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Neurobiology of Disease

Chronic Oligodendrogenesis and Remyelination after Spinal
Cord Injury in Mice and Rats

Zoe C. Hesp,' Evan Z. Goldstein,! Carlos J. Miranda,* “Brian K. Kaspar,** and Dana M. McTigue>?
"Neuroscience Graduate Studies Program, 2Department of Neuroscience, and *Center for Brain and Spinal Cord Repair, The Ohio State University,
Columbus, Ohio 43210, and “Nationwide Children’s Hospital, Columbus, Ohio 43205

Adult progenitor cells proliferate in the acutely injured spinal cord and their progeny differentiate into new oligodendrocytes (OLs) that
remyelinate spared axons. Whether this endogenous repair continues beyond the first week postinjury (wpi), however, is unknown.
Identifying the duration of this response is essential for guiding therapies targeting improved recovery from spinal cord injury (SCI) by
enhancing OL survival and/or remyelination. Here, we used two PDGFRa-reporter mouse lines and rats injected with a GFP-retrovirus to
assess progenitor fate through 80 d after injury. Surprisingly, new OLs were generated as late as 3 months after injury and their processes
ensheathed axons near and distal to the lesion, colocalized with MBP, and abutted Caspr+ profiles, suggesting newly formed myelin.
Semithin sections confirmed stereotypical thin OL remyelination and few bare axons at 10 wpi, indicating that demyelination is relatively
rare. Astrocytes in chronic tissue expressed the pro-OL differentiation and survival factors CNTF and FGF-2. In addition, pSTAT3+ NG2
cells were present through at least 5 wpi, revealing active signaling of the Jak/STAT pathway in these cells. The progenitor cell fate genes
Sox11, Hes5, Id2, Id4, BMP2, and BMP4 were dynamically regulated for at least 4 wpi. Collectively, these data verify that the chronically
injured spinal cord is highly dynamic. Endogenous repair, including oligodendrogenesis and remyelination, continues for several
months after SCI, potentially in response to growth factors and/or transcription factor changes. Identifying and understanding sponta-
neous repair processes such as these is important so that beneficial plasticity is not inadvertently interrupted and effort is not exerted to

needlessly duplicate ongoing spontaneous repair.
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Introduction

Progenitor cells present throughout the CNS give rise to myeli-
nating oligodendrocytes (OLs) during development and in adult-
hood (Nishiyama et al., 2009). These cells are traditionally
identified by NG2 and platelet-derived growth factor receptor «
(PDGFRa) expression and are the most proliferative cells of the
adult CNS (Nishiyama et al., 1996; Horner et al., 2002; Dawson et
al., 2003 Richardson et al., 2011).

NG2/PDGFRa cells retain their role as progenitors after in-
jury or demyelination (Watanabe et al., 2002; Keirstead et al.,
2005; Lytle et al., 2009; Tripathi et al., 2010). This is well demon-
strated in the context of spinal cord injury (SCI), which causes
extensive cell death and significant cell proliferation (McTigue et
al., 2001; Zai and Wrathall, 2005; Horky et al., 2006; Sellers et al.,
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2009; Barnabé-Heider et al., 2010). OLs are lost in the first hours
after SCI (Zai and Wrathall, 2005), and protracted OL apoptos is
continues for 2-3 weeks postinjury (wpi), especially distal to the
lesion (Crowe et al., 1997; Grossman et al., 2001). Surviving OLs
are postmitotic and cannot remyelinate axons (Keirstead and
Blakemore, 1997). Therefore, surviving progenitor cells are the
major source for OL replacement and remyelination after SCI.
Previous work demonstrated that SCI induces robust prolifera-
tion of NG2 cells (McTigue et al., 2001; Horky et al., 2006; Lytle et
al., 2006; Rabchevsky et al., 2007). It also has been shown that,
over the first 2 wpi, the progeny of the dividing NG2 cells differ-
entiates into OLs, particularly along lesion borders (Zai and
Wrathall, 2005; Horky et al., 2006; Lytle and Wrathall, 2007;
Tripathi and McTigue, 2007). These new OLs likely contribute to
remyelination, as recent and classic studies have shown evidence
of OL remyelination beginning 2-3 wpi (Gledhill et al., 1973;
Harrison et al., 1975; Sellers et al., 2009).

Although acute progenitor cell responses after SCI are well
documented, there is a substantial gap in the literature regarding
progenitor cell behavior chronically. It is unknown whether new
OLs are generated beyond 2 wpi and, if so, if they can engage and
remyelinate axons. Therefore, we tested the hypothesis that pro-
tracted progenitor cell proliferation occurs and results in chronic
oligodendrogenesis after SCI. As lesions evolve differently be-
tween rats and mice, two different PDGFRa-reporter mice lines
and adult rats injected with a GFP-expressing retrovirus were
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used to track progenitor cell fate for 12 wpi. Results reveal that
oligodendrocyte replacement occurs continuously through 3
months after injury, along with signs of remyelination by late-
born OLs. NG2 cells upregulate Jak/STAT signaling up to 5 wpi,
alongside chronic increases in astrocytic expression of prosur-
vival growth factors for OLs and their progenitors. Finally, pro-
genitor cell fate genes display dynamic changes for several wpi.
Collectively, these data highlight that endogenous cell replace-
ment continues for at least 3 months after SCI and that the
chronic lesion milieu remains in a highly dynamic state. This
long-term endogenous repair should be considered when design-
ing drug treatments or cell transplantation strategies that may
either take advantage of or inadvertently disrupt this chronic
spontaneous repair.

Materials and Methods

Spinal cord injury. All surgical and postoperative care procedures were
performed in accordance with The Ohio State University Institutional
Animal Care and Use Committee. Adult male and female mice (~12
weeks old) and adult female Sprague Dawley rats (~250 g) were anesthe-
tized with a ketamine/xylazine mixture (10 and 80 mg/kg, respectively)
and the spinal cord exposed at the T9 (mouse) or T8 (rat) vertebral level
via a single-level laminectomy. The animals then received either a
moderate-severe (75 kDyne force; mouse) or moderate (150 kDyne
force; rat) spinal contusion injury using the Infinite Horizons device
(Precision Instruments). A subset of rats received a comparable moder-
ate injury with the Ohio State University electromechanic spinal cord
injury device (0.9 mm displacement). The muscles overlying the spinal
cord were then sutured and the skin was closed using surgical clips.
Animals were given 2 cc (mouse) or 5 cc (rat) of saline and placed in
warm recovery cages. Postsurgical care included 5 d treatment with an-
tibiotics (gentomicin, 5 mg/kg) and saline to maintain hydration and
twice-a-day manual bladder expression until spontaneous voiding re-
turned. Sham animals received a laminectomy as described above but did
not receive spinal cord injuries. All animals were assessed before injury
for normal walking (score of 9 on BMS scale; 21 on BBB scale).

Retrovirus production and injection. A gammaretrovirus based on the
murine leukemia virus (MLV) was used to transfect dividing cells. Ret-
roviral encoding the green fluorescence protein (RV-GFP, catalog
#16664; Addgene) was produced by calcium chloride transient transfec-
tion into HEK293 cells, followed by supernatant viral purification by
ultracentrifugation (Tashiro etal., 2006). Determination of viral titer was
performed by serial dilution and visualization of colonies expressing
GFP. The viral titer obtained ranged from 0.5 to 1 X 10° infectious units
per milliliter. The virus was aliquoted and stored at —80°C until used.

For intraspinal virus injections, rats were anesthetized as above on day
1,2,7, 14, 21, or 28 after injury and the laminectomy site was reexposed
(see Table 2 for group details). A volume of 1 ul of GFP-retrovirus
solution was carefully drawn up into a sterile Hamilton syringe, which
was gently inserted into the center of the lesion site. The solution was
slowly injected into the spinal cord and the syringe maintained in place
for an additional 2 min to prevent back-flux from the injection site. The
surgery site was closed as above and animals returned to their home
cages. Sham animals (n = 4) that had received a laminectomy but no
injury were similarly injected with the 1 ul of GFP-retrovirus solution
and killed 3 weeks later.

Generation of PDGFRa-CreER:mT/mG transgenic mice. Because NG2
is expressed by pericytes and some macrophages after SCI, PDGFR«
reporter mice were used for this study. PDGFRa-CreER™ transgenic
mice have been described previously (for detailed information, see sup-
plementary information in Rivers et al., 2008). Heterozygous PDGFRa-
CreER mice (generous gift from Dr. William Richardson) that were
backcrossed with C57BL/6] mice for four generations were bred
with mT/mG mice (Jackson Laboratories, strain B6.129(Cg)-
Gt(ROSA)26Sor M (ACTB-tdTomato,-EGEP)Luo ) 41y ywhich all cells express
membrane-targeted tandem dimer Tomato (mT) before Cre-mediated
recombination (Muzumdar et al., 2007) (see Fig. 4A). All mice used for
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Table 1. List of all primary antibodies used in this study

Host
Primary antibody: specificity Concentration species  Vendor
AldHTL: astrocytes 1/200 Rabbit ~ Abcam
Caspr: functional paranodal junctions  1/3000 Rabbit ~ Abcam
(CC1: oligodendrocytes 1/100 Mouse  Abcam
CNTF: ciliary neurotrophic factor 1/100 Goat R&D Systems
FGF-2: fibroblast growth factor-2 1/500 Mouse  Upstate
GFAP: astrocytes 1/10,000 Rabbit  Dako
GFP: green fluorescent protein 1/800 Chicken ~ Aves
Ki-67: proliferating cells 1/100 Mouse  Dako
MBP: myelin 1/500 Mouse  Abcam
1/500 Chicken ~ Aves
NF: axons 1/1000 Chicken ~ Aves
1/500 Mouse  DSHB
NG2: progenitor cells 1/500 Rabbit  US Biological
1/200 Mouse  US Biological
pSTAT3: phosphorylated STAT3 1/200 Rabbit  Cell Signaling Technology

experiments were PDGFRa+ and heterozygous for mT/mG. After re-
combination, cells transcribing the PDGFRa promoter express
membrane-targeted enhanced GFP (mG). Recombination was induced
by oral administration of tamoxifen (300 mg/kg) for 4 consecutive days
starting at 1, 14, 21, 28, or 42 d postinjury (dpi) and animals were killed
3 weeks later (see Table 2 for group details).

Generation of PDGFRa-ROSA  transgenic mice. Heterozygous
PDGFRa-CreER transgenic mice were crossed with ROSA26-EYFP mice
(Jackson Laboratories, strain B6.129X1-Gt(ROSA)26Sor"™1 (EYFP)Cos 1 1
generate PDGFRa-ROSA mice that express cytoplasmic YFP under the
control of the PDGFRa promoter after recombination. Recombination
was induced by oral administration of tamoxifen (200 mg/kg) for 4 con-
secutive days starting at 28 or 52 dpi, and animals were killed at 52 and 80
dpi (~7 and 12 wpi), respectively (see Table 2 for group details).

Tissue processing: immunohistochemistry. For tissue collection, rats
were deeply anesthetized with ketamine and xylazine (1.5X surgery dose
above) and then perfused transcardially with PBS, followed by 250 ml of
4% paraformaldehyde in PBS. Spinal cords were removed, postfixed for
2hat4°C, and placed in 0.2 M PB overnight. Tissue was cryoprotected in
30% sucrose at 4°C for 48 h. For tissue embedding, spinal cords were
frozen on dry ice and cut into 1 cm blocks centered on the injection site.
After submersion in OCT compound (Electron Microscopy Sciences),
blocks were frozen and cross-sections were cut at 10 wm on a cryostat and
mounted onto slides. Tissue was stored at —20°C until use.

Tissue processing: epon embedding. Rats received moderate spinal con-
tusions as above and were perfused with 0.1 M PBS followed by 2%
paraformaldehyde/2% glutaraldehyde solution at 28 d or 70 dpi (n =
3—4/group). Spinal cords were removed and a 1 cm segment of tissue
centered on the lesion site was divided into 1 mm pieces and processed
for epon embedding as described previously (Tripathi and McTigue,
2007). Semithin sections were cut at 1 wm in a transverse orientation on
an ultramicrotome (Ultracut MZ6; Leica Microsystems). Sections were
stained with 2% toluidine blue/2% borax and coverslipped.

Immunohistochemistry. Sections were rinsed in 0.1 M PBS and blocked
for nonspecific antigen binding using 4% BSA/0.1% Triton-100/PBS
(BP™) for 1 h. Next, sections were incubated in primary antibody over-
night at 4°C. Sections were rinsed and treated with biotinylated antise-
rum (1:800 in BP ¥; Vector Laboratories) for 1 h at room temperature.
After rinsing, endogenous peroxidase activity was quenched using a 4:1
solution of methanol/30% hydrogen peroxide for 15 min in the dark.
Sections were then treated with Elite avidin—biotin enzyme complex
(ABC; Vector Laboratories) for 1 h. Visualization of labeling was
achieved using DAB or SG substrates (Vector Laboratories). Sections
were rinsed, dehydrated, and coverslipped with Permount (Fisher Scien-
tific). For a complete list of antibodies used, see Table 1.

Immunofluorescence. Sections were rinsed in 0.1 M PBS and blocked for
nonspecific antigen binding using BP  or 4% BSA/0.3% Triton-100/PBS
(BP>") for 1 h. Next, sections were incubated in primary antibody over-
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night at 4°C. Sections were rinsed and incubated with an Alexa Fluor
secondary antibody (1:500; Invitrogen) for 1 h. For double- and triple-
label immunofluorescence, sections were blocked and treated with pri-
mary and secondary antibodies as above. For mTmG tissue, Alexa Fluor
633 secondary antibodies were used and the signal was pseudocolored
red. After rinses, slides were coverslipped with Immu-Mount (Thermo
Scientific). For cases in which the primary antibody was raised in the
same species as the tissue being labeled (mouse anti-CC1), the primary
and secondary antibodies were first complexed together in BP>* with 3%
normal goat serum at 37°C for 1 h, followed by the addition of normal
mouse serum (1:500 dilution) for another 1 h, and then left on ice for 2
more hours.

Microscopy and quantitative analysis. Immunofluorescence labeling
was analyzed by confocal microscopy (Olympus FV1000 laser scanning
confocal microscope) and Fluoview software. Due to the high recombi-
nation efficiency of PDGFRa-CreER:mT/mG mice (>90% PDGFRa+
cells expressed GFP) and the variability of retroviral uptake in rats, all
GFP+ cell quantifications were performed in reporter mice. For quanti-
fication of fluorescent GFP+/CCl1+ cells, nine nonoverlapping images
per spinal cord section (eight in the perimeter of spared tissue and one at
the central canal region) were collected at the epicenter, 0.15 mm, and
0.45 mm rostral and caudal to the injury site. The total number of GFP+/
CC1+ cells from all nine images per section were summed and expressed
as a fraction over the total area (in cubic millimeters) of spinal cord
represented in the same images. A cell was counted if the CCl1 label
colocalized with DAPI and was completely surrounded by GFP labeling.
A two-way non-repeated-measures ANOVA was used to analyze CC1/
GFP/DAPI+ cell counts with a Bonferroni post hoc test and significance
was reported when p < 0.05.

A Zeiss Axioskop 2 Plus microscope with a Sony 970 three-chip color
camera was used to analyze non-fluorescent sections. Cells double la-
beled for NG2 and Ki-67 or NG2 and pSTAT3 were manually counted at
high power (40X) throughout spinal cord cross-sections. Cell counting
was conducted in a conservative manner and cell counts are expressed as
cells per cubic millimeter. Criteria for a proliferating NG2 cell to be
counted included a clearly defined border immunoreactive for NG2 sur-
rounding an entire nucleus immunoreactive for Ki-67 or pSTAT3. These
criteria had to be met in the same plane of focus. Care was taken to avoid
counting NG2+ pericytes or macrophages, which are both easily distin-
guished by cellular morphology. A one-way ANOVA was used to analyze
cells counts where significance was reported when p < 0.05. Total counts
of NG2/pSTAT3+ cell reflect the summation of nine evenly spaced 40X
reticule boxes placed around the lesion border, while Ki-67/NG2+
counts represent the entire cross-section.

Epon-embedded tissue was analyzed for axon integrity/myelination
and g-ratio measurements. Using a Zeiss 100X oil objective, nine evenly
spaced images were systematically placed around the pial border of each
section (epicenter and 2 mm rostral and caudal). A rectangle (covering
~1/3 of each image) was centered over the image and all axons within
this rectangle were categorized as “bare,” “pathological,” or “myelin-
ated.” g-ratios were determined by dividing the axon diameter by the
axon + myelin diameter. Noncircular (oblong-shaped) axons were ex-
cluded from counts. g-ratios were analyzed using a repeated-measures
2-way ANOVA and a Bonferroni post hoc test, where significance was
reported when p < 0.05.

Quantitative real-time PCR. cDNA was prepared from RNA isolated
from mouse SCI tissue centered around the injury site as previously
described using the TRIzol method (Kigerl et al., 2007). Samples were
collected at 1 dpi, 3 dpi, 1 wpi, 2 wpi, and 4 wpi, as well as from naive
tissue (1 = 4-5 per group). Levels of PCR product were measured using
SYBR green fluorescence. The primer sequences used were as follows:
185(F) TTCGGAACTGAGGCCATGAT, (R) TTTCGCTCTGGTCCGT
CTTG; Id2(F) GCTCTACAACATGAACGACTGCTACT, (R) TGCAG
GTCCAAGATGTAATCGA; 1d4(F) GAGACTCACCCTGCTTTGCT,
(R) AGAATGCTGTCACCCTGCTT; Hes5(F) GCTGAGTGCTTTC
CTATGAGGAA, (R) GCCCTGGGCACATTTGC; BMP2(F) CGTGCG
CAGCTTCCATCACG, (R) GAAGAAGCGCCGGGCCGTTT; BMP4(F)
GCATCCGAGCTGAGAGACCCCA, (R) ATCCCATCAGGGACGGA
GACCA; Sox11(F) ATGGTGCAGCAGGCCG, (R) TCAATACGTGA
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Table 2. Animal number and time course information

Rat
GFP-Virus Kill date n
Tor2d 1wk 6
1d 4wk 8
7d 4wk 4
14d 5wk 4
21d 6wk 4
28d 7wk 5
N/A 9wk 4
PDGFRa-ROSA mice
Tamoxifen Kill date n
28-31d 7wk 4
56-59d 11wk 6
mTmG mice
Tamoxifen Kill date n
1-4d 4wk 4
14-174d 5wk 5
21-24d 6wk 2
28-31d 7wk 5
42-45d 9wk 3

ACACCAGGTCG. Data were analyzed using the Ct method (Livak and
Schmittgen, 2001) and a one-way ANOVA with a Tukey post hoc test.
Significance was reported when p < 0.05.

Results

OL progenitors proliferate for at least 4 weeks after SCI

in rats

Studies have shown that dividing NG2+ progenitors differenti-
ate into new OLs acutely after SCI. The long-term response and
distribution of progenitors, however, is not known. To track the
fate of these cells after rat SCI, a GFP-expressing retrovirus was
injected into lesioned rat spinal cord, which induced GFP expres-
sion in cells dividing within 2 h of viral injection. Spinal cords
were examined 1—4 weeks later (Table 2) to determine the fate of
cells dividing at the time of virus injection.

We first confirmed that retroviral-labeled cells could be de-
tected 4 weeks later. In spinal cords injected at 1 or 2 dpi, robust
GFP cell labeling was present at 4 wpi throughout ~1 cm of tissue
centered on the injury site (Fig. 1A). GFP+ cells were present in
thelesion cavity and in spared white and gray matter surrounding
the injury site. To ensure that the large number of GFP + cells was
not an artifact of viral injection, GFP-retrovirus was injected into
laminectomy-control naive rat spinal cords (n = 4) and the tissue
examined 3 weeks later. In contrast to SCI tissue (Fig. 1A), GFP
labeling in uninjured spinal cords was minimal and confined to =
0.5 mm around the injection site (Fig. 1 B), indicating that the injec-
tion procedure stimulated only minor local proliferation.

Next, we tested whether the virus labeled proliferating NG2+
cells. For this, virus was injected at 1 or 2 dpi (a time of robust
NG2 cell proliferation) and spinal cords examined 1 or 4 weeks
later. At both times, numerous GFP+ NG2 cells were detected in
all spinal cords examined (Fig. 1C-E). GFP+ NG2 cells were
prevalent along lesion borders and in spared gray and white mat-
ter up to 5 mm distal to the injury epicenter (Fig. 1D, E).

Our prior work showed that NG2 cells divide for at least 4
weeks after SCI in rats (McTigue et al., 2001). To determine the
fate of cells dividing throughout the first month after injury, a
bolus of GFP-retrovirus was injected into SCI lesions at 1, 2, 3, or
4 wpi and spinal cords examined 3 weeks later (i.e., 4—7 wpi)
for the presence and distribution of GFP-expressing cells (Ta-
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Figure1.  Intraspinalinjection of GFP-retrovirus successfully labels proliferating NG2 cells after SCI
inrat. A, Widespread GFP-expression in the spinal cord at 4 wpi (virus at 1dpi). Injury cavity is denoted
by *.R, Rostral; C, caudal. B, In naive spinal cord, intraspinal virus injection stimulates only a local cell
proliferation (GFP+ cells) around the injection site. Single-channel and merged confocal images of
GFP+/NG2+ cells at T wpi (virus at 1 dpi; €), 4 wpi (virus at 1 dpi; D, E), and 7 wpi (virus at 4 wpi; F,
G) at various locations throughout the spinal cord. D, High-power view of the lesion border from A.
Location within the spinal cord where images were takenisindicated by associated schematics. Nuclei
are labeled with DAPIin blue. Lesion cavity denoted by *; lesion border denoted by dotted line. Scale
bars: 4, B, 1250 pem; C, F, 20 em; D, G, 50 pem; E, 150 pum.

ble 2). At every time examined, GFP+ NG2 cells had distrib-
uted throughout 1 cm of tissue centered on the injury site (Fig.
1F,G), revealing that the NG2 cell population proliferates
continuously for at least 1 month after SCI and their progeny
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are maintained throughout the tissue for several weeks
thereafter.

The distribution and number of GFP+ NG2 cells varied based
on time at which they were labeled. Most NG2 cells dividing at 1
dpi accumulated in a dense band within the lesion border/glial
scar. They were also present in the distal dorsal column lesion
extensions, and scattered throughout the spared tissue. At later
times, the number of NG2 cell progeny decreased progressively
and had a more outwardly radial distribution. For example, in
tissue examined at 7 wpi after 4 wpi virus injection, the overall
number of GFP+ cells was lower than the earlier groups and few
new cells accumulated along the lesion border. Rather, new NG2
cells born at 4 wpi were primarily found in spared tissue outside
the glial scar, followed by distal spared white matter (Fig. 1G).

Because cell labeling by viral injections can be nonuniform
between animals, NG2 cell division was quantified at 1-10 wpi
using NG2/Ki-67 double-label immunohistochemistry. NG2/Ki-
67+ cells were significantly increased compared with naive con-
trols between 1 and 4 wpi (Fig. 2A-C). Interestingly, the most
robust NG2 cell proliferation occurred rostral to the epicenter
(Fig. 2). The number of Ki-67+ NG2 cells declined after 4 wpi but
remained 3- to 9-fold above controls as late as 10 wpi, revealing
protracted proliferation of this cell population after SCI. These
data also verify that NG2 cells were dividing at each time of virus
injection. In summary, NG2 cells divide for at least 4 wpi, the
progeny of which survive and incorporate throughout injured
and spared tissue after SCI. In addition, cells dividing acutely
appear to contribute to the glial scar.

Dividing progenitors differentiate into new OLs for at least 4
weeks after SCI in rats

Although it is established that new OLs are produced for the first
2 wpi (Tripathi and McTigue, 2007), it is not known whether
more chronic lesion environments support new OL formation.
Therefore, sections from rats injected with virus at 1 dpi through
4 wpi were examined 3—4 weeks later for GFP+ OLs. Surpris-
ingly, new OLs (GFP+/CC1+ cells) were generated in spared
tissue at every time examined, including as late as between 4 and
7 wpi (Fig. 3A—C). The distribution of new OLs was similar to that
of GFP/NG2+ cells; that is, at 4 wpi, OLs derived from progeni-
tors dividing at 1-2 dpi were mainly located in the glial scar/lesion
border and in spared tissue directly around the lesion, which
matches the distribution of NG2 cells proliferating at 1-2 dpi. In
contrast, new OLs derived from progenitors dividing at 4 wpi
were more diffusely distributed and were mainly located in distal
spared white matter close to the pial border. These results reveal
that oligodendrogenesis occurs as late as the second month after
SCI in rats and that new OLs distribute throughout the tissue
surrounding the lesion cavity. Because the virus only survives ~2
h after injection, these results provide a snapshot of the fate of
cells dividing at each injection time and likely are conservative
estimates of cell turnover and differentiation.

Oligodendrogenesis continues for at least 80 d after SCI

in mice

Because SCI lesion pathology differs between rats and mice, two
different reporter mouse lines with inducible GFP/YFP expres-
sion under the PDGFRa promoter were used to examine post-
SCI oligodendrogenesis in mice. PDGFRa-CreER:mT/mG mice
express mG (Muzumdar et al., 2007) in PDGFRa+ cells after
tamoxifen treatment, which allows visualization of fine cellular
processes and myelin generated after GFP induction (Kang et al.,
2010; Powers et al., 2013; Fig. 4A). The second line, PDGFRa-



1278 - J. Neurosci., January 21,2015 - 35(3):1274-1290

Hesp et al. e Chronic Oligodendrogenesis after SCI

A NG2/Ki67+ cells: B NG2/Ki67+ cells: C NG2/Ki67+ cells:
= 150 0.9mm Rostral . 200- Epicenter . 2001 0.9mm Caudal
£ £ £

E Tk € 1 E

8 150- e & 1504 G 1504

2 £ 4 *k k%) 4

8 400 3 3

5 100 5 1004 5 100 - .
I~ & 1 & 1 *

N 504 < 504 5 504

9] O 9]

zZ zZ 9 Z E

* o * o o

Naive 7 14 21 28 42 70
Days Post Injury

Naive 7 14

Figure 2.
epicenter (€) from 7 to 70 dpi. *p << 0.05; **p << 0.01; ***p << 0.001 versus naive.

CreER-ROSA mice, express cytoplasmic
YFP in PDGFRa+ cells upon Cre-
recombination by tamoxifen. In both
lines, GFP/YFP expression was induced in
PDGFRa+ progenitors at different times
after injury and the fate of the labeled cells
was examined 3 weeks later (Table 2).

To confirm efficient labeling of
OL progenitors in tamoxifen-treated
PDGFRa-CreER:mT/mG mice, cross-
sections of naive spinal cords were immu-
nolabeled for NG2 or PDGFRa. In these
sections ~95% of GFP+ cells expressed
NG2 and were present throughout white
and gray matter (Fig. 4 B, C). Likewise, all
GFP+ cells coexpressed PDGFRa and
~90% of all PDGFR«a+ cells were GFP+,
indicating a high level of recombination
(data not shown). However, because re-
combination was not 100%, our results
may underestimate changes in post-SCI
OL genesis. Although there are NG2+
pericytes in the CNS, the only PDGFRa+
cells in the brain are OL progenitors,
which avoids the potential confound of
examining GFP+ pericytes (Daneman et
al., 2010). Likewise, all GFP/NG2+ and
GFP/PDGFRa+ cells morphologically
resembled multiprocessed OL progeni-
tors and not pericytes.

To examine progenitor cell distribu-
tion and fate at different times after SCI,
cohorts of PDGFRa-CreER:mT/mG mice
received a 4 d regimen of tamoxifen start-
ing at 1 d or 2, 3, 4, or 6 weeks after SCI
and were killed 3 weeks later (Table 2). Compared with naive tissue,
GFP+/NG2+ cells were markedly increased at every time exam-
ined (4, 5, 6, 7, and 9 wpi) throughout the gray and white matter
(Fig. 4D-F). Low-magnification comparison between naive
and 7 wpi tissue illustrated that robust GFP and NG2 expression
in the injured tissue was maintained ~2 months after injury (Fig.
4G,H). This demonstrates that, similar to rats, an expanded pro-
genitor population is maintained long-term, as noted previously
(McTigue et al., 2001; Rosenberg et al., 2005; Rabchevsky et al.,
2007).

Acute generation of new OLs after SCI has been reported in
mice (Lytle and Wrathall, 2007). To determine whether oligo-
dendrogenesis continues after 1 week post-SCI, sections from

Virus 3w, Sac 6w Virus 1d, Sac 4w

Virus 4w, Sac 7w

Figure 3.

Days Post Injury

clid

Naive 7 14 21 28 42 70
Days Post Injury

21 28 42 70

NG2 cells proliferate for at least 28 dpi. Number of Ki-67/NG2+ cells/mm in the rat spinal cord 0.9 mm rostral to the epicenter (A), at the epicenter (B), and 0.9 mm caudal to the

CC1 erge

Chronic oligodendrogenesis from proliferating progenitors occurs in the injured rat spinal cord. Single-channel and
merged confocal images of GFP+ oligodendrocytes (red, CC1+ cells) formed around the lesion at different times after injury. 4,
Rats received intraspinal virus injection at 1 dpi; tissue was examined at 4 wpi. B, Rats received intraspinal virus injection at 3 wpi;
tissue was examined at 6 wpi. , Rats received intraspinal virus injection at 4 wpi; tissue was examined at 7 wpi. Nuclei are labeled
with DAPlin blue. Scale bars: 4, 50 wm; B, C, 30 pum.

PDGFRa-CreER:mT/mG mice were examined for GFP+ OLs af-
ter tamoxifen administration as described above (Table 2). Be-
cause GFP is induced in progenitor cells at the time of tamoxifen
treatment, any new OLs derived over the subsequent 3 weeks
from progenitors can be identified by GFP expression. Tissue
from different mouse cohorts revealed that new OLs were gener-
ated throughout spared tissue during every time interval exam-
ined, including 1-4, 2-5, 3-6, 4—7, and 69 wpi (Fig. 5A-D). In
longitudinal sections, it was clear that OLs born as late as 69 wpi
integrated into spared white matter, with their GFP+ processes
running parallel to axons, resembling myelin profiles (Fig. 5D).
To confirm chronic oligodendrogenesis in the second re-
porter mouse line, PDGFRa-CreER-ROSA mice were given ta-
moxifen at 4 or 8 wpi and killed at 8 and 12 wpi, respectively
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Reporter mice successfully label NG2 + cells that can be followed for at least 3 weeks after recombination. A, Schematic of breeding paradigm to generate PDGFRc-CreER:mT/mG mice.

PDGFRx-CreER mice were crossed with ROSA26-mGFP (mT/mG) mice to generate mice that ubiquitously express mT. Upon recombination by oral administration of tamoxifen, most cells expressing
the PDGFRa promoter begin to express mG (~90%) and downregulate mT. pCA, Promoter with CMV enhancer; pA, polyadenylation sequences; arrows indicate the direction of transcription.
Single-channel and merged confocal images of GFP + NG2 cells in naive spinal cord white (B) and gray () matter. Single-channel and merged confocal images of GFP+ NG2 cells from spared white
matter labeled at T wpi and examined at 4 wpi (D), labeled at 2 wpi and examined at 5 wpi (E), or labeled at 4 wpi and examined at 7 wpi. F, Low-power visual comparison of naive (G) and injured
spinal cord (7 wpi, 250 m rostral to the epicenter; H) labeled with GFP and NG2. Nuclei are labeled with DAPI in blue. Scale bars: B, D, E, 50 m; C, G, H, 100 um; F, 10 um.

(Table 2). In both groups, YFP+ NG2 cells (labeled with GFP in
images) and OLs were prevalent throughout spared white and
gray matter (Fig. 5E,F). Therefore, OL progenitors divide and
differentiate into new OLs that integrate into spared tissue for at
least 3 months after SCI.

The distribution of new OLs in mice after SCI was similar to
that in rats. The majority of new OLs generated from progenitors
labeled during the first or second week after injury were mainly
present around the lesion border with some new OLs located
more distally (see Fig. 12). However, this pattern began to shift

when progenitors were labeled during the third week after injury,
with fewer new OLs around the lesion border and more located
distally, in particular along the pial border. This trend was even
more pronounced when progenitors were labeled at 6 wpi.

Quantification of new OLs in mouse SCI tissue

New OLs were quantified in naive and 4, 5, and 7 wpi tissue from
PDGFRa-CreER:mT/mG mice. In naive tissue, 1-2 GFP/CC1+
cells at most per section were present, which is consistent with a
low rate of oligodendrogenesis in adults (Horner et al., 2000,
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CC1

Oligodendrogenesis occurs for at least 12 wpi in PDGFRa-CreER:mT/mG mice. Single-channel and merged confocal images of GFP+ oligodendrocytes (CC1; red) from spared white

matter labeled at 1 wpi and examined at 4 wpi (A), from spared white matter labeled at 3 wpi and examined at 6 wpi (B), from spared white matter labeled at 4 wpi and examined at 7 wpi (C), and
from spared white matter labeled at 6 wpi and examined at 9 wpi (D). Single-channel and merged confocal images of sections triple-labeled for CC1, NG2 and GFP from PDGFR-ROSA mice labeled
at 4 wpi and examined at 8 wpi (E) or labeled at 8 wpi and examined at 12 wpi (F). Nuclei are labeled with DAPI in blue. Scale bars: 4, E, F, 30 m; B, €, 20 um; D, 50 um.

Psachoulia et al., 2009). After SCI, new OLs increased 5- to 26-
fold, with the greatest accumulation of new OLs at 5 wpi rostral
and caudal to epicenter (Fig. 6A). The number of new OLs in this
tissue (labeled at 2 wpi) was significantly greater than in naive and
tissue labeled at 1 dpi or 4 wpi. When collapsed over distance, new
OLs increased 14-fold in 2—5 wpi tissue compared with naive
(p < 0.01) and 5- to 6-fold in 1 dpi to 4 wpi and 47 wpi tissue
(data not shown). Collectively, this reveals robust oligodendro-
genesis occurs throughout the first 7 wpi.

To determine how overall OL numbers changed between 4
and 7 wpi, the number of OLs in each sampled region was
counted. In spared tissue at 4 wpi, OLs were reduced 80% in the
epicenter (p < 0.05; Fig 6B) and 10—-55% distally compared with
naive. Between 4 and 5 wpi, OL numbers tripled in the epicenter
and rose 2- to 2.5-fold in distal sections, resulting in significantly
greater OLs than 4 wpi (rostral and caudal) and naive (caudal;
Fig. 6B). These data reflect the dynamic changes in OL numbers
after SCI and again suggest that peak OL accumulation occurred
between 4 and 5 wpi. At 7 wpi, OLs were slightly lower but still
elevated rostrally compared with 4 wpi. This reveals that oligo-
dendrogenesis over the first 5 wpi restores OLs and results in
distal OL numbers greater than before injury, as seen previously
in rat SCI tissue (Tripathi and McTigue, 2007).

Finally, the percentage of OLs composed of new cells was
determined by calculating the ratio of new OLs to total OLs sam-
pled (Fig 6C). At 4 wpi, when OL numbers were lowest, almost
half (41%) of OLs in the epicenter were new (GFP+; p < 0.001 vs

naive). In distal sections, 10-26% of OLs were new (p < 0.05 vs
naive) at 4 wpi, revealing that many of the OLs lost during the first
month after injury are replaced by new cells. By 5 wpi, the per-
centage of new OLs ranged from 14% to 28% versus 2% in naive
(p < 0.05). Although oligodendrogenesis declined thereafter,
~10-15% of OLs present at 7 wpi were generated during the
third month after injury (4—7 wpi; Fig 6C). Therefore, progenitor
differentiation into new OLs after SCI restores OL density to
naive levels or greater by 5 wpi.

New OL lineage cells ensheathe and remyelinate axons for at
least 2 months after injury in rats and mice

To assess whether new OLs initiate remyelination, sections from
rat spinal cords injected with the GFP-retrovirus at 1 dpi or 4 wpi
were examined at 4 and 7 wpi, respectively, for GFP, neurofila-
ment (NF), and/or myelin basic protein (MBP). At 4 wpi, GFP+
processes encircled and wrapped NF+ axons along lesion bor-
ders and new cells integrated into spared white matter and en-
gaged axons therein (Fig. 7A-C). GFP processes colocalized with
MBP around axons, which was confirmed with Z-stack analysis
(Fig. 7B), revealing that OLs generated during the first month
after injury formed myelin around spinal cord axons along the
lesion border and in spared tissue (Fig. 7B, C).

New OLs produced during the second month after injury in
rats also wrapped axons. GFP+ processes again colocalized with
NF and MBP, indicating that progenitor cells labeled at 4 wpi
subsequently gave rise to new OLs that formed myelin around
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Figure 6. Quantification of new OLs after SCl in PDGFRce-CreER:mT/mG mice labeled and examined (respectively) at 1 dpi to 4
wpi, 2—5 wpi, and 4—7 wpi. A, Quantification of new OLs (GFP/CC1/DAPI+ cells) at each time point and distance examined
(epicenter, Epi) and 0.45 and 0.15 mm rostral (R) and caudal (C). The greatest accumulation of new OLs occurred between 2 and 5
wpi rostral and caudal to epicenter. B, The overall number of OLs in each sampled region was determined. At 4 wpi, the total
number of OLs was significantly reduced in epicenter compared with naive values. By 5 wpi, OL numbers had increased such that
no regions were significantly lower than naive; 0.45 mm caudal to epicenter OLs significantly outnumbered those in naive. At 5 and
7 wpi, OL numbers 0.45 mm rostral to epicenter were significantly greater than the same area at 4 wpi. , Percentage of new OLs
of total OLs counted. At 4 wpi, the percentage of OLs that were new was significantly greater than naive at the epicenter and 0.45
mm rostral, and significantly greater than 5 and 7 wpi at the epicenter. Percentages remained higher than naive at 5 wpi in tissue
0.15 and 0.45 mm rostral to epicenter and 0.15 mm caudal. *p << 0.05; **p < 0.01; ***p << 0.001 versus naive; +p << 0.05,
+ +p < 0.01 versus 4—7 wpi group; Ap << 0.05, AAp << 0.01, AAAp < 0.001 versus 1 dpi to 4 wpi group.
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axons (Fig. 7D). Evidence of chronic re-
myelination in rats was bolstered by triple
labeling for GFP, NF, and the paranodal
protein Caspr. At 7 wpi, GFP+ processes
that wrapped NF+ axons were adjacent to
Caspr+ paranodal junctions, which are
indicative of the formation of nodes of
Ranvier between two myelinated seg-
ments (Fig. 7E).

PDGFRo-CreER:mT/mG mice revealed
similar findings of ongoing axon en-
sheathment by OLs born between 1 dpi
and 9 wpi. In these mice, GFP+ processes
of new OL lineage cells engaged and
wrapped NF+ axons at all time intervals
examined, specifically between 0 and 4
wpi (Fig. 8A), 3—6 wpi (Fig. 8B), 4—7 wpi
(Fig. 8C,D), and 6-9 wpi (Fig. 8E,F). At
more chronic times, most newly GFP-
wrapped axons were located along the dis-
tal pial border, which is where the
majority of new OLs were generated
chronically. Sections from 9 wpi mouse
tissue triple-labeled for GFP, NF, and
Caspr revealed that, similar to rat tissue,
Caspr+ paranodal junctions were present
along NF+ axons adjacent to GFP+ pro-
cesses wrapping the axon (Fig 8F). In
some axons, the myelin sheath between
two paranodal Caspr+ profiles was ab-
normally short, which is a hallmark of
early remyelination (Fig 8F). The pres-
ence of GFP+ myelin on only one side of
this node suggests that the other inter-
node was myelinated either by spared my-
elin or myelin generated before 6—9 wpi.

Semithin sections reveal evidence of
chronic OL remyelination with

limited demyelination

To better examine the ultrastructure of
new myelin, rats were injured as above
and spinal cords were collected at 4 or 10
wpi. This tissue was embedded in epon
and 1 pwm sections were stained with tolu-
idine blue. At both 4 and 10 wpi, axons
with abnormally thin myelin sheaths, in-
dicative of OL remyelination, were preva-
lent along lesion borders (Fig 9A-C) and
in spared white matter near the pia (Fig
9D). At 10 wpi, there was still ongoing tis-
sue pathology, including myelin degener-
ation (Fig 9B—D) and macrophages with
engulfed myelin profiles throughout the
white matter. Although fairly rare, a small
number of axons completely lacking my-
elin were present in tissue bordering the
lesion (Fig 9C) and in spared tissue along
the pial border (Fig 9D).

To better characterize changes in my-
elin thickness in chronic tissue, g-ratios
were calculated on a subset of randomly
sampled axon profiles from naive, 4 wpi,
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Figure7. Single-channel and merged confocal images showing new OL lineage cells wrap axons and express markers of mature myelin after SClin rat. A, Longitudinal spinal cord section at 4 wpi
(virus injected at 1dpi) labeled with GFP (green) and NF (red). A’, Single-channel and merged high-power view of rectangle from A. A GFP+ process ensheathes an NF+ axon (red) in spared white
matter adjacent to the lesion (arrowhead). B, Z-stack and orthogonal view of an axon (blue) wrapped with a process double-labeled for GFP and MBP (red). GFP is cytoplasmic and therefore does not
label the entire myelin membrane. €, Image of 4 wpi spared white matter labeled with GFP-virus at 1 dpi. Lesion cavity is near upper left corner. GFP+ cells (and therefore new) integrate into the
spared white matter. ', €', High-power images of cell indicated by arrowhead in C. The GFP+ cell has an OL morphology and extends processes double-labeled with MBP (red) along an axon
(blue).D,D",D"’, 7 wpilesion site from spinal cord labeled with virus at 4 wpi. An axon (blue) extending into the lesion cavity is double-labeled with GFP+ MPB (red). E, A GFP+ process from an
OL lineage cell in 7 wpi rat tissue wraps an NF + axon (blue) and ends adjacent to a Caspr+ paranodal junction (red). Scale bars: 4, 100 pm; ¢~C’’, 10 wm; D, E, 20 um.

and 10 wpi sections (Fig 9E, F). This revealed a significant in-
crease in g-ratios in the epicenter at both times, indicating an
increase in axons with thinner myelin than normal. Rostral to the
epicenter, g-ratios were significantly greater than naive at 4 wpi

but not 10 wpi, suggesting either myelin thickening over time, as
previously reported by Powers et al. (2013), or loss of the more
thinly myelinated axons. Pathological myelin profiles indicate
that tissue degeneration continues as late at 10 wpi. To determine
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Single-channel and merged confocal images show OL lineage cells continually wrap axons from 0 to 9 wpi in mouse SCl tissue. GFP+ processes colocalize with NF+ axons (red) in

spared tissue during the time periods of 0 — 4 wpi (4), 3— 6 wpi (B), 4—7 wpi (C, D), and 6 —9 wpi (E). Examplesin B and D clearly demonstrate the sheaths that GFP + processes form around axons.
Theimage in Balso shows the adjacent OL lineage cell that gives rise to the GFP+ processes wrapping an NF + axon. Examples of GFP/NF colocalization could be found in both spared white matter
(C—F) as well as along lesion borders (4, B). F, GFP -+ processes in 9 wpi tissue wrap a NF + axon (blue; Alexa Fluor 405) that express Caspr+ paranodal junctions (red). Nuclei are labeled with DAPI

in blue exceptin F. Scale bars: 4, , E, F, 10 wum; D, 20 um; B, E, 30 m.

whether this changed between 4 and 10 wpi, the number of path-
ological myelin profiles of the total number of myelin profiles
counted was quantified. This showed a significant increase
throughout the tissue at 4 wpi compared with naive, with a de-
cline in number at the epicenter by 10 wpi (Fig 9G,H). Collec-
tively, these data support the hypothesis that oligodendrocyte
myelination continues chronically and that the lesioned tissue
remains in a dynamic state, including remyelination and axon/
myelin breakdown, for over 2 months after injury.

CNTF, FGF-2, and pSTAT3 expression remain elevated
chronically after SCI in mice and rats

Our previous work showed that CNTF and FGF-2, two factors
that promote OL formation and survival, are elevated for at least
4 wpi along the gliogenic lesion border after SCI in rats (Tripathi
and McTigue, 2008). To determine whether these factors remain
elevated beyond 4 wpi, FGF-2 and CNTF immunolabeling was
performed. In naive rat spinal cords, FGF-2+ cells were present
in the gray matter, as expected (Fig. 10A). After SCI, FGF-2 in-

creased and was maintained throughout the spared tissue proxi-
mal to the lesion and in particular along the lesion border for at
least 9 wpi in rats (Fig. 10B,C). FGF-2 did not colocalize with
NG2 or CCl (data not shown) and was primarily present in as-
trocytes (Fig. 10C).

Naive and 12 wpi mouse spinal cord sections were immu-
nolabeled for CNTF. Minimal CNTF immunoreactivity was
present in naive tissue, as expected (Fig. 10D). At 12 wpi,
CNTF immunoreactivity was robust both along the glial scar/
lesion border (Fig. 10E) and in spared tissue further from the
lesion (Fig 10F). The majority of CTNF was expressed by as-
trocytes (Fig. 10F).

CNTF and related factors signal through the Jak/STAT path-
way. To determine whether this pathway was active chronically,
12 wpi sections were immunolabeled for pSTAT3. Naive mouse
tissue contained virtually no pSTAT3+ cells (Fig. 10G). In con-
trast, at 12 wpi, pSTAT3+ cells were abundant throughout
spared white and gray matter (Fig. 10H ), some of which were
astrocytes (Fig. 10H").
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Figure9.  Semithin sections from 10 wpi rat spinal cords reveal evidence of ongoing OL remyelination and spared demyelinated axons. A, Low-power image of a typical T um epon-embedded
ratspinal cord cross-section from the lesion epicenter at 10 wpi. Boxes along lesion borders are shown at higher power in B—D. B—D, Images showing examples of spared myelin profiles (wavy arrow)
and myelin rings thinner than would be expected for spared myelin (green arrows). These are typically classified as newly formed myelin or remyelination and are in the area of prominent new OL
generation. Axons with apparent healthy morphology but lacking myelin are also present (green arrowheads). Ongoing pathology including myelin debris and axon pathology is still prominent
(yellow arrows), indicating the dynamic nature of this 10 wpi lesion. £, Comparison of axon diameter versus myelin thickness shows that myelinated axons after injury are smaller than in naive tissue.
F, Comparison of g-ratios after SCl demonstrates that, at least in rostral areas of the injured cord, the average g-ratio of axons decreased between 4 and 10 wpi, meaning increased myelin thickness.
G—H, Between 4 wpi and 10 wpi, the number of axons displaying pathological myelin decreased, especially in the epicenter, whereas the number of myelinated axon profiles increased. **p << 0.01
versus naive; ***p << 0.001 versus naive; Ap << 0.05 versus 4 wpi. Scale bars: 4, 200 wm; B—D, 20 m.
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Figure 10.  Confocal images reveal that FGF-2, CNTF, and pSTAT3 expression is increased chronically after SCl in mice and rats. A, Expression of FGF-2 (red) in naive rat spinal cord is mainly

restricted to the gray matter. B, At 9 wpi in rat spinal cords, expression of FGF-2 is upregulated and spread more diffusely throughout spared gray and white matter as well as within the lesion cavity
(center ofimage). €, At 9 wpi, FGF-2 is primarily expressed by GFAP + astrocytes (green). Cell indicated with arrow shown at higher power in the inset. D, Naive mouse spinal cord tissue shows very
little CNTF immunoreactivity (pseudocolored red). E, At 12 wpi, robust CNTF is present in cells bordering the lesion cavity (*). F, CNTF is primarily expressed by GFAP+ astrocytes (green),
especially around the lesion border. G, In naive mouse spinal cord, there is virtually no expression of pSTAT3 (red). H, H’, Single and merged confocal images from 12 wpi mouse spinal
cord show that pSTAT3 (red) is upregulated and found in many AIdH1L1+ astrocytes (green). I-J, Acutely after injury (1 wpi), many lesion border NG2 (black) cells contain pSTAT3 +
nuclei (brown). K, NG2/pSTAT3 double-labeled cells were quantified along the lesion border in naive and 1-5 wpi cross-sections from rats. The number of pSTAT3+ NG2 cells was

significantly increased through 5 wpi. Nuclei are labeled by DAPI in blue. *Lesion cavity (C-J). In K: *p << 0.05 versus naive; ***p << 0.001 versus naive. Scale bars: A, B, 200 wm; C, F,
H,H',1,J,50 um; D, E, G, 100 wm.
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Genes with possible roles in OL lineage cell fate are chronically modulated in tissue from the SCl lesion site in rats. Relative gene expression of Id2 (4), Id4 (B), Hes5 (€), Sox11 (D), BMP2

(E), and BMP4 (F) was examined in naive and SCl tissue using real-time PCR. *p << 0.05; **p << 0.01; ***p < 0.001 versus naive.

To determine whether CNTF (or related factors) initiate Jak/
STAT signaling in OL lineage cells and potentially contribute to
chronic oligodendrogenesis, sections were labeled for NG2 and
PSTAT3 and the number of double-labeled cells counted. NG2
cells expressing pSTAT3 were prevalent after SCI, especially
along the lesion borders (Fig 101,]). The number of pSTAT3/
NG2+ cells significantly increased in the epicenter and distal
sections from 1 wpi through at least 5 wpi (Fig 10K). These data
suggest that post-SCI factors such as CNTF stimulate the Jak/
STAT pathway in NG2 cells, which may promote NG2 cell
differentiation.

Expression of OL lineage cell-fate-associated genes is
dynamically regulated after SCI

To determine whether endogenous signaling pathways that neg-
atively regulate OL differentiation are altered by SCI, gene ex-
pression of 1d2, Id4, Hes5, and Sox11 was analyzed by real time
qPCR in epicenter SCI mouse tissue from 1 dpi to 4 wpi. Expres-
sion of Id2 increased significantly at 4 wpi (Fig. 11A), whereas Id4
increased significantly at 2 and 4 wpi compared with naive (Fig.
11B). This chronic increase in Id proteins may dampen oligoden-
drogenesis over time. In contrast, there were significant reduc-
tions in Hes5 mRNA at 1 dpi to 4 wpi (Fig. 11C) and Soxl11
mRNA at 3 dpi to 4 wpi (Fig. 11D) compared with naive. Because
these factors are part of pathways that prevent OL differentiation,
these factors likely do not inhibit OL generation after SCI and, in
fact, their reduction may help promote oligodendrogenesis
(Swiss et al., 2011).

Another set of signaling molecules known to regulate oligo-
dendrogenesis is BMP2 and BMP4 (See et al., 2004; Cheng et al.,
2007; Porlan et al., 2013). BMP2 expression was dynamically reg-
ulated over the first week after injury; it increased significantly at
1 dpi, and then significantly declined by 7 dpi (Fig. 11E). BMP4,
in contrast, rose over time to a significant increase at 2 wpi and 4
wpi (Fig. 11F). Because BMP4 can upregulate Id2 and Id4 (Sa-
manta and Kessler, 2004), it may contribute to their upregulation

at 2—4 wpi and thereby contribute to the deceleration in chronic
oligodendrogenesis and myelination.

Discussion

Numerous studies have examined the time course and causes of
OL death after SCI. Similarly, the extent of post-SCI demyelina-
tion and its clinical importance have been discussed and debated
(for reviews, see Mekhail et al., 2012; Plemel et al., 2014). The
belief that OL loss and demyelination are important therapeutic
targets after SCI has led to multiple preclinical transplantation
studies with the goal of replacing OLs and promoting remyelina-
tion; these studies demonstrated varying degrees of improved
remyelination and/or functional recovery (Karimi-Abdolrezaee
et al., 2006; Cao et al., 2010; Plemel et al., 2011; Sun et al., 2013),
with work by Keirstead et al. (2005) forming the basis for a phase
1 clinical trial in acute SCI patients. Therefore, OL replacement is
clearly viewed as a valuable clinical target.

Given that, it is somewhat surprising that the duration of
spontaneous oligodendrogenesis has not received more atten-
tion. Adult progenitors are highly responsive to injury and can
proliferate, differentiate, and remyelinate axons (McTigue and
Tripathi, 2008), and studies have shown all these responses occur
during the first 2 weeks post-SCI (McTigue et al., 2001; Zai and
Wrathall, 2005; Horky et al., 2006; Lytle and Wrathall, 2007;
Rabchevsky et al., 2007; Tripathi and McTigue, 2007; Sellers et al.,
2009). How long this reparative response continues, however, is
unknown.

Using Cre-ER technology and a GFP-expressing retrovirus, we
tracked the long-term post-SCI fate of progenitors in mice and
rats, respectively, to determine the duration of oligodendrogen-
esis and remyelination. Because retroviruses only incorporate
into dividing cells, this approach allowed us to examine whether
cells dividing after injury survive and/or differentiate into OLs.
The results verified that NG2 cells proliferate for at least 4 wpi in
rats and that new cells accumulate around the lesion border/glial
scar and incorporate into the surrounding spared tissue. In mice,
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Schematicillustrating change in pattern of new oligogenesis occurring at different times after SCI. Between 1 dpi and 4 wpi, most new OLs were generated around the lesion border

with scattered new cells distally as well. Between 2 and 5 wpi, oligogenesis was more robust but still primarily concentrated around the lesion border. Between 3 and 6 wpi, fewer new OLs were
generated around the lesion border and instead were mostly located along distal pial borders and throughout the dorsal column. Between 6 and 9 wpi, most new OLs were found in distal spared

white matter along the pial border with few new OLs generated along lesion borders.

progenitor fate was tracked by inducing GFP/YFP in PDGFRa-
expressing cells at different times after injury. This also revealed a
chronic accumulation of progenitors at a higher than normal
density, which is consistent with data showing NG2 cell density in
spared tissue is 2—-3X higher at 6 wpi compared with naive
(Rosenberg et al., 2005).

The present data show that new OLs were produced as late as
the 2 months after injury in rats (the latest time examined) and 3
months after injury in mice. New GFP+ OLs were generated
throughout spared white and gray matter adjacent to the lesion
and 4-5 mm distal to epicenter, showing widespread and pro-
tracted gliogenesis. GFP+ OL processes wrapped axons, ex-
pressed MBP, and abutted Caspr+ profiles, indicative of
functional myelination and formation of paranodal junctions.
Therefore, endogenous progenitors undergo oligodendrogenesis
for at least 3 months after injury, during which new OLs myelin-

ate/remyelinate axons. Although central canal ependymal cells
also divide after SCI and produce a small number of OLs after
dorsal spinal hemisection (Meletis et al., 2008), retrovirus injec-
tions in the present study were directed into the contusion epi-
center in which all ependymal cells were killed, suggesting that
their contribution, if anything, was minimal.

A point of controversy may be that long-term demyelination
after SCI has not been widely reported, raising the question of
exactly which axons did new OLs wrap? However, it may be ex-
actly because of the unappreciated chronic production of new
OLs that widespread demyelination is not typically noted. If ax-
ons are continually demyelinated over time, they may quickly
become remyelinated by newly born OLs, as suggested in the
epon tissue and reporter mice/rats. Further, work by Powers et al.
(2013) using the mT/mG reporter mouse line used here suggested
that new OL-derived myelin segments generated after SCI in the



1288 - J. Neurosci., January 21,2015 - 35(3):1274-1290

rubrospinal tract become progressively thicker and longer, re-
sulting in a return to “baseline” conditions. Our g-ratio data
agree with this because g-ratios in rostral tissue decreased be-
tween 4 and 10 wpi (meaning that myelin was thicker). If remy-
elinated segments indeed continuously thicken over time after
SCI, the detection herein of thin myelin with short internodes at
2 and 3 months after injury further supports the notion that OL
generation and remyelination occur continuously and chroni-
cally after SCIL.

The present work also shows that the primary distribution of
new OLs and remyelination shifts from proximal to the lesion
core acutely (first month after injury) to tissue closer to the pial
border more chronically (second to third months; Fig. 12). This
could be explained by several mechanisms. First, an acute gradi-
ent of oligogenic signals may be highest in areas of greatest demy-
elination and damage (lesion epicenter), which induces local
progenitor migration, division, and differentiation. The high ex-
pression of growth factors (CNTF, FGF-2) around the lesion bor-
der chronically, however, suggests that if such a gradient exists, it
likely remains for several months. A second possibility is that
distal axons undergo demyelination more chronically than axons
along the lesion border. Because demyelinated axons are thought
to be vulnerable and do not survive long-term after SCI (Lasiene
etal., 2008), remyelination in chronic SCI likely occurs on axons
that had only recently become demyelinated. Work by Crowe et
al. (1997) supports chronic, distal myelin loss because they
showed demyelination and OL apoptosis in distal white matter
tracts (but not the lesion border) at 3 wpi. Our present work
showing pathological degeneration of myelin at 10 wpi supports
the idea that demyelination may occur chronically after SCI. A
third possible explanation for chronic distal remyelination is that
these areas may contain protracted axon sprouting, which in turn
could stimulate oligodendrogenesis. This is not incompatible
with the above mechanisms and, indeed, all three may develop
concurrently after SCI.

The present work also illustrates that the chronic lesion envi-
ronment remains dynamic, with markedly altered growth factors
and cell fate gene expression changes. Previous work using im-
munohistochemistry and Western blot showed that CNTF and
FGEF-2 are elevated for 4 wpi around the lesion border (Tripathi
and McTigue, 2008); the present work extends this increased
growth factor expression to 12 wpi. CNTF is an astrocyte-derived
factor that promotes OL lineage cell survival, differentiation, and
myelination (Barres et al., 1993, 1996; Mayer et al., 1994; Salehi et
al., 2013; Vernerey et al., 2013). It initiates phosphorylation of
STAT3 and enhances the effects of FGF-2, which is also impor-
tant for oligodendrogenesis (Dell’Albani et al., 1998; Baron et al.,
2000; Yokogami et al., 2000). NG2 cells, especially around the
lesion, expressed pSTAT3 for at least 5 wpi, indicating that this
pathway remains active in NG2 cells. Interestingly, the time
frame of peak pSTAT3 expression in NG2 cells (1-2 wpi) occurs
concomitantly with the greatest NG2 cell proliferation (McTigue
et al., 2001). Therefore, the chronic SCI environment contains
robust expression of oligogenic factors that may promote ongo-
ing gliogenesis/differentiation.

Another favorable factor for chronic post-SCI oligodendro-
genesis was the significant reduction in Hes5 and Sox11, factors
that inhibit OL differentiation. However, at least one factor that
prevents oligodendrogenesis, BMP4, progressively increased af-
ter SCI. BMP4 can push NG2 cells toward an astrocytic fate (See
et al., 2004; Cheng et al., 2007; Porlan et al., 2013), although
BMP4 injection into the injured spinal cord actually reduced
astrogliosis (Sellers et al., 2009). BMP4 can induce 1d2 and 1d4
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expression, transcription factors that inhibit OL differentiation,
and, indeed, RNA for both factors increased at 2—4 wpi. There-
fore, the chronic injury milieu contains signaling molecules that
can both promote and inhibit OL differentiation and myelina-
tion. The balance must favor long-term oligodendrogenesis, al-
though the progressively increasing anti-oligogenic factors likely
contribute to its reduction over time.

Cell quantification in this study revealed that greatest accu-
mulation of new OLs after SCI was derived from cells differenti-
ating between 2 and 5 wpi. Present data also show that there was
a significant jump in total OL numbers between 4 and 5 wpi,
which would suggest that peak new OL formation occurred dur-
ing the fourth week after injury. However, it is possible (and even
likely) that OL genesis was at least as robust before 4 wpi. Indeed,
despite a significant reduction in OLs at 4 wpi, almost half of the
OLs in epicenter sections were already GFP+ (and therefore
new) at that time, indicating that they had differentiated from
progenitors before 4 wpi. Therefore, robust OL genesis must oc-
cur throughout the first month after injury, which partially com-
pensates for OL apoptosis and prevents OL numbers from falling
drastically further.

In summary, this work demonstrates that the window of
spontaneous oligodendrogenesis and remyelination after SCI is
much longer than previously appreciated. New OLs incorporate
throughout spared white matter tracks, where they initiate my-
elination for at least 3 months after injury. The knowledge of
ongoing oligodendrogenesis and fluctuating progliogenic and
antigliogenic factors provides insight into the chronic injury mi-
lieu, which may be crucial for predicting how strategies such as
stem cell transplantation will fare long-term or whether thera-
peutically induced regenerated axons will become myelinated.
Further, this may provide opportunities for leveraging endoge-
nous progenitors, thereby obviating the need for exogenous cell
transplantation. It is also important to understand the dynamics
of this response so that pharmaceutical-based strategies targeting
other post-SCI pathologies do not interfere with this reparative
process. Last, knowing the potential negative regulators of oligo-
dendrogenesis may provide new targets for treatments aimed at
enhancing myelination of either spared or newly regenerated
axons.
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