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During injury to the nervous system, innate immune cells mediate
phagocytosis of debris, cytokine production, and axon regeneration.
In the neuro-degenerative disease amyotrophic lateral sclerosis (ALS),
innate immune cells in the CNS are activated. However, the role of
innate immunity in the peripheral nervous system (PNS) has not been
well defined. In this study, we characterized robust activation of
CD169/CD68/Iba1+ macrophages throughout the PNS in mutant
SOD1693A and SOD1S37R transgenic mouse models of ALS. Macro-
phage activation occurred pre-symptomatically, and expanded from
focal arrays within nerve bundles to a tissue-wide distribution fol-
lowing symptom onset. We found a striking dichotomy for immune
cells within the spinal cord and PNS. Flow cytometry and GFP bone
marrow chimeras showed that spinal cord microglia were mainly
tissue resident derived, dendritic-like cells, whereas in peripheral
nerves, the majority of activated macrophages infiltrated from the
circulation. Humoral antibodies and complement localized to PNS
tissue in tandem with macrophage recruitment, and deficiency in
complement C4 led to decreased macrophage activation. Therefore,
cross-talk between nervous and immune systems occurs throughout
the PNS during ALS disease progression. These data reveal a progres-
sive innate and humoral immune response in peripheral nerves that
is separate and distinct from spinal cord immune activation in ALS
transgenic mice.
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myotrophic lateral sclerosis (ALS) is a devastating neurode-

generative disorder characterized by muscular weakness and
paralysis; mortality usually results within 2 to 5 years. Disease
progression leads to selective death of motor neurons in the CNS
and denervation of neuromuscular synapses in the peripheral
nervous system (PNS). Although the majority of cases are sporadic
(90%), the most common form of familial ALS is linked to
mutations in the Cu/Zn superoxide dismutase 1 (SOD1) gene (1).
In mice, transgenic (Tg) overexpression of human SOD1 mutant
proteins induces motor neuron disease resembling ALS (2, 3).

In patients and mouse models of ALS, inflammatory responses
accompany motor neuron degeneration (4). In the CNS, microglia
and astrocytes are activated during disease progression (5, 6),
whereas peripheral T and natural killer cells infiltrate the spinal
cord (6, 7). Recent studies have shown that these non-neuronal cells
play an active role in motor neuron death. Selective ablation of
mutant SOD1 within astrocytes and microglial cells by conditional
deletion and neonatal bone marrow (BM) transplantation resulted
in increased motor neuron survival and lifespan (8, 9). Deficiency
in T cells, in contrast, led to accelerated disease progression in
mutant SOD1 Tg mice (7, 10). These recent studies of neuro-
inflammation in ALS have mainly focused on the CNS.

In contrast, the role of immune activation in the PNS has not
been well analyzed. Degeneration of motor axons in the periphery
is an early and significant pathological feature in ALS patients and
mutant SOD1 mice (11, 12). Mutant SOD1 also induces defects in
peripheral axon transport, which may be a primary determinant of
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motor neuron death (13). In acute models of PNS injury, myeloid
cells have been shown to mediate the processes of myelin clearance
and subsequent axon regeneration (14). Whether and how the
immune system participates in motor axon loss during ALS disease
progression remains unexplored.

In this study, we examined immune activation in the PNS of
mSOD16%34 and mSOD1%37R mice. Specific and progressive ac-
cumulation of monocytes/macrophages was observed along the
length of degenerating nerve fibers in ventral roots, sciatic nerves,
and muscles. Concurrently, antibodies and complement are depos-
ited in PNS tissue. Moreover, flow cytometry and BM chimera
studies demonstrated distinct origins for PNS macrophages com-
pared with spinal cord microglia.

Results

Macrophage Activation Occurs Throughout the Peripheral Nervous
System of Mutant SOD1 Mice. Glial cell activation is closely
associated with motor neuron degeneration in the spinal cord of
patients and mouse models of ALS (4-6). Similarly, in our study,
activated CD68+ microglia and GFAP+ astrocytes were ob-
served along the rostral-caudal axis of mSOD1%%3A mouse spinal
cord, but not spinal cord of non-Tg litter-mates [supporting
information (SI) Fig. S1]. In addition to spinal cord, we observed
that CDG68, a lysosomal marker for activated microglia/
macrophages, was significantly expressed in ventral nerve roots
of mSOD16%A mice (Fig. 1 and Fig. S1).

We used a panel of antibodies to further characterize the
immunological phenotype of these CD68+ cells. These cells were
found to co-express the microglia/macrophage cytoplasmic calcium
adaptor Ibal, dendritic cell marker CDl1lc, sialic acid binding
receptor CD169 (Fig. 1 4 and B), and myeloid cell integrin CD11b
(Fig. S2). Based on presence of these innate immune markers, and
their rounded morphology (compared with spinal cord microglia,
Fig. 1A4), we conclude that these cells are activated macrophages
accumulating within peripheral nerve roots.

Macrophages localized to spaces adjacent to axons (stained with
anti-neurofilament) in ventral nerve roots of mSOD1%%4 and
mSOD1%37R mice (Fig. 1C). In contrast, non-Tg and SODWT roots
showed intact axon bundles with a few un-activated, resident
macrophages (Fig. 1C). We next analyzed PNS sites downstream of
spinal cord and proximal to the muscle.

Whole-mount, longitudinal, and transverse sections of sciatic
nerves were stained for markers of innate immune activation (Fig.
2). Concurrent with axon loss in mutant SOD1 mice, reflected by
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Fig. 1. Morphologically activated macrophages expressing CD68, Iba1, CD11c,
and CD169 accumulate between degenerating axons in ventral nerve roots of
mutant SOD1 mice. (A) Both microglia in spinal cord and macrophages in ventral
nerve roots of mSOD1%93A mice show significant expression of the myeloid
activation marker, CD68 (green), and dendritic cell receptor, CD11c (red). Axons
were labeled with anti-neurofilament (blue). Innate immune activation was
absent in non-Tg sections. Magnified views (Insets) show images of representa-
tive microglia (Top) and nerve root macrophages (Bottom). (B) Anatomical sche-
matic depicting spinal cord with ventral roots (Left). Magnification of
mSOD1693A section (Inset) shows nerve root macrophages expressing siaload-
hesin, CD169 (green), and calcium adaptor, Iba1 (red). (C) Ventral roots in
non-Tg, SOD1WT, and end-stage mSOD1637R, mSOD15%3A mice stained for
neurofilament (blue) and macrophage markers (CD11c, red; CD68, green). In
mutant SOD1 mice, activated macrophages accumulate in spaces between
degenerating axons. (Scale bars: 100 um.)

decreased neurofilament staining, sciatic nerves were filled with
activated macrophages (Fig. 24). CD68/Ibal+ macrophages were
present throughout mSOD19%34 nerves by end stage of disease and
absent in non-Tg litter-mates (Fig. 2B). These macrophages also
expressed the myeloid cell markers CD169, F4/80, and CD11c at
various levels (Fig. S2). Toluidine blue staining showed accumula-
tion of phagocytic cells ingesting myelinic debris in mSOD16934
peripheral nerves (Fig. S3).

Further downstream in the PNS, we analyzed immune acti-
vation in muscle tissues (Fig. 3). CD68+ macrophages accumu-
lated within degenerating nerve bundles in mSOD1%%3A muscle
but not non-Tg muscle (Fig. 34). To better visualize innervating
connections, mSOD16%34 mice were bred with mice expressing
Thyl-YFP, which labels motor neurons and peripheral axons
(15). We found that more severely affected muscles, such as the
Tibialis, showed greater infiltration of macrophages compared
with diaphragm (Fig. 3B). Although a few macrophages were
observed in the vicinity of end-plate neuromuscular synapses,
the majority of activated macrophages accumulated within fas-
cicles of innervating axon tracts (Fig. 3C).
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Fig. 2. Sciatic nerves in mutant SOD1 mice but not WT mice show intra-axonal
activation of macrophages. (A) Whole-mount segments and longitudinal sections
of distal sciatic nerve from end-stage mSOD1%%34 and non-Tg litter-mates were
stained for macrophages (CD68) and axons (neurofilament). For whole-mount
stains, confocal microscopy images 100 um into the nerve are shown as a com-
posite. (B) Longitudinal and transverse sciatic nerve sections were stained for
macrophage markers CD68 (red) and Iba1 (green). mSOD16%3A nerves at end
stage show an abundance of activated, CD68/Iba1+ macrophages compared
with non-Tg litter-mates. An anatomical schematic of peripheral nerves is shown
(Upper Right). (Scale bars: 100 um.)

Early, Focal Immune Activation in the Mutant Nervous System Be-
comes Pervasive Following Onset of Symptoms. We examined the
dynamics of immune activation in the PNS and CNS relative to
disease progression (Fig. 4 and Figs. S5 and S6). By monitoring, the
earliest sign of symptom onset in the B6/STL mSOD1%%3A mice was
initiation of weight loss, which occurred at 12 weeks of age [mean,
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Fig. 3. Whole-mount muscle staining reveals macrophage infiltration within
innervating axon fascicles. (A) Diaphragms from end-stage mSOD1%%3A and
non-Tg mice were stained for macrophages (CD68, red), axons (neurofilament,
green), and synapses (synapsin, green). Intra-nerve macrophages were found in
mSOD16%3A but not non-Tg muscles. (B) Muscles from end-stage mSOD 16934/
Thy1-YFP animals (YFP, green) were stained for macrophages (CD68, red). Acti-
vation of macrophages and degeneration of YFP axons was more extensive in the
tibialis compared with diaphragm. (C) Triple staining for macrophages (CD68,
red), axons (YFP, green), and motor endplates [bungarotoxin (BTX), blue]. Acti-
vated macrophages were found within mutant SOD1 axonal fascicles but not at
neuromuscular synapses. (Scale bars: 100 um.)
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Fig.4. Age-dependent progression in PNS macrophage activation is accompa-
nied by significant deposition of antibodies and complement. (A) Representative
sciatic nerves from mSOD 163~ mice were stained for CD68/Iba1+ macrophages.
Atweek 5, endoneural macrophages are morphologically un-activated. At weeks
9 and 11, macrophages accumulate in nerves, becoming activated morphologi-
cally, often assembling in rows. At weeks 14 to 19, activated macrophages spread
throughout nerve parenchyma. (Scale bars: 100 um.) (B) Quantification of pro-
gressive macrophage activation in sciatic nerves of mSOD16%3A and non-Tg mice
(20x fields of non-consecutive 14 um sections analyzed; mean = SEM, ***, P <
0.001). (C) Week 19 mSOD16%3A, week 19 non-Tg, and 6-month-old mSOD1637R
sciatic nerve sections were stained for complement C3 (green) and antibody IgM
(red). Strong deposition of complement and antibodies was observed in ALS Tg
nerves. (D) Separate week-19 sections show anti-IgG reactivity in mSOD15%3A but
not non-Tg nerves. (E) At presymptomatic weeks 9 and 10, antibody IgM (red)
co-localizes in PNS tissue with strands of activated macrophages (CD68, green).

85.8 d £ 4.1 (SEM), n = 11, Fig. S5a]. Visible signs of muscle
weakness were observed soon afterward (90.64 d = 1.83,n = 11,
Fig. S5b). Sciatic nerves and spinal cords of mSOD19%34, non-Tg
litter-mates, and SOD1WT mice were analyzed in parallel at several
disease time points.

In the PNS of mutant SOD1 mice, macrophage activation
proceeded in two distinct phases (Fig. 44). From weeks 5 through
7, no evidence of innate activation was found in mSOD16%3A
peripheral nerves. These nerves were populated by resting, endo-
neural macrophages (<250 um?). From weeks 9 through 11, which
are presymptomatic time points, enlarged CD68/Ibal+ macro-
phages (>250 um?) accumulated in cellular strands along the
peripheral nerve. At weeks 14, 16, and 19, which are post-
symptomatic time points, macrophage activation in the PNS be-
came generalized, distributing throughout the tissue parenchyma.
Image quantification analyses confirmed these 2 phases of activa-
tion, with symptom onset acting as a transition point (n = 4
nerves/time point; Fig. 4B).

In addition to immunostaining for macrophage activation, we
also analyzed mRNA levels of cytokines and chemokines in sciatic
nerves by real-time PCR. The chemokine MCP-1, which is involved
in monocyte recruitment during Wallerian degeneration (16), was
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progressively increased in mSOD16934 compared with non-Tg and
SODWT nerves (Fig. S4). In contrast, classic pro-inflammatory
cytokines TNF-«a and IL-6 did not show significant changes.

In the spinal cord, we found that the time course of immune
activation progressed concurrently with PNS macrophage activa-
tion. Two parameters were used to assess this: surface/
morphological activation of microglia and infiltration of CD4" and
CD8" T cells (Figs. S5 and S6). By immunostaining, spinal cord
sections from presymptomatic mSOD1%%34 mice (week 9) showed
focal activation of microglia and astrocytes in ventral horns (Fig.
S5b). Following symptom onset (week 12), hypertrophic microglia
was observed throughout the gray and white matter, peaking in
activation at end stage (week 19). Flow cytometry demonstrated a
similar time course, with mSOD1%934 microglia showing popula-
tion-wide shifts in surface activation markers CD11c and CD86
after symptomatic onset (Fig. S6 b and d). Microglial activation was
not observed in spinal cords of SODWT and non-Tg mice. Strikingly,
infiltration of CD4* and CD8+ T cells also occurred only following
onset of symptoms (Fig. S6c).

These observations, in conjunction with previous studies (5-7),
indicate that immune activation in the PNS and spinal cord of
mutant SOD1 mice progresses in parallel. At presymptomatic time
points (i.e., weeks 9-12), focal activation occurs for PNS macro-
phages and spinal cord microglia. Following clinical onset (i.e.,
weeks 12-19), activation of innate immunity becomes widespread
in both tissues as indicated by FACS and histological analysis.

ARole for Humoral Immunity in PNS Macrophage Activation. Humoral
system components, including circulating antibodies and comple-
ment, are known to deposit in the ALS spinal cord, and may play
significant roles in damaging motor neurons (6, 17). In acute PNS
injury, complement mediates the opsonization of myelin debris and
recruitment of myeloid cells (18, 19). Therefore, we analyzed the
role of the humoral immune system in the PNS of ALS Tg mice.

We detected intense deposits of IgM, complement C3, and
IgG throughout the parenchyma of mSOD1%%34 and
mSOD1%37R gciatic nerves at end stage, but not in non-Tg
age-matched mice (Fig. 4 C and D). This humoral deposition was
specific, as isotype control and secondary antibodies alone did
not stain mutant SOD1 nerves. Interestingly, at pre-symptomatic
time points weeks 9 and 10, IgM deposited in the same areas of
nerve that also recruited strands of activated macrophages (Fig.
4E). Co-localization of humoral components and macrophages
was observed at every time point analyzed.

These data led us to hypothesize that antibody deposition may
lead to downstream activation of the classical complement cascade
and subsequent recruitment of macrophages (classical pathway,
IgG and IgM — Clq — C4 — C3 — immune cells). To test this
hypothesis, we bred mSOD1%%3A mice onto a background deficient
in complement C4, which is necessary for activation of both the
classical and lectin complement pathways (20). Ablation of C4 was
confirmed by PCR and serum ELISA analysis (Fig. S7 a and b). At
disease end stage, significantly fewer activated macrophages were
found in sciatic nerves of mSOD19%AC4-/- compared with
mSOD1%%34C4+/+ mice (Fig. 54). Based on image quantification,
both activated CD68* (P = 0.0477, ¢ test) and Ibal+ (P = 0.0003)
macrophages showed significant decreases in mSOD16%3AC4—/—
mice at end stage (Fig. 5B; n = 5). In particular, larger-sized
macrophages (>360 um?) were fewer in number in the absence of
C4 (Fig. 5B, histogram). Nonetheless, not all macrophages were
eliminated in mSOD16%3AC4—/— nerves. To ascertain the effect of
complement C4 deficiency on disease progression, we analyzed
development of motor symptoms and mortality. Onset of symptoms
was unaffected in mSOD1%%3AC4—/— mice compared with
mSOD19%34C4+/+ mice (Fig. 5C; P = 0.769 by log-rank test).
Furthermore, weight loss and motor score analysis demonstrated
similar downward trajectories in mSODI1CG%AC4+/+,
mSOD16%34C4+, and mSOD1%934C4—/— animals (Fig. S7 ¢ and

Chiu et al.


http://www.pnas.org/cgi/data/0911405106/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0911405106/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0911405106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0911405106/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0911405106/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0911405106/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0911405106/DCSupplemental/Supplemental_PDF#nameddest=SF6
http://www.pnas.org/cgi/data/0911405106/DCSupplemental/Supplemental_PDF#nameddest=SF6
http://www.pnas.org/cgi/data/0911405106/DCSupplemental/Supplemental_PDF#nameddest=SF7

Lo L

P

1\

=y

A B Macrophage Cell Count C Symptom Onset
100 = =
CD68+ Ibal+ _ - mSOD1C4+/+(n=17)
-Ti =
* 0 non-Tg (n=3) . ~ mSOD1C4-/- (n=35)
o 150 ™1 150 %* B mSOD1C4++(n=5)  ©
non-Tg E W mSOD1C4--(n=5) £ 50
% 110 110 g
= 25
8 70 70 =
30 30 (1]
80 100 120 140 160 180
mSOD1 .
Macrophage Cell Size
C4+/+ phag Age (Dafys)
1000 05 B mSOD1C4++ D 100 Survival
= 504 B mSOD1C4-/- —— MSOD1C4+/+(n=25)
© t 03 B 75 -~ mSOD1C4-/- (n=35,
mSOD1 £ oo 202 2 =0
C4-- = a 01 B B
© 0.0 . R 25
S
mSOD1 mSOD1 Qg“ & LSS 0
Ca+l+ Ca- PSS
(n=1802) (n=1418) N 4P oS 140 160 180 200 220 240 260

Cell Area (um?) Age (Days)

Fig.5. Complement C4 partially mediates macrophage activation during motor neuron degeneration. To ascertain the role of humoral immunity in ALS, mSOD 16934
mice were bred onto a complement C4-deficient background. (A) Representative images of Iba1/CD68+ macrophages in end-stage mSOD1C4+/+ and mSOD1C4—/—
sciatic nerves, with age-matched non-Tg nerves. (Scale bars: 100 um.) (B) Quantification analysis of CD68+ and Iba1+ macrophages in end-stage mSOD1C4+/+ (n =
5), mSOD1C4—/— sciatic nerves (n = 5). Individual macrophage size data (CD68+) are shown in vertical scatter plot and histogram analysis (mean =+ SEM, *, P < 0.05
by t test). (C and D) Kaplan Meier curves of symptom onset and survival in mSOD1C4+/+ (n = 25; male, n = 14; female, n = 11) and mSOD1C4—/— mice (n = 35; male,

n = 18; female, n = 17).

d). Finally, Kaplan-Meier survival curves showed that lifespan
was unaltered in mSOD16%AC4—/— compared with
mSOD16934C4+/+ animals (Fig. 5D; 191.1d + 2.52and 192.4d =
1.88; P = 0.592 by log-rank test). Therefore, complement C4 plays
a partial role in PNS macrophage activation, but does not signifi-
cantly affect survival in mSOD16%34 mice.

Phenotypic Dichotomy of Myeloid Cell Activation in the ALS Peripheral
Nervous System Versus Spinal Cord. The phenotype of myeloid cells
is significantly influenced by the surrounding tissue and cytokine
microenvironment (21). In spinal cord, mutant SOD1 microglia are
induced to express insulin-like growth factor and osteopontin
during disease progression (7). Activated PNS macrophages may
express a distinct set of factors in response to motor axon degen-
eration. Furthermore, myeloid cells in each compartment may
originate from tissue resident progenitors or differentiate from
infiltrating, blood-derived monocytes (22, 23).

To characterize the traits of innate immune activation in the PNS

A —— PNS Macrophages B
— Spinal Cord Microglia

mm GFP BM -> non-Tg (n=3)

and CNS, we compared macrophages isolated from mSOD16%34
sciatic nerves with spinal cord microglia from the same mice. By
flow cytometry, surface receptor profiles of activated PNS macro-
phages differed distinctly from microglia (Fig. 64). Whereas
mSOD19%34 microglia expressed dendritic cell markers CDl11c,
CD86 (B7-2), and CD54 (ICAM-1), PNS macrophages showed
high surface levels of MHC class II. Microglia and macrophages
expressed similar levels of CD11b and CD45.

To determine the origin of PNS and CNS myeloid cell types
during motor neuron degeneration, GFP+ BM was transplanted
into irradiated mSOD1%%*4 mice and non-Tg litter-mates at 7
weeks of age. Splenocytes and blood leukocytes, including CD11b+
myeloid cells, showed >75% GFP chimerism in transplanted mice
(Fig. 6B). Replacement of endogenous BM with GFP+ cells did not
significantly affect disease progression (Fig. 6C). We next examined
spinal cord and peripheral nerves of GFP transplanted mice (Fig.
6D). Using Ibal as a general marker for microglia/macrophages, it
was evident that the majority of activated spinal cord microglia
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Fig. 6.

GFP BM —mSOD1 mice

Flow cytometry and GFP chimeras demonstrate unique nature and origin for ALS PNS macrophages compared with spinal cord microglia. (A) Sciatic nerve

macrophages and spinal cord microglia from end-stage mSOD16%3A mice were compared by FACS for MHC class II, CD54 (ICAM-1), CD11¢, and CD86. Histograms show
surface expression of PNS macrophages (red) and spinal cord microglia (blue) relative to isotype controls for PNS macrophages (gray). (B-E) mSOD 16934 (n = 8) or non-Tg
(n = 3) mice were transplanted at 7 weeks with BM from EGFP mice (GFP BM). Un-irradiated mSOD 19934 |itter-mates (n = 7) were analyzed in parallel. () FACS analysis
of GFP chimerism for blood leukocytes and total and CD11b+ splenocytes in transplanted mice at end-stage. (C) Kaplan-Meier survival analysis of BM-transplanted and
un-irradiated mice. (D) In spinal cord, Iba1+ microglia are mainly negative for GFP, indicating tissue resident origin. In contrast, sciatic nerve sections imaged for Iba1+
macrophages show significant co-expression of GFP, indicating a BM origin. (Scale bars: 100 um.) (E) Quantification of BM-derived spinal cord microglia and PNS
macrophages in mutant SOD1/GFP mice (***, P < 0.001; n = 4).
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originated from within the CNS; the converse was true for mac-
rophages in sciatic nerves and ventral roots (Fig. 6 D and E and Fig.
S9). Only 27.3% = 2.2% of spinal cord microglia were BM-derived,
whereas 69.9% * 4.14% of PNS macrophages were GFP+ and
originated from the peripheral circulation (Fig. 6E, mean *+ SEM,
n = 4).

GFP transplantation also revealed specific innate immune cell
subsets (Fig. S10 a and b). In spinal cord, GFP tissue-resident
microglia were mainly CD11c+, whereas GFP+ BM-derived mi-
croglia were mainly CD169+. In the PNS, most macrophages were
CD169+GFP+ BM-derived cells. Spinal cord microglia also
showed more heterogeneity in cell size than peripheral macro-
phages (Fig. S10c). Thus, based on the results of FACS analysis and
BM transplantation, PNS macrophage activation in mutant SOD1
mice is distinct in nature and origin compared with spinal cord
microglia.

Discussion

Motor neuron death is associated with a robust cellular response by
CNS microglia and astrocytes (4, 5). In this study, we characterize
a system-wide infiltration of macrophages in the PNS of mutant
SOD1 mice that accompanies axon degeneration in ventral roots,
sciatic nerves, and muscle tissues. Concurrently, increased levels of
antibodies and complement are detected in the affected nerves.
These findings broaden the dimensions of neuro-immunological
pathology in ALS, and have ramifications for immune modulation
of motor neuron survival.

Our results show that 2 separate immune cell compartments
undergo activation in ALS Tg mice. Degeneration of different
anatomical regions of the motor neuron likely elicits distinct
functional responses by the immune system. In the spinal cord, loss
of motor neuron cell bodies induces the activation of resident
microglia and infiltration of T cells (5, 7, 10). Here we show that in
the PNS, denervation and degeneration of motor axons leads to
significant peripheral macrophage activation. Although an earlier
microscopy study suggested the presence of macrophages in pe-
ripheral nerves of mutant SOD1 mice (24), here we prove their
existence and characterize them in detail during disease progres-
sion. We find that the origin and nature of CNS myeloid cells are
distinct from PNS myeloid cells in ALS. We find that microglia in
mutant SOD1 mice are primarily tissue resident cells, in agreement
with earlier studies using parabiotic and BM chimeric mice (22, 23).
By contrast, PNS macrophages in ALS Tg mice are mainly derived
from the circulation. Diverse signals may regulate immune recruit-
ment to each tissue: one set of chemokines may attract T cells to the
ALS spinal cord, whereas other signals mediate macrophage re-
cruitment to the PNS. For example, we find that MCP-1, a
monocyte chemoattractant that functions during acute peripheral
nerve injury (16), is up-regulated in sciatic nerves of mutant SOD1
mice. Furthermore, myeloid deficiency in CCR2, the receptor for
MCP-1, leads to disease acceleration in these mice (10). Therefore,
MCP-1 and CCR2 may significantly affect PNS macrophage re-
cruitment in ALS.

CNS and PNS immunity may play distinct functional roles.
Although spinal cord microglia acquired dendritic cell surface
receptors during disease progression, PNS macrophages became
phagocytic. In immune responses, dendritic cells are antigen-
presenting cells that activate T cells; ALS microglia may use
similar cell pathways to interact with T cells infiltrating the spinal
cord. Conversely, the primary role of macrophages in peripheral
nerves may be the phagocytic removal of debris following axonal
degeneration.

Despite these functional differences, we find that immune acti-
vation in the CNS and PNS follow similar kinetics. In the PNS, we
observed activated macrophages forming cellular strands along the
nerve at pre-symptomatic time points; following symptom onset,
macrophage activation occupies a majority of the parenchyma. In
the spinal cord, microglia are discretely activated in ventral horns
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at presymptomatic time points; following onset, glial activation
becomes widespread and T cells infiltrate from the periphery. What
is the significance of the symptom onset time point? Neuropatho-
logically, neuromuscular degeneration and motor neuron loss pro-
ceeds in a stepwise fashion. In the PNS, denervation at the
neuromuscular synapse occurs as early as day 40 in the mutant
SOD1 mouse (11). By onset, decreases in cholinergic motor neuron
count (25), ventral root motor axons (60% loss), and neuromuscular
junctions become significant (11). Nevertheless, a large subset of
motor neurons and axons remain intact at symptom onset (11, 25).
The role of the immune system may be to impact the survival of this
remaining neuronal subset. Evidence for a post-symptomatic role
of immunity is reflected in several phenotypic studies. When the
mutant SOD1 gene is selectively deleted from microglia/
macrophages, only the symptomatic phase of disease is affected,
nonetheless leading to significant extensions in lifespan (8, 9). In
contrast, selective removal of mutant SOD1 within motor neurons
affects both pre- and post-symptomatic phases of disease (9).
Recently, it was shown that blocking adaptive immunity in ALS
mice does not alter disease onset, but leads to acceleration of
post-symptomatic progression (7, 10). For most patients with ALS,
the window for therapeutic modulation necessitates targeting post-
symptomatic disease mechanisms; therefore, understanding im-
mune activation processes holds relevance to clinical treatment.

We find that antibodies and complement may play a significant
role in PNS neuro-degeneration. Natural antibodies are endoge-
nous, circulating antibodies of IgG and IgM isotypes that are
poly-reactive (26). Natural antibodies efficiently activate comple-
ment, acting to clear apoptotic debris and as a first line of defense
against pathogens (26). In situations of sterile inflammation such as
ischemia/reperfusion injury, natural IgM and complement can bind
self-antigens and initiate pathologic damage (27). We detected IgG,
IgM, and complement deposition in mutant SOD1 sciatic nerves
concomitant with macrophage accumulation. It is not known how
natural antibodies enter the PNS and whether they recognize
specific peripheral nerve antigens. In acute nerve injury, depletion
of complement or the membrane attack complex decreases mac-
rophage activation (18, 19). Similarly, in our study, mSOD1C4—/—
mice showed significantly decreased macrophage levels and acti-
vation. Although C4 deficiency did not affect overall survival or
motor decline, other molecular pathways may play compensatory
roles in immune activation and macrophage recruitment.

Is peripheral immune activation a secondary response to motor
axon death or a primary result of the ALS disease process?
Wallerian degeneration of the PNS following acute injury is me-
diated by both innate and humoral immune pathways (28). How-
ever, it is not known whether the same cascade of events occur in
ALS; our experiments and other studies suggest significant simi-
larities. In Wallerian degeneration, animals deficient in Toll-like
receptors and the downstream signaling molecule MyDS88 show
impaired macrophage-mediated debris clearance and axon regen-
eration (29). Kang et al. showed that transplantation of MyD88—/—
BM cells into ALS mice led to significant acceleration of motor
neuron disease (30). Therefore, Toll-like receptors and MyD88 in
macrophages may play analogous roles in Wallerian degeneration
and ALS. Conversely, although the W1dS protein slows axon loss in
Wallerian degeneration, it induces minimal effects on motor axon
survival and neuronal loss in ALS Tg mice (31). Depletion of
mutant SOD1 from myeloid cells leads to a significant lifespan
extension in ALS Tg mice (8, 9), suggesting that macrophages
harboring mutant SOD1 protein may not function equivalently as
WT macrophages in Wallerian degeneration.

Although tissue inflammation is generally thought to be detri-
mental, there is mounting evidence that controlled immune acti-
vation can be beneficial for regenerative processes (14, 21). In ALS,
we and others found that T cells polarize a neuroprotective re-
sponse in spinal cord microglia (7, 10). In the PNS, significant
re-innervation of motor end-plates occurs during disease progres-
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sion, indicating that ALS motor axons may actively regenerate (25,
32). Recently, Barrette et al. demonstrated that macrophage de-
pletion significantly slowed myelin clearance, axon regeneration,
and functional recovery following sciatic nerve injury (14). Despite
robust macrophage activation in the nerves of mutant SOD1 mice,
we did not detect significant expression of the pro-inflammatory
cytokines TNF or IL-6, suggesting that immune activation in the
PNS may not be actively detrimental.

Therapeutic targeting in ALS has been traditionally difficult
because of the necessity for treatments to cross the blood-brain
barrier. The finding that significant immunopathology occurs in the
PNS offers a more accessible target for modulation. Our results
show that large proteins, including IgG and IgM, infiltrate periph-
eral nerves during disease progression. This suggests that the ALS
blood-nerve barrier would be relatively permeable to chemical
therapeutic agents and antibodies. Furthermore, signaling pathways
for peripheral macrophages have been well defined, and can be
readily targeted in ALS Tg mice.

During neurodegeneration in ALS, dysfunction occurs at both
the motor neuron cell body and peripheral motor axon. In this
study, we found progressively increased innate and humoral acti-
vation in the PNS of mutant SOD1 mice, from spinal ventral roots
distal to innervating axons of affected muscles. Therefore, activa-
tion of the immune system is intimately connected with the process
of motor neuron degeneration. Future analysis of neuroimmune
communication will hopefully lead to targeted treatments to extend
motor neuron survival in ALS.

Materials and Methods

Mice. B6/SJL mSOD16%A, non-Tg, SOD1WT, B6 congenic mSOD16%3A mSOD1G37R,
Thy1-YFP, Actin-EGFP (Jackson Laboratories), and B6.C4—/— mice (generated
previously in the laboratory) were bred and maintained in a full-barrier, specific
pathogen-free facility. For visualization of axons, B6.mSOD 15934 mice were bred
with Thy1-YFP mice. To analyze the role of complement, B6.mSOD 15934 mice (low
copy strain) were bred with C4—/— mice; C4 ablation was confirmed by PCR
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genotyping and serum ELISA. To analyze myeloid cell origins, BM from Actin-
EGFP mice was transplanted into irradiated 7-week-old B6.mSOD 15%3A mice and
non-Tg litter-mates. Survival and motor symptom progression was analyzed.
Experiments were conducted according to institutional animal care guidelines. A
summary of animals used in this study is in Table S1. For details on breeding,
motor symptomatic analysis, BM transplantation, measurement of GFP chimer-
ism, and C4 ELISA, see S/ Methods.

Flow Cytometry. Mice were perfused with PBS solution, and immune cells were
directly isolated from spinal cord and nerves, stained, and analyzed by FACS. Flow
cytometry was conducted on a FACScalibur machine (BD Biosciences). For details
on cell isolation, surface labeling, and flow cytometry, see SI Methods.

Tissue Processing. For immunostaining, mice at different time points were
intracardially perfused with 4% paraformaldehyde/PBS solution. Sciatic nerve,
muscle, and spinal cord were subsequently dissected, embedded, and cryo-
sectioned. For quantitative PCR, freshly isolated sciatic nerves were homogenized
in TRIzol (Invitrogen) for RNA extraction and cDNA synthesis. For details on tissue
processing, real-time PCR, and toluidine blue staining, see S/ Methods.

Immunofluorescence and Image Analysis. Longitudinal and transverse cryo-
sections of spinal cord, sciatic nerves, as well as whole-mount muscle and sciatic
nerve tissues were immunostained for cellular and immunological antigens.
Primary antibodies were as follows: rat anti-CD68 (1:1,000; Serotec), rabbit anti-
GFAP (1:1,000; Sigma), hamster anti-CD11c (1:50, BD Biosciences), rabbit anti-
neurofilament 200 (1:1,000; Sigma), rat anti-CD169 (1:200; Serotec), rabbit anti-
Iba1 (1:500; Wako), rat anti-CD11b (1:50; BD Biosciences), rat anti-F4/80 (1:100;
Serotec), goat anti-lgM (1:100; Southern Biotech), rat anti-C3 (1:100; Abcam), and
Cy3 goat anti-mouse IgG (1:500; Jackson Immunoresearch). Secondary antibodies
were as follows: Alexa 488, Alexa 568, or Alexa 633 goat anti-rat, Alexa 488 rabbit
anti-rat, Alexa 568 rabbit anti-goat, Alexa 488 or Alexa 633 goat anti-rabbit
(Invitrogen), and Cy3 goat anti-Armenian hamster IgG (Jackson Immunore-
search). Motor end-plates were labeled with Alexa 633 bungarotoxin (1:1,000,
Invitrogen). For details on immunostaining, microscopy, and image analysis, see
SI Methods.
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