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Abstract

A strong glial reaction typically surrounds the affected upper and lower motor neurons and degenerating descending tracts of ALS
patients. Reactive astrocytes in ALS contain protein inclusions, express inflammatory makers such as the inducible forms of nitric oxide
synthase (iNOS) and cyclooxygenase (COX-2), display nitrotyrosine immunoreactivity and downregulate the glutamate transporter EAAT2.
In this review, we discuss the evidence sustaining an active role for astrocytes in the induction and propagation of motor neuron loss in ALS.
Available evidence supports the view that glial activation could be initiated by proinflammatory mediators secreted by motor neuron in
response to injury, axotomy or muscular pathology. In turn, reactive astrocytes produce nitric oxide and peroxynitrite, which cause
mitochondrial damage in cultured neurons and trigger apoptosis in motor neurons. Astrocytes may also contribute to the excitotoxic damage
of motor neurons by decreasing glutamate transport or actively releasing excitotoxic amino acid. In addition, reactive astrocytes secrete pro-
apoptotic mediators, such as nerve growth factor (NGF) or Fas-ligand, a mechanism that may serve to eliminate vulnerable motor neurons.
The comprehensive understanding of the interactions between motor neurons and glia in ALS may lead to a more accurate theory of the
pathogenesis of the disease.
© 2004 Published by Elsevier B.V.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegener-
ative disease originally described by Charcot in 1869,
characterized by the selective degeneration of motor neu-
rons from the cortex, brainstem and spinal cord that leads to
progressive paralysis and muscle atrophy. Most hypotheses
for this selective cell loss have primarily addressed early
changes in motor neurons involving oxidative damage,
defective cytoskeletal function, protein misfolding and ag-
gregation and excitotoxicity from disruption of extracellular
glutamate homeostasis. The degeneration of motor neurons
is so blatant that it tends to obscure subtle changes in other
cell types that may contribute to ALS. In this review, we
will consider the origin of reactive astrogliosis in ALS and
how reactive changes in astrocytes may contribute to the
progressive nature of ALS.

About 10% of ALS cases show familial inheritance, 20%
of which are caused by mutations in the gene encoding
copper, zinc superoxide dismutase (SOD-1) [106]. An
important clue to the pathogenesis of ALS was provided
by the development of several strains of different transgenic
animal models of the disease carrying the expression of high
levels of mutated SOD-1 genes. Toxicity of mutant SOD-1
involves a dominant gain-of-function rather than simply
diminished superoxide-scavenging activity [12,24,54]. Spi-
nal motor neurons express high levels of mutant SOD-1
which might explain the selective vulnerability of these
neurons. However, current evidence indicates that ALS-
linked SOD-1 mutations must be expressed in both neuronal
and non-neuronal cells to induce the disease [52,96]. These
findings suggest that interactions between motor neurons
and surrounding cells in the spinal cord, nerve or skeletal
muscle are required for mutated SOD-1 to initiate neuro-
degeneration in ALS. Accordingly, a recent study by Clem-
ent et al. [23] using chimeric mice composed of mixtures of
normal cells and cells expressing ALS mutant SOD-1
showed that motor neuron degeneration is not necessarily
associated with the expression of SOD-1 mutations in the
motor neuron per se but rather with its expression in a
critical number of neighboring neuronal and non-neuronal
cells.

Astrocytes represent the largest cell population in the
central nervous system (CNS). They closely interact with
neurons to provide structural, metabolic and trophic support
and actively participate in modulating neuronal excitability
and neurotransmission by controlling the extracellular levels
of ions and neurotransmitters [13,40]. In vitro, astrocytes

exert potent trophic influences on motor neurons [4,32,94]
through a variety of proteins and low molecular weight
molecules [113,122], which can be modulated by neuro-
protective drugs [94]. In response to injury, astrocytes and
microglia display characteristic phenotypic changes charac-
terized as astrocytosis or gliosis. Astrocytes respond to CNS
damage by proliferating and adopting a reactive phenotype
characterized morphologically by hypertrophic nuclei and
cell bodies and elaboration of distinct long and thick
processes with increased content of glial fibrillary acidic
protein (GFAP). In addition, reactive astrocytes express a
wide variety of markers such as cytoskeleton proteins, cell
surface and matrix molecules, proteases, protease inhibitors
and several growth factors and cytokines [31,104]. By
secreting diffusible factors, damaged neurons or activated
astrocytes interact in a complex manner with immune cells
and with microglia. Activated microglia, in turn, secrete
proinflammatory peptides, nitric oxide (NO) and excitotox-
ins that induce astrocytosis or aggravate neuronal damage,
therefore, perpetuating and amplifying a local pathogenic
process [51]. However, subtler states of microglia activation
may lead to downregulation of the neuroinflammatory
process. Since gliosis also occurs in a variety of conditions
such as cerebral ischemia, Alzheimer’s disease, Parkinson’s
disease, frontotemporal dementia and Huntington’s disease
[120], it has long been suggested to be a non-specific
response of glial cells to injury and often it is not considered
as a primary pathogenic element in ALS. On the other hand,
recent evidence indicates the existence of other molecular
mechanisms by which activated astrocytes may contribute to
either the death of neurons or to their survival in response to
damage. Extensive reviews have been recently published
about the pathogenesis of ALS [12,25,109], the role of
microglia and inflammatory cells in ALS [83], and the
immune function of astrocytes [31]. In this review, we
examine the current evidence that supports an active role
of astrocytes contributing both to the induction and to the
propagation of motor neuron loss. Understanding of the
interactions between neurons and glia in ALS may help to
explain the progressive nature of ALS.

2. Astrocyte pathology in ALS

A strong glial reaction typically surrounds both upper
and lower motor neurons in ALS patients [59,71,87,90,120].
Some degree of gliosis is also found in the lateral descend-
ing corticospinal tracts and in the entering points of the
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tracts into the gray matter [118], thus forming a continuum
along the damaged regions. Microglia also proliferate and
become activated in these regions, and invading T cells can
be found around the capillaries [83]. Reactive astrocytes in
ALS show increased immunoreactivity for GFAP and the
calcium binding protein S100p [85] and express inflamma-
tory makers such as COX-2 [81], iNOS and neuronal NOS
[5,115]. In addition, astrocyte pathology is accompanied by
cytoplasmic hyaline inclusions [68] and markers of oxida-
tive and nitrative stress [1,91,115].

A similar pattern of astrocytic changes has been de-
scribed in the different animal models of ALS, including
mice and rats carrying different SOD-1 mutations. In the
case of mice expressing the G85R SOD-1 mutation,
astrocytes display major morphological and functional
changes characterized by the appearance of SOD1-contain-
ing aggregates and decreased expression of glial glutamate
transporter GLT-1 [18]. Typically, these changes become
evident before the onset of motor symptoms and dramat-
ically increase with the progression of the disease. How-
ever, the selective expression of G85R mutation in
astroglia, under the control of a GFAP promoter, failed
to induce motor neuron loss and disease [52], indicating
that glial pathology induced by mutant SOD-1 is not
sufficient to initiate neurodegeneration. Although astro-
cytes in these mice are larger and more globular compared
to the stellate morphology typically found in wild type
controls, the degree of morphological abnormalities is not
as extensive as those observed in the G85R-SODI trans-
genic mice at the end stage of the disease. Thus, the
selective expression of SOD-1 mutations in glial cells
cannot explain per se the striking inflammatory response
during motor neuron disease.

Compared to G85R-SOD1 transgenic mice, G93A-SOD1
mice develop astrocytosis later in the disease, after initial
motor neuron changes and microglia invasion are observed
[2,55,78]. However, reactive astrocytes in G93A mice also
upregulate the expression of the calcium-binding protein
S100A6 [63] as well as iNOS, and become immunoreactive
for nitrotyrosine [3,116]. In addition, hypertrophic spinal
cord astrocytes occurring in the late stages of the disease
express the activated form of p38 mitogen-activated protein
kinase [130], which is stimulated by nitric oxide and
inflammatory mediators.

Transgenic rats expressing the G93A mutation also
display earlier and more evident astrocytic alterations
compared to the G93A SOD-1 mice. Rats with the highest
copy numbers of the transgene and maximum expression
of the mutant protein develop a paralytic disorder charac-
terized by rapid motor neuron death accompanied by
proliferation of microglia and hypertrophic astrocytes con-
taining characteristic Lewy body-like hyaline inclusions
[86]. Howland et al. [62] found that gliosis coincided with
early vacuolization of the neuropil and with a striking
focal loss of the GLT-1 glutamate transporter in the ventral
horn.

Taken together, these studies about the pathology of the
disease indicate that astrocytic activation occurs in ALS
both in humans and animal models of the disease with some
shared characteristics: (i) the extent of astrocyte activation
correlates with the degree of neuronal degeneration. Early
astrocytic reactivity without apparent motor neuron death
may be observed in some models where astrocytes are
located in the vicinity of motor neuron soma or dendrites,
suggesting a neuronal-mediated induction of astrocytosis. In
agreement, astrocyte reactivity dramatically increases in
regions exhibiting overt motor neuron degeneration. (ii)
When present, protein aggregates such as Lewy body-like
hyaline inclusions containing SOD-1 are not restricted to
motor neurons but are also abundant in surrounding astro-
cytes. This suggests that defects in protein folding or
processing are not cell type specific, but rather occur
nonspecifically in cells involved in the degenerative pro-
cess. (iii) The degree of astrocyte reactivity correlates with
the expression of inflammatory mediators, increased pro-
duction of reactive oxygen and nitrogen species and defec-
tive glutamate homeostasis that may contribute to motor
neuron degeneration.

3. The origin of astrocytosis in ALS

Symptomatic ALS mice develop a typical “isomorphic”
gliosis characterized by proliferative, hypertrophic and
globular astrocytes [104]. This type of gliosis has also
been described after CNS trauma, epilepsy or axotomy and
is mediated by complex signaling between neurons, micro-
glia and astrocytes [82]. However, astrocytes do not
respond in a stereotypic manner to all forms of cell or
tissue damage. The combination of different mediators
such as cytokines, chemokines, growth factors and adhe-
sion molecules produced in the microenvironment will
determine the final reactive phenotype [104]. Thus, it is
difficult to define the underlying causes of astrocytosis
occurring in ALS. However, astrocytic changes occurring
in aging or following primary motor neuron damage might
illustrate some of the mechanisms causing astrocyte reac-
tivity in ALS.

3.1. Aging

ALS and related neurodegenerative diseases are closely
associated with the aging process, including those cases
with familial inheritance, suggesting that age-dependent
changes occur in neuronal cells for the etiological defect
to trigger neuronal degeneration. Aging in mouse brain is
associated with astrocytic reactive changes resembling those
occurring in neurodegenerative diseases [75]. Astrocytosis
in the aged brain is evidenced by an increase in the relative
number of astrocytes [95,111] and the upregulation of GFAP
and calcium-binding protein S1003 expression [138]. In
aging humans, the spinal cord also undergoes distinct

199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

221

222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239

240
241
242
243
244
245
246
247
248
249
250



251
252
253
254
255
256
257
258
259
260
261
262
263

264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305

4 L.H. Barbeito et al. / Brain Research Reviews xx (2004) xxx—xxx

cellular changes such as the appearance of spheroids (large
eosinophilic bodies) in motor neurons and increased number
of process-bearing astrocytes over-expressing GFAP in the
anterior horn [28]. Moreover, astrocytes as well as microglia
cultured from aged brains display some of the activated
phenotypes of aging glia observed in vivo [I11]. It is
unknown whether these changes are due to primary neuro-
nal damage or simply an attribute of aging glia. In any case,
altered astrocytic function in the aging CNS may negatively
affect synaptic activity and neuronal survival, and contribute
to establish a local pro-inflammatory environment.

3.2. Oxidative stress and peroxynitrite

Oxidative stress caused by increased production of nitric
oxide and peroxynitrite by damaged motor neurons may
constitute a potential mechanism for astrocyte activation in
ALS. Nitric oxide can diffuse through cell membranes and
combine with superoxide by a diffusion-limited reaction to
form the stronger oxidant peroxynitrite [65], which probably
accounts for much of the cytotoxicity of nitric oxide in vivo.
Both nitric oxide and superoxide are produced by motor
neurons in response to trophic factor deprivation [35], Fas
pathway activation [101] or loading with zinc-deficient
SOD-1 [36]. In addition, peroxynitrite is a strong oxidant
[11,97] and reacts with tyrosine residues to form nitro-
tyrosine, a stable post-translational modification that has
been utilized as a footprint for the in vivo formation of
peroxynitrite and other reactive nitrogen species [10]. Re-
cently, we showed that cultured spinal cord astrocytes
briefly exposed to peroxynitrite-induced reactive morpho-
logical changes characterized by the appearance of process-
bearing cells displaying intense GFAP, iNOS and nitro-
tyrosine immunoreactivity [19,20]. ‘A similar phenotype
was induced by bacterial lipopolysaccharide (LPS), a well-
known inflammatory stimulus to glial cells. LPS stimulated
iNOS expression and nitrotyrosine formation, suggesting a
role for peroxynitrite in mediating the astrocytic reactive
phenotype.

Furthermore, oxidative stress and, in particular, perox-
ynitrite formed in reactive astrocytes could induce long-term
effects in specific proteins such as connexins, glutamate
transporters and enzymes that may dramatically affect the
interactions between astrocytes and neurons. For example,
astrocytes are extensively coupled by gap junctions of the
Cx43 connexin subtype, which allows intercellular diffusion
of ions and signaling molecules that regulate neuronal
excitability and neurotransmission. In cultured astrocytes,
the induction of NOS by pro-inflammatory stimulus or the
exposure of astrocyte monolayers to peroxynitrite, leads to a
long-term inhibition of gap junctional communications
[15,112], thus preventing the normal regulatory role of
astrocytes. Peroxynitrite also inhibits astrocytic glutamate
transporters [131], causing an increase of neurotoxic influ-
ences on motor neurons through potentiating neuronal
excitability and excitatory neurotransmission.

3.3. Axotomy and neuronal damage

Axotomy in adult motor neurons induces a series of
structural and metabolic changes that affect neurons, astro-
cytes and other glial cells [26,50,53,102]. After facial nerve
axotomy, astrocytes in the facial nucleus become hypertro-
phic and develop long processes. This is followed by a
sustained increase in GFAP synthesis, lasting for several
days [129]. Some inflammatory molecules such as fibroblast
growth factor [64], major histocompatibility complex-
encoded antigens [89], interferon gamma [70,89] and
NOS [70] have been found elevated in motor neurons after
nerve lesions or spinal cord injury and proposed to signal
between motor neurons and glia. Another putative candidate
for the motor neuron—astrocyte crosstalk is TGF-p3, which
was found expressed by motor neurons in the wobbler mice
[66]. Cytokines such as interferon-a (IFN-a) are among the
most potent inducers of class I MHC expression in astro-
cytes [31]. Aside from cytokines, neurotransmitters and
neuropeptides are known to induce class II MHC, suggest-
ing a scenario in which damaged motor neurons releasing
different mediators can induce astrocytes to assume a
phenotype with inflammatory features.

Further support for motor neurons mediating astrocyte
activation is provided by a recent study showing that
astrocyte and microglia activation around motor neurons
in SOD-1 G93A mice occurs after the onset of distal axon
degeneration [47]. Astrogliosis appears related to motor
neuron stress due to denervation and reinnervation changes
occurring in muscle rather than to motor neuron loss,
suggesting a role for early neuronal dysfunction as a source
of inflammatory mediators influencing glial cells. Further
evidence for a role for motor neurons modulating astro-
cytes reactivity was provided in G93A SOD-1 mice
expressing increased levels of insulin growth factor-1
(IGF-1) in spinal motor neurons and skeletal muscle [67].
Such treatment delayed the onset of motor deficits, sus-
tained life in mice, decreased astrogliosis and delayed
motor neuron pathology and neuropil vacuolization. It
needs to be established whether these effects are due to
an increased release of IGF-1 to the surrounding neuropil
targeting glial cells or to a downregulation of the pro-
inflammatory mediators secreted by motor neurons that
induce astrogliosis.

Taken together, the available evidence suggests that
functional stress in motor neurons without cell death is
sufficient to elicit a secondary glial response resembling
astrocytic changes in presymptomatic ALS mouse and rat
models. In the axotomy model, these responses are revers-
ible and possibly provide the means to select viable neurons
and facilitate nerve growth. However, acute responses are
essentially reversible, while chronic neurodegenerative con-
ditions are progressive. Whereas acute injury elicits glial
reaction followed by activation of mechanisms to dampen
the inflammatory process to background levels, in neurode-
generative processes, glial cells may be subjected to a long

306
307

308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361



362
363
364
365
366
367
368
369

370

371
372
373
374
375

376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413

L.H. Barbeito et al. / Brain Research Reviews xx (2004) xxx—xxx 5

lasting activation. Alternatively, astrocytes may develop an
atypical phenotype that allows them to avoid the anti-
inflammatory signals. The final result would be the appear-
ance of glial cells that exert neurotoxic influences on motor
neurons, further perpetuating neuronal damage and glial
activation in a toxic vicious loop. In this perspective, ALS
might be caused in part by a defective crosstalk between
motor neurons and surrounding astroglia.

4. Neurotoxic potential of reactive astrocytes in ALS

Recent studies have emphasized the involvement of
astrocyte dysfunction in the pathogenesis of ALS through
different synergistic mechanisms.

4.1. Downregulation of astrocytic glutamate transporters

Many ALS patients have elevated glutamate levels in
cerebrospinal fluid and a selective reduction of the astro-
cytic glutamate transporter EAAT2 (GLT1), giving support
to the excitotoxic hypothesis of motor neuron degeneration
[107]. Excitatory amino acid transmission is dependent
upon rapid clearance of released glutamate from the extra-
cellular space by high affinity glutamate transporters located
in the plasma membranes of presynaptic terminals and
astrocytes. In patients with ALS, EAAT2 transporters are
decreased or defective [108,114], which is coincident with
the occurrence of astrocytosis. Significant loss of the
EAAT? transporters has also been documented in the spinal
cord of SOD-1 G85R transgenic mice [18] and G93A
transgenic rats [62]. In the rats, there is a focal loss of
transporters around motor neurons in presymptomatic ani-
mals and almost a complete loss at the end-stage of the
disease. In contrast, neither EAAT1 nor EAAT?2 transporters
seem to be affected in presymptomatic or symptomatic mice
carrying the G93A SOD1 mutation and are characterized by
less pronounced, tardy astrocyte reactivity [117]. Functional
abnormalities or defective processing of glutamate trans-
porters may explain the significant reduction in the ability to
transport glutamate in ALS. The presence of aberrant
mRNA splice variants for EAAT2 in ALS has been hypoth-
esized as a putative cause of EAAT?2 loss [6,79]. Similarly,
alterations in glutamate transporters have been found in
Alzheimer’s disease [74] and Lewy-body dementia [60],
pathologies also characterized by the occurrence of astro-
cytosis, suggesting that the loss of glutamate transporters in
ALS may be secondary to astrocytic activation. According-
ly, recent evidence supports the view that reactive oxygen
species produced by damaged motor neurons induce oxida-
tion and disruption of glutamate uptake in neighboring
astrocytes [98]. Oxidants and lipid peroxides inhibit the
high affinity glutamate uptake in astrocytes and synapto-
somes [14,137] by oxidation of critical sulthydryl groups of
the transporter protein. Similar effects are induced by
peroxynitrite or hydrogen peroxide in reconstituted lipo-

somes containing glutamate transporters [131]. Alternative-
ly, a neuroprotective effect could be explained by the
inhibition of glutamate transporters by oxidants as an
adaptative mechanism to prevent exaggerated glutamate
release by reversal of the electrogenic glutamate uptake
[128]. Other mechanism by which astrocytes may contribute
to the excitotoxic damage of motor neurons is through the
active release of glutamate. Inflammatory changes occurring
in astrocytes can trigger the release of glutamate, which
further exacerbates excitotoxic conditions for motor neu-
rons. For example, reactive astrocytes in ALS express COX-
2, an enzyme that catalyzes the synthesis of the inflamma-
tory prostaglandin E2, which in turn stimulates glutamate
release from astrocytes. Treatment of ALS mice with the
COX-2 inhibitor Celecoxib delayed the onset of the disease
and increased the survival rates [30], further suggesting a
link between inflammation and excitotoxicity.

4.2. Cytokine production by astrocytes

Much of the research on the pathology of neurodegen-
erative diseases has been focused on neuroinflammatory
mechanisms, proposed to exacerbate the progression of
neurodegenerative diseases, including Alzheimer’s [83]. In
ALS, neuroinflammatory changes can be observed through
the entire motor system. However, aside from glial activa-
tion and its expression of some inflammatory mediators
described in ALS, the pathophysiological role of relevant
cytokines and chemokines has remained largely unexplored.
For example, in the CNS, interleukin-13 (IL-1pR) and IL-6
exert a powerful regulation of glial cells [109]. Important
functional interactions have been described between IL-13
expression by glial cells and the occurrence of excitotoxic
mechanisms and neuronal death in diverse forms of neuro-
degeneration, which could be relevant in ALS pathophysi-
ology. Proinflammatory IL-13 and IL-6 are synthesized by
neuroglia during epileptic activity [105], the response being
greater when seizures are associated with neuronal damage,
suggesting the release of neuronal mediators. The cellular
responses to cytokines is intrinsically complex and involve a
crosstalk with other inflammatory mediators. Interestingly,
cytokine signaling can induce iNOS, COX-2 and NMDA
receptor subunit phosphorylation, with different consequen-
ces in glial and neuronal cells. Activation of iNOS in
astrocytes by IL-1p potentiates NMDA-mediated neurotox-
icity in mixed cortical cultures [57]. Activation of murine
astrocytes with tumour necrosis factor-alpha (TNF-a), IL-
1 and IFNvy induces IL-6, COX-2 and iNOS and makes the
cells vulnerable to undergo apoptosis in response to Fas
ligand (FasL) [39]. These results suggest a yet largely
unexplored mechanism of massive astrocyte degeneration
that has been recently reported in the spinal cord of
chronically LPS-treated mutant SOD1 mice [88]. Activated
astrocytes are potent producers of IL-6. While IL-6 can
promote survival and protect neurons from degeneration, it
can also promote astrocyte proliferation and activation [31].
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Thus, these data are consistent with the hypothesis that
interleukines and other inflammatory cytokines and chemo-
kines play a role in initiating and modulating the inflam-
matory mechanisms in ALS, explaining relevant features of
the astrocyte pathology.

4.3. Production of nitric oxide and peroxynitrite

Free radical damage is a characteristic of pathologically
affected ALS tissues. Previous reports have shown that
reactive astrocytes in culture may contribute to free radical
formation and neuronal death. In particular, induction of
iNOS by LPS or cytokines seems to be required for
astrocytes to promote neuronal death [20,21,29,124]. Pro-
duction of nitric oxide or peroxynitrite by astrocytes induces
damage to mitochondrial complexes of co-cultured cortical
neurons [16,126] and enhances NMDA-induced excitotox-
icity [57]. We have reported that production of nitric oxide
by reactive astrocytes is required for the induction of motor
neuron apoptosis in a co-culture model [20]. The co-cultures
were established by plating embryonic rat spinal motor
neurons onto monolayers of astrocytes that were first
exposed to peroxynitrite or LPS. Under control conditions,
astrocytes provided sufficient trophic support to allow motor
neurons to survive and extensively develop neurites without
addition of neurotrophic factors. In contrast, 30—40% of the
motor neurons plated on astrocytes pretreated with perox-
ynitrite or LPS undergo apoptosis over the next 24 h. Some
motor neurons plated on these reactive astrocytes were
smaller and displayed immunoreactivity for cleaved caspase
3, suggesting the activation of apoptotic mechanisms. Motor
neuron loss was not prevented by a cocktail of neurotrophic
factors that support motor neuron survival in the absence of
astrocytes, thus excluding a mechanism of peroxynitrite
inhibition of trophic factor production by astrocytes. Inhi-
bition of iINOS by nitro-L-arginine methyl ester and low
concentrations of aminoguanidine prevented motor neuron
loss, supporting the neurotoxic role of astrocytic nitric
oxide. In addition, damaged motor neurons were immuno-
reactive for nitrotyrosine. Nitric oxide itself cannot nitrate
tyrosine, which implies that it was transformed into perox-
ynitrite - by reaction with superoxide [11]. Nitrotyrosine
staining has also been reported in cultured motor neurons
undergoing apoptosis [35,36], in mutant SOD-1 mice
[42,116] and in sporadic and familial cases of ALS
[1,8,43,115]. Further evidence to support a role for perox-
ynitrite in motor neuron death comes from the protection
provided by Mn-TBAP and uric acid. Mn-TBAP is a
membrane permeant SOD-mimetic and peroxynitrite scav-
enger [40]. On the other hand, uric acid does not directly
scavenge peroxynitrite [61] but is particularly effective at
inhibiting nitration by peroxynitrite. Thus, reactive astro-
cytes in ALS would not only impair neuronal excitability
and neurotransmission, but they would create the conditions
to actively induce motor neuron death by NO-dependent
mechanisms.

4.4. Production of apoptotic factors

Cytokines and trophic factors produced by activated
astrocytes such as FasL, TNF-a and NGF, are capable of
activating death receptors expressed in the diseased CNS.
Receptor-mediated apoptosis could play a role in motor
neuron loss observed in ALS without the direct involvement
of the immune system. These ligands show a dual function,
promoting cell survival or death depending on gene expres-
sion and activation state of the target cell [9]. Although FasL
is induced in reactive astrocytes as well as in microglia in
Alzheimer’s and Huntington’s disease [44,45], little is
known about its expression in ALS. Motor neurons co-
express Fas and FasL during the embryonic period of
naturally occurring cell death; however, no changes in
motoneuron survival were observed in mutant mice defi-
cient for Fas signaling [133]. In contrast, Fas signaling has
been implicated in motor neuron death induced by axotomy,
suggesting that this pathway may be activated in the
pathological degeneration of motor neurons [133]. Further-
more, motor neurons from transgenic mice overexpressing
ALS-linked SOD mutations G37R, G85R or G93A display
an increased susceptibility to Fas signaling [99,101]. The
apoptotic pathway activated by Fas seems to be specific to
motor neurons, requiring co-activation of caspase-8 and p38
as well as the production of nitric oxide by neuronal NOS
[101]. Another potential apoptotic candidate released by
astrocytes is nerve growth factor (NGF). Clearly, NGF is
critical for the differentiation and survival of specific
neuronal populations during development and for neural
plasticity in the mature nervous system [77,119,125]. While
NGF can signal through activation of the high affinity TrkA
receptor, it also can activate the non-selective neurotrophin
receptor p75™"®, a member of the tumor necrosis factor
receptor superfamily. Motor neurons are generally thought
to be unresponsive to NGF because they lack the specific
TrkA receptor. However, they do respond to other members
of the neurotrophin family, including BDNF, NT-3 and NT-
4/5 [123].

Signaling through p7 , in the absence of the
corresponding Trk receptor, has been shown to promote
apoptosis in specific neuronal types during normal CNS
development [7,48,49,136] and is probably used to eliminate
damaged neurons and oligodendrocytes in the mature ner-
vous system [84,100]. Motor neurons express p75™  during
the embryonic period of naturally occurring cell death when
over half of motor neurons die, but its expression gradually
ends after birth [22,34,134,141]. Although p75NTR is not
present in mature motor neurons, the receptor can be re-
expressed following nerve injury [34,46,69,103,140] and has
been shown to mediate motor neuron loss after facial nerve
lesion in newborn [139] and adult mice [46]. Moreover,
p75N™ is found in motor neurons of ALS patients [80,121],
suggesting that re-expression of the receptor might modulate
the death of neurons in damaged areas. p75™'® expression
can be also observed on reactive astrocytes, microglia and
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perivascular cells in chronic active MS lesions, suggesting an
additional role for NGF in regulating the immune response in
glial cells [135].

Astrogliosis is associated with increased expression and
release of several growth factors and cytokines, including
NGEF [33]. Increased NGF levels have been shown in rodent
CNS following experimental lesions and in pathological
conditions characterized by prominent astrocytosis such as
Alzheimer’s disease [27,37]. Expression of NGF receptors
in active multiple sclerosis lesions suggests a role for NGF
in regulating the autoimmune response at both immune and
glial cell levels [17,135]. However, little is known about the
expression of NGF in ALS, although increased NGF levels
were reported in muscle of ALS patients [72,127]. Thus, it
is conceivable that NGF signaling between astrocytes and
p75NTR expressing motor neurons may contribute to the
induction of neuronal apoptosis in ALS. We have recently
found a prominent increase in NGF immunoreactivity in the
neuropil of the anterior horn in symptomatic mice carrying
the G93A mutation coincident with p75™™ expression in
motor neurons [93], suggesting that increased NGF produc-
tion may parallel the development of astrocytosis in ALS
and contribute to motor neuron death. We also found that
reactive astrocytes secrete high molecular forms of NGF,
which could correspond to the precursors forms of NGF
(pro-NGF) [92]. It has been recently shown that the pro-
neurotrophin is enriched in the CNS [38] and could be
secreted by different cell types [56,58]. Some isoforms of
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pro-NGF bind with high affinity to p75™'~ and thus induces
a specific apoptotic signal even in cells expressing both
p75N™ and TrkA receptors [76].

Two recent reports further support a role for a NGF/
p75N™® apoptotic pathway in ALS. Survival of SOD G93A
mice is significantly increased by systemic treatment with
an antisense peptide nucleic acid construct that targets the
p75 NTR gene and inhibits its expression [132]. In another
study, a modest but significant increase in survival was
reported in double transgenic mice expressing SOD1 G93A
but lacking p75™"™® [73]. Improved survival was only found
in female mice and was not correlated with increased motor
neuron survival but with less astrocyte activation in the
lumbar ventral spinal cord.

5. Astrocytes and motor neuron death

We hypothesize that oxidative stress, occurring in dam-
aged areas undergoing neurodegeneration, disrupts the inter-
actions between motor neuron and astrocytes (Fig. 1). In
response to damage, motor neurons can signal the surround-
ing astrocytes to become activated and upregulate critical
genes that may recapitulate the pattern found during devel-
opment. For example, the re-expression of p75™'% and
neuronal NOS may help to determine which neurons survive
or undergo apoptosis. In turn, activated astrocytes are likely
to develop several phenotypes with distinct patterns of gene

stellate
astrocyte

non-reactive
astrocytes

i
SPREADING

MOTOR NEURON A MOTOR I\iEURON B

Fig. 1. Proposed pathogenic steps involving astrocyte to motor neuron signaling in ALS. INDUCTION. Aging or various genetic or environmental defects may
induce early damage in motor neuron A, which upregulates the expression of nNOS, p75™'®, Fas, cytokines and trophic factors. Neighboring astrocytes (and
microglia—not shown) become activated in response to the mediators produced by motor neurons and adopt a hypertrophic morphology. INITIATION. The initial
subtle pathological changes cause motor neuron A to become further damaged by a combination of increased excitatory inputs, defects in mitochondrial activity,
slowed axonal transport and enhanced production of NO and peroxynitrite. Astrocytes become further activated, displaying a stellate morphology and decreased
glutamate transporters and suffer increased oxidative stress mediated by NO and peroxynitrite. Astrocytes may amplify motor neuron damage by producing NO,
cytokines and pro apoptotic mediators such as NGF or FasL. Astrocytes may also spread the damage to other glial cells that become activated. SPREADING.
While motor neuron A shows regressive changes or may follow apoptosis, it becomes completely surrounded by reactive astrocytes. Both astrocytes and motor
neurons exhibit extensive pathologic signs including accumulation of nitrotyrosine, protein aggregation and damaged mitochondria. Meanwhile, astrocyte
activation has spread and may render motor neuron B more vulnerable to the primary etiologic factors and reinforce a vicious autotoxic loop.
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expression and secretory capacity, which primarily serve to
isolate the site where injury is occurring. In addition, reactive
astrocytes may develop phenotypic features such as down-
regulation of glutamate transporters and upregulation of
inflammatory mediators and trophic factors that support the
survival and growth of the “healthy” neurons still present in
the injured regions while signaling the death of those already
critically damaged. Increased levels of nitric oxide produced
by astrocytes does not induce motor neuron apoptosis unless
increased fluxes of superoxide are formed as a result of
metabolic or mitochondrial dysfunction, perhaps stimulated
by exaggerated excitatory transmission. Similarly, increased
production of either FasL. or NGF does not induce motor
neuron apoptosis unless nitric oxide is produced or p75™ X is
expressed in those neurons. However, it would be the
exception rather than the rule that the simple occurrence of
reactive astrocytes in response to pathological conditions
such as axotomy or trauma, triggers a progressive motor
neuron disease with the characteristics of ALS. Changes in
motor neurons and surrounding astrocytes should be revers-
ible and strictly controlled to avoid propagation of the injury.
We propose that these mechanisms are somehow critically
and irreversibly disrupted in ALS.

6. Conclusions

The pathology of ALS is characterized by widespread
signs of neuronal and astrocyte dysfunction which account
for the appearance of protein aggregates, cytoskeletal ab-
normalities and mitochondrial swelling. These changes not
only affect motor neurons but also the surrounding astro-
cytes and many interneurons. The origin of this pan-cellular
pathology is intriguing and deserves further investigation.
Because reactive astrocytes occurring in ALS may spread
the phenotypic transformation to astrocytes located in adja-
cent regions, they may greatly contribute to the elimination
of vulnerable motor neurons and propagation of the disease.
While some motor neurons display regressive changes and
may undergo apoptosis, others exhibit compensatory axonal
growth to re-innervate muscle fibers. This may increase the
metabolic and functional burden on the remaining motor
neurons to eventually promote further neuronal death. We
speculate that motor neurons surrounded by reactive astro-
cytes may not be appropriately supported with metabolic
substrates or trophic factors and may become progressively
vulnerable to inflammatory mediators and pro-apoptotic
mediators. Deciphering the interactions between motor
neurons and glia in ALS may reveal the basis for the
progressive pathogenesis of the disease.
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