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Abstract

Neuron-glia antigen 2 (NG2) proteoglycan and platelet-derived growth factor receptor beta (PDGFR-f) are widely used
markers of pericytes, which are considered cells that form fibrotic scars in response to central nervous system insults.
However, the exact phenotypes of NG2- and PDGFR--expressing cells, as well as the origin of the fibrotic scar after cen-
tral nervous system insults, are still elusive. In the present study, we directly examined the identities and distributions of
NG2- and PDGFR-f-positive cells in the control and lesioned striatum injured by the mitochondrial toxin 3-nitropropionic
acid. Immunoelectron microscopy and correlative light and electron microscopy clearly distinguished NG2 and PDGFR-3
expression in the vasculature during the post-injury period. Vascular smooth muscle cells and pericytes expressed NG2,
which was prominently increased after the injury. NG2 expression was restricted to these vascular mural cells until 14 days
post-lesion. By contrast, PDGFR-p-positive cells were perivascular fibroblasts located abluminal to smooth muscle cells
or pericytes. These PDGFR-f-expressing cells formed extravascular networks associated with collagen fibrils at 14 days
post-lesion. We also found that in the injured striatal parenchyma, PDGFR-f could be used as a complementary marker of
resting and reactive NG2 glia because activated microglia/macrophages shared only the NG2 expression with NG2 glia in
the lesioned striatum. These data indicate that NG2 and PDGFR-f} label different vascular mural and parenchymal cells in the
healthy and injured brain, suggesting that fibrotic scar-forming cells most likely originate in PDGFR-f-positive perivascular
fibroblasts rather than in NG2-positive pericytes.
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Introduction

Insults to the central nervous system (CNS) trigger the
formation of glial and fibrotic scars (Fernandez-Klett and
Priller 2014). Fibrotic scars are generally known to impede
axonal regeneration, thus hindering functional recovery after
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CNS insults, although other studies suggest they could func-
tion as a physical barrier that restricts inflammatory processes,
promoting tissue remodeling (Cha et al. 2014; Yoshioka
et al. 2010; Zhu et al. 2015). Despite the increasing aware-
ness of the functional implications of fibrotic scars, the precise
identity of scar-forming cells after CNS insults has long been
debated. Goritz et al. reported that type A pericytes express-
ing platelet-derived growth factor receptor beta (PDGFR-)
detach from blood vessels and differentiate into fibrotic scar-
forming cells after spinal cord injury (Goritz et al. 2011). On
the other hand, other studies reported that perivascular stromal
cells or perivascular fibroblasts that express PDGFR-f yet are
distinct from pericytes are accountable for fibrotic scar forma-
tion (Fernandez-Klett et al. 2013; Soderblom et al. 2013). In
support of this, we have previously demonstrated that perivas-
cular adventitial fibroblasts expressing PDGFR-3 do not fit the
classical definition of pericytes and contribute to fibrotic scar
formation after acute brain injury (Riew et al. 2018).
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In addition to PDGFR-B-positive cells, cells expressing
neuron-glia antigen 2 (NG2) have been proposed as an alter-
native source of fibrotic scarring following CNS insults. Hesp
et al. reported that dividing NG2-positive pericytes are neces-
sary for intralesional angiogenesis and fibrotic scar formation
after spinal cord injury (Hesp et al. 2018). Additionally, NG2
glia, a distinct class of glial cells in the CNS, undergo dynamic
changes, forming a dense network in the fibrotic scar-forming
area after brain insults (Jin et al. 2018). Taken together, three
types of cells, NG2 glia, NG2-positive pericytes, and PDGFR-
B-positive fibroblast-like cells, are deemed key players in the
fibrotic scar formation in response to CNS insults.

From the perspective of specific marker expression in the
CNS vasculature, NG2 and PDGFR- are widely accepted
as markers of pericytes (Armulik et al. 2011; Krueger and
Bechmann 2010; Lindahl et al. 1997; Schultz et al. 2017,
Smyth, et al. 2018; Winkler et al. 2010). However, NG2 proteo-
glycan is expressed in a wide range of other cell types including
vascular mural cells and NG2 glia in the adult brain, and NG2
is also induced in activated microglia/macrophages (Dimou
and Gallo 2015; Jin et al. 2018, 2020; Nishiyama et al. 1997,
Ozerdem et al. 2001). In addition, PDGFR-f expression is found
in NG2 glia and astrocytes in the epileptic brain (Kyyriainen
et al. 2017). Despite abundant information about the hetero-
geneous populations of NG2- and PDGFR-B-positive cells in
both control and the injured brain, direct comparisons of their
distribution and morphology remain to be established.

In the present study, we compared the distribution and mor-
phological features of cells expressing NG2 and PDGFR-f at
the regional, cellular, and subcellular levels in the lesioned
striatum following injection of the natural mitochondrial toxin
3-nitropropionic acid (3-NP). This toxin produces a well-
demarcated lesion core, where all types of cells exhibit pan-
necrosis, and a resultant fibrotic scar forms (Duran-Vilaregut
et al. 2010; Jin et al. 2018; Mu et al. 2016; Riew et al. 2017).
We focused our attention on the spatiotemporal distribution of
two markers associated with vessels in the development of the
fibrotic scar after 3-NP injection. Vascular mural cells reside
in close proximity within the perivascular space, and there
are no perfect markers to distinguish between these cells with
light microscopy. Therefore, we combined an immunoperoxi-
dase method with a correlative light and electron microscopy
(CLEM) approach to identify the exact phenotype of vessel-
associated NG2- and PDGFR-B-expressing cells.

Material and methods
Animal preparation
All procedures and provisions for animal care were in

accordance with the Laboratory Animals Welfare Act,
the Guide for the Care and Use of Laboratory Animals,
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and the Guidelines and Policies for Rodent Survival
Surgery provided by the IACUC (Institutional Animal
Care and Use Committee) at the College of Medicine
of The Catholic University of Korea (approval number
CUMS-2020-0041-01). IACUC and the Department of
Laboratory Animals in the Catholic University of Korea,
Songeui Campus, accredited the Korea Excellence Ani-
mal Laboratory Facility from the Korea Food and Drug
Administration in 2017 and acquired full Association for
Assessment and Accreditation of Laboratory Animal Care
International accreditation in 2018. All efforts were made
to minimize animal suffering and to reduce the number of
animals used.

Twenty-five adult male Sprague-Dawley rats (250-300 g;
OrientBio, Seongnam, Republic of Korea) were used for
light- and electron-microscopic studies. The animals were
housed in groups of three per cage in a controlled environ-
ment at a constant temperature (22 + 5 °C) and humidity
(50 + 10%) with food (gamma ray-sterilized diet) and water
(autoclaved tap water) available ad libitum. The rats were
maintained on a 12-h light/dark cycle. The mitochondrial
toxin 3-NP (Sigma-Aldrich, St. Louis, MO, USA) was
dissolved in buffered saline (pH = 7.0) and administered
intraperitoneally (i.p.) at a dose of 15 mg/kg once daily
for 3 days. Only rats exhibiting behavioral deficits such as
hindlimb impairment or kyphotic posture, recumbency, or
impaired postural adjustment were included in the experi-
mental group (Hamilton and Gould 1987). Animals were
euthanized 3, 7, and 14 days after the final injection of
3-NP (n = 5 rats per time point). The control group (n = 4)
received i.p. injections of the same volume of normal saline
for three consecutive days. The rats in this group were eutha-
nized 3 days after the final injection. After anesthesia with
zolazepam (20 mg/kg i.p.) and xylazine (7.5 mg/kg i.p.),
the animals were transcardially perfused with 4% paraform-
aldehyde in 0.1 M phosphate buffer (PB, pH 7.4) for light
or electron microscopy. The brain tissues were equilibrated
with 30% sucrose in 0.1 M PB, frozen, and stored at — 70 °C
for light microscope studies.

Immunohistochemistry

For double or triple immunofluorescence immunohis-
tochemistry, free-floating sections (25 pm thick) were
blocked in blocking buffer (a mixture of 0.2% gelatin, 1%
bovine serum albumin, and 0.05% saponin or a mixture of
10% normal serum, 1% bovine serum albumin, and 0.1%
triton), then incubated at 4 °C overnight with a mix of
primary antibodies. Primary antibodies and dilutions were
as follows: mouse anti-NG2 (1:200; Millipore, Temecula,
CA, USA), rabbit anti-NG2 (1: 200, Millipore), rabbit
anti-PDGFR-f (1:200; Abcam, Cambridge, UK), rabbit
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anti-CD13 (1:300; Abcam), goat anti-ionized calcium-
binding adaptor molecule 1 (Ibal; 1:500; Abcam), mouse
anti-rat endothelial cell antigen-1 (RECA1; 1:200; Bio-
Rad, Hercules, CA, USA), and goat anti-type IV collagen
(1:100; Bio-Rad). In some experiments, double-labeling
was performed using a mixture of mouse anti-adenoma-
tous polyposis coli (APC; also called CC1; 1:100; Sigma-
Aldrich) and either rabbit anti-NG2 (1: 200, Millipore) or
rabbit anti-PDGFR-f (1:200; Abcam). Some sections were
also incubated with a mixture of goat anti-type IV col-
lagen (1:100; Bio-Rad) and rabbit anti-collagen I (1:200,
Abcam). This triple- or double-labeling was followed by
a 2-h incubation with appropriate secondary antibodies,
as follows: Cy3-conjugated goat anti-mouse antibody
(1:2000; Jackson ImmunoResearch, West Grove, PA,
USA), Cy3-conjugated goat anti-rabbit antibody (1:2000;
Jackson ImmunoResearch), Cy3-conjugated donkey anti-
goat antibody (1:2000; Jackson ImmunoResearch), Alexa
Fluor 488-tagged goat anti-rabbit antibody (1:300; Thermo
Fisher, Waltham, MA, USA), Alexa Fluor 488-tagged goat
anti-mouse antibody (1:300; Thermo Fisher), Alexa Fluor
488-tagged donkey anti-mouse antibody (1:300; Thermo
Fisher), or Alexa Fluor 647-tagged donkey anti-rabbit
antibody (1:300; Thermo Fisher). Counterstaining of cell
nuclei was carried out with 4', 6-diamidino2’-phenylindole
(DAPI; 1:2000; Roche, Mannheim, Germany) for 10 min.
For negative staining the controls for double- or triple-
labeling, each primary antibody was omitted before sec-
tions were incubated with the corresponding secondary
antibody. In addition, we compared the results of triple-
labeling with those of single- and double-labeling for all
combinations of antibodies to yield clearly interpretable
data and avoid cross reactivity. Slides were viewed under
a confocal microscope (LSM800 with Airyscan; Carl Zeiss
Co., Ltd., Oberkochen, Germany) equipped with four
lasers (Diode 405, Argon 488, HeNe 555, and HeNe 639)
under constant viewing conditions. Fluorescence intensity
profiles were obtained using Zen 2.3 blue edition (Carl
Zeiss Co., Ltd.). For three-dimensional (3D) reconstruc-
tion, NG2 and PDGFR-f signals were 3D-rendered using
IMARIS (Bitplane, Switzerland).

For quantitative analysis, confocal images were obtained with
a40x objective lens with constant viewing settings. Mean NG2
or PDGFR-J intensity outside RECA-1 expressing blood ves-
sels was measured from a randomly selected area (24 X 24 pm)
in 9.5-pm maximal intensity z-projection. Three images were
obtained per animal, and in each image, three to six areas were
selected for analysis. To compare the number of Ibal-positive
activated microglia and NG2 glia, we used 160 x 160 pm
images of 6 pm Z-stacks with 0.5-pm optical sections, only
counting cells with cytoplasmic expression of each molecule
encircling nuclei. The number of animals used for each analysis
is indicated in the figure legends of Figs. 2 and 6.

Immunoelectron microscopy

For pre-embedding immunoelectron microscopy, semi-
thin cryosections (2 um thick) or floating vibratome sec-
tions (50 um thick) were made from control and experimen-
tal rats (n = 3 rats per time point) at 3 and 14 days after 3-NP
injection. Semi-thin cryosections were cut at — 100 °C with
a glass knife in a Leica EM UC?7 ultramicrotome equipped
with an FC7 cryochamber (Leica, Wetzlar, Germany). The
sections were blocked with 10% normal goat serum and 1%
bovine serum albumin in 0.01 M phosphate buffered saline
for 1 h and then immunostained with rabbit anti-NG2 (1:200,
Millipore), rabbit anti-PDGFR-f (1:200; Abcam), or rab-
bit anti-CD13 (1:100; Abcam) overnight at 4 °C. Primary
antibodies were visualized using peroxidase-conjugated
goat anti-rabbit IgG (1:100; Jackson Immunoresearch) and
0.05% 3,3'-diaminobenzidine tetrahydrochloride (DAB) with
0.01% H,0, as the substrate. After fixation, dehydration,
and embedding in Epon 812 (Polysciences, Warrington, PA,
USA), areas of interest were excised and glued onto resin
blocks. Ultrathin sections (70 nm thick) were cut, stained
with 2% uranyl acetate for 10 min, and observed under an
electron microscope (JEM 1010, JEOL, Tokyo, Japan).

To analyze the expression of NG2 or PDGFR-f in the
pericytes of capillaries, electron micrographs of 7-10 ran-
domly selected capillaries were obtained from three rats per
group, which corresponds to approximately 20-30 capillar-
ies per sham-operated or experimental rat, at days 3 and
14 after 3-NP injection. Only cross-sectioned capillaries
that were covered by pericytes and showed typical morpho-
logical features—i.e., having processes that extend around
the capillary wall and are completely bounded by a basal
lamina—were included in the analysis (Attwell et al. 2016;
Krueger and Bechmann 2010).

For CLEM, semi-thin cryosections (2 pm thick) were dou-
ble-labeled at 4 °C overnight using mouse monoclonal anti-
body against NG2 (1:200; Millipore) and rabbit polyclonal
antibody against PDGFR-} (1:200; Abcam). Antibody staining
was visualized using Cy3-conjugated goat anti-mouse anti-
body (1:2000; Jackson ImmunoResearch) and Alexa Fluor
488-tagged goat anti-rabbit antibody (1:300; Thermo Fisher).
Sections were labeled with DAPI for 10 min. Coverslipped
sections were examined with a confocal microscope and pho-
tographed at various magnifications with a differential interfer-
ence contrast setting to find specific areas for later examination
by electron microscopy. After the coverslips had been floated
off the sections, the tissues were prepared further for electron
microscopy, as described above.

Statistics

Statistical significance was determined by one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparisons
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«Fig. 1 Cellular localization of neuron-glia antigen 2 (NG2) and plate-
let-derived growth factor receptor beta (PDGFR-f) and their relation-
ship in the striatum of saline-treated control rats. a—c Representative
images of double-labeling for NG2 and PDGFR-f show that both sig-
nals are observed within vascular profiles and surrounding extravas-
cular areas. Note that vascular NG2 expression is very weak, while
vessel-associated PDGFR-f is more prominent. Moreover, note that
parenchymal cells with fine processes (arrowheads) co-express NG2
and PDGFR-. Negative controls for the double-labeling performed
by omitting PDGFR- d, e or NG2 f, g and subsequently incubating
them with the corresponding secondary antibody show the absence of
specific immunoreactivity to PDGFR-f or NG2. Arrows indicate ves-
sel-associated cells, and arrowheads indicate parenchymal cells. h-k
Double-labeling for the vascular endothelial cell marker rat endothe-
lial cell antigen-1 (RECA1) and either NG2 or PDGFR-f. Note that
very weak NG2 expression can be detected along the outer part of
vascular endothelial cells. Further, note that PDGFR-f is localized
in vessels of a larger caliber but is absent in capillary-like microves-
sels (arrows). I-o Comparison of NG2- and PDGFR-B-positive cells
associated with capillaries in the control striatum using alternatively
performed pre-embedding immunoelectron microscopy. 1, m NG2 is
specifically localized along the plasma membrane (arrowheads in m)
of the pericytes (P; shaded in red) of capillaries, which are closely
apposed to endothelial cells (En; shaded in blue). The boxed area in
1 is enlarged in m. Note that endothelial cells are devoid of NG2. n,
o No specific PDGFR- § immunoreactivity can be detected in either
the endothelial cells (En; blue) or pericytes (P; red) of capillar-
ies. The boxed area in n is enlarged in o. Note that the basal lam-
ina (arrowheads in o) surrounding the pericytes is in direct contract
with the glia limitans (As; shaded in yellow). Data are representa-
tive of 20 capillaries from three rats. p—s Triple-labeling for NG2.
PDGFR-p, and the microglial marker ionized calcium-binding adap-
tor molecule 1 (Ibal) shows that NG2/PDGFR-f double-labeled cells
(white arrowheads), presumptively NG2 glia, are distinct from rest-
ing microglia (yellow arrowheads). Light microscopy data from three
rats are presented. Cell nuclei appear blue after 4',6-diamidino-2'-
phenylindole (DAPI) staining. Scale bars = 10 um for a-k, p-s; 1 pm
for1, n; 0.5 pym for m, o

test. Differences with p < 0.05 were considered significant. All
statistical calculations were performed using GraphPad Prism
version 8 (GraphPad Software Inc., San Diego, CA, USA).

Results

Consistent with our previous data, about 70% of the rats
intoxicated with 3-NP in the present study developed the
characteristic neurological deficits including hindlimb
impairment, recumbency, and impaired postural adjustment
(Choi et al. 2017; Jin et al. 2018; Riew et al. 2017).

Cellular localization of and relationship
between NG2 and PDGFR- in the control striatum

We first analyzed the expression of and relationship between
NG?2 and PDGFR-f in the striatum of saline-treated control
rats. Both NG2 and PDGFR-f} were observed within vascu-
lar profiles, where NG2 immunoreactivity was very weak, but
PDGFR-f expression was more prominent (Fig. 1a—c). Both

signals were also observed in parenchymal cells with ramified
processes (Fig. 1a—c), which were most likely NG2 glia based
on their morphology and the co-expression of both markers
(Kyyriainen et al. 2017; Riew et al. 2018). Immunoreactivity
specific to NG2 or PDGFR-f} was eliminated when the omis-
sion of each primary antibody and subsequent incubation of
corresponding secondary antibody was performed (Fig. 1d—g).
In addition, the comparison of the double-labeling (Fig. 1a—)
and the single labeling for NG2 or PDGFR-f (Fig. 1d-g) did not
yield any differences in the localization of the two molecules.

We further investigated the association between the two
markers and blood vessels using the vascular endothelial
cell marker RECAL1. Vascular NG2 expression was detected
along the outer part of vascular endothelial cells (Fig. 1h, 1).
As shown in Fig. 1j, k, PDGFR-f expression was localized
in vessels of a larger caliber but was absent in capillary-like
microvessels. Using alternatively performed pre-embedding
immunoelectron microscopy, we investigated the cellular
identity of vascular cells expressing NG2 and PDGFR-p in
the control striatum. NG2 immunoreactivity, as indicated by
highly electron-dense DAB grains, was specifically associ-
ated with the plasma membrane of the pericytes of capillar-
ies (Fig. 11, m). As reported previously (Riew et al. 2018),
PDGFR- immunoreactivity was not detected in the pericytes
of capillaries (Fig. 1n, 0). We found that all of pericytes in
each of the 20 capillaries analyzed were positive for NG2
but negative for PDGFR-f. Both NG2 and PDGFR-p were
not detected in the endothelial cells of capillaries (Fig. 11-0).
Next, we performed double-labeling using the pericyte marker
CD13 (Armulik et al. 2010) and RECA1. As shown in Sup-
plementary Fig. la—, CD13 expression was closely in contact
with vasscular endothelial cells. In addition, pre-embedding
immunoelectron microscopy showed CD13 immunoreactivity
in the pericytes (Supplementary Figs. 1d, e).

In addition, triple-labeling for NG2, PDGFR-f, and
the microglial marker Ibal revealed that NG2/PDGFR-f
double-labeled NG2 glia were devoid of Ibal immuno-
reactivity (Fig. 1p-s), as reported previously (Garbelli
et al. 2015; Jin et al. 2018). Moreover, double-labeling
with either NG2 or PDGFR-B, and APC, a marker of
mature oligodendrocytes (Casella et al. 2004), revealed the
non-overlapping expression of two molecules with APC in
the control striatum—despite APC-positive oligodendro-
cytes being clearly observed (Supplementary Figs. 2a—f).

Spatiotemporal profiles of and relationship
between vessel-associated cells expressing NG2
and PDGFR-B in the striatum in the early phase
following 3-NP injection

Next, we examined the spatiotemporal distribution of NG2

and PDGFR-p in the rat striatum subjected to 3-NP. Three
days after the injury, the lesion core was evident in the
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Perilesion

Perilesion

lateral part of the striatum, where astrocytes had virtually
disappeared in the lesion core (data not shown), as described
previously (Choi et al. 2017; Duran-Vilaregut et al. 2010;
Jin et al. 2018; Mu et al. 2016; Riew et al. 2017; Wullner
et al. 1994). At this time point, intense PDGFR-f} expres-
sion was noted in vascular profiles of both the perilesional
area and the lesion core, whereas vascular NG2 expression
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was prominent only in the lesion core (Fig. 2a—d). We fur-
ther characterized these vascular distributions by double-
labeling for RECA1 and either NG2 or PDGFR-p. NG2
expression was localized to vessels and parenchymal cells
in the extravascular area (Fig. 2e, f), whereas PDGFR-} was
noted preferentially within vessels (Fig. 2g, h). Orthogonal
images revealed that PDGFR-f appeared to be localized on
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«Fig. 2 Spatiotemporal distribution of and relationship between neu-
ron-glia antigen 2 (NG2) and platelet-derived growth factor recep-
tor beta (PDGFR-B) in the lesioned striatum on days 3 and 7 after
3-nitropropionic acid (3-NP) injection. Lower a and higher b—d mag-
nification views of the striatum 3 days post-lesion. Notably, intense
PDGFR- expression is present within vascular profiles of both the
lesion core (to the right of the dotted line) and the perilesional area
(perilesion), whereas vascular NG2 expression is prominent only
in the lesion core. e-h Double-labeling for the vascular endothelial
cell marker rat endothelial cell antigen-1 (RECA1) and either NG2
or PDGFR-} shows that NG2 is detectable within vessels and paren-
chymal cells in the extravascular area, whereas PDGFR-f is noted
preferentially within vessels. i Orthogonal view, revealing the spatial
relationship between PDGFR-f3 and NG2 within vessels in the lesion
core. Note that PDGFR-f appears to be localized on the abluminal
side of NG2-positive cells. j-1 Three-dimensional rendering of the
image shown in i indicates the different spatial relationship of the
two proteins within vessels. Lower m and higher n—p magnification
views of the striatum 7 days post-lesion. Both NG2 and PDGFR-
are noted within vessels (arrows) in the lesion core (to the right of
the dotted line). Note that the number of parenchymal NG2-positive
cells (arrowheads) that are devoid of PDGFR-P appears to increase
in extravascular areas in comparison to the 3-day time point. q, r
Quantitative temporal analysis of the mean fluorescence intensities
of NG2 and PDGFR-f expression in extravascular areas over a 7-day
period after lesion induction. Note that the relative intensity of both
NG2 and PDGFR-f progressively increased at 3—7 days post-lesion.
n = 3 rats per group. Data are expressed as mean+SEM. ns, not sig-
nificant; ****P < 0.0001; one-way ANOVA followed by Tukey’s
multiple comparison test. s—v Triple-labeling for NG2, PDGFR-f,
and collagen IV in the lesion core shows that both proteins are noted
in vessels with different expression patterns. Light microscopy data
from three rats per group are presented. Cell nuclei appear blue after
4’ 6-diamidino-2'-phenylindole (DAPI) staining. Scale bars = 100 pm
for a, m; 20 um for b—i, n—p, s—v; 5 um for j-1

the abluminal side of NG2-positive cells within vessels, with
these cells being closely associated with each other (Fig. 2i).
In addition, the 3D-rendered image revealed their different
spatial relationship within vessels (Fig. 2j-1). Seven days
after the 3-NP injection, the labeling patterns for NG2 and
PDGFR-§ in the lesion core were similar to those observed
on day 3, but there was a more prominent enrichment of
NG2-positive cells in extravascular areas (Fig. 2m—p). Quan-
titative analysis revealed a significant increase in the mean
fluorescence intensities of NG2 and PDGFR- expression
in extravascular areas at 3—7 days post-lesion than in the
control (Fig. 2q, r). Triple-labeling for NG2, PDGFR-f, and
collagen IV, the principal collagen type in the neurovascular
basal lamina, revealed that both NG2 and PDGFR-f were
associated with vessels, but they exhibited different patterns
within vessels (Fig. 2s—v).

However, light-microscopic imaging alone was not suffi-
cient to clarify the identity of vascular cells expressing these
two proteins. Using alternatively performed pre-embedding
immunoelectron microscopy, we investigated the ultras-
tructural morphology of vascular cells expressing NG2 and
PDGFR-B. NG2 immunoreactivity, as indicated by highly
electron-dense DAB grains, was specifically associated with

the plasma membrane and its adjacent extracellular matrix
of smooth muscle cells of venules but not with endothe-
lial cells (Fig. 3a, c). In the lesioned striatum of the same
experimental animal, however, PDGFR-B-positive cells had
long cytoplasmic processes that invariably laid on the ablu-
minal side of smooth muscle cells, which did not express
PDGFR- and often formed a multilayered sheath (Fig. 3b,
d, e). They had euchromatic nuclei and well-developed
rough endoplasmic reticulum with marked dilation, indicat-
ing that they were most likely perivascular fibroblast-like
cells, as described previously (Riew et al. 2018). In this
regard, PDGFR-B-positive cells seemed to abut the ablumi-
nal surface of NG2-positive smooth muscle cells (Fig. 3c,
d). In arterioles, electron-dense NG2 staining was also local-
ized along the plasma membranes of smooth muscle cells
(Supplementary Fig. 3). On their abluminal side, NG2-
negative cells had large euchromatic nuclei with prominent
nucleoli and dilated cisternae of rough endoplasmic reticulum
(Supplementary Fig. 3), indicating that they corresponded
to PDGFR-f-positive fibroblasts.

In capillaries, NG2 expression was localized along the
plasma membrane of pericytes but was not detected in adja-
cent cells that had dilated cisternae of rough endoplasmic
reticulum (Fig. 4a, b). In the same striatum, PDGFR-§ was
detected in long cytoplasmic processes that were located on
the abluminal side of endothelial cells and pericytes of capil-
laries, both of which were negative for PDGFR-f (Fig. 4c,
d). These expression patterns of NG2 or PDGFR-f in the
pericytes of capillaries were confirmed in at least each of
20 capillaries analyzed. These data indicate that pericytes
and smooth muscle cells expressed NG2, whereas PDGFR-f3
labeled adventitial fibroblast-like cells. To further clarify the
cellular identity of vascular NG2- and PDGFR-f-positive
cells, we used a CLEM approach. Semi-thin sections double-
labeled for NG2 and PDGFR-f were first observed using
confocal microscopy, and the same semi-thin sections were
subsequently subjected to electron microscopy (Fig. Sa—e).
Overlay of the confocal microscopy and transmission elec-
tron microscopy data clearly revealed that the PDGFR--
positive cell in this figure had a large euchromatic nucleus
with a prominent nucleolus, well-developed rough endo-
plasmic reticulum (Fig. 5e, g, h) and was closely abutted to
NG2-positive smooth muscle cells (Fig. 5f-h).

Differential expression of NG2 and PDGFR-f3 in NG2
glia and activated microglia/macrophages

Several reports have provided evidence that NG2 expres-
sion is induced in activated microglia/macrophages fol-
lowing CNS insults (Bu et al. 2001; Jin et al. 2018, 2020;
Jones et al. 2003; Matsumoto et al. 2008; Zhu et al. 2012).
To clarify the phenotypes of parenchymal cells express-
ing NG2 and PDGFR-p, we performed triple-labeling with
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Fig.3 Comparison of neuron-glia antigen 2 (NG2)- and platelet-
derived growth factor receptor beta (PDGFR-f)-positive cells asso-
ciated with venules using alternatively performed pre-embedding
immunoelectron microscopy. Representative images were obtained
from the lesion core of the same experimental animal at 3 days post-
lesion. a, ¢ NG2 immunoreactivity, as indicated by highly electron-
dense 3,3'-diaminobenzidine tetrahydrochloride (DAB) grains, is
specifically associated with the plasma membrane and its adjacent
extracellular matrix of smooth muscle cells (Sm; shaded in red) but
not with endothelial cells (En; shaded in blue). The boxed area in a
is enlarged in c¢. Notably, NG2-negative cells (shaded in green) with
dilated cisternae of rough endoplasmic reticulum (magenta arrow-
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head in ¢) are located on the abluminal side of NG2-positive smooth
muscle cells. b, d, e PDGFR-B-positive cells (shaded in green) extend
long cytoplasmic processes along the outer parts of a smooth muscle
cell (Sm; shaded in red) and endothelial cells (En; shaded in blue).
Notably, PDGFR-f-positive cells have large euchromatic nuclei (N)
and well-developed rough endoplasmic reticulum with dilated cister-
nae (magenta arrowhead in d). The boxed areas in b are enlarged in
d and e, respectively. Note that PDGFR-B-positive processes directly
abut the abluminal surface of smooth muscle cells and often form
a multilayered sheath that covers the smooth muscle cells. Scale
bars = 2 um for a, b; 1 um for e; 0.5 um for ¢, d
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Fig.4 Comparison of neuron-glia antigen 2 (NG2)- and platelet-
derived growth factor receptor beta (PDGFR-p)-positive cells asso-
ciated with capillaries using alternatively performed pre-embedding
immunoelectron microscopy. All images were obtained from the
lesion core of the same experimental animal at 3 days post-lesion. a,
b NG2 is specifically localized along the plasma membrane of peri-
cytes (P; shaded in red) of capillaries, which are closely apposed to
endothelial cells (En; shaded in blue). The boxed area in a is enlarged
in b. Note that endothelial cells are devoid of NG2. Moreover, note

NG2, PDGFR-B, and Ibal. On 3 days post-lesion, NG2*/
Ibal™ cells, namely, NG2 glia, expressed PDGFR-f, while
NG2*/Ibal™ activated microglia/macrophages were devoid
of PDGFR-p expression (Fig. 6a—d). Seven days post-lesion,
the labeling patterns for NG2, PDGFR-f, and Ibal in the
lesion core were similar to those observed on day 3, although
there was prominent enrichment of NG2-positive activated
microglia/macrophages (Fig. 6e—h). This observation was
confirmed by quantitative temporal analysis showing that
the numbers of NG2 glia and NG2-positive microglia sig-
nificantly increased over a 7-day period after lesion induc-
tion (Fig. 61, j). In particular, the number of NG2-positive
microglia at 7 days considerably increased when compared
with that at the 3-day time point (Fig. 6j). These data indi-
cate that parenchymal NG2-positive cells could be divided
into PDGFR-f-positive NG2 glia and PDGFR-B-negative
activated microglia/macrophages.

We then determined the ultrastructural morphol-
ogy of these parenchymal cells using CLEM. Semi-thin

that NG2-negative cells (shaded in green) with dilated cisternae
of rough endoplasmic reticulum (magenta arrowheads in a and b)
are located on the abluminal side of NG2-positive pericytes. ¢, d
PDGFR-B-positive processes directly abut the abluminal surface
of pericytes (P; shaded in red) and endothelial cells (En; shaded in
blue), both of which are devoid of PDGFR-f. The boxed area in ¢
is enlarged in d. Data are representative of 20 capillaries from three
rats. Scale bars = 1 pm for a, ¢; 0.5 pm for b, d

sections triple-labeled for NG2, PDGFR-f, and Ibal were
first observed using confocal microscopy, which clearly
revealed two types of parenchymal cells, i.e., NG2*/
PDGFR-p* NG2 glia and NG2*/PDGFR-B~ activated
microglia/macrophages (Fig. 6k—n). Overlay of the con-
focal microscopy and transmission electron microscopy
data confirmed that activated microglia had triangular
nuclei with clumped heterochromatin, whereas NG2 glia
had large euchromatic nuclei with prominent nucleoli and
well-developed rough endoplasmic reticulum (Fig. 60-r).

Distributions of and relationship between NG2
and PDGFR-B in the striatum in the late phase
following 3-NP injection

Fourteen days after lesion induction, NG2 and PDGFR-f
exhibited largely complementary patterns in the lesion
core; PDGFR-P expression was associated with vascular
profiles and the surrounding web-like structures in the
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Fig.5 Phenotypic identification of vessel-associated neuron-glia
antigen 2 (NG2)- and platelet-derived growth factor receptor beta
(PDGFR-f)-positive cells in the lesion core at 3 days post-lesion
using correlative light and electron microscopy. Confocal microscope
images of a semi-thin section double-labeled for NG2 and PDGFR-f
a—c, the overlay image of the confocal microscope data d, and the
corresponding electron microscope image e. The boxed areas in e
are enlarged in f-h, respectively. Note that NG2 expression is local-
ized in smooth muscle cells (Sm; shaded in red), while PDGFR-f-

extravascular area, while NG2-positive cells were pref-
erentially accumulated in the area between the PDGFR-
B-positive structures (Fig. 7a). These complementary
patterns of NG2 and PDGFR-f in the lesion core were
further supported by the fluorescence intensity profiles
of the two signals (Fig. 7b). Triple-labeling with NG2,
PDGFR-B, and collagen IV revealed that PDGFR-f and
collagen IV generally overlapped in the lesion core, while

@ Springer

positive cells (F; shaded in green) are located on the abluminal side
of smooth muscle cells and endothelial cells (En; shaded in blue).
Note that a PDGFR-f-positive cell has a large euchromatic nucleus
with a prominent nucleolus (# in g) and well-developed rough endo-
plasmic reticulum (magenta arrows in g and h). CLEM image repre-
sentative from three rats. Cell nuclei appear blue after 4',6-diamidino-
2'-phenylindole (DAPI) staining. Scale bars = 5 pm for a—c; 2 pm for
d,e; 1 pm for f; 0.4 pm for g, h

most NG2-positive cells were located between PDGFR-f3-
positive extravascular structures (Fig. 7c—f). Collagen IV
and collagen I, the principal type of collagen, had nearly
coinciding distributions in the lesion core (Fig. 7g, h).
Triple-labeling with NG2, PDGFR-, and Ibal showed
that these NG2-positive cells were indeed activated micro-
glia/macrophages, despite NG2*/PDGFR-B* NG2 glia still
being present (Fig. 7i-1).
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Fig.6 Phenotypic identification and ultrastructural characteriza-
tion of parenchymal cells expressing neuron-glia antigen 2 (NG2)
and platelet-derived growth factor receptor beta (PDGFR-f) in the
lesion core on days 3 and 7 after 3-nitropropionic acid (3-NP) injec-
tion. a—d Triple-labeling for PDGFR-f, NG2, and ionized calcium-
binding adaptor molecule 1 (Ibal) 3 days post-lesion shows that
NG2/PDGFR-B double-labeled cells (arrowheads) in the extravascu-
lar area, most likely NG2 glia, are not labeled with Ibal. Note that
NG2-positive activated microglia/macrophages (arrows) are devoid of
PDGFR-. e-h Triple-labeling for PDGFR-p, NG2, and Ibal 7 days
post-lesion shows that two types of parenchymal cells, i.e., NG2¥/
PDGFR-B* NG2 glia (arrowheads) and NG2*/PDGFR-B~ activated
microglia/macrophages (arrows), are clearly distinguishable. Further-
more, note the more prominent enrichment of NG2-positive activated
microglia/macrophages at 7 days post-lesion, in comparison to day
3 post-lesion. i, j Quantitative temporal analysis showing a signifi-
cant increase in the numbers of NG2 glia (NG2*/Ibal /PDGFR-p*
cells) and NG2-positive microglia (NG2*/Ibal*/PDGFR-B~ cells)

over a 7-day period after lesion induction. n = 3 rats per group. Data
are expressed as mean+SEM. ns, not significant; ***P < 0.001,
*¥#F*¥P < 0.0001; one-way ANOVA followed by Tukey’s mul-
tiple comparison test. k-r Representative correlative light- and
electron-microscopic images show the ultrastructural characteriza-
tion of parenchymal cells expressing NG2 and PDGFR-f. Confocal
microscopic images of a semi-thin section triple-labeled for NG2,
PDGFR-, and Ibal k—n, the overlay image of the confocal micro-
scope data o, and the corresponding electron microscope image p.
q, r Higher magnification views of NG2*/PDGFR-B~ microglia and
NG2*/PDGFR-B* NG2 glia, respectively. Note that the former has
a triangular nucleus with highly clumped heterochromatin, whereas
the latter has a large euchromatic nucleus with a prominent nucleo-
lus (# in r) and cytoplasm containing well-developed rough endoplas-
mic reticulum. Light microscopy and CLEM data from three rats per
group are presented. Cell nuclei appear blue after 4’,6-diamidino-2'-
phenylindole (DAPI) staining. Scale bars = 20 pm for a~h; 5 pm for
k-m; 2 pm for n—p; 1 pm for g—-r
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perilesion

lesion core

Fig.7 Spatial distribution of and relationship between neuron-glia
antigen 2 (NG2) and platelet-derived growth factor receptor beta
(PDGFR-p) in the lesioned striatum on day 14 after 3-nitropropionic
acid (3-NP) injection. a Double-labeling for NG2 and PDGFR-$
shows that PDGFR-f expression is associated with vascular profiles
and the surrounding web-like extravascular structures, while NG2-
positive cells are preferentially observed between the PDGFR-f-
positive structures. The dotted line indicates the border between the
lesion core and the perilesional area (perilesion). b Fluorescence
intensity profiles of NG2- and PDGFR-B-positive signals along
the indicated area (arrow in a) show that both signals have largely
complementary patterns. c—f Triple-labeling with NG2, PDGFR-f,
and collagen IV in the lesion core shows that PDGFR-f is closely
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associated with collagen IV within extravascular networks (arrows),
while most NG2-positive cells are located among PDGFR--positive
structures. Note that NG2*/PDGFR-pt NG2 glia (arrowheads) are
still observed. g—h Double-labeling with collagen IV and collagen
I shows that the expression of the two collagen proteins generally
overlap in the lesion core. i-1 Triple-labeling for NG2, PDGFR-f,
and ionized calcium-binding adaptor molecule 1 (Ibal) in the lesion
core shows that most NG2-positive cells in the extravascular area
are indeed activated microglia/macrophages despite the presence of
some NG2*/PDGFR-B* NG2 glia (arrowheads). Light microscopy
data are representative from three rats. Cell nuclei appear blue after
4',6-diamidino-2'-phenylindole (DAPI) staining. Scale bars = 50 pm
for a; 10 pm for c-1
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Fig.8 Ultrastructural analysis of vessel-associated neuron-glia
antigen 2 (NG2)- and platelet-derived growth factor receptor beta
(PDGFR-p)-positive cells in the lesion core 14 days post-lesion using
alternatively performed pre-embedding immunoelectron micros-
copy. a—c Electron-dense NG2 staining is specifically associated with
the plasma membranes of pericytes (P; shaded in red) but not with
endothelial cells (En; shaded in blue) of capillaries. The boxed areas
in a are enlarged in b and ¢, respectively. d—f PDGFR-B-positive
cytoplasmic processes (F; shaded in green) directly abut the ablumi-
nal surface of pericytes (P; shaded in red) and endothelial cells (En;

To characterize how vessel-associated cells expressing
the two proteins changed over time, we investigated the
ultrastructural morphology and spatial relationships of these
cells in the lesion core 14 days post-lesion. Alternatively
performed pre-embedding immunoelectron microscopy
demonstrated that electron-dense NG2 staining was still
localized along the plasma membranes of capillary pericytes
(Fig. 8a—c), while slender PDGFR-p-positive cytoplasmic
processes directly abutted the abluminal surface of pericytes
but were also located at a distance from the vasculature with
close apposition with brain macrophages (Fig. 8d—f). They
still showed morphological characteristics typical of perivas-
cular fibroblast, such as well-developed rough endoplasmic
reticulum with dilated cisterns, and a close association with
collagen fibrils (Fig. 8d—f). In each of the 30 capillaries ana-
lyzed, all of the pericytes expressed NG2 but not PDGFR-f.

shaded in blue) of capillaries but are also located at a distance from
the vasculature. PDGFR-B-positive processes have morphological
features typical of perivascular fibroblasts, such as well-developed
rough endoplasmic reticulum with dilated cisterns (magenta arrow-
heads in e), and a close association with collagen fibrils (double
asterisks in e and f). Note that PDGFR-B-positive processes are in
close apposition to brain macrophages (M). The boxed areas in d are
enlarged in e and f, respectively. Data are representative of 30 capil-
laries from three rats. Scale bars = 2 pm for a, d; 1 pm for b, c, e, f

Discussion

NG2 and PDGFR- are widely used as markers for peri-
cytes, yet the validity of this approach remains controver-
sial due to the delicate nature of perivascular structures
(Armulik et al. 2011; Krueger and Bechmann 2010; Lindahl
et al. 1997; Riew et al. 2020; Schultz et al. 2017; Smyth
et al. 2018; Winkler et al. 2010). In the present study, we
elucidated the identities and distributions of vessel-associ-
ated cells expressing NG2 and PDGFR-p and found, sur-
prisingly, that these molecules labeled different vascular
mural cells; NG2 labeled pericytes and smooth muscle
cells, whereas PDGFR- did label neither pericytes nor
smooth muscle cells but instead clearly labeled perivascular
adventitial fibroblast-like cells. Furthermore, we established
the identity of heterogeneous populations of NG2- and
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Fig.9 Schematic representation of the dynamic distribution of neu-
ron-glia antigen 2 (NG2) and platelet-derived growth factor receptor
beta (PDGFR-p) in the lesion core of the striatum following 3-nitro-
propionic acid (3-NP) treatment. a In the saline-treated control stria-
tum, vessel-associated cells expressing NG2 are pericytes and smooth
muscle cells, which are surrounded by the basal lamina, whereas
PDGFR-B-positive cells are adventitial fibroblasts that are localized
on the abluminal side of the smooth muscle cells of larger caliber ves-
sels. Parenchymal cells expressing both proteins are resting NG2 glia.
Note that PDGFR-B-positive adventitial fibroblasts are surrounded
by the glia limitans of astroglial processes. b At 14 days post-lesion,
when a degenerating glia limitans is evident in the lesion core, peri-
cytes and smooth muscle cells expressing NG2 still reside within
the perivascular space, whereas PDGFR-f-positive fibroblasts in the
vascular adventitia migrate into the injured parenchyma and form an
extravascular network, despite the ongoing association with the vas-
culature. Cells expressing PDGFR-f are closely associated with colla-
gen fibrils. Reactive NG2 glia still express both NG2 and PDGFR-p,
while NG2 is also induced in activated microglia/macrophages. Ibal,
ionized calcium-binding adaptor molecule 1

glia in the injured CNS (Fernandez-Klett et al. 2013; Riew
et al. 2018; Soderblom et al. 2013). We demonstrated that
NG2 and PDGFR-f had overlapping yet clearly distinguish-
able expression patterns within the striatal parenchyma after
brain insults. The CLEM analysis identified two types of
parenchymal cells; NG2*/PDGFR-B* cells, namely, NG2
glia, and NG2*/PDGFR-f~ activated microglia/macrophages
are clearly distinguishable. The former exhibited the charac-
teristic ultrastructure of reactive NG2 glia, i.e., large euchro-
matic nuclei with prominent nucleoli and well-developed
rough endoplasmic reticulum (see Fig. 6p), as reported
previously (Jin et al. 2018, 2020; Nishiyama et al. 1997).
On the other hand, the latter had morphological features
typical of activated microglia, consistent with our previous
observations (Jin et al. 2018, 2020; Riew et al. 2018). Thus,
based on the parenchymal distribution patterns of these two
molecules, the complementary use of PDGFR-f could be
beneficial to mark solely NG2 glia in the lesioned striatum.
Figure 9 summarizes our light- and electron-microscopic
analysis of vascular and parenchymal distributions of NG2
and PDGFR-$ in both the control and lesioned striatum.
Most noteworthy, we found that NG2 and PDGFR-f} were
neither exclusive nor specific markers for pericytes. Previous
research has identified the co-expression of both molecules
in vascular mural cells using transcriptomic analysis and
light microscopy. However, our study is hitherto the first to
directly compare and clarify the natural expression pattern
of these two molecules at both the light- and electron-micro-
scopic levels without using genetically modified animals
(Armulik et al. 2011; He et al. 2016; Lindahl et al. 1997,
Sweeney et al. 2016; Vanlandewijck et al. 2018; Winkler
et al. 2010). Although NG2 and PDGFR-f revealed spatial
differences even at the light-microscopic level (Fig. 2q-t),
their exact cellular identities within vascular walls were diffi-
cult to establish due to the narrow nature of the perivascular

space, the thin pericytic processes (2 um thick or less), and
the closely attached vascular mural cells (Attwell et al. 2016;
Krueger and Bechmann 2010). Nevertheless, our immunoe-
lectron microscopy and CLEM images clearly distinguished
between NG2-labeled smooth muscle cells and pericytes,
whereas PDGFR-p-positive perivascular fibroblasts were
located abluminal to NG2-positive cells. NG2 immunoreac-
tivity was conspicuously observed along the cell membranes
of smooth muscle cells and pericytes, which is attributable
to the inaccurate discrimination from PDGFR-p+ perivascu-
lar fibroblasts in light-microscopic images. Thus, particular
care should be taken in applying them as markers for these
vascular mural cells using light microscopy.

Interestingly, the vascular expression of NG2 and
PDGFR-f in the injured striatum exhibited characteris-
tic spatiotemporal patterns during the post-injury period.
PDGFR-p—positive perivascular fibroblasts were confined to
large-caliber vessels in the healthy brain, but they expanded
to almost all vessels after the injury at 3—7 days post-lesion.
Although extravascular PDGFR- expression increased at
7 days post-lesion, mesh-like networks and close correla-
tion with extravascular collagen fibers were more evident
at 14 days post-lesion. These networks of processes and
collagen deposition correspond to the fibrotic scar forma-
tion, consistent with our previous finding (Riew et al. 2018).
Thus, our data suggest that PDGFR-p-positive perivascular
fibroblasts may start to migrate from the vascular adventi-
tia into the injured parenchyma at days 3—7 post-lesion and
form a fibrotic scar by 14 days.

On the other hand, NG2 expression in vascular smooth
muscle cells and pericytes prominently increased after the
injury, but their localization was restricted to the vascu-
lature at 14 days post-lesion. Birbrair et al. reported that
after traumatic brain injury, NG2DsRed+ pericytes and
PDGFR-B+ cells both accumulate around the fibrotic scar
area but do not show overlapping patterns, suggesting dis-
tinct populations of each cell type (Birbrair et al. 2014). In
addition, status epilepticus induces alterations in the cover-
age of NG2DsRed+ cells around cerebral vasculature, while
these cells are in close contact with fibrotic scar-forming
PDGFR-f+ cells, and vascular pericytes detached from tumor
microvasculature acquire fibroblasts phenotypes upon stimu-
lation by specific signaling ligands, like PDGF-BB (Hosaka
et al. 2016; Klement et al. 2019; Milesi et al. 2014). It is con-
ceivable that upon injury, a subpopulation of NG2+ pericytes
might contribute to the pool of PDGFR-f+ perivascular fibro-
blasts. It is also plausible that the upregulation of NG2 in vas-
cular mural cells indicates that their role in vascular remod-
eling or morphogenesis in the lesion core differs from that
of PDGFR-+ perivascular fibroblasts (Fukushi et al. 2004;
Gibby et al. 2012; Ozerdem et al. 2001; Stallcup et al. 2016;
Yadavilli et al. 2016). Furthermore, NG2* parenchymal
cells, i.e., NG2 glia and activated microglia/macrophages,
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proliferated and accumulated among the PDGFR-f-positive
fibrous networks. Mounting evidence suggests that these
cells could intervene actively in tissue remodeling and regen-
eration via secretion of cytokines like transforming growth
factor-beta and galectin-3 (Braga et al. 2015; Jin et al. 2018;
Riew et al. 2018; Vernon et al. 2010; Zhu et al. 2015, 2016).
It is likely that NG2 glia, activated microglia/macrophages,
and PDGFR-B-positive perivascular fibroblasts interact to
form the fibrotic scar in the lesion core after CNS insults.

In conclusion, our data clearly provided evidence for
distinct localizations of vascular mural cells expressing
NG2 and PDGFR-B. NG2 was consistently expressed in
pericytes and smooth muscle cells during the post-injury
time, whereas PDGFR-f labeled adventitial fibroblasts
were located at a distance from the vasculature at later
time points post-lesion. In addition, NG2 and PDGFR-f
were expressed in parenchymal cells in the control and
lesioned striatum. Both markers were expressed in resting
and reactive NG2 glia, but only NG2 was induced in acti-
vated microglia/macrophages. These data provide detailed
and precise information regarding the appropriate markers
for vascular mural cells in the healthy and injured brain,
suggesting that the cells directly responsible for fibrotic
scar formation are most likely PDGFR-p-positive adven-
titial fibroblasts rather than NG2-positive pericytes.
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