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Amyotrophic Lateral Sclerosis is a motor neuron disease affecting upper and lower motor
neurons in motor cortex, brain stem and spinal cord. Currently, there is no effective cure
available to halt or delay disease from progressing. Over the past 20 years multiple genes
that cause disease have been identified, most notably mutations in the Super Oxide
Dismutase 1 (SOD1) gene and repeat expansions in the first intron of the C9ORF72 gene.
Moreover, pathology associated with a very rare genetic form of ALS, TDP-43, is thought to
be involved in disease pathogenesis in the majority of ALS patients (Neumann et al., 2006).
The discovery of different disease causing mutations has led to the development of ALS
animal models, which provide researchers a tool to better understand disease mechanisms.
For the past 20 years, the mSOD1 transgenic overexpression mouse and rat has been the
most widely studied animal model to study disease mechanisms and therapeutics (Gurney et
al., 1994). More recently, some TDP-43 animal models have been generated, but their true
potential for studying disease pathogenesis and drug discovery remains uncertain.
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Studies using ALS animal models have taught us that the well being of neurons in general
and specifically motor neurons is highly dependent on a whole range of other cell types,
commonly named glial cells, which surround motor neurons and provide nutritional and
trophic support to them. The study of glial cells in the past has led to the conclusion that
ALS is a non-cell autonomous multifactorial disease in which many cell types as well as
divergent disease mechanisms all converge to the focal death of interneurons and motor
neurons. This review will introduce the different glial cell types in the CNS and provide an
overview of the role of glial cells in motor neuron degeneration. Several potential relevant
disease mechanisms for each specific glial subtype will be mentioned. These have led to the
development of therapeutics specifically targeting the glial compartment.

Glial cellular reaction in ALS
Microglia and Immune reactivity
Microglial cells are of mesodermal origin and the main immune-competent cells of the
central nervous system. Microglia release a whole range of pro-inflammatory versus antiinflammatory cytokines and chemokines when encountering any damaging hazard. They
will respond through the release of pro-inflammatory (so-called ‘classically activated’ or
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M1, with release of e.g. tumor necrosis factor alpha (TNFα), interferon 1beta (IL-1β), nitric
oxide (NO), O2, interferon gamma (IFN-γ) factors which clear and/or limit biological
hazards followed by release of anti-inflammatory (so-called ‘alternatively activated’ M2,
with release of e.g. interleukin 4(IL-4), IL-10, insulin growth factor 1 (IGF-1) factors which
repair and mediate restoration. Microglial cells function in close interaction with
inflammatory T-cells as well as astrocytes in mediating this inflammatory response.
Microglia do not exclusively express either M1 versus M2 cytokines and can release
different combinations of cytokines and chemokines depending on the environment they are
exposed to and their direct interaction with other cells, and so may present a different
phenotype at different time points and locations in the CNS.

NIH-PA Author Manuscript

In ALS patients as well as ALS rodent models, there is a clear microglial reaction
characterized by the upregulation of a whole range of markers used to identify microglia like
CD11b and Iba1 as well as an upregulation of markers associated with antigen presentation
like CD11c, intracellular adhesion molecule 1 (ICAM-1) and CD86, suggesting that
microglial cells closely interact with concomitant infiltrates of inflammatory T-cells
(Alexianu et al., 2001; Henkel et al., 2004; Turner et al., 2004; Henkel et al., 2006; Corcia et
al., 2012). Similarly, microglia increase in the release of pro-inflammatory cytokines as well
as chemokines (Poloni et al., 2000; Nguyen et al., 2001; Hensley et al., 2003; Henkel et al.,
2004; Henkel et al., 2006; Meissner et al., 2010). Analysis of microgliosis in ALS patient
CNS largely depends on studies of post mortem tissue, which demonstrate increased
microgliosis in motor cortex, motor nuclei of the brain stem, the corticospinal tract and the
ventral horn of the spinal cord (Kawamata et al., 1992). Live in vivo PET scanning
with 11C-PK11195, a ligand that highly binds to CNS microglia, as well as other CNS cells
to a lesser extent, reveals apparent microgliosis in ALS patients, suggesting a correlation
between the extent of microgliosis and damage to upper motor neurons, but not lower motor
neurons (Turner et al., 2004). Another microglial imaging approach uses a radioligand of the
translocator protein (TSPO), upregulated by microglia upon microglial activation (Corcia et
al., 2012). Significant microgliosis was detected in primary motor cortex, supplementary
motor cortex and temporal cortex (Corcia et al., 2012).
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In mSOD1 animal models, there is an increase in microglial reactivity in the ventral horn of
the spinal cord, which follows closely the nerve de-innervation at the neuromuscular
junction, one of the first pathological signs of motor neuron degeneration (Alexianu et al.,
2001; Saxena et al., 2009). This microglial reaction in the CNS is thought to be mainly
mediated by local proliferation, rather than infiltration and microglial differentiation of
myeloid cells from the blood stream through the blood brain barrier (BBB)(Ajami et al.,
2007; Gowing et al., 2008).
Interestingly other myeloid (cells from myeloid origin like monocytes, macrophages and
microglia) subtypes might contribute to the overall ‘microglial’ reaction and motor neuron
degeneration. A recent study indicated that Ly6C+ spleen derived monocytes are recruited to
the spinal cord of mSOD1 mice by CCL2 expressing resident microglia (Butovsky et al.,
2012). Concomitantly with this infiltration of Ly6C+ monocytes, CD39+ resident microglial
cells are degenerating, suggesting against a so-called ‘microgliosis’ but rather a decrease in
resident microglia and increase in spleen derived monocytes. These Ly6C+ macrophages in
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mSOD1 mice seem to accelerate the loss of motor neurons as anti-Ly6C antibody treatment
lead to a significant prolongation of life span in mSOD1 mice. Interestingly, similar to what
is seen in the mSOD1 mice, M1-primed monocytes accumulate in the spinal cord of ALS
patients. It has not been proven however if the resident microglia were truly dying in
contrast to losing immunoreactivity for the marker used to identify these cells. In addition,
technical limitations in identifying the origin of specific myeloid subsets prevail, as
irradiation and transplantation of bone marrow cells causes non-physiological damage to the
BBB and a non-physiological influx of progenitor cells and might impair the conclusions
drawn from this study (Ajami et al., 2007). Another recent study performing transcriptional
profiling of microglial cells in the spinal cord of mSOD1 mice failed to confirm the presence
of Ly6C expressing infiltrating macrophages in the spinal cord (Chiu et al., 2013). The
authors suggested that resident microglial cells increased in the spinal cord of mSOD1 mice
whereas monocytes did not (Chiu et al., 2013). Given the discrepancies of this study as
compared to others, it remains to be fully elucidated whether infiltrating monocytes truly
contribute to motor neuron disease. Importantly the translation of the numerous transgenic
mouse studies has not be equally carried out in human ALS tissue-making difficult
comprehensive assumptions regarding relevance to human disease.
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Astroglia
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Astrocytes are ectodermal cells involved in ion homeostasis, neurotransmitter recycling and
metabolic support to surrounding neurons. One of the most important and extensively
studied supportive functions of astrocytes is their involvement in the glutamate-glutamine
cycle (Danbolt, 2001). Glutamate is one of the most important neurotransmitters in the CNS
mediating excitatory synaptic communication between neurons. Uptake of glutamate from
the synaptic cleft between presynaptic and postsynaptic neuron through glutamate
transporters EAAT2 (GLT-1 in rodents) and EAAT1 (GLAST in rodents) expressed by
astrocytes will prevent excessive postsynaptic stimulation of glutamate receptors and motor
neuron cell death, a process which is called glutamate mediated excitotoxicity. Another
important function for astrocytes is their involvement in the metabolic support of neurons.
Astrocytes are tightly coupled to the blood stream and strongly interconnected through gapjunctions through which they provide metabolic substrates over long distances. Under
conditions of increased neuronal activity and metabolic substrate demand, astrocytes
increase their glycolytical activity, converting glucose to lactate (Pellerin and Magistretti,
1994). Both glucose and lactate are hypothesized to be distributed by astrocytes and gapjunction connected oligodendrocytes throughout the parenchyma and used as an energy
substrate by neurons (Funfschilling et al., 2012; Lee et al., 2012). Like microglia, the
astrocyte function is highly influenced by T-cells, (motor)-neurons and possibly
oligodendrocytes. Astrocytes are usually identified by the expression of several astroglia
specific (or enriched) proteins including: glial fibrillary acidic protein (GFAP), aldehyde
dehydrogenase 1L1 (ALDH1L1), EAAT2/GLT1, EAAT1/GLAST and aquaporin4 (AQP4).
When astrocytes encounter any biological hazard in their immediate surroundings,
astrocytes become reactive and increase the expression of some astrocyte markers (e.g.
GFAP and ALDH1L1) in a process called astrogliosis. Typically, with neuronal or dendritic
injury, astroglial GLT1 actually decreases expression (Rothstein et al., 1992; Bruijn et al.,
1997; Tawfik et al., 2008).

Exp Neurol. Author manuscript; available in PMC 2015 December 01.

Philips and Rothstein

Page 4

NIH-PA Author Manuscript
NIH-PA Author Manuscript

In the brain of ALS patients, astrogliosis is seen in both the grey as well as white matter and
not limited to the motor cortex (Kushner et al., 1991; Nagy et al., 1994). In the spinal cord of
ALS patients, there is an enhanced astrocytic reactivity in the ventral horn, dorsal horn and
the regions where the corticospinal tract fibers enter the grey matter (Schiffer et al., 1996).
Similarly in rodents, astrogliosis has been observed in the spinal cord, though with varying
intensity depending on the mouse line studied (Levine et al., 1999). Using a luciferase based
approach to live in vivo analyze the astroglial activation, it was found that astrogliosis
occurs in waves, becoming more prominent with disease progression (Keller et al., 2009).
This astrogliosis is, unlike for microgliosis, not mediated by proliferation of resident
astroglia, but rather by activation of pre-existing resident astrocytes and a change in their
expression of proteins (e.g. increased GFAP, decreased GLT1) and altered morphology of
their fine processes (Bruijn et al., 1997; Gowing et al., 2008; Lepore et al., 2008a). Not
much is known about the existence of a so-called astrocyte precursor cell that could
differentiate into reactive astrocytes in response to motor neuron degeneration; and there is
little strong evidence for such activity in vivo. Another source for astrocytes could be the
ependymal cells lining the central canal of the spinal cord and ventricles of the brain (Chi et
al., 2006; Barnabe-Heider et al., 2010). These cells differentiate in astrocytes in other
models of neurodegeneration like stroke and dorsal funiculus lesion (cf. below) but it
remains to be explored whether these cells contribute to astrogliosis in models of motor
neuron loss (Carlen et al., 2009; Barnabe-Heider et al., 2010). Although abundant evidence
teaches us that astroglia are pathologically and functionally abnormal, from post mortem
studies, little is known about physiological alteration of astrocytes in living human patients.
New PET ligands, specific for astroglia are under development and could greatly aid in the
understanding of temporal and regional dysfunction of astroglia in human disease
(unpublished observations).
NG2 – Oligodendroglial Progenitor cells
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NG2 glia or oligodendrocyte progenitor cells (OPCs) are widely distributed throughout the
CNS and comprise around 5% of total cell number. Besides their role as progenitor cells of
oligodendrocytes, replacing oligodendrocytes upon any demyelinating insult, there are
ongoing studies to determine whether these cells have specific functions on their own. NG2
cells are coupled to neurons and receive synaptic contact from neurons presumably
monitoring the neuronal firing activity (Bergles et al., 2000). The exact role for this synaptic
monitor is unclear, as it may be tied to some way to their role as progenitors- or other
modulators of CNS activity. Their role as progenitor cells has been more thoroughly
explored. Until recently, NG2 cells were thought to be able to differentiate into other cells
than oligodendrocyte lineage cells, for example astrocytes, since in vitro these cell readily
can differentiate into either mature forms of either astroglia or oligodendroglia (Kondo and
Raff, 2000). Several independent rodent fate-tracing studies however limit their
differentiation in vivo to only oligodendroglia under normal conditions (Rivers et al., 2008;
Kang et al., 2010). In fact, even in neuro injury and disease conditions these progenitors
remain committed to an oligodendroglial lineage in vivo (Kang et al., 2010; Tripathi et al.,
2010; Zawadzka et al., 2010).
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The progeny of the OPC’s, the oligodendrocyte, is the cell important for generating and
maintaining the myelin sheath around the axon enabling fast salutatory conduction of action
potentials as well as providing motor neurons with metabolic support. Some motor neurons
can be significantly long (>3 feet) and are particularly dependent on metabolic substrates
provided by oligodendrocytes. It has recently been established that oligodendrocytes express
the monocarboxylate transporter 1 (MCT1) through which metabolic substrates like lactate
and ketone bodies together with hydrogen ions are being exported and subsequently
provided to neurons, especially at regions of close neuronal contact like at the paranodal
region as well as at the Schmidt-Lanterman incisures (Lee et al., 2012). After release of
lactate through MCT1, lactate can be taken up by neurons through another MCT,
MCT2(Rafiki et al., 2003). Neurons themselves are highly dependent on this
oligodendrocyte-derived lactate as mice with reduced MCT1 mediated transport develop
widespread axonal degeneration (Lee et al., 2012). Whether Schwann Cells, who myelinate
the axons in the peripheral nervous system, are similarly providing metabolic support to
neurons still remains to be established. In addition, mice lacking the expression of specific
oligodendrocyte markers like PLP and CNPase develop axonal degeneration independent of
widespread demyelination, again suggesting that oligodendrocytes (and Schwann Cells in
the periphery), independent of their function as generating the myelin sheath, are
instrumental in providing widespread support for axons (Griffiths et al., 1998; Lappe-Siefke
et al., 2003).
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Interestingly, in ALS patients post mortem tissue, OPCs in brain and spinal cord appear to
be damaged and patches of demyelination have been identified, indicating oligodendrocyte
injury and abnormal remyelination (Kang et al., 2013). In addition, MCT1 expression levels
are reduced, suggesting an impairment of oligodendrocyte metabolic support to neurons
(Lee et al., 2012). In transgenic ALS mice, expressing mutant SOD1 (G93 SOD1),
oligodendrocytes become injured, degenerate and die and are replaced by proliferating and
differentiating OPCs which ensure oligodendrocyte cell number is restored (Kang et al.,
2013; Philips et al., 2013). This oligodendrocyte degeneration is an early event, well before
motor neuron loss becomes apparent. In spite of this replacement of dying oligodendrocytes
and the lack of loss of oligodendrocyte cell number, there is clear loss of oligodendrocyte
function as the expression of many markers associated with oligodendrocyte biology like
MBP, a component of the myelin sheath, as well as MCT1 expression, are significantly
reduced (Lee et al., 2012; Kang et al., 2013; Philips et al., 2013). This reduction is
concomitant with a reduction in lactate release in the spinal cord of mSOD1 mice
(Ferraiuolo et al., 2011). It is still uncertain why newly generated oligodendrocytes fail to
function properly, but their demise contributes to the demise of motor neuron, as evidence
by the fact that partial prevention of oligodendroglial injury greatly delays disease in the
ALS rodent model (Kang et al., 2013). Importantly, the injury to oligodendroglia was not
just seen in an ALS mouse model, but human ALS tissue as well (Kang et al., 2013). Aside
from providing evidence of injury of these cells in ALS—these studies unexpectedly
revealed a major role for this glial cell in ALS pathophysiology (Kang et al., 2013; Philips et
al., 2013).
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Pericytes in the CNS are cells who contribute to the generation of the blood brain barrier as
well as being important for ion homeostasis and angiogenesis. They are usually identified by
the expression of platelet derived growth factor β receptor, to which PDGFβ, released by
endothelial cells, binds and communicates with pericytes. Pericytes are also involved in glial
scar formation upon a CNS insult (Goritz et al., 2011). In ALS rodent models and to a lessor
extend in ALS patients, the BBB is disrupted, characterized by upregulation of adhesion
molecules and downregulation of tight junction proteins (Zhong et al., 2008; Winkler et al.,
2013). In mSOD1 mice, this disruption occurs well before the onset of motor neuron loss
and is characterized by extravasation of erythrocytes and plasma proteins (Zhong et al.,
2008). In ALS patients spinal cord, pericyte number is significantly affected, and plasma
derived immunoglobulin G, fibrin and thrombin is accumulating in the parenchyma
(Winkler et al., 2013). Perivascular hemoglobin deposits are present, their presence
negatively correlating with pericyte cell number.
Ependymal Glia
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The CNS contains ependymal cells who line the ventricles in the brain and central canal in
the spinal cord. These cells produce cerebrospinal fluid and circulate CSF by means of their
cilia expressed at their apical membrane. They are also suggested to have stem cell
properties and generate astrocytes and oligodendrocytes in response to forebrain ischemic
insults as well as a spinal cord dorsal funiculus lesion (Carlen et al., 2009; Barnabe-Heider
et al., 2010). Using Nestin-lacZ animals crossbred to mSOD1 mice, it has been shown that
ependymal cells proliferate and migrate to the dorsal and later also ventral horn of the spinal
cord where they generate new neurons suggesting attempts are being made to restore
neuronal cell loss in the spinal cord of mSOD1 mice (Chi et al., 2006). Whether these neural
progenitor cells truly migrate from the ependymal zone and contribute to the generation of
newly derived fully functional neuronal units has not been established. Given the extensive
motor neuron and interneuron neurodegeneration in the ALS rodent models, this process, if
it occurs, is certainly not robust.

Glial cells contribute to motor neuron degeneration
NIH-PA Author Manuscript

The first evidence of glial dysfunction in ALS, in patients and in animal models, came from
studies in the mid-1990’s examining astroglial glutamate transporters. These studies
documented that astroglia had markedly diminished expression of EAAT2 GLT1 in motor
cortex and spinal cord, in both sporadic ALS, familial ALS (mutant SOD1 and C9orf72) as
well as mSOD1 rodent models (Rothstein et al., 1992; Bruijn et al., 1997). Similarly, early
in vivo and in vitro studies documented that specific molecular knockdown of this astroglial
protein could produce neuronal, including motor neuronal degeneration and paralysis
(Rothstein et al., 1996). These studies thus demonstrated that astroglia themselves could be
significant contributors to motor neuron degeneration through comprehensive studies of
human tissue, animal models and in vitro models.
Further investigations that markedly strengthened the concept that non-neuronal cells could
contribute to ALS came from studies a decade later, using mice chimeric for mSOD1. These
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mice which are a mixture of mSOD1 expressing cells and wild type cells, had a disease
onset and progression highly affected by the level of the mSOD1 chimerism, with a higher
contribution of mSOD1 expressing cells to total cell number accelerating the phenotype
(Clement et al., 2003). For example, some of the animals developed with spinal motor
neurons bilaterally expressing mSOD1. However, the loss of motor neurons was more
prominent when surrounded by mSOD1 expressing non-neuronal cells as compared to wild
type non-neuronal cells. Wild type motor neurons could also show signs of injury e.g.
intracellular ubiquitination, when they were found to be surrounded by mSOD1 expressing
non-neuronal cells.
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When mSOD1 was selectively expressed in motor neurons alone it was insufficient to cause
full blown motor neuron disease when compared to the ubiquitous expressing mSOD1
expressing animals (Pramatarova et al., 2001; Jaarsma et al., 2008). On the other hand,
selective depletion of mSOD1 in motor neurons of mSOD1 G37R mice affects disease
onset, does not affect disease progression but significantly affects survival (Boillee et al.,
2006; Yamanaka et al., 2008b). These studies indicate that mSOD1 in the surrounding glial
cells strongly influences the degeneration of the surrounding motor neurons. Similar to what
is shown with motor neurons, selective mSOD1 expression in CD11b+ microglia, GFAP+
astrocytes or P0+ Schwann cells does not lead to motor neuron degeneration whereas
mSOD1 expression targeted to skeletal muscle induces mild muscle weakness and
mitochondrial dysfunction, but not death (Gong et al., 2000; Beers et al., 2006; Dobrowolny
et al., 2008; Turner et al., 2010). On the other hand cervical transplantation of mSOD1 glial
restricted precursor (GRP) and subsequent engraftment of progenitor cell derived mSOD1
expressing GFAP+ astrocytes in an otherwise wild type environment did induce motor
neuron loss and forelimb paralysis (Papadeas et al., 2011).
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A more specific cellular contribution of non-neuronal cells was addressed using mice in
which mSOD1 was depleted in a cell specific manner. Loss of mSOD1 G37R or mSOD1
G85R from microglia did not delay disease onset but delayed disease progression and
increased survival (Boillee et al., 2006; Wang et al., 2009). This was further validated in
another mSOD1 G93A line in which upon wild type bone marrow cells transplantation into
mSOD1 G93A/PU1−/− animals (which do not have microglia), life span was significantly
delayed as compared to ubiquitous expressing mSOD1 G93A mice, again suggesting that
wild type microglia are more neuroprotective than mSOD1 microglia (Beers et al., 2006).
Interestingly, this extension of survival might also be mediated in part by mSOD1 deletion
from peripheral myeloid cells, like the Ly6C+ monocytes infiltrating the spinal cord (cf.
above) or macrophages infiltrating the sciatic nerve of mSOD1 mice (Chiu et al., 2009;
Butovsky et al., 2012). On the other hand, depletion of proliferating mSOD1 expressing
microglial cells in mSOD1 G93A mice, although reducing the number of activated
microglia, did not affect motor neuron degeneration (Gowing et al., 2008). Therefore,
depletion of mSOD1 expression in microglia, generating wild type microglial cells, seems to
be more neuroprotective as compared to depleting microglial cell number.
Similar to microglia, deletion of mSOD1 G37R from astrocytes delayed disease progression
and extended survival (Yamanaka et al., 2008a). These results in astrocytes were mimicked
by transplantation of wild type glial progenitor cells into the spinal cord of mSOD1 G93A
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transgenic rats (Lepore et al., 2008b). Upon transplantation these GRPs differentiate into
wild type GFAP and GLT-1 expressing astrocytes in an otherwise mSOD1 expressing
environment, delaying disease progression and improving survival. In addition, AAV9
vectors carrying shRNA directed against mSOD1 and mainly targeting CNS astrocytes upon
tail vein injection were able to delay disease progression in different mSOD1 lines (Foust et
al., 2013). Interestingly, the same study showed that intrathecal delivery of these shRNA’s
targeting SOD1 successfully depleted SOD1 in motor neurons of non-human primates,
setting the stage for AAV9 mediated therapies in clinical trials.
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Although these in vivo studies provide compelling evidence for a role of microglia and
astrocytes in ALS, they provide little in the way of a molecular or biochemical mechanism
for this toxicity. For astrocytes, other than the well replicated loss of GLT1/EAAT2 in ALS
patients and in rodent models (see above), it remains unclear how astroglia in vivo can
directly lead to neurodegeneration, for example through the release of unknown toxic
molecules and/or the loss of expression of other trophic factors. Importantly, the role for
astroglia and microglia in disease pathogenesis almost certainly must be partial in that
selective mSOD1 expression in one particular cell type causes subtle pathological changes
leading to minor motor neuron degeneration, but more widespread mSOD1 expression is
necessary to see motor neuron degeneration to the degree reminiscent of that seen in the
ubiquitous expressing mSOD1 mouse.
More recently, depletion of mSOD1 expression from PDGFRa+ oligodendrocyte progenitor
cells significantly delayed disease onset and increased survival (Kang et al., 2013). In these
mice, depletion of mSOD1 is not restricted to OPCs but also includes OPC derived
oligodendrocytes. Early studies suggested that this protection was mediated, at least in part
by the prevention of loss of MCT1 expression by oligodendroglia (Kang et al., 2013).
Interestingly, peripheral deletion of mutant SOD1 from Schwann cells was actually
neurotoxic rather than becoming more neuroprotective (Lobsiger et al., 2009). The
mechanism for this unexpected outcome was unclear, but hypothesized to be the result of
residual neuroprotective dismutase activity specifically in the Schwann cells. Lastly,
selective depletion of mSOD1 from endothelial cells or skeletal muscle did not affect
disease (Miller et al., 2006; Zhong et al., 2009).
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These studies addressing cell-specific depletion of mSOD1 originally have lead to the
suggestion that selective deletion of mSOD1 from glial cells affect disease progression
whereas mSOD1 deletion from motor neurons affects disease onset. As attractive as that
hypothesis might seem, this was not confirmed in another study though in which deletion of
another mSOD1, mSOD1 G85R, from astrocytes lead to similar results as with mSOD1
G37R, but in this study disease onset was also affected upon deletion of mSOD1 from
astrocytes (Wang et al., 2011). The different nature of the mutation might underlie this
discrepancy. Attributing changes in onset and progression to one particular cell type in fact
may be erroneous and rather ambiguous. Does the dramatic alteration in onset attributed to
oligodendroglial injury imply that these cell initiate disease (Kang et al., 2013)? In chimeric
mice in which all motor neurons and oligodendrocytes express mSOD1 G37R but all other
glial cells are chimeric for mSOD1 expression, disease onset is rather determined by the
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Besides mSOD1, more recent studies have tried to understand glial cell toxicity using newly
generated TDP-43 overexpressing animals, another candidate model for ALS. Unlike for
mSOD1, mTDP-43 transgenic mice overexpressing the mutant protein specifically in motor
neurons do develop severe signs of motor neuron degeneration with the extent of motor
neuron loss dependent on the level of mTDP-43 overexpression (Shan et al., 2010; Wils et
al., 2010). Would this suggest a cell autonomous mechanism of motor neuron degeneration
in contrast to what is seen in mSOD1 mouse models? That would be a premature
conclusion. Models based on TDP overexpression (mutant or wildtype) are more
complicated for studying cell-specific pathophysiology. As studies have now reliability
revealed, merely alerting the expression of the native protein in cells (not just CNS cells)
can be quite cytotoxic (Wegorzewska et al., 2009; Wils et al., 2010). Thus interpretations of
cell specific expression are difficult to interpret when on considers TDP-43 pathophysiology
in ALS. It now seems that both cell autonomous as well as non-cell autonomous
mechanisms are involved in TDP-43 mediated motor neuron degeneration. In rats, selective
mutant TDP-43 (mTDP) (M337V mutant) overexpression in astrocytes does lead to
progressive motor neuron degeneration, likely because direct astroglia injury/ degeneration
may occur in that model as reflect by loss of GFAP and GLT-1 expression seen in those
studies (Tong et al., 2013). Injury to astroglia, in vivo, is known to cause neurotoxicity as a
consequence of losing normal astroglia functions such as glutamate transport, altered
potassium buffering and metabolic support. In contrast, transplantation of mTDP-43 (A315T
mutant) transgenic or TDP-43 depleted mouse derived GRPs does not induce motor neuron
degeneration and forelimb paralysis upon transplantation in the cervical spinal cord of wild
type rats (Haidet-Phillips et al., 2013). Another study used human iPS derived astrocytes
from a patient carrying a mTDP-43-M337V mutation and found that these cells were not
neurotoxic to co-cultured iPS derived wild type or mTDP-43 M337V expressing motor
neurons, although mutant astrocytes degenerated faster as compared to control derived
astrocytes (Serio et al., 2013). Differences in transgene expression level and differences in
the nature of the mutation and species being studied almost certainly underlie the
discrepancies in these studies, and make comparison difficult. In addition, a recent study
reported that muscle specific knockdown or overexpression of the Drosophila TDP-43
orthologue TBPH, causes motor abnormalities versus motor deficits with early lethality
respectively (Diaper et al., 2013). The authors suggested that changes in the Drosophila
orthologues for EAAT1/EAAT2 which are involved in glutamate transport, might underlie
the phenotype in both knockdown as well as overexpression models. Although motor neuron
specific mTDP-43 expression in Drosophila seems to confer different effects on the cellular
level as compared to mTDP-43 expression in glial cells, its effects on the phenotypical level
is very similar (Estes et al., 2013).
Another cell type involved in motor neuron degeneration is the inflammatory T-cell. In ALS
patient post mortem tissue, T-cell infiltrates were seen in both brain and spinal cord
(Engelhardt et al., 1993). In mSOD1 mice, T-cells are readily seen infiltrating the spinal
cord throughout disease progression (Beers et al., 2008; Chiu et al., 2008). To explore the
role of T-cells in ALS, mSOD1 G93A mice were crossbred with RAG2−/− animals (who do
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not develop T and B-cells), CD4 knockout mice or T-cell receptor knockout mice (TCR−/−)
(Beers et al., 2008; Chiu et al., 2008). T-cell depletion or functional depletion of T-cells led
to a significantly reduction in life span as compared to mSOD1 mice (Beers et al., 2008;
Chiu et al., 2008). Microglial immunoreactivity for markers like Iba1 and CD11b is
significantly reduced, but there is a concomitant upregulation of inflammatory markers
associated with a M1 microglial phenotype and a reduction in M2 inflammatory markers
(Beers et al., 2008; Chiu et al., 2008). Upon T-cell depletion, astrocytes also show lower
expression levels for GLT-1 and GLAST, promoting glutamate-mediated excitotoxicity
(Beers et al., 2008). Postnatal transplantation of either mSOD1 or wild type bone marrow
cells restored T-cell number, the microglial and astroglial phenotype and restored life span
(Beers et al., 2008). The presence of T-cells therefore seem to be essential to induce a
neuroprotective M2 phenotype in microglial cells which seems to ultimately fail as disease
is still progressing. This has been further elucidated in vitro using adult microglial cultures
comprising of adult microglia derived from mSOD1 mice at disease onset and at end stage
of disease. Microglial cells derived at disease onset had a M2 phenotype and were more
neuroprotective to co-cultured motor neurons as compared to microglia derived at end stage
of disease, which had a M1 inflammatory phenotype and induced cell death in co-cultured
motor neurons (Liao et al., 2012).
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A thorough evaluation of different T-cell subsets in the CNS of mSOD1 G93A mice was
performed to assess the different contribution of different T-helper (Th2, Th1) and
CD4+FoxP3+ expressing regulatory T-cells (T-reg)(Beers et al., 2008; Beers et al., 2011).
mSOD1 expressing T-reg cells at the early disease stages mediate the M2 microglial
neuroprotective effect through release of IL-4 rather than Th2 cells whose presence does not
change during disease progression (Beers et al., 2011; Zhao et al., 2013). Secreted IL-4 is
known to inhibit the toxic properties of mSOD1 expressing microglia in vitro and is
associated with neuroprotection in vivo (Beers et al., 2008; Zhao et al., 2012). Interestingly,
these mSOD1 transgenic T-reg cells from early disease stages were found to be more
neuroprotective than wild type T-reg cells. On the other hand, at later disease stages mSOD1
expressing T-regs have lost their ability to provide neuroprotection, cytotoxic Th1 cells
become more prominent and microglia seem to become more neurotoxic (Beers et al., 2008;
Beers et al., 2011). The mechanism(s) behind this conversion of neuroprotective to
neurotoxic activity is still poorly understood and needs further investigation. This
importance of FoxP3 expressing T-reg cells was further suggested in humans, as an early
reduction in expression of the T-reg transcription factor FoxP3 was found to be predictive of
a rapid disease progression and attenuated survival (Henkel et al., 2013). As Treg cells are
very abundant outside the CNS, an alternative explanation for the neuroprotective action of
T-reg cells could be the release of protective mediators in the peripheral circulation who
subsequently reach the CNS. In addition, natural killer (NK) T-cells are known to infiltrate
the spinal cord and inhibit neuroprotective T-cell responses (Finkelstein et al., 2011).
Inhibition of NK T-cell activity led to a delay in disease onset and increased survival
(Finkelstein et al., 2011).
A recent study performing transcriptional analysis of a whole range of microglia expressed
chemokines and cytokines rebuffed the idea that microglia would become more polarized
toward an M1 phenotype at later disease stages as no significant bias towards either
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phenotype was seen at any disease stage and microglia express a whole range of both pro
and anti-inflammatory chemokines and cytokines at any given disease stage (Chiu et al.,
2013). The microglial reaction is therefore not beneficial or detrimental per definition, but
rather a double-edged sword with different immune modulatory properties at different time
points and probably different CNS regions. This could explain why the majority of immune
modulatory therapeutic interventions in the past have failed (see below): they could target
both detrimental as well as beneficial immune reactivity equally with no net outcome on
disease progression.

Mechanisms of glial toxicity and therapeutics
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A change in the expression of both proinflammatory as well as anti-inflammatory mediators
has been found in the mSOD1 mouse model as well as ALS patients (Poloni et al., 2000;
Nguyen et al., 2001; Hensley et al., 2003; Henkel et al., 2004; Henkel et al., 2006; Meissner
et al., 2010). There is a concomitant increase in the microglial production of reactive oxygen
species and reactive nitrogen species due to upregulation of the NADPH oxidase and NO
synthase 2 (NOS2) respectively, as well as an increased activity of cyclo-oxygenase 2,
involved in the pro-inflammatory prostanoid synthesis pathway (Almer et al., 2001; Beers et
al., 2006; Wu et al., 2006). A recent report suggested that microglial exert neurotoxicity
through activation of NF-kB signaling, as microglial reduction of NF-kB signaling lead to
significant prolongation of disease progression and life span of mSOD1 mice (Frakes et al.,
2014). A significant reduction in the expression of proinflammatory iNOS, CD86 and CD68
could underlie the neuro protective effects observed (Frakes et al., 2014). Interestingly,
depletion of NF-kB signaling from microglial cells in otherwise wild type animals was
sufficient to cause late onset motor neuron degeneration and loss of hind limb grip
strength{Frakes, 2014 #858}. Another study also reported a significant change in the
miRNA expression profile of Ly6C+ monocytes that had infiltrated the spinal cord, but not
brain of mSOD1 transgenic mice (see above)(Butovsky et al., 2012). This change in miRNA
profile occurred very early in disease and might contribute to the toxic action these
monocytes confer upon infiltration. Interestingly, both mSOD1 fALS as well as sALS
patients showed a similar miRNA profile as compared to mSOD1 mice.
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Several studies have tried to explore whether the inhibition of the release of these proinflammatory factors is beneficial in the mSOD1 mouse model as well as in ALS patients
(reviewed in (Philips and Robberecht, 2011)). The general conclusions of these studies
which more or less specifically target specific inflammatory cytokines or chemokines, is that
anti-inflammatory therapeutics have without exception proven to be highly unsuccessful,
and if successful only moderately enhanced survival. The results from these studies in
mSOD1 mice have shown to be highly dependent on the specific mSOD1 mouse model
studied, the strain of the mSOD1 mice being used, potential compensation of other
inflammatory factors and the non-specific targeting of inflammatory pathways. In fact, as
outlined above, most of these therapeutical applications lack the spatial and temporal
specificity and might overall target both beneficial as well as detrimental outcomes of the
inflammatory reaction equally with no net outcome on disease. When applied to humans, it
is not very surprising that none of the clinical trials based on the limited efficacy in mice
were eventually successful.
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Astrocytes are another cell involved in motor neuron degeneration. Just like microglia,
mouse primary astrocytes derived from mSOD1 ALS mouse models are toxic to co-cultured
embryonic stem cell derived or primary motor neurons (Di Giorgio et al., 2007; Nagai et al.,
2007). One might question the relevance of these in vitro astroglial motor neuron co-cultures
for in vivo biology but a recent study interestingly found a remarkable concordance between
the expression profile of mSOD1 expressing in vitro astrocyte motor neuron co-cultures and
the expression profile of spinal cords of mSOD1 mice in the progressive stage of disease
(Phatnani et al., 2013). Interestingly, astrocytes derived from human spinal cord stem cells
derived from both fALS and sALS patients were shown to be toxic to co-cultured mouse
motor neurons (Haidet-Phillips et al., 2011). Although astrocytes are not immune cells by
definition, they do contribute to the inflammatory response. In fact human fALS and sALS
derived astrocytes upregulated 22 different, complement factors, chemokines and cytokines
as compared to control astrocytes (Haidet-Phillips et al., 2011). Puzzingly, the toxicity
derived from sALS astrocytes was dependent on the expression of the wild type SOD1
protein, supporting recent publications that oxidized wild type SOD1 as found in spinal cord
of sALS patients could be a contributing factor in the pathogenesis of this non-mSOD1
mediated ALS(Haidet-Phillips et al., 2011). Importantly, these studies have all been
performed in vitro and no strong data has emerged identifying the molecular or biochemical
pathway for this toxicity or and perhaps most importantly, whether these events are active in
human ALS patients. To date, only the loss of astroglial function, EAAT2, remains a
confirmed pathway in humans as well as animal models for toxicity.
Thus, the identification of the whole range of factors causative for astrocyte mediated motor
neuron degeneration still awaits identification and validation in human ALS. An interesting
target could be a dysfunction in astrocyte metabolic support. In vitro, lactate release by
astrocytes through the astrocyte Slc16a4 (MCT4) lactate carrier is significantly reduced
(Ferraiuolo et al., 2011). Its in vivo relevance is unsure, as lactate release by
oligodendrocytes, which express another lactate carrier SLC16a1 (MCT1), seems to be more
substantial in providing metabolic support to motor neurons (Lee et al., 2012). In fact,
heterozygous MCT1 null mice do develop widespread axonal degeneration and specific
lentiviral mediated depletion of MCT1 in oligodendrocytes led to a significant reduction in
the amount of motor neurons (Lee et al., 2012). Such a phenotype was not seen in MCT4
null animals (our unpublished observation).
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Another supportive function mediated by astrocytes is the release of a whole range of
neurotrophic factors like GDNF, BDNF, CNTF and VEGF. Adeno-viral (AAV) expression
of IGF-1 or VEGF in mSOD1 mice has been shown to be beneficial in mSOD1 mice,
delaying disease progression and increasing survival (Kaspar et al., 2003; Azzouz et al.,
2004). Engraftment of GDNF or IGF-1 expressing human progenitor cells in the CNS of
mSOD1 mice attenuated the loss of motor neurons but did not affect survival (Park et al.,
2009). Muscle delivery of GDNF expressing mesenchymal stem cells did significantly affect
survival in mSOD1 transgenic rats (Suzuki et al., 2008). Past clinical trials exploring the
benefit of treating ALS patients with IGF1 and BDNF were repeatedly found to be
ineffective (Kalra et al., 2003; Sorenson et al., 2008). Intrathecal delivery of GDNF trials
were once initiated—but halted due to toxicity with no clear clinical efficacy reported.
Clinical trials exploring the efficacy of VEGF are currently under way.
Exp Neurol. Author manuscript; available in PMC 2015 December 01.

Philips and Rothstein

Page 13

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Astrocytes are instrumental in that they take-up excessive glutamate from the synaptic cleft
upon release from the presynaptic function. Loss of GLT-1 might underlie the increased
calcium inward current in the postsynaptic neuron, enhanced cytochrome-c release from the
mitochondria and cell death due to excitotoxicity. GLT-1 levels in mSOD1 animals as well
as the human EAAT2 homologue in ALS patients are significantly reduced as disease
progresses contributing to motor neuron degeneration (Rothstein et al., 1992; Bruijn et al.,
1997; Howland et al., 2002). These astrocytic GLT-1 levels are regulated by KBBP in
astrocytes which in turn is regulated by an unknown factor released by motor neurons (Yang
et al., 2009). Interestingly, exosomal release of miR124a from neurons is able to increase
astrocyte GLT-1 expression levels in vitro as well as in vivo and could be an interesting
target for therapeutic intervention (Morel et al., 2013). Enhancement of GLT-1 levels by
transgenic overexpression (Guo et al., 2003) or by treatment of mSOD1 mice with
ceftriaxone increases mSOD1 mice life span (Rothstein et al., 2005). A clinical trial using
ceftriaxone to treat ALS patients has recently completed. An initial subgroup of patients, as
part of the Phase 2 component of the trial, appeared to greatly benefit with disease slowing,
but when the trial was expanded to a larger cohort of the phase 3 component, this clinical
benefit was largely lost. Whether EAAT2 expression was actually altered by the drug in
ALS patients was not determined (unpublished observations) and thus whether astroglial
EAAT2 expression or function was actually augmented is not known. Future studies should
require the use of pharmacodynamic markers for drug action and a PET ligand for EAAT2/
astroglia is now in development (unpublished observations).
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Motor neuron death mediated by oligodendrocytes and potentially their NG2 glial progenitor
cells has only recently been addressed (cf, above). Loss of oligodendrocyte function both
through an impairment of myelination and impairment in sustaining trophic support of
surrounding motor neurons, underlies this neurotoxicity (Kang et al., 2013; Philips et al.,
2013). These functions might become impaired very early onward, before motor neuron loss
is apparent, when an increased amount of newly generated CC1+ oligodendrocytes is being
observed in the spinal cord of mSOD1 mice (Kang et al., 2013; Philips et al., 2013). Why
oligodendrocytes are dying, and whether this is cell autonomous death or rather stimulated
by surrounding microglial cells and astrocytes, still remains to be elucidated, as is the
factor(s) which regulate oligodendrocyte death and survival. Any signaling pathways that
mediate oligodendrocyte survival and demise, like the Notch, Wnt, Nogo, and Id signaling
pathways, could be implicated in oligodendrocyte mediated motor neuron degeneration
(Richardson et al., 2011). Understanding these events could prove fruitful for ALS, as
pharmaceutical modification of oligodendroglial injury is a highly investigated area in
multiple sclerosis, which has seen great success in disease modifying agents.

Future perspectives
Although targeting glial cells in therapeutical trials has so far been largely unsuccesfull, one
should not forget that many caveats are associated with these trials. First of all, many
therapeutical trials are founded on results obtained using the mSOD1 rodent model and very
few of the mouse studies have provided human evidence for target involvement. The recent
discoveries of a wide range of new ALS causing genes, especially C9ORF72, will soon lead
to the development of new, possibly better animal models to study disease more relevant to
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a wider range of subjects as well as human biomarkers. This will enable one to explore
whether disease mechanisms are generally shared among the different ALS causing
mutations or not, the results of which are of extreme relevance for future therapeutical trials.
Secondly, the generation of iPS derived neurons, oligodendrocytes and astrocytes might
enable us to better model human disease. These cells have the added advantage of
identifying human biomarkers that can be more readily relevant to patient selection and
validation of drug activity. These models are also highly applicable for large therapeutical
screenings and open the door for personalized therapy as iPS cell derived progeny are easily
obtained from each individual ALS patient. Lastly, new diagnostic tools will provide us with
better information on whether a certain therapeutical avenue will be beneficial or not. This is
of essential interest as the majority of previous therapeutical trials lack any indication about
whether the therapeutic was effective in reaching and/or lowering the expression of its
target. As we look to the future of preclinical drug development it will be essential to have
programs in pharmacodynamic markers for drug action or molecular tools for identifying
subsets of patients. An ongoing study in primates is currently exploring the efficacy of using
PET ligands for EAAT2 astroglial transporters. This will enable us to obtain a measurement
of the density of EAAT2 protein levels, identify subset of patients that have astroglia
abnormities and will give us insight into the neuropharmacological dynamics of
therapeutical interventions. The development of similar in vivo human glial markers will be
important.

Conclusions
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ALS is a non-cell autonomous disease in which several glial cells are contributing to the
death of motor neurons. Microglial cells and astroglial cell involvement in ALS has been
widely investigated, and recently a significant contribution of NG2 glial progenitor cells as
oligodendrocytes has been revealed. Most of these studies have focused on the study of
mSOD1 and although mSOD1 is only involved in 1% of all ALS cases, clear correlates with
sALS cases was found, like the loss of GLT-1 mediated glutamate transport as well as the
release of a whole range of inflammatory factors. Unfortunately, the identification of glial
mechanisms in disease has not lead to effective therapeutical targeting. The recent
identification of new ALS genes, like the repeat expansion in the C9ORF72 gene as being
causative for the majority of all familial ALS as well as 10% of sporadic ALS cases, will
lead to the development of new, potentially better ALS disease models. In addition, the use
of iPS derived glial cells to study the disease will enable us to study human disease more
specifically, potentially leading to a better identification of disease mechanisms more
relevant for human disease.
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