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Spinal cord injury (SCI) induces a centralized fibrotic scar surrounded by a reactive glial scar at the lesion site. The origin of these scars
is thought to be perivascular cells entering lesions on ingrowing blood vessels and reactive astrocytes, respectively. However, two
NG2-expressing cell populations, pericytes and glia, may also influence scar formation. In the periphery, new blood vessel growth
requires proliferating NG2 � pericytes; if this were also true in the CNS, then the fibrotic scar would depend on dividing NG2 � pericytes.
NG2 � glial cells (also called oligodendrocyte progenitors or polydendrocytes) also proliferate after SCI and accumulate in large numbers
among astrocytes in the glial scar. Their effect there, if any, is unknown. We show that proliferating NG2 � pericytes and glia largely
segregate into the fibrotic and glial scars, respectively; therefore, we used a thymidine kinase/ganciclovir paradigm to ablate both dividing
NG2 � cell populations to determine whether either scar was altered. Results reveal that loss of proliferating NG2 � pericytes in the lesion
prevented intralesion angiogenesis and completely abolished the fibrotic scar. The glial scar was also altered in the absence of acutely
dividing NG2 � cells, displaying discontinuous borders and significantly reduced GFAP density. Collectively, these changes enhanced
edema, prolonged hemorrhage, and impaired forelimb functional recovery. Interestingly, after halting GCV at 14 d postinjury, scar
elements and vessels entered the lesions over the next 7 d, as did large numbers of axons that were not present in controls. Collectively,
these data reveal that acutely dividing NG2 � pericytes and glia play fundamental roles in post-SCI tissue remodeling.
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Introduction
Traumatic spinal cord injury (SCI) is characterized by glial and
fibrotic scars, extracellular matrix (ECM) deposition, and angio-

genesis (Mautes et al., 2000; Loy et al., 2002; Jakeman et al., 2014;
Zhu et al., 2015). The scars are essential for lesion repair, and
eliminating either impairs wound closure and exacerbates tissue
loss. The central fibrotic scar is composed of fibroblasts and dense
ECM components (Jakeman et al., 2000; Göritz et al., 2011; So-
derblom et al., 2013). ECM deposition is a prerequisite for wound
healing, including within the spinal cord, since spinal transection
sites do not close in the absence of fibrotic scars (Klapka et al.,
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Significance Statement

Spinal cord injury (SCI) is characterized by formation of astrocytic and fibrotic scars, both of which are necessary for lesion repair.
NG2 � cells may influence both scar-forming processes. This study used a novel transgenic mouse paradigm to ablate proliferating
NG2 � cells after SCI to better understand their role in repair. For the first time, our data show that dividing NG2 � pericytes are
required for post-SCI angiogenesis, which in turn is needed for fibrotic scar formation. Moreover, loss of cycling NG2 � glia and
pericytes caused significant multicellular tissue changes, including altered astrocyte responses and impaired functional recovery.
This work reveals previously unknown ways in which proliferating NG2 � cells contribute to endogenous repair after SCI.
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2005; Darby and Hewitson, 2007; Göritz et al., 2011). Previous
SCI studies demonstrated that fibroblast progenitors produce this
scar, including a subset of Glast� pericytes (Göritz et al., 2011)
and/or col1�1� NG2� perivascular cells (Soderblom et al., 2013). It
is thought that these progenitors “ride” blood vessels as they enter
SCI lesions, after which they detach and differentiate into scar-
producing fibroblasts. Therefore, fibrotic scar formation likely de-
pends on post-SCI angiogenesis.

The glial scar encircles the fibrotic scar. Ablating proliferating
astrocytes after SCI abolishes this scar, exaggerates tissue loss, and
impairs functional recovery (Faulkner et al., 2004). Although
both scars are essential for lesion containment, they are mutually
exclusive in terms of territory, with astrocytes and fibroblasts
forming separate domains shortly after injury (Bundesen et al.,
2003).

We hypothesize that formation of both scars also depends on
proliferating NG2� cells, which include pericytes and glia. NG2�

pericytes are crucial for developmental and tumor-induced an-
giogenesis (Ozerdem and Stallcup, 2003; Huang et al., 2010);
here, we predict that they are also required for angiogenesis and
fibrotic scar formation. Our data verify that NG2 � glia do not
enter fibrotic lesions, as noted before (Hackett and Lee, 2016),
and therefore are unlikely to influence fibrotic scars; however,
they do accumulate within glial scars in rodent and human SCI
(Tan et al., 2005; Tripathi and McTigue, 2007; Buss et al., 2009;
Hesp et al., 2015; Church et al., 2016; Hackett and Lee, 2016).
Their effect on glial scar dynamics, however, is unknown.

Here, our data show important differences between dividing
NG2� glia and pericytes. Dividing NG2� glia outnumber divid-
ing NG2� pericytes up to 30-fold, but are restricted to the glial
scar and spared tissue, whereas dividing NG2� pericytes enter
lesions concomitant with angiogenesis. Because of their separate
domains and numbers, we used a thymidine kinase/ganciclovir
(Tk/GCV) paradigm in NG2-Tk mice to eliminate both popula-
tions to address two questions: (1) are proliferating NG2� peri-
cytes necessary for intralesion angiogenesis and fibrotic scar
formation? and (2) does eliminating NG2� glia (and a small
subset of pericytes) alter glial scar formation?

First, pericyte proliferation was tracked after unilateral cervi-
cal SCI, which revealed peak proliferation at 3 d postinjury (dpi);
interestingly, only �30% of dividing pericytes expressed NG2
and would be vulnerable to GCV. Despite this low percentage,
their ablation completely prevented intralesion angiogenesis and
fibrotic scar formation. The astrocytic scar was also altered by
NG2� cell ablation; astrocytic labeling was significantly less dense
and glial scar boundaries were discontinuous rather than display-
ing sharp borders. Given the abundance of proliferating NG2�

glia in this region by 7 dpi, a time when dividing NG2� glia
outnumbered NG2� pericytes by �25-fold, the balance of glial
scar changes likely results from NG2� glia loss. Scar disruption
enhanced edema and prolonged hemorrhage, but did not exac-
erbate spared tissue loss. When GCV was stopped at 14 dpi and
tissue examined 7 d later, lesions contained blood vessels, fibrotic
elements, NG2� cells, and, surprisingly, a significant number of
axons. Therefore, acute NG2� cell ablation altered the lesion
microenvironment in a way that enhanced subsequent axon
growth in conjunction with formation of “looser” astrocytic and
fibrotic scars, in contrast to control mice with few intralesion
axons. Functionally, forelimb locomotion was persistently im-
paired in treated mice. Collectively, these data reveal novel roles
for proliferating NG2� pericytes and glia in scar formation and
lesion dynamics after SCI.

Materials and Methods
Experimental design. Two SCI mouse experiments were used in this
study. In the first experiment, a time course analysis on C5 unilateral SCI
in wild-type mice was conducted. In the second, wild-type or NG2-Tk
mice received a C5 unilateral SCI followed by intracerebroventricular
delivery of GCV or saline for 7–14 d. A subset of mice had intracerebral
pumps removed at 14 d and survived until 21 d. The 7 d and 21 d groups
include a set of replicate experiments in which identical histological and
behavioral results were observed in both studies. See Table 1 for experi-
mental cohorts and group sizes, and Figure 2 for schematic representa-
tions of transgenic mouse experiments. Details of these procedures and
experiments are described below.

Generation of transgenic mice. To ablate dividing reactive NG2 � cells
selectively, a novel transgenic mouse line was generated in which cells ex-
pressing NG2 also express Tk from herpes simplex virus (HSV) (NG2-Tk
mice). Similar mouse paradigms have been used previously to ablate prolif-
erating astrocytes (Faulkner et al., 2004) and CD11b � microglia in vivo
(Gowing et al., 2006). In this model, cells expressing Tk convert the
antiviral agent GCV from an inert prodrug into a cytotoxic triphosphate,
which is incorporated into the dividing genome, causing cell cycle arrest
and apoptosis (Tomicic et al., 2002). Therefore, in NG2-Tk mice, expo-
sure to GCV ablates recombined proliferating NG2 � cells.

NG2-tk bacterial artificial chromosome (BAC) transgenic mice were
generated using the RPCI-23 C57BL/6J mouse BAC clone in pBACe3.6
BAC vector that contained the entire 33.97kb Cspg4 gene flanked by 60
kb and 114 kb of 5� and 3� flanking sequences, respectively. The DsRed
coding sequence in the NG2-DsRed BAC building vector (Zhu et al.,
2008) was replaced with that of the HSV1-Tk coding sequence obtained
from Dr. Michael Sofroniew (University of California, Los Angeles), as
described previously (Bush et al., 1998). The recombineered NG2-tk
BAC was linearized and injected into fertilized oocytes using the Gene
Targeting and Transgenic Facility at the University Connecticut Farm-
ington. Details of the NG2tkBAC transgenic mice are described else-
where (J.P. and A.N., unpublished data).

Quantification of TK recombination efficiency. Three-month-old NG2-
HSV:TK mice (n � 3) were perfused with PLP fixative containing 4%
paraformaldehyde and immunolabeled according to previously pub-
lished methods (Serwanski et al., 2017). Then, 40 �m transverse spinal
cord sections were sectioned on a Leica 3050S cryostat and thaw-
mounted onto microscope slides. Sections were immunostained using
goat anti-platelet-derived growth factor receptor � (anti-PDGFR�; R
and D Systems catalog #AF1062; a marker of NG2 cells) and rabbit poly-
clonal anti-HSV-thymidine kinase (anti-TK; received from Dr. William
Summers of Yale University, New Haven, CT) and coverslipped with
Vectashield mounting medium containing DAPI nuclear stain. Confocal
z-stack images (1 �m interval) were collected at 40� on a Leica SP8
confocal microscopy system using a resonant scanner. Images were ana-
lyzed using maximum projection images of each collected microscope
field using Leica software to mark PDGFR� � cells with the TK channel
hidden. Then, with the TK channel revealed, the PDGFR� � cells were
scored for the presence of TK. If the colocalization of PDGFR� and TK in

Table 1. Experimental groups and group sizes

Group Treatment Day post-SCI n

HSVtk GCV 7 7
11 5
21 8

HSVtk Saline 7 6
11 5
21 8

Wild-type GCV 11 4
Wild-type None Naive 4

1 4
3 4
7 4

11 4
14 4

Hesp et al. • NG2 Cells and Lesion Dynamics After SCI J. Neurosci., February 7, 2018 • 38(6):1366 –1382 • 1367



any cell was unclear, then orthogonal sections were used to examine the
cell in each slice of the z-stack. Wild-type sections processed in parallel
contained no TK immunolabeling.

Ganciclovir treatment. In addition to CNS cells, visceral organs and
vascular mural cells express NG2. Therefore, GCV must be delivered
directly into the CNS to avoid lethal systemic effects. GCV must be de-
livered continually (vs daily injections) because NG2 � cells that prolif-
erate outside of the GCV half-life (�4 h) would rapidly replace lost cells.
Therefore, GCV was delivered at a rate of 50 mg/kg/d (dissolved in phys-
iological saline) via Alzet minipumps (models 1002 or 1007D), which
were connected to a plastic catheter and 26 Ga delivery needle (2.5 mm
deep). Pumps were assembled according to manufacturer’s instructions
and primed overnight at 37°C in physiological saline before implanta-
tion. To assess potential side effects of transgenic Tk expression or GCV
delivery, control groups included NG2-Tk mice receiving saline
(Tg�Sal) and wild-type BL6 mice receiving GCV (WT�GCV). Groups
and time points are described in Table 1.

SCI. All surgical and postoperative care procedures were performed in
accordance with The Ohio State University Institutional Animal Care
and Use Committee. On day 0, �12-week-old mice (30% male, 70%
female) were anesthetized with a ketamine/xylazine mixture (120 and
10 mg/kg, i.p., respectively) and the spinal cord exposed at the C5 verte-
bral level via a single-level laminectomy. A 0.6-mm-diameter probe
(smaller than a standard midline contusion probe) directed perpendic-
ular to the dorsal right side of the spinal cord was used to create a unilat-
eral contusion (60 kDyne force) using the Infinite Horizons device
(Precision Instruments). The muscles overlying the spinal cord were
sutured and the incision closed with wound clips. In addition to the mice
used in GCV studies, 20 adult female wild-type mice received compara-
ble unilateral SCIs and were randomly grouped into different survival
time points for time course analyses; four uninjured wild-type mice
served as naive controls. See Table 1 for all time points and group sizes.

The C5 unilateral contusion model was selected after initial pilot stud-
ies using a T9 midline contusion showed no changes in lesion morphol-
ogy after GCV delivery, whereas C5 injured animals had significant
alterations in the lesion environment (data not shown). This is likely due
to differences in recombination efficiency between cervical (�41%) ver-
sus thoracic (�16%) spinal regions (see Results for more details).

Intracerebroventricular cannulation and pump implantation. Immedi-
ately after receiving a SCI, mice were randomly assigned to treatment
groups. Mice were placed in a stereotaxic head frame and their skulls
were exposed. A hole through the skull was created using a 26 Ga needle
at the coordinates �0.7 mm posterior and �1.2 mm lateral from bregma
(coordinates of right lateral ventricle in mouse). Guide cannulas of as-
sembled and primed minipumps were inserted through the hole into the
brain at a depth of 2.5 mm ventral and the minipumps were placed into
a subdermal pocket created on the upper back using a sterile cotton-
tipped applicator to separate the skin and muscle. The skin behind the
ears was closed using surgical clips and the exposed skull and catheter tip
were covered with Ortho-Jet fast-drying acrylic resin (Lang Dental, cat-
alog #B1323). Animals were given 2 ml of saline and placed in warm
recovery cages. Postsurgical care included 5 d treatment with antibiotics
(gentomicin, 5 mg/kg) and daily saline (2 ml) to maintain hydration,
along with twice-a-day manual bladder expression until spontaneous
voiding returned. Mice were regularly weighed to assess changes in body
weight until they were killed at 7 dpi (n � 6 Tg�Sal; n � 7 Tg�GCV), 11
dpi (n � 5 Tg�Sal; n � 5 Tg�GCV; n � 4 WT�GCV), or 21 dpi (n � 8
Tg�Sal; n � 8 Tg�GCV). The 7 d and 21 d groups consist of 2 replicate
studies in which identical results were obtained. A total of 5 mice were
lost or killed early and not included in analyses: 1 Tg mouse died during
SCI surgery; 1 Tg�Sal mouse was removed early at 8 dpi due to a pro-
lapsed penis; 1 Tg�GCV mouse was removed early at 10 dpi from excess
weight loss and dehydration; 1 Tg�GCV was found dead at 11 dpi from
intestinal issues; and 1 Tg�GCV mouse was removed early at 12 dpi due
to general declining health and lethargy.

Pump removal. Mice surviving longer than 2 weeks after injury were
reanesthetized at 14 dpi using isofluorane and the dorsal incision was
reopened to expose the base of the skull. Pumps were removed from their
subdermal pocket and cut from their catheters. The exposed end of the

plastic catheter was melted using a cautery pen and sealed shut using a
hemostat for several seconds. Intraventricular cannulas remained in
place. The skin was closed with surgical clips.

Stepping analysis. To assess changes in forelimb step length, mice from
the 21 dpi groups, 11 dpi WT�GCV mice, and naive wild-type mice were
videotaped walking across a custom-made walkway. This setup consisted
of a clear plastic platform enclosed by two clear plastic walls. A mirror
was placed at an angle below the platform such that the video camera
could capture both a side view and a view of paw placement from below
in the same frame. Each mouse was recorded performing at least 3 passes
of at least 5 consecutive steps at a consistent pace per recording session (0,
7, 11, and 21 dpi, when applicable). An observer blinded to group mea-
sured right and left forelimb step lengths in each pass, which were used to
derive average step length per side for each mouse. Data were analyzed
using a 2-way repeated-measures ANOVA where significance was re-
ported when p 	 0.05.

Perfusion and tissue processing. Mice were deeply anesthetized with
ketamine and xylazine (1.5� surgery dose above) and perfused transcar-
dially with PBS, followed by 4% paraformaldehyde (PFA) in PBS. Spinal
cords and brains were removed, postfixed for 2 h at 4°C in 4% PFA, and
placed in 0.2 M PB overnight. The following day, tissue was cryoprotected
in 30% sucrose dissolved in 0.1 M PBS at 4°C for 48 h. For tissue embedding,
spinal cords and brains were frozen on dry ice and spinal cords were cut into
1 cm blocks centered on the lesion site. After submersion in optimum cutting
temperature compound (Electron Microscopy Sciences), blocks were frozen
and cross-sections were cut at 10 �m on a cryostat and mounted serially onto
slides. Tissue was stored at �20°C until use.

Immunohistochemistry. Sections were rinsed in 0.1 M PBS and blocked
for nonspecific antigen binding using 4% BSA/0.1% Triton X-100/PBS
(BP �) or 4% BSA/0.3% Triton-100/PBS (BP3 �) for 1 h. Next, sections
were incubated in primary antibody overnight at 4°C. Sections were
rinsed and treated with biotinylated antiserum (1:800 –1:2000 in BP �;
Vector Laboratories) for 1 h at room temperature. After rinsing, endog-
enous 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 Labora-
tories) for 1 h. Visualization of labeling was achieved using DAB or SG
substrates (Vector Laboratories). For some sections, cell nuclei were vi-
sualized by counterstaining with Neutral Red for 10 min. Sections were
rinsed, dehydrated, and coverslipped with Permount (Fisher Scientific).
See Table 2 for details on primary antibodies.

Immunofluorescence Sections were rinsed in 0.1 M PBS and blocked for
nonspecific antigen binding using BP � or BP3 � for 1 h. Next, sections
were incubated in primary antibodies overnight at 4°C. Sections were rinsed
and incubated with Alexa Fluor secondary antibodies (1:500–1:1000; Invit-
rogen) for 1 h. After rinses, sections were incubated with Draq5 (1:3000;
Biostatus, catalog #DR50050 RRID:AB_2314341) for 10–15 min to label cell
nuclei. Slides were coverslipped with ImmuMount (Thermo Scientific). See
Table 2 for a list of primary antibodies with RRID information. Immunoflu-
orescent labeling was analyzed by laser scanning confocal microscopy (Leica,
TCS SP8) and LAS X software.

Red blood cell labeling To visualize red blood cells, tissue sections were
rinsed in 0.1 M PBS and incubated with DAB for 10 min without prior
peroxide quenching.

Cell counts. A Zeiss Axioshop 2 Plus microscope with a Sony 970 three-
chip color camera was used to analyze tissue immunolabeled by immu-
nohistochemistry. Cells double-labeled for NG2 or PDGFR� and Ki67
were counted manually in ipsilateral spinal cords at high power (40�) in
the epicenter and 2 consecutive sections rostral and caudal for each ani-
mal (�0.3 mm to �0.3 mm) ipsilateral to the injury. Total counts are
reported as a summation of the five consecutive sections. Cells were
categorized by morphology (pericyte morphology or branched morphol-
ogy) and location in the cord (spared tissue, lesion border, within lesion).
Cell counts are expressed as cells per square millimeter. Cells were only
included in the analyses if they possessed a clear Ki67 � nucleus that
was at least 75% surrounded by NG2 or PDGFR� labeling. A cell was
classified as a pericyte if it demonstrated a crescent morphology and
appeared to circumscribe a blood vessel. All other double-positive
cells were classified as “branched” if they possessed at least one ex-
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tending process. Care was taken to avoid counting NG2 � macro-
phages, which are easily distinguished by their round morphology
and space between the nucleus and membrane (Tripathi and Mc-
Tigue, 2007). Data were analyzed using a one-way ANOVA and post
hoc Bonferroni multiple-comparisons test.

Quantification of NG2 � cells wrapping CD31 � blood vessels was
conducted by immunofluorescent labeling and analyzed by laser scan-
ning confocal microscopy (Leica TCS SP8) and LAS X software. z-stacks
at 40� magnification were collected for the entire ipsilateral spinal cord
and three nonoverlapping sample boxes were placed randomly within
the lesion, and evenly and systematically along the lesion border at the injury
epicenter. Maximal projection images were used to quantify NG2� profiles
containing Draq5� nuclei that completely encircled a CD31� blood vessel
and did not extend additional processes beyond the blood vessel area. Data
were analyzed by two-way repeated-measures ANOVA and post hoc Bonfer-
roni multiple-comparisons test.

In NG2-Tk tissue, NG2 � cells were quantified at the injury epicenter
using Neutral Red counterstain to identify cell bodies. Cells were catego-
rized by morphology (pericytes or branched) as described above. Three
sample boxes at 40� magnification were evenly and systematically
placed along the lesion border and also just outside of the lesion border in
spared tissue. Cell counts from these sample boxes were summed and expressed
as cells per square millimeter. Lesion border GST�� oligodendrocytes were
quantified inasimilarmanner.Atwo-wayrepeated-measuresANOVAandpost
hoc Bonferroni multiple-comparisons test was used to analyze branched and
pericyte-shaped NG2� cells; OL counts were analyzed using a two-way
ANOVA and post hoc Bonferroni multiple-comparisons test.

Neurons (NeuN � cells) were quantified using the automated cell
counter function within MCID image analysis software (InterFocus Im-
aging; RRID:SCR_014278). Soma size and staining intensity thresholds
were defined and cells were quantified separately in dorsal (laminae
I–IV), middle (between laminae IV and central canal), and ventral (be-
low the central canal) gray matter. Data were analyzed with a two-tailed
Student’s t test.

Lesion and spared tissue area. Lesion area and ipsilateral spared white
and gray matter in NG2-Tk and wild-type mice were assessed by staining
myelin with Eriochrome cyanine (EC) and immunolabeling for neu-
rofilament (NF), as described previously (Schonberg et al., 2007).
Digitized images of EC/NF-labeled cross-sections were captured us-
ing MCID image analysis software. The lesion area at the epicenter,
defined as the region with the least ipsilateral intact myelin immuno-
reactivity, was outlined digitally and its target area was measured and
expressed in square millimeters. Spared tissue area was calculated as
the ipsilateral cross-sectional area minus the lesion area. Data were
analyzed using a two-way ANOVA and post hoc Bonferroni multiple-
comparisons test.

Intralesion quantification. To quantify the intralesion area of immuno-
reactivity for NG2, NF, GFAP, Mac1, CD31, laminin, and PDGFR� at the
epicenter, a template of the lesion area was generated from an adjacent
section stained by EC/NF and placed over the corresponding image.
Using MCID, a minimum signal threshold for each label was determined
and the total amount of intralesion labeling was measured. The propor-
tional area of positive labeling was calculated by dividing total target

area by lesion area and expressed as a percentage. This same method
was used to quantify the proportional area of CD31 labeling in spared
gray and white matter. Data were analyzed using a two-way ANOVA
and post hoc Bonferroni multiple-comparisons test.

Lesion border and extralesion quantification. The amount of lesion bor-
der NG2, GFAP, and Mac1 labeling was assessed by thresholding similar
to intralesion analyses. For NG2 and GFAP, corresponding EC/NF-
labeled sections were used as a guide to determine the exact lesion bor-
ders and three sample boxes were placed equidistant along the lesion
border (one dorsal, one ventral, one middle) for each stain at the epicen-
ter. For NG2 and Mac1, sample boxes were square, measuring 0.002
mm 2. For GFAP, sample boxes were rectangular, measuring 0.003 mm 2.
For Mac1, the three samples boxes were placed in spared tissue; one box
was placed just to the right of the central canal, one was placed above in gray
matter, and the third was placed at an equidistant below. The total amount of
labeling within sample boxes was measured and summed for each section to
determine an overall percentage of labeling outside of the lesion. All data
were analyzed using a two-way ANOVA and post hoc Bonferroni multiple-
comparisons test except CD31 data, which were analyzed using two-way
repeated-measures ANOVA and Bonferroni post hoc test.

Data analyses. An investigator blinded to group assignment performed
all quantification. Significance is reported when p 	 0.05. Specific statistical
analyses are given for each data section below. Depending on the statistical
test, p-, q-, or t-values are reported where appropriate. Plates were con-
structed using Adobe Photoshop (RRID:SCR_014199) and all images within
a plate were adjusted equally to improve contrast when needed.

Results
Differential NG2 � glia and pericyte proliferation over the
first 2 weeks after C5 unilateral contusion in wild-type mice
NG2� glia are known to proliferate after SCI and accumulate in
the glial scar, where they interdigitate with astrocytes (Fig. 1A).
NG2� pericyte proliferation has not been quantified after SCI to
our knowledge, but pericytes likely divide because new pericytes
would be needed for post-SCI angiogenesis; therefore, both di-
viding NG2� cell populations could be ablated in our study. To
determine when proliferating NG2� glia and pericytes would be
vulnerable to ganciclovir-induced death in our model, a time course
study after C5 unilateral contusion in wild-type mice was per-
formed. Spinal cord cross-sections from the injury site were double-
labeled for NG2 and Ki67 (expressed by dividing cells) in naive and
1, 3, 7, 11, and 14 dpi tissue, and the number of NG2� cells express-
ing Ki67 ipsilateral to the injury was quantified at each time point.
Dividing NG2� cells were categorized as glia or pericytes based on
branched versus crescent-shaped morphology, respectively. Exam-
ples of both phenotypes are shown in Figure 1B.

As expected, the number dividing NG2� glia robustly increased
ipsilateral to the injury at 3, 7, and 11 dpi compared with naive, with
peak levels of �22 cells/mm2 at 7 dpi (Fig. 1C). The vast majority of
proliferating NG2� glia were located in proximal spared tissue and

Table 2. Primary antibodies used, their concentration, host species, company of origin, and RRID information

Primary antibody: specificity Concentration Host species Vendor Catalog no. RRID

CD31: blood vessels 1/2000 Rat BD Pharmingen 551262 RRID:AB_398497
CD68: macrophages 1/500 Rat Serotec (now known as Bio-Rad) MCA1957 RRID:AB_322219
GFAP: astrocytes 1/10,000 Rabbit Dako N1506 RRID:AB_10013482
GST�: oligodendrocytes 1/1500 Rabbit Biorbyt orb18037 RRID:AB_10778283
Ki67: proliferating cells 1/200 Rat Dako M7248 RRID:AB_2250503
Laminin: ECM molecule 1/5000 Rabbit Sigma-Aldrich L9393 RRID:AB_477163
Mac1: Cd11b, microglia/macrophages 1/200 Rat DSHB M1/70.15.11.50.2 RRID:AB_2234066
NeuN: neurons 1/10,000 Rabbit Abcam ab177487 RRID:AB_2532109
Neurofilament: axons 1/1000 Chicken Aves Labs NF-H RRID:AB_2313552
NG2: pericytes and oligodendrocyte progenitors 1/200 –1/1000 Rabbit Millipore AB5320 RRID:AB_11213678
PDGFR�: pericytes, fibroblasts 1/500 Rabbit Abcam ab32570 RRID:AB_777165

Hesp et al. • NG2 Cells and Lesion Dynamics After SCI J. Neurosci., February 7, 2018 • 38(6):1366 –1382 • 1369

https://scicrunch.org/resolver/SCR_014278
https://scicrunch.org/resolver/SCR_014199
https://scicrunch.org/resolver/AB_398497
https://scicrunch.org/resolver/AB_322219
https://scicrunch.org/resolver/AB_10013482
https://scicrunch.org/resolver/AB_10778283
https://scicrunch.org/resolver/AB_2250503
https://scicrunch.org/resolver/AB_477163
https://scicrunch.org/resolver/AB_2234066
https://scicrunch.org/resolver/AB_2532109
https://scicrunch.org/resolver/AB_2313552
https://scicrunch.org/resolver/AB_11213678
https://scicrunch.org/resolver/AB_777165


lesion border, with only a rare NG2/Ki67 cell in the frank lesion itself
(0–1 cell/section). To determine whether NG2� cells within the
frank lesion were oligodendrocyte progenitors, sections were
double-labeled for NG2 and Olig2, which is expressed by oligoden-
drocyte lineage cells. Whereas NG2/Olig2 double-labeled cells were
abundant in the glial scar area, they were completely absent in the
frank lesion (data not shown), revealing that dividing NG2� glia
accumulate in the glial scar area, but do not enter the lesion core after
SCI in mice.

Compared with NG2� glia, NG2� pericyte proliferation peaked
earlier and at a lower level. Peak proliferation of NG2� pericytes
reached �1–2 cells/mm 2 at 3 dpi (Fig. 1D). Only a subset of
pericytes expresses NG2. Therefore, to quantify proliferation of
all pericytes, adjacent sections were immunolabeled for Ki67 and
PDGFR�, which are expressed by all pericytes. This verified peak
pericyte proliferation was at 3 dpi, with dividing PDGFR�� cell
numbers reaching �5 cells/mm2 (Fig. 1D). Therefore, �30% of
dividing pericytes express NG2 at 3 dpi, which is when most would
be vulnerable to GCV-induced ablation, whereas NG2� glia would
be vulnerable from 3–11 dpi. Overall, the number of dividing NG2�

glia outnumbered proliferating NG2� pericytes 10- to 30-fold be-
tween 3 and 11 dpi. Numerical averages for each quantification are
provided in Figure 1E. Compared with naive, degrees of freedom (df)
and q-values for each significant measurement are as follows: branched
NG2/Ki67 (df � 5; 3 dpi q � 15.62; 7 dpi q � 22.79; 11 dpi q � 12.88);
pericyte NG2/Ki67 (df � 5; 3 dpi q � 8.98; 7 dpi q � 5.084); pericyte
PDGFR�/ Ki67 (df � 5; 3 dpi q � 15.93; 7 dpi q � 5.612).

To confirm that cells classified as NG2� pericytes wrapped
blood vessels and to further characterize changes in the NG2� peri-
cyte population, tissue was immunolabeled for NG2 and CD31
(PECAM-1), counterstained with Draq5, and analyzed with confo-
cal microscopy (Fig. 1F). Quantification of NG2� pericytes encircl-
ing CD31� vessels revealed a complete loss in the lesions at 1 dpi,
followed by a rise within lesions to �2-fold greater than naive by 7
dpi (df � 5; q � 3.264; Fig. 1G). Within lesion borders, cell numbers
were unchanged at 1 dpi, but increased �3-fold by 7 dpi (Fig. 1G).
Therefore, peak pericyte proliferation at 3 d yields increased NG2�

pericytes in lesions and spared tissue by 7 dpi. NG2� pericytes en-
circling vessels subsequently decline, especially within the lesion,

Figure 1. Proliferation of NG2 � and PDGFR� � cells after C5 unilateral contusion in wild-type mice. A, Single-channel and merged confocal images showing that NG2 and GFAP are upregulated
along lesion borders, where NG2 � cells (red) and GFAP � cells (green) intermingle by 11 dpi. Nuclei are labeled by Draq5 (blue). Asterisks denote lesion core. Boxed area in A shown at higher power
in A�. B, Example of a branched (black arrow) and pericyte-shaped (arrowhead) NG2/Ki67 � cell from 7 dpi spared tissue. C, Quantification of branched NG2/Ki67 � cells/mm 2 in the injured
ipsilateral spinal cord; proliferation was significantly increased compared with naive tissue at 3, 7, and 11 dpi. D, Quantification of pericyte-shaped NG2/Ki67 � cells/mm 2 and PDGFR�/Ki67 �

cells/mm 2 in the injured ipsilateral spinal cord. Proliferation of both populations was significantly increased at 3 dpi compared with naive. Note that the y-axis is the same as in C to facilitate
comparisons. E, Data table of cell quantification averages shown in C and D. Asterisks denote values that are significantly increased from naive levels. F, Confocal image of NG2 � pericytes (red)
encircling CD31 � blood vessels (green) along the lesion border at 11 dpi. Nuclei are labeled by Draq5 (blue). G, Fold change in vascular-wrapping NG2 � pericytes within lesions and along lesion
borders after SCI compared with naive (dotted line). Scale bars: A, 50 �m; B, F, 20 �m. *p 	 0.05; ***p 	 0.001.
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which may be due to vessel remodeling and downregulation of NG2
by pericytes after vessel formation.

Quantification of TK recombination
efficiency
Immunostaining confirmed that HSV-TK was present in NG2
cells labeled with anti-PDGFR�. TK was expressed at high levels
in the cell soma, but was also visible in the proximal cell processes
of many NG2 cells (data not shown). In spinal cord sections from
3-month-old mice, an average of 22% of PDGFR� � cells ex-
pressed TK (188/853 cells). The percentage of TK� cells was
higher in anterior spinal cord compared with more posterior
regions (41%, 16%, and 12% in the cervical, thoracic, and lum-
bar regions, respectively).

Experimental design of NG2 �

cell ablation
To ablate proliferating NG2� cells within
the CNS after SCI, GCV was infused into
the right lateral ventricle of NG2-Tk mice
beginning immediately after a C5 unilat-
eral contusion (Fig. 2A). Because most
NG2� cells proliferated between 3 and 11
dpi, we examined GCV-infused tissue at 7
and 11 dpi. To investigate tissue response
after the removal of GCV, a third group of
NG2-Tk mice received GCV for 14 d and
then survived an additional 7 d (without
GCV) until 21 dpi (Fig. 2B). Control
groups included transgenic mice infused
with saline (Tg�Sal) and wild-type mice
infused with GCV (WT�GCV). See Table
1 for a summary of animal numbers, ex-
perimental groups, and time points.

Successful ablation of proliferating
NG2 � cells in NG2-Tk mice after
GCV infusion
To confirm that intraventricular GCV in-
fusion into NG2-Tk mice ablates prolifer-
ating NG2� cells, the brains of Tg�GCV
and Tg�Sal mice were collected at 7 dpi
and immunolabeled for NG2 at the can-
nulation site. Cannulation produces mild
but transient inflammation and gliosis and,
as expected, NG2 cells increased in the area
immediately around the cannulation site in
NG2-Tk treated with vehicle (Tg�Sal)
compared with adjacent tissue (Fig. 2C). In
contrast, NG2-Tk mice given GCV had a
near complete loss of proliferating NG2�

cells in the area (Fig. 2D). Brain sections
were also immunolabeled for astrocytes
with GFAP. Tg�Sal tissue showed a robust
accumulation of GFAP� cells at the site of
cannulation (Fig. 2E), which is indicative of
transient gliosis, whereas Tg�GCV mice
had visibly lower GFAP labeling in this re-
gion (Fig. 2F).

GCV infusion in NG2-Tk mice reduces
spinal cord NG2 � cells acutely after SCI
To assess NG2� cell responses in GCV-
and saline-treated mice, spinal cord cross-

sections were immunolabeled for NG2. At 7 dpi, Tg�Sal mice
had stereotypical accumulation of NG2� cells around and within
lesion borders (Fig. 3A). In contrast, NG2 was markedly reduced
in Tg�GCV spinal cords around the lesion. Cell counts revealed
a significant �40% reduction in NG2� glia and an �50% reduc-
tion in pericytes in the lesion border and adjacent spared tissue in
GCV-treated mice (branched p � 0.0447; pericyte p � 0.0377;
Fig. 3B,C). Within the lesions of these mice, there was a striking
loss of tissue integrity (Fig. 3B), which rendered lesion size anal-
ysis unreliable.

Despite continued GCV infusion at 11 dpi, the percentage
area of NG2 immunoreactivity along lesion borders was signifi-
cantly increased in Tg�GCV mice compared with controls (df �
2; q � 4.532; Fig. 3D–F). These data suggest that proliferation of

Figure 2. Experimental design and successful ablation of proliferating NG2 � cells in NG2-Tk mice after GCV infusion. A, Sche-
matic of C5 unilateral contusion injury and minipump implantation paradigm in mice. B, Timeline of experimental design. Different
cohorts of mice received continuous intraventricular GCV or saline infusion until they were killed at 7 d (divided into 2 replicates) or
11 dpi. A third cohort (divided into two replicates) had pumps removed at 14 dpi and were killed 1 week later. C–F, Intraventricular
cannulation triggered transient, yet robust NG2 � and GFAP � cell accumulation around the cannulation site in control mice; this
accumulation was prevented in GCV-infused mice. Scale bars, 50 �m (C–F ).
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the �60% of nonrecombined NG2� cells (which would not be
susceptible to GCV) likely compensated for the earlier loss of
dividing NG2� cells.

A separate group of NG2-Tk mice received GCV or saline
for 14 dpi and then survived an additional week to 21 dpi. By
this time, NG2 in the glial scar/lesion border area had declined
significantly compared with 11 dpi and was comparable to
control levels (Fig. 3F ). However, the pattern of NG2 expres-
sion within the lesions was different. Tg�Sal spinal cords had
thick NG2 � bands adjacent to the glial scar border and tra-
versing the fibrotic scars, which were completely absent in
Tg�GCV tissue. In these sections, NG2 � cells were more dif-
fuse and evenly distributed and did not form thick bands
throughout the fibrotic lesion (Fig. 3G,H; see Fig. 11 for addi-
tional examples). Therefore, the signals regulating NG2 � cell
distribution and accumulation must change between 11 and
21 dpi.

Because dividing NG2� cells produce new oligodendrocytes
after injury, oligodendrocyte numbers may have been altered by
NG2� cell ablation. To investigate this, oligodendrocytes in 11
and 21 dpi tissue were immunolabeled with anti-GST� antibody
and the cells quantified in lesion borders, the typical area of great-
est new oligodendrocyte accumulation after SCI (Tripathi and
McTigue, 2007). Similar to increased NG2 expression in lesion
borders at 11 dpi, the number of GST�� oligodendrocytes in this
region was significantly higher in Tg�GCV tissue at 11 dpi com-
pared with Tg�Sal tissue (df � 1; t � 2.871). By 21 dpi, oligoden-
drocyte numbers had risen in controls to reach numbers comparable
to the Tg�GCV group (Fig. 3I). Therefore, this model effectively
reduced proliferating NG2� cells in the first week after injury. Early
loss of proliferating NG2� glia and pericytes resulted in delayed
NG2� cell accumulation and a chronic change in the distribution of
these cells within spared and lesioned tissue.

Figure 3. Changes in spinal cord NG2 expression over time after proliferating NG2 � cell ablation. A, B, Representative images of NG2/Neutral Red immunolabeling at 7 dpi in Tg�Sal
and Tg�GCV spinal cords. Insets show regions in red boxes at higher power. C, Quantification of NG2 � glia and NG2 � pericytes at 7 dpi in Tg�Sal versus Tg�GCV C5 spinal cord
sections. Branched NG2 � glia were significantly reduced by �40% and NG2 � pericytes were significantly reduced by �50% in Tg�GCV mice compared with Tg�Sal mice. D, E,
Representative images of NG2 immunolabeling at 11 dpi in Tg�Sal and Tg�GCV spinal cords. F, Percentage area of NG2 immunoreactivity in the lesion border of Tg�GCV mice was
significantly increased compared with control mice at 11 dpi, then decreased significantly to control levels by 21 dpi. G, H, Representative images of NG2 immunolabeling at 21 dpi in
Tg�Sal and Tg�GCV spinal cords. I, Oligodendrocytes immunolabeled for GST� in 11 and 21 dpi tissue were quantified in lesion borders. At 11 dpi, Tg�GCV lesion borders had
significantly more oligodendrocytes compared with Tg�Sal. Asterisks in images indicate lesions. Scale bars: A, B, 100 �m; D–H, 50 �m. *p 	 0.05; **p 	 0.01.
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Ablating proliferating NG2 � cells acutely after SCI causes
intraspinal edema, lesion swelling, and prolonged
hemorrhage
Lesion morphology was assessed in epicenter sections labeled for
myelin (EC) and NF. At 7 dpi, Tg�Sal sections had stereotypical
tissue and lesion border morphology (Fig. 4A). In contrast,
Tg�GCV spinal cords showed a profound lack of tissue integrity
in and around lesions, with large edema-like holes and enlarged
lesion cavities that were filled with debris (Fig. 4B).

Upon dissection at 7 dpi, the epicenters of Tg�GCV cords
were visibly red compared with control spinal cords, suggesting
sustained hemorrhage in this tissue (Fig. 4C). This was confirmed
by staining for red blood cells (RBCs) with DAB, which showed
that lesions of Tg�Sal mice contained no RBCs at 7 dpi, as ex-
pected (Fig. 4D). In contrast, RBCs filled lesions of Tg�GCV
mice at 7 dpi, indicating that killing dividing NG2� cells over the
first 7 dpi led to prolonged bleeding and/or delayed clearance of
RBCs (Fig. 4D).

At 11 dpi, control Tg�Sal tissue was similar to 7 dpi, with well
defined lesion borders and lack of myelin and axons in the lesions
(Fig. 4E). Tissue from control wild-type mice treated with GCV
(WT�GCV) was indistinguishable from Tg�Sal tissue, demon-

strating that GCV by itself was not responsible for the altered
phenotype of Tg�GCV mice; therefore, for the remainder of this
study, Tg�Sal and WT�GCV will be collectively referred to as
“control mice” unless otherwise noted (see Fig. 11 for images of
WT�GCV tissue).

At 11 dpi, Tg�GCV lesions still displayed reduced integrity,
swelling, and debris, although less than at 7 dpi (Fig. 4F). No
blood was present in the lesions at this time, suggesting that hem-
orrhage had stopped and RBCs were cleared between 7 and 11
dpi. Quantification revealed significantly larger ipsilateral area in
Tg�GCV epicenters compared with controls at 11 dpi (df � 1;
t � 2.605; Fig. 4G). The increased ipsilateral tissue area was due to
significantly increased lesion size in Tg�GCV mice (df � 1; t �
3.113), with no difference in spared gray or white matter area
compared with controls at 11 dpi (Fig. 4H, I) or in the number of
neurons (data not shown). Therefore, loss of proliferating NG2�

cells caused intralesion swelling, but not lesion expansion into
intact spared tissue.

To examine long-term changes in SCI lesions after acute loss of
dividing NG2� cells, tissue from mice receiving vehicle or GCV for
14 dpi and then surviving to 21 dpi was examined. In this group,
lesion morphology in control mice was similar to 11 dpi (Fig. 4J). In

Figure 4. Ablating proliferating NG2 � cells after SCI causes intraspinal edema, lesion swelling, and prolonged hemorrhage. A, B, Representative images of myelin (blue) and axon (brown)
labeling at 7 dpi in Tg�Sal and Tg�GCV spinal cords reveal greater tissue loss in Tg�GCV lesions. C, At 7 dpi, spinal cords of Tg�GCV mice were visibly bloody in the injury site; blood was absent
in Tg�Sal mouse cords. D, Infiltrating RBCs were cleared by 7 dpi in Tg�Sal mice, but large numbers of RBCs remained in the lesions of Tg�GCV mice. Lesions in images are indicated by asterisks.
E, F, Representative images of myelin/axon labeling at 11 dpi in Tg�Sal and Tg�GCV spinal cords. G–I, Quantification of ipsilateral cross-section area (G), lesion area (H ), and spared tissue area
(I ) in control and Tg�GCV mice at 11 and 21 dpi. The total ipsilateral and lesion areas were significantly larger in Tg�GCV mice at 11 dpi compared with controls. J, K, Representative images of
myelin/axon labeling at 21 dpi in Tg�Sal and Tg�GCV spinal cords. Scale bar, 50 �m. *p 	 0.05.
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Tg�GCV tissue, signs of edema and swelling had diminished and
lesions had contracted (Fig. 4K); as a result, lesion area and total
ipsilateral tissue area were now the same as controls (Fig. 4H,I).
Collectively, these data show that loss of proliferating NG2� cells
after SCI causes excess edema, lesion swelling, and prolonged hem-
orrhage over the first week after injury.

Loss of proliferating NG2 � pericytes prevents blood vessel
growth into SCI lesions
Angiogenesis after SCI results in new blood vessels penetrating
into and throughout the fibrotic lesions. Because NG2� pericytes
are required for peripheral angiogenesis and our time course data
showed that NG2� pericytes (but not NG2� glia) increase in
lesions over 7 dpi (see Fig. 1G), the consequence of ablating pro-
liferating NG2� pericytes on blood vessel growth was examined
by quantifying CD31 immunolabeling in lesions and spared tis-
sue (DeLisser et al., 1997; Matsumura et al., 1997; Zhou et al.,
1999). In control mice at 7 dpi, lesions already contained scat-
tered CD31� vessels (Fig. 5A), which increased through 11 dpi
and then remained stable through 21 dpi (Fig. 5C,E,G). Compa-

rable CD31 upregulation between 7 and 11 dpi was observed in
wild-type time course tissue (data not shown). In contrast,
CD31� vessels were virtually absent in lesions of Tg�GCV mice
at 7 d and 11 dpi (Fig. 5B,D), revealing that the abundance of
NG2 cells along lesion borders at 11 dpi had not translated into
new blood vessel growth. When GCV was removed at 14 dpi and
mice survived to 21 dpi, CD31� vessels increased significantly
within the Tg�GCV lesions, although there were still signifi-
cantly fewer vessels than in control lesions (Fig. 5F,G; df � 1; 11
dpi t � 4.220; 21 dpi t � 3.208). CD31 labeling in spared white
and gray matter was not different between groups at any time,
revealing that loss of dividing NG2� pericytes (and glia) had no
effect on blood vessels in spared tissue (Fig. 5H, I). These obser-
vations indicate that acute ablation of proliferating NG2� cells
completely inhibited angiogenesis within SCI lesions and that
lesion revascularization commenced after GCV removal, which
allowed dividing NG2� cells to survive. Because NG2� glia do
not enter lesions, it is likely that loss of dividing NG2� pericytes
prevented blood vessel growth into the lesions. These data also

Figure 5. Loss of proliferating NG2 � cells inhibits angiogenesis in SCI lesions. A–F, Representative images of CD31 immunolabeling of blood vessels in Tg�Sal (A, C, E) and Tg�GCV (B, D, F )
cross-sections at 7, 11, and 21 dpi, respectively. Lesions are to the right of the dotted lines. G, Quantification of the percentage area of CD31 immunolabeling inside lesions at 11 and 21 dpi. Intralesion
CD31 labeling was significantly lower in Tg�GCV tissue compared with controls at 11 dpi. CD31 did not change in controls, but increased significantly in Tg�GCV lesions by 21 dpi; however, it was
still �50% lower than in control tissue. H, I, Quantification of the area of CD31 immunolabeling in spared gray matter (H ) and spared white matter (I ) at 11 and 21 dpi. There were no differences
in blood vessel amount in spared tissue between groups at any time. Scale bar, 100 �m. *p 	 0.05; **p 	 0.01.
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suggest that, despite pericyte proliferation typically peaking at 3
dpi (Fig. 1), pericytes remained responsive to proliferative cues,
at least to a limited extent, such that new vessel formation was
initiated between 11 and 21 dpi.

Ablating proliferating NG2 � cells
causes a complete loss of PDGFR� and
laminin in the lesions
Because the fibrotic scar is thought to arise
from fibrotic progenitors entering lesions
along in-growing blood vessels and these
vessels were absent in NG2-tk mice for at
least 11 dpi, we next examined markers of
tissue fibrosis within lesions. First, PDGFR�
labeling was evaluated because this is ex-
pressed by scar-forming fibroblasts after
SCI (Soderblom et al., 2013). As expected,
control mice demonstrated robust dense
PDGFR� labeling within the fibrotic scar
by 7 dpi that remained elevated through
21 dpi. Lesions were filled with PDGFR��

profiles, which often formed dense bands
that abutted the glial scar region and tra-
versed lesions at 7, 11, and 21 dpi and oc-
cupied �35– 40% of the lesion area (Fig.
6A,C,E). In stark contrast, Tg�GCV le-
sions were completely devoid of PDGFR�
labeling at 7 and 11 dpi; quantification of
PDGFR� in the 11 dpi lesions showed
a drastic and significant reduction in
Tg�GCV mice (df � 2; 11 dpi t � 9.796;
Fig. 6B,D,G). At 21 dpi in mice that had
GCV removed at 14 dpi, �6% of the le-
sion area was now occupied by sparse
PDGFR�� profiles in Tg�GCV lesions,
but the overall amount was still �75% less
than in control lesions (df � 1; 21 dpi t �
11.71; Fig. 6F,G).

Considering the complete loss of
PDGFR� and CD31 labeling in GCV-
treated NG2-Tk mice at 7 and 11 dpi, sec-
tions were immunolabeled for laminin as
a second indicator of fibrotic scar forma-
tion (and blood vessels). In control mice,
laminin accumulated more slowly in le-
sions compared with PDGFR�. Laminin
profiles were scattered throughout lesions
in control mice at 7 dpi, consolidated by
11 dpi, and increased significantly at 21
dpi to occupy �45% of the lesion area
(Fig. 7A,C,E,G). Similar to PDGFR�,
Tg�GCV mice had sparse intralesion
laminin at 7 and 11 dpi (Fig. 7B,D). By 21
dpi, laminin had increased significantly to
33% of the lesion area in Tg�GCV le-
sions, but its distribution was distinct
from that in controls; it was visibly less
compact and did not form the dense
bands that were present in control lesions
(Fig. 7F,G; df � 2;11 dpi t � 4.001).

Ablation of proliferating NG2 � cells
alters astrocytic glial scar density
After SCI, proliferating NG2� glia (and a

small number of NG2� pericytes) accumulate within the glial
scar that surrounds the fibrotic scar. To determine whether ab-
lating proliferating NG2� cells altered astrocytic glial scar forma-
tion, 11 and 21 dpi tissue was immunolabeled for GFAP (glial scar

Figure 6. Proliferating NG2 � cell ablation completely prevented PDGFR� accumulation in the lesions during GCV infusion
(time of injury through 14 dpi). A–F, Representative images of lesions immunolabeled for PDGFR� from Tg�Sal (A, C, E) and
Tg�GCV (B, D, F ) at 7, 11, and 21 dpi, respectively. G, Quantification of percentage area of intralesion PDGFR� immunolabeling.
The amount of PDGFR� in Tg�GCV lesions (1– 6% of area) was significantly decreased at 11 and 21 dpi compared with control
lesions (32– 43% of area). Scale bar, 50 �m. ***p 	 0.001.
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boundaries are still consolidating at 7 dpi,
so this time point was not used for analy-
sis). At 11 dpi, the glial border of control
animals displayed a sharp continuous
edge, as expected (Fig. 8A,A�). In con-
trast, Tg�GCV lesions had less well de-
fined GFAP� borders with reduced
overlapping contacts between cells (Fig.
8B,B�), similar to brain tissue surround-
ing the cannulation site displaying re-
duced GFAP in Tg-GCV mice (Fig. 2). At
21 dpi (7 d after infusions), the sharp
GFAP� border in control Tg�Sal mice
was similar to 11 dpi (Fig. 8C,C�). After
withdrawal of GCV in Tg�GCV mice at
14 dpi, lesion borders had begun to con-
dense by 21 dpi, although portions of as-
trocytes along the edge still displayed a
less-compact phenotype (Fig. 8D,D�).
This was confirmed by quantifying GFAP
immunoreactivity within the glial scar,
which revealed that GFAP labeling in le-
sion borders was significantly reduced in
Tg�GCV at 11 d and 21 dpi mice com-
pared with controls (df � 2, t � 3.169; 21
dpi df � 1, t � 3.287; Fig. 8E).

Although the decreased astrocyte area
at 11 dpi could have been due to the sig-
nificantly higher NG2 cells distributed in
this area at that time, this would not ex-
plain the remaining “open spaces” in the
glial scar at 21 dpi because the NG2 cell
number had declined to baseline. Label-
ing for GFAP and CD68 revealed that the
GFAP-negative spaces in Tg�GCV were
mostly filled with macrophages (Fig. 8F,G),
which normally abut the astrocytic border
but do not accumulate within the glial scar.
Therefore, acute loss of dividing NG2� cells
altered the distribution of astrocytes in the
lesion edge, resulting in a more discontinu-
ous and less dense astrocyte border, which
was infiltrated by macrophages.

Ablating proliferating NG2 � cells
acutely after SCI enhances axon growth
into the lesion
Examination of the myelin/axon-immuno-
labeled tissue suggested that NG2� cell ab-
lation resulted in greater axon penetration
into the lesions by 21 dpi (Fig. 9A,B). To
verify this, 21 dpi tissue was immunolabeled
for NF and the area of axon labeling within
the lesions was quantified. As expected, lesions in control tissue con-
tained few axons at 21 dpi (Fig. 9A�,A��). Sections from Tg�GCV
mice, however, contained numerous NF� axons throughout the
lesions (Fig. 9B�,B��). Axons were especially abundant adjacent to
the lesion border/glial scar (Fig. 9B,B��), although rigorous tracing
studies are needed to verify axon origin.

Quantification verified that significantly more axons were
present in lesions of Tg�GCV mice compared with controls at 21
dpi (p � 0.0011; Fig. 9C). These axons were not present in 11 dpi

lesions (data not shown), indicating that axon ingrowth occurred
between 11 and 21 dpi. Axons did not colocalize with GFAP or
grow along astrocytic processes at 21 dpi (data not shown).

In prior work, we noted that axons often associate with NG2
cells and processes in rat SCI lesions (McTigue et al., 2006). There-
fore, 21 dpi sections here were colabeled for NF and NG2. In lesion
borders of both Tg�Sal and Tg�GCV mice, axons were commonly
in contact with NG2� processes (Fig. 9D,E). In addition, axons
penetrating the lesions of Tg�GCV mice commonly associated with
NG2� cells and some completely surrounded NG2� cell bodies and

Figure 7. Proliferating NG2 � cell ablation caused a complete loss of intralesion laminin expression during GCV infusion (time
of injury through 14 dpi). A–F, Representative images of laminin immunolabeling in Tg�Sal (A, C, E) and Tg�GCV (B, D, F ) spinal
tissue at 7, 11, and 21 dpi, respectively. G, Quantification of the percentage area of laminin immunoreactivity within lesions.
Laminin was significantly lower in Tg�GCV lesions (6% of lesion area) compared with controls (27%) at 11 dpi. By 21 dpi, laminin
had increased significantly in both groups and was no longer different between groups (Tg�GCV, 33% of lesion area; Tg�Sal,
44% of lesion area). Scale bar, 100 �m. *p 	 0.05; ***p 	 0.001.
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appeared to travel along NG2� processes (Fig. 9E,F). These results
show that enhanced axon growth into lesions occurred between
11 and 21 dpi after removal of GCV at 14 dpi, suggesting that glial
and fibrotic scars were more growth permissive during this time
compared with controls. This is potentially due to the increased
NG2 cells and processes along lesions borders at 11 dpi and/or the
less dense glial and fibrotic scars in Tg�GCV mice. Indeed, as
shown in Figures 6 and 7, in control sections, PDGFR� and
laminin both form dense bands adjacent and perpendicular to
the glial scar, which may present a less growth-permissive terrain.

Summary: low-magnification comparison demonstrates
profound multicellular disruption by loss of proliferating
NG2 � cells after SCI
For a holistic overview of how the noted cellular changes relate to
one another, low-magnification images of serial sections at the
epicenter are presented in Figure 10, which shows adjacent sec-
tions from one representative mouse in each group (WT�GCV,
Tg�Sal, and Tg�GCV) at 11 and 21 dpi. From this view, it is
clear that the acute loss of proliferating NG2� cells caused a
profound disruption of major cell populations by 11 dpi (com-

parable changes occurred at 7 dpi, data not shown). The lesion
border as demarcated by EC/NF, GFAP, and NG2 was altered and
there was a near complete loss of intralesion angiogenesis and
fibrotic scar as shown by lack of CD31, PDGFR�, and laminin
labeling at 11 dpi. At 21 dpi (1 week after GCV removal) in
GCV-treated tissue, the lesion border and glial scar were more
distinct and a significant amount of laminin had been deposited
in the lesions, although blood vessels and PDGFR� labeling were
still reduced compared with controls. The partial recovery of cell
and tissue dynamics by 21 dpi in Tg�GCV mice demonstrate
that the acute presence of proliferating NG2� cells affects directly
or indirectly the response of astrocytes, new blood vessels, axons,
and fibrotic cells after SCI.

The numbers of macrophages in the lesions were not different.
Although the low-power image of Cd11b at 11 dpi appears to
show reduced macrophages, the lesions are larger at this time and
quantification revealed that the overall level of CD68 in the le-
sions at this time and at 21 dpi was comparable between groups.
We did note, however, that microglial reactivity was significantly
greater in spared gray matter adjacent to the lesion in Tg-GCV
tissue (data not shown).

Figure 8. Acute ablation of proliferating NG2 � cells changes the subsequent astrocytic glial scar. A–D, Representative images of GFAP labeling in Tg�Sal (A, C) and Tg�GCV (B, D) ipsilateral
sections at 11 and 21 dpi, respectively, with higher power views of boxes shown in A�–D�. Note the decreased GFAP and lack of a sharp edge in Tg�GCV tissue at 11 dpi (B�) compared with the
stereotypical tightly compacted border in control tissue (A�). E, Percentage area of GFAP immunolabeling in lesion borders was significantly reduced in Tg�GCV (�40% of scar area) compared with
controls at 11 or 21 dpi (�60% of scar area). F, G, Confocal images of glial scar from 11 and 21 dpi Tg�GCV cords labeled for GFAP (green), CD68 (red), and Draq5 (blue counterstain). Spaces lacking
GFAP in glial scars of Tg�GCV mice were mostly filled with CD68 � macrophages at 11 and 21 dpi. Scale bar, 50 �m. *p 	 0.05.
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A few additional trends can be noted from the low-power
serial sections: (1) labeling for GFAP and NG2 share similar do-
mains along the lesion border, although the pattern for intrale-
sion NG2 labeling is more similar to PDGFR� and laminin,
particularly along the fibrous bands that traverse the lesion in
control animals; (2) the glial scar is distinctively different from
and abuts the fibrotic scar (as noted before); (3) intralesion label-
ing for PDGFR� and laminin demonstrate a near complete over-
lap at 11 and 21 dpi, except at 21 dpi in Tg�GCV tissue, when
laminin labeling far exceeds that of PDGFR�. This is notable
because laminin accumulation was delayed compared with
PDGFR� deposition in control mice, yet it accumulated more
rapidly in lesions of Tg�GCV mice. Therefore, the origin of
each molecule and signals driving their deposition must be
different based on time after injury and presence or absence of
acute NG2 � cells.

Acute ablation of proliferating NG2 � cells impairs forelimb
step length recovery after cervical SCI
To assess changes in forelimb locomotor recovery after cervical
unilateral contusion, right and left forelimb step length was mea-
sured in uninjured wild-type mice, WT�GCV, Tg�Sal, and
Tg�GCV mice. At 7 dpi, all injured mice displayed a significant
decrease in forelimb step length bilaterally compared with naive,
revealing that the deficits were injury induced and not due to
GCV (right: df � 4; WT�GCV t � 3.987; Tg�Sal t � 4.163;
Tg�GCV t � 4.374; left: df � 4; WT�GCV t � 4.002; Tg�Sal
t � 4.104; Tg�GCV t � 4.117; Fig. 11A,B). In Tg�Sal control
mice, step length in both forelimbs recovered over time and was
not significantly different from uninjured mice at 11 or 21 dpi. In
contrast, forelimb step length in Tg�GCV remained significantly
decreased at 11 dpi and shortened further by 21 dpi, when it
became significantly different from Tg�Sal and naive (right:
df � 4; 11 dpi t � 5.135; 21 dpi Tg�Sal t � 4.193; 21 dpi naive

Figure 9. Ablating proliferating NG2 � cells after SCI enhances subsequent axon growth into the lesions between 11and 21 dpi. A, B, Representative images of axon immunolabeling in Tg�Sal
(A, A�, A��) and Tg�GCV (B, B�, B��) in ipsilateral spinal tissue at 21 dpi. C, Tg�GCV mice had a significantly increased area of NF labeling in lesions by 21 dpi (�4% of lesion area) compared with
controls (�1.5% lesion area). D–F, Confocal images of Tg�Sal and Tg�GCV sections labeled for NF (green), NG2 (red), and nuclei (Draq5, blue) at 21 dpi. In both groups, axons in the lesion border
closely associate with NG2 � cells. E, F, Within lesions of Tg�GCV mice, some axons completely surround NG2 � cell bodies and appear to travel along NG2 � processes. D and E show comparable
regions of the lesion border from a control and GCV-treated mouse. F shows a representative image from the center of the lesion core of a Tg�GCV cord. Asterisks in images denote lesions. Scale bars:
A, B, 100 �m; D, E, 20 �m. *p 	 0.05.
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t � 6.373; left: df � 4; 11 dpi t � 4.895; 21 dpi Tg�Sal t �
4.894; 21 dpi naive t � 6.626; Fig. 11 A, B). This significant
reduction in step length at 21 dpi was observed in two replicate
studies. Therefore, reducing proliferating NG2 � cells after
cervical unilateral contusion persistently impaired recovery of
forelimb step length.

Discussion
The role of astrocytes and fibroblasts in post-SCI scar formation
has received much attention. Here, we predicted that NG2� glia
and pericytes also influence scar formation. NG2� glia accumu-
late along the lesion border but do not enter lesions in mice, so
their direct influence is likely restricted to glial scars. NG2� peri-

cytes are �10-fold less abundant, but also proliferate after SCI
and do enter lesions, where they increase �20-fold between 1 and
7 dpi. Given the disparate number and distribution of NG2� glia
and pericytes, we used NG2-Tk mice to examine both scars after
ablating dividing NG2� cells.

Our model reduced NG2� cells �40% by 7 dpi, which, inter-
estingly, corresponds with the 41% recombination rate in cervi-
cal spinal cord. NG2� cell loss exacerbated edema and prolonged
hemorrhage, revealing that NG2� cells (likely pericytes) are im-
portant for acute hemostasis. Over the next 4 d, NG2� cell num-
bers rebounded along lesion borders to greater than control levels
despite ongoing GCV treatment, suggesting that nonrecombined

Figure 10. Low-magnification image comparison after SCI demonstrates the multicellular changes caused by loss of acutely proliferating NG2 � cells. Images are from adjacent sections
immunolabeled for myelin (blue; EC) and axons (brown; NF), NG2, CD31, PDGFR�, laminin GFAP, and Mac1 (Cd11b) from WT�GCV (A), Tg�Sal (B), and Tg�GCV (C) tissue at 11 dpi and for Tg�Sal
(D) and Tg�GCV (E) tissue at 21 dpi. Scale bar, 200 �m.
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NG2 cells underwent rapid replacement
between 7 and 11 dpi. This is consistent
with work showing the rapidity with
which NG2� glial cells replace lost neigh-
bors (Hughes et al., 2013). Increased lesion
border NG2� cells at 11 dpi correlated with
30% more oligodendrocytes compared with
controls, likely a “side effect” of robust
NG2� glia accumulation (Rosenberg et al.,
2008). Despite excess NG2� cells at 11 dpi,
lesions were still larger due to edema and
contained no blood vessels or fibrotic scar
elements. Mice that had GCV discontin-
ued at 14 dpi and survived until 21 dpi to
determine the tissue responses revealed
that the NG2 cell number in the glial scar
had normalized and lesions had con-
tracted to control levels. However, several
striking differences in the tissue remained,
revealing that early loss of dividing NG2�

cells set a different course for cellular re-
actions that was not reversed by NG2 cell
replacement, at least not through 21 dpi.
Specific details are described next.

Postinjury angiogenesis depends on
proliferating NG2 � pericytes
Pericytes are mural cells embedded within
the vascular basement membrane. They
migrate ahead of endothelial cells and
guide sprouting vessels by secreting VEGF
(Bergers and Song, 2005). Here, pericyte
proliferation peaked at 3 dpi, of which
30% expressed NG2 and would be vulner-
able to GCV. Because pericytes are critical
for BBB integrity, their loss likely medi-
ated the sustained intraspinal bleeding and edema (Ozerdem et
al., 2001; Armulik et al., 2010; Bell et al., 2010).

NG2� pericytes are required for neovascularization in devel-
opment and tumors (Ozerdem and Stallcup, 2003; Huang et al.,
2010). Our data extend these findings, showing that post-SCI
lesion revascularization also requires proliferating NG2� cells.
Because NG2� glia did not enter lesions, NG2� pericytes must
mediate this angiogenesis. Although NG2� glia regulate develop-
mental angiogenesis through Wnt signaling (Yuen et al., 2014),
blood vessel number in spared tissue was unaffected by NG2�

cell loss or replacement. This suggests that altered NG2� glial
numbers did not affect spared (or new) vessels within the lesion
border. Although pericytes may influence NG2� glia formation
after demyelination (De La Fuente et al., 2017), the similar loss of
NG2� glia and pericytes at 7 dpi and large rebound by 11 dpi
makes it impossible to discern the relationship between these cell
populations in the current model.

NG2 � cell-dependent angiogenesis regulates fibrotic
scar formation
It was demonstrated previously that Glast� “Type A” pericytes
produce scar fibroblasts (Göritz et al., 2011). Using a spinal tran-
section model, those investigators reported pericytes increase by
5 dpi and inhibiting Glast� pericyte proliferation abolished the
fibrotic scar. They postulated that pericytes enter lesions upon

growing blood vessels and then detach and differentiate into fi-
brotic PDGFR�� cells.

Another study characterized fibrotic scar progenitors as
PDGFR�� col1�1-expressing NG2-negative perivascular fibro-
blasts, and the investigators hypothesized that these were the
Glast� pericytes in the above study (Soderblom et al., 2013). In
combination with our results, this suggests that two populations
of pericytes are needed for scar formation: the NG2� pericytes
required for angiogenesis and the NG2-negative PDGFR�� peri-
cytes that become scar-forming fibroblasts. This is consistent
with the greater PDGFR� in lesions compared with NG2 noted
here (see summary Fig. 10) and is also consistent with the peak in
NG2�-vessel-wrapping pericytes in lesions and robust PDGFR�
profiles by 7 dpi noted here. We posit that ablating dividing
NG2� pericytes prevented vessel growth into lesions, thereby
abolishing the physical structure on which the scar-forming cells
enter lesions. Accordingly, it was only after blood vessels formed
in GCV-treated lesions that fibrotic components were deposited,
showing a strong correlation between post-SCI angiogenesis and
fibrosis.

Recent work suggests fibrotic scar formation depends on he-
matogenous macrophages rather than angiogenesis (Zhu et al.,
2015). Here, lesions of GCV- and saline-treated mice had similar
macrophage density at 11 dpi. Despite this, fibrotic scar and
blood vessels had not formed in GCV-treated mice, revealing that
macrophages alone were insufficient to trigger these processes.

Figure 11. Ablating proliferating NG2 � cells impaired forelimb step length recovery after SCI. A, B, At 7 dpi, mice in all cohorts
displayed significantly shorter forelimb step length than naive mice. Wild-type mice treated with GCV were included in the 7 dpi
cohort to rule out any potential deleterious effects of GCV infusion. Forelimb step length in Tg�Sal mice increased bilaterally
between 11 and 21 dpi, when it was no longer different from naive mice. In contrast, step length in Tg�GCV continued to decrease
and was significantly different from naive and Tg�Saline mice at 21 dpi in both forelimbs. **p 	 0.01; ***p 	 0.001.
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Other work suggests that fibrosis requires macrophages and an-
giogenesis (Wynn and Vannella, 2016). Therefore, angiogenesis
appears to be a prerequisite for post-SCI fibrosis and perhaps a
minimum number of macrophages is needed before fibrotic scar
formation commences.

Proliferating NG2 � cell loss alters glial scar density
Proliferating NG2� cell loss rendered glial scars less dense with
less distinct borders at 11–21 dpi, which could be due to reduced
fibrosis and/or fewer NG2� glia at 7 dpi. Glial and fibrotic scars
segregate via bidirectional signaling between astrocytes and fi-
broblasts, producing a sharp boundary between them (Bundesen
et al., 2003). Here, loss of the fibrotic scar would eliminate this
signaling and could impair strict glial scar boundaries. However,
compact glial scars can form without fibrotic scars, suggesting
that additional mechanisms are involved (Göritz et al., 2011). For
instance, NG2� glia release �-catenin, which promotes post-SCI
astrocyte hypertrophy (Rodriguez et al., 2014). Significantly re-
duced NG2� glia at 7 dpi may have lowered acute �-catenin suffi-
ciently to affect subsequent astrocyte responses. Because NG2� glia
can release other mediators such as cytokines (Moyon et al., 2015),
they may influence stereotypical glial scar formation through multi-
ple mechanisms.

Reactive astrocytes “corral” fibroblasts and macrophages and
loss of post-SCI astrocytes allows macrophages to penetrate
spared tissue (Faulkner et al., 2004; Wanner et al., 2013). Our
results show that NG2� cell ablation produced astrocytic scars in
which GFAP-negative areas were largely filled with macrophages.
This did not reduce spared tissue area, however, in contrast to
proliferating astrocyte ablation (Faulkner et al., 2004), revealing a
subtler effect of NG2� cell loss.

NG2 � cell ablation increased axon growth into lesions
Unexpectedly, ablating proliferating NG2� cells acutely pro-
moted subsequent axon growth into lesions. This is likely an
indirect effect because NG2� cells were greater than in controls
by 11 dpi, but axons did not enter lesions until after that time.
Many axons appeared to sprout in/around the glial scar and en-
tered lesions closely associated with NG2� profiles that increased
in lesions along the same time, reminiscent of work using rat SCI
models (McTigue et al., 2006, Busch et al., 2010). Some studies
suggest that NG2 inhibits neurite growth and that NG2� cells
form synaptic contacts with axons that prevent further growth
(Ughrin et al., 2003; Tan et al., 2006; Petrosyan et al., 2013; Filous
et al., 2014), whereas others suggest that NG2� cells stabilize
dystrophic axons and promote axon growth in vivo (de Castro et
al., 2005; Yang et al., 2006; Busch et al., 2010). Here, dense NG2 in
lesion borders at 11 dpi clearly did not prevent axons from enter-
ing the lesions.

Increased neurite growth in Tg�GCV mice may result from
the disrupted glial scar over the first 11 d, allowing axons to
initially penetrate lesions (Menet et al., 2003), followed by forma-
tion of a less fibrous laminin-rich lesion core. Reducing (but not
eliminating) post-SCI fibrosis promotes axon growth (Klapka
and Müller, 2006; Zhu et al., 2015), suggesting that a similar
situation may have arisen in our model. Future work is needed
to verify axon source and specific mechanisms inducing their
growth.

Proliferating NG2 � cells are necessary for functional
recovery
A compelling observation was persistent deficits in forelimb
function. Forelimb step length decreased in control mice at 7 dpi

but recovered to baseline by 11 dpi, whereas it continued to worsen
in Tg�GCV mice even after GCV removal. This is surprising be-
cause tissue sparing and neuron number were comparable to con-
trols. Persistent locomotor deficits may reflect neuronal dysfunction,
possibly due to altered microglial reactivity as we noted signifi-
cantly enhanced microglial reactivity in Tg-GCV spared tissue
(data not shown). Because microglia can induce neurotoxicity
through factors such as TNF� (Furling et al., 2000; Olmos and
Llado, 2014; Li et al., 2017), the local environment may have had
aberrant neurochemistry that impaired neuron function. What-
ever the mechanism, it is clear that losing proliferating NG2�

cells acutely after SCI induced sufficient cellular dysfunction to
cause persistent motor deficits.

Summary
These data emphasize that NG2� cells directly or indirectly influ-
ence multiple aspects of the post-SCI milieu, including hemorrhage,
angiogenesis, fibrotic scar formation, laminin deposition, astrocyte
responses, and axon growth. The different distribution and number
of proliferating NG2� glia and pericytes provides some indications
about their functions, but future studies manipulating each popula-
tion independently are needed to further clarify specific roles.
Clearly, intercellular interactions in the damaged CNS among glia,
fibroblasts, and blood vessels are complex and will require further
study to unravel completely.
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Armulik A, Genové G, Mäe M, Nisancioglu MH, Wallgard E, Niaudet C, He

L, Norlin J, Lindblom P, Strittmatter K, Johansson BR, Betsholtz C
(2010) Pericytes regulate the blood-brain barrier. Nature 468:557–561.
CrossRef Medline

Bell RD, Winkler EA, Sagare AP, Singh I, LaRue B, Deane R, Zlokovic BV
(2010) Pericytes control key neurovascular functions and neuronal phe-
notype in the adult brain and during brain aging. Neuron 68:409 – 427.
CrossRef Medline

Bergers G, Song S (2005) The role of pericytes in blood-vessel formation and
maintenance. Neuro Oncol 7:452– 464. CrossRef Medline

Bundesen LQ, Scheel TA, Bregman BS, Kromer LF (2003) Ephrin-B2 and
EphB2 regulation of astrocyte-meningeal fibroblast interactions in response
to spinal cord lesions in adult rats. J Neurosci 23:7789–7800. Medline

Busch SA, Horn KP, Cuascut FX, Hawthorne AL, Bai L, Miller RH, Silver J
(2010) Adult NG2 � cells are permissive to neurite outgrowth and stabi-
lize sensory axons during macrophage-induced axonal dieback after spi-
nal cord injury. J Neurosci 30:255–265. CrossRef Medline

Bush TG, Savidge TC, Freeman TC, Cox HJ, Campbell EA, Mucke L, Johnson
MH, Sofroniew MV (1998) Fulminant jejuno-ileitis following ablation of
enteric glia in adult transgenic mice. Cell 93:189–201. CrossRef Medline

Buss A, Pech K, Kakulas BA, Martin D, Schoenen J, Noth J, Brook GA (2009)
NG2 and phosphacan are present in the astroglial scar after human trau-
matic spinal cord injury. BMC Neurol 9:32. CrossRef Medline

Church JS, Kigerl KA, Lerch JK, Popovich PG, McTigue DM (2016) TLR4
deficiency impairs oligodendrocyte formation in the injured spinal cord.
J Neurosci 36:6352– 6364. CrossRef Medline

Darby IA, Hewitson TD (2007) Fibroblast differentiation in wound healing
and fibrosis. Int Rev Cytol 257:143–179. CrossRef Medline

de Castro R Jr, Tajrishi R, Claros J, Stallcup WB (2005) Differential re-
sponses of spinal axons to transection: influence of the NG2 proteoglycan.
Exp Neurol 192:299 –309. CrossRef Medline

De La Fuente AG, Lange S, Silva ME, Gonzalez GA, Tempfer H, van Wijn-
gaarden P, Zhao C, Di Canio L, Trost A, Bieler L, Zaunmair P, Rothe-
neichner P, O’Sullivan A, Couillard-Despres S, Errea O, Mäe MA, Andrae
J, He L, Keller A, Bátiz LF, Betsholtz C, Aigner L, Franklin RJM, Rivera FJ
(2017) Pericytes stimulate oligodendrocyte progenitor cell differentiation
during CNS remyelination. Cell Rep 20:1755–1764. CrossRef Medline

DeLisser HM, Christofidou-Solomidou M, Strieter RM, Burdick MD, Rob-
inson CS, Wexler RS, Kerr JS, Garlanda C, Merwin JR, Madri JA, Albelda
SM (1997) Involvement of endothelial PECAM-1/CD31 in angiogene-
sis. Am J Pathol 151:671– 677. Medline

Faulkner JR, Herrmann JE, Woo MJ, Tansey KE, Doan NB, Sofroniew MV

Hesp et al. • NG2 Cells and Lesion Dynamics After SCI J. Neurosci., February 7, 2018 • 38(6):1366 –1382 • 1381

http://dx.doi.org/10.1038/nature09522
http://www.ncbi.nlm.nih.gov/pubmed/20944627
http://dx.doi.org/10.1016/j.neuron.2010.09.043
http://www.ncbi.nlm.nih.gov/pubmed/21040844
http://dx.doi.org/10.1215/S1152851705000232
http://www.ncbi.nlm.nih.gov/pubmed/16212810
http://www.ncbi.nlm.nih.gov/pubmed/12944508
http://dx.doi.org/10.1523/JNEUROSCI.3705-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20053907
http://dx.doi.org/10.1016/S0092-8674(00)81571-8
http://www.ncbi.nlm.nih.gov/pubmed/9568712
http://dx.doi.org/10.1186/1471-2377-9-32
http://www.ncbi.nlm.nih.gov/pubmed/19604403
http://dx.doi.org/10.1523/JNEUROSCI.0353-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27277810
http://dx.doi.org/10.1016/S0074-7696(07)57004-X
http://www.ncbi.nlm.nih.gov/pubmed/17280897
http://dx.doi.org/10.1016/j.expneurol.2004.11.027
http://www.ncbi.nlm.nih.gov/pubmed/15755547
http://dx.doi.org/10.1016/j.celrep.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/28834740
http://www.ncbi.nlm.nih.gov/pubmed/9284815


(2004) Reactive astrocytes protect tissue and preserve function after spi-
nal cord injury. J Neurosci 24:2143–2155. CrossRef Medline

Filous AR, Tran A, Howell CJ, Busch SA, Evans TA, Stallcup WB, Kang SH,
Bergles DE, Lee SI, Levine JM, Silver J (2014) Entrapment via synaptic-
like connections between NG2 proteoglycan� cells and dystrophic axons
in the lesion plays a role in regeneration failure after spinal cord injury.
J Neurosci 34:16369 –16384. CrossRef Medline

Furling D, Ghribi O, Lahsaini A, Mirault ME, Massicotte G (2000) Impaire-
ment of synaptic transmission by transient hypoxia in hippocampal slices:
Improved recovery in glutathione peroxidase transgenic mice. Proc Natl
Acad Sci U S A 97:4351– 4356. CrossRef Medline
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