactorial disease resulting from yet unknown inter-
actions among environment, genes, and epigenetic modifications, genetics seemed
to be the predominant factor for the risk of developing the disease [5], and more
than 10% of ALS patients are linked to inheritable genetic abnormalities. Dominant
mutations in the mitochondrial enzyme Cu/Zn superoxide dismutase-1 (SOD1) seem
responsible for up to 1% of the total ALS cases and about 20% of the familial types
[4, 6, 7]. Missense mutations in the 43 kDa transactive response DNA/RNA-binding
protein (TDP-43) [8] and in fused in sarcoma/translocated in liposarcoma (FUS/
TLS) accounted each one for up to 5% of dominantly inherited familial ALS cases
[9, 10]. Mutations in the open reading frame 72 on chromosome 9 (C9ORF72) that
results in up to thousands of G4C2 hexanucleotide repeats in one allele are found in
up to 40 and 7% of the ALS familial and sporadic cases, respectively [11]. There are
other genes involved in ALS familial subtypes, but its contribution to the disease
is significantly lower in terms of the affected individual number. Regarding to the
pathological pathways linking genetic abnormalities to ALS, SOD1 mutations seem to
be related to neuronal damage because of abnormal protein folding causes unstable
conformations, intracellular inclusion bodies or toxic oligomers, as well as pathologi-
cal interactions with several proteins [3]. TDP-43 and FUS/TLS mutations are linked
to altered RNA processing, transport, and quality control; whereas, G4C2 repeats
might sequestrate RNA-binding proteins impairing the regulation of the RNA targets
[12, 13] or causing epigenetic changes that decreased COORF72 expression [14, 15].
However, up to now, it is not completely understood how single mutations in one
protein could elicit the ALS pathological cascades and how these cascades may finally
cause a common neuropathological hallmark that is characterized by aggregation
and accumulation of neuronal proteinaceous inclusions that in addition, are found in
other neurodegenerative conditions including Alzheimer disease.

2.1 Animal models and non-cell autonomous mechanisms in ALS

To understand the different pathological mechanisms involved in ALS, many
experimental models from yeast to rodents have been developed. Whereas, models
in lower animals are powerful genetic tools and offer advantages related to short
life span and easy handling, distance with mammal nervous systems constitute
major limitations when studying human neurodegeneration [16, 17]. Mice and rats
are closer to human brain anatomy and complexity, but are not good genetic tools
and their lifespan makes necessary the over-expression of mutant human proteins
several-fold times to mimic the disease [4], causing the risk that the number of
copies over-expressed influence the model by itself. In spite of this, animal models
appear as the best approaches to study ALS patho-mechanisms, at least until the
employment of inducible pluripotent cells obtained from human patients becomes a
well-known and controlled technology.
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The first successful ALS models, yet under current extensive use, were devel-
oped over-expressing different single mutations of human SOD1 (SOD1G93A,
SOD1G37R, and SOD1G85R) in mice or rats [18-20]. Most of the models that
overexpress SOD1 present an age-dependent progressive motor syndrome that
mimics some pathological features of the human disease [4, 20]. In addition, it
seems that pathological features elicited do not derive from the loss of SOD1 cata-
lytic activity but from a yet unknown gain-of-function [4, 20]. Among the highest
contributions of murine SOD1 models to the ALS knowledge is the introduction
of the non-cell autonomous mechanism concept in which the exclusive neuronal
presence of mutant SOD1 did not cause motor neuron death. This implies that
motor neuron disease results from the involvement of at least two different cell
types. Therefore, a defective cell-cell communication between motor neurons and
surrounding glial cells seems actively participating in motor neuron death through
not completely understood mechanisms. Pioneer works made in LoxSOD1G37R/
GFAP-Cre’ mice [21] or specifically excising the mutant SOD1 transgene from dif-
ferent glial cell types in mice [22, 23] showed that astrocytes [21] and microglial
cells [22] play active roles in ALS progression. In support of the non-cell autono-
mous mechanisms in SOD1 models, reactive astrocytes obtained from transgenic
rats or mice [24-26], and from patients of sporadic and familial motor neuron
diseases [27, 28] caused neurotoxicity to motor neurons even in cases in which
SOD1 is not involved [28].

Other ALS models in rodents were not as clear as those over-expressing
mutated SOD1. Transgenic animals expressing mutations of TDP-43-, FUS/TLS-,
or C9ORF72-linked ALS produced controversial results without a clear associa-
tion between each mutation and motor neuron disease, in spite of having motor
neuron damage, proteinaceous inclusions, and astrogliosis [29, 30]. Despite these
drawbacks, ALS models valuably contribute to make the concept that disruption at
systemic, cellular, and molecular levels likely result in many different interacting
mechanisms and multiple factors, and that a particular combination of factors and
mechanisms likely determine the singularity of each case thus explains the hetero-
geneity of the human disease.

3. Contribution of aberrant glial phenotypes to ALS pathogenesis

SOD1 models support the concept of ALS as a non-cell autonomous disease
in which the reactive astrocyte phenotypes that are produced in the injuring
environment greatly contribute to motor neuron death. Astrocytes are the most
abundant glial cells in the mammal brain and those responsible for the main-
tenance of CNS homeostasis [31-34]. During injury, CNS homeostasis is lost
and astrocytes respond in a process usually called astrogliosis, in which cells
became reactive, highly proliferative and with morphological and functional
changes that usually result in decreased protection together with activation of
injuring cascades to neurons and oligodendrocytes, further affecting the whole
CNS [31-37]. Depending on the injury type and context, astrocyte response can
become chronic causing a long lasting state characterized by glial scar, structural
tissue rearrangement and impeded repair, as well as a permanent imbalance
among homeostatic supportive and gain of neurotoxic functions, all potentially
participating in the triggering and progression of several neurological diseases
[3, 31-35, 37, 38]. Remarkably, astrocytes also contribute to maintain astrogliosis
through autocrine and paracrine signaling [35, 38, 39], thus causing a positive
feedback that widespread reactivity and dependent injuring cascades perpetuat-
ing CNS damage.
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A striking question that remained unanswered until recently was to know
if all of the astrocytes that share the same injuring environment respond in the
same way or if some of them adopt the worse aberrant phenotypes that account
for most of the neurotoxic effects. Trying to unravel this question, when we
were studying spinal cord astrocyte phenotypes along the symptomatic phase
of the rat SOD1G93A ALS experimental model, we isolated a novel type of aber-
rant astrocyte-like cells (AbAs) from the spinal cord of paralytic animals whose
number exponentially increased toward the terminal stages of the disease [40].
AbAs proliferated faster than astrocytes from neonates or adult wild-type rats and
were exceptionally toxic to embryonic motor neurons grown in culture, sug-
gesting a link between their emergence and progression of the paralysis that is a
characteristic in the SOD1G93A ALS rat model. Moreover, AbAs did not express
distinctive markers that clearly allow distinguishing from typical astrocytes; but
present peculiar functional and ultrastructural features that suggest a distinctive
phenotype. Among the most remarkable features that AbAs possess, Jiménez-
Riani et al. [41] describe their permanent absence of contact inhibition that
allowed them to grow in multiple layers and arrange in 3D-cell aggregates that
adopt a helicoidal pattern with a central core of extracellular matrix surrounded
by cells. In addition, AbAs cytoskeleton does not have intermediate filaments but
a significant abundance of microtubules and mitochondria, and ER stress have a
restricted perinuclear location suggesting disturbed organelle trafficking that may
be associated to alteration in microtubule network or Golgi fragmentation [42].
Furthermore, mitochondria from AbAs are small, electron dense matrix and with
few crests; all, comparable to what was described early in models and human ALS
[43, 44]. AbAs also have prominent ER with extremely swollen cisternae, some of
them degenerating, and express high levels of some ER stress markers [45-47], as
well as abundant lipid droplets close to ER and to mitochondria. Their cytoplasm
is enriched in diverse vesicles with abundant signs of secretion including extracel-
lular vesicles that can be distinguished by MET and SEM in cultures as well as
expression of protein that marks secretion granules [41, 48, 49]. AbAs are also
highly positive to the autophagy marker LC3B [50] and present cells’ autophagic
vesicles and residual bodies [51, 52], likely showing signs of increased autophagy
that may allow cells coping with ER stress by favoring the clearance of misfolded
proteins [53].

Recently, we confirmed that AbAs were not isolated from the cervical spinal
cord of paralytic animals. Instead, the cultures obtained from the cervical spinal
cord were similar to the age-matched wild type non-transgenic rats, sharing a
low rate of proliferation and resembling a phagocytic microglia morphology that
persists throughout the cell culture. Similarities also include low survival along few
passages together with absence of complete phenotypic transition to flat cells like
astrocytes (Figure 1). Therefore, AbAs might result as a local lumbar response to
damage, acting similar to astrocytes when react stereotypically depending on injury
type, location, and signaling [32].

In addition, we have found that some AbAs critical features are changing
during few passages, as occurring with their most prominent markers S100p and
glial glutamate transporter GLT1. Meanwhile, there were no evident morpho-
logical differences between low (LP) (~4-7) and high passages (HP) (~14-18)
(Figure 2A), since cultured AbAs proliferated without replicative senescence,
S100 expression levels decreased 298% (Figure 2B), suggesting that this aberrant
phenotype may exhibit some plasticity along time. S100p is a well-known danger-
associated molecular pattern (DAMP) which downstream trigger the transcription
of nuclear factor NFKB that further may elicit increased expression and release of
pro-inflammatory cytokines [54, 55]. Given that S100p appears to integrate AbAs
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Figure 1.

Morphological appearance of AbAs throughout the cell culture. Light microscopy examination of cells isolated
from symptomatic cervical and lumbar spinal cord of transgenic (Tg cervical SC and Tg lumbar SC) or
age-matched non-transgenic animals (No Tg lumbar SC) at 48 h, 5 days and 2 weeks after dissection. Note that
ADA cells are vecovered only from the lumbar spinal cord of transgenic animals whereas the cultures obtained
from the cervical spinal covd of the same animals have similar characteristics to the age-matched wild type non-
transgenic rats. Adhevent cell population is heterogenous with very bright cells that resemble microglial cells and
others elongated similar to astrocytes. Scale bar = 150 ym (first line) and 100 um (second and third lines).

cytoskeletal elements, we cannot discard that SI00p downregulated expression may
cause cytoskeleton instability, a characteristic that is linked to exacerbated prolif-
erative capacity as found in AbAs [56]. Thus, decreasing S100p might constitute a
reinforcing proliferation feedback that may underlie AbAs invasive properties as
disease progressed. We have also found that GLT1 expression levels also decreased
strongly along AbAs passages (294%, Figure 2B), worsening its poor expression
which can also aggravated excitotoxic damage [31].

Concurrence of all of the features makes AbAs a unique aberrant phenotype
with unprecedented neurotoxicity, which may rely in the yet unknown combina-
tion of ER stress, lipid droplet accumulation, abundant extracellular matrix,
secretory granules, and exacerbated proliferation. Likely, all these events causing
the active production of proteinaceous or lipidic soluble factors that act by itself
or reinforce the defective cell-contact properties produced by loss of contact
inhibition [41].
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Figure 2.

Morphology and gene expression in AbAs at low and high cell passages. A. Representative light microscopy
images of low (LB, left) and high (HP, right) passage cells from transgenic lumbar spinal cords showing their
distinctive appearance of flatted elongated cells that appear very similar to astrocytes. Note the low number
of bright micvoglial-like cells. Scale bar = 100 pum. B. Gene expression analysis in AbA cell cultures showing a
down-regulation of S100p (left) and glutamate transporter GLT1 (right) in HP cells compared with LP cells
(control). The expression levels for each gene were obtained by SYBR green qPCR and normalized to the actin
transcripts. Data represent the mean + the standard deviation for each group.

3.1 Mechanisms that might link AbA to ALS pathogenesis

The most important cellular processes implicated in ALS pathophysiology
include ER stress and protein clearance, neuron-glia metabolic coupling, and
energy homeostasis [57, 58]. Among their most remarkable features, AbAs
exhibit a hardly coping extreme ER stress, as well as lipid droplets and disturbed
mitochondrial morphology and trafficking [41]. ER stress is produced by the
lack of balance between protein synthesis, folding, and degradation rates [59].

To recover ER homeostasis, cells activate the unfolded protein response (UPR)
that orchestrates pro-adaptive and pro-death cellular responses that include
protein synthesis decrease except for the effectors that mediates UPR [59-61].
ER stress’s final outcome depends on stress duration, strength, and cell targets,
and if not resolved, it becomes chronic and as one of the earliest perturbations in
several neurodegenerative diseases [59]. Interestingly, ER stress is present in ALS
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experimental models, and is described as a predominant mechanism underlying
motor neuron death in patients from sporadic and familial cases [46, 59, 62-66].
Furthermore, active UPR in AbAs may down regulate the expression of peptides
and proteins that collaborate with neuron survival such as the most important
cellular antioxidant defense glutathione or neurotrophins [3, 32]. Thus, although
ER stress in AbAs did not cause their own death, it is highly probable that it affects
neuron and oligodendrocyte survival in view of their high dependence on astro-
cyte support.

In close relationship with ER stress, AbAs are also much enriched in lipid drop-
lets that appear near to mitochondria or ER cisternae [41]. Lipid droplets originate
from the ER and are described as having a role in ER stress and clearance of protein
aggregates as well as in energy homeostasis [67]. Protein turnover is critical for
ALS because a number of mutations linked to ALS affect genes directly involved in
protein clearance and homeostasis [58]. Lipid droplets appear associated with some
of these proteins into the cytoplasm or the nucleus [67, 68], where they appear close
and likely associated with the nuclear-naked organelles that control transcriptional
activity, cell senescence, and protein degradation named as promyelocytic leukemia
nuclear bodies [67, 69, 70], which in addition are found in cell nuclei of ALS patient
brains co-localizing with ubiquitin and proteasome components in nuclear inclu-
sions [71].

In brain, lipid droplets are found mainly in glial cells and help to provide
fuel for neurons when energy is needed and glucose is scarce. At this time, lipid
droplets turned over by cytoplasmic lipases and autophagy, providing fatty
acid fuel for ATP production [67], thus playing a crucial role in the anaplerotic
support [72]. However, overabundance of lipid droplets as seen in AbAs may
suggest a disrupted lipid metabolism in which lipid droplets may not be digested
thus decreasing the energy intermediate shuttle to neurons, which can influence
motor neuron survival through limited anaplerosis. Lipidic dysfunction could
also indirectly impact motor neuron survival as shown in mice over-expressing
TDP-43, that beside displaying neurological symptoms and motor deficits, also
present increased fat accumulation and adipocyte hypertrophy [73]. Conversely,
TDP-43 depletion causes body fat reduction, increased fatty acid consumption,
and rapid death [74], likely, because TDP-43 depletion blocks insulin-induced
trafficking of glucose transporter Glut4 to the plasma membrane thus impairing
glucose uptake and inducing a metabolic switch toward lipids for energy produc-
tion. This has also been reported in SOD1 mouse models in which spinal cord
neurons display decreased glucose usage [75], and a fat-rich diet restores body
mass, delays disease onset, and extends life expectancy [57]. Moreover, excessive
accumulation of lipid droplets in glial cells is a hallmark in many models of neu-
rodegeneration, and it is usually linked to mitochondrial dysfunction and disease
progression [72, 76, 77]. It also seemed enough to promote neurodegeneration by
itself [76], therefore indicating that overabundance of lipid droplets in AbAs may
have dual functions: for one side not only helping to the clearance of abnormal
proteins, but also impairing anaplerotic support to neurons or even having direct
neurotoxicity.

AbAs also show evidences of a high secretory activity, which also is described
as being crucial to ALS neuronal damage. Although secretory granules seem a
conserved protective response to conserve energy and allow recovery under stress
conditions, sustained secretory activity of stress granules seems crucial to ALS
pathogenesis [78]. Moreover, it has been demonstrated that chromogranins inter-
act and co-localize with mutated misfolded SOD1 [79]; and can eventually act as
chaperones to promote secretion of SOD1 mutants that once released may trigger
microgliosis and neuronal death [79].
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Absence of contact inhibition and exacerbated proliferation are other of the
relevant features related to AbAs neurotoxic capacity. Contact inhibition that
occurs when dividing normal cells contact adjacent ones is crucial to maintain
tissue homeostasis [80, 81], thus constituting an important anticancer mechanism
which lack unleashes cells to proliferate virtually unchecked. Although underly-
ing mechanisms are mostly unknown, cell contact inhibition seems to occur when
injury disrupts intercellular contacts achieving a proliferative status leading to
an aggressive state associated with neoplasia [82] and malignant transformation
[81]. Thus, AbAs, absence of contact inhibition seemed directly related to their
exacerbated proliferation and invasive behavior during the final stages of the
disease. In addition, abundance of EM components secreted by AbA cells may
create a non-permissive microenvironment that potentiates invasive behavior apart
from having a direct neurotoxic influence to motor neurons, as described in ALS
astrocytes [83-85]. No one of each proposed mechanisms seem enough to explain
AbAs unprecedented neurotoxicity. Instead, it likely results from the concurrence
of many pathological pathways. However, it is also possible that one or two underly-
ing mechanisms prevail over the rest and elicit most of AbAs deleterious effects.
Identification of these prevalent mechanisms will be a valuable aid to design the
best ALS treatment (Table 1 and Figure 3).

(i) Absence of contact inhibition
* Invasive phenotype [40, 41]
e Lack of replicative senescence [40, 86]

* Exacerbated proliferation [40, 86, 87]

(ii) Immature phenotype
* Lack of gliofilaments [40, 41]
¢ Defective differentiation [40, 41, 88]

(iii) Oxidative and ER stress
 Mitochondrial dysfunction [89, 90]
* Mitochondrial morphological alterations [41]
* Defective oxidative phosphorylation [89, 90]

* Dysfunction in energy homeostasis [24, 89, 91]

Dilated ER and degenerating ER cisternae [41]

¢ Elevated expression of ER stress markers [41]

(iv) Altered lipid metabolism
* Abundant lipid droplets close to mitochondria & ER [41]

* Altered anaplerotic support [88]

(v) Intracellular inclusions
e Intranuclear and intramitochondrial deposits [41]

» Abundance of autophagic bodies [41]

(vi) Aberrant signaling
 Extremely neurotoxic conditioned media [40]
¢ Neurotoxic exosomes [90]

* Abundance of secretory vesicles and secretory body markers [41]

Table 1.
A summary of AbAs potential pathogenic contribution to the main ALS hallmark. All of ALS main features
ave listened as (i)—(vi) together with each specific AbAs potential participation.
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Figure 3.

AbAs: Cytotoxic effects and pathological events. AbAs present mitochondrial dysfunction associated to
oxidative stress and ER stress as well as accumulation of lipid droplets, all causing a positive feedback that elicit
and perpetuate cell damage (ved and black arrows). Mitochondrial abnormalities together with cytoskeletal
altevations are also involved in AbAs exacerbated proliferation and cytoskeleton instability both likely
underlying the absence of contact inhibition and invasive phenotype as well as S100p-dependent inflammation
cascades (green and yellow arrows). Progressive loss of the glutamate transporter GLT1 causes decreased
glutamate uptake becoming neurons more expose to glutamate excitoxicity. Alteved signaling and disturbed
autophagia and proteasome functions caused the velease of stress granules and soluble neurotoxins as well as the
accumulation of cell detritus and inclusion bodies (violet and blue arrows). Finally, the lack of mitochondrial
potential (represented as V) caused increased glycolysis and deficient anaplerosis that alters the trophic and
energetic support to neurons and oligodendrocytes (light blue).

4. ALS therapeutics focused on aberrant astrocytes

ALS is an old disease with a narrow offer of pharmacological approaches.
Riluzole, an anti-glutamatergic drug, was the first compound authorized to be used
in ALS, providing around of 3-month improvement in survival [92]. Recently, FDA
approved the free radical scavenger edaravone, as the second compound to treat
ALS, that seemed to have beneficial effects only on patients in an early stages of the
disease that in addition satisfy a number of restricted criteria. In that population,
edavarone showed a significantly smaller decline of Revised ALS Functional Rating
Scale score compared with placebo [93]. A randomized phase III clinical trial that
tested the effect of the tyrosine kinase inhibitor masitinib in ALS patients showed
an improving in the functioning of ALS patients, and the combination with riluzole
caused a delayed disease progression without adverse effects [94]. However, the
narrow temporal windows that the two compounds approved offer obligates to
search alternative avenues to treat the disease.

As astrocytes and microglial cells develop both protective and pathological
functions its pharmacological targeting must be carefully evaluated. However, in
view of the distinctive phenotype of AbAs, it seems rational to direct therapeutic
treatments toward the control of this population during disease progression
and ideally trying to inhibit their emergence during asymptomatic stages. AbAs
expression of S100 at levels higher than wild type astrocytes may imply that
they have a role in the amplification of the inflammatory response, therefore new
anti-inflammatory drugs targeting the production of pro-inflammatory cytokines
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by a blockade of NFkB activation may have positive results, moreover because
NFkB is downstream to S100p [54]. For example, FDA has been approved a drug
called mitoxantrone for multiple sclerosis treatment because it inhibited produc-
tion of IL-12 and IL-23 and suppressed the expression of C-reactive protein by
astrocytes in culture and LPS induction of NFkB DNA-binding activity in primary
astrocytes, suggesting a novel mechanism that suppresses the expression of
astrocytic pro-inflammatory molecules helping to modulate inflammatory diseases
[95]. However, as AbAs seem to loss S100 at higher passages, neuroprotection by
targeting this via might be successful only during asymptomatic stages. Targeting
neuroinflammation, recently, it has been shown that the tyrosine kinase inhibitor
(masitinib) that is used to control cancer cell proliferation reduced the emergence
of aberrant glial cells in the degenerating spinal cord of SOD1G93A paralytic rats
and delay disease progression [87]. Authors proposed that masitinib acts prevent-
ing the appearance of aberrant glial phenotypes, likely through the inhibition of
CSF-1R kinase which activation potentiates inflammatory phenotypes and glial
reactivity, and that are particularly effective on proliferating but not on post-
mitotic cells [96]. Furthermore, masitinib also prevented astrocyte-induced motor
neuron death in cell cultures [97], suggesting that neuroprotection can be achieved
through different pathways. In accordance, other report has shown that CSF-1R
blockade with the drug GW2580 administered to ALS mice several weeks before
paralysis onset decreased both microgliosis and slowed disease progression [98],
thus opening a wider avenue to treat aberrant glial phenotypes. Finally, although
molecular genetic techniques devoted to switch genes on or off, or to edit their
nucleotide sequences, once developed and approved can be effective therapeutic
tools to the inherited ALS forms, pharmacological approaches directed against
aberrant glial phenotypes may help to control disease progression in a wider range
of patients.

5. Conclusions

All data reviewed here suggest that aberrant astrocytes or more generally,
aberrant glial cells, are among the most important players in CNS damage causing
deleterious effects through many potential patho-mechanisms, mostly sustained
on their exacerbated proliferation together with their unprecedented neurotoxic-
ity. Therefore, controlling these populations seems at least equally important than
maintenance or restoration of homeostatic astrocyte functions to achieve CNS
protection and repair. Moreover, AbAs seemed a better pharmacological target than
astrocytes, since therapeutic approaches focused on astrocytes have to be carefully
tailored taking into account their multiple faces, moreover in the context of neuro-
degeneration where several cell types are involved. Future investigation should aim
to elucidate if AbAs can indeed be feasible targets to avoid initiation, progression or
outcome of neurodegeneration.

Acknowledgements

We thank I[IBCE (MEC), PEDECIBA, and UdelaR, URUGUAY.

Conflict of interest

There is no conflict of interest.

10



Contribution of Abervant Astrocytes to Motor Neuron Damage and Death in the SOD1G93A Rat...
DOI: http://dx.doi.org/10.5772/intechopen.84695

Author details

Gabriel Otero Damianovich’, Olga Cristina Parada?, Pablo Diaz-Amarillal,

Eugenia Elofsa Isasi"?, Carmen Isabel Bolatto Pereira”* and Silvia Olivera-Bravo™

1 Cell and Molecular Neurobiology, Institute of Biological Research Clemente
Estable (IIBCE), Montevideo, Uruguay

2 Department of Histology and Embriology, School of Medicine (UdelaR),
Montevideo, Uruguay

*Address all correspondence to: solivera@iibce.edu.uy

IntechOpen

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

11



Novel Aspects on Motor Neuron Disease

References

[1] Cleveland DW, Rothstein

JD. From Charcot to Lou Gehrig:
Deciphering selective motor neuron
death in ALS. Nature Reviews
Neuroscience. 2001;2:806-819. DOI:
10.1038/35097565

[2] Kiernan MC, Vucic S, Cheah BC,
Turner MR, Eisen A, Hardiman O, et al.
Amyotrophic lateral sclerosis. Lancet.
2011;377(9769):942-955. DOI: 10.1016/
S0140-6736(10)61156-7

[3] Pehar M, Harlan BA, Killoy KM,
Vargas MR. Role and therapeutic
potential of astrocytes in amyotrophic
lateral sclerosis. Current Pharmaceutical
Design. 2017;23(33):5010-5021. DOL:
10.2174/1381612823666170622095802

[4] Ilieva H, Maragakis NJ. Motoneuron
disease: Basic science. In: Beart P,
Robinson M, Rattray M, Maragakis

NJ, editors. Advances in Neurobiology
15; Neurodegenerative Diseases
Pathology, Mechanisms, and

Potential Therapeutic Targets. Cham:
Springer; 2017. pp. 163-190. DOI:
10.1007/978-3-319-57193-5

[5] Al-Chalabi A, Fang F, Hanby MF,
Leigh PN, Shaw CE, Ye W, et al. An
estimate of amyotrophic lateral sclerosis
heritability using twin data. Journal

of Neurology, Neurosurgery, and
Psychiatry. 2010;81(12):1324-1326. DOL:
10.1136/jnnp.2010.207464

[6] Cudkowicz ME, Warren L, Francis
JW, Lloyd K], Friedlander RM, Borges
LF, et al. Intrathecal administration
of recombinant human superoxide
dismutase 1 in amyotrophic lateral
sclerosis: A preliminary safety and
pharmacokinetic study. Neurology.
1997;49:213-222. DOI: 10.1212/
WNL.49.1.213

[7] Rosen DR. Mutations in Cu/

Zn superoxide dismutase gene are
associated with familial amyotrophic

12

lateral sclerosis. Nature. 1993;364:362.
DOI: 10.1038/362059a0

[8] Neumann M, Sampathu DM, Kwong
LK, Truax AC, Micsenyi MC, Chou

TT, et al. Ubiquitinated TDP-43 in
frontotemporal lobar degeneration and
amyotrophic lateral sclerosis. Science.
2006;314(5796):130-133. DOI: 10.1126/
science.1134108

[9] Kwiatkowski TJ Jr, Bosco DA,
Leclerc AL, Tamrazian E, Vanderburg
CR, Russ C, et al. Mutations in the
FUS/TLS gene on chromosome

16 cause familial amyotrophic lateral
sclerosis. Science. 2009;323(5918):
1205-1208. DOI: 10.1126/science.
1166066

[10] Vance C, Rogelj B, Hortobagyi T,
De Vos K], Nishimura AL, Sreedharan
], et al. Mutations in FUS, an RNA
processing protein, cause familial
amyotrophic lateral sclerosis type 6.
Science. 2009;323(5918):1208-1211.
DOI: 10.1126/science.1165942

[11] Todd PK, Paulson HL. RNA-
mediated neurodegeneration in
repeat expansion disorders. Annals of
Neurology. 2010;67(3):291-300. DOTI:
10.1002/ana.21948

[12] Ling SC, Polymenidou M, Cleveland
DW. Converging mechanisms in ALS
and FTD: Disrupted RNA and protein
homeostasis. Neuron. 2013;79(3):
416-438. DOI: 10.1016/j.neuron.
2013.07.033

[13] van Blitterswijk M, DeJesus-
Hernandez M, Rademalkers R.

How do C9ORF72 repeat expansions
cause amyotrophic lateral sclerosis and
frontotemporal dementia:

Can we learn from other noncoding
repeat expansion disorders?

Current Opinion in Neurology.
2012;25(6):689-700. DOI: 10.1097/
WCO.0b013e32835a3efb



Contribution of Abervant Astrocytes to Motor Neuron Damage and Death in the SOD1G93A Rat...

DOI: http://dx.doi.org/10.5772/intechopen.84695

[14] Mori K, Weng SM, Arzberger

T, May S, Rentzsch K, Kremmer E,

et al. The C90rf72 GGGGCC repeat is
translated into aggregating dipeptide
repeat proteins in FTLD/ALS. Science.
2013;339(6125):1335-1338. DOI:
10.1126/science.1232927

[15] Ash PE, Bieniek KF, Gendron

TF, Caulfield T, Lin WL, Dejesus-
Hernandez M, et al. Unconventional
translation of C9ORF72 GGGGCC
expansion generates insoluble
polypeptides specific to cOFTD/

ALS. Neuron. 2013;77(4):639-646. DOI:
10.1016/j.neuron.2013.02.004

[16] Sulston JE, Horvitz HR. Post-
embryonic cell lineages of the
nematode, Caenorhabditis
elegans. Developmental Biology.
1977;56(1):110-156. DOI:
10.1016/0012-1606(77)90158-0

[17] Howe K, Clark MD, Torroja CF,
Torrance J, Berthelot C, Muffato

M, et al. The zebrafish reference
genome sequence and its relationship

to the human genome. Nature.
2013;496(7446):498-503. DOI: 10.1038/
naturel2111

[18] Gurney ME, Pu H, Chiu AY, Dal
Canto MC, Polchow CY, Alexander
DD, et al. Motor neuron degeneration
in mice that express a human Cu,

Zn superoxide dismutase mutation.
Science. 1994;264:1772-1775. DOI:
10.1126/science.8209258

[19] Howland DS, Liu J, She Y, Goad
B, Maragakis NJ, Kim B, et al. Focal
loss of the glutamate transporter
EAAT? in a transgenic rat model of
SOD1 mutant-mediated amyotrophic
lateral sclerosis (ALS). Proceedings
of the National Academy of Sciences
of the United States of America.
2002;99:1604-1609. DOI: 10.1073/
pnas.032539299

[20] Turner BJ, Talbot K. Transgenics,
toxicity and therapeutics in rodent

13

models of mutant SOD1 mediated
familial ALS. Progress in Neurobiology.
2008;85:94-134. DOI: 10.1016/j.
pneurobio.2008.01.001

[21] Yamanaka K, Chun SJ, Boillee

S, Fujimori-Tonou N, Yamashita H,
Gutmann DH, et al. Astrocytes as
determinants of disease progression in
inherited amyotrophic lateral sclerosis.
Nature Neuroscience. 2008;11(3):
251-253. DOI: 10.1038/nn2047

[22] Boillée S, Vande Velde C,

Cleveland DW. ALS: A disease of
motor neurons and their non neuronal
neighbors. Neuron. 2006;52:39-59. DOI:
10.3109/21678421.2013.778548

[23] [lieva H, Polymenidou M, Cleveland
DW. Non-cell autonomous toxicity in
neurodegenerative disorders: ALS and
beyond. The Journal of Cell Biology.
2009;187:761-772. DOI: 10.1083/
jcb.200908164

[24] Cassina P, Cassina A, Pehar M,
Castellanos R, Gandelman M,

de Ledn A, et al. Mitochondrial
dysfunction in SOD1G93A-bearing
astrocytes promotes motor neuron
degeneration: Prevention by
mitochondrial-targeted antioxidants.
The Journal of Neuroscience.
2008;28:4115-4122. DOI: 10.1523/
JNEUROSCI.5308-07.2008

[25] Di Giorgio FP, Boulting GL,
Bobrowicz S, Eggan KC. Human
embryonic stem cell-derived

motor neurons are sensitive to the
toxic effect of glial cells carrying an
ALS-causing mutation. Cell Stem
Cell. 2008;3:637-648. DOI: 10.1016/j.
stem.2008.09.017

[26] Nagai M, Re DB, Nagata T,
Chalazonitis A, Jessell TM, Wichterle H,
et al. Astrocytes expressing ALS-linked
mutated SOD1 release factors selectively
toxic to motor neurons. Nature
Neuroscience. 2007;10:615-622. DOI:
10.1038/nn1876



Novel Aspects on Motor Neuron Disease

[27] Haidet-Phillips AM, Hester ME,
Miranda CJ, Meyer K, Braun L, Frakes
A, et al. Astrocytes from familial and
sporadic ALS patients are toxic to

motor neurons. Nature Biotechnology.
2011;29:824-828. DOI: 10.1038/nbt.1957

[28] Re DB, Le Verche V, Yu C, Amoroso
MW, Politi KA, Phani S, et al.
Necroptosis drives motor neuron death
in models of both sporadic and familial
ALS. Neuron. 2014;81:1001-1008. DOI:
10.1016/j.neuron.2014.01.011

[29] Wegorzewska I, Bell S, Cairns
NJ, Miller TM, Baloh RH. TDP-43
mutant transgenic mice develop
features of ALS and frontotemporal
lobar degeneration. Proceedings of
the National Academy of Sciences
of the United States of America.
2009;106(44):18809-18814. DOI:
10.1073/pnas.0908767106

[30] Swarup V, Phaneuf D, Bareil C,
Robertson J, Rouleau GA, Kriz ], et al.
Pathological hallmarks of amyotrophic
lateral sclerosis/frontotemporal lobar
degeneration in transgenic mice
produced with TDP-43 genomic
fragments. Brain. 2011;134(9):
2610-2626. DOI: 10.1093/brain/awr159

[31] Maragakis NJ, Rothstein JD.
Mechanisms of disease: Astrocytes
in neurodegenerative disease.
Nature Clinical Practice. Neurology.
2006;2(12):679-689. DOI: 10.1038/
ncpneuro0355

[32] Sofroniew MV, Vinters

HV. Astrocytes: Biology and pathology.
Acta Neuropathologica. 2010;119(1):
7-35. DOI: 10.1007/s00401-009-0619-8

[33] Verkhratsky A, Sofroniew MV,
Messing A, de Lanerolle NC, Rempe

D, Rodriguez J], et al. Neurological
diseases as primary gliopathies: A
reassessment of neurocentrism. ASN
Neuro. 2012;4(3):e00082. DOI: 10.1042/
AN20120010

14

[34] Sloan SA, Barres BA. Mechanisms
of astrocyte development and their
contributions to neurodevelopmental
disorders. Current Opinion in
Neurobiology. 2014;27:75-81. DOL:
10.1016/j.conb.2014.03.005

[35] Barbeito LH, Pehar M, Cassina P,
Vargas MR, Peluffo H, Viera L,

et al. A role for astrocytes in motor
neuron loss in amyotrophic lateral
sclerosis. Brain Research. Brain
Research Reviews. 2004;47
(1-3):263-274. DOI: 10.1016/j.
brainresrev.2004.05.003

[36] Hostenbach S, Cambron M,
D’haeseleer M, Kooijman R, De Keyser
J. Astrocyte loss and astrogliosis

in neuroinflammatory disorders.
Neuroscience Letters. 2014;565:39-41.
DOI: 10.1016/j.neulet.2013.10.012

[37] Pekny M, Wilhelmsson U, Pekna M.
The dual role of astrocyte activation
and reactive gliosis. Neuroscience
Letters. 2014;565:30-38. DOI: 10.1016/j.
neulet.2013.12.071

[38] Olivera-Bravo S, Isasi E,

Fernandez A, Casanova G, Rosillo JC,
Barbeito L. Astrocyte dysfunction in
developmental neurometabolic diseases.
Advances in Experimental Medicine
and Biology. 2016;949:227-243. DOI:
10.1007/978-3-319-40764-7_11

[39] Kuno R, Yoshida Y, Nitta A,
Nabeshima T, Wang J, Sonobe Y, et al.
The role of TNF-alpha and

its receptors in the production of
NGF and GDNF by astrocytes. Brain
Research. 2006;1116(1):12-18. DOI:
10.1016/j.brainres.2006.07.120

[40] Diaz-Amarilla P, Olivera-Bravo S,
Trias E, Cragnolini A, Martinez-Palma
L, Cassina P, et al. Phenotypically
aberrant astrocytes that promote
motoneuron damage in a model of
inherited amyotrophic lateral sclerosis.
Proceedings of the National Academy
of Sciences of the United States of



Contribution of Abervant Astrocytes to Motor Neuron Damage and Death in the SOD1G93A Rat...

DOI: http://dx.doi.org/10.5772/intechopen.84695

America. 2011;108:18126-18131. DOI:
10.1073/pnas.1110689108

[41] Jiménez-Riani M, Diaz-Amarilla

P, Isasi E, Casanova G, Barbeito L,
Olivera-Bravo S. Ultrastructural features
of aberrant glial cells isolated from the
spinal cord of paralytic rats expressing
the amyotrophic lateral sclerosis-linked
SOD1G93A mutation. Cell and Tissue
Research. 2017;370(3):391-401. DOI:
10.1007/s00441-017-2681-1

[42] Yoshiyama Y, Zhang B, Bruce]J,
Trojanowski JQ , Lee VMY. Reduction
of detyrosinated microtubules and
Golgi fragmentation are linked to
tau-induced degeneration in astrocytes.
The Journal of Neuroscience.
2003;23:10662-10671. DOI: 10.1523/
JNEUROSCI.23-33-10662.2003

[43] Kawamata H, Manfredi G.
Mitochondrial dysfunction and
intracellular calcium dysregulation

in ALS. Mechanisms of Ageing and
Development. 2010;131:517-526. DOI:
10.1016/j.mad.2010.05.003

[44] Sasaki S, Iwata M. Dendritic
synapses of anterior horn neurons

in amyotrophic lateral sclerosis:

An ultrastructural study. Acta
Neuropathologica. 2006;91:278-283.
DOI: 10.1016/0304-3940(96)12314-4

[45] Gallagher CM, Walter P. Ceapins
inhibit ATF6a signaling by selectively
preventing transport of ATF6a to the

Golgi apparatus during ER stress. eLife.
2016;5:€11880. DOI: 10.7554/eLife.11880

[46] Hetz C, Thielen P, Matus S,

Nassif M, Court F, Kiffin R, et al.

XBP-1 deficiency in the nervous system
protects against amyotrophic lateral
sclerosis by increasing autophagy. Genes
& Development. 2009;23:2294-2306.
DOI: 10.1101/gad.1830709

[47] Kondo S, Murakami T, Tatsumi K,

Ogata M, Kanemoto S, Otori K, et al.
OASIS, a CREB/ATF-family member,

15

modulates UPR signalling in astrocytes.
Nature Cell Biology. 2005;7:186-194.
DOI: 10.1038/ncb1213

[48] Hur YS, Kim KD, Paek SH. Yoo SH
(2010) evidence for the existence of
secretory granule (dense-core vesicle)-
based inositol 1,4,5-trisphosphate-
dependent Ca”* signaling system in
astrocytes. PLoS ONE. 2010;5(8):€11973.
DOI: 10.1371/journal.pone.0011973

[49] Ozawa H, Takata K. The Granin
family-its role in sorting and secretory
granule formation. Cell Structure

and Function. 1995;20:415-420. DOI:
10.1247/cs£.20.415

[50] Kabeya Y, Mizushima N, Ueno T,
Yamamoto A, Kirisako T, Noda T,

et al. LC3, a mammalian homologue
of yeast Apg8p, is localized in
autophagosome membranes after
processing. The EMBO Journal.
2000;19:5720-5728. DOI: 10.1093/
emboj/19.21.5720

[51] Herrera F, Martin V, Carrera P,
Garcia-Santos G, Rodriguez-Blanco

J, Rodriguez C, et al. Tryptamine
induces cell death with ultrastructural
features of autophagy in neurons

and glia: Possible relevance for
neurodegenerative disorders. The
Anatomical Record. 2006;288:
1026-1030. DOI: 10.1002/ar.a.20368

[52] Robert F, Hervor TK. Abnormal
organelles in cultured astrocytes are
largely enhanced by streptomycin
and intensively by gentamicin.
Neuroscience. 2007;144:191-197. DOI:
10.1016/j.neuroscience.2006.08.059

[53] Nixon RA, Wegiel ], Kumar A,
Yu WH, Peterhoff C, Cataldo A,
et al. Extensive involvement of
autophagy in Alzheimer disease:
An immuno-electron microscopy
study. Journal of Neuropathology
and Experimental Neurology.
2005;64:113-122. DOI: 10.1093/
jnen/64.2.113



Novel Aspects on Motor Neuron Disease

[54] Donato R, Sorci G, Riuzzi F,
Arcuri C, Bianchi R, Brozzi F, et al.
S100B’s double life: Intracellular
regulator and extracellular signal.
Biochimica et Biophysica Acta.

2009;1793(6):1008-1022. DOI: 10.1016/j.

bbamcr.2008.11.009

[55] Gonzalez-Reyes RE, Rubiano MG.
Astrocyte’s RAGE: More than just a
question of mood. Central Nervous
System Agents in Medicinal Chemistry.
2018;18(1):39-48. DOI: 10.2174/1871524
916999160505105121

[56] Fife CM, McCarroll JA, Kavallaris M.

Movers and shakers: Cell cytoskeleton
in cancer metastasis. British Journal of
Pharmacology. 2014;171(24):5507-5523.
DOI: 10.1111/bph.12704

[57] Schmitt F, Hussain G, Dupuis L,
Loeffler JP, Henriques A. A plural

role for lipids in motor neuron
diseases: Energy, signaling and
structure. Frontiers in Cellular
Neuroscience. 2014;8:25. DOI: 10.3389/
fncel.2014.00025. eCollection 2014

[58] Taylor JP, Brown RH Jr, Cleveland
DW. Decoding ALS: From genes to
mechanism. Nature. 2016;539:197-206.
DOI: 10.1038/nature20413

[59] Valenzuela V, Ofiate M,
Hetz C, Court FA. Injury to the
nervous system: A look into the
ER. Brain Research. 2016;1648:
617-625. DOI: 10.1016/j.
brainres.2016.04.053

[60] Walter P, Ron D. The unfolded
protein response: From stress pathway
to homeostatic regulation. Science.
2011;334:1081-1086. DOI: 10.1126/
science.1209038

[61] Oakes SA, Papa FR. The role
of endoplasmic reticulum stress
in human pathology. Annual
Review of Pathology.2015;10:
173-194. DOI: 10.1146/
annurev-pathol-012513-104649

16

[62] Halliday M, Mallucci

GR. Modulating the unfolded protein
response to prevent neurodegeneration
and enhance memory. Neuropathology
and Applied Neurobiology. 2015;41:
414-427. DOI: 10.1111/nan.12211

[63] Lee S, Shang Y, Redmond SA,
Urisman A, Tang AA, Li KH, et al.
Activation of HIPK2 promotes ER
stress-mediated neurodegeneration

in amyotrophic lateral sclerosis.
Neuron. 2016;91:41-55. DOI: 10.1016/j.
neuron.2016.05.021

[64] Suzuki H, Matsuoka M. TDP-43
toxicity is mediated by the unfolded
protein response-unrelated induction of
C/EBP homologous protein expression.
Journal of Neuroscience Research.
2012;90:641-647. DOI: 10.1002/
jnr.22777

[65] Tsang KY, Chan D, Bateman JF,
Cheah KSE. In vivo cellular adaptation
to ER stress: Survival strategies with
double-edged consequences. Journal of
Cell Science. 2010;123:2145-2154. DOI:
10.1242/jcs.068833

[66] Walker AK, Soo KY,
Sundaramoorthy V, Parakh S, Ma,
Farg MA, et al. ALS-associated TDP-
43 induces endoplasmic reticulum
stress, which drives cytoplasmic
TDP-43 accumulation and stress
granule formation. PLoS ONE.
2013;8(11):e81170. DOI: 10.1371/
journal.pone.0081170

[67] Pennetta G, Welte MA. Emerging
links between lipid droplets and motor
neuron diseases. Developmental Cell.
2018;45:427-432. DOI: 10.1016/j.
devcel.2018.05.002

[(68] Ernst WL, Shome K, Wu CC,
Gong X, Frizzell RA, Aridor M.
VAMP-associated proteins (VAP) as
receptors that couple cystic fibrosis
transmembrane conductance regulator
(CFTR) proteostasis with lipid
homeostasis. The Journal of Biological



Contribution of Abervant Astrocytes to Motor Neuron Damage and Death in the SOD1G93A Rat...

DOI: http://dx.doi.org/10.5772/intechopen.84695

Chemistry. 2016;291:5206-5220. DOI:
10.1074/jbc.M115.692749

[69] Janer A, Martin E, Muriel MP,
Latouche M, Fujigasaki H, Ruberg
M, et al. PML clastosomes prevent
nuclear accumulation of mutant
ataxin-7 and other polyglutamine
proteins. The Journal of Cell Biology.
2006;174(1):65-76. DOI: 10.1074/jbc.
M115.692749

[70] Zhu L, Brangwynne CP. Nuclear
bodies: The emerging biophysics of
nucleoplasmic phases. Current Opinion
in Cell Biology. 2015;34:23-30. DOL:
10.1016/j.ceb.2015.04.003

[71] Seilhean D, Takahashi J, El Hachimi
KH, Fujigasaki H, Lebre AS, Biancalana
V, et al. Amyotrophic lateral sclerosis
with neuronal intranuclear protein
inclusions. Acta Neuropathologica.
2004;108:81-87. DOI: 10.1007/
s00401-004-0855-x

[72] Welte MA. Expanding roles
for lipid droplets. Current Biology.
2015;25:470-481. DOI: 10.1016/j.
cub.2015.04.004

[73] Stallings NR, Puttaparthi K,
Dowling K], Luther CM, Burns DK,
Davis K, et al. TDP-43, an ALS linked
protein, regulates fat deposition and
glucose homeostasis. PLoS ONE.
2013;8:€71793. DOI: 10.1371/journal.
pone.0071793

[74] Chiang PM, Ling J, Jeong YH,
Price DL, Aja SM, Wong PC. Deletion
of TDP-43 down-regulates Tbcld1,

a gene linked to obesity, and alters
body fat metabolism. Proceedings

of the National Academy of Sciences
of the United States of America.
2010;107(37):16320-16324. DOI:
10.1073/pnas.1002176107

[75] Miyazaki K, Masamoto K,
Morimoto N, Kurata T, Mimoto T,

Obata T, et al. Early and progressive
impairment of spinal blood flow-glucose

17

metabolism coupling in motor neuron
degeneration of ALS model mice.
Journal of Cerebral Blood Flow and
Metabolism. 2012;32(3):456-467. DOI:
10.1038/jcbfm.2011.155

[76] Liu L, Zhang K, Sandoval H,
Yamamoto S, Jaiswal M, Sanz E, et al.
Glial lipid droplets and ROS induced
by mitochondrial defects promote
neurodegeneration. Cell. 2015;160:
177-190. DOI: 10.1016/j.cell.2014.12.019

[77] Yamamoto S, Jaiswal M, Charng
WL, Gambin T, Karaca E, Mirzaa G,
et al. A drosophila genetic resource

of mutants to study mechanisms
underlying human genetic diseases.
Cell. 2014;159:200-214. DOI: 10.1016/j.
cell.2014.09.002

[78] Li YR, King OD, Shorter J,

Gitler AD. Stress granules as crucibles
of ALS pathogenesis. The Journal of
Cell Biology. 2013;201:361-372. DOI:
10.1083/jcb.201302044

[79] Urushitani M, Ezzi SA, Matsuo A,
Tooyama I, Julien JP. The endoplasmic
reticulum-Golgi pathway is a target
for translocation and aggregation

of mutant superoxide dismutase
linked to ALS. The FASEB Journal.
2006;22:2476-2487. DOI: 10.1096/
£j.07-092783

[80] Eagle H, Levine EM. Growth
regulatory effects of cellular interaction.
Nature. 1967;213:1102-1106. DOI:
10.1038/2131102a0

[81] Choi EH, Dai Y. SIRT1 controls

cell proliferation by regulating

contact inhibition. Biochemical and
Biophysical Research Communications.
2016;478(2):868-872. DOI: 10.1016/j.
bbrc.2016.08.041

[82] Yang C, Iyer RR, Yu AC, Yong RL,
Park DM, Weil R], et al. p-Catenin
signaling initiates the activation

of astrocytes and its dysregulation
contributes to the pathogenesis



Novel Aspects on Motor Neuron Disease

of astrocytomas. Proceedings of
the National Academy of Sciences
of the United States of America.
2012;109:6963-6968. DOI: 10.1073/
pnas.1118754109

[83] Baker DJ, Blackburn D], Keatinge M,
Sokhi D, Viskaitis P, Heath PR, et al.
Lysosomal and phagocytic activity

is increased in astrocytes during

disease progression in the SOD1G93A
mouse model of amyotrophic lateral
sclerosis. Frontiers in Cellular
Neuroscience. 2015;9:410. DOI: 10.3389/
fncel.2015.00410

[84] Das MM, Svendsen CN. Astrocytes
show reduced support of motor neurons
with aging that is accelerated in a rodent
model of ALS. Neurobiology of Aging.
2015;36:1130-1139. DOI: 10.1016/j.
neurobiolaging.2014.09.020

[85] Song SW, Miranda CJ, Braun L,
Meyer K, Frakes AE, Ferraiuolo L, et al.
MHC class I protects motor neurons
from astrocyte-induced toxicity in
amyotrophic lateral sclerosis (ALS).
Nature Medicine. 2016;22:397-403. DOI:
10.1038/nm.4052

[86] Trias E, Diaz-Amarilla P, Olivera-
Bravo S, Isasi E, Drechsel DA, Lopez

N, et al. Phenotypic transition of
microglia into astrocyte-like cells
associated with disease onset in a model
of inherited ALS. Frontiers in Cellular
Neuroscience. 2013;7:274. DOI: 10.3389/
fncel.2013.00274

[87] Trias E, Ibarburu S, Barreto-
Nufiez R, Babdor J, Maciel TT, Guillo
M, et al. Post-paralysis tyrosine

kinase inhibition with masitinib
abrogates neuroinflammation and
slows disease progression in inherited
amyotrophic lateral sclerosis. Journal
of Neuroinflammation. 2016;13(1):177.
DOI: 10.1186/s12974-016-0620-9

[88] Lamp J, Keyser B, Koeller DM,

Ullrich K, Braulke T, Mihlhausen
C. Glutaric aciduria type 1 metabolites

18

impair the succinate transport from
astrocytic to neuronal cells. The
Journal of Biological Chemistry.
2011;286(20):17777-17784. DOL:
10.1074/jbc.M111.232744

[89] Miquel E, Cassina A, Martinez-
Palma L, Souza JM, Bolatto

C, Rodriguez-Bottero S, et al.
Neuroprotective effects of the
mitochondria-targeted antioxidant
MitoQ in a model of inherited
amyotrophic lateral sclerosis.

Free Radical Biology & Medicine.
2014;70:204-213. DOI: 10.1016/j.
freeradbiomed.2014.02.019

[90] Diaz-Amarilla P, Miquel E,
Trostchansky A, Trias E, Ferreira AM,
Freeman BA, et al. Electrophilic
nitro-fatty acids prevent astrocyte-
mediated toxicity to motor neurons in
a cell model of familial amyotrophic
lateral sclerosis via nuclear factor
erythroid 2-related factor activation.
Free Radical Biology & Medicine.
2016;95:112-120. DOI: 10.1016/j.
freeradbiomed.2016.03.013

[91] Martinez-Palma L, Miquel E,
Lagos-Rodriguez V, Barbeito L, Cassina
A, Cassina P. Mitochondrial modulation
by dichloroacetate reduces toxicity of
aberrant glial cells and gliosis in the
SOD1G93A rat model of amyotrophic
lateral sclerosis. Neurotherapeutics.
2018;16(1):203-215. DOI: 10.1007/
s13311-018-0659-7

[92] Miller RG, Mitchell JD, Moore DH.
Riluzole for amyotrophic lateral
sclerosis (ALS)/motor neuron

disease (MND). Cochrane

Database of Systematic Reviews.
2012;14(3):CD001447. DOI:
10.1002/14651858.CD001447.pub3

[93] Writing Group. Edaravone (MCI-
186) ALS 19 Study Group. Safety and
efficacy of edaravone in well defined
patients with amyotrophic lateral
sclerosis: A randomised, double-
blind, placebo-controlled trial. Lancet



Contribution of Abervant Astrocytes to Motor Neuron Damage and Death in the SOD1G93A Rat...
DOI: http://dx.doi.org/10.5772/intechopen.84695

Neurology. 2017;16(7):505-512. DOI:
10.1016/S1474-4422(17)30115-1

[94] Scott A. On the treatment trail for
ALS. Nature. 2017;550(7676):S120-S121.
DOI: 10.1038/550S5120a

[95] Burns SA, Lee Archer R, Chavis JA,
Tull CA, Hensley LL, Drew

PD. Mitoxantrone repression of
astrocyte activation: Relevance to
multiple sclerosis. Brain Research.
2012;1473:236-241. DOI: 10.1016/j.
brainres.2012.07.054

[96] Kocic I, Kowianski P, Rusiecka I,
Lietzau G, Mansfield C, Moussy A, et al.
Neuroprotective effect of masitinib

in rats with postischemic stroke.
Naunyn-Schmiedeberg’s Archives of
Pharmacology. 2015;388(1):79-86. DOI:
10.1007/s00210-014-1061-6

[97] Rojas F, Gonzalez D, Cortes N,
Ampuero E, Hernandez DE, Fritz E,
et al. Reactive oxygen species trigger
motoneuron death in non-cell-
autonomous models of ALS through
activation of c-Abl signaling. Frontiers
in Cellular Neuroscience. 2015;9:203.
DOI: 10.3389/fncel.2015.00203

[98] Martinez-Muriana A, Mancuso R,
Francos-Quijorna I, Olmos-Alonso A,
Osta R, Perry VH, et al. CSF1R blockade
slows the progression of amyotrophic
lateral sclerosis by reducing microgliosis
and invasion of macrophages into
peripheral nerves. Scientific Reports.
2016;6:25663. DOI: 10.1038/srep25663

19



