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Degeneration and impaired regeneration of gray matter
oligodendrocytes in amyotrophic lateral sclerosis

Shin H Kang!%7, Ying Li%>7, Masahiro Fukaya3, Ileana Lorenzinil, Don W Cleveland?, Lyle W Ostrow>4,

Jeffrey D Rothstein!>* & Dwight E Bergles!

Oligodendrocytes associate with axons to establish myelin and provide metabolic support to neurons. In the spinal cord of
amyotrophic lateral sclerosis (ALS) mice, oligodendrocytes downregulate transporters that transfer glycolytic substrates to
neurons and oligodendrocyte progenitors (NG2+ cells) exhibit enhanced proliferation and differentiation, although the cause of
these changes in oligodendroglia is unknown. We found extensive degeneration of gray matter oligodendrocytes in the spinal cord
of SOD1 (G93A) ALS mice prior to disease onset. Although new oligodendrocytes were formed, they failed to mature, resulting

in progressive demyelination. Oligodendrocyte dysfunction was also prevalent in human ALS, as gray matter demyelination and
reactive changes in NG2* cells were observed in motor cortex and spinal cord of ALS patients. Selective removal of mutant SOD1
from oligodendroglia substantially delayed disease onset and prolonged survival in ALS mice, suggesting that ALS-linked genes
enhance the vulnerability of motor neurons and accelerate disease by directly impairing the function of oligodendrocytes.

ALS is an adult-onset neurodegenerative disease characterized by pro-
gressive muscle weakness and eventual paralysis. Although disease cul-
minates in the degeneration of motor neurons, non-neuronal cells such
as astrocytes and microglia are critical for the pathogenic process of
ALS!-4. ALS-linked genes such as Sod1 are expressed in glia and motor
neurons, and glial cell dysfunction appears to exacerbate injury to motor
neurons, as selective removal of mutant SOD1 from subsets of glia slows
disease progression®3. However, the vulnerability of distinct popula-
tions of glial cells to disease-induced stress and the contributions of
these alterations to the pathogenesis of ALS are not well understood.

Degeneration of motor neurons in the spinal cord is associated with
reactive changes in surrounding glia that include cellular hypertrophy
and enhanced proliferation. In particular, recent studies have found
that the behavior of NG2+ glial cells, a distinct, widely distributed
class of progenitor cells that have the capacity to differentiate into
oligodendrocytes, is markedly altered in the spinal cord of a mouse
model of ALS (SOD1 (G93A))>°. By end stage of disease, NG2* cells
exhibit the highest rate of proliferation of any cell type in the spinal
cord of these mice, and their differentiation into oligodendrocytes
is markedly enhanced?, suggesting that there may be a progressive
dysfunction of oligodendrocytes in ALS.

In addition to their role in forming myelin, there is emerging evi-
dence that oligodendrocytes provide crucial metabolic support to
neurons’8. The monocarboxylic acid transporter 1 (MCT1), a trans-
porter that motor neurons depend on for transfer of glycolytic sub-
strates®19, is expressed predominantly by oligodendrocytes®!! and
is downregulated in the motor cortex of ALS patients and the spinal
cord of SODI (G93A) mice®. Together, these abnormalities in the

oligodendrocyte lineage in ALS may affect motor neuron survival;
however, the cause of the enhanced proliferation and differentiation
of oligodendrocyte progenitors in SOD1 (G93A) mice, and the extent
of oligodendrocyte abnormalities in human ALS!>13 are uncertain.

Using in vivo genetic fate tracing of oligodendrocytes and their
progenitors, we found an extensive, progressive degeneration of oligo-
dendrocytes in the spinal cord of SODI (G93A) mice, with less than
half of the oligodendrocytes produced in first postnatal month surviv-
ing by end stage of disease. Mobilization of oligodendrocyte progeni-
tors occurred first in the ventral gray matter, where motor neurons are
located, before behavioral manifestation of disease; however, newly
formed oligodendrocytes in this region exhibited abnormal morpholo-
gies and failed to fully differentiate. Dysfunction of gray matter oli-
godendrocytes was also prevalent in human ALS, as reactive changes
in NG2* cells and demyelination were observed in the gray matter of
the ventral spinal cord and motor cortex of ALS patients. Genetic dele-
tion of mutant human SODI (G37R) from NG2* cells and their oligo-
dendrocyte progeny in mice substantially delayed disease onset and
prolonged survival, indicating that expression of this ALS-linked gene
in the oligodendrocyte lineage accelerates motor neuron degeneration.
The progressive loss of gray matter oligodendrocytes, and failure to
restore these crucial cells, may accelerate disease progression in ALS
by depriving motor neurons of essential metabolic support.

RESULTS

Enhanced proliferation of NG2* cells in young ALS mice

The progressive loss of motor neurons in SODI (G93A) mice is
accompanied by prominent changes in the behavior of NG2+ cells®.
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Figure 1 Enhanced proliferation of NG2* cells in the spinal cord of
presymptomatic ALS mice. (a) BrdU protocol used to assess proliferation
of NG2* cells in control and SOD1 (G93A) mice. (b) Fluorescence images
showing BrdU* cells in the ventral horn of the spinal cord in control and
SOD1 (G93A) mice at P60. Scale bar represents 100 um. Right, two
BrdU+ NG2* cells (from the region highlighted by the white box) in the
ventral gray matter. (c—e) Graphs showing the density of proliferating
oligodendrocyte lineage cells (BrdU+* Olig2+) in different regions of spinal
cord at different ages in control and SODI1 (G93A) mice. (f-h) Graphs
showing the density of NG2* cells (PDGFaR™) in different regions of the
spinal cord at different stages of disease (P75 (presymptomatic), P90
(symptomatic) and P120 (end stage)), as compared with wild-type mice.
GM, gray matter; WM, white matter. Data are presented as mean + s.e.m.
(n =9 sections obtained from 3 mice per group). *P < 0.05, **P < 0.001,
***P < (0.0005, unpaired Student’s t test.

By end stage of disease, their proliferation rate is 20-fold higher than
in wild-type mice®, and they comprise the majority of actively divid-
ing cells in the spinal cord>°. However, the cause of this enhanced
proliferation in ALS is unknown. To determine when and where
NG2* cells first exhibit this altered behavior, we examined the spatio-
temporal profile of NG2* cell proliferation over the course of dis-
ease. Mice were administered BrdU for 5 d and cumulative BrdU
incorporation was measured in lumbar spinal cord (Fig. 1a,b and
Supplementary Fig. 1a). In wild-type mice, the number of BrdU*
NG2* cells declined with age in all of the regions that were examined
(P <0.001, one-way ANOVA; Fig. 1c-e), following the developmental
decline in the generation of oligodendrocytes from these progeni-
tors>1415. However, in SODI (G93A) mice, NG2* cells sustained high
rates of proliferation into adulthood (Fig. 1c—e). Moreover, unlike
the uniform decline in proliferation in wild-type mice, NG2* cells in
SOD1 (G93A) mice exhibited regional differences in their response.
Enhanced proliferation was most prominent in ventral gray matter,
where their rate of division was elevated 2.3-fold compared with wild-
type mice by postnatal day 60 (P60, P < 0.001, Student’s ¢ test), before
SOD1 (G93A) mice show disease symptoms!®, and 12.9-fold by P95
(P <0.0005), after they exhibit muscle weakness and tremor!”. NG2*
cells in ventral white and dorsal gray matter of ALS mice eventually
exhibited enhanced proliferation, although it occurred later and the
magnitude of increased cell division was lower than in ventral gray
matter (Fig. 1c—e). Thus, NG2* cells in SODI (G93A) mice display
abnormal behavior in ventral gray matter before behavioral manifes-
tation of disease.

Despite the enhanced generation of NG2* cells in early stages of
disease, their density was not significantly altered before end stage
(P > 0.05; Fig. 1f-h), suggesting that they are continually removed
through death or differentiation. To determine the fate of NG2* cells
at early stages of disease, we carried out genetic lineage tracing with
Pdgfra-creER; Z/EG mice®. After breeding to SOD1 (G93A) mice, we
administered 4-hydroxytamoxifen (4HT) at P30 or P60 to induce
EGFP expression in cohorts of NG2* cells, and identified EGFP*
cells in lumbar spinal cord 15-60 d later (Fig. 2a and Supplementary
Fig. 1b,c). Consistent with the regional differences in NG2* cell pro-
liferation, more EGFP* cells were observed in ventral gray matter by
P90 in SODI (G93A) mice (Fig. 2b and Supplementary Fig. 1d-f),
whereas the number of EGFP* cells in other areas was not signifi-
cantly increased relative to controls (P > 0.05). However, by end stage,
EGFP* cell density in SODI (G93A) mice was higher than controls
in all of the regions examined, with ventral gray matter exhibiting
the greatest accumulation of NG2* cell progeny (Supplementary
Fig. 1d-f). As the number of EGFP* cells should remain constant
if they have an equal probability of dividing or dying, these results
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suggest that the enhanced proliferation of NG2* cells is not induced
solely by accelerated death of these progenitors.

Oligodendrogenesis without oligodendrocyte accumulation
NG2* cells in the spinal cord of end stage SODI (G93A) mice not
only proliferate more rapidly, but also differentiate more frequently
into oligodendrocytes®. To determine where and when this increase
in oligodendrogenesis occurs, we followed the appearance of EGFP*
cells in Pdgfra-creER; Z/EG; SOD1 (G93A) and Pdgfra-creER; Z/EG
mice that were immunoreactive to antibody to APC (CCl), a feature
of mature oligodendrocytes. Consistent with the early maturation of
myelinated tracts in the spinal cord!$, few oligodendrocytes (EGFP*
CC1* cells) were generated from P60-120 in controls (Fig. 2c-h). In
contrast, there was a marked increase in newly generated oligodendro-
cytes in ventral gray matter of SOD1 (G93A) mice (P < 0.001, one-way
ANOVA; Fig. 2¢-f); there were 10.9-fold more EGFP* CC1* cells in
this region relative to wild-type mice 60 d after labeling (P < 0.0005,
Student’s t test; Fig. 2f).

An increase in EGFP* oligodendrocytes also was observed in ven-
tral white matter at P90 and end stage in ALS mice, although this
increase was smaller than in ventral gray matter (Fig. 2g), and there
was no significant change (P > 0.05) in EGFP* oligodendrocytes
relative to control in dorsal gray matter (Fig. 2g,h). As the fate of
only a small fraction (~15%) of NG2* cells was followed in these
experiments, the total number of oligodendrocytes generated during
this period is expected to be much greater (by ~6-7-fold). Despite
this marked increase in oligodendrogenesis, the overall density of
oligodendrocytes in the spinal cord of SODI (G93A) mice at end
stage was unchanged relative to wild type (Fig. 2i). These results
suggest that there must be a concomitant loss of oligodendrocytes
with advancing disease.

Degeneration of early-born oligodendrocytes in ALS mice

To determine the extent of oligodendrocyte survival during the course
of disease, we performed genetic fate tracing of oligodendrocytes using
PlpI-creER; ROSA26-EYFP; SODI (G93A) and PlpI-creER; ROSA26-
EYFP mice (Fig. 3a,b). Administration of 4HT at P35 resulted in labe-
ling of 15-25% of oligodendrocytes in ventral gray and white matter
regions of the spinal cord. Although Cre-mediated recombination

572

VOLUME 16 | NUMBER 5 | MAY 2013 NATURE NEUROSCIENCE



© 2013 Nature America, Inc. All rights reserved.

&

ARTICLES

a b c Control (G%A) Control (SGQSZ) Control (293A7)
Pdgfra-creER; Z/EG = SOD1 (G93A) mice »
P120 ®
PO P30 P60 P90 orend 2
L L L L L L L L L L L L ] — s
3 2
} —_— H ,.'
4HT B — o 3
-_— . (O]
* w
4HT P60 — P75 P60 —5 P90 P60 — 120 or end stage
i . . f g h | O Control
Figure 2 Enhanced oligodendrogenesis Ventral GM Ventral WM Dorsal GM . W SOD1 (G93A)
in the spinal cord gray matter of adult 5 70 70 70 -0 Control 5 1500 N.S.
K O~ 60 60 60 | B SOD1 (G93A) O~ 5 | e e p— —
ALS mice. (a) Protocol used to trace P + £ 1,200
) o £ 50 50 50 W E
the fate of NG2* cells in Pdgfra-creER; & g 40 - 40 . 40 g; 900
Z/EG; SOD1 (G93A) and Pdgfra-creER; %3 30 - 30 P ) 5L 600
Z/EG mice (Pdgfra-creER; Z/EG + SOD1 a—,g 20 20 20 B g 300
(G93A)). Cohorts of NG2+ cells were E ‘g 18 18 £ ol L LW LW
. P . entral entral orsal
labeled with EGFP by 4HT injection z 15 30 60 15 30 60 15 30 60 = GM WM GM

at P30 or P60 and then analyzed at
different ages. (b) Fluorescence images

Days after 4HT injection (at P60)

>
»

showing EGFP*+ NG2+ cell progeny in the ventral horn of the spinal cord in control or SODI (G93A) mice 60 d after 4HT administration at P30
(P30+60). Scale bar represents 100 um. (c—e) Maps of the location of adult born oligodendrocytes generated from NG2+ cells in the spinal cord of
control and SOD1 (G93A) mice from P60-75 (c), P60-90 (d) or P60-120 (or end stage for ALS mice, e). Oligodendrocytes (EGFP+ CC1+) in four
randomly sampled lumbar spinal cord sections from each group (from 3-4 mice) are shown. (f-h) Graphs showing the density of newly generated EGFP*
CC1+ oligodendrocytes (OLs) in different regions of the adult spinal cord from control and SODI1 (G93A) mice. Data are presented as mean + s.e.m.

(n =9 sections from 3 mice per group). *P < 0.05, **P < 0.001, ***P < 0.0005, unpaired Student’s t test. (i) Graph showing the overall density of
oligodendrocytes (Olig2+ CC1*) in different regions of the spinal cord of P120 and end-stage SOD1 (G93A) mice. Data are presented as mean + s.e.m.
(n =12 sections per group from 4 mice per group) N.S., non-significant, P> 0.05, one-way ANOVA with Tukey test.

occurs in some NG2* cells in the brains of Plp1-creER; ROSA26-EYFP
micel®, EYFP was not expressed by these progenitors in the spinal
cord of either control or SOD1 (G93A) mice (Supplementary Fig. 2),
indicating that this approach can be used to track the survival of
spinal cord oligodendrocytes in vivo. Quantitative analysis of spinal
cords sampled at early time points revealed that the number of EYFP*
oligodendrocytes increased gradually for the first 2 weeks after 4HT
administration in both control and SODI (G93A) mice!®, and ini-
tial labeling of these cells was substantially higher in SOD1 (G93A)
mice than in control mice in ventral gray matter (at P35+15), pos-
sibly reflecting enhanced activity of the PlpI transgene promoter. To
allow direct comparison of oligodendrocyte survival between control

and SOD1 (G93A) mice, we normalized the number of EYFP-labeled
oligodendrocytes in each cohort to that observed at P35+15, when
oligodendrocyte labeling in SOD1 (G93A) mice was near maximum
(Fig. 3¢,d). In control mice, there was a small increase in EYFP* oli-
godendrocytes in lumbar spinal cord (EYFP* CC1* Olig2*) 40 and
70 d after initial labeling (at P50) (Fig. 3¢), indicating a modest, but
continuous, labeling of oligodendrocytes during this period. In con-
trast, the number of EYFP* oligodendrocytes in SODI (G93A) mice
was reduced by 22% at 40 d after labeling (P < 0.05, one-way ANOVA
with Tukey; Fig. 3¢). This loss was progressive, as the number of
labeled oligodendrocytes was reduced by 65% at end stage (P < 0.0005,
one-way ANOVA; Fig. 3¢c,e). Moreover, as expected from the regional
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ALS mice. (a) Protocol used to track the fate of early-born oligodendrocytes (OLs). Pipl-creER;
ROSA26-EYFP; SOD1 (G93A) and littermate control mice received 4HT (2 mg) at P35 and were
analyzed at P40, P50, P90 and P120 (or end stage for ALS mice). (b) Schematic showing the
rationale and possible outcomes of oligodendrocyte fate analysis. (c,d) Plot of the number of
EYFP+ oligodendrocytes (CC1* Olig2*) in ventral gray (c) or white (d) matter of PIpI-creER;
ROSA26-EYFP; SOD1 (G93A) and Plpl-creER; ROSA26-EYFP mice, expressed relative to the
number observed at P35+15 (P50). Note that control group had additional time point (P35+10).
Data are presented as mean + s.e.m. (n = 9 sections from 3 mice per each time point of each
group). *P < 0.05, **P < 0.001, ***P < 0.0005. Unpaired Student’s t test was used to compare
mean values between control and SODI (G93A) mice at each time point. One-way ANOVA with
Tukey test was used for age-dependent relative changes in EYFP+ oligodendrocytes in each group.
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(e) Confocal images showing the density and morphology of EYFP* (stained with antibody to EGFP) CC1+ Olig2* spinal cord oligodendrocytes
(yellow arrows) in ventral gray matter at P120 (control) or at end stage SODI (G93A) mice. Scale bars represent 20 um.
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Figure 4 Apoptosis of oligodendrocytes in the spinal cord of ALS mice.
(a) Confocal images from the spinal cord ventral gray matter of a
Mobp-EGFP; SOD1 (G93A) mouse at end stage showing an EGFP*
oligodendrocyte (yellow arrows) that was immunopositive for activated
caspase-3. Lower right panel is an orthogonal view showing colocalization
of activated caspase-3 and EGFP. (b,c) Confocal images of the spinal
cord ventral gray matter showing Ibal+* activated microglia surrounding
oligodendrocytes labeled with EGFP (b) or EYFP (c) in Mobp-EGFP;
SOD1 (G93A) (P90) or Plpl-creER; ROSA26-EYFP; SOD1 (G93A)
(P30+60) mice, respectively. Yellow arrowheads highlight several labeled
oligodendrocytes, and white arrows in ¢ highlight the processes of one
EYFP+ oligodendrocyte. Scale bars represent 20 um.

difference in NG2* cell proliferation and oligodendrogenesis, loss of
early-born oligodendrocytes in ALS mice was most prominent in ven-
tral gray matter (Fig. 3c,d). These results indicate that there is already
pronounced degeneration of oligodendrocytes in ventral gray matter
near motor neurons when mice first exhibit overt signs of disease.

If oligodendrocytes degenerate in the spinal cord of ALS mice,
other indications of cell death should be visible. Indeed, some EGFP-
expressing oligodendrocytes were immunopositive for activated cas-
pase-3 in the spinal cord of end stage Mobp-EGFP; SODI (G93A)
mice (Fig. 4a), in which only mature oligodendrocytes express EGFP
(Supplementary Fig. 3). Moreover, we observed dense cell clusters
consisting of EGFP* oligodendrocytes surrounded by activated micro-
glial cells at P90 in ventral gray matter (Fig. 4b). Consistent with the
death of early born oligodendrocytes observed through genetic fate
tracing, we found similar microglia-oligodendrocyte (EYFP™*) aggre-
gates in P90 PlpI-creER; ROSA26-EYFP; SOD1 (G93A) mice, in which
oligodendrocytes were labeled at P35 (P35+55) (Fig. 4c); however, we
did not find microglial clustering near GFAP* astrocytes (Fig. 4c).
Given that microglia are attracted to apoptotic cells?, the presence
of these cell aggregates may indicate that mature oligodendrocytes in
this region are dying via apoptotic death.

Widespread axonal degeneration can lead to loss of oligodendro-
cytes and reactive changes in their progenitors?1:?2, raising the pos-
sibility that degeneration of gray matter oligodendrocytes in ALS mice
is secondary to motor neuron degeneration. To address whether loss
of motor neurons is sufficient to induce mobilization of NG2+ cells,
we partially ablated motor neurons by injecting ricin into the sciatic
nerve?3. Approximately half of the motor neurons in the ventral horn
degenerated on the side ipsilateral to the injection by 1 week after
this manipulation (P < 0.0005, paired Student’s ¢ test; Supplementary
Fig. 4a-c). However, neither the morphology nor the proliferation
rate of NG2* cells, as assessed by NG2 and Ki67 immunoreactivity,
respectively, was altered by this loss of motor neurons (Supplementary
Fig. 4b,d), suggesting that acute motor neuron death is not sufficient
to induce activation and recruitment of these progenitors.

To determine when oligodendrocytes begin to exhibit abnormali-
ties in ALS mice, we examined their morphology in Mobp-EGFP;
SODI (G93A) and Mobp-EGFP mice at different stages of disease.
Oligodendrocyte somata (EGFP* Olig2*) in the spinal cord of
Mobp-EGFP mice had a consistent oval shape (Fig. 5a,b and
Supplementary Fig. 3). In the spinal cord of end stage Mobp-EGFP;
SOD1 (G93A) mice, there was a marked increase in irregularly shaped
EGFP* structures, many of which were Olig2~ and lacked nuclei
(Fig. 5a,b and Supplementary Fig. 5a), reminiscent of the fragmenta-
tion that occurs during apoptotic cell death?#. Despite this increase in
EGFP* structures, the density of EGFP* Olig2* oligodendrocytes in
end stage SOD1 (G93A) mice was not different from that in control
mice (control, 1,137 + 61 cells; SODI (G93A), 1,233 + 73 cells per mm?;
n =9 sections, 3 mice per group, P = 0.33, Student’s t test), consistent

[}

Control

) -

SOD1 (G93A)

SOD1 (G93A) T~

(2]

Control

SOD17 (G93A)

with results obtained using CC1 immunoreactivity (Fig. 2i). We also
observed irregularly shaped EGFP* oligodendrocyte somata with
reduced or absent Olig2 immunoreactivity at earlier stages of disease
(Supplementary Fig. 5b,c). To evaluate the progressive nature of these
changes, we measured the area of EGFP* cell fragments following dig-
ital subtraction of EGFP* Olig2* somata (Supplementary Fig. 5d).
EGFP* cellular fragments were evident at P90 in SODI (G93A) mice,
but were rarely observed in aged matched controls (volume of frag-
ments: control, 10 £ 5.1 um3; SODI (G93A), 131 + 13 um3 P < 7.9 x
1076, Student’s ¢ test; Fig. 5¢), indicating that pathological alterations
in oligodendrocytes are widespread by the time mice begin to show
behavioral manifestation of disease.

Myelin deficits in spinal cord gray matter of ALS mice

The accelerated turnover (that is, death and subsequent regeneration)
and abnormal structure of oligodendrocytes in ALS mice suggests that
the state of myelination in gray matter may be altered in disease. Indeed,
electron microscopic analysis of ventral gray matter revealed that the
proportion of ultrastructurally normal axons with immature myelin, as
evidenced by the presence of a thick layer of oligodendrocyte cytoplasm
between the axon and initial myelin wraps, was 49% higher in end stage
SOD1 (G93A) mice than in age-matched controls (percentage of axons
with immature myelin: control, 9.3 +1.2%; SODI (G93A), 13.9 £ 1.0%;
n =3 mice per group, P < 0.01, unpaired Student’s ¢ test; Fig. 6a), sug-
gesting that viable, uninjured axons were being remyelinated in ALS
mice. Axons with disorganized microtubules, electron dense bodies
and spheroids surrounded by swollen, electron dense myelin, typical of
Wallerian degeneration!”, were also common in the ventral gray mat-
ter of SOD1 (G93A) mice (Supplementary Fig. 6a). Moreover, myelin
basic protein (MBP) immunoreactivity was more diffuse in ventral gray
matter of SODI (G93A) mice at end stage and was often not colocalized
with EGFP, in contrast with the filamentous EGFP* processes present in
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Figure 5 Early disruption of oligodendrocyte structure in the spinal cord of ALS mice. (a) Confocal images of EGFP* structures in the ventral spinal
cord gray matter from control Mobp-EGFP (P120) and Mobp-EGFP; SOD1 (G93A) mice (end stage). (b) Higher magnification of regions highlighted
by white squares in a. Arrowheads indicate large EGFP* structures that were Olig2— and CC1-. Scale bars represent 20 um. (c) Measured volume of
Olig2- EGFP+ fragments in each 250,000 um3 imaged volume. Data are presented as mean + s.e.m. (n = 6-9 sections from 3 mice per group).

**P=1.5x 1075 ***P=8x 10-°, unpaired Student’s t test.

Mobp-EGFP mice (Fig. 6b). Axons with mature myelin had thicker mye-
lin sheaths and lower g ratios (ratio of axon diameter to myelin diam-
eter) in SODI (G93A) mice than those in control mice (Supplementary
Fig. 6b-d), possibly reflecting shrinkage of axons from metabolic stress
or abnormal patterns of gene expression in oligodendrocytes.

To determine the structure of oligodendrocytes generated
after P60, we used membrane-anchored EGFP Cre reporter mice

Figure 6 Myelin abnormalities and impaired a
maturation of adult-born oligodendrocytes in the
spinal cord of ALS mice. (a) Electron micrographs of
ventral gray matter spinal cord of control (P120) and
SOD1 (G93A) mice at end stage. Arrows highlight
partially myelinated axons. Note the presence of
thick oligodendrocyte cytoplasm surrounding these
axons. (b) Confocal images of MBP immunoreactivity
in ventral gray matter of P120 Mobp-EGFP mice

or end stage Mobp-EGFP; SOD1 (G93A) mice.
Optical sections: 1.5 um. (c) Fluorescent images
of membrane-anchored EGFP in the spinal cord of
Pdgfra-creER; ROSA26-mEGFP mice (P60+60).
(d) Confocal images showing fine EGFP* processes
of adult-born oligodendrocytes in ventral gray
matter of Pdgfra-creER; ROSA26-mEGFP; SOD1
(G93A) and Pdgfra-creER; ROSA26-mEGFP mice
(P60+60). Circles indicate ChAT+ motor neuron
cell bodies and white arrows indicate NG2~
oligodendrocyte processes. (e) Confocal images
showing colocalization of EGFP* thin processes and
MBP immunoreactivity (white arrows) in control
Pdgfra-creER; ROSA26-mEGFP mice (P60+60,
top). MBP immunoreactivity was more disorganized
in Pdgfra-creER; ROSA26-mEGFP; SOD1 (G93A)
mice (bottom) and rarely colocalized with EGFP*
processes (P60+60) (yellow arrowheads). Optical
sections: 0.5 um. (f-h) Thin section electron
micrographs from Pdgfra-creER; ROSA26-mEGFP;
SOD1 (G93A) and Pdgfra-creER; ROSA26-mEGFP
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(ROSA26-mEGFP, mT/mG) to visualize their fine cellular processes®.
Pdgfra-creER; ROSA26-mEGFP; SODI1 (G93A) and Pdgfra-creER;
ROSA26-mEGFP mice were injected with 4HT at P60 and analyzed
2 months later (Fig. 6c). In control mice (P60+60), numerous thin,
unbranched EGFP* processes were visible throughout the ventral gray
matter, consistent with the morphology of normal internodal seg-
ments (Fig. 6d). Although oligodendrocytes generated after P60 in
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mice at P60+60 showing silver-intensified gold labeling of EGFP+ oligodendrocyte processes. Large, non-myelinating EGFP* structures (arrowheads) reminiscent
of apoptotic bodies were observed frequently in SOD1 (G93A) mice (h). Scale bars represent 1 um (a), 20 um (b,d,e), 200 um (c) and 500 nm (f-h).
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Figure 7 Demyelination in gray matter regions of
the motor cortex and spinal cord in human ALS.
(a) Sections of motor cortex gray matter from
control and ALS patients showing immunoreactivity
to NG2. NG2* cells are highlighted by arrowheads
(see Supplementary Fig. 8a). Images were acquired
from cortical layers IV and V. Scale bar represents
20 pum. (b) Luxol fast blue staining of motor
cortices from control subjects and ALS patients.
Demyelinated lesions are highlighted by arrowheads
(upper right) or a dashed line (bottom). (c) MBP
immunoreactivity in ALS motor cortex. Adjacent
sections to those shown in the upper right and
lower panels in b were used. Images show
demyelinated plaques in layer |11 (top) and layer V
(bottom). (d) Sections of lumbar spinal cord from
an ALS patient stained with Luxol fast blue showing
demyelination in the ventral horn gray matter and
lateral corticospinal tract (arrowhead). Lower panels
are higher magnification images of the boxed
regions in the upper panels. Scale bars represent
1 mm (b and upper panels of d) and 200 um

(c and lower panels of d). (e,g) Western blots of

Motor cortex

Control

ALS

oligodendrocyte lineage-specific myelin proteins in motor cortex gray matter (e)
and lumbar spinal cord ventral horn (VH) gray matter (g) from controls and ALS
patients. Full-length blots are presented in Supplementary Figure 11. (f,h) Graphs
of MBP and CNPase protein expression levels (measured by western blot) in the
motor cortex (f) and lumbar spinal cord ventral horn (h) gray matter in controls and
ALS patients, normalized to average value in controls. Data are presented as mean &
+s.e.m. with individual values. *P < 0.05, ***P < 0.0001, unpaired Student’s ¢ test.
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SODI (G93A) mice also expressed CC1 (Fig. 2c—e), their processes
were highly branched with numerous varicosities (Fig. 6d); the pro-
cesses of these newly generated oligodendrocytes often did not colo-
calize with MBP, in contrast with oligodendrocyte processes in control
mice (Fig. 6e). Immunogold electron microscopic labeling of EGFP
revealed that adult-born oligodendrocytes in SODI (G93A) mice were
frequently associated with degenerating axons (Fig. 6f,g), suggesting
that these axons had experienced at least one round of demyelination
and remyelination. In addition, there were many irregularly shaped,
immunogold-positive structures in SODI (G93A) mice that were not
associated with axons (Fig. 6h), reminiscent of the oligodendrocyte
fragmentation observed through confocal microscopy (Fig. 5b). Thus,
oligodendrocytes generated in this disease context do not achieve the
normal structure of myelinating oligodendrocytes.

Western blot analysis revealed that the protein levels of myelin-
associated proteins MBP, CNPase (2,3’-cyclic nueotide-3’-phosphodi-
esterase) and MOG (myelin-oligodendrocyte glycoprotein) progressively
decreased with age (Supplementary Fig. 7a,b), with the mature myelin
protein MOG exhibiting the earliest decline by P60; this reduction in
myelin was most prominent in ventral gray matter (Supplementary
Fig. 7c). The decrease in myelin protein expression was accompanied
by a concomitant increase in PDGFOR expression in both symptomatic
(P90) and end stage mice (Supplementary Fig. 7a,b). Although NG2*+
cell density in the spinal cord of SOD1 (G93A) mice was not significantly
changed (P > 0.05) at earlier stages of disease (Fig. 2f-h), the increased
expression of PDGFOR from P90 is consistent with progressive mobi-
lization of these progenitors in response to the loss of oligodendro-
cytes?®~27. Together, these findings indicate that myelination is disrupted
in the spinal cord ventral gray matter of ALS mice.

Reactive NG2* cells and focal gray matter demyelination in ALS
NG2* cells are abundant in the human CNS and are likely to be major
contributors to the regeneration of oligodendrocytes in demyelinating
diseases such as multiple sclerosis?®. To determine whether NG2+*

cells also undergo reactive changes in ALS patients, we carried out
immunohistochemistry on human motor cortices. We analyzed motor
cortex rather than spinal cord, as this tissue is better preserved in
human autopsies, which is required to preserve the NG2 proteogly-
can. Sections were immunostained for the microglial antigen Ibal to
distinguish NG2* glial cells from NG2-expressing macrophages and
microglia that often appear in chronic disease and CNS injury?®-30.
NG2 immunoreactivity was markedly higher in the motor cortex of
ALS patients than in either motor cortex from non-ALS subjects (con-
trol, 106.2 + 5.3%; ALS, 200.2 £ 9.4%; P < 0.0001, unpaired Student’s
t test) or occipital cortex from the same patients, as determined by
the intensity of NG2 immunoreactivity (Fig. 7a and Supplementary
Fig. 8a,b). Although NG2* Ibal*cells were observed in both control
and ALS motor cortex, thicker NG2* processes that exhibited signs
of hypertrophy in ALS tissue did not express Ibal (Supplementary
Fig. 8a), indicating that NG2* glial cells exhibit reactive changes in
regions of brain in which motor neurons degenerate in ALS.

To assess whether these changes in NG2* cells also were associated
with degeneration of oligodendrocytes in gray matter, we examined
the integrity of myelin in motor cortex and spinal cord of sporadic
and familial ALS patients. Myelin staining (Luxol fast blue) and MBP
immunolabeling revealed areas of focal loss of myelin in motor cortex
gray matter of ALS patients that were not observed in control patients
(Fig. 7b,c and Supplementary Table 1). Moreover, in addition to the
well-described reduction in myelination of corticospinal tracts, myelin
was also reduced in ventral horn gray matter of the spinal cord from ALS
patients (Fig. 7d). To quantify the extent of myelin loss, we determined
MBP and CNPase abundance in randomly sampled regions of primary
motor cortex gray matter (Fig. 7e,f and Supplementary Fig. 8c,d),
as well as in spinal cord ventral gray matter (Fig. 7g,h). MBP expres-
sion was significantly lower (P < 0.001 and P < 0.05 for motor cortex
and spinal cord ventral horn, respectively) in most ALS patients rela-
tive to controls, whereas CNPase levels were substantially reduced in
one patient and trended lower in a second patient. Furthermore, the
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Figure 8 Excision of mutant SOD1 (G37R) from NG2+ cells delays disease onset and prolongs survival in ALS mice. (a) Plots of disease onset

(median: —4HT, 235 d (n=15); +4HT, 304 d (n = 20); P=0.0003, log-rank test), early disease (median: —4HT, 330 d (n=13); +4HT, 413 d
(n=14); P=0.001) and survival (median: —4HT, 419 d (n = 12); +4HT, 554 d (n= 14); P=0.0005) of Pdgfra-creER; loxSOD1(G37R) mice.

(b) Comparison of mean age at disease onset (-4HT, 244 + 10 d; +4HT, 307 £ 11 d; P=0.0005), early disease (-4HT, 336 £ 16 d; +4HT, 415+ 13 d;
P=0.001) and survival (-4HT, 433 £ 18 d; +4HT, 518 £ 16 d; P= 0.0025,). Data are presented as mean + s.e.m. **P < 0.01, ***P < 0.005,
Mann-Whitney test. (c) Western blots of MCT1 expression from several —4HT and +4HT mice examined at disease onset. Full-length blots are presented

in Supplementary Figure 11.

reduction in expression of myelin proteins was greater in motor cortices
than in occipital cortices from the same ALS patients, consistent with
motor cortex specific lesions (Supplementary Fig. 8c,d). Although it
is not yet possible in these tissues to determine the relative contribu-
tions of primary oligodendrocyte death and secondary oligodendro-
cyte death because of Wallerian degeneration, these results indicate
that demyelination of gray matter regions in which motor neurons are
located is a common feature of human ALS.

Mutant SOD1 deletion from oligodendroglia reduces disease
Oligodendrocytes are vulnerable to damage through cell-autonomous
expression of genes linked to neurodegeneration3":32, particularly
aggregation-prone proteins, raising the possibility that expression of
mutant SOD1 in oligodendrocytes may impair their function and
promote motor neuron degeneration. To determine whether there
is an oligodendroglial contribution to disease in ALS, we selectively
removed mutant human SOD1 (G37R) from NG2* cells in Pdgfra-
creER; loxSOD1(G37R) mice?. Administration of 4HT to these mice
at P18 and P30 markedly delayed disease onset by 69 d (median,
P=0.0003), delayed early disease by 83 d (median, P =0.001) and pro-
longed survival by more than 130 d (median, P < 0.001) (Fig. 8a,b).
Consistent with this delay in disease, these mice exhibited less astro-
gliosis and microglial activation in the spinal cord (Supplementary
Fig. 9a). The time from symptom onset to death (that is, disease
duration) was not altered by removal of SOD1 (G37R) from oli-
godendroglia (-4HT, 180 £+ 17 d; +4HT, 209 + 15 d; mean *+ s.e.m.,
n = 12 mice per group, P = 0.246, Mann Whitney test), indicating
that the prolonged survival of these mice resulted primarily from a
delay in disease onset. This manipulation decreased SODI (G37R)
gene expression in the NG2* cell population by ~43%, as determined
by quantitative PCR from isolated NG2* cells (data not shown), but
preserved its expression in motor neurons (Supplementary Fig. 9b).
Although this approach had little effect on overall tissue levels of
SODI1 (G37R) (Supplementary Fig. 9¢,d), consistent with the rela-
tively small number of NG2* cells present (2-5% of all neural cells in
the spinal cord)33, it presumably affected all oligodendrocytes gener-
ated from SOD1 (G37R)-deleted NG2* cells.

Previous studies have found that oligodendrocytes present at end
stage of disease in SODI1 (G93A) mice express much less MCT1
(ref. 9). Given that oligodendrocytes provide metabolic support to
axons via this transporter and that its expression is downregulated in
SOD1 (G93A) mice?, we evaluated MCT1 expression in SODI (G37R)-
deleted mice. Removal of SOD1 (G37R) from oligodendroglia helped
preserve MCT1 expression in some mice at early stages of disease

(Fig. 8c). Together, these data indicate that expression of mutant SOD1
in NG2* cells and their oligodendrocyte progeny has a deleterious
effect on motor neuron survival, and suggest that one negative conse-
quence of mutant SOD1 expression in oligodendrocytes is to diminish
their capacity to provide metabolic support to neurons.

DISCUSSION

Oligodendrocytes form myelin sheaths around axons in the CNS that
enable rapid conduction of action potentials at minimal energetic
cost. However, the perception that oligodendrocytes are primarily
structural elements has been challenged by recent evidence that they
also provide metabolic support to neurons by transferring glycolytic
intermediates3* through the monocarboxylic transporter MCT1
(ref. 9). Motor neurons in the spinal cord depend on this transporter
for survival, suggesting that oligodendrocyte integrity affects motor
neuron fate. We found extensive degeneration of gray matter oligo-
dendrocytes in ALS mice that began before the onset of behavioral
symptoms of disease. Although NG2* progenitor cells are mobilized
to regenerate oligodendrocytes, oligodendrocytes generated in later
stages of disease exhibited aberrant morphologies and failed to restore
myelin (Supplementary Fig. 10). A reduction in gray matter myelin
and reactive changes in NG2* cells were frequently observed in the
motor cortex and spinal cord of ALS patients, indicating that degen-
eration of gray matter oligodendrocytes is prevalent in human ALS.
Selective deletion of mutant SOD1 protein from oligodendroglia
delayed disease onset and prolonged survival in mice, pointing to a
key role for these cells in the precipitation of disease in ALS. Together,
these results suggest that the marked loss of gray matter oligodendro-
cytes in ALS, and the inability to restore oligodendrocyte function,
accelerates injury to vulnerable motor neurons.

There is accumulating evidence that ALS is not strictly a disease
of motor neurons! 33536 Selective removal of mutant SODI (G37R)
from motor neurons slowed disease onset, but did not alter disease
progression, indicating that expression of this mutant gene in other
cell types is sufficient to cause motor neuron death?. In particular,
astrocytes appear to be important contributors to disease, as there is
a marked reduction in astrocyte glutamate transporter expression in
mouse models of ALS?® and ALS patients’, astrocytes from SODI
(G93A) mice secrete factors that are toxic to motor neurons3®, and
removal of mutant SOD1 from astrocytes delays microglial activation
and extends animal survival®. However, expression of mutant SOD1
only in astrocytes is not sufficient to induce disease3’, indicating
that astrocyte dysfunction combines with other cellular alterations to
accelerate the death of motor neurons.
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The consequences of mutant protein expression in oligodendro-
cytes has been examined using chimeric mice in which oligodendro-
cytes and motor neurons express mutant SOD1, while all other cells
expressed either wild-type or mutant SOD1 (ref. 40). Notably, most
of these mice survived substantially longer than mice that expressed
SOD1 (G37R) ubiquitously, and did not exhibit motor neuron degen-
eration at the time of death, suggesting that alterations in cells other
than motor neurons and oligodendrocytes are critical for determining
disease onset. Nevertheless, we found that selective removal of this
mutant protein from oligodendrocyte progenitors markedly slowed
disease progression. It is possible that ALS-linked gene mutations
render oligodendrocytes more vulnerable to stresses created by abnor-
malities in other cells, and that oligodendrocyte degeneration is the
critical event that triggers motor neuron degeneration. Indeed, oli-
godendrocyte vulnerability may be exacerbated by the presence of pro-
inflammatory cytokines such as interferon-y*!, which at high levels
induces apoptosis of oligodendrocytes*2. Expression of mutant SOD1
in oligodendrocyte progenitors may also induce long-term changes in
gene expression that increase the vulnerability of oligodendrocytes.

Mutations in genes linked to ALS, such as SodI (SOD1), Tardbp
(TDP-43) and Fus (FUS), cause the formation of protein aggregates,
often leading to endoplasmic reticulum stress that can induce apop-
tosis. Ubiquitinated protein aggregates containing TDP-43 have been
observed in oligodendrocytes in patients with frontotemporal lobar
degeneration®3, and other mutant proteins, such as o-synuclein*
and tau®’, accumulate in oligodendrocytes in patients with multiple
system atrophy and other types of frontotemporal dementia (FTD).
These observations raise the possibility that expression of aggrega-
tion-prone mutant proteins in oligodendrocytes compromises their
ability to provide adequate support to neurons. Selective overexpres-
sion in oligodendrocytes of a mutant form of tau (P301L) associated
with a human form of FITD (frontotemporal dementia and park-
isonism linked to chromosome 17, FTDP-17) leads to formation of
filamentous tau* inclusions in these cells, eventual oligodendrocyte
degeneration and reduced myelin3!. These animals also exhibited
impaired axonal transport, muscle atrophy and hind limb weakness,
which are suggestive of motor neuron degeneration. We observed
that oligodendrocyte degeneration in the spinal cord of ALS mice
and demyelination in the brains of ALS patients were prominent in
gray matter regions near motor neurons, indicating that oligodendro-
cytes in these regions are more susceptible to disease-related stresses.
Notably, previous studies have shown that oligodendrocytes in the
spinal cord gray matter are particularly vulnerable to endoplasmic
reticulum stress when proteolipid protein, a component of myelin, is
overexpressed“®. Thus, the regional bias in oligodendrocyte vulner-
ability may depend more on metabolic demand, which is related to the
type of associated neuron, than on the need for myelination.

Although some oligodendrocyte degeneration may be a second-
ary consequence of motor neuron death in ALS, motor axons rep-
resent only a minor portion of myelinated fibers in spinal cord gray
matter. Given that each oligodendrocyte in the spinal cord forms
on average ~25 internodal segments47, each with a different axon, it
seems likely that there would be sufficient remaining axons to pro-
mote oligodendrocyte survival, unless dying motor neurons produce
pro-apoptotic signals. Furthermore, enhancing oligodendrogenesis
without appropriate target axons to myelinate would appear mala-
daptive. The increase in ultrastructurally normal axons with imma-
ture myelin sheaths in ventral gray matter of end stage SOD1 (G93A)
mice (Fig. 6a) suggests that oligodendrocytes attempt to remyelinate
viable axons, rather than simply degenerate as a result of axon loss.
Our results also indicate that selective degeneration of motor neurons

is not sufficient to enhance the proliferation of NG2* cells in the spi-
nal cord (Supplementary Fig. 4), which is expected to occur if new
oligodendrocytes are being formed!7:2324. Conversely, degeneration
of oligodendrocytes and demyelination are sufficient to induce neu-
ronal apoptosis, as seen after genetically induced oligodendrocyte
ablation?>26 and in multiple sclerosis*®. Thus, oligodendrocyte loss
is expected to have a negative effect on the integrity and survival of
motor neurons during the course of disease.

When do oligodendrocytes begin to degenerate in ALS? Although
proliferation of NG2* cells was enhanced well before behavioral onset
of disease, their density did not increase, as there was a concomitant
increase in the proportion of cells undergoing differentiation. If this
increase in oligodendrogenesis compensates for cells that are lost or
injured, as would be expected from the maintenance of oligodendro-
cyte number (Fig. 2), then oligodendrocyte degeneration is a very
early event in the disease process. Despite the continuous regeneration
of oligodendrocytes, the proportion of incompletely myelinated axons
increased, myelin levels were reduced and oligodendrocytes failed
to express MCT1, indicating that their maturation was impaired. In
addition, adult-born oligodendrocytes exhibited morphological char-
acteristics of apoptosis, suggesting that their turnover was accelerated.
This expanding cycle of proliferation, differentiation and death in the
oligodendrocyte lineage in ALS may accelerate damage to vulner-
able motor neurons by consuming resources and triggering reactive
changes in other glial cells (Supplementary Fig. 10).

The degeneration of oligodendrocytes and impaired maturation of
oligodendrocyte progenitors in ALS share similarities to progressive
forms of multiple sclerosis, where impaired remyelination follow-
ing immune-mediated attack of oligodendrocytes leads to neuronal
degeneration. Indeed, there is increasing appreciation of gray matter
demyelination in multiple sclerosis*®. Thus, therapeutic approaches
that are being developed to treat multiple sclerosis, based on promo-
tion of oligodendrocyte survival or enhancement of oligodendroglial
metabolic support to neurons, may be helpful for preventing motor
neuron degeneration in ALS.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Mice. Pdgfra-creER® and loxSODI1(G37R) (ref. 2) mice were generated and
described previously. PlpI-creER*® mice were kindly provided by B. Popko
(University of Chicago). SODI (G93A), Z/EG®!, ROSA26-EYFP>?> and
ROSA26-mEGFP (mT/mG)>? mice were purchased from the Jackson Laboratory.
Mobp-EGFP mice were generated by GENSAT>* and purchased from the Mutant
Mouse Regional Resource Center. All experiments were carried out in strict
accordance with protocols approved by the Animal Care and Use Committee at
Johns Hopkins University.

BrdU labeling and Cre activity induction. For continuous exposure to BrdU
(Sigma), mice were provided with BrdU-containing drinking water (1 mg ml~!
supplemented with 1% sucrose), and received additional BrdU injections twice
a day (50 mg per kg of body weight, intraperitoneal, at least 8 h apart) for
5 consecutive days. 4HT (Sigma H7904) was administered, 2 mg (to Plp1-creER;
ROSA26-EYFP) or 4-5 mg (to Pdgfra-creER; Z/EG or Pdgfra-creER; mTmG) by
intraperitoneal injection at either P30 or P60. For the excision of SOD1 (G37R),
4HT was injected to Pdgfra-creER; loxSOD1(G37R) mice at P18 (1 mg) and at
P30~31 (total 4 mg). Each mouse received up to two injections per day (1 mg
per injection), at least 8 h apart.

Ricin injection. After anesthesia with ketamine (120 mg per kg) and xylazine
(8 mg per kg, intraperitoneal), the sciatic nerves of P20 mice were exposed and
crushed with a fine forcep for 20 s, followed by 1 ul of 1 mg ml~! ricin (Sigma)
injection into the nerve in the proximal side of the crush, and 1 ul of phosphate-
buffered saline (PBS) in the other side. The mice were killed 1 week later.

Immunohistochemistry. Mice were deeply anesthetized with sodium pentobar-
bital (100 mg per kg) and perfused transcardially with 4% paraformaldehyde (PFA
in 0.1 M phosphate buffer, pH 7.4). Spinal cords were further post-fixed overnight
at 4 °C. For immunofluorescence, lumbar spinal cords were stored at 4 °C for more
than 36 h in 30% sucrose solution (in PBS, pH 7.4), and then sectioned with a
cryostat (35 or 25 um thick). Immunofluorescence was performed on free-floating
sections as described previously®. We used primary antibodies to APC (mouse,
clone CC1, Calbiochem, OP80,1:50), BrdU (rat, clone BU1/75, Accurate, 1:500),
cleaved caspase-3 (rabbit, Cell Signaling, Asp175, 1:500), ChAT (goat, Millipore,
AB144P, 1:300), EGFP (goat, Frontier Institute, GFP-Go-Af1480-1, 1:500), EGFP
(rabbit, a gift from R. Huganir, Johns Hopkins University, 1:500), GFAP (mouse,
clone N206A/8, NeuroMab, 1:500), GFAP (rabbit, DAKO, Z0334,1:1,000), Ibal
(rabbit, Wako, 019-19741, 1:1,000), Ki67 (rabbit, Abcam, ab15580, 1:500), NG2
(guinea pig, Bergles’ Lab, 1:4,000), Olig2 (guinea pig, 1:20,000, a gift from B.
Novitch, University of California, Los Angeles), Olig2 (rabbit, Millipore, AB9610,
1:500), PDGFOR (rabbit, a gift from W. Stallcup, Burnham Institute, 1:500), SMI32
(mouse, Covance, SMI-32P, 1:1,000) and human SOD1 (rabbit, Rothstein Lab,
1:70). Secondary antibodies were Alexa Fluor 488- (Invitrogen, A-21206 and
A-11055, 1:500), Cy3-, or DyLight 647-conjugated donkey F(ab’), fragments to
rabbit (711-166-152, and 712-606-152), goat (705-166-147), mouse (715-166-151
and 715-606-151), rat (712-166-150 and 712-606-153) or guinea pig (706-166-148
and 706-516-148) (Jackson ImmunoResearch). For Olig2, ALDH or APC (CC1)
immunostaining, tissue sections were incubated in LAB solution (Polysciences)
for 10 min before blocking. For BrdU staining, sections were pre-incubated in 2
N HCl at 37 °C for 30 min, followed by neutralization with 0.1 M sodium borate
buffer (pH 8.5) before immunolabeling. DAPI was added during the second-
ary antibody incubation for most cases. Sections were mounted on slides with
ProLong antifade reagent (Invitrogen).

For human tissue histopathological analysis, paraffin-embedded and fresh
frozen human primary motor cortex and lumbar spinal cord sections (all 5 um
thick) were used. Sections were deparaffinized in a series of xylene, 100% alco-
hol, 95% alcohol, 70% alcohol and water, followed by antigen retrieval (boiling
in 10 mM citrate buffer at pH 6.0 for 10 min). Sections were incubated with 3%
H,0; (vol/vol), blocked with 3% BSA in PBS, and incubated with the primary
antibody for 60 min at 20-25 °C or at 4 °C overnight. We used primary antibodies
to Ibal (rabbit, Wako, 019-19741, 1:1,000), MBP (rabbit, Millipore, AB980,1:200)
and NG2 (mouse, BD Science, 554275, 1:1,000). Sections were incubated with
biotinylated secondary antibodies (Vector Lab), followed by VECTASTAIN
Elite ABC reagent according to the manufacture’s instruction (Vector Lab) and
colorimetrically developed using the 3,3’-diaminobenzidine (DAB) substrate

kit (Vector Lab). For double labeling of NG2 and Ibal, mounted fresh frozen
sections (5 um) were fixed with 4% PFA at 20-25 °C for 15 min, incubated with
3% H,0,, blocked with 3% BSA (wt/vol), and then incubated with antibody
to NG2 at 4 °C overnight. Sections were incubated with HRP-labeled second-
ary antibody and Renaissance TSA Biotin system (PerkinElmer) according to
manufacturer’s instructions, and developed with DAB substrate. For Ibal stain-
ing, sections was blocked with the BLOXALL solution (Vector Lab), followed by
alkaline phosphatase-conjugated secondary antibody (Promega) and developed
with NBT/BCIP substrate (Vector Lab).

Luxol fast blue myelin staining. Tissue sections were stained with 0.1% luxol
fast blue solution (vol/vol, Sigma) at 60 °C overnight. Sections were rinsed with
95% ethanol and water, reacted with 1% lithium carbonate solution (wt/vol) and
70% ethanol, followed by rinsing in water. Counter staining with hematoxylin
and eiosin was performed as necessary.

Microscopy and cell counting. Mounted slides were imaged using an epifluores-
cence microscope (Zeiss Axio-imager M1), and Axiovision software (Zeiss), or
a confocal laser-scanning microscope (Zeiss LSM 510 Meta) using appropriate
excitation and emission filters. A total of 3-5 sections were examined per mouse,
and 3-4 mice were analyzed per each data point. Confocal images represent
projected stacks of 15-45 images collected at 0.5-1.5-im steps.

Volume measurement of oligodendrocyte cellular fragments. EGFP* elements
of Mobp-EGFP mice that are not associated with Olig2 were quantified using a
commercially available three-dimensional analysis package (Imaris, Bitplane).
EGFP* structures were defined by applying an absolute intensity threshold,
followed by thresholding for structure size to remove small objects. Identical
thresholds were applied to all images. EGFP* structures that were also associated
with Olig2 staining were deleted, as were structures which were positioned at the
edge of the imaged field. The volume of Olig2~ EGFP* was scaled according to
total imaged volume.

Electron microscopy. Mice were perfused transcardially with 4% PFA/2.5%
glutaraldehyde (vol/vol) in 0.1 M phosphate buffer under deep anesthesia,
and brain tissue was isolated and post-fixed for 4 h at 4 °C. Brains were treated
with 2% OsO, (wt/vol) for 1 h, and washed in water. Samples were incubated in
2% uranyl acetate (wt/vol) for 30 min and dehydrated using 50%, 70%, 90%, 100%
ethanol and propylene oxide. Samples were embedded in Epon 812 resin (Ted
Pella). Ultrathin sections were obtained using Ultracut UCT (Leica) and stained
with 2% uranyl acetate and lead citrate. Electron micrographs were taken with an
H-7600 electron microscope (Hitachi). Image] was used to measure the diameter
of axons and myelin sheath.

For pre-embedding immunoelectron microscopy, 4HT-injected Pdgfra-creER;
ROSA26-mEGFP; SODI (G93A) and Pdgfra-creER; ROSA26-mEGFP mice
(P60+60) were perfused transcardially with 4% PFA/0.1% glutaraldehyde in 0.1 M
phosphate buffer under deep anesthesia. After blocking with 5% normal donkey
serum (vol/vol) in PBS, spinal cord sections (50 pm thick) were incubated over-
night with rabbit antibody (IgG) to EGFP and then with antibody (IgG) to rabbit
conjugated to 1.4-nm gold particles (Nanoprobes). Following silver enhancement
(HQ silver, Nanoprobes), sections were osmificated, dehydrated and embedded in
Epon 812 resin. Ultrathin sections were prepared with an ultramicrotome (Leica)
and stained with 2% uranyl acetate.

Clinical materials. Human autopsy materials, including frozen and paraf-
fin-embedded control and ALS patient cortex and spinal cord tissues, were
obtained from the Johns Hopkins University ALS Clinic, Brain Resource Center/
Department of Pathology, VA Biorepository Brain Bank. All experiments were
performed using motor cortex, cervical and/or lumbar spinal cord tissues. All
available demographic information for the ALS and control cases analyzed in this
study is presented in Supplementary Table 1.

Western blotting. Lumbar spinal cords were collected from control and SODI
(G93A) mice, snap frozen in liquid nitrogen and then stored at —80 °C until
use. For human cortex protein analysis, the gray matter and white matter were
separated grossly. The tissues were homogenized in RIPA buffer (Thermo)
supplemented with proteinase inhibitor (Roche) and phosphatase inhibitor
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(Calbiochem) on ice. 30 ug of protein was separated on 4-12% gradient Bis-Tris
gels (BioRad) or NuPage and transferred to nitrocellulose membranes (BioRad).
After blocking with 5% nonfat milk (wt/vol), membranes were probed with pri-
mary antibodies at 4 °C overnight, following by HRP-conjugated secondary anti-
bodies, Supersignal Pico detection reagent (Pierce), and then exposed to HyBlot
CL autoradiography film (Denville). The intensity for each band was quanti-
fied with ImageJ software. We used antibodies to CNPase (mouse, Millipore,
MAB326, 1:1,000), MBP (mouse, Millipore, AB980, 1:2,000), PDGFoR (rabbit,
Santa Cruz, sc-338, 1:200), GAPDH (rabbit, Cell Signaling, 2118, 1:1,000) and
MCT1 (rabbit, Santa Cruz, sc-50325, 1:100).

Analysis of disease progression. For Pdgfra-creER; loxSODI(G37R) mice, the
time of disease onset, early disease and end stage were defined as the time when
mouse body weight reached the peak, body weight declined to 10% of the maxi-
mum weight and paralyzed mice could not right themselves within 20 s when
placed on their side respectively, as previously described?. The total disease dura-
tion was defined as the duration between disease onset and end stage. Mice were
weighted once a week when they were 150 d old.

Quantitative PCR determination of transgene excision in NG2* cells. The
brain neural cells from 2-month-old mice (with and without 4HT injection,
n = 3 each group) were dissociated using Dissociation Kit (P) (Milteny) by fol-
lowing the manufacturer’s instructions. Myelin was removed by using Percoll
generated gradient. Live cell fraction was collected and the cells were submitted
to staining for PDGFoR (1:200, Santa Cruz) followed by Alexa 488—conjugated
antibody to rabbit before fluorescence-activated cell sorting (FACS). Dead cells

were excluded by propidium iodide staining during sorting using MoFlo MLS
high-speed cell sorter (Beckman Coulter) at Johns Hopkins School of Public
Health FACS core. Only PDGFoR* and propidium iodide~ cells were sorted
for transgene evaluation. Genomic DNA was extracted by using QIAmp DNA
micro kit (Qiagen) following the manufacturer’s instructions. qPCR for SODI
(G37R) transgene was performed using the primers and cycler parameters on
ABI Plusone cycler as described previously?.

Statistical analysis. All data are presented as mean + s.e.m. For multiple groups,
data were evaluated by one-way ANOVA and further evaluated with Tukey
post hoc comparisons. Otherwise, unpaired Student’s ¢ test was applied. P < 0.05
was considered to be statistically significant. The paired Student’s ¢ test was used
to evaluate contralateral and ipsilateral side of cell counts in ricin-injected mouse
experiments. Log-rank test was used for survival curve analysis. Mann Whitney
test was used for disease duration.
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