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Abstract

Neglected for years, astrocytes are now recognized to
fulfill and support many, if not all, homeostatic functions
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of the healthy central nervous system (CNS). During
neurodegenerative diseases such as amyotrophic
lateral sclerosis (ALS) and spinal cord injury (SCI),
astrocytes in the vicinity of degenerating areas
undergo both morphological and functional changes
that might compromise their intrinsic properties.
Evidence from human and animal studies show that
deficient astrocyte functions or loss-of-astrocytes largely
contribute to increased susceptibility to cell death for
neurons, oligodendrocytes and axons during ALS and
SCI disease progression. Despite exciting advances in
experimental CNS repair, most of current approaches
that are translated into clinical trials focus on the
replacement or support of spinal neurons through
stem cell transplantation, while none focus on the
specific replacement of astroglial populations. Knowing
the important functions carried out by astrocytes
in the CNS, astrocyte replacement-based therapies
might be a promising approach to alleviate overall
astrocyte dysfunction, deliver neurotrophic support to
degenerating spinal tissue and stimulate endogenous
CNS repair abilities. Enclosed in this review, we gathered
experimental evidence that argue in favor of astrocyte
transplantation during ALS and SCI. Based on their
intrinsic properties and according to the cell type
transplanted, astrocyte precursors or stem cell-derived
astrocytes promote axonal growth, support mechanisms
and cells involved in myelination, are able to modulate
the host immune response, deliver neurotrophic factors
and provide protective molecules against oxidative or
excitotoxic insults, amongst many possible benefits.
Embryonic or adult stem cells can even be genetically
engineered in order to deliver missing gene products
and therefore maximize the chance of neuroprotection
and functional recovery. However, before broad clinical
translation, further preclinical data on safety, reliability
and therapeutic efficiency should be collected. Although
several technical challenges need to be overcome,
we discuss the major hurdles that have already been
met or solved by targeting the astrocyte population
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in experimental ALS and SCI models and we discuss
avenues for future directions based on latest molecular
findings regarding astrocyte biology.
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Spinal cord injury

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Amyotrophic lateral sclerosis (ALS) and
spinal cord injury (SCI) result in incurable neurological
dysfunction due to loss of spinal motor neurons and
axonal degeneration, amongst other mechanisms.
Astrocytes are increasingly recognized as being necessary
for neuroprotection and regeneration in the central
nervous system as they promote axonal growth and
deliver essential neurotrophic factors under both
physiological and pathophysiological conditions. Given
the central role played by astrocytes, we gathered
convincing results from ALS and SCI literature that
argue in favor of stem cell-based astrocyte replacement
therapies and stress the scientific community to
investigate more deeply the molecular understanding of
astrocyte biology.
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MULTIPLE FACETS OF ASTROCYTES IN
THE CENTRAL NERVOUS SYSTEM

Astrocyte functions

Astrocytes are the most abundant cells in the central
nervous system (CNS), outnumbering neuronal cells
by several fold in some CNS regions. They have
long been relegated to a secondary position, behind
neurons or oligodendrocytes, as many thought that
astrocytes were barely by-standers of the CNS.
Accounting for a large fraction of the brain volume,
their particular shape and tissue distribution are known
to elaborate an extensive network of fine interconnected
processes. Their star-shaped morphology projecting
long branched processes provides a large coverage
of CNS structures and the ensheathment of the brain
or spinal cord in the pia matter. They draw the whole
brain microanatomy by secreting astrocyte-derived
extracellular matrix proteins (e.g., chondroitin sulfate
proteoglycans, hyaluronan, tenascin proteins family,
thrombospondin), thereby providing structural support
for nervous system cells. Beside their structural role,
astrocytes are recognized to fulfill and support many, if
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not all, functions of the healthy CNS™. Astrocyte end-
feet cover more than 90% of the CNS vasculature and
come in contact with endothelial cells. Expressing key
glucose transporter-1, astrocytes convoy glucose from
blood vessels to nervous system cells, most of them
being devoid of direct access to this high-end source
of energy. Hence, astrocytes synthetize via specific
metabolic pathways glycogen and lactate, main
energy fuels for neurons or distant synapses. Through
humoral factors released at the perivascular space,
astrocytes control local cerebral blood flow and blood-
brain barrier (BBB) integrity. Transforming growth
factor-beta, glial-derived neurotrophic factor (GDNF),
fibroblast growth factor 2 (FGF2) and angiopoietin 1
(binding the endothelium-specific receptor TIE2), all
secreted at the vascular end-feet, act on endothelial
cells in order to induce or maintain an operational
BBB™"!, Astrocytes-released growth factors [e.g., brain-
derived neurotrophic factor, BDNF; ciliary neurotrophic
factor (CNTF)] exert beneficial effects far beyond the
perivascular space and act as neurotrophic factors on
all CNS cells™*), The perivascular end-feet of astrocytes
show other specialized features characteristic of this
location, including a high density of orthogonal arrays
containing the water channel aquaporin 4 (AQP4)
and the Kird.1 K* channel®”), Those proteins closely
interact with endothelial basal lamina and regulate
ions/water fluxes through the BBBY %, Astrocytes
finely tune the dynamics of cerebral blood flow in
order to increase the availability of oxygen and glucose
locally to highly active brain areas; this process is
mediated via secreted vasoactive compounds (i.e.,
endothelin-1, arachidonic acid, prostaglandins, nitric
oxide) and intercellular Ca®* signaling!***. As a
member of the tripartite synapse, astrocytes are
responsible for proper neurotransmission. Astrocyte
end-feet express Kir4.1 channel, which is responsible
for the rapid uptake of K* released in the interstitial
CNS fluid and thus for spatial extracellular potassium
siphoning needed during high-frequency firing of
neurons***®!, Astrocytes also express membrane-
bound transporters and receptors involved in the
re-uptake and the response to neurotransmitters
(i.e., glutamate, GABA, glycine), whose synaptic
concentrations must be tightly controlled in the
synaptic cleft. In the case of glutamate homeostasis,
two major CNS glutamate transporters, GLT1/EAAT2
and GLAST/EAAT1, are expressed almost exclusively
by astrocytes in the adult mammals. GLT1 accounts
for upward of 90% of glutamate uptake in most CNS
regions’), By regulating extracellular glutamate
homeostasis, GLT1 assures proper synaptic function
and prevents excitotoxic insult to susceptible neurons,
axons and oligodendrocytes. In addition, astrocytes
form a gap junction-coupled network of very narrow
overlapping domains throughout the CNS"®**), Each
domain covers a CNS area encompassing from
20000 neuronal synapses in rodents up to 2000000
in humans and connects neighboring astrocytes by
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junctional complexes made of connexin (Cx) family
proteins. On a functional point-of-view, the astrocyte
syncytium supports ATP-mediated long-distance
propagation of Ca** waves®>*", which is involved in
the control of local cerebral blood flow and the fine
tuning of electrical neuronal activity™. Cx channels
allow the intercellular passage of monovalent ions
(Na*, K*) or small molecules up to 1.5 kDa (e.g., ATP,
glutamate, d-serine), contributing to signaling, metabolic
cooperation and ionic spatial buffering”?**. Astrocytes
express Cx26, Cx30 and Cx43 that interact with
homologous connexins in astrocyte-to-astrocyte (A/A)
gap junctions and that can also bind in a heterologous
fashion Cx29, Cx32 and Cx47 on oligodendrocytes
partners’®*?®, In mammals at least, the presence of
theses 6 connexins suggests a high level of complexity
in coupling partners within the glial cell populations and
reveals close cellular interactions between astrocytes
and oligodendrocytes. Astrocyte-oligodendrocyte
(A/O) coupling via connexins is necessary to sustain
myelin formation and maintenance throughout life. In
humans, mutations in Cx29, Cx32 and Cx47 genes
lead to myelin formation abnormalities and are linked
to Charcot-Marie-Tooth disease and several forms
of leukodystrophies®”’. Beyond mutations targeting
oligodendroglial connexins, the effect of loss-of-function
of astrocyte connexins has been experimentally
investigated using knockout mice. Double Cx307
and Cx43”" knockout mice showed white matter
pathology comprising vacuolated oligodendrocytes and
intramyelinic edema'®®. Histopathological changes were
accompanied by significant sensorimotor and cognitive
deficits. Similar findings were shown when double-
deleting Cx43 and Cx32 in mice™. All of these findings
suggest an essential role of A/A and A/O coupling in
maintaining overall CNS functions® and pave the
way for developing integrated therapies targeting the
astrocyte syncytium and its dysfunction(s) during
neurodegenerative conditions.

Wealth through diversity

A rapid look at the morphology of white matter
astrocytes compared to gray matter astrocytes reveals
the complexity and heterogeneity of this class of
cells. Their different morphologies are most likely to
be related with their wide range of functions, their
neuroanatomical sites and the stem cells from which
they derive (reviewed by™). During development,
astrocytes mainly arise from radial glial cells located in
the brain and spinal cord. During adulthood, astrocytes
are still generated from differentiating progenitors in
stem cell niches®® or from dividing mature astrocytes
in specific brain regions™*.. Historically, two classes
of astrocytes were described: “type I ” fibrous
astrocytes mostly found in white matter tracts and
“type II” protoplasmic astrocytes found in the grey
matter®*?*!, Nowadays, the scientific community
agrees that astrocyte complexity, in particular within
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the protoplasmic subfamily, has increased along
with phylogenic evolution. As far as we know, this
complexity culminates in the human CNS. Compared
to rodents™, human astrocytes have a greater size, a
more complex morphology, a large pleiomorphism®®!
and are able to propagate calcium waves five times
more rapidly™*"?, Although mice represent a useful
tool to study astrocytes and their in vivo functions
through genetic manipulation, one limitation of rodent-
to-human extrapolations is the wider diversity of human
counterparts. For instance, primate brain contains
two types of astrocytes not found in rodent brain:
interlaminar and varicose astrocytes, whose functions
are as of yet undetermined but seem to be related to
the higher complexity of neuronal layers inside the
human cortex™”). Despite this heterogeneity, astrocytes
share similarities such as the expression of several
common proteins. Intermediate filament proteins are
very abundant in the cytoplasmic compartment among
all astrocytes types: glial fibrillary acidic protein (GFAP),
vimentin, desmin and synemin. Recently, the cell
surface marker CD44, the receptor of extracellular
matrix hyaluronan, has been described to distinguish,
more accurately than GFAP, protoplasmic astrocytes
from fibrous-like astrocytes'!. Resting astrocytes
also display specific immunoreactivity for aldehyde
dehydrogenase 1 family member L1, AQP4, S100, GLT1,
GLAST and glutamine synthetase. Under pathological
conditions affecting CNS [e.g., Alzheimer’s disease,
multiple sclerosis, stroke, amyotrophic laterals sclerosis
(ALS), spinal cord injury (SCI)], astrocytes can switch
to an activated phenotype. Activated astrocytes, which
can in some case include a population of proliferating
astrocytes, are commonly observed around focal
CNS lesions, in areas of neuronal loss/damage, in
demyelinating areas, during neuroinflammation
or during CNS repair. Astrocyte hypertrophy and
upregulation of GFAP, vimentin, nestin or S100 are
hallmarks of activated astrocytes. For instance, new
protein markers may also be expressed. Expression
of S100A6, a calcium binding protein, is drastically
increased in astrocytes from ALS spinal cord™®*%,
after traumatic CNS injury™! or in Alzheimer brain
tissue*”. Given that ALS and SCI affect either diffuse
or discrete areas, respectively within the CNS (i.e., in
ALS from motor cortex to bulbar respiratory nuclei to
the lumbar spinal motor neurons; in SCI, both gray
and white matter astrocytes are lost over a distance
of several millimeters), therapeutically-targeting
astrocytes would undoubtedly take into account their
diversity of shape and function, with respect to their
location. Our knowledge about astrocyte heterogeneity
now allows for generating in vitro subpopulations of
stem cell-derived astrocytes endowed with specific
fates or defined functional abilities. These cells,
isolated and expanded in vitro, can be further used
in transplantation paradigms aiming at providing
neuroprotection or replacing astrocyte-deficient
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functions observed during neurodegenerative and
traumatic diseases of the spinal cord such as ALS or
SCI.

SOURCES OF STEM CELL-DERIVED
ASTROCYTES

Glial-restricted precursor cells

Use of lineage-restricted progenitors as a source
for deriving astrocytes has gained wide popularity
in recent years due to their ability to generate
specific glial types following transplantation. Glial-
restricted progenitors are present in the embryonic
spinal cord and through their ability to self-renew
and differentiate give rise to oligodendrocytes and
astrocyte populations. The first type of glial restricted
progenitor that was originally characterized was the
A2B5" O-2A progenitor cell. This was isolated from
optic nerve of embryonic and post-natal rats and
through in vitro differentiation was shown to be able
to differentiate into oligodendrocytes and a particular
type of astrocyte called the type-2 astrocyte****),
More recently, a different type of progenitor cell
was characterized that is able to differentiate into
oligodendrocytes and two different populations of
astrocytes. This cell type was isolated from E13.5
rat spinal cord and is also positive for the A2B5
antigen. In vitro conditions that supported their above
mentioned differentiation included culture medium
supplemented with fetal calf serum or platelet-derived
growth factor (PDGF) and T3 thyroid hormone. Clonal
analysis confirmed that these individual GRPs are
tripotent. Furthermore, these cells are capable of
extensive self-renewal in the presence of PDGF and
FGF2. These GRPs differed from the original A2B5"
O-2A progenitor cell in several aspects such as
absence of mitogen requirements, responsiveness to
PDGF and morphologies'*.

Neural stem cells or radial glia

Using cell genesis and fate specifying processes,
neural tube-derived neural stem cells give rise to 10™
neurons and at least 10" glial cells of many different
phenotypes in the adult brain™*"’, Neural stem cells
(NSCs) are an attractive source for generating astroglial
cells through their multipotency and high potential
of self-renewal. NSCs represent an endogenous
population existing during brain development and to
a lesser extent in adult brain niches. In adult CNS,
they are found around the sub-ventricular zone, the
sub-granular layer of the hippocampus and spinal
ependymal canal. Their phenotype is characterized by
an astrocyte-like morphology and GFAP expression"*"!
together with other markers of an undifferentiated
state (e.g., nestin, SOX2). The most common sources
for NSC isolation include embryonic brain cortex and
adult sub-ventricular zones. One of the basic features
of NSCs is that they can easily divide in vitro either as
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spherical aggregates called “neurospheres” or adherent
layers of cells when supplemented with epidermal
growth factor and fibroblast growth factor 2. Culture
conditions involving growth factor withdrawal and
serum exposure elicit a differentiation program into
either neurons, oligodendrocytes or GFAP" astrocytes,
with various yields®®*>*. Transplantation of NSCs into
the CNS results in the generation of multiple cell
types, including astrocytes™®! and oligodendrocytes!®*.
Another source of astrocytes in the adult CNS is radial
glial cells®**"1, Several lines of evidence support the
existence of a small pool of such cells expressing
classic radial glial markers (i.e., NG2, RC1, 3CB2, brain
lipid-binding protein)®® and located in limited regions
of ongoing neurogenesis in the adult CNSP?!,

Embryonic or Induced-pluripotent stem cells

Embryonic stem cells (ESCs) and induced-pluripotent
stem cells (iPSCs) represent an ideal pluripotent
source for deriving human astrocytes. Even though
early reports demonstrated differentiation of astrocytes
from human iPSCs or ESCs, there was a great diversity
in terms of reported methods and the total yields of
neural cells were not high. Furthermore, astrocytes
generated by these protocols were not defined in
terms of their subtype identity. On the other hand,
specific protocols to generate astrocytes with regional
or subtype identity were not reported®* ., This gap
was fulfilled by a recently reported protocol, which
allows directed differentiation of astrocytes via a prior
differentiation of human stem cell derived neuro-
epithelial cells into glial progenitor cells by repression
of neurogenesis. Astrocytes generated by this protocol
were characterized by specific gene expression
profiles, neurotransmitter and ionic uptake, support
of neuronal maturation, and importantly expression
of specific sets of homeodomain transcription factors
that specify functional identity'®. On the basis of
this, another protocol was recently reported for an
efficient generation of immature astrocytes from
human pluripotent stem cells (hPSCs)""”. The protocol
consists of three steps. In the first stage, hPSCs
were differentiated into neuroepithelial cells either
by co-culturing with mouse embryonic fibroblasts
or by differentiation in feeder free conditions. These
appeared in the form of columnar epithelia that
organized into neural tube-like rosettes at about day
10-15 of differentiation. Addition of morphogens
at days 8 to 15 allows differentiation of specific
astrocyte subtypes. In the second stage, floating neural
progenitor aggregates were expanded with epidermal
growth factor, FGF2 and mitogenic factors. Neuronal
differentiation was repressed and potential for gliogenic
progenitor was enhanced by weekly mechanical
trituration. By around 90 d, most of the progenitors
expressed markers for astrocyte progenitors or
astrocytes such as CD44 and S100. Thus at this stage,
they are referred to as “astrospheres”. In the third and
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final stage, astroglial progenitors were differentiated
into functional astrocytes by removal of mitogens.
Addition of CNTF for 6 d stimulated gliogenic gene
expression. If neuroepithelial cells were patterned in
stage 1, terminally differentiated astrocytes expressed
specific markers such as Hoxb4 for posterior identity
or Nkx2.1 for ventral identity.

In vivo or in vitro transdifferentiation

Some cases of in vivo transdifferentiation into
astrocytes have been described in the literature
following transplantation of bone marrow-derived
stem cells or mesenchymal stem cells into rodent
CNS. It is not yet clear whether transdifferentiation
normally occurs in healthy CNS and, if so, whether
it requires a de-differentiation step. Several criteria
must be filled to truly establish transdifferentiation into
astrocytes: original cells must lose their committed-
lineage differentiation markers; they have to adopt
a astrocyte-like morphology and express astrocyte
markers (e.g., GFAP, S100). Several reports showed
that GFP reporter-expressing bone marrow stem
cells transplanted into adult rodent CNS gave rise to
GFP* GFAP" astrocytes”'7?, Similarly, mesenchymal
stem cells (MSCs) isolated from bone marrow, when
grafted into neonatal mouse brain, have been shown
to migrate extensively and differentiate into olfactory
bulb granule cells and astrocytes’*. In an original
experimental approach, Boucherie and colleagues
intrathecally grafted MSCs in ALS-affected rodent
spinal cord and observed that MSCs were able to
extensively migrate while differentiating mostly into
astrocytes at the sites of neurodegeneration . In
recent years, in vitro transdifferentiation, starting from
single skin fibroblasts, has also made possible the
modeling of CNS diseases in a dish, bypassing invasive
neurosurgical procedures to get human diseased
tissue. Recent cell reprogramming protocols describe
the direct conversion of human fibroblasts to “induced”
neural stem cells, able to further differentiate into
the three CNS lineages (neurons, astrocytes and
oligodendrocytes) following appropriate culture
conditions. Artificial and temporal expression of specific
transcription factors such as Oct-3/4, Sox2, Klf4,
Brn4 and c-myc seems to govern the cell conversion
towards a neural fate!’®”®l. Molecular pathways and
key transcription factors making transdifferentiation
possible are currently under investigation for different
cell types™,

RATIONALE FOR ASTROCYTE
REPLACEMENT IN ALS AND SCI

What is amyotrophic lateral sclerosis?

Amyotrophic lateral sclerosis (ALS) is a common
adult-onset neurodegenerative disease of the motor
system, with a prevalence of 2-5/100000 people.
It is characterized by a rapidly progressing neurode-
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generation selectively affecting cortical, brainstem and
spinal motor neurons. ALS remains an incurable disease,
leading to fatal respiratory failure usually within 5 years
following diagnosis®™. Pathophysiology of ALS is poorly
understood and likely multifactorial. Proposed starting
points for this complex disease targeting the motor
neuron population include mitochondrial dysfunction,
intracellular protein aggregation, disturbances of
RNA metabolism, extracellular toxic environment,
impairment at the level of axonal transport and at the
neuromuscular synapse (reviewed by™®!), together with
extrinsic events: blood-brain barrier breakdown, glial
cell reaction/dysfunction and neuroinflammation™®*®®,
It is known that dying motor neurons influence
surrounding cells, of which astrocytes are most commonly
investigated. Astrocytes shift from an anti-inflammatory
and neuroprotective role to one that is pro-inflammatory
and neurotoxic, thus adding to complexity of this fatal
cascade™™. In 5%-10% of patients, ALS is inherited
(familial ALS). In those cases, every fifth patient carries
a detected mutation in superoxide dismutase 1 (SOD1),
which is at present the most reliable and most widely
used genetic animal model for ALS®™. Among others,
the most commonly described mutations include genes
encoding the DNA/RNA-binding proteins FUS, TDP43"",
the ubiquitin-like protein Ubiquilin 2" and optineurin®.
On the other hand, an intronic hexanucleotide repeat in
the C9ORF72 gene was discovered in both familial and
sporadic cases of ALS™?.

What are spinal cord injuries?

SCI are devastating and diverse set of conditions
that result from damage to spinal cord grey matter
and white matter, as well as corresponding spinal
nerves. The National Statistics for SCI estimates
approximately 12000 new cases each year in the
United States alone, most of which result from
preventable causes (e.g., motor vehicle accidents,
falls, sports or violence). Some common outcomes
of SCI include dysfunctions in the musculoskeletal,
respiratory, uro-genital and gastrointestinal systems.
The diversity of this condition results from differences
in the location, type and severity of trauma, as well
as on the consequent types and degree of functional
impairment. Despite this diversity, all forms of SCI are
linked to specific phenotypic changes in populations
of spinal cord astrocytes. Some examples of these
changes are: (1) acquisition of specific protective
functions such as glial scar formation to constrain the
secondary expansion of the lesion; (2) loss of certain
crucial homeostatic functions such as the astrocyte
glutamate transporter system that are key to normal
CNS physiology; and (3) gain of toxic functions such
as the generation of pro-inflammatory signaling
molecules that contribute to degeneration, neuronal
hyperexcitability and other detrimental effects. The
response of astrocytes is a gradated response such
that there is diversity in these changes that vary with
the type and severity of trauma and with proximity
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to the lesion. Furthermore, even within a population
of astrocytes within the spinal cord, the response of
individual astrocytes to the same injury can vary,
likely reflecting the normal heterogeneity amongst
astrocytes that is now becoming increasingly
appreciated.

Defective astrocyte glutamate handling: one rationale
among others

ALS and SCI are both spinal cord disorders involving all
CNS cells: neurons, oligodendrocytes, microglial cells,
endothelial cells and astrocytes. In both cases, there
is significant motor, as well as sensory, dysfunction,
although sensory involvement is still a matter of debate
in ALS. To some extent, they share histopathological
features in the spinal cord tissue: death of spinal
motor neurons, axonal damage in white matter tracts,
anterograde axonal degeneration, BBB dysfunction,
impaired astrocyte function and neuroinflammation. In
the case where neurodegeneration reaches the cervical
level of the spinal cord, the loss of phrenic motor
neurons that control contraction of the diaphragm leads
to severe respiratory deficits and represents a life-
threatening condition. ALS, historically characterized
by the loss of upper and lower motor neurons, is
more and more recognized as endowed with a non-
cell-autonomous component, in which microglia and
astrocytes act as significant contributors to overall
spinal cord dysfunction. It has been shown that
microglia carrying ALS-linked mutant SOD1 drive ALS
disease progression by fostering neuroinflammation
and a toxic environment for spinal motor neurons® %%,
With respect to astrocytes in ALS, independent groups
demonstrated that astrocytes bearing mutant SOD1
are key determinants of disease progressiont® "),
In the absence of any pathology, normal astrocytes
uptake glutamate, released at the synaptic cleft,
through their glutamate transporters (GLT1/EAAT2
and GLAST/EAAT1). Furthermore, normal astrocytes
protect motor neurons from glutamate excitotoxicity
by stimulating the neuronal expression of AMPA-GIUR2,
which is less permeable to calcium making motor
neurons less sensitive to excitotoxicity™. During ALS
disease course, it is known from human and animal
model samples that astrocyte-based glutamate uptake
is compromised due to an early loss of astrocyte GLT1.
Drastic GLT1 downregulation is most likely to be linked
with deleterious extrasynaptic glutamate accumulation,
which gave rise to the theory of glutamate-induced
excitotoxic motor neuron death and to the unique FDA-
approved drug that slows ALS: Riluzole, based on its
anti-glutamatergic action.

Following SCI, the entire architecture of the spinal
cord is disrupted at the lesion site; the trauma produces
both immediate and delayed cell death affecting all
nervous system populations: neurons, astrocytes
and oligodendrocytes. Shortly after injury, it has been
demonstrated that glutamate starts to accumulate in
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the extracellular space™®, and can persist for over a
week, depending on injury severity"®. Overload of
CNS extracellular glutamate may cause excitotoxic
damage to neurons, axons and oligodendrocytes via
overactivation of both AMPA and NMDA receptors™*"'%%,
Failure of long-term extrasynaptic glutamate clearance is
suspected to be one major cause of secondary cell loss
following SCI. Noteworthy, we and others demonstrated
that astrocyte GLT1 was chronically lost at the injury
epicenter following SCI but also downregulated in
spinal cord regions distant from the lesion core!'%*%,
Furthermore, experimental data showed that the newly-
generated astrocytes arising during the SCI repair
phase lacked GLT1 expression, possibly compromising
long-term astrocyte glutamate homeostasis*®”. Other
consequences of astrocyte dysfunction or loss should
be considered in ALS and SCI: shortage of neurotrophic
factors important for neuronal survival, overwhelming
of anti-oxidative defenses, lack of support to maintain
endothelial BBB integrity, impaired water, ionic and
metabolic transport, release of harmful proinflammatory
cytokines and synthesis of glial scar-related ECM
proteins that block axonal regrowth!!. Regardless of
whether astrocyte dysfunction is a cause of disease
or a consequence of neuronal loss, altered physiology
of pathologic astrocytes likely results in further
susceptibility to CNS tissue loss, justifying the rationale
for transplantation-based astrocyte replacement™®,
Numerous studies indicate that transplantation of stem
cell-derived astrocytes has exhibited beneficial effects
on histological/functional outcomes in ALS and SCI
animal models. In this review, we summarize the data
from recent literature regarding transplantation of stem
cell-derived astrocytes targeting the replacement of
deficient or lost astrocytes during ALS and SCI.

METHODOLOGICAL CONSIDERATIONS

Feasibility of astrocyte transplantation in healthy spinal
cord

Pilot studies were done on spinal GRPs isolated and
characterized from the human aborted embryos! %%,
Upon transplantation into neonatal and adult rodent
brain, human GRPs survived, migrated and diffe-
rentiated into (im)mature oligodendrocytes and into
GFAP-expressing astrocytes™'!!. These results were
later confirmed by another group who analyzed the
fate of GRPs harvested from alkaline phosphatase-
expressing transgenic rats injected into intact and
injured spinal cord. In the first set of experiments,
GRPs survived at least 6 wk'? and in the second
experiment up to 15 mo post-transplantation**),
demonstrating their long-term integration. Cells
showed morphological maturation and differentiated
along astrocyte and oligodendrocyte lineages and not
into neuronal lineages. Interestingly, cells grafted into
the intact spinal cord showed a particular tropism for
white matter tracts and robust migration capacities
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since they were found more than 15 mm away from
the injection sites"'**"*), Transplantation of GRP-
derived astrocytes seems to be a safe procedure,
at least experimentally, since no tumor formation
or pronounced immune response were observed at
the graft sites. Isolated human GRPs express in vitro
functional glutamate transporters EAAT1, EAAT3 and
EAAT4 but not GLT1/EAAT2!"*, According to the nature
of in vitro pre-differentiation signals, GRPs do not
give rise to homogenous astrocyte populations upon
transplantation***'®!, Following bone morphogenic
protein 4 (BMP4) driven differentiation, GRPs start to
express EAAT2/GLT1 together with AQP4, AKAP12,
Cx43 as markers of mature astrocytes'®, On the
contrary, in vitro GRP exposure to CNTF give rise to
mature astrocytes expressing FGF receptor-3 and
several axon growth inhibitory proteoglycans, such as
neurocan, brevican and phosphacan, suggestive of a
phenotype of reactive astrocytes.

Routes of administration

Considering the route of administration for a stem
cell therapy product is a significant factor when
targeting the CNS and the spinal cord in particular.
Stem cell transplantation into the spinal cord
was successfully reported, in terms of homing
and long-term engraftment, using different cell
populations and different route of administration.
Intraparenchymal injections of MSCs and NSCs into
the thoracolumbar region™”"** and of GRPs into the
cervical region™®***! have been successfully reported
in animal models of ALS. Although direct targeting
of the spinal cord is technically challenging and an
invasive application, this route promises to be the
most versatile and accurate method of targeted CNS
therapeutic delivery, and therefore has been chosen
for clinical translation of stem cell-based therapies
in ALS patients. As both ALS and SCI affect long
segments of spinal cord (several millimeters long and
sometimes independent regions within the cord), a
need for multiple injections adds to the complexity
of the procedure. Aware of this issue, neurosurgeons
are developing new surgical techniques or tools (e.g.,
radially-branched cannulae) able to deliver therapeutic
agents to large CNS areas in a single shot!**®!. Other
attempts to find the optimal delivery route used
intranasal'’®®!, intrathecal™’***), intraperitoneal*?,
intramuscular™, intravenous™****! and intra-bone
marrow cell®*® transplantation. Major shortcomings
are poor CNS homing of the therapeutic product
compared to the initial dose given (dilution of cells
in unwanted organs/sites) and adverse effects such
as blockade of intravenously-injected stem cells
in lung capillaries or spleen (reviewed by™"). In
many cases, researchers reported beneficial effects
of peripherally-delivered stem cells associated with
improved histological and functional outcomes in
ALS animal models. While various routes of stem cell
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delivery have been investigated in ALS therapy (Table
1), experimental SCI pathology was mainly targeted
by focal stem cell injections in and around the lesion
core, regardless of the spinal level affected (Table 2).
Although the most efficient delivery method is still a
matter of debate, the dose of transplanted cells, the
timing, the location, the type of cells for particular
needs, and their migratory abilities are additional
parameters to take into account in designing CNS
stem cell-based therapies. Numerous preclinical
studies using animal transplantation paradigms will
still be required to assess biodistribution, viability,
integration into host tissue, differentiation into
functional cells, lack of tumorigenicity and safety of
delivery before broad clinical application**®,

LESSONS FROM TRANSPLANTATION
PARADIGMS IN ALS MODELS

Taking into account that neurons represent only a
portion of the various nervous system cell types, it is
not surprising that during onset and especially during
progression of disease non-neuronal cells contribute
significantly to neuronal dysfunction and death. For
example, it has been shown that wild-type motor
neurons in close proximity to mutant SOD1-containing
non-neuronal cells became affected by pathological
chain reactions specific for ALS and eventually die
with many features of this disease!**”’. In the same
way, wild type non-neuronal cells extend survival of
SOD1 mutant motor neurons'*?. It has been clearly
shown that reduction of mutant SOD1 selectively
in astrocytes results in a prolongation of disease
duration, but has no effects on disease onset. At least
a part of this process is modulated by dysfunction and
decrease in levels of the primary astrocyte glutamate
transporter, GLT1, in areas of motor neuron loss™*.
Taken together, these results suggest a particular role
for astrocytes in later progression of disease!® ",
Main studies that have assessed replacement of
astrocytes based on transplantation in ALS animal
models have been gathered in Table 1.
Transplantation of wild-type astrocytes or their
precursors into CNS tissue affected by ALS represents
a promising experimental approach. With the aim
to rescue motor neurons responsible for breathing,
which is the primary cause of death in human ALS,
GRPs were transplanted into the cervical spinal cord
of the SOD1°*** rat model. GRPs survived in diseased
tissue (32.2% =+ 4.6% of transplanted cells survived
at least 80 d post-transplantation), differentiated
efficiently into astrocytes, and reduced microgliosis
in the cervical spinal cord. Most notably, GRPs
extended survival and disease duration, attenuated
motor neuron loss, and slowed declines in forelimb
motor and respiratory function. Since GRPs that
did not express the glutamate transporter GLT1 did
not have similar effects on behavioral measures or
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Table 1 Transplantation-based astrocyte replacement in amyotrophic lateral sclerosis animal models

Animal Type of cells Delivery Effect on disease Main outcomes Ref.
SOD1%** ALSrats GRPs from rat E13.5 spinal cord, Injections into C4-C6 Delayed declinein  Differentiation into functional [104]
(80 d-old) wild-type and overexpressing cervical spinal cord, 6 sites, motor function and astrocytes. Prevented motor neurons

GLT1

SOD1°"** ALS mice Human neural precursors (hNPs)
(75 d-old) overexpressing BDNF, IGF-1,

VEGF, NT-3, or GDNF

SOD1%** ALS rats Rat adult MSCs
(90 d-old)

x 10° cells
SOD1°** ALS mice Human umbilical cord blood cells
(24-26 wk-old) overexpressing VEGF and FGF2
SOD1%** ALSrats NSCs from rat E16 brain cortex
(14-26 wk-old)

10° cells

107 cells

SOD1%** ALS mice hGRPs from fetal cadaver brain

(50-60 d-old) tissue (week 17-24 of gestational)

bilateral 1.5 x 10° cells/site

Injection in cisterna magna
and cerebral ventricles

Intrathecal delivery in
lumbar cisterna magna, 1.95

Intravenous delivery, 1 x

Intravenous delivery, 1 x

Injections into C4-C5

survival extension  loss independently from growth factors
secretion, sustained GLT1 levels,
alleviated microgliosis

Differentiation in GFAP* GLT1"

expressing and growth factors-secreting

No effect on motor [147]

function or animal

survival astrocytes. Prevented motor neurons
loss
Preserved motor Differentiation into astroglial cells. [75]
function and Decreased neuroinflammation
survival extension
Not investigated Differentiation in S100” astrocytes [146]
Not investigated Preferential homing to late [135]
symptomatic ALS brain and spinal
cord. Differentiation into neurons and
astrocytes
No effect on Poor cell survival [124]

cervical spinal cord, 4 sites, histological or

bilateral 1.2 x 10° cells/site  functional outcomes

ALS: Amyotrophic lateral sclerosis; BDNF: Brain-derived neurotrophic factor; C: Cervical; E: Embryonic; FGF2: Fibroblast growth factor 2; GDNF: Glial cell-
derived neurotrophic factor; GFAP: Glial fibrillary acidic protein; GLT1: Glutamate transporter 1; GRP: Glial-restricted precursor; IGF-1: Insulin-like growth
factor 1; MSC: Mesenchymal stem cell; NP: Neural precursor; NSC: Neural stem cell; NT-3: Neutrophin-3; SOD1: Superoxide dismutase 1; VEGF: Vascular

endothelial growth factor.

animal survival, this highly suggested that glutamate-
relevant pathways contribute to the cascade of events
leading to cell death in this model and that the focal
beneficial effects of GRP transplantation could be
explained, at least in part, by increases in glutamate
transporter expression!'®*,

With the aim to translate astrocyte-based trans-
plantation towards treatment of patients, human
GRPs have been transplanted into SOD1°** mice. At
disease end-stage, 10% of initial hGRP transplants
survived and distributed throughout of the cervical
spinal cord and up to 80% of all human derived cells
co-expressed the astrocyte marker GFAP. Unlike
the results obtained with rodent-derived GRPs, this
xenograft transplantation paradigm using human GRPs
did not provide a phenotypic preservation of motor
functiont™>*,

In another study, Boucherie and colleagues tested
a different approach: they injected MSCs into the
cerebrospinal fluid of symptomatic SOD1°%** rats. They
successfully penetrated the CNS parenchyma and
accumulated at sites of motor neuron degeneration.
They differentiated into astrocytes and, most notably,
decreased motor neuron loss in the lumbar spinal cord,
preserving hindlimb motor function and extending
the survival of SOD1°%** rats. This neuroprotection
correlated with decreased inflammation, as shown by
a decrease in the proliferation of microglial cells and
reduced expression of inflammatory-related genes,
COX-2 and NOX-2""1. Recent publications confirmed
that transplantation of stem cells indeed reduces
neuroinflammation and suggests that alleviating
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astrocytosis or microgliosis is an important parameter
leading to both histological and functional improvement
in ALS animal modelst*****,

Another approach was tested by Mitreci¢ et at**,
They transplanted NSCs into the rat model of ALS
using the intravascular route. It was clearly shown
that in animals affected by disease cells did cross the
blood-brain barrier and accumulated in the regions
affected by disease (motor cortex, ventral horns of
the spinal cord) more than in healthy non-diseased
animals. In the diseased CNS tissue, although only
6% of the initial stem cell dose was found at 7 d
post-infusion, the transplanted cells differentiated
into neurons and astrocytes!*!. Transplantation of
genetically-engineered cells is another strategy to
provide additional support or growth factors to ALS-
affected cells and could also unexpectedly influence
(stem) cell differentiation. This is what happened in a
study from Rizvanov et a**' who showed that wild-
type human umbilical cord blood cells differentiated into
endothelial and microglial lineages after transplantation
into SOD1%°** mice, while the same cells genetically
modified to overexpress vascular endothelial growth
factor (VEGF) and FGF2 exhibited preferentially
an astrocytic differentiation!**®!. In the same vein,
human neural precursors were also genetically
engineered to express insulin-like growth factor-1,
neurotrophin-3, BDNF, VEGF or GDNF. These cells
were then transplanted into the spinal cord or brain of
SOD1%%"** mice where they migrated and differentiated
into neurons, oligodendrocytes or GLT1-expressing
astrocytes. Unfortunately, although cells of interest
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were generated and produced substantial amount
of growth factors, they were unable to modify ALS
disease onset or progression™*’,

In the last few years, we have been witnessing
translation of the basic research into clinical trials for
ALS. Maybe too prematurely, clinical trials have been
launched around the world, without consensus on
the cell types used, the delivery methods, or targeted
outcome measurements. The majority of the these
studies have focused on safety measurements, and
all of them have reported transplantation of stem
cells as a safe procedure (reviewed by™®). As we
are approaching the stage when some of these trials
are moving from phase 1/2 to phase 2/3, the field is
eagerly awaiting detailed reports of the clinical benefits
of these cellular interventions. Currently, there are
approximately 15 ongoing clinical trials in the EU and
United States. Most of them are focused on intraspinal
delivery of fetal/mesenchymal/neural stem cells (United
States, Italy, Spain) and some used intrathecal delivery
of autologous bone marrow-derived cells; so far, none
of them is specifically addressing the replacement of
ALS-affected astrocytes.

LESSONS FROM TRANSPLANTATION
PARADIGMS IN SCI MODELS

Some of the major experimental studies addressing
the replacement of astrocytes based on transplantation
paradigm in SCI animal models are summarized in Table 2.
Historical studies conducted in the laboratories of George
Smith and Jerry Silver tested the therapeutic potential
of rodent neonatal astrocytes by transplantation
following CNS insults. In this paradigm, cerebral
midline was lesioned causing severing of callosal
axons. A nitrocellulose bridge was introduced at the
site of injury. When conducted at postnatal day 8 or
younger ages, no necrosis was observed within 24 h.
Furthermore, glial cells migrated and integrated into
the graft, which provided a substrate for axon growth.
However, when conducted later, there was extensive
tissue degeneration and the implant was covered
with a scar like mixture of fibroblasts and astrocytes.
This glial scar failed to promote axon regeneration.
Interestingly, when this paradigm was modified such
that glial cells from younger pups were grafted into
lesions of the older pups, they retained their ability to
promote axon outgrowth. These pioneering studies
demonstrated an age dependent decrease in the ability
of endogenous and transplanted astrocytes to promote
axon regeneration**?’,

Successive in vitro studies conducted by these
researchers confirmed age dependent changes in
intrinsic properties and molecular basis for supporting
axon growth in astrocytes. The rate and extent of chick,
as well as rodent, axon outgrowth was consistently
greater over the surface of immature compared to
mature astrocytes. In terms of molecular properties,
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NCAM and G4/L1 antibodies reduced the rate of
outgrowth over immature but not mature astrocytes,
whereas integrin B1 receptor antibody reduced
outgrowth on immature, and to a lesser extent, over
mature astrocytes!*”.,

Furthermore, there are differences in the motile
properties of the two cell populations such that following
transplantation into adult brain immature astrocytes
demonstrate extensive migration and interaction
with host blood vessels, unlike mature astrocytes.
This ability may be linked to their potential to limit
glial scar formation and support axon outgrowth*>*,
Transplantation of neonatal astrocytes at the site of
thoracic SCI resulted in outgrowth of axons along the
transplants, as well as some motor recovery!*?,

Even though these early studies produced promising
results, because of the difficulty in harvesting these
beneficial immature astrocytes from human tissues,
further studies explored more practically relevant cell
types such as multipotent NSCs as a viable source
to generate transplantable astrocyte populations. In
studies conducted by the Whittemore lab, NSCs isolated
from E14 rat cortex were transplanted into intact and
injured spinal cord, without prior differentiation. In
the intact spinal cord, over a 2-mo period, a 50% of
multipotent stem cells differentiated into GFAP positive
astrocytes and a small percentage differentiated into
oligodendrocytes and neurons. Following injury to the
spinal cord, astrocyte differentiation dropped to 35%
and neuronal differentiation was not observed at all***,
demonstrating an effect of the micro-environment on
the differentiation pattern of the transplanted stem
cells. To overcome this, in a separate study, NSCs were
transfected with Ngn-2, followed by transplantation
into injured spinal cord. This resulted in a significant
reduction in astrocyte differentiation and an increase
in differentiation into oligodendrocytes and neurons.
Furthermore, Ngn-2-NSC treated rats showed improved
motor function. These studies also showed that
transplantation of control NSCs enhanced neuropathic
pain associated with SCI, whereas this unexpected side
effect was not observed in Ngn-2-NSC transplanted
rats™>*¥,

While NSCs provide the benefit of being able to
give rise to neurons as well as glia, the use of GRPs
harvested from fetal CNS has gained wide popularity
in recent years for targeting astrocytes. Early studies
documented extensive migration of transplanted GRPs
in injured and intact spinal cord and differentiation
into cells of the glial lineage, predominantly into
astrocytes!'?, Transplantation of these cells into
thoracic SCI reduced scar formation and expression
of growth-inhibiting proteoglycans; however, no
axon outgrowth was observed™!. This obstacle was
overcome by pre-differentiating GRPs into astrocytes
(GDAs) by treatment with BMP-4. These GDAs were
able to promote axon outgrowth when transplanted
into lesioned spinal cord without causing neuropathic
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paint™®. These investigators also differentiated

GRPs into astrocytes by treatment with a different
estrogenic signaling molecule, CNTF. This type of
GDA however failed to promote axon regeneration
and promoted thermal hyperalgesia and mechanical
allodynia following transplantation into lesioned spinal
cord!"*®, These studies highlighted that heterogeneous
astrocyte populations may have distinct therapeutic
potentials. Contrasting results from the Fischer lab
indicated that, although heterogeneous, both BMP-4
and CNTF GDAs promoted axon outgrowth to a similar
extent™”], Although it is not possible to compare in
detail the precursor populations used by the two labs,
the properties of specific glial precursor populations,
differences in the culture conditions, and different
transplantation and tracing protocols may have led to
these contrasting results. Advantages derived from the
graft are manifold. For example, a recent report from
the Proschel lab illustrated an underlying mechanism
through which BMP4-GDAs promote axon regeneration
involving secretion of periostint*®,

While the above-mentioned studies involving
rodent GRPs provided an understanding of their
properties and therapeutic potential, further studies
involving more clinically relevant human GRPs
were designed based on these previous studies.
hGRPs harvested from fetal human brain were pre-
differentiated into astrocytes (hGDAs) by treatment
with BMP-4 and transplanted into injured spinal
cords of athymic rats. Graft expansion was seen over
an 8 wk time period, and in both hGRP and hGDA
transplant groups, cyst and glial scar formation was
reduced. Although there was no significant motor
recovery, lack of neuropathic pain and permissive
properties of these cells make them promising
therapeutic candidates after SCI'***', Based on their
rodent GRP work, the Fischer group generated GDAs
by treatment with either CNTF or BMP-4 and showed
that these cells have similar therapeutic potential in
terms of promotion of axon generation!'®”, whereas
the Davies and Proschel groups again reported
contrasting results'*®l, These differences may be
related to the age, region and technique of isolation of
hGRPs, as well as differences in the culture conditions
used by the two labs.

In recent years, the discovery of induced pluripotent
stem cells (iPSC) cells has generated great excitement
as large quantities of clinically relevant mature cell types
can be generated from these pluripotent cells, without
facing the ethical concerns presented by pluripotent
embryonic stem cells (ESCs). However, this field is
in its infancy, especially in the context of astrocytes.
Recently, the Zhang laboratory developed a protocol
for producing large quantities of regionally specific
astrocytes from ES and iPSC cells®®. A shortcoming of
this study however is that it required 6 mo of culturing.
Shorter duration protocols were subsequently reported,
but these produced mainly populations of immature
astrocytes!'®'®%, Astrocyte maturation takes place in
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two distinct phases and marker expression for these
phases has been characterized, which led to the
development of protocols that generate astrocytes with
mature phenotypes. While the treatment of immature
astrocytes with FGF1 or FGF2 promoted up-regulation
of maturation markers such as glutamate transporters
and downregulation of GFAP, treatment with tumor
necrosis factor- pushed cells toward a reactive astrocyte
phenotype. These cells can be used to model human
pathological processes in vitro and in vivo as well as for
therapeutic transplantation™®. More recently the Zhang
laboratory reported another shorter duration protocol
for generating astrocytes from iPSCs by differentiation
of these cells into neuroepithelial cells, followed by
removal of mitogen and treatment with CNTF to induce
differentiation into astrocytes!”®. Recently, the Maragakis
lab conducted transplantation of iPSC- and ESC-derived
immature astrocytes into rodent spinal cord. Although
limited, the grafts showed long-term survival, with
less than 5% of the transplanted cells surviving at 12
wk post-transplantation. Furthermore, graft derived
astrocytes expressed markers of mature, quiescent
astrocytes such as AQP4, EAAT1, EAAT2, as assessed
by immunostaining analysis and gene expression
profiling, suggesting that these cells are a promising
resource for transplantation therapies!*®. Additional
reports suggest that it is important to evaluate the in
vivo safety of these cells, especially in terms of their
tumor formation tendency, prior to their use for clinical
transplantation™®>'*®), Recent work from the Lepore
lab, conducted as an extension of their work related to
rodent GRPs, generated glial progenitors from human
iPSCs, followed by further differentiation into astrocytes.
Following transplantation into injured spinal cord, these
cells showed long-term survival, no tumor formation,
and efficient differentiation into GFAP expressing cells.
These cells could even be engineered to express GLT1,
suggesting that hiPSCs could be used as a safe source
for transplantation therapies for targeted replacement of
astrocytes in SCI and other CNS diseases (unpublished
data).

Until recently, the SCI field primarily focused on
the role of astrocytes with regard to scar formation
and their inhibitory effects on axon re-growth. Recent
studies however have elucidated their heterogeneity
and the changes exhibited by these cells following
SCI, thereby underscoring the need to preserve their
normal physiological functions. Studies mentioned
above, as well as other studies that are not detailed
here, are indicative of the growing appreciation of cell
transplantation therapies for therapeutically targeting
astrocytes in SCI.

With a special focus on chronic SCI conditions,
many clinical trials based on the transplantation of
unmodified mesenchymal, neural or bone-marrow
stem cells have been launched around the world™®”"*"!),
Among phase 1 studies, most of them have focused
on safety measurements and graft survival according
to different routes of administration (mostly intrathecal
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or focal intraparenchymal delivery). All of these studies
have reported transplantation of stem cells as a risk-
free procedure. To our best knowledge, none of the
current human trials are specifically addressing the
replacement of lost astrocytes following SCI.

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

We must admit that, despite numerous preclinical animal
studies demonstrating improvement in a variety of
functional outcomes following astrocyte transplantation,
the variability and the poor reproducibility of the results
still hinder full clinical translation. The variability might be
partly explained by the limited survival of transplanted
cells in diseased spinal cord tissue. In published preclinical
ALS and SCI studies, cell graft survival was found to be
usually between 5% and 32% of the initial dose and was
often assessed at early time points post-transplantation.
Inter-laboratory discrepancies might also be due to the
source or type of astrocytes (or precursors) used in
the transplantation paradigms. Indeed, astrocytes, in
rodents and even more in humans, are a broad class of
CNS cells endowed with specific functions according to
their location, their morphology, their degree of maturity
and their activation state. Finally, lack of standardization,
different type of cells, different animal species and single
targeting strategies of multifactorial diseases may also
be part of the failures. Therefore, future protocols should
aim at standardizing the culture conditions, verifying
the astrocyte population homogeneity, the cell purity
and, above all, at enhancing cell survival after in vivo
transplantation. Researchers are also encouraged to
provide preclinical data about long-term follow-up of
engrafted cells, including survival time, differentiation
pattern and CNS integration several months post-
transplantation.

During this last decade, detailed molecular dissection
of astroglial populations has shown that astrocytes are
active players in CNS homeostasis and far more than
basic fibroblast-like cells of the CNS. Understanding
the molecular mechanisms underlying the normal
biology of astrocytes as well as their behavior during
pathological conditions will provide us with undoubtedly
novel astrocyte-specific therapeutic targets. Especially
regarding ALS and SCI that share several common
pathophysiology mechanisms, targeting astrocytes,
whose dysfunction is now well established from animal and
human studies, might be a promising therapeutic strategy.
As far as we know, oxidative stress, neuroinflammation
and glutamate excitotoxicity are all pathological events
in which astrocytes are actively involved. Therapeutics
that address each separately or all-in-one these specific
pathological events are of great relevance to ALS and
SCI.

Stem cell based therapy for ALS and SCI includes
three main aims: (1) replacement of lost nervous
cells for restoring homeostatic functions of the CNS;
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(2) neuroprotection of unaffected surrounding tissue
i.e., by secretion of neurotrophic factors or anti-
inflammatory molecules; and (3) enhancement of
the endogenous repair process. Based on the biology
and the known functions of astrocytes, here are a few
examples of neuroprotection-based mechanisms that
are under investigation and might deserve particular
attention in future transplantation paradigms targeting
astrocytes.

Increased oxidative stress has been implicated
in the pathogenesis of ALS and SCI, leading to the
testing of different antioxidants in affected patients.
Several studies have demonstrated that astrocyte-
secreted glutathione greatly contributes to neuro-
protection against oxidative stress. One of the main
regulators of glutathione production and release is
the transcription factor Nrf2. ALS mice with astrocyte
driven Nrf2 overexpression showed increased lifespan,
better functional outcomes and lower glial reactivity
in spinal cord tissue™’?. Accordingly, it would be
interesting to investigate the effect of transplantation
of Nrf2-overexpressing astrocytes. Stat3 is another
transcription factor regulating GSH synthesis'’”, as
well as a "master-switch” that mediates transition
from quiescent to reactive astrocyte. Following SCI,
transgenic mice ablated for Stat3 in the astroglial
population showed less reactive astrocytes in the spinal
cord, resulting in more widespread neuroinflammation,
motor neuron loss and axonal damage and thus worsened
motor deficits compared to wild-type counterparts.
This study and others demonstrates that Stat3 is a key
transcription factor controlling astrocyte reactivity during
neurodegenerative processes, providing a potential target
for intervention™*”%),

Far from being science fiction, researchers can
genetically modify (stem) cells to make them produce
more growth factors or proteins of interest, as Trojan
horses to deliver molecules to specific CNS locations.
For instance, NSCs engineered to overexpress CNTF
exert neuroprotection by in situ differentiation into
supportive astrocytes in a mouse model of photoreceptor
degeneration'’®’. Similarly, NSCs overexpressing nerve
growth factor showed beneficial effects on cognitive
functions after CNS transplantation and astrocyte
differentiation in a learning deficit mouse model™”.
Another example is illustrated in a recent report from
Gowing"’®. This group engineered GDNF-secreting
human neural progenitors that were able to survive up
to 7.5 mo after intraspinal transplantation, differentiate
mainly into astrocytes and still maintain locally high levels
of GDNF. More specifically, intranigral transplantation of
astrocytes transduced with a lentiviral vector expressing
GDNF resulted in sustained local production of growth
factor and provided neuroprotection in a rat model of
Parkinson™®. Lastly, genetically-modified astrocytes
designed to secrete BDNF promoted retinal ganglion cell
survival™®”, and transplantation of neurotrophin-releasing
GRPs improved functional and histological outcomes after
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SCI"®, Growth factors released from transplanted cells
act in a paracrine manner on surrounding host tissue but
are likely to also act in an autocrine manner on grafted
cells to promote survival and/or a specific differentiation
pattern. All aforementioned examples should encourage
us to investigate more deeply the therapeutic potential
of grafted exogenous astrocytes or stem cell-derived
astrocytes in neurodegenerative and traumatic CNS
diseases, as well as to think about novel genetically-
modified cells that specifically target pathogenic events
occurring during ALS or SCI.

Inspired from encouraging results obtained following
transplantation of GLT1-overexpressing GRPs in the
rat model of ALS!"®, the Lepore lab is studying their
applicability and evaluating their efficacy in clinically-
relevant SCI models™®***¥, The rationale behind such an
approach is based on the findings that, following SCI,
astrocyte GLT1 expression and function are compromised,
resulting in excitotoxicity-induced cell death during the
delayed secondary injury phase™®!. Unpublished data
from our group show that transplantation of astrocytes
engineered to overexpress GLT1 can prevent excitotoxicity
and protect respiratory phrenic motor neurons following
cervical SCI. While unmaodified transplants showed robust
survival, they expressed relatively low levels of GLT1
in injured spinal cord. Excitingly, GLT1 overexpressing
transplant-derived astrocytes continued to express high
levels of GLT1 protein following transplantation into
the injured spinal cord and promoted survival of these
important phrenic motor neurons and preservation of
diaphragm function (unpublished work).

Finally, although ALS and SCI share many similarities
including the death of spinal motor neurons, it must be
emphasized that important differences between two
diseases exist. ALS is a progressive neurodegenerative
condition starting with discrete and asymptomatic
loss of motor neurons in remote specific regions of
the CNS (upper and lower motor neurons), whose
symptomatology becomes apparent at approximately
50% of motor neuron loss and fatally progresses when
disease affects bulbar and/or spinal respiratory centers.
Therefore, therapeutic strategies in ALS, once diagnosed,
should focus on astrocyte-mediated neuroprotection
that prevent further motor neuron loss, worsening of
functional outcomes and delayed fatal respiratory failure.
Unlike ALS, SCI is characterized by different temporal
sequence of events. First, acute and sub-acute phases
following the initial trauma in the first hours-by-days
post-injury result in a hostile environment in the spinal
cord around the lesion epicenter, including inflammation,
excitotoxicity and oxidative stress that lead to more
cell loss and thus extension of initial lesion. This narrow
time window would be appropriate for interventional
strategies targeting astrocytes that favor neuroprotection
or compensate for lost astrocyte-specific functions.
At later time points, during the chronic stage of SCI,
characterized by the resolution of subacute events, glial
scarring and reorganization of spinal tissue architecture,
one can imagine designing astrocyte transplants to make
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scar tissue permeable to axonal regrowth, to promote
invasion by remyelinating oligodendroglial precursors,
or to facilitate overall rewiring of ascending/descending
tracts in the spinal cord.

REFERENCES

1 Sofroniew MV, Vinters HV. Astrocytes: biology and pathology.
Acta Neuropathol 2010; 119: 7-35 [PMID: 20012068 DOI: 10.1007/
$00401-009-0619-8]

2 Abbott NJ. Astrocyte-endothelial interactions and blood-brain
barrier permeability. J Anat 2002; 200: 629-638 [PMID: 12162730
DOI: 10.1046/j.1469-7580.2002.00064.x]

3 Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ.
Structure and function of the blood-brain barrier. Neurobiol Dis 2010,
37: 13-25 [PMID: 19664713 DOI: 10.1016/j.nbd.2009.07.030]

4 Svendsen CN. The amazing astrocyte. Nature 2002; 417: 29-32
[PMID: 11986650 DOI: 10.1038/417029a]

5 Chu T, Zhou H, Li F, Wang T, Lu L, Feng S. Astrocyte
transplantation for spinal cord injury: current status and perspective.
Brain Res Bull 2014; 107: 18-30 [PMID: 24878447 DOI: 10.1016/
j.brainresbull.2014.05.003]

6  Nagelhus EA, Mathiisen TM, Ottersen OP. Aquaporin-4 in the
central nervous system: cellular and subcellular distribution and
coexpression with KIR4.1. Neuroscience 2004; 129: 905-913
[PMID: 15561407 DOI: 10.1016/j.neuroscience.2004.08.053]

7 Nielsen S, Nagelhus EA, Amiry-Moghaddam M, Bourque C,
Agre P, Ottersen OP. Specialized membrane domains for water
transport in glial cells: high-resolution immunogold cytochemistry
of aquaporin-4 in rat brain. J Neurosci 1997; 17: 171-180 [PMID:
8987746]

8 Haj-Yasein NN, Vindedal GF, Eilert-Olsen M, Gundersen GA,
Skare @, Laake P, Klungland A, Thorén AE, Burkhardt JM, Ottersen
OP, Nagelhus EA. Glial-conditional deletion of aquaporin-4 (Aqp4)
reduces blood-brain water uptake and confers barrier function on
perivascular astrocyte endfeet. Proc Natl Acad Sci USA 2011; 108:
17815-17820 [PMID: 21990350 DOI: 10.1073/pnas.1110655108]

9  Nagelhus EA, Ottersen OP. Physiological roles of aquaporin-4 in

brain. Physiol Rev 2013; 93: 1543-1562 [PMID: 24137016 DOI:

10.1152/physrev.00011.2013]

Amiry-Moghaddam M, Ottersen OP. The molecular basis of water

transport in the brain. Nat Rev Neurosci 2003; 4: 991-1001 [PMID:

14682361 DOI: 10.1038/nrn1252]

Gordon GR, Mulligan SJ, MacVicar BA. Astrocyte control of the

cerebrovasculature. Glia 2007; 55: 1214-1221 [PMID: 17659528

DOI: 10.1002/glia.20543]

Iadecola C, Nedergaard M. Glial regulation of the cerebral

microvasculature. Nat Neurosci 2007; 10: 1369-1376 [PMID:

17965657 DOI: 10.1038/nn2003]

Koehler RC, Roman RJ, Harder DR. Astrocytes and the regulation

of cerebral blood flow. Trends Neurosci 2009; 32: 160-169 [PMID:

19162338 DOI: 10.1016/j.tins.2008.11.005]

Heuser K, Eid T, Lauritzen F, Thoren AE, Vindedal GF, Taubell E,

Gjerstad L, Spencer DD, Ottersen OP, Nagelhus EA, de Lanerolle

NC. Loss of perivascular Kir4.1 potassium channels in the sclerotic

hippocampus of patients with mesial temporal lobe epilepsy. J

Neuropathol Exp Neurol 2012; 71: 814-825 [PMID: 22878665

DOI: 10.1097/NEN.0b013e318267b5af]

Nagelhus EA, Horio Y, Inanobe A, Fujita A, Haug FM, Nielsen

S, Kurachi Y, Ottersen OP. Immunogold evidence suggests that

coupling of K+ siphoning and water transport in rat retinal Miiller

cells is mediated by a coenrichment of Kir4.1 and AQP4 in specific
membrane domains. Glia 1999; 26: 47-54 [PMID: 10088671 DOI:
10.1002(SICT)1098-1136(199903)26]

Haj-Yasein NN, Jensen V, Vindedal GF, Gundersen GA,

Klungland A, Ottersen OP, Hvalby O, Nagelhus EA. Evidence that

compromised K+ spatial buffering contributes to the epileptogenic

effect of mutations in the human Kir4.1 gene (KCNJ10). Glia 2011;

59: 1635-1642 [PMID: 21748805 DOI: 10.1002/glia.21205]

Maragakis NJ, Rothstein JD. Glutamate transporters: animal

10

11

12

13

14

15

16

March 26, 2015 | Volume 7 | Issue 2 |



18

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

JBaishideng®

models to neurologic disease. Neurobiol Dis 2004; 15: 461-473
[PMID: 15056453 DOI: 10.1016/j.nbd.2003.12.007]

Nedergaard M, Ransom B, Goldman SA. New roles for astrocytes:
redefining the functional architecture of the brain. Trends
Neurosci 2003; 26: 523-530 [PMID: 14522144 DOI: 10.1016/
jtins.2003.08.008]

Ogata K, Kosaka T. Structural and quantitative analysis of
astrocytes in the mouse hippocampus. Neuroscience 2002; 113:
221-233 [PMID: 12123700 DOI: 10.1016/S0306-4522(02)00041-6]
Haas B, Schipke CG, Peters O, S6hl G, Willecke K, Kettenmann
H. Activity-dependent ATP-waves in the mouse neocortex are
independent from astrocytic calcium waves. Cereb Cortex 2006; 16:
237-246 [PMID: 15930372 DOI: 10.1093/cercor/bhil01]
Orthmann-Murphy JL, Abrams CK, Scherer SS. Gap junctions
couple astrocytes and oligodendrocytes. J Mol Neurosci 2008; 35:
101-116 [PMID: 18236012 DOI: 10.1007/s12031-007-9027-5]
Anderson CM, Nedergaard M. Astrocyte-mediated control of
cerebral microcirculation. Trends Neurosci 2003; 26: 340-344;
author reply 340-344 [PMID: 12850427 DOI: 10.1016/
S0166-2236(03)00141-3]

Simard M, Arcuino G, Takano T, Liu QS, Nedergaard M. Signaling
at the gliovascular interface. J Neurosci 2003; 23: 9254-9262
[PMID: 14534260]

Nagy JI, Ionescu AV, Lynn BD, Rash JE. Coupling of astrocyte
connexins Cx26, Cx30, Cx43 to oligodendrocyte Cx29, Cx32,
Cx47: Implications from normal and connexin32 knockout
mice. Glia 2003; 44: 205-218 [PMID: 14603462 DOI: 10.1002/
glia.10278]

Magnotti LM, Goodenough DA, Paul DL. Functional heterotypic
interactions between astrocyte and oligodendrocyte connexins. Glia
2011; 59: 26-34 [PMID: 21046554 DOI: 10.1002/glia.21073]
Orthmann-Murphy JL, Freidin M, Fischer E, Scherer SS, Abrams
CK. Two distinct heterotypic channels mediate gap junction
coupling between astrocyte and oligodendrocyte connexins. J
Neurosci 2007; 27: 13949-13957 [PMID: 18094232 DOI: 10.1523/
JNEUROSCI.3395-07.2007]

Nagy JI, Ionescu AV, Lynn BD, Rash JE. Connexin29 and
connexin32 at oligodendrocyte and astrocyte gap junctions and in
myelin of the mouse central nervous system. J Comp Neurol 2003;
464: 356-370 [PMID: 12900929 DOI: 10.1002/cne.10797]

Lutz SE, Zhao Y, Gulinello M, Lee SC, Raine CS, Brosnan
CF. Deletion of astrocyte connexins 43 and 30 leads to a
dysmyelinating phenotype and hippocampal CA1 vacuolation. J
Neurosci 2009; 29: 7743-7752 [PMID: 19535586 DOI: 10.1523/
JNEUROSCI.0341-09.2009]

Magnotti LM, Goodenough DA, Paul DL. Deletion of
oligodendrocyte Cx32 and astrocyte Cx43 causes white matter
vacuolation, astrocyte loss and early mortality. Glia 2011; 59:
1064-1074 [PMID: 21538560 DOI: 10.1002/glia.21179]

Cotrina ML, Nedergaard M. Brain connexins in demyelinating
diseases: therapeutic potential of glial targets. Brain Res 2012; 1487:
61-68 [PMID: 22789906 DOI: 10.1016/j.brainres.2012.07.003]
Oberheim NA, Goldman SA, Nedergaard M. Heterogeneity of
astrocytic form and function. Methods Mol Biol 2012; 814: 23-45
[PMID: 22144298 DOLI: 10.1007/978-1-61779-452-0_3]
Molofsky AV, Krencik R, Ullian EM, Tsai HH, Deneen B,
Richardson WD, Barres BA, Rowitch DH. Astrocytes and disease:
a neurodevelopmental perspective. Genes Dev 2012; 26: 891-907
[PMID: 22549954 DOLI: 10.1101/gad.188326.112]

Emsley JG, Macklis JD. Astroglial heterogeneity closely reflects
the neuronal-defined anatomy of the adult murine CNS. Neuron
Glia Biol 2006; 2: 175-186 [PMID: 17356684 DOI: 10.1017/
S1740925X06000202]

Raff MC, Abney ER, Cohen J, Lindsay R, Noble M. Two types of
astrocytes in cultures of developing rat white matter: differences
in morphology, surface gangliosides, and growth characteristics. J
Neurosci 1983; 3: 1289-1300 [PMID: 6343560]

Raff MC, Miller RH, Noble M. A glial progenitor cell that develops
in vitro into an astrocyte or an oligodendrocyte depending on
culture medium. Nature 1983; 303: 390-396 [PMID: 6304520 DOI:

WIJSC | www.wjgnet.com

36

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Nicaise C et a/. Astrocyte therapy for ALS and SCI

10.1038/303390a0]

Sosunov AA, Wu X, Tsankova NM, Guilfoyle E, McKhann
GM, Goldman JE. Phenotypic heterogeneity and plasticity of
isocortical and hippocampal astrocytes in the human brain. J
Neurosci 2014; 34: 2285-2298 [PMID: 24501367 DOI: 10.1523/
JNEUROSCI.4037-13.2014]

Oberheim NA, Takano T, Han X, He W, Lin JH, Wang F, Xu
Q, Wyatt JD, Pilcher W, Ojemann JG, Ransom BR, Goldman
SA, Nedergaard M. Uniquely hominid features of adult human
astrocytes. J Neurosci 2009; 29: 3276-3287 [PMID: 19279265 DOI:
10.1523/INEUROSCI.4707-08.2009]

Oberheim NA, Wang X, Goldman S, Nedergaard M. Astrocytic
complexity distinguishes the human brain. Trends Neurosci 2006;
29: 547-553 [PMID: 16938356 DOI: 10.1016/j.tins.2006.08.004]
Hoyaux D, Alao J, Fuchs J, Kiss R, Keller B, Heizmann CW,
Pochet R, Frermann D. S100A6, a calcium- and zinc-binding
protein, is overexpressed in SODI1 mutant mice, a model for
amyotrophic lateral sclerosis. Biochim Biophys Acta 2000; 1498:
264-272 [PMID: 11108968 DOI: 10.1016/S0167-4889(00)00101-4]
Hoyaux D, Boom A, Van den Bosch L, Belot N, Martin JJ,
Heizmann CW, Kiss R, Pochet R. SI00A6 overexpression within
astrocytes associated with impaired axons from both ALS mouse
model and human patients. J Neuropathol Exp Neurol 2002; 61:
736-744 [PMID: 12152788]

Fang B, Liang M, Yang G, Ye Y, Xu H, He X, Huang JH. Expression
of S100A6 in rat hippocampus after traumatic brain injury due to
lateral head acceleration. Int J Mol Sci 2014; 15: 6378-6390 [PMID:
24739809 DOI: 10.3390/ijms15046378]

Boom A, Pochet R, Authelet M, Pradier L, Borghgraef P, Van
Leuven F, Heizmann CW, Brion JP. Astrocytic calcium/zinc binding
protein SI00A6 over expression in Alzheimer’s disease and in PS1/
APP transgenic mice models. Biochim Biophys Acta 2004; 1742:
161-168 [PMID: 15590066 DOI: 10.1016/j.bbamcr.2004.09.011]
Miller RH. Oligodendrocyte origins. Trends Neurosci 1996; 19:
92-96 [PMID: 9054062 DOI: 10.1016/S0166-2236(96)80036-1]
Noble M, Gutowski N, Bevan K, Engel U, Linskey M, Urenjak J,
Bhakoo K, Williams S. From rodent glial precursor cell to human
glial neoplasia in the oligodendrocyte-type-2 astrocyte lineage. Glia
1995; 15: 222-230 [PMID: 8586459 DOI: 10.1002/glia.440150304]
Raff MC. Glial cell diversification in the rat optic nerve.
Science 1989; 243: 1450-1455 [PMID: 2648568 DOI: 10.1126/
science.2648568]

Rao MS, Noble M, Mayer-Proschel M. A tripotential glial precursor
cell is present in the developing spinal cord. Proc Natl Acad Sci
US4 1998; 95: 3996-4001 [PMID: 9520481]

Freeman MR. Specification and morphogenesis of astrocytes.
Science 2010; 330: 774-778 [PMID: 21051628 DOI: 10.1126/
science.1190928]

Zhou Q, Anderson DJ. The bHLH transcription factors OLIG2
and OLIG1 couple neuronal and glial subtype specification.
Cell 2002; 109: 61-73 [PMID: 11955447 DOI: 10.1016/
S0092-8674(02)00677-3]

Levison SW, Druckman SK, Young GM, Basu A. Neural stem
cells in the subventricular zone are a source of astrocytes and
oligodendrocytes, but not microglia. Dev Neurosci 2003; 25:
184-196 [PMID: 12966216 DOI: 10.1159/000072267]

Doetsch F, Caill¢ I, Lim DA, Garcia-Verdugo JM, Alvarez-Buylla
A. Subventricular zone astrocytes are neural stem cells in the adult
mammalian brain. Cell 1999; 97: 703-716 [PMID: 10380923 DOI:
10.1016/S0092-8674(00)80783-7]

Doetsch F, Garcia-Verdugo JM, Alvarez-Buylla A. Regeneration
of a germinal layer in the adult mammalian brain. Proc Natl Acad
Sci US4 1999; 96: 11619-11624 [PMID: 10500226 DOI: 10.1073/
pnas.96.20.11619]

Chiasson BJ, Tropepe V, Morshead CM, van der Kooy D.
Adult mammalian forebrain ependymal and subependymal cells
demonstrate proliferative potential, but only subependymal
cells have neural stem cell characteristics. J Neurosci 1999; 19:
4462-4471 [PMID: 10341247]

Gage FH. Mammalian neural stem cells. Science 2000; 287:

March 26, 2015 | Volume 7 | Issue 2 |



54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

JRaishideng®

Nicaise C et a/. Astrocyte therapy for ALS and SCI

1433-1438 [PMID: 10688783 DOI: 10.1126/science.287.5457.1433]
Temple S, Alvarez-Buylla A. Stem cells in the adult mammalian
central nervous system. Curr Opin Neurobiol 1999; 9: 135-141
[PMID: 10072370 DOI: 10.1016/S0959-4388(99)80017-8]
Seidenfaden R, Desoeuvre A, Bosio A, Virard I, Cremer H. Glial
conversion of SVZ-derived committed neuronal precursors after
ectopic grafting into the adult brain. Mol Cell Neurosci 2006; 32:
187-198 [PMID: 16730456 DOI: 10.1016/j.mcn.2006.04.003]
Chanas-Sacre G, Rogister B, Moonen G, Leprince P. Radial glia
phenotype: origin, regulation, and transdifferentiation. J Neurosci
Res 2000; 61: 357-363 [PMID: 10931521 DOI: 10.1002/1097-4547
(20000815)61: 4<357: : AID-JNR1>3.0.CO; 2-7]

Richardson WD, Young KM, Tripathi RB, McKenzie I. NG2-glia
as multipotent neural stem cells: fact or fantasy? Neuron 2011; 70:
661-673 [PMID: 21609823 DOI: 10.1016/j.neuron.2011.05.013]
Kulbatski I, Mothe AJ, Parr AM, Kim H, Kang CE, Bozkurt G, Tator
CH. Glial precursor cell transplantation therapy for neurotrauma and
multiple sclerosis. Prog Histochem Cytochem 2008; 43: 123-176
[PMID: 18706353 DOI: 10.1016/j.proghi.2008.04.001]

Goldman S. Glia as neural progenitor cells. Trends Neurosci 2003;
26: 590-596 [PMID: 14585598 DOI: 10.1016/j.tins.2003.09.011]
McDermott KW, Barry DS, McMahon SS. Role of radial glia in
cytogenesis, patterning and boundary formation in the developing
spinal cord. J Anat 2005; 207: 241-250 [PMID: 16185248 DOI:
10.1111/1.1469-7580.2005.00462 ]

Mori T, Buffo A, Gtz M. The novel roles of glial cells revisited:
the contribution of radial glia and astrocytes to neurogenesis. Curr
Top Dev Biol 2005; 69: 67-99 [PMID: 16243597 DOI: 10.1016/
S0070-2153(05)69004-7]

Hu BY, Weick JP, Yu J, Ma LX, Zhang XQ, Thomson JA, Zhang
SC. Neural differentiation of human induced pluripotent stem cells
follows developmental principles but with variable potency. Proc
Natl Acad Sci USA 2010; 107: 4335-4340 [PMID: 20160098 DOI:
10.1073/pnas.0910012107]

Itsykson P, Ilouz N, Turetsky T, Goldstein RS, Pera MF, Fishbein
1, Segal M, Reubinoff BE. Derivation of neural precursors from
human embryonic stem cells in the presence of noggin. Mol
Cell Neurosci 2005; 30: 24-36 [PMID: 16081300 DOI: 10.1016/
j-men.2005.05.004]

Johnson MA, Weick JP, Pearce RA, Zhang SC. Functional neural
development from human embryonic stem cells: accelerated synaptic
activity via astrocyte coculture. J Neurosci 2007; 27: 3069-3077
[PMID: 17376968 DOI: 10.1523/INEUROSCI.4562-06.2007]
Reubinoff BE, Itsykson P, Turetsky T, Pera MF, Reinhartz E, Itzik
A, Ben-Hur T. Neural progenitors from human embryonic stem
cells. Nat Biotechnol 2001; 19: 1134-1140 [PMID: 11731782 DOI:
10.1038/nbt1201-1134]

Ruiz S, Brennand K, Panopoulos AD, Herrerias A, Gage FH,
Izpisua-Belmonte JC. High-efficient generation of induced
pluripotent stem cells from human astrocytes. PLoS One 2010; 5:
€15526 [PMID: 21170306 DOI: 10.1371/journal.pone.0015526]
Tabar V, Panagiotakos G, Greenberg ED, Chan BK, Sadelain
M, Gutin PH, Studer L. Migration and differentiation of neural
precursors derived from human embryonic stem cells in the rat
brain. Nat Biotechnol 2005; 23: 601-606 [PMID: 15852001 DOI:
10.1038/nbt1088]

Zhang SC, Wernig M, Duncan ID, Briistle O, Thomson JA. In
vitro differentiation of transplantable neural precursors from human
embryonic stem cells. Nat Biotechnol 2001; 19: 1129-1133 [PMID:
11731781 DOI: 10.1038/nbt1201-1129]

Krencik R, Weick JP, Liu Y, Zhang ZJ, Zhang SC. Specification
of transplantable astroglial subtypes from human pluripotent stem
cells. Nat Biotechnol 2011; 29: 528-534 [PMID: 21602806 DOI:
10.1038/nbt.1877]

Krencik R, Zhang SC. Directed differentiation of functional
astroglial subtypes from human pluripotent stem cells. Nat Protoc
2011; 6: 1710-1717 [PMID: 22011653 DOI: 10.1038/nprot.2011.405]
Corti S, Locatelli F, Donadoni C, Strazzer S, Salani S, Del Bo R,
Caccialanza M, Bresolin N, Scarlato G, Comi GP. Neuroectodermal
and microglial differentiation of bone marrow cells in the mouse

WIJSC | www.wjgnet.com

394

72

73

74

75

76

71

78

79

80

81

82

83

84

85

86

spinal cord and sensory ganglia. J Neurosci Res 2002; 70: 721-733
[PMID: 12444594 DOI: 10.1002/jnr.10455]

Kopen GC, Prockop DJ, Phinney DG. Marrow stromal cells
migrate throughout forebrain and cerebellum, and they differentiate
into astrocytes after injection into neonatal mouse brains. Proc Natl
Acad Sci USA 1999; 96: 10711-10716 [PMID: 10485891 DOI:
10.1073/pnas.96.19.10711]

Nakano K, Migita M, Mochizuki H, Shimada T. Differentiation
of transplanted bone marrow cells in the adult mouse brain.
Transplantation 2001; 71: 1735-1740 [PMID: 11455251]

Deng J, Petersen BE, Steindler DA, Jorgensen ML, Laywell
ED. Mesenchymal stem cells spontaneously express neural
proteins in culture and are neurogenic after transplantation. Stem
Cells 2006; 24: 1054-1064 [PMID: 16322639 DOI: 10.1634/
stemcells.2005-0370]

Boucherie C, Schifer S, Lavand’homme P, Maloteaux JM,
Hermans E. Chimerization of astroglial population in the lumbar
spinal cord after mesenchymal stem cell transplantation prolongs
survival in a rat model of amyotrophic lateral sclerosis. J Neurosci
Res 2009; 87: 2034-2046 [PMID: 19267424 DOI: 10.1002/
jnr.22038]

Kim SM, FlaBkamp H, Hermann A, Aratizo-Bravo MJ, Lee SC,
Lee SH, Seo EH, Lee SH, Storch A, Lee HT, Scholer HR, Tapia
N, Han DW. Direct conversion of mouse fibroblasts into induced
neural stem cells. Nat Protoc 2014; 9: 871-881 [PMID: 24651499
DOI: 10.1038/nprot.2014.056]

Meyer K, Ferraiuolo L, Miranda CJ, Likhite S, McElroy S,
Renusch S, Ditsworth D, Lagier-Tourenne C, Smith RA, Ravits
J, Burghes AH, Shaw PJ, Cleveland DW, Kolb SJ, Kaspar BK.
Direct conversion of patient fibroblasts demonstrates non-cell
autonomous toxicity of astrocytes to motor neurons in familial and
sporadic ALS. Proc Natl Acad Sci USA 2014; 111: 829-832 [PMID:
24379375 DOI: 10.1073/pnas.1314085111]

Mitchell RR, Szabo E, Benoit YD, Case DT, Mechael R, Alamilla
J, Lee JH, Fiebig-Comyn A, Gillespie DC, Bhatia M. Activation of
neural cell fate programs toward direct conversion of adult human
fibroblasts into tri-potent neural progenitors using OCT-4. Stem
Cells Dev 2014; 23: 1937-1946 [PMID: 24694094 DOI: 10.1089/
scd.2014.0023]

Nicaise C, Bohl D, Pochet R. [Cellular transdifferentiation in
amyotrophic lateral sclerosis]. Med Sci (Paris) 2011; 27: 799-801
[PMID: 22027411 DOI: 10.1051/medsci/20112710002]

Gordon PH. Amyotrophic lateral sclerosis: pathophysiology,
diagnosis and management. CNS Drugs 2011; 25: 1-15 [PMID:
21128691 DOI: 10.2165/11586000-000000000-00000]

Boillée S, Vande Velde C, Cleveland DW. ALS: a disease of motor
neurons and their nonneuronal neighbors. Neuron 2006; 52: 39-59
[PMID: 17015226 DOI: 10.1016/j.neuron.2006.09.018]
Garbuzova-Davis S, Haller E, Saporta S, Kolomey I, Nicosia SV,
Sanberg PR. Ultrastructure of blood-brain barrier and blood-spinal
cord barrier in SOD1 mice modeling ALS. Brain Res 2007; 1157:
126-137 [PMID: 17512910 DOI: 10.1016/j.brainres.2007.04.044]
Garbuzova-Davis S, Hernandez-Ontiveros DG, Rodrigues MC,
Haller E, Frisina-Deyo A, Mirtyl S, Sallot S, Saporta S, Borlongan
CV, Sanberg PR. Impaired blood-brain/spinal cord barrier in ALS
patients. Brain Res 2012; 1469: 114-128 [PMID: 22750125 DOI:
10.1016/j.brainres.2012.05.056]

Nicaise C, Mitrecic D, Demetter P, De Decker R, Authelet M,
Boom A, Pochet R. Impaired blood-brain and blood-spinal cord
barriers in mutant SOD1-linked ALS rat. Brain Res 2009; 1301:
152-162 [PMID: 19748495 DOI: 10.1016/j.brainres.2009.09.018]
Andjus PR, Batavelji¢ D, Vanhoutte G, Mitrecic D, Pizzolante F,
Djogo N, Nicaise C, Gankam Kengne F, Gangitano C, Michetti
F, van der Linden A, Pochet R, Baci¢ G. In vivo morphological
changes in animal models of amyotrophic lateral sclerosis and
Alzheimer’s-like disease: MRI approach. Anat Rec (Hoboken)
2009; 292: 1882-1892 [PMID: 19943341 DOI: 10.1002/ar.20995]
Batavelji¢ D, Djogo N, Zupunski L, Baji¢ A, Nicaise C, Pochet R,
Baci¢ G, Andjus PR. Live monitoring of brain damage in the rat
model of amyotrophic lateral sclerosis. Gen Physiol Biophys 2009;

March 26, 2015 | Volume 7 | Issue 2 |



87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

JRaishideng®

28 Spec No: 212-218 [PMID: 19893103]

Batavelji¢ D, Nikoli¢ L, Milosevi¢ M, Todorovi¢ N, Andjus PR.
Changes in the astrocytic aquaporin-4 and inwardly rectifying
potassium channel expression in the brain of the amyotrophic lateral
sclerosis SOD1(G93A) rat model. Glia 2012; 60: 1991-2003 [PMID:
22987392 DOI: 10.1002/glia.22414]

Batavelji¢ D, Stamenkovi¢ S, Baci¢ G, Andjus PR. Imaging
cellular markers of neuroinflammation in the brain of the rat model
of amyotrophic lateral sclerosis. Acta Physiol Hung 2011; 98: 27-31
[PMID: 21388928 DOI: 10.1556/APhysiol.98.2011.1.4]

Brown RH. Amyotrophic lateral sclerosis. Insights from genetics.
Arch Neurol 1997; 54: 1246-1250 [PMID: 9341570 DOI: 10.1001/
archneur.1997.00550220050013]

Wang IF, Wu LS, Shen CK. TDP-43: an emerging new player in
neurodegenerative diseases. Trends Mol Med 2008; 14: 479-485
[PMID: 18929508 DOI: 10.1016/j.molmed.2008.09.001]

Deng HX, Chen W, Hong ST, Boycott KM, Gorrie GH, Siddique
N, Yang Y, Fecto F, Shi Y, Zhai H, Jiang H, Hirano M, Rampersaud
E, Jansen GH, Donkervoort S, Bigio EH, Brooks BR, Ajroud K,
Sufit RL, Haines JL, Mugnaini E, Pericak-Vance MA, Siddique T.
Mutations in UBQLN2 cause dominant X-linked juvenile and adult-
onset ALS and ALS/dementia. Nature 2011; 477: 211-215 [PMID:
21857683 DOI: 10.1038/nature10353]

Maruyama H, Morino H, Ito H, Izumi Y, Kato H, Watanabe Y,
Kinoshita Y, Kamada M, Nodera H, Suzuki H, Komure O, Matsuura
S, Kobatake K, Morimoto N, Abe K, Suzuki N, Aoki M, Kawata
A, Hirai T, Kato T, Ogasawara K, Hirano A, Takumi T, Kusaka
H, Hagiwara K, Kaji R, Kawakami H. Mutations of optineurin in
amyotrophic lateral sclerosis. Nature 2010; 465: 223-226 [PMID:
20428114 DOLI: 10.1038/nature08971]

Heutink P, Jansen IE, Lynes EM. C9orf72; abnormal RNA
expression is the key. Exp Neurol 2014; 262 Pt B: 102-110 [PMID:
24873727 DOI: 10.1016/j.expneurol.2014.05.020]

Boillée S, Yamanaka K, Lobsiger CS, Copeland NG, Jenkins NA,
Kassiotis G, Kollias G, Cleveland DW. Onset and progression
in inherited ALS determined by motor neurons and microglia.
Science 2006; 312: 1389-1392 [PMID: 16741123 DOI: 10.1126/
science.1123511]

Papadeas ST, Kraig SE, O’Banion C, Lepore AC, Maragakis NJ.
Astrocytes carrying the superoxide dismutase 1 (SOD1G93A)
mutation induce wild-type motor neuron degeneration in vivo. Proc
Natl Acad Sci USA 2011; 108: 17803-17808 [PMID: 21969586 DOI:
10.1073/pnas.1103141108]

Yamanaka K, Boillee S, Roberts EA, Garcia ML, McAlonis-
Downes M, Mikse OR, Cleveland DW, Goldstein LS. Mutant
SOD1 in cell types other than motor neurons and oligodendrocytes
accelerates onset of disease in ALS mice. Proc Natl Acad Sci
USA 2008; 105: 7594-7599 [PMID: 18492803 DOI: 10.1073/
pnas.0802556105]

Yamanaka K, Chun SJ, Boillee S, Fujimori-Tonou N, Yamashita H,
Gutmann DH, Takahashi R, Misawa H, Cleveland DW. Astrocytes as
determinants of disease progression in inherited amyotrophic lateral
sclerosis. Nat Neurosci 2008; 11: 251-253 [PMID: 18246065 DOI:
10.1038/nn2047]

Van Damme P, Bogaert E, Dewil M, Hersmus N, Kiraly D,
Scheveneels W, Bockx I, Bracken D, Verpoorten N, Verhoeven K,
Timmerman V, Herijgers P, Callewaert G, Carmeliet P, Van Den
Bosch L, Robberecht W. Astrocytes regulate GluR2 expression in
motor neurons and their vulnerability to excitotoxicity. Proc Natl
Acad Sci USA 2007; 104: 14825-14830 [PMID: 17804792 DOI:
10.1073/pnas.0705046104]

Liu D, Thangnipon W, McAdoo DJ. Excitatory amino acids rise
to toxic levels upon impact injury to the rat spinal cord. Brain Res
1991; 547: 344-348 [PMID: 1884213 DOI: 10.1016/0006-8993(91)
90984-4]

Panter SS, Yum SW, Faden Al. Alteration in extracellular amino
acids after traumatic spinal cord injury. Ann Neurol 1990; 27: 96-99
[PMID: 2301932 DOI: 10.1002/ana.410270115]

Domercq M, Etxebarria E, Pérez-Samartin A, Matute C.
Excitotoxic oligodendrocyte death and axonal damage induced

WIJSC | www.wjgnet.com

102

103

104

105

106

107

108

109

110

111

112

113

114

115

Nicaise C et a/. Astrocyte therapy for ALS and SCI

by glutamate transporter inhibition. Glia 2005; 52: 36-46 [PMID:
15892126 DOI: 10.1002/glia.20221]

Xu GY, Hughes MG, Ye Z, Hulsebosch CE, McAdoo DIJ.
Concentrations of glutamate released following spinal cord injury
kill oligodendrocytes in the spinal cord. Exp Neurol 2004; 187:
329-336 [PMID: 15144859 DOI: 10.1016/j.expneurol.2004.01.029]
Lepore AC, O’Donnell J, Kim AS, Yang EJ, Tuteja A, Haidet-
Phillips A, O’Banion CP, Maragakis NJ. Reduction in expression of
the astrocyte glutamate transporter, GLT1, worsens functional and
histological outcomes following traumatic spinal cord injury. Glia
2011; 59: 1996-2005 [PMID: 21882244 DOI: 10.1002/glia.21241]
Lepore AC, Rauck B, Dejea C, Pardo AC, Rao MS, Rothstein JD,
Maragakis NJ. Focal transplantation-based astrocyte replacement is
neuroprotective in a model of motor neuron disease. Nat Neurosci
2008; 11: 1294-1301 [PMID: 18931666 DOI: 10.1038/nn.2210]

Li K, Nicaise C, Sannie D, Hala TJ, Javed E, Parker JL, Putatunda R,
Regan KA, Suain V, Brion JP, Rhoderick F, Wright MC, Poulsen DJ,
Lepore AC. Overexpression of the astrocyte glutamate transporter
GLT1 exacerbates phrenic motor neuron degeneration, diaphragm
compromise, and forelimb motor dysfunction following cervical
contusion spinal cord injury. J Neurosci 2014; 34: 7622-7638
[PMID: 24872566 DOLI: 10.1523/INEUROSCI.4690-13.2014]
Putatunda R, Hala TJ, Chin J, Lepore AC. Chronic at-level thermal
hyperalgesia following rat cervical contusion spinal cord injury is
accompanied by neuronal and astrocyte activation and loss of the
astrocyte glutamate transporter, GLT1, in superficial dorsal horn.
Brain Res 2014; 1581: 64-79 [PMID: 24833066 DOI: 10.1016/
j.brainres.2014.05.003]

Lepore AC, O’Donnell J, Bonner JF, Paul C, Miller ME, Rauck B,
Kushner RA, Rothstein JD, Fischer I, Maragakis NJ. Spatial and
temporal changes in promoter activity of the astrocyte glutamate
transporter GLT1 following traumatic spinal cord injury. J Neurosci
Res 2011; 89: 1001-1017 [PMID: 21488085 DOI: 10.1002/
jnr.22624]

Verkhratsky A, Sofroniew MV, Messing A, deLanerolle NC,
Rempe D, Rodriguez JJ, Nedergaard M. Neurological diseases as
primary gliopathies: a reassessment of neurocentrism. ASN Neuro
2012; 4: [PMID: 22339481 DOI: 10.1042/AN20120010]

Dietrich J, Noble M, Mayer-Proschel M. Characterization of
A2B5+ glial precursor cells from cryopreserved human fetal brain
progenitor cells. Glia 2002; 40: 65-77 [PMID: 12237844 DOLI:
10.1002/glia.10116]

Gregori N, Proschel C, Noble M, Mayer-Proschel M. The tripotential
glial-restricted precursor (GRP) cell and glial development in
the spinal cord: generation of bipotential oligodendrocyte-type-2
astrocyte progenitor cells and dorsal-ventral differences in GRP cell
function. J Neurosci 2002; 22: 248-256 [PMID: 11756508]

Herrera J, Yang H, Zhang SC, Proschel C, Tresco P, Duncan ID,
Luskin M, Mayer-Proschel M. Embryonic-derived glial-restricted
precursor cells (GRP cells) can differentiate into astrocytes and
oligodendrocytes in vivo. Exp Neurol 2001; 171: 11-21 [PMID:
11520117 DOI: 10.1006/exnr.2001.7729]

Han S8, Liu Y, Tyler-Polsz C, Rao MS, Fischer I. Transplantation
of glial-restricted precursor cells into the adult spinal cord: survival,
glial-specific differentiation, and preferential migration in white
matter. Glia 2004; 45: 1-16 [PMID: 14648541 DOI: 10.1002/
glia.10282]

Lepore AC, Walczak P, Rao MS, Fischer I, Bulte JW. MR imaging
of lineage-restricted neural precursors following transplantation
into the adult spinal cord. Exp Neurol 2006; 201: 49-59 [PMID:
16764862 DOI: 10.1016/j.expneurol.2006.03.032]

Maragakis NJ, Dietrich J, Wong V, Xue H, Mayer-Proschel M,
Rao MS, Rothstein JD. Glutamate transporter expression and
function in human glial progenitors. Glia 2004; 45: 133-143 [PMID:
14730707 DOI: 10.1002/glia.10310]

Davies JE, Proschel C, Zhang N, Noble M, Mayer-Proschel M,
Davies SJ. Transplanted astrocytes derived from BMP- or CNTF-
treated glial-restricted precursors have opposite effects on recovery
and allodynia after spinal cord injury. J Biol 2008; 7: 24 [PMID:
18803859 DOI: 10.1186/jbiol85]

March 26,2015 | Volume 7 | Issue 2 |



116

117

118

119

120

121

122

123

124

125

126

127

128

129

JBaishideng®

Nicaise C et a/. Astrocyte therapy for ALS and SCI

Davies SJ, Shih CH, Noble M, Mayer-Proschel M, Davies JE,
Proschel C. Transplantation of specific human astrocytes promotes
functional recovery after spinal cord injury. PLoS One 2011; 6:
¢17328 [PMID: 21407803 DOI: 10.1371/journal.pone.0017328]
Cao Q, Xu XM, Devries WH, Enzmann GU, Ping P, Tsoulfas
P, Wood PM, Bunge MB, Whittemore SR. Functional
recovery in traumatic spinal cord injury after transplantation of
multineurotrophin-expressing glial-restricted precursor cells. J
Neurosci 2005; 25: 6947-6957 [PMID: 16049170 DOI: 10.1523/
JNEUROSCI.1065-05.2005]

Corti S, Locatelli F, Papadimitriou D, Del Bo R, Nizzardo M,
Nardini M, Donadoni C, Salani S, Fortunato F, Strazzer S, Bresolin
N, Comi GP. Neural stem cells LewisX+ CXCR4+ modify disease
progression in an amyotrophic lateral sclerosis model. Brain 2007,
130: 1289-1305 [PMID: 17439986 DOI: 10.1093/brain/awm043]
Klein SM, Behrstock S, McHugh J, Hoffmann K, Wallace K,
Suzuki M, Aebischer P, Svendsen CN. GDNF delivery using human
neural progenitor cells in a rat model of ALS. Hum Gene Ther 2005;
16: 509-521 [PMID: 15871682 DOI: 10.1089/hum.2005.16.509]
Ogawa Y, Sawamoto K, Miyata T, Miyao S, Watanabe M,
Nakamura M, Bregman BS, Koike M, Uchiyama Y, Toyama
Y, Okano H. Transplantation of in vitro-expanded fetal neural
progenitor cells results in neurogenesis and functional recovery
after spinal cord contusion injury in adult rats. J Neurosci Res 2002;
69: 925-933 [PMID: 12205685 DOI: 10.1002/jnr.10341]

Suzuki M, McHugh J, Tork C, Shelley B, Klein SM, Aebischer
P, Svendsen CN. GDNF secreting human neural progenitor cells
protect dying motor neurons, but not their projection to muscle,
in a rat model of familial ALS. PLoS One 2007; 2: €689 [PMID:
17668067 DOI: 10.1371/journal.pone.0000689]

Xu L, Ryugo DK, Pongstaporn T, Johe K, Koliatsos VE. Human
neural stem cell grafts in the spinal cord of SODI1 transgenic rats:
differentiation and structural integration into the segmental motor
circuitry. J Comp Neurol 2009; 514: 297-309 [PMID: 19326469
DOI: 10.1002/cne.22022]

Xu L, Yan J, Chen D, Welsh AM, Hazel T, Johe K, Hatfield G,
Koliatsos VE. Human neural stem cell grafts ameliorate motor neuron
disease in SOD-1 transgenic rats. Transplantation 2006; 82: 865-875
[PMID: 17038899 DOI: 10.1097/01.tp.0000235532.00920.7a]
Lepore AC, O’Donnell J, Kim AS, Williams T, Tuteja A, Rao
MS, Kelley LL, Campanelli JT, Maragakis NJ. Human glial-
restricted progenitor transplantation into cervical spinal cord of the
SOD1 mouse model of ALS. PLoS One 2011; 6: 25968 [PMID:
21998733 DOLI: 10.1371/journal.pone.0025968]

Potts MB, Silvestrini MT, Lim DA. Devices for cell transplantation
into the central nervous system: Design considerations and
emerging technologies. Surg Neurol Int 2013; 4: S22-S30 [PMID:
23653887 DOI: 10.4103/2152-7806.109190]

Danielyan L, Schifer R, von Ameln-Mayerhofer A, Buadze
M, Geisler J, Klopfer T, Burkhardt U, Proksch B, Verleysdonk
S, Ayturan M, Buniatian GH, Gleiter CH, Frey WH. Intranasal
delivery of cells to the brain. Eur J Cell Biol 2009; 88: 315-324
[PMID: 19324456 DOI: 10.1016/j.jcb.2009.02.001]

Habisch HJ, Janowski M, Binder D, Kuzma-Kozakiewicz M,
Widmann A, Habich A, Schwalenstocker B, Hermann A, Brenner
R, Lukomska B, Domanska-Janik K, Ludolph AC, Storch A.
Intrathecal application of neuroectodermally converted stem cells
into a mouse model of ALS: limited intraparenchymal migration
and survival narrows therapeutic effects. J Neural Transm 2007,
114: 1395-1406 [PMID: 17510731 DOI: 10.1007/s00702-007-
0748-y]

Hwang DH, Lee HJ, Park IH, Seok JI, Kim BG, Joo IS, Kim
SU. Intrathecal transplantation of human neural stem cells
overexpressing VEGF provide behavioral improvement, disease
onset delay and survival extension in transgenic ALS mice. Gene
Ther 2009; 16: 1234-1244 [PMID: 19626053 DOI: 10.1038/
£t.2009.80]

Kim H, Kim HY, Choi MR, Hwang S, Nam KH, Kim HC, Han
JS, Kim KS, Yoon HS, Kim SH. Dose-dependent efficacy of ALS-
human mesenchymal stem cells transplantation into cisterna magna
in SOD1-G93A ALS mice. Neurosci Lett 2010; 468: 190-194

WIJSC | www.wjgnet.com

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

[PMID: 19879334 DOI: 10.1016/j.neulet.2009.10.074]

Corti S, Locatelli F, Donadoni C, Guglieri M, Papadimitriou D,
Strazzer S, Del Bo R, Comi GP. Wild-type bone marrow cells
ameliorate the phenotype of SOD1-G93A ALS mice and contribute
to CNS, heart and skeletal muscle tissues. Brain 2004; 127:
2518-2532 [PMID: 15469951 DOI: 10.1093/brain/awh273]

Suzuki M, McHugh J, Tork C, Shelley B, Hayes A, Bellantuono I,
Acbischer P, Svendsen CN. Direct muscle delivery of GDNF with
human mesenchymal stem cells improves motor neuron survival
and function in a rat model of familial ALS. Mol Ther 2008; 16:
2002-2010 [PMID: 18797452 DOI: 10.1038/mt.2008.197]
Akiyama Y, Radtke C, Honmou O, Kocsis JD. Remyelination of
the spinal cord following intravenous delivery of bone marrow
cells. Glia 2002; 39: 229-236 [PMID: 12203389 DOI: 10.1002/
glia.10102]

Chen J, Li Y, Wang L, Zhang Z, Lu D, Lu M, Chopp M.
Therapeutic benefit of intravenous administration of bone marrow
stromal cells after cerebral ischemia in rats. Stroke 2001; 32:
1005-1011 [PMID: 11283404 DOI: 10.1161/01.STR.32.4.1005]
Garbuzova-Davis S, Willing AE, Zigova T, Saporta S, Justen EB,
Lane JC, Hudson JE, Chen N, Davis CD, Sanberg PR. Intravenous
administration of human umbilical cord blood cells in a mouse
model of amyotrophic lateral sclerosis: distribution, migration, and
differentiation. J Hematother Stem Cell Res 2003; 12: 255-270
[PMID: 12857367 DOI: 10.1089/152581603322022990]

Mitrecié D, Nicaise C, Gajovi¢ S, Pochet R. Distribution,
differentiation, and survival of intravenously administered neural
stem cells in a rat model of amyotrophic lateral sclerosis. Cell
Transplant 2010; 19: 537-548 [PMID: 20350352 DOI: 10.3727/096
368910X498269]

Ohnishi S, Ito H, Suzuki Y, Adachi Y, Wate R, Zhang J, Nakano
S, Kusaka H, Tkehara S. Intra-bone marrow-bone marrow
transplantation slows disease progression and prolongs survival
in G93A mutant SOD1 transgenic mice, an animal model mouse
for amyotrophic lateral sclerosis. Brain Res 2009; 1296: 216-224
[PMID: 19686706 DOI: 10.1016/j.brainres.2009.08.012]

Mitreci¢ D. Current advances in intravascular administration of
stem cells for neurological diseases: a new dose of rejuvenation
injected. Rejuvenation Res 2011; 14: 553-555 [PMID: 21951133
DOI: 10.1089/rej.2011.1209]

Glover JC, Boulland JL, Halasi G, Kasumacic N. Chimeric animal
models in human stem cell biology. /LAR J 2009; 51: 62-73 [PMID:
20075498 DOI: 10.1093/ilar.51.1.62]

Lindvall O, Kokaia Z. Stem cells in human neurodegenerative
disorders--time for clinical translation? J Clin Invest 2010; 120:
29-40 [PMID: 20051634 DOI: 10.1172/JC140543]

Allard J, Li K, Lopez XM, Blanchard S, Barbot P, Rorive S,
Decaestecker C, Pochet R, Bohl D, Lepore AC, Salmon I, Nicaise
C. Immunohistochemical toolkit for tracking and quantifying
xenotransplanted human stem cells. Regen Med 2014; 9: 437-452
[PMID: 25159062 DOI: 10.2217/rme.14.26]

Nagai M, Re DB, Nagata T, Chalazonitis A, Jessell TM, Wichterle
H, Przedborski S. Astrocytes expressing ALS-linked mutated SOD1
release factors selectively toxic to motor neurons. Nat Neurosci
2007; 10: 615-622 [PMID: 17435755 DOI: 10.1038/nn1876]
Clement AM, Nguyen MD, Roberts EA, Garcia ML, Boillée S,
Rule M, McMahon AP, Doucette W, Siwek D, Ferrante RJ, Brown
RH, Julien JP, Goldstein LS, Cleveland DW. Wild-type nonneuronal
cells extend survival of SOD1 mutant motor neurons in ALS mice.
Science 2003; 302: 113-117 [PMID: 14526083 DOI: 10.1126/
science.1086071]

Rothstein JD, Van Kammen M, Levey Al, Martin LJ, Kuncl RW.
Selective loss of glial glutamate transporter GLT-1 in amyotrophic
lateral sclerosis. Ann Neurol 1995; 38: 73-84 [PMID: 7611729 DOI:
10.1002/ana.410380114]

Boido M, Piras A, Valsecchi V, Spigolon G, Mareschi K,
Ferrero I, Vizzini A, Temi S, Mazzini L, Fagioli F, Vercelli A.
Human mesenchymal stromal cell transplantation modulates
neuroinflammatory milieu in a mouse model of amyotrophic lateral
sclerosis. Cytotherapy 2014; 16: 1059-1072 [PMID: 24794182
DOI: 10.1016/j.jcyt.2014.02.003]

March 26, 2015 | Volume 7 | Issue 2 |



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

JBaishideng®

Nizzardo M, Simone C, Rizzo F, Ruggieri M, Salani S, Riboldi G,
Faravelli I, Zanetta C, Bresolin N, Comi GP, Corti S. Minimally
invasive transplantation of iPSC-derived ALDHhiSSCloVLA4+
neural stem cells effectively improves the phenotype of an
amyotrophic lateral sclerosis model. Hum Mol Genet 2014; 23:
342-354 [PMID: 24006477 DOI: 10.1093/hmg/ddt425]

Rizvanov AA, Guseva DS, Salafutdinov II, Kudryashova NV,
Bashirov FV, Kiyasov AP, Yalvag ME, Gazizov IM, Kaligin MS,
Sahin F, Mukhamedyarov MA, Palotéas A, Islamov RR. Genetically
modified human umbilical cord blood cells expressing vascular
endothelial growth factor and fibroblast growth factor 2 differentiate
into glial cells after transplantation into amyotrophic lateral sclerosis
transgenic mice. Exp Biol Med (Maywood) 2011; 236: 91-98 [PMID:
21163822 DOI: 10.1258/ebm.2010.010172]

Park S, Kim HT, Yun S, Kim IS, Lee J, Lee IS, Park KI. Growth
factor-expressing human neural progenitor cell grafts protect motor
neurons but do not ameliorate motor performance and survival in
ALS mice. Exp Mol Med 2009; 41: 487-500 [PMID: 19322031 DOI:
10.3858/emm.2009.41.7.054]

Lunn JS, Sakowski SA, Feldman EL. Concise review: Stem cell
therapies for amyotrophic lateral sclerosis: recent advances and
prospects for the future. Stem Cells 2014; 32: 1099-1109 [PMID:
24448926 DOI: 10.1002/stem.1628]

Smith GM, Miller RH, Silver J. Changing role of forebrain
astrocytes during development, regenerative failure, and induced
regeneration upon transplantation. J Comp Neurol 1986; 251: 23-43
[PMID: 3760257 DOI: 10.1002/cne.902510103]

Smith GM, Rutishauser U, Silver J, Miller RH. Maturation of
astrocytes in vitro alters the extent and molecular basis of neurite
outgrowth. Dev Biol 1990; 138: 377-390 [PMID: 2318341]

Smith GM, Miller RH. Immature type-1 astrocytes suppress glial
scar formation, are motile and interact with blood vessels. Brain Res
1991; 543: 111-122 [PMID: 2054666]

Joosten EA, Veldhuis WB, Hamers FP. Collagen containing neonatal
astrocytes stimulates regrowth of injured fibers and promotes modest
locomotor recovery after spinal cord injury. J Neurosci Res 2004; 77:
127-142 [PMID: 15197746 DOI: 10.1002/jnr.20088]

Cao QL, Zhang YP, Howard RM, Walters WM, Tsoulfas P,
Whittemore SR. Pluripotent stem cells engrafted into the normal
or lesioned adult rat spinal cord are restricted to a glial lineage.
Exp Neurol 2001; 167: 48-58 [PMID: 11161592 DOI: 10.1006/
exnr.2000.7536]

Hofstetter CP, Holmstrom NA, Lilja JA, Schweinhardt P, Hao J,
Spenger C, Wiesenfeld-Hallin Z, Kurpad SN, Frisén J, Olson L.
Allodynia limits the usefulness of intraspinal neural stem cell grafts;
directed differentiation improves outcome. Nat Neurosci 2005; 8:
346-353 [PMID: 15711542 DOI: 10.1038/nn1405]

Hill CE, Proschel C, Noble M, Mayer-Proschel M, Gensel JC,
Beattie MS, Bresnahan JC. Acute transplantation of glial-restricted
precursor cells into spinal cord contusion injuries: survival,
differentiation, and effects on lesion environment and axonal
regeneration. Exp Neurol 2004; 190: 289-310 [PMID: 15530870
DOI: 10.1016/j.expneurol.2004.05.043]

Davies JE, Huang C, Proschel C, Noble M, Mayer-Proschel M,
Davies SJ. Astrocytes derived from glial-restricted precursors
promote spinal cord repair. J Biol 2006; 5: 7 [PMID: 16643674
DOI: 10.1186/jbiol35]

Haas C, Neuhuber B, Yamagami T, Rao M, Fischer 1. Phenotypic
analysis of astrocytes derived from glial restricted precursors and
their impact on axon regeneration. Exp Neurol 2012; 233: 717-732
[PMID: 22101004 DOI: 10.1016/j.expneurol.2011.11.002]

Shih CH, Lacagnina M, Leuer-Bisciotti K, Proschel C. Astroglial-
derived periostin promotes axonal regeneration after spinal cord
injury. J Neurosci 2014; 34: 2438-2443 [PMID: 24523534 DOI:
10.1523/JNEUROSCI.2947-13.2014]

Jin Y, Neuhuber B, Singh A, Bouyer J, Lepore A, Bonner J, Himes T,
Campanelli JT, Fischer 1. Transplantation of human glial restricted
progenitors and derived astrocytes into a contusion model of spinal
cord injury. J Neurotrauma 2011; 28: 579-594 [PMID: 21222572
DOI: 10.1089/neu.2010.1626]

WIJSC | www.wjgnet.com

397

160

161

162

163

164

165

166

167

168

169

170

171

172

Nicaise C et a/. Astrocyte therapy for ALS and SCI

Haas C, Fischer I. Human astrocytes derived from glial restricted
progenitors support regeneration of the injured spinal cord. J
Neurotrauma 2013; 30: 1035-1052 [PMID: 23635322 DOI: 10.1089/
neu.2013.2915]

Emdad L, D’Souza SL, Kothari HP, Qadeer ZA, Germano
IM. Efficient differentiation of human embryonic and induced
pluripotent stem cells into functional astrocytes. Stem Cells Dev
2012; 21: 404-410 [PMID: 21631388 DOI: 10.1089/scd.2010.0560]
Juopperi TA, Kim WR, Chiang CH, Yu H, Margolis RL, Ross
CA, Ming GL, Song H. Astrocytes generated from patient induced
pluripotent stem cells recapitulate features of Huntington’s disease
patient cells. Mol Brain 2012; 5: 17 [PMID: 22613578 DOI:
10.1186/1756-6606-5-17]

Roybon L, Lamas NJ, Garcia-Diaz A, Yang EJ, Sattler R, Jackson-
Lewis V, Kim YA, Kachel CA, Rothstein JD, Przedborski S,
Wichterle H, Henderson CE. Human stem cell-derived spinal cord
astrocytes with defined mature or reactive phenotypes. Cell Rep 2013;
4: 1035-1048 [PMID: 23994478 DOI: 10.1016/j.celrep.2013.06.021]
Haidet-Phillips AM, Roybon L, Gross SK, Tuteja A, Donnelly CJ,
Richard JP, Ko M, Sherman A, Eggan K, Henderson CE, Maragakis
NJ. Gene profiling of human induced pluripotent stem cell-derived
astrocyte progenitors following spinal cord engraftment. Stem Cells
Transl Med 2014; 3: 575-585 [PMID: 24604284 DOI: 10.5966/
sctm.2013-0153]

Nori S, Okada Y, Yasuda A, Tsuji O, Takahashi Y, Kobayashi Y,
Fujiyoshi K, Koike M, Uchiyama Y, Ikeda E, Toyama Y, Yamanaka
S, Nakamura M, Okano H. Grafted human-induced pluripotent
stem-cell-derived neurospheres promote motor functional recovery
after spinal cord injury in mice. Proc Natl Acad Sci USA 2011; 108:
16825-16830 [PMID: 21949375 DOI: 10.1073/pnas.1108077108]
Tsuji O, Miura K, Okada Y, Fujiyoshi K, Mukaino M, Nagoshi N,
Kitamura K, Kumagai G, Nishino M, Tomisato S, Higashi H, Nagai
T, Katoh H, Kohda K, Matsuzaki Y, Yuzaki M, Ikeda E, Toyama
Y, Nakamura M, Yamanaka S, Okano H. Therapeutic potential of
appropriately evaluated safe-induced pluripotent stem cells for
spinal cord injury. Proc Natl Acad Sci USA 2010; 107: 12704-12709
[PMID: 20615974 DOI: 10.1073/pnas.0910106107]

Geffner LF, Santacruz P, Izurieta M, Flor L, Maldonado B, Auad AH,
Montenegro X, Gonzalez R, Silva F. Administration of autologous
bone marrow stem cells into spinal cord injury patients via multiple
routes is safe and improves their quality of life: comprehensive case
studies. Cell Transplant 2008; 17: 1277-1293 [PMID: 19364066
DOI: 10.3727/096368908787648074]

Jiang PC, Xiong WP, Wang G, Ma C, Yao WQ, Kendell SF, Mehling
BM, Yuan XH, Wu DC. A clinical trial report of autologous bone
marrow-derived mesenchymal stem cell transplantation in patients
with spinal cord injury. Exp Ther Med 2013; 6: 140-146 [PMID:
23935735 DOI: 10.3892/etm.2013.1083]

Karamouzian S, Nematollahi-Mahani SN, Nakhaee N,
Eskandary H. Clinical safety and primary efficacy of bone marrow
mesenchymal cell transplantation in subacute spinal cord injured
patients. Clin Neurol Neurosurg 2012; 114: 935-939 [PMID:
22464434 DOI: 10.1016/j.clineuro.2012.02.003]

Moviglia GA, Fernandez Vina R, Brizuela JA, Saslavsky J,
Vrsalovic F, Varela G, Bastos F, Farina P, Etchegaray G, Barbieri M,
Martinez G, Picasso F, Schmidt Y, Brizuela P, Gaeta CA, Costanzo
H, Moviglia Brandolino MT, Merino S, Pes ME, Veloso MJ, Rugilo
C, Tamer I, Shuster GS. Combined protocol of cell therapy for
chronic spinal cord injury. Report on the electrical and functional
recovery of two patients. Cytotherapy 2006; 8: 202-209 [PMID:
16793729 DOI: 10.1080/14653240600736048]

Moviglia GA, Varela G, Brizuela JA, Moviglia Brandolino MT,
Farina P, Etchegaray G, Piccone S, Hirsch J, Martinez G, Marino
S, Deffain S, Coria N, Gonzales A, Sztanko M, Salas-Zamora P,
Previgliano I, Aingel V, Farias J, Gaeta CA, Saslavsky J, Blasseti N.
Case report on the clinical results of a combined cellular therapy for
chronic spinal cord injured patients. Spinal Cord 2009; 47: 499-503
[PMID: 19223861 DOI: 10.1038/sc.2008.164]

Vargas MR, Johnson DA, Sirkis DW, Messing A, Johnson JA.
Nrf2 activation in astrocytes protects against neurodegeneration
in mouse models of familial amyotrophic lateral sclerosis. J

March 26, 2015 | Volume 7 | Issue 2 |



173

174

175

176

177

178

179

180

181

JBaishideng®

Nicaise C et a/. Astrocyte therapy for ALS and SCI

Neurosci 2008; 28: 13574-13581 [PMID: 19074031 DOI: 10.1523/
JNEUROSCI.4099-08.2008]

Chen Y, Vartiainen NE, Ying W, Chan PH, Koistinaho J, Swanson
RA. Astrocytes protect neurons from nitric oxide toxicity by a
glutathione-dependent mechanism. J Neurochem 2001; 77: 1601-1610
[PMID: 11413243 DOI: 10.1046/.1471-4159.2001.00374.x]
Sarafian TA, Montes C, Imura T, Qi J, Coppola G, Geschwind DH,
Sofroniew MV. Disruption of astrocyte STAT3 signaling decreases
mitochondrial function and increases oxidative stress in vitro. PLoS
One 2010; 5: 9532 [PMID: 20224768 DOI: 10.1371/journal.
pone.0009532]

Okada S, Nakamura M, Katoh H, Miyao T, Shimazaki T, Ishii
K, Yamane J, Yoshimura A, Iwamoto Y, Toyama Y, Okano H.
Conditional ablation of Stat3 or Socs3 discloses a dual role for
reactive astrocytes after spinal cord injury. Nat Med 2006; 12:
829-834 [PMID: 16783372 DOI: 10.1038/nm1425]

Jung G, Sun J, Petrowitz B, Riecken K, Kruszewski K, Jankowiak
W, Kunst F, Skevas C, Richard G, Fehse B, Bartsch U. Genetically
modified neural stem cells for a local and sustained delivery of
neuroprotective factors to the dystrophic mouse retina. Stem Cells
Transl Med 2013; 2: 1001-1010 [PMID: 24167317 DOIL: 10.5966/
sctm.2013-0013]

Lee HJ, Lim 1J, Park SW, Kim YB, Ko Y, Kim SU. Human neural
stem cells genetically modified to express human nerve growth
factor (NGF) gene restore cognition in the mouse with ibotenic
acid-induced cognitive dysfunction. Cell Transplant 2012; 21:
2487-2496 [PMID: 22526467 DOI: 10.3727/096368912X638964]
Gowing G, Shelley B, Staggenborg K, Hurley A, Avalos P,
Victoroff J, Latter J, Garcia L, Svendsen CN. Glial cell line-
derived neurotrophic factor-secreting human neural progenitors
show long-term survival, maturation into astrocytes, and no
tumor formation following transplantation into the spinal cord of
immunocompromised rats. Neuroreport 2014; 25: 367-372 [PMID:
24284956 DOI: 10.1097/WNR.0000000000000092]

Ericson C, Georgievska B, Lundberg C. Ex vivo gene delivery of
GDNF using primary astrocytes transduced with a lentiviral vector
provides neuroprotection in a rat model of Parkinson’s disease. Eur
J Neurosci 2005; 22: 2755-2764 [PMID: 16324109 DOI: 10.1111/
j-1460-9568.2005.04503.x]

Castillo B, del Cerro M, Breakefield XO, Frim DM, Barnstable CJ,
Dean DO, Bohn MC. Retinal ganglion cell survival is promoted by
genetically modified astrocytes designed to secrete brain-derived
neurotrophic factor (BDNF). Brain Res 1994; 647: 30-36 [PMID:
8069702 DOI: 10.1016/0006-8993(94)91395-1]

Fan C, Zheng Y, Cheng X, Qi X, Bu P, Luo X, Kim DH, Cao Q.
Transplantation of D15A-expressing glial-restricted-precursor-

WIJSC | www.wjgnet.com

398

182

183

184

185

186

187

188

189

190

derived astrocytes improves anatomical and locomotor recovery
after spinal cord injury. Int J Biol Sci 2013; 9: 78-93 [PMID:
23289019 DOI: 10.7150/ijbs.5626]

Nicaise C, Frank DM, Hala TJ, Authelet M, Pochet R, Adriaens
D, Brion JP, Wright MC, Lepore AC. Early phrenic motor neuron
loss and transient respiratory abnormalities after unilateral cervical
spinal cord contusion. J Neurotrauma 2013; 30: 1092-1099 [PMID:
23534670 DOI: 10.1089/neu.2012.2728]

Nicaise C, Hala TJ, Frank DM, Parker JL, Authelet M, Leroy
K, Brion JP, Wright MC, Lepore AC. Phrenic motor neuron
degeneration compromises phrenic axonal circuitry and diaphragm
activity in a unilateral cervical contusion model of spinal cord
injury. Exp Neurol 2012; 235: 539-552 [PMID: 22465264 DOI:
10.1016/j.expneurol.2012.03.007]

Bernstein JJ, Goldberg WJ. Grafted fetal astrocyte migration
can prevent host neuronal atrophy: comparison of astrocytes from
cultures and whole piece donors. Restor Neurol Neurosci 1991; 2:
261-270 [PMID: 21551612 DOI: 10.3233/RNN-1991-245615]
Wang JJ, Chuah MI, Yew DT, Leung PC, Tsang DS. Effects of
astrocyte implantation into the hemisected adult rat spinal cord.
Neuroscience 1995; 65: 973-981 [PMID: 7617172 DOI: 10.1016/03
06-4522(94)00519-B]

Olby NJ, Blakemore WF. Reconstruction of the glial environment
of a photochemically induced lesion in the rat spinal cord by
transplantation of mixed glial cells. J Neurocytol 1996; 25: 481-498
[PMID: 8899569 DOI: 10.1007/BF02284817]

Mitsui T, Shumsky JS, Lepore AC, Murray M, Fischer I.
Transplantation of neuronal and glial restricted precursors into
contused spinal cord improves bladder and motor functions,
decreases thermal hypersensitivity, and modifies intraspinal
circuitry. J Neurosci 2005; 25: 9624-9636 [PMID: 16237167 DOIL:
10.1523/INEUROSCI.2175-05.2005]

Pencalet P, Serguera C, Corti O, Privat A, Mallet J, Giménez y
Ribotta M. Integration of genetically modified adult astrocytes into
the lesioned rat spinal cord. J Neurosci Res 2006; 83: 61-67 [PMID:
16294335 DOI: 10.1002/jnr.20697]

Hayashi K, Hashimoto M, Koda M, Naito AT, Murata A, Okawa
A, Takahashi K, Yamazaki M. Increase of sensitivity to mechanical
stimulus after transplantation of murine induced pluripotent
stem cell-derived astrocytes in a rat spinal cord injury model. J
Neurosurg Spine 2011; 15: 582-593 [PMID: 21854127 DOI: 10.317
1/2011.7.SPINE10775]

Wu L, Li J, Chen L, Zhang H, Yuan L, Davies SJ. Combined
transplantation of GDAs(BMP) and hr-decorin in spinal cord
contusion repair. Neural Regen Res 2013; 8: 2236-2248 [PMID:
25206533 DOI: 10.3969/j.issn.1673-5374.2013.24.003]

P- Reviewer: Irato P, Klein RL, Lawen A S- Editor: Ji FF
L- Editor: A E- Editor: LuYJ

March 26, 2015 | Volume 7 | Issue 2 |



JRnishideng®

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA
Telephone: +1-925-223-8242
Fax: +1-925-223-8243
E-mail: bpgoffice@wijgnet.com
Help Desk: http://www.wijgnet.com/esps/helpdesk.aspx
http:/ /www.wjgnet.com

© 2015 Baishideng Publishing Group Inc. All rights reserved.



