
Wild-type microglia extend survival in PU.1 knockout
mice with familial amyotrophic lateral sclerosis
David R. Beers*, Jenny S. Henkel*, Qin Xiao*†, Weihua Zhao*, Jinghong Wang*, Albert A. Yen*, Laszlo Siklos‡,
Scott R. McKercher§, and Stanley H. Appel*¶

*Department of Neurology, Methodist Neurological Institute, Houston, TX 77030; †Department of Neurology and Institute of Neurology, Ruijin Hospital,
Shanghai JiaoTong University School of Medicine, Shanghai 200025, People’s Republic of China; ‡Institute of Biophysics, Biological Research Center, H-6726,
Szeged, Hungary; and §Burnham Institute for Medical Research, Del E. Web Center for Neurosciences and Aging, La Jolla, CA 92037

Communicated by Salih J. Wakil, Baylor College of Medicine, Houston, TX, September 1, 2006 (received for review June 7, 2006)

The most common inherited form of amyotrophic lateral sclerosis
(ALS), a neurodegenerative disease affecting adult motoneurons,
is caused by dominant mutations in the ubiquitously expressed
Cu2��Zn2� superoxide dismutase (SOD1). Recent studies suggest
that glia may contribute to motoneuron injury in animal models of
familial ALS. To determine whether the expression of mutant SOD1
(mSOD1G93A) in CNS microglia contributes to motoneuron injury,
PU.1�/� mice that are unable to develop myeloid and lymphoid
cells received bone marrow transplants resulting in donor-derived
microglia. Donor-derived microglia from mice overexpressing
mSOD1G93A, an animal model of familial ALS, transplanted into
PU.1�/� mice could not induce weakness, motoneuron injury, or an
ALS-like disease. To determine whether expression of mSOD1G93A

in motoneurons and astroglia, as well as microglia, was required to
produce motoneuron disease, PU.1�/� mice were bred with
mSOD1G93A mice. In mSOD1G93A�PU.1�/� mice, wild-type donor-
derived microglia slowed motoneuron loss and prolonged disease
duration and survival when compared with mice receiving
mSOD1G93A expressing cells or mSOD1G93A mice. In vitro studies
confirmed that wild-type microglia were less neurotoxic than
similarly cultured mSOD1G93A microglia. Compared with wild-type
microglia, mSOD1G93A microglia produced and released more su-
peroxide and nitrite�nitrate, and induced more neuronal death.
These data demonstrate that the expression of mSOD1G93A results
in activated and neurotoxic microglia, and suggests that the lack of
mSOD1G93A expression in microglia may contribute to motoneuron
protection. This study confirms the importance of microglia as a
double-edged sword, and focuses on the importance of targeting
microglia to minimize cytotoxicity and maximize neuroprotection
in neurodegenerative diseases.
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Amyotrophic lateral sclerosis (ALS) causes an adult-onset
neurodegenerative disease that selectively kills upper and

lower motoneurons, resulting in paralysis and death (1). Trans-
genic animals (2–5) overexpressing mutant human Cu2��Zn2�

superoxide dismutase (mSOD1) develop a progressive motoneu-
ron disease that resembles the clinical and pathological features
of human familial ALS. Presently, the mechanisms by which
mSOD1 causes selective motoneuron death are not clearly
defined. Elegant data from chimeric mice, using the original
mSOD1 promoter, in the same genomic location, and with the
same transgene copy number, showed that mSOD1-overexpress-
ing neurons surrounded by normal glia remained relatively
intact, whereas normal neurons surrounded by mSOD1-
overexpressing glia showed signs of injury (6). However, that
study did not distinguish which glia, whether astroglia, oligoden-
droglia, or microglia, were responsible for neuronal injury.
Because activated microglia and macrophages are found in the
spinal cords of transgenic mice overexpressing the G93A form of
mSOD1 (mSOD1G93A) (7), it is likely that microglia and other
immune system components can influence motoneuron injury.

To evaluate the effects of mSOD1G93A expression in microglia in
ALS pathogenesis, we sought to express mSOD1G93A exclusively
in those cells. A bone marrow transplant (BMT) after �-irradi-
ation can replace the peripheral immune system, but although
the transplanted cells can develop into a few microglia, they will
not replace the resident parenchymal microglia. To resolve this
issue, we used PU.1 knockout (PU.1�/�) mice because, at birth,
these mice lack macrophages, neutrophils, T and B cells, and
most importantly, CNS microglia (8, 9). Even with antibiotics,
PU.1�/� mice survive for �20 days only if a BMT is given at
birth, and the BMT results in donor-derived immune cells and
CNS microglia (8, 9).

Results
Growth of PU.1 Mice. In accord with a previous report (9), birth
weights of PU.1�/� mice were not different from either PU.1
heterozygous (PU.1�/�) mice or nontransgenic (B6�SJL mice)
wild-type (WT - PU.1�/�) mice. However, regardless of the
donor bone marrow, surviving PU.1�/� mice grew slower than
PU.1�/� or WT mice (Fig. 8A, which is published as supporting
information on the PNAS web site; P � 0.001). PU.1�/� mice
that received mSOD1G93A bone marrow grew at a rate signifi-
cantly slower than PU.1�/� mice transplanted with WT non-
transgenic (B6�SJL mice) bone marrow (Fig. 8B; P � 0.046).
Systemic expression of mSOD1G93A in the PU.1�/�

(mSOD1G93A�PU.1�/�) mice did not slow growth (Fig. 8C). All
surviving transplanted PU.1�/� mice had a mean life span of
331 � 20 days.

Bone Marrow-Derived Cells in Neonatal PU.1 Mice. CD11b microglial
signal was apparent in spinal cord sections from 11-day-old
PU.1�/� mice (Fig. 1A), but was absent in nontransplanted
PU.1�/� spinal cords (Fig. 1B). In contrast, GFAP (Fig. 1 C and
D) and cresyl violet (Fig. 1 E and F) staining demonstrated that
the astrocytic and neuronal morphology and populations were
similar between nontransplanted PU.1�/� mice and their
PU.1�/� littermates. Cells positive for CD11b and GFP were
observed in the peripheral white matter of the spinal cords as
early as 11 days of age after GFP BMT of PU.1�/� mice (Fig. 1
G–I). In these 11-day-old mice, CD11b staining revealed that the
microglia in PU.1�/� mice had several morphological differ-
ences, including more prominent, rounded cell bodies and
shorter�thicker processes, which may be indicative of a less
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differentiated state. Thus, the complete overlap of GFP and
CD11b immunofluorescence confirmed the model system.

Bone Marrow-Derived Cells in Adult PU.1 Mice. Parenchymal GFP�

cells that also expressed CD11b were observed in spinal cord
sections from 40-day-old PU.1�/� mice with GFP BMT (Fig. 2
A–C). Although there was variability in terms of expression levels
of both GFP and CD11b, essentially all GFP and CD11b signals
overlapped (Fig. 2 D–F). Furthermore, donor cells did not develop
into astrocytes because no observable GFP� cells expressed GFAP
(Fig. 2 G–I). Thus, donor-derived bone marrow cells do colonize
the spinal cords of PU.1�/� mice and generate microglia, but do not
develop into detectable numbers of astrocytes.

CD11b immunoreactivity was apparent on microglia in
lumbar spinal cord sections from 40-day-old PU.1�/� mice
(Fig. 3A) and did not differ from WT mice (data not shown).
In 40- and 140-day-old PU.1�/� mice transplanted with either
WT or mSOD1G93A bone marrow, the microglia differed
morphologically from those in PU.1�/� mice; the cell bodies of
the microglia were rounded with shorter�thicker processes
(Fig. 3 B and C). Microglia in lumbar spinal cord sections from
PU.1�/� mice 370 days after BMT also displayed shorter and
less ramified processes when compared with PU.1�/� mice
(Fig. 3D); these differences were much less prominent than in
younger BMT mice. Although fewer in number, at 570 days
after BMT, the microglia from PU.1�/� mice receiving WT or
mSOD1G93A bone marrow were morphologically indistinguish-
able from microglia observed in spinal cord sections from
either PU.1�/� or WT mice (Fig. 3E). However, there were no
differences in the number of microglia between PU.1 mice
receiving BMT from either WT or mSOD1G93A donor mice.
Immunostaining for F4�80, another microglial marker, docu-
mented similar differences as those observed with CD11b (Fig.
9 A–C, which is published as supporting information on the
PNAS web site).

PU.1�/� mice that received bone marrow from mSOD1G93A

donors did not develop weakness or other signs of motoneuron
disease. GFAP immunoreactivity was apparent on astrocytes
in lumbar spinal cord sections from 140-, 370-, and 570-day-old
PU.1�/� mice after BMT from WT or mSOD1G93A donors and
did not differ from PU.1�/� or WT mice (Fig. 9 D–F). Cresyl
violet staining of lumbar spinal cord sections from PU.1�/�

mice receiving WT or mSOD1G93A BMT did not reveal any
motoneuron loss when compared with either WT or PU.1�/�

mice (Fig. 9 G–I). Therefore, mSOD1G93A expression in
microglia and other immune cells alone does not induce
motoneuron disease.

Characteristics of Disease Progression in SOD1G93A�PU.1�/� Trans-
genic Mice. Doubly mSOD1G93A�PU.1�/� transgenic mice were
developed and transplanted with bone marrow from WT or
control mSOD1G93A donors. Disease progression was evalu-
ated and recorded three times per week by a blinded examiner
(Appendix, which is published as supporting information on the
PNAS web site). Using previously described symptoms (3, 10),
onset of disease was noted after three consecutive evaluations

Fig. 1. Identification and characterization of donor-derived microglia in
spinal cord sections from neonatal PU.1�/� mice. Presence (A) and absence (B)
of CD11b signal on microglia in PU.1�/� mouse and PU.1�/� mouse without
BMT, respectively. GFAP immunohistochemical and cresyl violet staining did
not reveal any differences in astrocyte numbers or morphology, and motoneu-
ron numbers or morphology, in spinal cord sections of 11-day-old PU.1�/� (C
and E) and PU.1�/� (D and F) mice that did not receive a BMT. Green GFP (G)
and red CD11b (H) signals from an 11-day-old PU.1�/� mouse. (I) Merged
image of G and H. (Scale bar, 100 �m.)

Fig. 2. Identification and characterization of donor-derived microglia in
spinal cord sections from adult PU.1�/� mice. Green GFP (A) and red CD11b (B)
signals from a 40-day-old PU.1�/� mouse. (C) Merged image of A and B. Higher
magnification of the GFP (D) and red CD11b (E) signals from a 40-day-old
PU.1�/� mouse. (F) Merged image of D and E. (G) Same image as D of the green
GFP signal in spinal cord sections from 40-day-old PU.1�/� mice that received
BMT from GFP donors. (H) Blue GFAP immunofluorescence indicating the
presence of astrocytes. (I) Merged image of G and H demonstrating that the
blue GFAP signal does not overlap the green GFP signal. (Scale bars, 100 �m in
A–C and 500 �m in D–I.)

Fig. 3. Adult microglia in adult PU.1 mice. CD11b positive microglia in a
spinal section from 40-day-old PU.1�/� (A) and PU.1�/� (B) mice, and 140- (C),
370- (D), and 570-day-old (E) PU.1�/� mice after BMT. (Scale bar, 100 �m.)
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of tremulousness and�or gait abnormalities. mSOD1G93A�
PU.1�/� (seven males, five females) had similar onset and
survival times as mSOD1G93A mice ( four males, six females;
onset, P � 0.665; survival, P � 0.907) (Fig. 4 A–C). Further-
more, mSOD1G93A�PU.1�/� mice receiving a BMT from
mSOD1G93A mice (six males, six females) had onset, survival,
and duration times that were not different from mSOD1G93A

mice (onset, P � 0.492; survival, P � 0.550; duration, P �
0.994). Therefore, bone marrow from mSOD1G93A mice re-
constituted mSOD1G93A�PU.1�/� mice with a disease pheno-
type identical to that of mSOD1G93A mice. Because onset,
survival, and duration times were not different between
mSOD1G93A�PU.1�/� mice transplanted with mSOD1G93A

bone marrow and mSOD1G93A mice, the daily antibiotic in-
jections given during the first 3 weeks after transplantation did
not alter disease progression. Thus, the antibiotic injections
and transplantation procedure were not confounding variables
in this study.

The mean survival and duration times were significantly

different in mSOD1G93A�PU.1�/� mice transplanted with WT
bone marrow (six males, six females) when compared with either
mSOD1G93A�PU.1�/� mice transplanted with mSOD1G93A bone
marrow (survival, P � 0.011; duration, P � 0.002) or
mSOD1G93A mice (survival, P � 0.035; duration, P � 0.0007).
The WT BMT mice had disease durations that were 40% longer
than those transplanted with mSOD1G93A bone marrow. How-
ever, mSOD1G93A�PU.1�/� mice transplanted with WT bone
marrow had a mean onset time that was not different from either
mSOD1G93A�PU.1�/� mice transplanted with mSOD1G93A bone
marrow (P � 0.074) or mSOD1G93A mice (P � 0.066). Addi-
tionally, because disease onset in mSOD1G93A�PU.1�/� mice
receiving WT BMT was not different from those animals
receiving mSOD1G93A bone marrow, disease progression is
age-dependent and not influenced by the rate of growth due to
the PU.1 mutation.

Disease Progression After BMTs. Disease progression was not
different between mSOD1G93A mice and mSOD1G93A�PU.1�/�

Fig. 5. Increased motoneuron numbers after WT BMT. (A)
Motoneuron counting. n � 3 for each group; *, statistically
different from WT mice; #, statistically different from
mSOD1G93A�PU.1�/� mice with WT BMT at 110 days of age; ##,
statistically different from either mSOD1G93A�PU.1�/� mice or
mSOD1G93A�PU.1�/� mice with mSOD1G93A BMT at 110 days of
age. (B–D) Cresyl violet staining of a spinal cord section from
a 110-day-old mSOD1G93A�PU.1�/� mouse (B), a 110-day-old
mSOD1G93A�PU.1�/� mouse with mSOD1G93A BMT (C), and a
110-day-old mSOD1G93A�PU.1�/� mouse with WT BMT (D).
Error bars indicate standard error of the mean. Significance
was evaluated by using a one-way ANOVA (A). (Scale bar, 100
�m in B–D.)

Fig. 4. WT BMT prolongs survival and duration in mSOD1G93A�PU.1�/� mice. (A) The onset times of mSOD1G93A mice (n � 10), and mSOD1G93A�PU.1�/� mice
transplanted with WT (n � 12), or mSOD1G93A (n � 12), bone marrow were not different. (B) WT bone marrow significantly prolongs survival in mSOD1G93A�
PU.1�/� mice. (C) Disease duration was 40% longer in mSOD1G93A�PU.1�/� mice receiving WT BMT. (D) Disease progression was significantly delayed in
mSOD1G93A�PU.1�/� mice receiving WT BMT. Significance was evaluated by using a log rank sum test (A and B), Student’s t test (C), and ANOVA with repeated
measures (D).
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mice receiving a BMT from mSOD1G93A donors (P � 0.511; Fig.
4D). However, mSOD1G93A�PU.1�/� mice transplanted with
WT bone marrow had a significantly slower disease progression
than mSOD1G93A mice, and mSOD1G93A�PU.1�/� mice trans-
planted with bone marrow from mSOD1G93A (P � 0.00006 and
P � 0.0008). Thus, WT bone marrow transplanted into
mSOD1G93A�PU.1�/� mice slows disease progression.

Bone Marrow Transplants Slow Motoneuron Loss in the Lumbar
Region of SOD1G93A�PU.1�/� Transgenic Mice. At 110 days of age,
mSOD1G93A�PU.1�/� transgenic mice and mSOD1G93A�
PU.1�/� transgenic mice receiving mSOD1G93A BMT showed
signs of moderate hindlimb weakness. In contrast,
mSOD1G93A�PU.1�/� transgenic mice receiving BMT from
WT donors had little evidence of weakness at 110 days of age.
At this age and at the level of the lumbar enlargement,
significant neuronal loss was observed in both mSOD1G93A�
PU.1�/� transgenic mice and mSOD1G93A�PU.1�/� transgenic
mice receiving mSOD1G93A BMT compared with WT mice
(Fig. 5 A–D; P � 0.003 and 0.006, respectively). mSOD1G93A�
PU.1�/� mice and mSOD1G93A�PU.1�/� mice receiving
mSOD1G93A BMT had reduced numbers of motoneurons
(41.9% and 43.0%, respectively) compared with WT mice.
There was a statistical difference in motoneuron number

between mSOD1G93A�PU.1�/� transgenic mice receiving WT
BMT when compared with either mSOD1G93A�PU.1�/� trans-
genic mice (P � 0.006) or with mSOD1G93A�PU.1�/� trans-
genic mice receiving mSOD1G93A BMT (P � 0.021). However,
at 110 days of age, mSOD1G93A�PU.1�/� transgenic mice
receiving WT BMT had lost only 16.2% of their motoneurons,
which was not significantly different from WT mice (P � 0.16).

At 110 days of age, lumbar spinal cord sections from
mSOD1G93A�PU.1�/� mice transplanted with WT BMT con-
tained less CD68 immunoreactivity, a myeloid-specific LAMP
protein expressed on phagocytic cells, than sections from mice
transplanted with mSOD1G93A BMT (Fig. 6 A–C). Immuno-
staining for CD11b documented similar differences as those
observed with CD68 (Fig. 6 D–F). These data also correlated
well with CD40 signal, a marker of mature dendritic cells and
activated macrophages; there was less CD40 signal in
mSOD1G93A�PU.1�/� mice with WT BMT than in mice receiv-
ing mSOD1G93A BMT (Fig. 6 G and H).

Increased Toxicity from mSOD1G93A Microglia. In vitro, WT micro-
glia released less neurotoxins than mSOD1G93A microglia.
Untreated primary cultures of mSOD1G93A microglia released
more superoxide (40.0%) and nitrite�nitrate (99.6%) than
untreated primary cultures of WT microglia (P � 0.002 and
0.025, respectively), demonstrating that mSOD1G93A microglia
are more activated than WT microglia in culture (Fig. 7 A
and B). The level of nitrite�nitrate was determined as an
indicator of nitric oxide (NO) production. Forty-eight hours
after treatment with 1 �g�ml lipopolysaccharide (LPS),
mSOD1G93A microglia produced 68.8% more superoxide and
82.8% more nitrite�nitrate than similarly treated WT micro-
glia (P � 0.001 and 0.035, respectively). This finding demon-
strates that mSOD1G93A microglia are more activatable than
WT microglia.

One possible pathway for activated microglia to initiate mo-
toneuron injury involves the production of superoxide and NO,
which then combine to form the highly neurotoxic compound
peroxynitrite (11). When cocultured with primary motoneurons,
untreated WT microglia, by producing less of these neurotoxins,
induced 21.8% less neuronal death than untreated mSOD1G93A

microglia (P � 0.01; Fig. 7C). Although LPS-treated WT
microglia did induce neuronal death when cocultured with
motoneurons, LPS-treated WT microglia induced significantly
less neuronal death than LPS treated mSOD1G93A microglia
(15.6%; P � 0.024). Thus, in this in vitro model, mSOD1G93A

microglia are not only more activated and activatable as dem-
onstrated by the increased production and release of superoxide
and nitrite�nitrate, they are also capable of inducing more
neuronal death.

Discussion
The present study attempted to determine the effect of
mSOD1G93A expression in microglia in the pathogenesis of

Fig. 6. Characterization of microglia in vivo. (A–H) Immunohistochemical
staining of lumbar spinal cord from 110-day-old mice. CD68 signal from
microglia�macrophages of mSOD1G93A�PU.1�/� (A), and mSOD1G93A�PU.1�/�

with either mSOD1G93A BMT (B) or WT BMT (C) mice. CD11b signal from
microglia�macrophages of mSOD1G93A�PU.1�/� (D), and mSOD1G93A�PU.1�/�

with either mSOD1G93A BMT (E) or WT BMT (F) mice. CD40 signal from
mSOD1G93A�PU.1�/� with either mSOD1G93A (G) or WT BMT (H). (Scale bar,
100 �m.)

Fig. 7. Characterization of microglia in vitro. Open bar, WT microglia; filled bar, mSOD1G93A microglia. Superoxide (A) or nitrite�nitrate (B) released in cultures
of primary microglia before and after treatment with LPS. (C) Survival of motoneuron when cocultured with microglia before and after treatment with LPS.
Significance was evaluated by using an ANOVA. Error bars indicate standard error of the mean. *, P � 0.05; **, P � 0.01; ***, P � 0.005.
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motoneuron injury in a mouse model of mSOD1G93A mediated
familial ALS. mSOD1 expressed primarily in astrocytes was
previously established not to induce the development of
motoneuron disease in mice (12). Furthermore, mSOD1 ex-
pression in neurons alone either does not result in motoneuron
disease (13, 14) or dramatically delays disease onset,� suggest-
ing that other cells expressing mSOD1, such as microglia,
contribute to the disease process. Indeed, studies of chimeric
mice carrying a mixture of WT and mSOD1-expressing cells in
the spinal cord suggest that expression of mSOD1 in glia
contributes to motoneuron injury (6). However, the identities
of the specific glia involved with injuring motoneurons were
not characterized. The major benefit of the PU.1�/� model is
that it enables us to express mSOD1G93A in microglia as well
as other myeloid and lymphoid cells. With this model, we
demonstrated that microglia in the spinal cords of BMT
PU.1�/� mice are donor-derived and develop into morpholog-
ically mature microglia (8). More importantly, when PU.1�/�

mice were transplanted with bone marrow from mSOD1G93A

transgenic mice, no clinical or pathological evidence of disease
was noted in these animals. Thus, the expression of
mSOD1G93A in microglia is not capable of inducing motoneu-
ron disease.

The fact that the expression of mSOD1 in astrocytes or
microglia alone does not give rise to disease suggests that the
presence of mSOD1 in motoneurons and surrounding glia may
be required to mediate injury. To determine the effects of
mSOD1G93A expression in microglia in vivo when mSOD1G93A is
also expressed in astrocytes and motoneurons, PU.1�/� mice
were bred with mSOD1G93A transgenic mice. When the resulting
mSOD1G93A�PU.1�/� mice received a BMT from mSOD1G93A

mice, disease onset, duration, and survival were identical to
mSOD1G93A transgenic mice, demonstrating that disease pro-
gression was not influenced by the transplantation procedure or
the daily injections of Baytril. Disease progression was also
documented to be age-dependent and not influenced by rates of
initial growth.

To determine whether WT donor cells, cells not expressing
mSOD1G93A, alter disease progression, mSOD1G93A�PU.1�/� mice
received BMT from genotypically identical WT mice. After trans-
plantation into mSOD1G93A�PU.1�/� mice, WT donor cells signif-
icantly slowed motoneuron loss, prolonged disease duration, and
survival. Thus, after transplantation of mSOD1G93A�PU.1�/� mice
with WT donor cells, these cells developed into central nervous
system (CNS) microglia and promoted neuroprotection.

The mechanism of the neuroprotective benefits of WT microglia
is unclear. A recent study demonstrated that microglia activated by
LPS or ALS IgG immune complexes can induce WT motoneuron
injury by a glutamate- and calcium-mediated mechanism (11).
Another report also suggests that LPS-treated primary cultured
adult WT microglia were less activated, as demonstrated by signif-
icantly less TNF-� release, when compared with cultured
mSOD1G93A microglia (15). Similarly, Lee et al. (16) reported that
WT microglia were less sensitive to LPS treatment than microglia
derived from mutant presenilin mice; microglia expressing mutant
presenilin exhibited a heightened sensitivity to LPS, as demon-
strated by superinduction of inducible nitric oxide synthase and
activation of mitogen-activated protein kinase. In addition, a recent
study using cultured embryonic motoneurons from SOD1G93A,
SOD1G37R, and SOD1G85R transgenic mice found that these mo-
toneurons had a 10- to 100-fold increased sensitivity to extracellular
agonists of the Fas receptor or to NO compared with WT mouse
motoneurons (17).

To investigate possible neuroprotective mechanism of WT
microglia, WT and mSOD1G93A-expressing microglia were com-
pared in vitro. The present study using cultured primary micro-
glia demonstrated that WT microglia were less activated and
activatable than microglia expressing mSOD1G93A. Further-
more, activated WT-derived microglia secreted significantly less
NO as well as superoxide anion, and induced less motoneuron
injury, compared with mSOD1G93A expressing microglia. Addi-
tionally, WT microglia secrete relatively more insulin-like
growth factor-1 (IGF-1) than mSOD1G93A microglia (unpub-
lished data), thereby possibly providing for a more neuropro-
tective environment. These data are in accord with the study
demonstrating that IGF-1 is neuroprotective when delivered
intramuscular via injections with an AAV vector (18). Thus, the
in vivo benefit observed after WT BMT of mSOD1G93A�PU.1�/�

mice could possibly be related to the decreased secretion of free
radicals and increased secretion of IGF-1 from WT microglia.
These in vitro and in vivo data suggest that parenchymal WT
microglia may contribute significantly to protection in which
mSOD1G93A is expressed in motoneurons.

Although the differences in disease onsets between groups
were not statistically significant, because of the slightly earlier
onset in SOD1G93A�PU.1�/� mice receiving WT BMT, there
exists the possibility that WT BMT may be neurotoxic earlier in
the disease process. However, this cannot be the case because the
number of motoneurons at 110 days of age was not different
from the number of motoneurons in WT mice. Additionally, as
illustrated by the disease progression graph (Fig. 4B), disease
onsets were similar between groups. Furthermore, this graph
also demonstrates that the progression is slower in the
SOD1G93A�PU.1�/� mice receiving BMT from WT donors
compared with both SOD1G93A mice and SOD1G93A�PU.1�/�

mice receiving SOD1G93A BMT. Boillee et al. (19) used trans-
genic mice with a different SOD1 mutation, mSOD1G37R, and a
different technique to reduce the expression of mSOD1G37R (i.e.,
the Cre-Lox system), to reach a similar conclusion, namely that
the reduction of mSOD1 in microglia prolongs disease duration
and survival. Furthermore, they suggest that the onset of disease
may be more related to the expression of mSOD1 in motoneu-
rons, whereas, in accord with our data, duration of disease may
be related to expression of mSOD1 in microglia.

Because BMT colonizes the peripheral immune system of
mSOD1G93A�PU.1�/� transgenic mice, the neuroprotection ob-
served after WT BMT could be partially conferred by peripheral
immune cells and their interaction with parenchymal microglia.
The present study suggests that WT parenchymal microglia
could contribute significantly to motoneuron protection
mSOD1G93A�PU.1�/� mice in which mSOD1G93A is expressed in
motoneurons. Two recently published studies of �-irradiated
mSOD1 mice provide conflicting data as to whether BMT can
alter disease course in mSOD1 transgenic mice. The first study
reported an alteration of disease onset with minimal changes in
disease duration after WT BMT (20). On the other hand, the
second study reported that BMT with WT GFP� cells did not
affect the rate of disease progression in mSOD1 transgenic mice
despite an increase in GFP� cells in spinal cord with less than
20% also expressing F4�80, an immunohistological epitope
expressed on microglia (21). Our own experiments are in accord
with the report of Solomon et al. (21) with no change in disease
onset, survival, or duration after GFP� BMT of �-irradiated
mSOD1G93A transgenic mice (unpublished data). The difference
between the two conflicting BMT studies of mSOD1 mice and
the current BMT experiments using mSOD1G93A�PU.1�/� mice
is that we were able to replace all parenchymal microglia with
WT cells. Such data suggest that the presence of WT microglia
throughout the parenchyma may be required for the observed
neuroprotective effects. However, what is unclear is whether the
presence of WT microglia in only the spinal cord parenchyma is

�Joarsma, D., Teuling, E., Hoogenraad, C. C. (2006) Soc. Neurosci. Abstr. 36, abstr. 508.1
(abstr.).
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sufficient to mediate such neuroprotective effects or that pe-
ripheral immune cells may contribute to the observed neuro-
protection. Studies from optic or facial nerve injury models do
suggest that peripheral immune cells and as well as central
microglia may be involved in neuroprotection (22, 23). The
potential modulation of CNS innate immune microglia by pe-
ripheral immune cells clearly requires detailed examination. The
data presented in the current study support immunomodulatory
therapies directed at minimizing cytotoxicity and maximizing
neuroprotection in neurodegenerative diseases.

Materials and Methods
PU.1 and SOD1G93A Mice. All transgenic animals were bred and
maintained in our animal facility. Genomic tail DNA was
isolated by using a standard protocol (24). Within 12 h of birth,
PU.1 litters were injected with antibiotic (Baytril, Bayer Health-
Care, Shawnee Mission, KS) and each pup was uniquely iden-
tified. The presence or absence of the PU.1 gene was then
determined by PCR using tail DNA (9). More detailed methods
can be found in Supporting Text, which is published as supporting
information on the PNAS web site. All mice were housed in
microisolator cages within a modified pathogen-free barrier
facility, and had access to food and water ad libitum. All animal
protocols were approved by the Methodist Research Institute’s
Institutional Animal Care and Research Advisory Committee in
compliance with National Institutes of Health guidelines.

BMT. The donor bone marrow was obtained from WT and
mSOD1G93A mice or from mice overexpressing GFP (The Jack-
son Laboratory, Bar Harbor, MA, stock no. 003291), 6–12 weeks
old and transplanted into the PU.1�/� or the mSOD1G93A�
PU.1�/� pups within 24 h of birth, as described (25, 26). More
detailed methods can be found in Supporting Text.

Dual Immunofluorescence and Immunohistochemistry. For immuno-
histochemistry, free-floating sections were incubated with rat

anti-mouse Ab CD68 (1:2,000), F4�80 (1:2,000), CD40 (1:1,000),
or CD11b (1:500) (Serotec, Raleigh, NC). Sections were incu-
bated with biotinylated goat anti-rat IgG (1:200, Vector Labo-
ratories, Burlingame, CA), further incubated with biotin-avidin
complex conjugated to HRP (Vector Laboratories), and visu-
alized with the Immunopure Metal enhanced DAB substrate kit
(Pierce, Rockford, IL). More detailed methods can be found in
Supporting Text.

Stereological Analysis of Motoneurons Number in Lumbar Spinal
Cords. Stereological counting of motoneurons number in lumbar
spinal cord sections was performed as described. More detailed
methods can be found in Supporting Text.

Primary Microglia and Motoneuron Cultures. Primary microglial
cultures were prepared from 8- to 9-day-old mice and treated
with LPS as described (28). Greater than 95% of the floating
cells were microglia as determined by OX42 (Chemicon, Te-
mecula, CA) immunocytochemical staining. Microglia monocul-
tures were plated at 30,000 cells per well. Primary motor neuron
cultures were prepared from embryonic day 13–14 rat spinal
cords by metrizamide gradient centrifugation as described (11,
29, 30). Microglia (10,000 cells per well) were added to mo-
toneurons (10,000 cells per well) 1 day after motoneuron plating.
Microglia were activated with 1 �g�ml LPS. Forty-eight hours
after treatment, motoneuron were fixed, stained and counted as
described (11). More detailed methods can be found in Support-
ing Text.
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