Am J Stem Cell 2012;1(1):2-21
www.AJSC.us /ISSN: 2160-4150/AJSC1108002

Original Article

Mutant SOD1 microglia-generated nitroxidative stress
promotes toxicity to human fetal neural stem cell-
derived motor neurons through direct damage and
noxious interactions with astrocytes
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Abstract: Amyotrophic lateral sclerosis (ALS) is a devastating motor neuron disease. Human neural stem cells
(hNSCs) may have the potential to replace lost motor neurons. The therapeutic efficacy of stem cell therapy depends
greatly on the survival of grafted stem cell-derived motor neurons in the microenvironment of the spinal cord in ALS.
After transplantation of hNSCs into the spinal cords of transgenic ALS rats, morphological analysis reveals that
grafted hNSCs differentiate into motor neurons. However, hNSCs degenerate and show signs of nitroxidative damage
at the disease end-stage. Using an in vitro coculture system, we systematically assess interactions between microglia
and astroglia derived from both nontransgenic rats and transgenic rats expressing human mutant SOD1693A before
and after symptomatic disease onset, and determine the effects of such microglia-astroglia interactions on the sur-
vival of hNSC-derived motor neurons. We found that ALS microglia, specifically isolated after symptomatic disease
onset, are directly toxic to hNSC-derived motor neurons. Furthermore, nontransgenic astrocytes not only lose their
protective role in hNSC-derived motor neuron survival in vitro, but also exhibit toxic features when cocultured with
mutant SOD1693A microglia. Using inhibitors of inducible nitric oxide synthase and NADPH oxidase, we show that mi-
croglia-generated nitric oxide and superoxide partially contribute to motor neuron loss and astrocyte dysfunction in
this coculture paradigm. In summary, reactive oxygen/nitrogen species released from overactivated microglia in ALS
directly eliminate human neural stem cell-derived motor neurons and reduce the neuroprotective capacities of astro-
cytes.
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Introduction

Amyotrophic lateral sclerosis (ALS) is the most
common adult motor neuron disease and 1-2%
of patients have familial ALS due to mutations
in superoxide dismutase 1 (SOD1) [1]. Current
evidence, accumulated from transgenic rodent
models expressing human mutant SOD1, indi-
cates that mutant SOD1 expression within mo-
tor neurons and other unidentified cell types
determines the rate of disease onset [2,3]. Dis-
ease progression after onset, on the other hand,
is hastened by the activation and dysfunction of
surrounding mutant SOD1-expressing microglia
and astrocytes [2,4-6]. Microgliosis and astro-
gliosis in areas of motor neuron degeneration
are pathological hallmarks of ALS [7,8]. Oxida-

tive stress beyond endogenous antioxidant ca-
pabilities is also observed in ALS. Evidence of
oxidative damage, including increased protein
carbonylation [9], protein nitration [10] and lipid
peroxidation [11] has been described in both
ALS patients and transgenic ALS animal models.

ALS is often diagnosed very late in the disease
course after numerous motor neurons have
already been lost. Thus, in order to reinnervate
muscle tissue and repair muscle function, motor
neurons will need to be replaced. Many stem
cell therapies have previously been tested in
transgenic ALS rodent models [12-14]. How-
ever, the slight benefits shown in some studies,
including our experiment in which lifespan was
prolonged by 17 days (unpublished observa-
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tion), were most likely due to the neuroprotec-
tion of endogenous motor neurons rather than
motor neuron replacement. Advances in tech-
niques for motor neuron differentiation from
stem cells [14] allow specifically for the explora-
tion of motor neuron cell-replacement therapy in
transgenic ALS models. Further, several recent
studies have shown that stem cell-derived mo-
tor neurons are susceptible to damage in the
neural microenvironment of transgenic ALS ani-
mals through organotypic slice cultures and
cocultures with primary astrocytes [15-19].
Thus, the hostile spinal microenvironment in
ALS may be detrimental to the survival and
maturation of transplanted stem cell-derived
motor neurons.

Here, we sought to determine whether the
grafted cells could differentiate into motor neu-
rons and survive within the toxic spinal microen-
vironment in vivo. Furthermore, it is unclear how
microglia and astrocytes intereact with each
other to create such a toxic environment, and to
what extent nitroxidative stress is involved in
motor neuron toxicity. Thus, we provide evi-
dence that primary microglia isolated from
transgenic ALS rats after symptomatic disease
onset, through generating reactive oxygen/
nitrogen species, specifically affect the survival
of hNSC-derived motor neurons by direct nitroxi-
dative damage and detrimental interactions
with normally neuroprotective astrocytes.

Materials and methods
Human NSC culture

The primary KO48 line of human cortical NSCs
was cultured as neurospheres according to our
previous description [20,21]. Growth media
contained a basic media consisting of DMEM
(high glucose, L-glutamine)/Hams-F12 (3:1)
(Invitrogen/GIBCO, Carlsbad, CA), 15 mM
HEPES (Sigma, St. Louis, MO), 1.5% D-glucose
(Sigma), 67 LU./ml/67 upg/ml penicillin/
streptomycin (Cellgro, Herndon, VA) and 2 mM L
-glutamine (Sigma). The basic media was sup-
plemented with N2, including 25 pg/ml bovine
insulin (Sigma), 100 pyg/ml human transferrin
(Sigma), 100 uM putrescine (Sigma), 20 nM
progesterone (Sigma) and 30 nM sodium se-
lenite (Sigma) [22]. Growth media was further
supplemented with 20 ng/ml recombinant hu-
man epidermal growth factor (EGF) (R&D Sys-
tems, Minneapolis, MN), 20 ng/ml recombinant
human basic fibroblast growth factor (bFGF)

(R&D Systems), 5 ug/ml heparin (Sigma) and
10 ng/ml recombinant human leukemia inhibi-
tory factor (LIF) (Chemicon, Temecula, CA).

Human NSC priming and differentiation

Priming was performed according to our previ-
ous description [21,23]. Three to four days after
passage (passages 15-35), approximately 2-4
million hNSCs in neurospheres were seeded in
25 cm? flasks with the basic media and N2 de-
scribed above and primed with 10 ng/ml bFGF,
2.5 yg/ml heparin and 1 yg/ml laminin (LMN,
Invitrogen) for 4 days. Primed cells were then
cultured in differentiation medium, which con-
sisted of the basic medium supplemented with
20 ul/ml B27 (GIBCO). After 6-7 days, differenti-
ated hNSCs were dissociated according to our
previous description [24,25] and used in all
coculture experiments described below.

Transgenic ALS rats

Male hemizygous NTac:SD-TgN(SOD1G93A)
L26H rats (Taconic, Hudson, NY) [26] were
crossed with normal female Wistar rats (Charles
River Laboratories, Wilmington, MA) and geno-
typed by PCR analyses with human mutant
SOD1 primers according to our previous de-
scription [27]. The animal protocol was ap-
proved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Texas
Medical Branch. Male and female transgenic
ALS rats were used in all transplantation (total
of 28 rats) and primary glia extraction experi-
ments. Control nontransgenic rats were always
sex-matched and age-matched, and were litter-
mates whenever possible.

Symptomatic disease onset and disease pro-
gression post-disease onset were assessed us-
ing a modified 5-point motor score system ac-
cording to our previous description [27]. A score
of 5 represented normal movement whereas a
score of O (disease end-stage) represented the
absence of righting reflexes within a 30-second
time period, at which time the rats were eutha-
nized. Lifespan was determined by the age at
the disease end-stage. Disease onset was de-
termined when the rats first showed abnormal
gait signs, which denoted a motor score of 4.

Human NSC transplantation

Human NSCs were cultured, transduced by a
recombinant adeno-associated viral vector con-
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taining the enhanced green fluorescent protein
gene, AAVegfp, and transplanted according to
our previous description [23-25]. At 4 months of
age, transgenic or nontransgenic rats received
stereotactic transplantation of hNSCs into the
ventral horns of spinal cords bilaterally at L4-5
and 1 x 105 hNSCs were injected per site (2
injection sites). All transplanted rats were immu-
nosuppressed with  NEORAL cyclosporine
(Novartis Pharmaceuticals, East Hanover, NJ) at
100 pg/ml in drinking water beginning 3 days
prior to transplantation and then throughout the
lifespan of the animals. All surgery protocols
were performed under aseptic conditions in
compliance with the NIH Guide for the Care and
Use of Laboratory Animals.

Primary astrocyte isolation

Primary spinal cord astrocytes were generated
from transgenic ALS rats and nontransgenic
littermates according to previously described
methods [28] with modifications [29]. Lumbar
spinal cord sections (1 cm) were pooled from
three ALS rats after symptomatic disease onset
or 1 month of age and nontransgenic control
rats. Astrocytes were cultured in glia growth
medium (GGM) consisting of DMEM/F12 (3:1)
supplemented with 10% fetal bovine serum
(FBS, GIBCO), 15 mM HEPES, 1.5% D-glucose,
67 1.U./ml penicillin and 67 ug/ml streptomycin.
At confluence, astrocytes were dissociated by
adding 0.25% trypsin-EDTA (GIBCO) in dPBS
(1:4 dilution) for 20 minutes according to a pre-
viously described method [30] with modifica-
tions. Many cells remained attached
(presumably microglia), but floating cells were
collected and plated in GGM in new flasks at
0.5-1 x 106 cells/25 cm2. Cytosine arabinofu-
ranoside (10 yM, Sigma) was added to the GGM
overnight to inhibit any rapidly dividing cells
(presumably fibroblasts). Cells from passage 2-
5 were used for experiments.

Primary microglia isolation

Pure microglia were isolated from combined
whole brain and spinal cord tissue using a den-
sity gradient centrifugation method in Percoll
solutions [31] with slight modifications. Briefly,
brains and spinal cords were pooled from three
transgenic ALS rats after symptomatic disease
onset or 1 month of age and nontransgenic con-
trol rats. After isolation by density gradient cen-
trifugation according to the method described

by Frank and colleagues [34], microglia were
cultured in media containing half GGM and half
conditioned medium from 3-day post-passage
L929 fibroblast cell culture, which was collected
and stored at -80°C. L929 fibroblasts (ATCC,
Manassas, VA) secrete macrophage-colony
stimulating factor (M-CSF) [32], which is a
growth factor for microglia [33]. L929 fibro-
blasts were cultured in DMEM with 5% FBS.
Isolated microglia were immediately plated for
coculture experiments. The yield of microglia
was approximately 1-3 x 105 per rat, with the
purity of 98% confirmed by immunofluorescent
analyses using the microglial marker Ibal.
Other microglial markers such as CD11b and
CD68 were also used to further verify the cell
phenotype.

Cocultures of hNSCs and glia

For all coculture experiments, cell numbers
were approximately 150,000 differentiated
hNSCs, 50,000 microglia and 100,000 astro-
cytes. German glass coverslips (Carolina Biologi-
cal Supply, Burlington, NC) in 24-well plates
were pre-treated with 0.01% poly-D-lysine and 1
pg/cm2 LMN. In experiments with microglia in
direct contact coculture with hNSCs, microglia
were plated on PDL/LMN-coated coverslips im-
mediately after isolation and cultured for four
days to allow for recovery. Differentiated hNSCs
were plated on top of microglia in B27 medium
overnight. B27 medium was then replaced with
basic medium supplemented with N2 (N2 me-
dium) containing either vehicle (DMSO or dH20),
apocynin  (Sigma), N6-(1-iminoethyl)-L-lysine
dihydrochloride (L-NIL, Cayman Chemical, Ann
Arbor, M), Urate (Sigma), Carboxy-PTIO
(Calbiochem, Gibbstown, NJ), MK 0524
(Cayman Chemical) or SOD (Sigma). In experi-
ments with microglia and hNSCs in non-contact
coculture, microglia were plated in 0.4 ym poly-
ester membrane transwells (Corning, Corning,
NY) and cultured for 4 days. Differentiated
hNSCs were plated on PDL/LMN-coated cover-
slips in a 24-well plate in B27 medium over-
night. Cocultures were then initiated in N2 me-
dium. Non-contact cocultures of hNSCs and
astrocytes were performed in the same manner
as microglia except astrocytes were plated in
3.0 um polyester membrane transwells
(Corning) and allowed to recover in GGM over-
night prior to coculture in N2 medium. If glu-
tathione depletion was required, astrocytes
were incubated in N2 medium with vehicle
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(DMSO) or ethacrynic acid (Sigma) for 24 hours
prior to initiating the coculture. In experiments
in which microglia and astrocytes were cocul-
tured in direct contact with each other, micro-
glia were first plated in 0.4 ym transwells or on
PDL/LMN-coated coverslips and allowed to re-
cover for 4 days. Astrocytes were plated on top
of microglia in GGM overnight and then changed
to N2 medium. Half the N2 medium with appro-
priate drug concentrations was changed after 3
days in all experiments. Cells on coverslips were
fixed in 4% paraformaldehyde for immunofluo-
rescent analyses after 7 days in coculture. In a
subset of experiments without primary glia, dif-
ferentiated hNSCs were directly treated with
increasing doses (1 nM - 10 uM) of pros-
taglandin D2 (PGD2, Cayman Chemical) or vehi-
cle (DMSO), in N2 medium for 7 days before
fixation.

Immunofluorescent staining

Immunocytofluorescent staining was performed
according to our previous descriptions [20,21].
Primary antibodies, including monoclonal anti-
HbQ (1:100, Developmental Studies Hybridoma
Bank), rabbit polyclonal anti-microtubule associ-
ated protein 2 (MAP2, 1:500, Chemicon), rabbit
polyclonal anti-lbal (1:500, Wako, Richmond,
VA), monoclonal anti-CD68 (1:100, AbD Sero-
tec, Raleigh, NC) and monoclonal anti-CD11b
(1:100, Chemicon), as well as Alexa fluorophore
-conjugated secondary antibodies (Molecular
Probes, Carlsbad, CA), 568 goat anti-mouse
(1:400) and 488 goat anti-rabbit (1:400), were
utilized. Images were acquired with a Nikon 80i
epifluorescent microscope using NIS-Elements
imaging software.

Immunohistofluorescent staining was per-
formed according to our previous descriptions
[23,24]. For immunostaining with 4-HNE, sec-
tions were first exposed to sodium borohydride
(50 mM) and MOPS buffer (100 mM), pH 8.0,
for 10 minutes prior to serum blocking. Goat
polyclonal anti-ChAT (1:100, Chemicon), rabbit
polyclonal anti-GFAP (1:1,000, Chemicon), rab-
bit polyclonal anti-lbal (1:500, Wako, Rich-
mond, VA), rabbit polyclonal anti-nitrotyrosine
(7.5 pg/ml) (Upstate Cell Signaling Solutions,
Lake Placid, NY) and rabbit polyclonal anti-4-
HNE (1:200, Calbiochem) primary antibodies
and alexa fluorophore-conjugated secondary
antibodies (Molecular Probes) were used. Im-
ages were acquired with a Nikon D-Eclipse C1

Laser Scanning Confocal microscope.
Immunochemistry

For immunocytochemistry, cells were fixed in
4% paraformaldehyde and post-fixed with 0.3%
H202 in methanol. The Vectastain ABC kit
(Vector Laboratories, Burlingame, CA) was used
according to manufacturer’s instructions. Pri-
mary rabbit polyclonal anti-4-HNE (1:3,000, Cal-
biochem) and goat anti-rabbit 1gG (1:200, Vec-
tor Laboratories) were used. Cells were incu-
bated with 0.025% diaminobenzidine tetrahy-
drochloride (DAB, Sigma) and 0.01% H20-.

For immunohistochemistry, spinal cord sections
were deparaffinized in xylene and rehydrated
through serial concentrations of ethanol. Follow-
ing antigen retrieval in microwave (2 min, 700
watt), sections were post-fixed with 0.3% H202
in methanol and then blocked with 1.5% NGS
for 30 minutes at room temperature. Primary
antibodies included rabbit polyclonal anti-
nitrotyrosine (5 pg/ml, Upstate Cell Signaling
Solutions) and rabbit polyclonal anti-4-HNE
(1:200, Calbiochem). Horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:200) was
used as the secondary antibody (Upstate Cell
Signaling Solutions). The Vectastain ABC kit
(Vector Laboratories) was applied according to
the manufacturer’s instruction.

TUNEL staining

Cells were fixed in 4% paraformaldehyde. For
TdT-mediated dUTP nick end labeling (TUNEL)
staining, the TACS® 2 TdT-Fluor In Situ Apop-
tosis Detection Kit (Trevigen, Gaithersburg, MD)
was used according to the manufacturer’s in-
structions. Images were acquired with a Nikon
80i epifluorescent microscope using NIS-
Elements imaging software.

Superoxide assay

Superoxide release from glia was determined by
the reduction of the WST-1 reagent (Dojindo
Laboratories, Rockville, MD) according to stan-
dard methods [34,35]. WST-1 (300 uM) and
catalase (10 U/ml, Sigma) in Hanks’ Balanced
Salt Solution (HBSS, Cellgro) were added to the
samples. Phorbol myristate acetate (PMA, 800
nM, Calbiochem) was then added to initiate the
reaction. After 2-hour incubation, the absorb-
ance was measured at 450 nm on an ELx800uv
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Universal Microplate Reader (Biotek Instru-
ments, Inc., Winooski, VT).

Nitric oxide assay

Total nitric oxide production was determined
through the assessment of total nitrate and ni-
trite in the culture medium using the Nitrate-
Nitrite Assay Kit (Cayman Chemical) according
to the manufacturer’s instructions. The absorb-
ance was measured at 540 nm on an ELx800uv
Universal Microplate Reader.

Prostaglandin D2 assay

PGD2 in the culture medium was quantified by
an ELISA assay using the Prostaglandin D2 EIA
Kit (Cayman Chemical) according to the manu-
facturer’s protocol. The absorbance was meas-
ured at 405 nm on an ELx800uv Universal Mi-
croplate Reader and PGD2 concentration was
calculated.

Statistical analyses

Statistical analyses were done using GraphPad
Prism Version 4 software (GraphPad Software,
San Diego, CA). The Student’s t-test was used
when comparing two groups. A one-way ANOVA
was used for comparing multiple groups. Post-
hoc Tukey and Dunnett tests were used on
some sets of data. A p value less than 0.05 was
considered statistically significant. All data were
expressed as means + S.E.M.

Results

Transplanted hNSCs differentiate into choliner-
gic cells and undergo nitroxidative damage in
ALS spinal cords

In this context, “ALS” rats or cells refer to those
expressing transgenic mutant SOD1 and
“normal” refers to nontransgenic matches. Mor-
phological analyses were performed at the lum-
bar grafting sites to determine the fate of trans-
planted hNSCs. A total of 28 ALS rats received
hNSC transplants at L4-5 bilaterally at age 4
months and were then euthanized at the dis-
ease end-stage. The spinal cord tissues were
subjected to various immunofluorescent or im-
munohistochemical analyses. Normal rats were
simultaneously transplanted with hNSCs and
sacrificed similarly. The age at transplantation
was prior to symptomatic disease onset

(approximately 167 days), but near an early
disease stage characterized by motor weakness
and weight loss as previously described [27].
The time point was chosen not only for its clini-
cal relevance, but also for evaluating the poten-
tial for reinnervation of muscle targets, since it
takes approximately 3 months for axons of
grafted hNSC-derived motor neurons to reach
the target gastrocnemius muscle in wild-type
adult rats as we reported previously [24].

Grafted GFP*-hNSCs in normal cord expressed
choline acetyltransferase (ChAT), which indi-
cated that hNSCs become motor neurons
(Figure 1A). Many GFP*/ChAT* cells found in the
spinal cord of ALS rats at the disease end-stage
showed a degenerated morphology (punctuated
GFP labeling, smaller size, lack of elongated
neurites, Figure 1B and 1C-right image) com-
pared to those observed in the normal cord
(smooth GFP filling, large in size and many GFP-
filled neurites, Figure 1A and 1C-left image).
Several transplanted cells lost their typical mo-
tor neuron morphology (arrows in Figure 1B).
Accordingly, GFP*/ChAT* cells found in the ALS
spinal cords exhibited a significantly smaller
average maximum soma diameter (33% de-
crease) than those grafted into the normal spi-
nal cords (Figure 1C). Based on our previous
studies, the survival rate of grafted cells in nor-
mal rat spinal cord is approximately 5% [23].
However, the survival rate within the spinal cord
of ALS rats has not been thoroughly explored,
since the deteriorating morphology of the cells
prevented an accurate estimation. Although
grafted GFP*/ChAT* cells showed degenerative
changes in ALS spinal cords, a few GFP*fibers
had extended into the ventral white matter
(Figure 1D) and down the L5 ventral root (Figure
1E), which indicated that some hNSC-derived
motor neurons have the potential to reinnervate
distal muscle fibers if they survived long enough
in ALS rats.

Similar to the previous findings, microgliosis,
indicated by Ibal (pan-microglia marker) (Figure
2A, B), and astrogliosis, shown by intense GFAP
immunoreactivity (Figure 2C, D), were apparent
within the ventral horns of ALS rat spinal cords
(Figure 2A, C), but not normal cords (Figure 2B,
D). Microgliosis and astrogliosis in the ventral
horns of ALS cords were accompanied by in-
creased 3-nitrotyrosine (NT) (Figure 2E), a
marker of protein nitration, and the 4-
hyroxynonenal adduct (HNE) (Figure 2G), a
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Normal ALS

Figure 1. Human NSCs degenerate in the spinal cord of ALS rats at the end-stage. A, Normal spinal cord, hNSCs
(labeled with green fluorescent protein, GFP) express choline acetyltransferase (ChAT), and merged image (MG) with
DAPI shown in blue. B, ALS cord, hNSCs (GFP) express ChAT. Arrow, deteriorating GFP*/ChAT* fragments. C, Higher
magnification images of hNSCs (GFP in green) colabeled with ChAT (red) and DAPI (blue) in normal (left) and ALS
(right) spinal cords. Average maximum soma diameter of GFP*/ChAT* derived from hNSCs in either normal or ALS
spinal cords, n = 3 rats/group. Data expressed as mean + SEM. *p < 0.05, significantly different from normal group
by Student’s t-test. D, GFP* fiber exiting ventral horn (VH) into the white matter (W) in ALS cord. E, GFP* fibers, with
maghnified section (yellow box), coursing through the L5 ventral root (VR) from ALS spinal cord. A-B and D-E, scale bars
=50 um.

marker of lipid peroxidation, compared to those Figure 2I-J) in the ventral horn had incurred ni-
in normal cords (Figure 2F, H). In correlation troxidative damage by the disease end-stage as
with these results, many grafted GFP* hNSCs shown by co-immunolabeling with NT (Figure 2I)
that were severely degenerated (arrowheads in and HNE (Figure 2J).
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Figure 2. Human NSCs exhibit nitroxidative damage in the spinal cord of ALS rats at the end-stage. A, Microgliosis,
shown by Ibal staining (pan-microglia marker, red) in ALS spinal cord. B, Normal cord, resident microglia with low
levels of Ibal staining. C, ALS cord, astrogliosis (intense GFAP, astroglia marker, red) in ventral horn. D, Normal cord,
minimal GFAP staining. E, ALS cord, increased protein nitration shown by 3-nitrotyrosine staining (NT, black) in ventral
horn. F, Normal cord, no observable protein nitration. G, ALS cord, increased lipid peroxidation shown by 4-
hydroxynonenal staining (HNE, black) in ventral horn. H, Normal cord, no observable lipid peroxidation. I, ALS spinal
cord, hNSCs (GFP, green) exhibit NT immuno-labeling (arrows and arrowheads). Severely degenerated hNSCs labeled
with NT (arrowheads) are noted. J, ALS spinal cord, severely degenerated hNSCs (GFP) exhibit HNE immuno-labeling
(arrowheads). A larger grafted cell shows no 4-HNE damage (arrow). Scale bars = 50 ym.

ALS microglia and astrocytes are not conducive To determine whether microglia and/or astro-
to long-term survival of hNSC-derived motor cytes were harmful to hNSC-derived motor neu-
neurons in vitro rons, direct contact cocultures were performed
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between differentiated hNSCs and mixed glial
cell populations. Primed and differentiated
hNSCs were seeded on top of primary astro-
cytes and microglia isolated from normal rats
(Figure 3A), astrocytes from normal rats and
microglia from ALS rats post-disease onset
(Figure 3B), and astrocytes and microglia from
ALS rats (Figure 3C). Since Hb9 is a transcrip-
tion factor specific for both premature and ma-
ture spinal motor neurons and MAP2 is a pan-
marker for all mature neurons, spinal motor
neurons in vitro were defined as Hb9*/MAP2+
cells. The survival of Hb9*/MAP2* cells after
one week in coculture was high in the presence
of normal astrocytes and microglia (Figure 3A,
D). Noticeably, many Hb9* cells did not colabel
with MAP2, indicating that they were in the early
stage of motor neuron differentiation. The dou-
ble-labeled cells displayed typical motor neuron
morphology with multiple neurites (Figure 3A,
insets). Replacing normal microglia with ALS
microglia resulted in a 48% decrease in survival
(Figure 3B, D). The presence of both ALS micro-
glia and astroglia caused the greatest reduction
(77% decrease) in Hb9*/MAP2* cell survival
(Figure 3C, D). Furthermore, Hb9*/MAP2+ cells
exhibited morphology more characteristic of
spinal motor neurons in vivo when cocultured
with normal astrocytes and microglia (Figure 3A)
compared to cocultures with ALS glial cells
(Figure 3B, C). Microglia isolated from normal
(Figure 3E) and ALS rats (Figure 3F) eleven days
post-isolation in culture medium containing
7.5% serum were near pure (98%) and ex-
pressed Ibal, a pan-microglial marker for a cal-
cium binding protein. Qualitative differences
were not observed in CD11b (Figure 3E, F), a
marker of resting microglia, and in CD68 (data
not shown), a marker of activated microglia,
through immunofluorescent staining analyses.
Primary astroglia populations were not quite as
pure (94% by GFAP immunostaining), and ad-
mixed with microglia (data not shown).

ALS microglia are specifically toxic to hNSC-
derived motor neurons through nitroxidative
stress

In order to determine whether ALS microglia
were toxic to hNSC-derived motor neurons, co-
cultures were performed in direct contact in N2
media with differentiated hNSCs seeded on top
of primary microglia. After 7 days of coculture,
immunofluorescent staining with the Ibal anti-
body was performed to detect either normal or

ALS microglia. When cocultured with hNSC-
derived motor neurons, most normal microglia
exhibited a ramified morphology indicative of a
resting state (Figure 4A), whereas most ALS
microglia displayed an activated/phagocytic
morphology (Figure 4B). The total number of
cells was also reduced in cocultures with ALS
microglia as shown by DAPI staining in the
merged images, indicating increased cell death.
Immunofluorescent staining with the Hb9 motor
neuron marker and MAP2 neuronal marker in
coculture with normal (Figure 4C) and ALS
(Figure 4D) rat microglia is also shown. Reduced
immuno-labeled cell numbers and probable
phagocytic microglia, which showed intense
Hb9 and MAP2 staining, were observed in cocul-
tures with ALS microglia (Figure 4D). Further-
more, representative images of TUNEL staining
for apoptotic cell death are shown in normal
(Figure 4E) and ALS (Figure 4F) microglia cocul-
tures. Increased TUNEL staining and reduced
total cell number were observed in cocultures
with ALS microglia (Figure 4F). Cumulative data
of direct contact cocultures showed that ALS
microglia significantly reduced the numbers of
Hb9*/MAP2+* cells (56% decrease) (Figure 4G)
and increased the percentage of TUNEL positive
cells (6.4-fold increase) (Figure 4H). Further
controls included differentiated hNSCs only in
N2 medium as well as cocultures with microglia
isolated from 1 month old presymptomatic ALS
rats and normal rats, which showed no differ-
ences among groups (Figure 4G-H).

Although the presence of increased oxidative
and nitrosative damage in the degenerating
areas of the spinal cord and motor cortex in ALS
is indisputable, the exact source of reactive oxy-
gen and nitrogen species is ambiguous. Given
that many hNSCs showed damage consisting of
protein nitration and lipid peroxidation at the
disease end-stage in the spinal cords of ALS
rats, we aimed to test whether microglia from
ALS rats post-disease onset could potentially
contribute to nitroxidative damage to hNSC-
derived motor neurons. Furthermore, initial trial
experiments revealed that ALS microglia-
mediated neurotoxicity required direct contact
between microglia and hNSC-derived motor
neurons, indicating that the toxic factors gener-
ated from microglia are short-lived. Additionally,
toxic effects were not observed when cocultures
were performed in culture medium containing
serum or B27 medium, which contains a variety
of antioxidants, hormones and other pro-
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Figure 3. ALS microglia and astrocytes do not support survival of hNSC-derived motor neurons in vitro. Human NSC-
derived motor neurons, expressing microtubule associated protein 2 (MAP2, green, neuronal marker) and Hb9 (red,
motor neuron transcription factor), were cocultured in direct contact with both microglia and astrocytes. Merged im-
aged with DAPI shown in blue (MG). A, Normal microglia and normal astrocytes. Insets show magnified images of an
Hb9*/MAP* motor neuron. B, ALS microglia and normal astrocytes. C, ALS microglia and ALS astrocytes. D, Average
relative percentages of Hb9*/MAP2+ cells in each group (NA = normal adult astrocytes, NM = normal adult microglia,
AA = post-disease onset ALS astrocytes and AM = post-disease onset ALS microglia). Data expressed as mean + SEM
(n = 3, *p < 0.05 by one-way ANOVA with post-hoc Tukey test). E, Normal microglia express Ibal (pan-microglia
marker, green) and CD11b (resting microglia marker, red). F, ALS microglia express Ibal and CD11b. A-C and E-F,
scale bars = 50 um.

survival factors (data not shown). All these find- role of short-lived free radicals in microglia-
ings indicated the necessity to investigate the mediated toxicity. Along this line, expression
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Figure 4. ALS microglia are toxic to hNSC-derived motor neurons. A, Normal microglia (Ibal, green) in direct contact
coculture with hNSCs (DAPI, blue). B, ALS microglia post-disease onset (Ibal, green) in coculture with hNSCs (DAPI,
blue). Note the difference in morphology between normal and ALS microglia. C, Human NSC-derived motor neurons,
expressing microtubule associated protein 2 (MAP2, green, neuronal marker) and Hb9 (red, motor neuron transcrip-
tion factor), cocultured with normal microglia. Merged image with DAPI shown in blue (MG). D, Human NSC-derived
motor neurons (Hb9*/MAP2*) cocultured with ALS microglia. Presumably phagocytic/activated microglia shown by
arrowheads. E, Apoptotic, TUNEL positive (green) cells in cocultures between normal microglia and hNSCs (DAPI,
blue). F, TUNEL positive cells in cocultures between ALS microglia and hNSCs. G, Average percentages of Hb9*/
MAP2+* cells in each group. H, Average percentages of TUNEL positive cells in each group. A-F, scale bars = 50 ym. G-
H, Data expressed as mean + SEM (n = 3). Human NSCs only (hNSCs), normal adult microglia (NM), post-disease
onset ALS microglia (AM), normal young (1 month) microglia (NYM) and ALS young (1 month) microglia (AYM). *p <
0.05, significantly different from hNSCs group by one-way ANOVA with post-hoc Dunnett test.
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levels of crucial enzymes relevant to nitric oxide
and superoxide production were first character-
ized through immunofluorescent staining. Nor-
mal microglia expressed lower levels of induc-
ible nitric oxide synthase (iNOS) and gp91phox
(Figure 5A), the catalytic subunit of NADPH oxi-
dase, than ALS microglia isolated after disease
onset (Figure 5B). Furthermore, after coculture
with differentiated hNSCs for 7 days, microglia
from normal adult rats induced a slight increase
in lipid peroxidation as shown by brownish im-
munostaining with the 4-HNE adduct (Figure
5C). Cocultures with ALS microglia after disease
onset caused more cell loss and small, dark
brown cells indicative of increased cell death
and lipid peroxidation (Figure 5D). In contrast,
hNSC-derived motor neurons, when cocultured
with normal (Figure 5E) or ALS (Figure 5F) mi-
croglia from 1 month old rats, showed no appar-
ent lipid peroxidation.

Additionally, ALS microglia isolated after disease
onset produced more nitric oxide (33% in-
crease) (Figure 5G) and superoxide (46% in-
crease) (Figure 5H) than normal adult microglia.
In accordance with the increased 4-HNE stain-
ing in normal adult microglia cocultures, micro-
glia isolated from 1 month old rats generated
significantly less nitric oxide (normal, 65% de-
crease; ALS, 55% decrease) and superoxide
(normal, 93% decrease; ALS, 93% decrease)
than normal adult microglia. Selectively inhibit-
ing NADPH oxidase and iNOS with apocynin
(100 uM) and L-NIL (100 uM), respectively,
throughout the duration of the coculture par-
tially ameliorated Hb9*/MAP2+ cell loss
(apocynin, 43% increase; L-NIL, 49% increase)
(Figure 5l) and significantly reduced the number
of TUNEL positive apoptotic cells (apocynin,
47% decrease; L-NIL, 46% decrease) (Figure
5J). Scavengers for peroxynitrite (urate-100
MM), nitric oxide (carboxy-PTIO-20 uM)) and su-
peroxide (SOD-100 U/ml) also provided partial
protection to Hb9*/MAP2*+ cells (urate, 39%
increase; c-PTIO, 31% increase; SOD, 29% in-
crease) in coculture with ALS microglia (Figure
5I).

ALS astrocytes lose neuroprotective capacity
and exhibit toxicity to hNSC-derived motor neu-
rons

Recent evidence has shown that either direct

contact cocultures with primary astrocytes iso-
lated from neonatal transgenic ALS mice, or
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conditioned media from these cells, is toxic to
embryonic stem cell-derived motor neurons [16-
19]. We have previously shown that normal
adult astroglia conditioned medium and cocul-
tures maintain long-term survival of hNSC-
derived motor neurons, and that the secretion
of bFGF from astrocytes was partially responsi-
ble for neuroprotection in vitro [29]. To deter-
mine whether ALS astrocytes lose this protec-
tive capacity, primary astroglia were seeded in
transwells and cocultured with differentiated
hNSCs. These cocultures were non-contact in
nature, as the transwell bottoms were posi-
tioned 1 mm above the hNSCs, which were at-
tached to glass cover slips. After 7 days in co-
culture in N2 medium, normal astroglia derived
from both adult and 1 month old rats provided
significant long-term protection for Hb9*/MAP2+
cells (adult, 20% increase; 1 month, 28% in-
crease) (Figure 6A). On the other hand, astroglia
isolated from ALS rats did not display this same
neuroprotective capacity and in fact, exhibited
significant toxicity. Further, ALS astrocytes iso-
lated after disease onset caused a greater de-
crease in the percentage of Hb9+/MAP2+ cells
than astrocytes isolated from 1 month old ALS
rats (disease onset, 47% decrease; 1 month,
24% decrease) (Figure 6A). Non-contact cocul-
tures with ALS astroglia isolated after disease
onset also resulted in a higher percentage of
TUNEL positive cells (5.2-fold increase) than the
differentiated hNSC only population (Figure 6B).
Additionally, prostaglandin D2 (PGD2) has been
implicated in transgenic ALS astrocyte-mediated
toxicity to embryonic stem cell-derived motor
neurons [18]. Indeed, ALS astrocytes isolated
after disease onset released significantly higher
levels of PGD2 as detected by PGD2 ELISA (54%
increase) (Figure 6C). Selectively inhibiting the
PGD2 receptor with MK 0524 (10 pM) in non-
contact cocultures with post-disease onset ALS
astroglia partially prevented hNSC-derived mo-
tor neuron loss after 7 days (Figure 6D). How-
ever, the direct exposure of hNSC-derived motor
neurons to exogenous PGD2 at concentrations
equal or higher than 1 nM (350 pg/ml), the ap-
proximate amount of PGD2 secreted from ALS
microglia and normal astrocyte cocultures, did
not cause significant toxicity (Figure GE).

ALS microglia induce a loss in the neuroprotec-
tive capacity of normal astrocytes

Interactions between microglia, astrocytes and
motor neurons within the diseased setting in
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Figure 5. ALS microglia are detrimental to hNSC-derived motor neurons through nitroxidative stress. A, Normal micro-
glia express lower levels of enzymes that produce nitric oxide and superoxide, including inducible Nitric Oxide Syn-
thase (iNOS, green) and gp91rhox (catalytic subunit of NADPH oxidase, red), respectively. Merged image with DAPI
shown in blue (MG). B, ALS microglia post-disease onset express much higher levels of iNOS and gp91rhox, C, Normal
adult microglia slightly increase lipid peroxidation (HNE) in direct contact coculture with hNSCs. D, ALS microglia post-
disease onset dramatically increase lipid peroxidation. E, Normal young (1 month) microglia cause no observable lipid
peroxidation. F, ALS young (1 month) microglia cause no observable lipid peroxidation. G, Relative average amounts
of nitric oxide released into the medium (n = 3-4). *p < 0.05, significantly different from the NM group by one-way
ANOVA with post-hoc Dunnett test. H, Relative average amounts of superoxide released into the medium (n = 3-5). *p
< 0.05, significantly different from the NM group by one-way ANOVA with post-hoc Dunnett test. |, Average percent-
ages of Hb9*/MAP2+ cells in each group treated with vehicle (DMSO and dH20 are combined; hNSCs, n = 5; NM, n =
9; AM, n = 10); an NADPH oxidase inhibitor, apocynin (n = 3); an iNOS inhibitor, L-NIL (n = 3); a peroxynitrite scaven-
ger, urate (n = 3); a nitric oxide scavenger, c-PTIO (n = 3); and a superoxide scavenger, SOD (n = 3). *p < 0.05, signifi-
cantly different from hNSCs with vehicle group by one-way ANOVA with post-hoc Dunnett test. *p < 0.05, significantly
different from AM with vehicle group by one-way ANOVA with post-hoc Dunnett test. J, Average percentages of TUNEL
positive cells in each group treated with vehicle (DMSO and dH20 are combined; hNSCs, n = 6; NM, n = 8; AM, n = 8);
a NADPH oxidase inhibitor, apocynin (n = 3); and an iNOS inhibitor, L-NIL (n = 3). *p < 0.05, significantly different
from hNSCs with vehicle group by one-way ANOVA with post-hoc Dunnett test. *p < 0.05, significantly different from
AM with vehicle group by one-way ANOVA with post-hoc Dunnett test. A-F, scale bars = 50 um. G-J, Data expressed as
mean + SEM. Human NSCs only (hNSCs), normal adult microglia (NM), post-disease onset ALS microglia (AM), normal
young (1 month) microglia (NYM) and ALS young (1 month) microglia (AYM).
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Figure 6. Prostaglandin D2 promotes ALS astroglia-mediated neurotoxicity. A, Average percentages of Hb9*/MAP2+
cells in each group of hNSCs in non-contact coculture (in transwells) with astrocytes or microglia (hNSCs, n = 5; NA
and AA, n = 6; all other groups, n = 3). *p < 0.05, significantly different from hNSCs group, and *p < 0.05, signifi-
cantly different between two groups, by one-way ANOVA with post-hoc Tukey test. B, Average percentages of TUNEL
positive cells in each group of hNSCs in non-contact coculture with astrocytes (hNSCs, n = 6; NA and AA, n = 3). *p <
0.05, significantly different from hNSCs group by one-way ANOVA with post-hoc Dunnett test. C, PGD2 release into the
medium from astrocytes (n = 6). *p < 0.05, significantly different from NA group by Student’s t-test. D, Average per-
centages of Hb9*/MAP2* cells in each group treated with vehicle (n = 6) or MK 0524 (n = 3), a PGD2 receptor inhibi-
tor. *p < 0.05, significantly different from NA with vehicle group by Student’s t-test. *p < 0.05, significantly different
from AA with vehicle group by Student’s t-test. E, Average percentages of Hb9*/MAP2+ cells in differentiated hNSCs
treated with vehicle (DMSO, n = 3) or PGD2 (n = 3). Data analyzed by one-way ANOVA with post-hoc Tukey test. F,
PGD2 release into the medium from microglia (n = 6). Data analyzed by Student’s t-test. G, PGD2 release into the
medium from astrocytes and microglia in direct contact coculture treated with vehicle (n = 6) or NADPH oxidase in-
hibitor, apocynin (n = 6). *p < 0.05, significantly different from NM-NA with vehicle group by one-way ANOVA with post
-hoc Dunnett test. "p = 0.0605, compared to AM-NA with vehicle group, and *p < 0.05, significantly different from AM-
AA with vehicle group, by Student’s t-test. A-G, Data expressed as mean + SEM. Human NSCs only (hNSCs), normal
adult astrocytes (NA), post-disease onset ALS astrocytes (AA), normal young (1 month) astrocytes (NYA), ALS young (1
month) astrocytes (AYA), normal adult microglia (NM) and post-disease onset ALS microglia (AM).
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ALS have not been well characterized. Thus, we
aimed to determine whether ALS microglia iso-
lated after disease onset diminish the neuropro-
tective capacity of normal astrocytes and en-
hance the toxicity of ALS astrocytes to hNSC-
derived motor neurons. The experimental de-
sign for the following experiments (Figure 6-8)
consisted of a direct contact coculture between
microglia and astrocytes by seeding them to-
gether in transwells (0.4 ym pore size) for 24
hrs prior to being positioned 1 mm above and
cocultured with differentiated hNSCs that were
located on glass coverslips at the bottom of the
wells. Microglia were not observed on glass
cover slips after being placed in transwells with
the smaller pore size. Neither normal nor ALS
microglia exhibited toxicity when independently
placed in a transwell and cocultured in non-
contact with differentiated hNSCs (Figure 6A).
Microglia isolated from normal and ALS rats
also released PGD2, but the levels were not
significantly different (Figure 6F). However,
when ALS microglia were cocultured in direct
contact with normal adult astroglia for 7 days in
N2 medium, a significant upregulation in PGD2
release was observed (40% increase) (Figure
6G). Furthermore, inhibiting NADPH oxidase
with apocynin throughout the duration of the
ALS microglia and normal astrocytes coculture
resulted in a trend toward ameliorating the rise
in PGD2 release (* p = 0.0605). Inhibition of
NADPH oxidase did, however, significantly re-
duce the amount of PGD2 release in cocultures
with ALS microglia and ALS astrocytes (16%
decrease) (Figure 6G). ALS microglia did not
significantly enhance PGD2 release in cocul-
tures with ALS astrocytes compared to cocul-
tures between normal microglia and ALS astro-
cytes (Figure 6G).

To directly determine the effect of ALS microglia
on the neuroprotective capacity of normal and
ALS astrocytes, the survival of hNSC-derived
motor neurons was evaluated after 7 days in
non-contact coculture. Normal microglia and
normal astrocytes maintained the survival of
Hb9*/MAP2+ cells (Figure 7A, E). However, re-
placing normal microglia with post-disease on-
set ALS microglia resulted in a loss of the neuro-
protective capacity of normal astrocytes shown
by a 34% decrease in Hb9*/MAP2+ cells (Figure
7B, E). Hb9*/MAP2+ cells were lost in all cocul-
tures with ALS astrocytes irrespective to the
presence of normal (54% decrease) (Figure 7C,
E) or ALS (54% decrease) microglia (Figure 7D,
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E), indicating that normal microglia did not di-
minish the observed toxicity of ALS astrocytes.
Quantitative analyses showed that Hb9*/MAP2+
cells were maintained if inhibitors of NADPH
oxidase (23% increase) or iNOS (21% increase)
were added throughout the duration of the di-
rect coculture between ALS microglia and nor-
mal astrocytes (Figure 7E). Conversely, NADPH
oxidase and iNOS inhibitors had no effect on the
toxicity exerted by ALS astrocytes to hNSC-
derived motor neurons irrespective to the pres-
ence of microglial cells either from ALS or nor-

mal rats (Figure 7E).

Non-contact cocultures with normal microglia
and normal astrocytes also demonstrated re-
duced percentages of TUNEL positive cells in
the differentiated hNSC population (2.1-fold
decrease) (Figure 8A, E) whereas cocultures
with ALS microglia in combination with normal
astrocytes resulted in an increase in TUNEL
staining (2.7-fold increase) (Figure 8B, E) com-
pared to differentiated hNSCs only (Figure 6B).
Fewer cells and higher percentages of TUNEL
positive cells were further observed in cocul-
tures between ALS astrocytes and normal mi-
croglia (5.1-fold increase) (Figure 8C, E) or ALS
microglia (5.0-fold increase) (Figure 8D, E) com-
pared to differentiated hNSCs only (Figure 6B).

Discussion

The ultimate goal of stem cell therapy in ALS is
to restore motor function and thus, relies on the
fate of transplanted stem cell-derived motor
neurons in the ALS spinal cord. Here, we show
that grafted human fetal NSCs develop into cho-
linergic neurons in the spinal cord of transgenic
ALS rats, and that the cord microenvironment is
detrimental to stem cell-derived motor neurons.
Regarding the source for the toxic milieu in ALS,
we reveal that microglia derived after sympto-
matic disease onset generate increased levels
of nitroxidative stress that causes human motor
neuron apoptosis and ablates the protective
function of astrocytes. These data suggest that
reactive oxygen and nitrogen species released
from overactivated microglia in ALS directly
damage human motor neurons and reduce the
neuroprotective capacities of astrocytes, collec-
tively compromising motor neuron survival in
ALS.

Due to the lack of effective treatments for ALS,
stem cells have become the arising hope to re-
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Figure 7. ALS microglia post-disease onset reduce the protective capacity of normal astrocytes resulting in the loss of
hNSC-derived motor neurons. Microglia and astrocytes were cocultured together in transwells, and then in non-
contact with hNSC-derived motor neurons, expressing microtubule associated protein 2 (MAP2, green, neuronal
marker) and Hb9 (red, motor neuron transcription factor). Merged image with DAPI shown in blue (MG). A, Normal
microglia and normal astrocytes. B, ALS microglia and normal astrocytes. C, Normal microglia and ALS astrocytes. D,
ALS microglia and ALS astrocytes. E, Average percentages of Hb9*/MAP2+ cells in each group treated with vehicle
(DMSO and dH20 are combined, n = 6); NADPH oxidase inhibitor, apocynin (n = 3); and iNOS inhibitor, L-NIL (n = 3).
*p < 0.05, significantly different from NM-NA with vehicle group by one-way ANOVA with post-hoc Dunnett test. *p <
0.05, significantly different from AM-NA with vehicle group by one-way ANOVA with post-hoc Dunnett test. Data ex-
pressed as mean + SEM. Normal adult microglia (NM), normal adult astrocytes (NA), post-disease onset ALS microglia
(AM) and post-disease onset ALS astrocytes (AA). A-D, scale bar = 50 pm.
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Figure 8. ALS microglia post-disease onset reduce the protective capacity of normal astrocytes resulting in hNSC-
derived motor neuron apoptosis. Microglia and astrocytes were cocultured in transwells, and then in non-contact with
hNSC-derived motor neurons. A, Apoptotic, TUNEL positive (green) cells in coculture with normal microglia and normal
astrocytes. DAPI staining (blue) represents hNSC population. B, TUNEL positive cells in coculture with ALS microglia
and normal astrocytes. C, TUNEL positive cells in coculture with normal microglia and ALS astrocytes. D, TUNEL posi-
tive cells in coculture with ALS microglia and ALS astrocytes. Note the decrease in total cell numbers in B-D. E, Aver-
age percentages of TUNEL positive cells in each group (n = 3). *p < 0.05, significantly different from NM-NA group by
one-way ANOVA with post-hoc Dunnett test. Data expressed as mean + SEM. Normal adult microglia (NM), normal
adult astrocytes (NA), post-disease onset ALS microglia (AM) and post-disease onset ALS astrocytes (AA). A-D, scale

bar =50 um.

place lost motor neurons. Stem cell transplants
from different sources have been tested in
transgenic ALS animal models [14], but only a
few studies produced cholinergic cells [36,37].
We have previously shown that hNSCs differen-
tiate into motor neurons in vitro and in vivo
[21,23]. When grafted into spinal cords, hNSC-
derived motor neuron axons reach the gas-
trocnemius muscle and improve motor function
in motor neuron deficient rats [24,25]. How-
ever, the transplantation of hNSCs does not
drastically delay disease progression or prolong
lifespan in transgenic ALS rats (unpublished
observation). Here, we report that the microen-
vironment in the spinal cord is unfavorable for
human motor neurons possibly through in-
creased nitroxidative damage. An earlier study
found that grafted mouse olfactory bulb-neural
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precursor cells differentiated into ChAT* cells
and extended processes into the sciatic nerve in
transgenic ALS mice, but processes failed to
reach distal muscle targets and a morphology
indicating degenerating distal axons was ob-
served [36]. In addition, mouse embryonic stem
cell-derived motor neurons did not survive long-
term in ALS rat spinal cords [37]. These results
indicate that stem cell-derived motor neurons,
like endogenous motor neurons, are susceptible
to a hostile microenvironment in spinal cords of
ALS. In these studies, stem cell-derived motor
neurons were transplanted prior to symptomatic
disease onset in which maturation occurred
before drastic motor neuron toxicity developed.
Thus, it remains unknown whether stem cell
transplants could yield viable motor neurons
when injected after disease onset, as would be
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indicated in ALS patients.

In searching for potentially toxic sources to
grafted hNSC-derived motor neurons in the ALS
spinal cord, we turn to host astrocytes and mi-
croglia that are known to be critical in disease
progression [2,4-6]. Previously, we have shown
that normal adult astrocytes maintain the long-
term survival of hNSC-derived motor neuron in
vitro [29]. It was unknown whether ALS astro-
cytes would exhibit similar protective capacities
for hNSC-derived motor neurons. Human embry-
onic stem cell-derived motor neurons have al-
ready been shown to be specifically vulnerable
to neonatal ALS astrocyte-mediated toxicity
[16,17]. In agreement with these studies, we
show here that astrocytes isolated from trans-
genic ALS rats, especially after disease onset,
lose neuroprotective capacity and exert addi-
tional toxicity to hNSC-derived motor neurons. In
regards to the possible toxic factors released
from ALS astrocytes, previous studies sug-
gested that reactive nitrogen species (RNS) gen-
erated from ALS astrocytes promote motor neu-
ronal death [38,39]. However, we found that
ALS astrocytes did not require direct contact to
elicit toxicity to hNSC-derived motor neurons,
and that normal and ALS astroglia expressed
similar levels of iINOS and released comparable
levels of nitric oxide (unpublished observation).
Thus, our study suggests that RNS may not play
a direct role in ALS astroglia-mediated toxicity to
hNSC-derived motor neurons, at least, in vitro.
Other factors with relatively longer lifetimes may
have been the main contributors to the ob-
served neurotoxicity of ALS astroglia. On the
other hand, a lack of release of protective/
trophic factors from ALS astroglia, while simulta-
neously consuming limited nutrients from the
medium, may have contributed to an increased
rate of death of motor neurons in vitro. Along
this line, we found that ALS and normal astro-
cytes cocultured with ALS microglia secreted
abnormally high levels of PGD2, but PGD2 was
not directly toxic to hNSC-derived motor neu-
rons. All these findings are in agreement with a
previous study suggesting that PGD2 receptor
activation in astrocytes may lead to motor neu-
ron loss [18]. However, PGD2 is likely not the
only factor involved in ALS astrocyte-mediated
toxicity, since blocking the PGD2 receptor only
partially protected hNSC-derived motor neurons.
ALS astrocyte-induced motor neuron death pos-
sibly resulted from a combination of a de-
creased release of protective factors and an
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increased release of toxic factors, which remain
unknown and require further investigation.

In this study, we found that ALS microglia iso-
lated after symptomatic disease onset contrib-
ute to human motor neuron toxicity through the
increased production of reactive oxygen and
nitrogen species (ROS/RNS), while those iso-
lated at a presymptomatic stage (age 1 month)
did not cause hNSC-derived motor neuron loss.
The latter is different from previous reports
showing that microglia isolated from neonatal
transgenic ALS mice are toxic to primary embry-
onic rat motor neurons [6,40]. The discrepancy
may be due to differences in the microglia isola-
tion procedure, the type of motor neurons or the
experimental design. Using density gradient
centrifugation, we are able to obtain pure micro-
glia in less than 4 days, which minimizes the
possible artificial activation of the cells caused
by in vitro culture for a longer period of time.
Alternatively, the hNSC-derived motor neuron
population contained approximately 30% GFAP*
cells [21], which may buffer the ALS microglia-
mediated toxicity. The current study used a mix-
ture of both spinal cord- and brain-derived mi-
croglia from ALS rats, and our preliminary stud-
ies indicated that they exhibited similar levels of
toxicity to hNSC-derived motor neurons
(unpublished observation). However, it is possi-
ble that microglia derived from the degenerating
areas within the spinal cord may be more toxic,
and thus, the in vitro model with mixed brain
and spinal cord microglia may underestimate
the toxic effects of ALS microglia on grafted hu-
man spinal motor neurons in vivo.

Our data, collected from a coculture system
containing microglia, astrocytes and hNSC-
derived motor neurons, suggest that ALS micro-
glia derived after symptomatic disease onset
exert damage by modifying normally neuropro-
tective astrocytes. Specifically, nitroxidative
stress inflicts a loss in astrocytic capacity to
protect motor neurons and causes increases in
PGD2 release. Our results suggest that stem
cell-mediated astrocyte replacement may not
sustain a beneficial effect, since the trans-
planted astrocytes may lose their neuroprotec-
tive phenotype when exposed to microglia
within the ALS spinal cord. Further, it is known
that ALS microglia and astrocytes display en-
hanced release of several proinflammatory fac-
tors [41,42] that may crosstalk and lead to a
vicious cycle of exacerbated microglia overacti-
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vation and astrocyte dysfunction. In an effort to
explore potential mechanisms underlying harm-
ful interactions between microglia and astro-
cytes, we examined the role of glutathione
(GSH), the major antioxidant released from as-
trocytes, in hNSC-derived motor neuron protec-
tion. We found that ALS astrocytes exhibited
inherent increased GSH synthesis and secretion
in vitro compared to normal astrocytes, but GSH
depletion in ALS astrocytes did not worsen ALS
microglia-mediated toxicity to hNSC-derived mo-
tor neurons (unpublished observation). On the
other hand, astroglia-mediated glutamate reup-
take, which is known to be impaired in ALS
[26,43], plays a critical role in promoting motor
neuron death due to excitotoxicity. Furthermore,
ROS/RNS inhibits glutamate uptake in astroglia
cultures [44,45] and increases the susceptibility
of motor neurons to glutamate-mediated toxicity
[46]. Whether ALS microglia-generated nitroxi-
dative stress directly interferes with the expres-
sion or function of the astroglial glutamate
transporter, EAAT2, remains to be determined.

In conclusion, mutant SOD1-expressing micro-
glia damage hNSC-derived motor neurons
through enhanced release of ROS/RNS and
direct nitroxidative damage. In addition, micro-
glia-generated ROS/RNS, as well as other proin-
flammatory factors such as PGD2, lead to the
inability of normal astrocytes to protect hNSC-
derived motor neurons. The possibilities that
mutant SOD1 astrocytes secrete factor(s) di-
rectly toxic to motor neurons and/or are unable
to maintain a non-toxic level of glutamate also
exist. Essentially, in order for stem cell treat-
ments designed to replace spinal motor neu-
rons to succeed and allow for motor function
restoration in ALS patients, the harsh microenvi-
ronment within the spinal cord must first be
drastically improved.
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