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Spontaneous remyelination occurs after spinal cord injury (SCI), but the extent of myelin repair and identity of the cells responsible
remain incompletely understood and contentious. We assessed the cellular origin of new myelin by fate mapping platelet-derived growth
factor receptor � (PDGFR�), Olig2�, and P0� cells following contusion SCI in mice. Oligodendrocyte precursor cells (OPCs; PDGFR��)
produced oligodendrocytes responsible for de novo ensheathment of �30% of myelinated spinal axons at injury epicenter 3
months after SCI, demonstrating that these resident cells are a major contributor to oligodendrocyte regeneration. OPCs also
produced the majority of myelinating Schwann cells in the injured spinal cord; invasion of peripheral myelinating (P0�) Schwann
cells made only a limited contribution. These findings reveal that PDGFR�� cells perform diverse roles in CNS repair, as multi-
potential progenitors that generate both classes of myelinating cells. This endogenous repair might be exploited as a therapeutic
target for CNS trauma and disease.
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Introduction
Spinal cord injury (SCI) causes both primary neural injury and
secondary tissue damage (Kwon et al., 2002, 2004; Norenberg et

al., 2004). Secondary injury leads to oligodendrocyte death and
axon demyelination, which may leave axons vulnerable to degen-
eration (Bresnahan et al., 1976; Blight, 1983; Crowe et al., 1997;
Totoiu and Keirstead, 2005; McTigue and Tripathi, 2008; Plemel
et al., 2014). Remyelination of axons in and around the SCI site is
viewed as an important element of regeneration (R. P. Bunge etReceived July 28, 2016; revised June 22, 2017; accepted July 22, 2017.
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(ETH, Zürich) for the P0-CreERT2 mice; Drs. Brett J. Hilton and Joseph Sparling, for valuable intellectual inputs; Yuan

Jiang, Jasdeep Grewal, Danielle Chan, and Daniel Sykora for their technical assistance; Nathan Michaels for assis-
tance with breeding and husbandry; and Dr. Michael Wegner for his gift of the MYRF antibody.

The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Wolfram Tetzlaff, University of British Columbia, Blusson Spinal Cord

Centre, 818 West 10th Avenue, Vancouver, BC, V5Z 1M9 Canada. E-mail: tetzlaff@icord.org.
S. H. Kang’s present address: Shriners Hospitals Pediatric Research Center, Temple University Lewis Kratz School

of Medicine, Philadelphia, PA 19140.
DOI:10.1523/JNEUROSCI.2409-16.2017

Copyright © 2017 the authors 0270-6474/17/378635-20$15.00/0

Significance Statement

Spinal cord injury (SCI) leads to profound functional deficits, though substantial numbers of axons often survive. One possible
explanation for these deficits is loss of myelin, creating conduction block at the site of injury. SCI leads to oligodendrocyte death
and demyelination, and clinical trials have tested glial transplants to promote myelin repair. However, the degree and duration of
myelin loss, and the extent and mechanisms of endogenous repair, have been contentious issues. Here, we use genetic fate
mapping to demonstrate that spontaneous myelin repair by endogenous oligodendrocyte precursors is much more robust than
previously recognized. These findings are relevant to many types of CNS pathology, raising the possibility that CNS precursors
could be manipulated to repair myelin in lieu of glial transplantation.
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al., 1960; Totoiu and Keirstead, 2005; Almad et al., 2011; James et
al., 2011; Powers et al., 2012; Plemel et al., 2014) and has provided
a rationale for clinical trials involving transplantation of neural
precursor cells (Cummings et al., 2005; Keirstead et al., 2005;
Priest et al., 2015). To avoid the costs and safety concerns of
transplantation, an alternative strategy may be to augment spon-
taneous remyelination after SCI (Assinck et al., 2017). However,
it is critical to determine the contributions of various endogenous
progenitors to this regenerative process (Barnabé-Heider et al.,
2010; Grégoire et al., 2015; Stenudd et al., 2015).

The extent of oligodendrocyte remyelination following SCI
has been quantified using indirect measures, based on the
assumption that new myelin sheaths are thinner (Blakemore,
1974). However, using internodal length to identify new myelin
sheaths and axonal tracing to identify a specific tract after SCI, it
was discovered that new myelin is only marginally thinner after
SCI in rodents (Lasiene et al., 2008; Powers et al., 2012, 2013).
Evaluating the extent of spontaneous remyelination based on
thin myelin likely represents a considerable underestimation of
repair; thus, the true extent of spontaneous oligodendrocyte my-
elination following SCI remains unknown.

Myelinating oligodendrocytes are derived from oligoden-
drocyte precursor cells (OPCs), characterized by the expres-
sion of NG2 and platelet-derived growth factor receptor �
(PDGFR�) (Nishiyama et al., 1996; Rivers et al., 2008; Kang et al.,
2010; Young et al., 2013). Mice expressing inducible Cre recom-
binase (CreER) under control of PDGFR� promoter/enhancers
allow in vivo tracking of oligodendrocyte lineage cells (Rivers et
al., 2008; Kang et al., 2010) and reveal that PDGFR�-expressing
cells generate new myelinating oligodendrocytes as late as 3
months after SCI (Hesp et al., 2015). Given the persistence of
OPC differentiation, it is particularly important to determine the
magnitude of their contribution to remyelination after SCI.

In addition to oligodendrocytes, Schwann cells contribute to
the myelination of axons after CNS damage, both in SCI (Bres-
nahan, 1978; R. P. Bunge et al., 1993; Guest et al., 2005) and in
demyelinating lesions of the spinal cord (Blakemore, 1975). In
these settings, Schwann cell myelination of spinal axons is pre-
dominately localized to areas of significant astrocyte loss
(Itoyama et al., 1985). The prevailing view has been that Schwann
cells migrate into the damaged spinal cord from the peripheral
nervous system (PNS) via spinal nerve roots, meningeal fibers, or
autonomic nerves following breakdown of the glia limitans
(Franklin and Blakemore, 1993). However, PDGFR�� cells also
give rise to Schwann cells following demyelinating chemical le-
sions (Zawadzka et al., 2010). The contribution of OPCs to oli-
godendrocyte and Schwann cell myelination after a clinically
relevant contusion SCI has not been determined using in vivo fate
mapping techniques.

Here, we systematically assessed the capacity of multiple
cell types to form myelinating oligodendrocytes and Schwann
cells following contusion SCI. We demonstrate that PDGFR��
OPCs contribute to �30% of myelin sheaths surrounding ax-
ons in the vicinity of the lesion site 12 weeks after injury. We
further show that PDGFR� � OPCs give rise to the majority of
myelinating Schwann cells found in the spinal cord after in-
jury, with only a small contribution stemming from the P0�
peripheral Schwann cell population. These data reveal the di-
verse behavior of endogenous PDGFR�� cells in response to
SCI and reveal that they contribute substantially to myelin
regeneration.

Materials and Methods
Transgenic mice and Cre induction
Two lines of PDGFR�-CreERT2 mice, PDGFR�-CreER (I; Kang et al.,
2010; Jackson Laboratories, RRID: IMSR_JAX:018280) and PDGFR�-
CreERT2(II; Rivers et al., 2008), were crossed with Rosa26-eYFP (Jackson
Laboratories, RRID: ISMR_JAX:006148) or the membrane-tethered Ro-
sa26-mGFP(mT/mG) (Jackson Laboratories, RRID: ISMR_JAX:007576)
reporter mice. In addition, Olig2-CreER (Takebayashi et al., 2002) and
P0-CreERT2 (Leone et al., 2003) mouse lines were individually crossed
with the Rosa26-eYFP reporter mouse. PDGFR�� cells for in vitro ex-
periments were isolated from PDGFR�:H2B-GFP mice (Hamilton et al.,
2003; Jackson Laboratories, RRID: ISMR_JAX:007669) via flow cytom-
etry (FACS). An overview of the transgenic mice used is provided in
Tables 1 and 2.

All experiments were performed in accordance with protocols ap-
proved by the University of British Columbia and University of Calgary
animal care committees and the Canadian Council on Animal Care.
Mice of either sex were group housed (2– 6 mice/cage, genders separated)
in secure conventional rodent facilities on a 12 h light/dark cycle with
constant access to food and water. Cre-mediated recombination was
induced at 8 –10 weeks of age via intraperitoneal tamoxifen (Sigma-
Aldrich, T5648) dissolved in corn oil at 20 mg/ml. PDGFR�-CreER(I):
Rosa26-eYFP, PDGFR�-CreER(I):Rosa26-mGFP(mT/mG), PDGFR�-
CreERT2(II):Rosa26-eYFP, Olig2-CreER:Rosa26-eYFP, and P0-CreERT2:
Rosa26-eYFP mice received 3 mg of tamoxifen per day for 5 consecutive
days; PDGFR�-CreERT2(II):Rosa26-mGFP(mT/mG) received 0.5 mg of
tamoxifen for 2 consecutive days. Tamoxifen-free controls (corn oil only
injections) were included in all mouse lines both in injured and nonin-
jured mice.

Surgical procedures
After the final day of tamoxifen injection, we allowed 2 weeks for tamox-
ifen clearance before mice received a SCI. One and 2 week clearances in
the PDGFR�-CreER (I):Rosa26e-YFP mice were tested; results were qual-
itatively similar for both clearing intervals. All spinal cord, dorsal root,
and sciatic nerve injuries, as well as the harvesting of dorsal roots and
sciatic nerves from the PDGFR�:H2B-GFP mice, were performed at
10 –12 weeks of age.

Spinal cord injury. Thoracic contusion SCI was delivered with the
Infinite Horizons Impactor (Precision Systems Instrumentations). Ani-
mals were anesthetized using isofluorane (4% induction, 1.5% mainte-
nance) and received buprenorphine (Temgesic; 0.02 mg/kg, s.c., McGill
University) preoperatively. After the skin at the surgical site was shaved,
cleaned, and disinfected, the animal was secured in a stereotaxic frame on
a warming blanket; body temperature was maintained at 36.5°C. The
spine was exposed via a midline incision in the skin and superficial mus-
cles, and blunt dissection of the muscles over the T8 –T11 vertebrae. The
spinal cord was exposed via a T9 –T10 laminectomy and the vertebrae
were stabilized with clamps. The impactor delivered a 70 kdyne midline
contusion injury. After injury, the muscle and skin were closed with
continuous 5-0 Vicryl sutures, and interrupted 4-0 Prolene sutures, re-
spectively. Animals received buprenorphine and lactated Ringer’s (1 ml,
s.c.) every 12 h for 48 h following SCI. Bladders were expressed twice
daily until spontaneous micturition returned (�1–2 weeks after SCI). A
subset of animals, received 5-ethynyl-2�-deoxyuridine (EdU;) for the
first 2 weeks following SCI. Injured mice were killed and transcardially
perfused at 1, 3, and 12 weeks post-injury (wpi). In addition, “uninjured
controls” were perfused 2 weeks post-tamoxifen when the injury would
have been sustained and “uninjured age-matched controls” were per-
fused alongside the 12 wpi group to assess cell formation at these time
points in the absence of injury.

Root and nerve injury. We performed a dorsal root crush or a sciatic
nerve crush in PDGFR�-CreER(I):Rosa26-mGFP(mT/mG) mice. As for
SCI, animals were anesthetized using isofluorane and received buprenor-
phine preoperatively. The skin at the surgical site was shaved, cleaned,
and disinfected. For sciatic nerve crush injury, a small proximal-to-distal
incision was made in the skin immediately posterior to the left femur.
The sciatic nerve was exposed and crushed twice 3 mm distal to the
obturator tendon for 15 s with no. 5 fine Dumont forceps. Similarly, for
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dorsal root crush injury, the left C5 and C6 roots were exposed via a
lateral hemilaminectomy and durotomy, and crushed twice for 15 s. Mice
were perfused 2 weeks post-tamoxifen and termed uninjured controls
and injured mice were perfused at either 4 or 12 wpi.

Tissue preparation and immunohistochemistry
Mice were deeply anesthetized and transcardially perfused with PBS fol-
lowed by cold 4% paraformaldehyde. The spinal cord, dorsal root, and
sciatic nerves were harvested and postfixed in 4% paraformaldehyde (2 h
postfixation for dorsal and sciatic nerves; 6 h for spinal cord) before
cryoprotection in a series of increasingly concentrated sucrose solutions.
Tissue was frozen in OCT Embedding Compound (Tissue-Tek, Electo-
ron Microscopy Sciences), sectioned in either the longitudinal or cross-
sectional plane (as stated in figure legends) at 20 �m thickness on a
cryostat, and stored at �80°C. Before immunohistochemistry, frozen
sections were thawed, then rehydrated in PBS, and incubated in 10%
donkey serum dissolved in PBS with 0.1% Triton. Before immunohisto-
chemistry targeting myelin, delipidization was performed using ascend-
ing and descending ethanol washes. Primary antibodies (Table 3) were
applied overnight at room temperature, followed by application of the
appropriate DyLight or AlexaFluor secondary antibodies (Jackson Im-
munoResearch) for 2 h. In some sections, nuclei were labeled with
Hoechst 33342 (RRID: AB_2651135; 1:1500). To visualize EdU, the
Click-iT EdU AlexaFluor 647 (Invitrogen, C10340) Imaging Kit was used
according to the manufacturer’s instructions.

FACS and immunocytochemistry
Sciatic nerve segments (5 mm distal to the sciatic notch) and dorsal
root/dorsal root ganglia (DRG; distal to dorsal root entry) were harvested
from PDGFR�:H2B-GFP mice (4 independent experiments with 2–5
mice pooled per experiment) at 10 –12 weeks of age. Tissue was finely
chopped then incubated at 37°C for 30 min in collagenase Type-IV
(Sigma-Aldrich, 1 mg/ml) followed by trituration (4� every 10 min)
until a single cell suspension was obtained. Cells were resuspended in
0.1% bovine serum albumin (BSA)/HBSS and passed through a 40 �m
filter, and GFP� and GFP NEG cells were sorted using FACS (BD Biosci-
ences FACS Aria III, pressure 20 PSI, nozzle 100 �m). Sorted cells were

collected and expanded for 1–2 weeks on coated poly-D-lysine/laminin
(20 �g/ml) plates/slides, in Schwann cell proliferation/ differentiation
media [1% horse serum, 1% penicillin/streptomycin, 2% N2, bovine
pituitary extract (20 ng/ml), neuregulin (10 ng/ml), forskolin (5 mM),
L-glutamine in DMEM/F12]. For immunocytochemistry, cells were fixed
in 2% paraformaldehyde for 5 min, then incubated with 0.5% TritonX
and 5% BSA for 1 h. Primary antibodies (Table 3) were applied overnight
at 4°C, and appropriate AlexaFluor secondary antibodies (Jackson Im-
munoResearch) were applied for 2 h at room temperature followed by
Hoechst stain (1:2000, 5 min). Images were captured on an Axio Ob-
server inverted light microscope (Zeiss) or an Observer Fluorescence
microscope (40� objective; Zeiss).

Cell counting and analysis
For assessing recombination efficiency in OPCs in the uninjured spinal
cord, the PDGFR�-CreER(I):Rosa26-eYFP and PDGFR�CreERT2(II):
Rosa26mGFP(mT/mG) T9/10 mouse spinal cord sections at time of in-
jury were processed immunohistochemically for GFP, PDGFR�, and
Olig2 (n � 3 mice/group). Recombination efficiency percentages were
reported as follows [% � (no. of nonvascular associated GFP� PDGFR��
Olig2�/no. of nonvascular associated PDGFR�� Olig2�) � 100]. An av-
erage of 150 cells was counted per mouse.

For assessing oligodendrocyte lineage cell counts in PDGFR�-CreER(I):
Rosa26-eYFP mice, we investigated either uninjured mice (uninjured 12
wpi age-matched control; n � 3) or mice post-SCI (3 wpi, n � 4; 12 wpi,
n � 6) using sections stained for Olig2 (nuclear marker specific to the
oligodendrocyte lineage), PDGFR� (OPCs), CC1 (oligodendrocytes),
and YFP (recombined cells). A blinded observer determined the lesion
epicenter by selecting the section with the least spared tissue based on
axonal staining on another slide. Systematic random sampling was
conducted in a single section (20�) at the epicenter or an equivalent
T9/10 section for uninjured 12 wpi age-matched controls. This sys-
tematic random sampling included placing a large grid over the en-
tirety of the cross-section at injury epicenter and randomly selecting a
coordinate in each 3 � 3 subgridded area and imaging all the appro-
priate boxes within these coordinates. Boxes were equally spaced

Table 1. Overview of transgenic mouse lines

Transgenic mice Labelled cell populations Cellular label Tamoxifen Reference

PDGFR�CreER TM(I): Rosa26eYFP PDGFR�� cells before injury: Cytoplasmic YFP 3 mg/d Kang et al., 2010;
OPCs for 5 d Jackson Laboratories, 006148

Short form: PDGFR�CreER(I): YFP Vascular-associated cells Short form: YFP
Central canal-associated cells
PNS endoneurial cells (fibroblast-like)

PDGFR�CreER TM(I): Rosa26mGFP(mT/mG) PDGFR�� cells before injury: Membrane-tethered 3 mg/d Kang et al., 2010;
OPCs GFP for 5 d Jackson Laboratories, 007576

Short form: PDGFR�CreER(I): mGFP Vascular-associated cells Short form: mGFP
Central canal-associated cells
PNS endoneurial cells (fibroblast-like)

PDGFR�CreER T2(II): Rosa26eYFP PDGFR�� cells before injury: Cytoplasmic YFP 3 mg/d Rivers et al., 2008;
OPCs for 5 d Jackson Laboratories, 006148

Short form: PDGFR�CreER(II): YFP Vascular-associated cells Short form: YFP
Central canal-associated cells
PNS endoneurial cells (fibroblast-like)

PDGFR�CreER T2(II): Rosa26mGFP(mT/mG) PDGFR�� cells before injury: Membrane-tethered 0.5 mg/d Rivers et al., 2008;
OPCs GFP for 2 d Jackson Laboratories, 007576

Short form: PDGFR�CreER(II): mGFP Vascular-associated cell Short form: mGFP
Central canal-associated cells
PNS endoneurial cells (fibroblast-like)

Olig2CreER TM: Rosa26eYFP Olig2 � cells before injury: Cytoplasmic YFP 3 mg/d Takebayashi et al., 2002;
OPCs for 5 d Jackson Laboratories, 006148

Short form: Olig2CreER: YFP Oligodendrocytes Short form: YFP
Population of grey matter astrocytes

P0CreER T2: Rosa26eYFP P0 � cells before injury: Cytoplasmic YFP 3 mg/d Leone et al., 2003;
Short form: P0CreER: YFP Myelinating peripheral Schwann cells Short form: YFP for 5 d Jackson Laboratories, 006148
PDGFR�:H2B-GFP Cells currently expressing PDGFR�: Cytoplasmic YFP n/a Hamilton et al., 2003;

PDGFR�� cells in CNS and PNS Short form: YFP Jackson Laboratories, 007669
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apart with 400 �m between boxes in any direction to ensure adequate
sampling. Counts were conducted within optical dissector boxes with
an area of 20,000 �m 2 each and cells were required to be Olig2� to be
included in the analysis. We then went on to count the number of
Olig2� cells that were PDGFR��, CC1�, and/or YFP�. Percentages
were calculated by taking the density of the cell of interest and divid-
ing it by the density of the total population.

For examining oligodendrocyte ensheathment/myelination in
PDGFR�-CreERT2(II): Rosa26-mGFP(mT/mG) mice, we investigated ei-
ther uninjured mice (uninjured 12 wpi age-matched control; n � 3) or
mice post-SCI (3 wpi, n � 4; 12 wpi, n � 5) using sections stained for
�3-tubulin, NF-200, and SMI312 collectively (to visualize axons), MBP
(myelin), P0 (specific to peripheral myelin), and GFP (recombined cells).
A blinded rater determined the lesion epicenter as described for assessing
oligodendrocyte lineage cell counts. High-power (63� primary magni-

fication) systematic random sampling was conducted in a single sec-
tion at the epicenter or an equivalent T9/10 section for uninjured 12
wpi age-matched controls. This systematic random sampling (as de-
scribed for oligodendrocyte lineage counts) used optical dissector
boxes equally spaced apart (in the x–y plane) with a distance of 230
�m between boxes in any direction to ensure adequate sampling. The
number of MBP� axons were counted and then of those axons, the
proportion of GFP�/ NEG sheaths around axons were counted. Addi-
tionally, we counted axons that were surrounded by GFP but were
MBP NEG. All counts were conducted within optical dissector boxes with
an area of 400 �m 2 each and extrapolated to the entire cross section of
the cord. Ensheathed/myelinated axons were only counted when a
mGFP� tube (new ensheathment/myelin) or MBP� tube (myelin
marker) entirely surrounded an axon profile (collectively: �3-tubulin�,
NF-200�, and SMI312�). Total MBP�P0 NEG axons at epicenter were
counted. Percentages of new mGFP�MBP� axons at epicenter were
calculated as follows: (mGFP�MBP�P0 NEG/MBP�P0 NEG) � 100. We
then calculated the number of GFP� tubes surrounding axons (split into
the MBP� or MBP NEG ratios) as follows: (GFP�MBP�P0 NEG) �
(GFP�MBP NEGP0 NEG).

To examine the contribution of PDGFR�� cells to Schwann cell re-
myelination after SCI, spinal cord sections from PDGFR�-CreER(I):
Rosa26-eYFP were processed immunohistochemically for �3-tubulin,
NF-200, and SMI312 collectively (to visualize axons), P0 (peripheral
myelin), and YFP (recombined cells). High-power (63� primary mag-
nification) cross-sectional images at lesion epicenter (as defined for
examining oligodendrocyte ensheathment/myelination counts) were
captured (week 12 uninjured, n � 4; 3 wpi, n � 7; 12 wpi, n � 7), and
P0�/YFP�/ NEG myelin sheaths were counted.

To examine the contribution of P0� cells to Schwann cell remyelina-
tion after SCI, spinal cord sections from P0-CreERT2:Rosa26-eYFP mice
were processed immunohistochemically for �3-tubulin, NF-200, and
SMI312 collectively, P0 and YFP. High-power (63�) images were cap-
tured to encompass the spinal cord section at the lesion epicenter (week
12 uninjured control, n � 4; 1 wpi, n � 5; 3 wpi, n � 6; 12 wpi, n � 7), and
P0�/YFP�/ NEG myelin sheaths were counted. In addition, recombina-
tion efficiency was assessed by counting the number of P0� tubes that
were colabeled with YFP in three consecutive T9/T10 dorsal and ventral
root sections in uninjured control P0-CreERT2:Rosa26-eYFP mice (n �
4). An average of 600 cells was counted per uninjured mouse.

Experimental design and statistical analysis
Generally, male or female mice were given tamoxifen at 8 –10 weeks of
age and then sustained a SCI, dorsal root, or sciatic nerve injury at 10 –12
weeks of age and tissue was harvested at different points post-injury (see
Surgical procedures for specific details). Mouse lines are defined in Table
1, overall animal numbers are outlined in Table 2, and specific animal
numbers for each quantification are outlined in the Methods section.
Imaging and cell counts were performed on a Zeiss AxioObserver.Z1
inverted confocal microscope equipped with a Yokogawa spinning
disk and Zen 2012 software (RRID: SCR_013672). Investigators were
blinded to the animal identity (i.e., uninjured control or post-injury
time point). All data are reported as means � SEM using GraphPad
Prism 5 (RRID: SCR_002798). For all analyses, quantifications were
completed on cross-sectional tissue and the significance was tested
using SPSS software (IBM; RRID: SCR_002865) and measured using
the Kruskal–Wallis test with a follow up Mann–Whitney U test (re-
ported in figure legends) and considered significant if p 	 0.05.

Results
Genetic fate mapping identifies PDGFR� progeny in the adult
spinal cord
We systematically assessed the ability of different cell types to
form myelinating cells in response to SCI using seven transgenic
mouse lines. Due to the inducible nature of Cre recombinase by
tamoxifen in the main six mouse lines used for in vivo fate map-
ping experiments, cells were labeled before injury with no addi-
tional recombination taking place after SCI. Animals were

Table 2. Overview of specific animal numbers that underwent quantitative or
qualitative analysis

Group
Qualitative
analysis

Quantitative
analysis

PDGFR�CreER TM(I): Rosa26eYFP
Time of injury (uninjured spinal cord) 6 3
3 wpi (injured spinal cord) 10 7
12 wpi (injured spinal cord) 10 7
Week 12 uninjured (uninjured spinal cord) 6 4
Time of injury (uninjured sciatic nerve) 3
No TA controls (injured spinal cord) 3
No TA controls (uninjured spinal cord) 3

PDGFR�CreER TM(I): Rosa26mGFP(mT/mG)
Time of injury (uninjured spinal cord) 3
3 wpi (injured spinal cord) 3
12 wpi (injured spinal cord) 10
Week 12 uninjured (uninjured spinal cord) 6
Time of injury (uninjured sciatic nerve) 3
4 wpi (injured sciatic nerve) 3
12 wpi (injured sciatic nerve) 3
4 wpi (injured dorsal root 3
12 wpi (injured dorsal root) 6
No TA controls (injured spinal cord) 2
No TA controls (uninjured spinal cord) 2

PDGFR�CreER T2(II): Rosa26eYFP
12 wpi (injured spinal cord) 6
Week 12 uninjured (uninjured spinal cord) 6
No TA controls (injured spinal cord) 2
No TA controls (uninjured spinal cord) 2

PDGFR�CreER T2(II): Rosa26mGFP(mT/mG)
Time of injury (uninjured spinal cord) 6 3
3 wpi (injured spinal cord) 6 4
12 wpi (injured spinal cord) 6 5
Week 12 uninjured (uninjured spinal cord) 6 3
No TA controls (injured spinal cord) 2
No TA controls (uninjured spinal cord) 2

Olig2CreER TM: Rosa26eYFP
Time of injury (uninjured spinal cord) 3
12 wpi (injured spinal cord) 10
Week 12 uninjured (uninjured spinal cord) 6
No TA controls (injured spinal cord) 4
No TA controls (uninjured spinal cord) 4

P0CreER T2: Rosa26eYFP
Time of injury (uninjured spinal cord) 6
1 wpi (injured spinal cord) 6 5
3 wpi (injured spinal cord) 6 6
12 wpi (injured spinal cord) 10 7
Week 12 uninjured (uninjured spinal cord) 6 4
Time of injury (uninjured sciatic nerve) 3
No TA controls (injured spinal cord) 2
No TA Controls (uninjured spinal cord) 2

See Materials and Methods for specific animal numbers for each analysis.
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allowed to survive for 3 or 12 weeks after SCI. The first goal of our
study was to obtain an estimate of the amount of new myelin
formation following SCI and determine its cellular origin. As it is
widely accepted that oligodendrocytes are produced via the dif-
ferentiation of OPCs, we performed OPC fate mapping with two

independent mouse lines driving the expression of a tamoxifen-
inducible Cre recombinase under the PDGFR� promoter:
PDGFR�-CreER mice [Kang et al., 2010; denoted throughout as
PDGFR�-CreER(I)] and PDGFR�-CreERT2 mice (Rivers et al.,
2008; denoted throughout as PDGFR�-CreER(II)].

Table 3. Primary antibody table

Primary antibody Used as a marker for Host Source, Catalog#, RRID Ratio; IHC/ICC

APC (CC1 Clone) Oligodendrocytes Mouse, Calbiochem, OP80 1:300; IHC
IgG2b� RRID: AB_2057371

�SMA clone EPR5368 Fibroblast-like phenotype Rabbit Millipore, MABT381 1:500; ICC
RRID: AB_11203118

�SMA Vascular-associated cells (type B pericytes as defined by Göritz et al., 2011) Rabbit Abcam, ab5694 1:500; IHC
RRID: AB_2223021

�3-tubulin (Tuj1) Neural-specific tubulin Mouse, IgG2bk Sigma-Aldrich, T8660 1:1000; IHC
RRID: AB_477590

Contactin-associated protein (Caspr) Paranodes Rabbit Abcam, ab34151 1:500; IHC
RRID: AB_869934

Fibronectin Fibroblasts and extracellular matrix Mouse Sigma-Aldrich, F7387 1:400; IHC
RRID: AB_476988

GFAP Reactive astrocytes Rabbit DAKO, Z0334 1:1000; IHC
RRID: AB_10013382

GFP Reporter � cells (YFP � or GFP�) Chicken Abcam, ab13970 1:1000; IHC
RRID: AB_300798

GFP Reporter � cells (YFP � or GFP�) Goat Rockland, 600-101-215 1:500; IHC
RRID: AB_218182

GFP Reporter � cells (YFP � or GFP�) Rabbit Abcam, ab290 1:6000; IHC
RRID: AB_303395

GFP Reporter � cells (YFP � or GFP�) Rat Nacalai tesque, 04404-84 1:1000; IHC
RRID: AB_10013361

GFP Reporter � cells (YFP � or GFP�) Mouse, IgG1 Millipore, mab3580 1:500; IHC
RRID: AB_94936

Glut1 Endothelial cells Goat Santa Cruz, sc-1605 1:200; IHC
RRID: AB_2239463

Krox 20 (Egr2) Myelinating Schwann cells Rabbit Covance PRB-236P 1:500; IHC
RRID: AB_291594

Laminin Basal lamina, extracellular matrix Rabbit Sigma-Aldrich, L9393 1:200; IHC
RRID: AB_477163

MBP Myelin Chicken Aves, MBP 1:200; IHC
RRID: AB_2313550

MBP Myelin Goat Santa Cruz Biotechnology, sc-13914 1:500; IHC
RRID: AB_648798

MYRF, GM98 (N-terminus) Differentiated oligodendrocytes Rabbit Gift from Dr. Wegner 1:500; IHC
Nestin, clone 2Q178 consistent with an immature/ proliferative Schwann cell phenotype Mouse Santa Cruz Biotechnology, sc-58813 1:500; ICC

RRID: AB_784786
Neurofilament 200 Heavy chain neurofilaments Mouse, IgG1 Sigma-Aldrich, N0142 1:1000; IHC

RRID: AB_477257
NG2 Oligodendrocyte precursors Rabbit Millipore, AB5320 1:200; IHC

RRID: AB_11213678
Olig2 Oligodendrocyte precursors and oligodendrocytes Rabbit Millipore, AB9610 1:300; IHC

RRID: AB_10141047
P0 Myelinating Schwann cells, peripheral myelin Chicken Aves, PZ0 1:100; IHC

RRID: AB_2313561
P75NTR Consistent with an immature/ proliferative Schwann cell phenotype Rabbit Millipore, AB1554 1:200; ICC

RRID: AB_11211656
P75NTR Non-myelinating Schwann cells Rabbit Sigma-Aldrich, N3908 1:100; IHC

RRID: AB_260763
PDGFR� Oligodendrocyte precursors, type A pericytes (as defined by Göritz et al., 2011) Goat R&D Sytems, af1062 1:100; IHC

RRID: AB_2236897
PDGFR� Type A pericytes (as defined by Göritz et al., 2011) Rabbit Abcam, ab32570 1:100; IHC

RRID: AB_777165
Reca 1, clone HIS52 Endothelial cells Mouse, IgG1 Serotec, MCA970R 1:500; IHC

RRID: AB_323297
SMI312 Pan neurofilaments Mouse Covance, SMI-312R-100 1:1000; IHC

RRID: AB_509993
Sox2 Consistent with an immature/ proliferative Schwann cell phenotype Rabbit Stemgent, 09-0024 1:200; ICC

RRID: AB_2195775
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We examined the extent and identity of recombined cells
(defined as cells that were PDGFR� promoter active cells at
the time of tamoxifen dosing and hence positive for YFP or
mGFP) in the adult uninjured control PDGFR�-Cre:-YFP or
-mGFP mice. Tamoxifen was administered at 8 –10 weeks of
age, and recombination in the spinal cord with the attached
dorsal roots was examined 14 d later (Figs. 1, 2). In all four mouse
lines, tamoxifen-induced Cre activation induced abundant and

robust expression of YFP or mGFP. The PDGFR�-CreER(I):
Rosa26-mGFP(mT/mG) and PDGFR� CreER(II):Rosa26-eYFP
mouse lines were investigated to confirm observations made in
separate mouse lines but no quantification was performed in
these mice. Oligodendrocyte lineage cells are identifiable by char-
acteristic protein expression: Olig2 is expressed in both OPCs and
mature oligodendrocytes, whereas PDGFR� and NG2 are ex-
pressed in OPCs, and CC1 and myelin regulatory factor (MYRF)

Figure 1. Genetic labeling of NG2 glia in tamoxifen-inducible PDGFR�CreER uninjured control mice. a, b, After the 2 week tamoxifen washout period, Tamoxifen-induced YFP expression in the
cytoplasm was observed in two independent PDGFR�CreER mouse lines (I and II) crossed to the YFP reporter line. The majority of PDGFR�� (red)/Olig2� (blue) cells exhibited recombination
(green) in PDGFR�CreER( I):YFP mice (a, a�); recombination was more modest in PDGFR�CreER(II):YFP mice (b, b�) when observed in uninjured control mice at 14 d post-tamoxifen treatment. c, d,
In both lines, YFP (green), Olig2 (red), and PDGFR� (blue) were coexpressed (c), and the recombined population of cells was also coexpressed with the NG2� (red) population. Arrows point to rare
examples of GFP� cells not overlapping with NG2� cell (d). e, PDGFR�CreER mice were crossed with membrane-tethered (mGFP; green). f, 3D rendering at 14 d after tamoxifen treatment, the
majority of PDGFR�� cells are recombined (mGFP�; green, arrows) with a small subset of PDGFR�� cells not recombined (arrowhead). It was rare to find recombined cells that had matured into
an oligodendrocyte (CC1�; blue) at time of injury. g, Confocal image including Z-plane from outlined box in f demonstrating that PDGFR� does not overlap with CC1 (blue) cells but it is two
independent cells on top of one another. All images were taken in spinal cord cross sections. Scale bars: a, b, e, 200 �m; d, 50 �m; a�, b�, c, f, 10 �m .
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are specific to oligodendrocytes (Kitada and Rowitch, 2006; Em-
ery et al., 2009; Bujalka et al., 2013). Example images taken 2
weeks after tamoxifen induction, at the time when the injury
would have been inflicted, demonstrate YFP colabeling with OPC

markers PDGFR�/Olig2 (Fig. 1a–c) and NG2 (Fig. 1d), in cells
that have a typical OPC morphology visualized with the
membrane-tethered reporter (Fig. 1e,f). The recombination effi-
ciency at the time of injury (number of nonvascular GFP�

Figure 2. Recombination in central canal-associated cells, vascular associated cells and a subset of PNS endoneurial cells in PDGFR�CreER uninjured control mice. a, b, In the uninjured spinal cord
of PDGFR�CreER:YFP or mGFP mice, recombination (green) was observed in a subset of blood vessel-associated cells (arrow) located on the outside of the endothelial layer (RECA, red; Glut1, blue)
but inside the outer basal lamina, (red; c) consistent with the location of pericytes. The majority of the YFP-expressing vascular-associated cells expressed PDGFR� (blue; d) and PDGFR� (red; d),
referred to previously as type A pericytes. A small subset of the YFP� vascular associated cells appeared to coexpress of YFP (green) and �SMA (red; e; referred to previously as a type B pericytes
marker). f, g, Recombination can also be seen in a small number of cells located peripherally in the wall of the central canal, each with a process extending into the lumen of the canal (f ); these cells
were also NG2� (red; g). h–l, A subset of endoneurial cells and pericytes (green) that exhibited recombination (i.e., YFP� or mGFP�) were found in the dorsal root (h), DRG (i), and sciatic nerve
(j) in the uninjured PNS in both lines of PDGFR�CreER. Many recombined cells in the dorsal root coexpressed fibronectin (blue; k). Rarely were YFP� pericyte cell bodies encountered (e.g., arrow,
nucleus, 3D rendering; l ) with associated processes encircling blood vessels in the dorsal root. m, Importantly, recombined cells in the dorsal root did not coexpress the non-myelinating
Schwann cell marker p75 (cyan; m), or the myelinating Schwann cell marker P0 (red; i, j, l, m). All images were taken in spinal cord cross section. Scale bars: a, 100 �m; i, 50 �m; b, c,
f, g, h, j, k, m, 10 �m; d, e, l, 5 �m.
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Figure 3. PDGFR�� progenitors proliferate and contribute to oligodendrocyte lineage cells in response to SCI. a, Timeline for SCI experiment. Tamoxifen was administered to 8- to 10-week-old
mice; mice were given a 2 week tamoxifen washout period before a T9/T10 contusion SCI. Twelve weeks after SCI, recombined YFP� cells incorporated EdU (red; b) and many recombined cells
(green) differentiated into CC1-expressing (red) oligodendrocytes (c, arrow). Note the schematic in top right corner of images indicates approximate location where image was taken based on spinal
cord cross section. Using the mGFP reporter mice, a small subset of recombined cells continue to express PDGFR� (blue; d, arrow), whereas the majority of recombined cells are now oligodendrocytes
with extended processes ensheathing/myelinating axons and expressing MYRF (red; e, arrow). f, mGFP� oligodendrocytes expressed the paranodal marker Caspr (arrows) with split channels (f�).
There were no differences observed in the overall number of OPCs (PDGFRa�Olig2�) or recombined OPCs (YFP�PDGFRa�Olig2�) across the groups (g). h, The amount of total oligodendrocytes
and new YFP� oligodendrocytes differed significantly among the groups (�(2)

2 � 8.57, p � 0.014 and �(2)
2 � 6.18, p � 0.045, respectively). There was a decrease in the overall oligodendrocytes

(CC1�Olig2�) at 3 and 12 wpi compared with the week 12 uninjured group (U(5) � 0.00, p � 0.034 and U(7) � 1.00, p � 0.039, respectively; h). There were more overall oligodendrocytes at 12
wpi compared with 3 wpi (U(8) �2.00, p�0.033; h). There were more new oligodendrocytes (YFP�CC1�Olig2�) at 12 wpi compared with the week 12 uninjured group (U(7) �0.00, p�0.020;
h) but the difference observed between the week 12 uninjured group and 3 wpi did not reach significance (U(5) � 1.00, p � 0.07; h). I, Among the total (Figure legend continues.)
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PDGFR�� cells divided by the total number of nonvascular
PDGFR�� cells) in the spinal cord of PDGFR�-CreER(I):YFP
and PDGFR�-CreER(II):mGFP mice was 85 � 2% and 69 � 1%,
respectively.

In addition to cells in the oligodendrocyte lineage, tamoxifen-
induced recombination was also observed to a lesser extent in
other PDGFR�-expressing cells in both PDGFR�-CreER:YFP or
mGFP mice lines. Within the CNS, we encountered recombina-
tion in vascular-associated cells (Fig. 2a–e). Blood vessel-asso-
ciated cells expressing YFP were located on the outside of the
endothelial layer (delineated by RECA and Glut1; Fig. 2a,b) and
on the inside of the outer basal lamina (Fig. 2c), consistent with
the location of pericytes. The majority of YFP� cells in this re-
gion expressed PDGFR� and PDGFR� (Fig. 2d) which classifies
them as type A pericytes (Göritz et al., 2011). A second small
subset of YFP� vascular-associated cells appeared to also express
the vascular-associated cell marker �SMA (Fig. 2e; defined as
type B pericytes by Göritz et al., 2011). We occasionally observed
recombination in some central canal-associated cells, whose cell
bodies were located immediately outside of the ependymal layer
with a process extended toward the lumen of the canal (Fig. 2f,g).

In the PNS, recombined cells in PDGFR�-CreER:-YFP or
-mGFP mice were found in the dorsal root (Fig. 2h), DRG (Fig.
2i), and sciatic nerve (Fig. 2j). These GFP� cells in the PNS are
endoneurial cells and expressed fibronectin (Fig. 2k). YFP�
vascular-associated cell bodies were also encountered in the PNS
(Fig. 2l), with associated processes encircling blood vessels in the
dorsal root. Importantly, recombined cells in the dorsal root did
not coexpress the myelinating Schwann cell marker P0, or p75
which is typically expressed in non-myelinating Schwann cells
(Fig. 2i,j,l,m).

PDGFR�� cells, recombined before injury, contribute to new
oligodendrocyte ensheathment/myelination after SCI
To estimate the amount of new ensheathment/myelin formed by
endogenous oligodendrocytes after SCI, we performed lineage
tracing of OPCs in PDGFR�-CreER:-YFP or -mGFP mice recom-
bined before injury (Fig. 3a). Twelve weeks after SCI, YFP� cells
had retained EdU (Fig. 3b), indicating that they proliferated in
response to the trauma. In contrast to the uninjured scenario (at
time of injury), where the majority of recombined cells coex-
pressed PDGFR� and NG2 (indicating they are OPCs; Fig. 1),
most of the recombined cells at 12 weeks after SCI coexpressed
CC1 (identifying them as new oligodendrocytes; Fig. 3c). In
mGFP mice (i.e., carrying the membrane-tethered reporter), re-
combined cells with the morphological features of both OPCs
and oligodendrocytes were highly enriched around the injury
site, and these cells were also encountered at great distances from
the injury epicenter. These morphological cellular features of re-
combined cells correlated with immunohistochemical profiling:

OPCs characterized by ramified processes and the expression of
PDGFR� (Fig. 3d) and a larger percentage of mature oligoden-
drocytes with tube formation and rostro-caudally aligned pro-
cesses also expressed the transcription factor MYRF which is
essential for myelination (Fig. 3e; Emery et al., 2009; Koenning et
al., 2012). Crucially, the expression of the contactin-associated
protein (Caspr) in the axonal-glial contacts of the paranodes
could be easily colabeled with mGFP� tubes, indicative of the
presence of Ranvier nodes and suggestive of oligodendrocyte en-
sheathment and ongoing myelination (Fig. 3f).

To quantify the extent of new oligodendrocytes formed after
SCI, we performed analysis in PDGFR�-CreER(I):YFP mice and
coimmunostained Olig2� cells for either, PDGFR� (OPCs) or
CC1 (oligodendrocytes), and counted their total number and
their number also staining for YFP� (recombined cells). Re-
combined YFP� cells colabeling with Olig2 and PDGFR� rep-
resent OPCs and colabeling with Olig2 and CC1 is indicative of
differentiation into oligodendrocytes. There was no difference
observedfollowinginjury inthedensityof totalOPCs(PDGFR��
Olig2�cells) nor in the recombined subpopulation of OPCs
(YFP�PDGFR��Olig2�; Fig. 3g). In contrast, there were sig-
nificantly more oligodendrocytes at 12 wpi compared with 3 wpi
(Fig. 3h). Presumably this increase in new oligodendrocytes was
due to OPC differentiation into new oligodendrocytes as there
were more new oligodendrocytes (YFP�CC1�Olig2�) at 12
wpi compared with the 12 week uninjured control group (Fig.
3h). We found that oligodendrocytes continued to differentiate
between 3 and 12 wpi as there was a higher percentage of recom-
bined new oligodendrocytes (83%) compared with 3 wpi (65%)
and the week 12 uninjured groups (49%) (Fig. 3i). Reciprocally,
the 12 wpi group showed the lowest percentage of recombined
OPCs (17%) compared with the 3 wpi (35%) and week 12 unin-
jured groups (51%; Fig. 3i) in the recombined oligodendrocyte
lineage (YFP�Olig2�). Further, our data reveal that there is a
fivefold increase in the amount of new oligodendrocytes at 12 wpi
(13,929 � 1356) compared the 12 week uninjured control group
(2978 � 1031) and that 53% of the epicenter oligodendrocytes at
12 wpi are from new YFP� oligodendrocytes (Fig. 3i). Collec-
tively, these data demonstrate that following SCI there is consid-
erable oligodendrogenesis from PDGFR�� OPCs recombined
before injury, and this is a prolonged process after SCI.

To determine the extent of ensheathment/myelination by re-
combined PDGFR�� cells, we performed quantitative analyses
in PDGFR�-CreER(II):mGFP mice using cross-sections of the
spinal cord from animals 3 or 12 wpi and uninjured age-matched
controls (Fig. 4). At 3 and 12 wpi, mGFP� cells could be visual-
ized extending processes that surrounded nearby axons but only
some of these mGFP� tubes colabeled with MBP (Fig. 4a,b).
Following a moderate-severe contusion SCI, there was a �75%
reduction in the number of MBP� myelin sheaths remaining at 3
and 12 weeks after SCI compared with the uninjured age-
matched spinal cord (Fig. 4c). By 3 weeks post-SCI there were
newly generated oligodendrocyte-derived myelin sheaths (i.e., in
mGFP�MBP�P0 NEG cells); the production of new oligoden-
drocyte-derived myelin sheaths continued as the percentage of
these newly generated sheaths increased by 12 wpi (Fig. 4d). The
percentage of new myelin produced by oligodendrocytes accounted
for �20% of the total myelinated axons at the epicenter (i.e.,
mGFP�) by 12 wpi. This percentage of newly myelinated axons
represents an underestimate, because recombination efficiency in
this mouse line was only 68% (calculated during initial mouse char-
acterization). When we account for this recombination efficiency we
estimate that de novo myelin generation at injury epicenter by 12

4

(Figure legend continued.) YFP�Olig2� population, the percentages of oligodendrocytes
(YFP�CC1�Olig2�) and the percentages of OPCs (YFP�PDGFR��Olig2�) differed signif-
icantly among the groups (�(2)

2 � 8.27, p � 0.016; �(2)
2 � 8.27, p � 0.016, respectively).

Among the total YFP�Olig2� population, there was a higher percentage of oligodendrocytes
(YFP�CC1�Olig2�) at 12 wpi compared with both 3 wpi (U(8) � 2.00, p � 0.033) and the
week 12 uninjured control group (U(7) � 0.00, p � 0.02; i). Reciprocally, there was a lower
percentage of OPCs (YFP�PDGFR��Olig2�) at 12 wpi compared with the 3 wpi (U(8) �
2.00, p � 0.033) and the week 12 uninjured control group (U(7) � 0.00, p � 0.02; i). Images
were taken in both epicenter spinal cord cross sections (b–d) and longitudinal sections (e) near
epicenter. *p	0.05;�p	0.1. Scale bars: b, c, 20 �m; e, 15 �m; d, f, 10 �m; f�, 2 �m. Error
bars represent the SEM.
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Figure 4. Extensive new ensheathment/myelination by oligodendrocytes derived from PDGFR�� progenitors 12 weeks after SCI. Twelve weeks after contusion injury, large numbers of
membrane-bound mGFP� tubes (green) were observed in PDGFR�CreER (II):mGFP mice indicating new ensheathment/myelination (a, b). Slides were stained with antibodies for axons (a, white;
b, blue), MBP (a, red; b, purple), mGFP (green), and P0 (data not shown). Note that some images are displayed as flattened images (combining large numbers of z-stacks into one image; a, b, b�),
whereas others are a single z-stack image (a confocal optical section; a�, b�). A proportion of sheaths coexpressed MBP [a�, b�; single optical plane at higher-magnification; arrows denote clear
mGFP� (green) and MBP� (red or purple) tubes]. c–e, Quantification of axons myelinated by oligodendrocytes after SCI (i.e., MBP�, P0 NEG processes) at the (Figure legend continues.)
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weeks after SCI approaches 30%. To our surprise, even at 12 wpi
approximately one-third of these mGFP� rings surrounding axons
did not reveal detectable MBP expression, suggesting that mGFP�
tubes label either OPC processes engaging with axons or early oligo-
dendrocyte ensheathment (MBPNEG; Fig. 4e). De novo myelin pro-
duction in the uninjured age-matched spinal cord was much slower
and 2.16% of the MBP�P0NEG myelin sheaths were mGFP�, i.e.,
newly generated over a comparable period of 12 weeks (Fig. 4d).
Together, these data demonstrate that there is a 6- to 10-fold increase
in de novo myelination at the lesion epicenter in the 3 months fol-
lowing SCI compared with uninjured age-matched controls.

The majority of myelinating Schwann cells in the injured
spinal cord are derived from PDGFR�� cells
Schwann cell myelination is prominent following contusive SCI,
and PDGFR�� cells have been show to produce myelinating

Schwann cells following chemical demyelination (Zawadzka et
al., 2010). To determine whether PDGFR�� cells are also re-
sponsible for Schwann cell myelination, we examined the expres-
sion of myelinating Schwann cell markers in recombined cells
of PDGFR�-CreER:-YFP or -mGFP mice. In PDGFR�-CreER:
mGFP mice the membrane-tethered reporter allowed us to read-
ily visualize coexpression of mGFP and P0 in myelin tubes after
SCI, suggesting that PDGFR�� cells gave rise to myelinating
Schwann cells after contusion SCI (Fig. 5a–d, arrows). Twelve
weeks after SCI, PDGFR�� progenitor-derived Schwann cell
tubes exhibited many characteristics of mature Schwann cell my-
elin including the expression of Caspr in the axonal-glial contacts
of the paranodes (Fig. 5a) as well as the formation of Schmidt-
Lanterman incisures (Fig. 5b). Although this was not quantified,
example images revealed that recombined myelinating Schwann
cells expressed the transcription factor Krox20 (Fig. 5c) and were
surrounded by a basal lamina staining for laminin (Fig. 5d),
both hallmarks of myelinating Schwann cells. Importantly,
P0�, PDGFR�-derived myelin was abundant in both inde-
pendent PDGFR�-CreER mouse lines (i.e., lines I and II) after
SCI and PDGFR�-fate mapping did not label Schwann cells in
the peripheral nerve (Fig. 2h–m).

We next examined the distribution and contribution of OPC-
derived myelinating Schwann cell profiles in the PDGFR�-
CreER:-YFP or -mGFP mice to the myelination of axons at the
SCI epicenter (Fig. 6a–d,f). We observed that the P0� Schwann
cell myelin was most concentrated in the dorsal regions of the
cord near the injury epicenter. Due to the nature of the dorsal
contusion injury, the cytoarchitecture of the spinal cord was most
disrupted within the lesion core and in the dorsal column re-
gions, indicated by sparse glial fibrillary acidic protien (GFAP)
staining (Fig. 6a�). Twelve weeks after SCI, these dorsal areas of
substantial astrocyte loss were populated by YFP� myelin
sheaths that also expressed the Schwann cell-specific myelin

4

(Figure legend continued.) lesion epicenter demonstrated group differences (�(2)
2 � 6.37, p �

0.041; c) with significantly less myelinated axons at 3 and 12 wpi compared with uninjured
age-matched controls (U(5) �0.00, p �0.034 and U(6) �0.00, p �0.025, respectively; c). The
percentage of newly myelinated axons (surrounded by both mGFP�and MBP� tubes) to total
myelinated axons (surrounded by just MBP� tube) differed by group (�(2)

2 � 8.48, p � 0.014)
and were significantly higher at 12 wpi compared with 3 wpi and uninjured age-matched controls
(U(7) � 0.00, p � 0.014 and U(6) � 0.00, p � 0.025; d). Quantification of MBP expression in
mGFP� sheaths indicative of new myelin (open portion of bar) and of MBP NEG mGFP�
sheaths indicative of either OPC process wrapping or merely ensheathing oligodendrocytes (e,
closed portion of bar). Quantification of total mGFP�P0 NEG sheaths (combined open and
closed portion of bar) differed between groups (�(2)

2 � 6.37, p � 0.041) with significantly
more overall mGFP�P0 NEG sheaths at 12 wpi compared with uninjured age-matched controls
(U(6) � 0.00, p � 0.025; e). Quantification of MBP expression in mGFP� sheaths indicative of
new myelin (open portion of bar) differed between groups (�(2)

2 � 6.37, p � 0.041) with
significantly more mGFP�MBP�P0 NEG tubes at 12 wpi compared with uninjured age-
matched controls (U(6) � 0.00, p � 0.025; e). All images were taken in epicenter spinal cord
cross sections. *p 	 0.05. Scale bars: b, 200 �m; a, 100 �m; b�, 20 �m; a�, b�, 5 �m. Error
bars represent the SEM.

Figure 5. PDGFR�� progenitor-derived Schwann cells express typical hallmarks of Schwann cell myelination in PDGFR�CreER:mGFP mice. a, b, Arrows point to paranodal marker Caspr (white; a) and to
Schmidt-Lanterman incisures (area where myelin is less compact allowing an accumulation of GFP antibody and a decrease in P0; b, arrows); both indicative of mature nodes of Ranvier and myelination. c, d, 12
weeksafter injury, recombinedmyelinatingSchwanncellsexpressedthetranscriptionfactorKrox20(c,arrow)andweresurroundedbyabasal lamina(d,arrowspointtocellbody),bothhallmarksofmyelinating
Schwann cells. All images taken in spinal cord longitudinal sections near epicenter. Scale bars: b–d, 5 �m; a, 3 �m.
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marker P0 (Fig. 6a,a�,a
). Because Schwann cell myelin is sur-
rounded by a thicker cytoplasmic outer wrapping compared with
oligodendrocyte myelin, we were able to observe distinct recom-
bined rings around Schwann cell-myelinated axons in both the
YFP (Fig. 6a–d) and mGFP (Fig. 6e) reporter lines. Schwann cell
myelin sheaths in the vicinity of the dorsal root entry zone were
typically not derived from PDGFR�� cells (i.e., were YFP NEG; Fig.
6c�); in contrast, the medial dorsal columns contained many P0�
and YFP� myelin sheaths (Fig. 6c
). Recombined P0� myelin
sheaths possessed morphological characteristics indicative of
myelinating Schwann cells. For example, they myelinate axons
with a one-to-one sheath-to-cell ratio (Fig. 6d, arrowheads) and
expressed a basal lamina (Fig. 5d). Recombined myelinating

Schwann cells were also observed in mGFP reporter mice (Fig.
6e,e�). The number of myelinating Schwann cell profiles derived
from recombined PDGFR� progenitors (YFP�) in the injured spi-
nal cord increased over time; by 12 weeks post-SCI, 67 � 7.4% of the
P0� myelin coexpressed YFP suggesting an ongoing production of
Schwann cells by PDGFR� progenitors after injury (Fig. 6f). In con-
trast, there was no change in the extent of ensheathment/myelina-
tion by peripherally derived (YFPNEG) Schwann cells between 3 and
12 weeks post-SCI. The percentage of recombined myelinating
Schwann cell profiles represents a slight underestimate considering
that the recombination efficiency in this mouse line was 84%. After
accounting for this recombination efficiency, we estimate that �70–
80% of the myelinating Schwann cell profiles at injury epicenter 12

Figure 6. The majority of myelinating Schwann cells in the injured spinal cord are derived from PDGFR�� progenitors. a, Twelve weeks after spinal cord contusion in PDGFR�CreER:YFP or mGFP
mice, P0� (red) Schwann cell myelin was abundant within the dorsal columns in areas of substantial astrocyte loss. There were two distinct populations (a�) of P0� myelin sheaths, a YFP NEG

population (c�) and a YFP� population (b, c�); most YFP NEG P0� myelin sheaths were found closer to the dorsal root entry zone, whereas the YFP� P0� sheaths were found mainly medially in
the dorsal column (c�). b, Arrowheads point to YFP�/P0�myelin sheaths with the cell bodies of a Schwann cells in the image plane. The arrow denotes an oligodendrocyte ensheathed YFP�nerve
fiber. The arrowheads denote fibers with a clear one-to-one sheath-to-cell ratio typical for Schwann cells (d, arrowheads). e, Schwann cell myelination was also apparent using the membrane-
tethered reporter mGFP and horizontal sections through the lesion site (e, e�; dorsal to the left). f, The number of YFP� myelinating Schwann cell profiles (green portion of bar) increased between
3 and 12 weeks after SCI (U(12) � 0.00, p � 0.001). There were significantly more overall myelinating Schwann cell profiles (gray � green portion of bar) at 12 wpi compared with 3 wpi (U(12) �
8.00, p � 0.035) and the majority of P0� tubes were also YFP�. Images were taken in both epicenter spinal cord cross sections (a–d) and longitudinal sections near epicenter (e). *p 	 0.05. Scale
bars: a, e, 200 �m; c�, c�, a�, a�, 20 �m; e�, 10 �m; b, d, 5 �m. Error bars represent the SEM.
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weeks after SCI were derived from PDGFR�
cells and their progeny. Keeping in mind
that PDGFR� labels several populations
of cells in the spinal cord and dorsal root,
these data are consistent with an early ap-
pearance of Schwann cells derived from
PDGFR�NEGcells, presumably migratory
Schwann cells (see section below on periph-
eral derived Schwann cells and their contri-
bution to injury), from the dorsal root entry
zone coupled with an ongoing increase of
Schwann cells derived from PDGFR��
cells and their progeny.

Olig2� cells give rise to P0� Schwann
cells in response to contusion SCI
Considering that fate mapping using
PDGFR-�CreER:-YFP or -mGFP mice la-
bels other cell types in addition to OPCs,
we wanted to test whether cells specific to
the oligodendroglial lineage can give rise
to P0� myelinating Schwann cells after
SCI. We lineage traced the Olig2� cells
using Olig2-CreER:YFP mice. In the spinal
cord of uninjured control Olig2-CreER:
YFP mice, we observed tamoxifen-induced
recombination in oligodendrocytes and
OPCs (Fig. 7a), as well as in a subset of
gray matter astrocytes, as previously de-
scribed (Dimou et al., 2008). Importantly,
unlike the PDGFR�-CreER:-YFP or
-mGFP lines, there was no recombination
in vascular-associated cells, central canal-
associated cells, or cells in the dorsal roots
(Fig. 7b), suggesting that the only cellular
overlap between Olig2-CreER and PDGFR�-
CreER is with OPCs. Despite having a low
recombination efficiency in OPCs at time
of injury compared with the PDGFR�
CreER mice, Olig2CreER:YFP� cells were
encountered in the dorsal columns (Fig.
7c) and adjacent to the lesion epicenter
cavity, at 12 weeks after SCI (Fig. 7d). A
subset of these recombined cells expressed
P0 and exhibited the morphology of typi-
cal myelinating Schwann cells (Fig. 7d).
This confirms that cells of the oligoden-
droglial lineage give rise to myelinating
Schwann cells after contusion SCI.

Recombined PDGFR�-expressing cells
from the PNS do not give rise to
myelinating Schwann cells in vitro or
in vivo
Migration of Schwann cells from the pe-
riphery into the CNS parenchyma was
originally considered the primary source
of myelinating Schwann cells after SCI
(Franklin and Blakemore, 1993). To ex-
amine the potential of peripheral
PDGFR�-expressing cells to give rise to
myelinating Schwann cells, we FACS-
isolated GFP� (and GFP NEG) cells from

Figure 7. Olig2� cells give rise to myelinating Schwann cells after SCI. Olig2creER:YFP mice were used to fate-map oligoden-
droglial lineage cells. a, In the uninjured thoracic spinal cord, recombination (YFP; green) occurred in Olig2� cells (white) across
the oligodendrocyte lineage [preferentially observed in CC1� oligodendrocytes (red) and to a lesser extent PDGFR�� OPCs
(blue)] and a subset of gray matter GFAP� astrocytes. b, There was no recombination observed in cells associated with the central
canal [blue outline surrounds central canal; split channels with axons (white) and YFP (green); b�] or the PNS (dorsal root; b�). c,
12 weeks after SCI, YFP� cells were abundant at the lesion epicenter and a subset of the YFP� cells demonstrated typical
Schwann cell markers and morphology in the dorsal columns (c�, c�) and in close proximity to a cavitation at the epicenter (d, d�).
All images were taken in spinal cord cross sections. Scale bars: a–c, 200 �m; d, 50 �m; a�, 20 �m; b�, b�, b�, c�, c�, d�, 10 �m.

Assinck et al. • Myelinogenic Plasticity of OPCs after SCI J. Neurosci., September 6, 2017 • 37(36):8635– 8654 • 8647



Figure 8. PDGFR�� cells from the adult DRG and spinal root of PDGFR�:H2BGFP mice do not exhibit Schwann cell fate in vitro. Sciatic nerve (a) and DRG/spinal root (b) -derived cell suspensions
from adult PDGFR�:H2BGFP mice were sorted for GFP-expression by FACS. c–f, PDGFR�:H2BGFP� and PDGFR�:H2BGFP NEG cells were grown in Schwann cell proliferation/differentiation media
for 1 week. The bipolar morphology of PDGFR�H2BGFP NEG cells was consistent with Schwann cell differentiation (d, f, arrow). PDGFR�H2BGFP� (Figure legend continues.)
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dorsal root/DRG and from sciatic nerves of adult PDGFR�:H2B-
GFP mice and characterized the fate of these cells in vitro (Fig. 8).
When grown in Schwann cell proliferation/differentiation media
for 1 week, GFP NEG cells exhibited a bipolar morphology consis-
tent with Schwann cell differentiation (Fig. 8d,f), whereas GFP�
cells assumed a flattened morphology (Fig. 8c,e). Cells from the
GFP NEG cell fraction (Fig. 6o–v) expressed proteins characteristic
of Schwann cell precursors, such as p75 (o,p), nestin (q,r), and
Sox2 (s,t). In contrast, GFP� cells (Fig. 8g–n) did not express
Schwann cell lineage markers, but expressed �SMA, consistent
with a fibroblast-like fate.

Considering that progenitor populations can behave differ-
ently in their quiescent state compared with in the wake of injury,
where they have been noted to proliferate and contribute to re-
pair (Joe et al., 2010; Almad et al., 2011), we wanted to specifically
look at the responses of the peripheral PDGFR� recombined
precursors in response to local injury. To determine whether
injury-activated PDGFR�� cells in the dorsal root or sciatic
nerve produce myelinating Schwann cells, PDFGR�-CreER:
mGFP mice were given tamoxifen 2 weeks before dorsal root (Fig.
9a,b,d) and sciatic nerve (Fig. 9c) crush injuries. After PNS injury,
recombined cells with a flattened and branched morphology were
numerous in the endoneurial spaces (Figure 9a–c). Twelve weeks
after dorsal root crush (Fig. 9d), there was no evidence of
mGFP�/P0� Schwann cells in the dorsal root (Fig. 9d�,d
) or
DRG (Fig. 9d�). In the PNS, neither dorsal root injury nor sciatic
nerve crush stimulated PDGFR� cells to express the Schwann cell
marker P0; PDGFR� derived cells also did not possess Schwann
cell morphology or close associations with axons (Fig. 9a–d).
Consistent with these findings, inadvertent spinal cord damage
during dorsal root injury did stimulate recombined cells to ex-
press P0, indicative of Schwann cell production, but these cells
were restricted within the injured spinal cord (Fig. 9d, below
dotted line). These findings indicate that PDGFR�-expressing
cells residing in the PNS do not give rise to Schwann cells in vitro
nor after local PNS injury in vivo.

Peripheral myelinating Schwann cells migrate into the spinal
cord after injury and contribute to myelination
To examine the contribution of mature, myelinating Schwann
cells in the PNS to myelination after SCI, we used P0Cre-ER:YFP
mice. In uninjured control mice, recombination occurred in only
6.9 � 1.18% and 24.1 � 2.37% of the dorsal and ventral myeli-
nating Schwann cells, respectively; no recombination was ob-
served within the CNS (Fig. 10a–d), as expected from the
specificity of P0 for PNS myelin. Twelve weeks after SCI, a small
population of myelinating Schwann cells was observed at the
lesion epicenter (Fig. 10e,e�). Importantly, the relative contribu-
tion of the recombined YFP�/P0� myelin sheaths was small
relative to the number of P0� myelin sheaths both 3 and 12
weeks after SCI (Fig. 10f). When taking the low recombination
efficacy into consideration, the percentage of P0� cell-derived

Schwann cells is 	10% of the total P0� tubes in the injured
spinal cord, supporting the notion that OPCs generate the ma-
jority of Schwann cells in the cord after SCI.

Discussion
Here we determined which cell types contribute to the regenera-
tion of myelin following contusion SCI, by systematically assess-
ing the contributions of PDGFR��, Olig2�, and P0� cells to the
generation of myelinating glia and axonal ensheathment/myeli-
nation following SCI.

The extent and source of spontaneous remyelination in the
injured spinal cord has been the focus of considerable interest
and debate, with important implications for treatment develop-
ment after SCI. Previous fate mapping experiments of PDGFR�
progeny using various recombination time points after SCI re-
vealed that oligodendrogenesis and new myelin formation is an
ongoing process in chronic SCI (Hesp et al., 2015). Here, we
recombined PDGFR� cells before an injury to characterize the
amount of de novo oligodendrocyte- and Schwann cell-derived
myelination over time. At 12 weeks post-injury, we found exten-
sive increases in new oligodendrocyte formation and in ensheath-
ment/myelination by oligodendrocytes derived from PDGFR��
progenitors labeled before injury. Importantly, the vast majority
of myelinating Schwann cells in the injured spinal cord are cen-
trally derived: both PDGFR�� progenitors and Olig2-expressing
cells gave rise to myelinating Schwann cells, whereas only a mi-
nority was derived from the P0� peripheral population.

OPC derived ensheathment/myelination is substantial
after SCI
The notion of ongoing demyelination after SCI as a pathological
process limiting functional recovery (Blight, 1983; Totoiu and
Keirstead, 2005) has fueled both preclinical and clinical research
(Plemel et al., 2014). There is some evidence in preclinical work
that transplanting myelinating cells can increase or accelerate
myelin repair compared with spontaneous repair (Keirstead et
al., 2005; Karimi-Abdolrezaee et al., 2006; Cao et al., 2010; All et
al., 2015). Consistent with previous findings, we observed exten-
sive oligodendrocyte production from OPCs in the astrocyte-rich
parenchyma surrounding the injury (McTigue et al., 2001; Tri-
pathi and McTigue, 2007; Sellers et al., 2009; Hesp et al., 2015)
and the contribution of new oligodendrocytes to the myelination
of axons in the chronic injury site (Hesp et al., 2015). By tracking
cumulative myelination of spinal axons over time after injury
(Fig. 4), we found that spontaneous myelination is progressive
over time: at 3 weeks after SCI, de novo ensheathment/myelina-
tion accounted for �15% of all MBP� myelin sheaths, and by 12
weeks post-SCI this number approximated 30% at injury epicen-
ter. Considering that the overall myelin (Fig. 4c) did not demon-
strate a significant change between 3 and 12 wpi and yet there is a
significant increase in the amount of new myelin (Fig. 4d), this
suggests that myelin is being turned over and replaced between 3
and 12 wpi. To our surprise, approximately one-third of the 6000
de novo ensheathments did not reveal MBP expression at 12 wpi
indicative of OPC processes or early oligodendrocyte ensheath-
ments. Together, there is considerable new myelin production
after SCI and even in the chronic setting there is ongoing myelin
turnover.

These findings of extensive new myelin production after SCI
may be an important contributor to functional recovery after
SCI. Still, new myelin production may not just represent a regen-
erative process for the sole purpose of regenerating lost myelin
segments. For example, even in the fully myelinated optic nerve

4

(Figure legend continued.) cells derived from both peripheral sources exhibited a flattened mor-
phology under the same conditions. g–n, Consistent with morphological findings,
PDGFR�H2BGFP� cells derived from the sciatic nerve (g, i, k, m) or DRG/roots (h, j, l, n) did not
express Schwann cell lineage markers such as p75 (g, h), nestin (i, j), and Sox2 (k, l) but
expressed �SMA, consistent with a fibroblast-like phenotype. o–v, In contrast, isolated
PDGFR�:H2BGFP NEG cells derived from the sciatic nerve (o, q, s, u) or DRG/roots ( p, r, t, v)
expressed markers of Schwann cell precursors such as p75 (o, p), nestin (q, r), and Sox2 (s, t).
Some �SMA NEG cells were found in the GFP NEG fraction (u, v, arrows). Scale bars: c–f, 100 �m;
g–v, 20 �m.
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Figure 9. Recombined PDGFR�� cells in the PNS do not give rise to P0� cells in response to peripheral injury. a–c, Four weeks after dorsal root crush (a, b) or sciatic nerve crush injury in
PDGFR�CreER:mGFP mice (c), mGFP� cells had branched and flattened processes extending in the endoneurium between clusters of P0� myelinating Schwann cells. Twelve weeks after a severe
dorsal root crush injury (d), there was no evidence of mGFP�/P0� Schwann cells in the dorsal root (d�, d�) or the DRG (d�). Only the injured spinal cord harbored recombined cells expressing both
mGFP and P0. (d�, arrows). Images were taken in root or sciatic nerve longitudinal sections (a–c) or spinal cord cross sections (d). Scale bars: d, 200 �m; d�, 50 �m; d�, 20 �m; a–d�,10 �m.
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Figure 10. P0� Schwann cells give rise to a small number of P0� Schwann cells after SCI. In uninjured controls, no recombination was observed within the thoracic spinal cord P0creER:YFP mice
(a); recombination (YFP; green) was only observed in the PNS surrounding P0� tubes consistent with Schwann cell morphology (dorsal root: a�; sciatic nerve: c). Assessment of recombination
efficiency in the uninjured roots revealed more YFP� (green) P0� (red) tubes in the ventral roots compared with the dorsal roots (d). e, f, Twelve weeks after SCI, YFP� myelinating Schwann cells
were observed at the injury epicenter of P0creERT2:YFP mice treated with tamoxifen 2 weeks before injury (e, e�). The relative contribution of YFP�/P0�myelin sheaths was low relative to the total
number of P0� myelin sheaths at both 3 and 12 wpi (	5 Schwann cell sheaths per section). There were significantly more overall P0� profiles (gray � green bar; U(11) � 7.00, p � 0.046) and
more P0�/YFP NEG profiles (gray portion of bar; U(11) � 7.00, p � 0.046) at 12 wpi compared with 3 wpi. Images were taken in spinal cord cross sections (a), dorsal root cross sections (b), sciatic
nerve longitudinal sections (c), or spinal cord cross sections at epicenter (e). *p 	 0.05. Scale bars: a, e, 200 �m; c, 20 �m; a�, 10 �m; b, e�, 2 �m. Error bars represent the SEM.
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and in the absence of demyelination there is de novo myelination
by intercalation between existing myelin sheaths (Young et al.,
2013). Such de novo myelination that is not linked with active or
ongoing demyelination may occur after SCI, and is unlikely to
contribute to functional recovery. Even if new myelin production
is regenerative (i.e., replacing lost myelin), we cannot differenti-
ate between ensheathment/myelination of spared axons, proxi-
mal stumps of cut axons that have been severed outside of the
plane of section, or newly sprouted axons. This is important be-
cause we do not yet know whether newly ensheathed/myelinated
axons are functional. Oligodendrocytes can myelinate even dead
axons and/or artificial axons (Lee et al., 2012, 2013; Bechler et al.,
2015) and thus some of the new myelin produced after SCI might
be around severed axons, which is unlikely to provide a func-
tional benefit. These considerations underscore the importance
of addressing the functional importance of new myelin produc-
tion and how it is associated with spontaneous recovery after SCI.

The majority of myelinating Schwann cells in the contused
spinal cord are derived from PDGFR�� CNS progenitors
For many decades and in diverse animal models, Schwann cells
have been observed in the injured spinal cord, including in hu-
mans (M. B. Bunge et al., 1961; Bresnahan, 1978; R. P. Bunge et
al., 1993; Beattie et al., 1997; Guest et al., 2005; James et al., 2011).
Schwann cells are generally believed to migrate in from the PNS
to contribute to myelination within the CNS (Franklin and
Blakemore, 1993; Sims et al., 1998; Jasmin et al., 2000). Here, we
demonstrate that �70 – 80% of the myelinating Schwann cell
profiles in the spinal cord 12 weeks post-contusion SCI are de-
rived from resident PDGFR�� cells. The CNS origin of Schwann
cells is supported by our findings that Olig2-recombined cells
also give rise to myelinating Schwann cells after SCI. We conclude
that PDGFR�� OPCs thus are the primary contributor to the
myelinating Schwann cell population observed in the injured spi-
nal cord. We also estimate that 	10% of the myelinating
Schwann cell profiles in the cord after injury are derived from
peripheral myelinating Schwann cells. Therefore, via these indi-
rect measurements, we can only account for the cellular origin of
�80 –90% of the myelinating Schwann cells encountered in the
contused spinal cord suggesting the existence of one or more
other contributing cell populations. It is possible that non-
myelinating Schwann cells or other DRG progenitors (Vidal et
al., 2015) could be producing Schwann cells in response to injury.

The generation of Schwann cells from PDGFR�� OPCs after
CNS injury, and not from migration and/or differentiation of
recombined PDGFR�� precursors residing in the dorsal or ven-
tral roots, is consistent with previous observations after focal
chemical demyelination of the spinal cord (Zawadzka et al.,
2010). In agreement, OPCs transplanted into demyelination le-
sions are able to generate Schwann cells (Talbott et al., 2005,
2006). A recent study proposed a CNS origin of Schwann cells
after SCI on the basis of dorsal rhizotomies (Bartus et al., 2016).
Here we provide conclusive evidence using fate mapping of var-
ious candidate cells expressing Cre from the PDGFR� and Olig2
promoters after contusion injury. The production of Schwann
cells from OPCs is not observed in culture or after cotransplan-
tation with astrocytes and thus differentiation is BMP-dependent
(Talbott et al., 2006). Monteiro de Castro et al. (2015) recently
reported that cell-specific deletion of STAT3 in astrocytes de-
creases remyelination by oligodendrocytes in favor of Schwann
cells using a chemical demyelination model. Together, these find-
ings suggest that an astrocyte-derived signal is required for OPC
differentiation into oligodendrocytes. In agreement with this hy-

pothesis, OPC-derived Schwann cell differentiation was observed
after contusion SCI mainly in the dorsal columns where astro-
cytes are rare. Astrocytes within these regions may also be phe-
notypically different from astrocytes in other regions of the cord
(Tsai et al., 2012). A better understanding of the regenerative
potential of OPCs and their molecular regulation may provide
new avenues in CNS repair.

Schwann cell transplantation elicits moderate functional im-
provements in preclinical models (Pearse et al., 2004; Biernaskie
et al., 2007; Sparling et al., 2015) and is currently being studied in
clinical trials (Clinical trial.gov: NCT01739023, NCT0235425).
Schwann cell transplantation can result in an even greater endog-
enous Schwann cell response after SCI (Hill et al., 2006; Bier-
naskie et al., 2007; Sparling et al., 2015). Therefore, gaining a
better understanding of the endogenous Schwann cell response
observed after injury in both rodents and humans could help to
develop future treatment strategies. Importantly, the finding of
Schwannosis in the chronic clinically injured SCI population
(Bruce et al., 2000; Norenberg et al., 2004) has been discussed as
a cause of functional decline pointing to the need for a better
understanding the biological processes regulating Schwann cell
production after SCI. Transgenic deletion of neuregulin-1 in all
cells prevented myelination by Schwann cells in the injured spinal
cord of mice and these mice showed worse functional outcomes
in an open field locomotor test as early as 1 week after SCI (Bartus
et al., 2016). However, this recovery could also be due to other
neuroprotective effects of neuregulin-1 after SCI (Gauthier et al.,
2013; Alizadeh et al., 2017). Hence, the functional significance of
endogenous Schwann cell myelination still remains to be shown.
This formation of Schwann cells in the areas of most extensive
spinal cord damage, where astrocytes become sparse, might rep-
resent an endogenous repair mechanism and a target for future
therapeutic interventions; bridging severe injuries by stimulating
OPCs to produce Schwann cells might allow for a more condu-
cive environment for axonal growth and myelin formation.

Conclusion
Endogenous OPCs are capable of extensive myelination after SCI.
The majority of OPCs remains lineage-restricted and produces
myelinating oligodendrocytes that ensheath axons. PDGFR��
cells (likely OPCs) are the source of the majority of Schwann cells
present in the spinal cord after clinically relevant (contusion) SCI.
This repair mechanism by endogenous, CNS-derived Schwann cells
may represent a novel therapeutic target for repairing the injured
spinal cord in areas of grossly disrupted cytoarchitecture.
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