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Perivascular cells expressing platelet-derived growth factor receptor beta (PDGFR-β)
have recently been implicated in fibrotic scar formation after acute brain injury, but
their precise identity and detailed morphological characteristics remain elusive. This
study sought to characterize and define the cellular phenotype of vascular-associated
cells expressing PDGFR-β in the striatum of rats treated with the mitochondrial toxin
3-nitropropionic acid (3-NP). In the control striatum, PDGFR-β-positive cells were
invariably localized on the abluminal side of smooth muscle cells of larger caliber vessels,
and demonstrated morphological features typical of perivascular fibroblasts. PDGFR-β
expression increased and expanded to almost all vessels, including microvessels
in the lesion core, at 7 days after 3-NP injection. The cells expressing PDGFR-β
had ultrastructural features of fibroblasts undergoing active collagen synthesis: large
euchromatic nuclei with a prominent nucleolus, well-developed rough endoplasmic
reticulum (rER) with dilated cisterns and extracellular collagen fibrils. By 14 days,
PDGFR-β-positive cells had somata located at a distance from the vasculature, and their
highly ramified, slender processes overlapped with those from other cells, thus forming
a plexus of processes in the extravascular space of the lesion core. In addition, their
ultrastructural morphology and spatial correlation with activated microglia/macrophages
were elaborated by three-dimensional reconstruction. Using a correlative light- and
electron-microscopy technique, we found that the intermediate filament proteins nestin
and vimentin were induced in PDGFRβ-positive fibroblasts in the lesion core. Collectively,
our data suggest that perivascular PDGFR-β-positive fibroblasts are distinct from other
vascular cell types, including pericytes and contribute to fibrotic scar formation in the
lesion core after acute brain injury. Nestin and vimentin play critical roles in the structural
dynamics of these reactive fibroblasts.

Keywords: acute brain injury, brain macrophage, fibrotic scar, nestin, PDGFR-β, perivascular adventitial cell,
reactive fibroblast, vimentin

Abbreviations: 3-NP, 3-nitropropionic acid; ANOVA, one-way analysis of variance; CNS, central nervous system;
DARPP-32, 32 kDa dopamine- and cyclic AMP-regulated phosphoprotein; GFAP, glial fibrillary acidic protein; PDGFR-β,
platelet-derived growth factor receptor beta; rER, rough endoplasmic reticulum.
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INTRODUCTION

Insults to the central nervous system (CNS), such as traumatic
brain injury, spinal cord injury and ischemic strokes, trigger
tissue scarring (for review, see Fernández-Klett and Priller,
2014). However, unlike those in other tissues, CNS scars can
be categorized into two cytologically and biochemically distinct
components: glial and fibrotic. While glial scars, characterized
by hypertrophy and proliferation of astrocytes, have been
extensively studied to date, fibrotic scars have garnered relatively
less attention, until recently.

Fibrotic scars are generally considered more detrimental to
the brain or spinal cord, as they impede axonal regeneration
and function as a physical barrier that restricts inflammatory
processes (Yoshioka et al., 2010; Cha et al., 2014; Zhu et al.,
2015). This growing awareness of functional implications of
fibrotic scars has generated particular interest in the cells
that could produce these scars in response to CNS insults.
Goritz et al. (2011) demonstrated that a subtype of pericytes,
capillary-lining supportive perivascular cells, plays a key role
in scar tissue formation after spinal cord injury. In their
study, type A pericytes, a subpopulation of pericytes, detach
from the blood vessels and become scar-forming fibrotic cells.
In contrast, other studies have presented evidence that other
types of vascular cells, perivascular stromal cells or perivascular
fibroblasts, which are distinct from pericytes in their classical
definition, contribute to fibrotic scar formation after CNS insults
(Fernández-Klett et al., 2013; Soderblom et al., 2013). Despite
the controversy, such cells, called by different names, share
some characteristics, such as their perivascular localization and
expression of a common marker, platelet-derived growth factor
receptor beta (PDGFR-β). Since several cell types, including
pericytes, perivascular macrophages and adventitial cells, reside
within the perivascular space and there are no perfect markers
for discriminating among them, their exact origin cannot be
confirmed by light microscopic observation alone and requires
immunoelectron microscopy studies.

Nestin, a type VI intermediate filament protein, was originally
identified in multipotent CNS stem cells, and its role and
expression in neural stem/progenitor cells in response to
ischemic injury has been extensively investigated (Lendahl et al.,
1990; Wiese et al., 2004; Park et al., 2010; Nakagomi et al., 2011;
Nakata et al., 2017). Our previous study demonstrated that, in
the ischemic core of stroke-lesioned rats, nestin expression is
induced in a novel subset of vascular wall cells that are distinct
from endothelial cells, pericytes, or smooth muscle cells. These
cells could transform into fibroblast-like cells during the chronic
phase (>14 days post-injury), suggesting that nestin plays a
role in the structural remodeling of vascular cells (Shin et al.,
2013). Therefore, we hypothesized that fibrotic scar-forming cells
require the intermediate protein nestin in order to acquire their
scar-forming phenotype after acute CNS injury.

In the present study, we first characterized the PDGFR-β-
expressing cells that are thought to form fibrotic scars after
brain injury induced by 3-nitropropionic acid (3-NP), an
irreversible inhibitor of the mitochondrial respiratory chain
complex II (Hamilton and Gould, 1987; Brouillet et al.,

2005). This experimental model has advantages as a model of
dynamic, spatiotemporal regulation of fibrotic scar formation
in response to insults, because unlike ischemic stroke, 3-NP
injection results in a well-demarcated striatal lesion that does
not spread to other brain regions, such as the cerebral cortex,
thus providing a better-preserved lesion core in an acute CNS
injury model (Brouillet et al., 2005; Kim et al., 2015; Riew
et al., 2017b). We provided detailed and precise information
on their ultrastructural morphology using immunoperoxidase
electron microscopy. Next, we showed that PDGFR-β/nestin
double-positive vascular wall cells contribute to fibrotic scar
formation and constitute a distinct population of vessel cells
in terms of their morphology, and we describe the molecular
characteristics of these cells by using correlative light- and
electron microscopy.

MATERIALS AND METHODS

Animal Preparation
All experimental procedures were conducted in accordance with
the Laboratory Animal Welfare Act, the Guide for the Care
and Use of Laboratory Animals, and Guidelines and Policies for
Rodent Survival Surgery, and were approved by the Institutional
Animal Care and Use Committee at the College of Medicine, The
Catholic University of Korea (Approval Number: CUMC-2017-
0321-02). All efforts weremade tominimize animal suffering and
to reduce the number of animals used.

Adult, male Sprague-Dawley rats (250–300 g, aged
9–11 weeks) were used in this study. Animals were housed
in groups of three per cage in a controlled environment 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. They were maintained on
a 12-h light/dark cycle. 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. All 3-NP-injected rats were evaluated
daily for the presence of behavioral deficits, and only rats
exhibiting neurological deficit symptoms, including hind limb
impairment or a kyphotic posture, recumbency and impaired
postural adjustments, were included in the experimental group
(Hamilton and Gould, 1987). Animals were sacrificed 3, 7,
14 and 28 days after the final injection of 3-NP (n = 6/time
point). The control group (n = 3) received intraperitoneal
injections of the same volume of normal saline for three
consecutive days and were sacrificed 3 days after the final
injection.

The animals were anesthetized with 10% chloral hydrate,
sacrificed, and then perfused transcardially with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4)
The brain tissues were equilibrated with 30% sucrose in 0.1 M
PB and frozen whole.

Western Blot Analysis
For the immunoblot analysis, rats from four groups (controls,
experimental rats at 3, 7 and 28 days after 3-NP injection) were
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perfused transcardially with 0.1 M PB under anesthesia
(10% chloral hydrate; 4 mL/kg i.p.). The striatal tissues
were carefully dissected under a stereoscopic microscope,
and proteins were isolated from the striatum using lysis
buffer (1% sodium dodecyl sulfate [SDS], 1.0 mM sodium
orthovanadate, 10 mM Tris, pH 7.4). Equal amounts (20 µg)
of total protein were separated by SDS-polyacrylamide gel
electrophoresis (7.5%) and transferred to polyvinylidene
difluoride membranes. Immunostaining of the blots was
performed using the following primary antibodies: rabbit
monoclonal antibody against PDGFR-β (1:1,000; Abcam,
Cambridge, UK) and mouse monoclonal antibody against
anti-β-actin (1:40,000; Sigma-Aldrich). Membranes were then
incubated with peroxidase-coupled secondary antibodies
(1:1,000; Millipore, Billerica, MA, USA) for 1 h at room
temperature. Blots were developed using the Amersham ECL
Prime western blotting detection reagent (GE Healthcare, Little
Chalfont, UK). Samples from three animals were used for
immunoblotting at each time point, and relative optical densities
of the protein bands were obtained from three independent
experiments, each performed in triplicate. Data were obtained by
densitometry and were normalized using β-actin as the loading
control.

Immunohistochemistry
For PDGFR-β immunohistochemistry, coronal cryostat
sections (25-µm-thick) were incubated overnight at 4◦C
with a rabbit polyclonal antibody against PDGFR-β (1:200;
Abcam). Primary antibody binding was visualized using
peroxidase-labeled goat anti-rabbit antibody (1:100; Jackson
ImmunoResearch, West Grove, PA, USA) and 0.05% 3,3′-
diaminobenzidine tetrahydrochloride (DAB) with 0.01% H2O2
as a substrate. The specificity of PDGFR-β immunoreactivity
was confirmed by the absence of immunohistochemical
staining in sections from which the primary or secondary
antibody had been omitted. Tissue sections were scanned
and photographed using a slide scanner (SCN400, Leica
Microsystems Ltd., Mannheim, Germany). Images were
converted to TIFF format, and contrast levels adjusted using
Adobe Photoshop v. 13.0 (Adobe Systems, San Jose, CA,
USA).

For the evaluation of tissue injury, serial sections from
sham controls and experimental rats at 3 days post-lesion
were processed for Fluoro-Jade B (FJB) histochemistry
and for 32 kDa dopamine- and cyclic AMP-regulated
phosphoprotein (DARPP-32) immunohistochemistry. For
FJB staining, sections were stained with 0.0004% FJB (Millipore)
in distilled water containing 0.01% acetic acid for 30 min
according to the manufacturer’s protocol. After rinsing in
distilled water, the sections were immersed in xylene and
cover-slipped with DPX mounting medium (Sigma-Aldrich).
For immunohistochemistry, sections were incubated at 4◦C
overnight with rabbit polyclonal antibody against DARPP-32
(1:200; Cell Signaling Technology, Danvers, MA, USA).
Tissue sections were scanned and photographed using a slide
scanner (Axio Scan.Z1, Carl Zeiss Co. Ltd., Oberkochen,
Germany).

For triple-labeling, nonspecific staining was blocked by
preincubation of free-floating sections (25-µm-thick) in
blocking buffer (3% normal goat serum, 1% bovine serum
albumin and 0.5% triton). Primary antibodies and dilutions
were as follows: rabbit monoclonal antibody against PDGFR-β
(1:200; Abcam), mouse monoclonal antibody against RECA1
(1:200; Bio-Rad, Hercules, CA, USA), chicken polyclonal
antibody against glial fibrillary acidic protein (GFAP; 1:500;
Millipore), goat polyclonal antibody against type IV collagen
(1:100; Bio-Rad), mouse monoclonal antibody against nestin
(1:500; Bio-Rad), goat polyclonal antibody against ionized
calcium-binding adaptor molecule 1 (Iba1; 1:500; Abcam),
chicken polyclonal antibody against vimentin (1:500, Millipore),
mouse monoclonal antibody to NG2 (1:500; Millipore), or rabbit
polyclonal antibody against Ki-67 (1:1,000; Leica Biosystems,
Wetzlar, Germany). This was followed by a 2-h incubation with
appropriate secondary antibodies, as follows: Cy3-conjugated
donkey anti-goat antibody (1:2,000; Jackson ImmunoResearch),
Cy3-conjugated donkey anti-mouse antibody (1:2,000; Jackson
ImmunoResearch), Cy3-conjugated goat anti-mouse antibody
(1:2,000; Jackson ImmunoResearch), Cy3-conjugated goat
anti-rabbit antibody (1:2,000; Jackson ImmunoResearch),
Alexa Fluor 488-tagged donkey anti-rabbit antibody (1:300;
Thermo Fisher, Waltham, MA, USA), Alexa Fluor 488-tagged
goat anti-rabbit antibody (1:300; Thermo Fisher), Alexa Fluor
488-tagged goat anti-mouse antibody (1:300; Thermo Fisher),
Cy5-conjugated donkey anti-goat antibody (1:1,000, Jackson
ImmunoResearch), Alexa Fluor 647-tagged goat anti-chicken
antibody (1:500; Abcam), or Alexa Fluor 647-tagged donkey
anti-mouse antibody (1:300; Thermo Fisher). Negative staining
controls for triple-immunofluorescence involved omission
of the primary or secondary antibodies. In addition, we
compared the results of triple-labeling with those from single-
and double-labeling of all combinations of antibodies to
ensure clear interpretation of results. Counterstaining of
cell nuclei was carried out using DAPI (4′,6-diamidino-
2′-phenylindole; 1:2,000; Roche, Mannheim, Germany) for
10 min.

In addition, double-labeling was performed using a mixture
of a rabbit polyclonal antibody against PDGFR-β (1:200; Abcam),
and one of the following antibodies: mouse monoclonal antibody
to NG2 (1:500; Millipore) or goat polyclonal antibody to α-
smooth muscle actin (α-SMA; 1:100; Bio-Rad). Some sections
were also incubated at 4◦C overnight with a mixture of
mouse monoclonal antibody against nestin (1:500; Bio-Rad) and
either rabbit polyclonal antibody against laminin (1:100; Sigma-
Aldrich) or fibronectin (1:300; Sigma-Aldrich).

In order to label proliferating cells, rats were intraperitoneally
injected with 5-bromo-2′-deoxyuridine (BrdU; Sigma-Aldrich,
50 mg/kg) once daily on days 1 and 2 before being sacrificed on
day 3 post-lesion. For triple-immunofluorescence histochemistry
for BrdU, sections were pretreated to denature DNA and were
then incubated with a rat monoclonal anti-BrdU antibody
(1:200; Accurate Chemical and Scientific Corporation;
Westbury, NY, USA), rabbit monoclonal anti-PDGFR-β
(1:200; Abcam), and mouse monoclonal anti-nestin (1:500;
Millipore). The sections were then incubated in a mixture
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of Cy3-conjugated donkey anti-mouse antibody (1:2,000;
Jackson ImmunoResearch), Alexa Fluor 488-tagged goat
anti-rabbit antibody (1:300; Thermo Fisher) and Cy5-conjugated
goat anti-rat antibody (1:500; Abcam) for 2 h at room
temperature.

Slides were viewed under a confocal microscope (LSM 700;
Carl Zeiss Co. Ltd., Oberkochen, Germany) equipped with four
lasers (Diode 405, Argon 488, HeNe 555 and HeNe 639) under
constant viewing conditions. Images were converted to TIFF
format, and contrast levels and sizes were adjusted using Adobe
Photoshop v.13.0.

Quantitative Analysis of Vascular PDGFR-β
Expression and the Size of the Lesion Core
We assessed the relationship between the intensity of PDGFR-β
immunoreactivity and the vessel diameter. Five randomly
selected areas (160 × 160 µm per field) were chosen in
the control striatum (n = 3 animals), and the maximum
diameter of the vessel was measured in randomly selected blood
vessels. The vessels were divided into two groups: capillary-like
microvessels (<7.5 µm in diameter) and larger vessels (>8.5
µm in diameter), according to the vessel diameter, and the
intensity of PDGFR-β immunoreactivity was measured in each
group.

In addition, to quantify time-dependent changes in PDGFR-β
expression associated with the vasculature after 3-NP injection,
we measured the area immunostained with PDGFR-β among
all RECA-1-positive vascular structures in the controls and
in experimental rats at days 3 and 7 post-lesion. Three
coronal sections per animal (n = 3 animals per time point)
were taken from the invariable region 0.20–1.20 mm anterior
to the bregma (Paxinos and Watson, 2006). Five randomly
selected areas (160 × 160 µm per field) were chosen in
the lesion core of each section, and images of PDGFR-β
and RECA-1 immunoreactivity were then obtained from
these areas at ×400 magnification under constant viewing
conditions. The area covered by PDGFR-β and RECA-1 was
estimated with Zen 2.3 blue edition (Carl Zeiss Co. Ltd.). The
coverage of PDGFR-β was expressed as a percentage of the
total RECA-1-positive vascular area. We also measured the
areas covered by PDGFR-β in the extravascular spaces that
were devoid of RECA-1 immunoreactivity. Sections double-
labeled for PDGFR-β and RECA1 were obtained from controls
and experimental rats at 3, 7, 14 and 28 days post-lesion.
Quantification was performed as described above. Intensity
profiles of specific areas were obtained using Zen 2010 (Carl Zeiss
Co. Ltd.).

To assess the evolution in the size of the lesion core, the
maximum horizontal distance of GFAP-negative striatal area was
quantified from three to five coronal tissue sections labeled with
GFAP from controls and experimental rats at 3, 7, 14 and 28 days
post-lesion (n = 5 animals per time point) as described above; all
these images were obtained with a slide scanner (Axio Scan.Z1,
Carl Zeiss Co. Ltd.).

Selecting animals, tissue sections, and certain regions of
interests, and quantification were conducted in a randomized
and blinded manner.

Quantitative Analysis of the
Microglia/Macrophages
To count the number of Iba1-positive microglia/macrophages
and microglia/macrophages harboring contracts with PDGFR-β
in the lesion core and peri-lesional area at day 7 post-lesion,
3D surface rendering of Iba1-positive microglia/macrophages
was first performed using IMARIS software (Bitplane, Zurich,
Switzerland) and then this rendering was used to count
the contacting Iba1-positive cells. Three coronal sections
(n = 3 animals), double-labeled for PDGFR-β and Iba1, were
taken from the invariable region 0.20–1.20 mm anterior to the
bregma (Paxinos and Watson, 2006) and five randomly selected
areas (80 × 80 µm per field) were chosen in the lesion core
and peri-lesional area of each section, and images of PDGFR-β
and Iba1 immunoreactivity were then obtained from these
areas at ×400 magnification under constant viewing conditions.
Iba1-positive cells were scored only when their nuclei could be
clearly seen, and among them, cells clearly contacting PDGFR-β-
positive cells were counted, separately. Analyses were conducted
in a blinded and randomized fashion.

Immunoelectron Microscopy
For pre-embedding immunoelectron microscopy, floating
vibratome sections (50-µm-thick) from control and
experimental rats 3, 7, 14 and 28 days post-lesion were
immunostained with a rabbit monoclonal antibody to PDGFR-β
(1:200; Abcam). Immunoreactions were visualized using DAB as
a chromogen. After post-fixation, dehydration and embedding
in Epon 812, areas of interest were excised and glued onto resin
blocks. After being cut into ultrathin sections (70–90-nm-thick),
they were observed under an electron microscope (JEM 1010,
JEOL, Tokyo, Japan) with slight uranyl acetate staining.

For the correlative light- and electron-microscopic study,
vibratome sections (300-µm-thick) from experimental rats at
7 and 14 days after 3-NP injection were cryoprotected with 2.3 M
sucrose in 0.1 M phosphate buffer and frozen in liquid nitrogen.
Semi-thin cryosections (2-µm-thick) were cut at −100°C with a
glass knife in a Leica EM UC7 ultramicrotome equipped with
an FC7 cryochamber (Leica). The sections were double-labeled
using a rabbit monoclonal antibody to PDGFR-β (1:200; Abcam)
and mouse monoclonal antibody to nestin (1:500; Millipore).
Antibody staining was visualized using Cy3-conjugated goat
anti-mouse antibody (1:2,000; 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 examinedwith a confocal microscope
and photographed at various magnifications with a differential
interference 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 previously (Riew et al.,
2017a).

Three-Dimensional Reconstruction
For 3D reconstruction of immuno-electron microscopy,
25–30 consecutive serial sections (90-nm-thick) of
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Epon-embedded DAB-labeled slices were obtained from
rats at 14 days after 3-NP injection. Two successive
sections were aligned via rotation and translation, such
that corresponding structures in the two sections were
superimposed. To compensate for distortions introduced
by sectioning, we transformed the images anisotropically
and linearly. Alignment was followed by contouring the
nucleus and cell membranes of PDGFR-β-positive cells,
activated microglia/macrophages, and endothelial cells,
by manually tracing these in different colors using Adobe
Photoshop. Then, three-dimensionally reconstructed images
were made from the stacks of all contoured sections using
the 3D modeling program Mimics 10.0 (Materialise, Leuven,
Belgium).

Statistical Methods
Statistical significance was determined by Student’s t-test or
one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparisons test. Differences with P values of less
than 0.05 were considered statistically significant. All statistical
calculations were performed using GraphPad Prism version 5
(GraphPad Software Inc., San Diego, CA, USA). The exact P
values are indicated on graphs and text.

Power analysis were performed using StudySize 3.0 (CreoStat
HB, Sweden). The group size, and number of blood vessels, tissue
sections and Iba1+ cells were determined to provide at least 80%
power with a probability of type I error (α) = 0.05, an effect size
of 0.15 for western blot analysis, mean intensity of 20 and change
of 20% or 2,000 µm2 for PDGFR-β expression, 0.5 mm for lesion
size, and 5 cells or a ratio of 0.15 for Iba1+ cell counts.

RESULTS

Expression of PDGFR-β Is Increased in the
Striatum of Rats Subjected to 3-NP
Injection
We analyzed the spatiotemporal dynamics of PDGFR-β
expression in 3-NP-treated rats using immunohistochemistry.
We observed no immunoreactivity specific to PDGFR-β
when the primary or secondary antibody was omitted (data
not shown). Figures 1A–I,J–N, representative higher- and
lower-magnification images, respectively, show reproducible
time-dependent changes in the expression of PDGFR-β in the
striata of rats subjected to 3-NP injections. In the striata of
saline-treated controls, where we observed no specific staining
for FJB, but found evident DARPP-32-positive striatal neurons,
weak PDGFR-β expression was observed in two cell types that
differed according to their morphology and topographical
distribution. These included cells associated with medium
to large vasculature, as well as cells with ramified processes
resembling NG2-glia, as previously reported (Kyyriäinen
et al., 2017). Three days after the last 3-NP injection, intense
PDGFR-β immunoreactivity was noted on the vascular profiles
of varying sizes in the lesion core, which had been defined
by strong FJB staining and concomitant loss of DARPP-32-
positive neurons. At days 7, 14 and 28 post-lesion, PDGFR-β

immunoreactivity had increased in the lesion core over time,
forming a web-like network at day 28, when shrinkage of the
striatum was prominent.

The expression profile of PDGFR-β was further examined by
western blot analysis of protein extracted from the striatum of
controls and experimental rats. Immunoblotting revealed that
one major band of about 140 kDa, corresponding to PDGFR-β,
had increased by 7 days after 3-NP administration, and these
enhanced expression levels were maintained until at least day 28
(Figures 1O,P).

Characterization of PDGFR-β-Positive
Cells in the Control Striatum
As described above, PDGFR-β immunoreactivity appeared to
be associated with the vasculature in control striata. To clarify
the phenotype of PDGFR-β-positive cells associated with the
vasculature, we performed triple-labeling for PDGFR-β, the
vascular endothelial cell marker RECA-1, and GFAP. In controls,
PDGFR-β expression was localized within RECA-1-positive
vascular profiles of a larger caliber, but capillary-likemicrovessels
were devoid of PDGFR-β (Figures 2A–D). Double-labeling for
PDGFR-β and the Smooth muscle cell marker α-SMA revealed
that PDGFR-β expression was detected exclusively in α-SMA-
positive larger caliber vessels and was localized along the outer
part of smooth muscle cells (Figures 2E–G). To support the
differential expression of PDGFR-β according to the vessel size,
the relationship between the vessel diameter and the intensity of
PDGFR-β immunoreactivity in the control striata was analyzed.
The blood vessels were divided into capillary-like microvessels
(<7.5 µm) and larger vessels (>8.5 µm) by their maximum
diameter. Mean capillary diameter was 6.76 ± 0.68 µm in the
control striata and the mean diameter of larger vessels was
15.48 ± 6.94 µm. The resulting data revealed that the intensity
of PDGFR-β immunoreactivity in larger vessels was significantly
greater than that in capillaries (Figure 2H).

To clarify the cellular identity of vessel-associated PDGFR-β-
positive cells further, pre-embedding immunoelectron
microscopy was performed. In the control striata, PDGFR-β-
positive cells were invariably associated with larger caliber
vessels (arterioles and venules), possessing smooth muscle cells.
These cells had elongated or flattened nuclei with thin peripheral
heterochromatin, and gave rise to thin processes located on
the abluminal side of endothelial cells and smooth muscle
cells, both of which were negative for PDGFR-β (Figures 2I,J).
PDGFR-β-positive cells closely abutted the glia limitans, which
was composed of astroglial processes containing intermediate
filaments (Figures 2I,J). However, no specific PDGFR-β
immunoreactivity was detected in capillaries that consisted of a
single layer of endothelial cells and pericytes (Figures 2K–N).
In addition to perivascular PDGFR-β-positive cells, PDGFR-β
expression was detected in small stellate cells with fine processes
(Figure 2O), as described above. These parenchymal PDGFR-β-
positive cells coexpressed NG2 (Figures 2P,Q), as reported
previously (Garbelli et al., 2015). Immunoelectron microscopic
observations of parenchymal PDGFR-β-positive cells revealed
that they had scarce cytoplasmic organelles and had several
processes (Figure 2R).
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FIGURE 1 | Temporal expression of platelet-derived growth factor receptor beta (PDGFR-β) in control and lesioned striatum after 3-nitropropionic acid (3-NP)
injection. (A–N) Lower- (A–I) and higher- (J–N) magnification views of representative coronal sections from saline-treated control rats and rats subjected to 3-NP
treatment. (A–C,J,K) Weak immunoreactivity for PDGFR-β is observed in the control striatum, where no specific staining for Fluoro-Jade B (FJB) is seen, but 32 kDa
dopamine- and cyclic AMP-regulated phosphoprotein (DARPP-32)-positive striatal neurons are prominent. Higher magnification images reveal PDGFR-β expression
in vascular profiles (arrowheads in J) and cells with thin and ramified processes (arrows in K). (D–F,L) On day 3 post-lesion, vessel-associated PDGFR-β
immunoreactivity is evident in the core of a lesion in the lateral part of the striatum, which is clearly distinguished by intense FJB staining and concomitant loss of
DARPP-32-positive neurons. (D–I,M,N) At days 7 (G,M), 14 (H) and 28 (I,N), PDGFR-β expression seems to become more densely distributed in the lesion core
over time. At 28 days, PDGFR-β expression appears to form a network in the lesion core, and shrinkage of the striatum is prominent. CC, corpus callosum; LV, lateral
ventricle. (O) Representative immunoblot analysis for PDGFR-β in microdissected striatum of saline-treated controls (Saline) and 3-NP-treated rats at 3, 7 and
28 days post-lesion. A band is present at 140 kDa, corresponding to the PDGFR-β protein. (P) Quantification of PDGFR-β protein expression. Data are obtained by
densitometry and are normalized using β-actin as the loading control. The intensity of PDGFR-β protein expression in the lesioned striatum significantly increases at
7 days after 3-NP administration, and then declines, although enhanced expression levels persist until at least day 28. Relative optical densities of the protein bands
were measured in triplicate in each of three animals at each time point. Data are expressed as mean ± SEM. ∗P < 0.05; ∗∗P < 0.01 vs. saline-injected controls and
the day 3 data. Scale bars = 1 mm for (A–I); 100 µm for (J–N).

PDGFR-β Expression Is Associated With
the Vasculature in the Lesion Core in the
Early Phase After 3-NP Injection
We next characterized PDGFR-β-positive cells in the lesion core
by triple-labeling for PDGFR-β, RECA-1 and GFAP. At 3 days
post-lesion, intense PDGFR-β expression was associated with
most of the vasculature, including microvessels, in the lesion
core, which was clearly demarcated by the absence of GFAP
immunoreactivity, as described previously (Choi et al., 2017;
Figures 3A,B,D,E). In contrast, PDGFR-β immunoreactivity
in the peri-lesional area, which was characterized by the

presence of astrocytes with reactive phenotype, was observed
only in a small fraction of the vasculature (Figures 3A–C).
Next. we performed triple-labeling of PDGFR-β, NG2 and
Iba1 to determine whether parenchymal PDGFR-β-positive cells
could be related to increased vascular PDGFR-β expression.
As shown in Figures 3F–J, parenchymal PDGFR-β-positive
cells could still be detected in the extravascular area within
the lesion core, where they were labeled with NG2, but not
with Iba1 antibodies (Figures 3F–J). Seven days post-lesion,
PDGFR-β immunoreactivity was localized to or in close vicinity
to nearly all vessels in the lesion core (Figures 3K–N).
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FIGURE 2 | PDGFR-β expression profiles and their spatial relationship with vasculature in the control striatum. (A–D) Triple-labeling for PDGFR-β, glial fibrillary acidic
protein (GFAP), and the endothelial cell marker RECA-1 in the control striatum, showing that PDGFR-β expression is localized in vascular profiles with a larger caliber,
but not in capillary-like microvessels. The boxed areas in (A,B) are enlarged in (C,D), respectively. (E–G) Double-labeling for PDGFR-β and the smooth muscle cell
marker α–smooth muscle actin (α–SMA), showing that PDGFR-β expression does not colocalize with α–SMA, but is localized along the outer part of smooth muscle
cells. (H) Quantitative analysis of the intensity of PDGFR-β immunoreactivity over the microvessels (<7.5 µm) and larger vessels (>8.5 µm) in the control striatum.
Note that the intensity of PDGFR-β immunoreactivity in larger vessels is significantly higher than that in the capillaries. The data are expressed as the mean ± SEM.
∗∗∗P < 0.001 vs. microvessels. (I–N) Ultrastructural analysis of PDGFR-β-positive cells associated with the venule (I) and arteriole (J) in the control striatum.
PDGFR-β-positive cells have elongated or flattened nuclei and thin processes that invariably lie between the smooth muscle (SM) cells and the glia limitans (as in A),
containing intermediate filaments (arrow in I) in venules (I) and arterioles (J). Note that smooth muscle cells and endothelial cells (EN) are devoid of PDGFR-β. (K–N)
No specific PDGFR-β immunoreactivity can be detected in capillaries that consist of a single layer of (EN; light blue) and pericytes (P; yellow). Note that the basal
lamina (bl) surrounding pericytes is in direct contract with the glia limitans (magenta). (O–Q) Double-labeling for PDGFR-β and NG2, showing that both are
colocalized in small stellate cells with fine processes (arrowheads). (R) Parenchymal PDGFR-β-positive cells have scarce cytoplasmic organelles and several
processes. Cell nuclei are stained with DAPI. Scale bars = 100 µm for (A,B); 20 µm for (C–G); 10 µm for (O–Q); 1 µm for (I–K,M,R); 0.5 µm for (L,N).
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FIGURE 3 | PDGFR-β expression profiles and their spatial relationship with vasculature in lesioned striatum at days 3 and 7 after 3-NP injection. (A,B) Triple-labeling
for PDGFR-β, GFAP and the endothelial cell marker RECA-1 at 3 days post-lesion, showing that there is a marked increase in PDGFR-β expression confined to the
vasculature in the lesion core, where GFAP immunoreactivity is absent. The broken line indicates the border between the lesion core and the peri-lesional area.
(C–E) Higher magnification views of the peri-lesional area (C) and lesion core (D,E) in (A,B). In the peri-lesional area (left half in C), PDGFR-β immunoreactivity is
observed only in a small fraction of vessels. (D–E) In contrast, intense PDGFR-β expression is associated with most of the vasculature, including microvessels in the
lesion core. (F–J) Triple-labeling of PDGFR-β, NG2 and Iba1, showing that parenchymal PDGFR-β-positive cells can be still detected in the extravascular area within
the lesion core, where they are labeled with NG2, but not with Iba1. (K–N) At 7 days post-lesion, PDGFR-β immunoreactivity is localized in or in close vicinity to
nearly all vessels in the lesion core (right side of the broken line). (M,N) Higher magnification views of the boxed areas in (K,L), respectively. (N) The proportion of
vascular areas occupied by PDGFR-β immunoreactivity within all RECA1-positive vessels. (O) Note that PDGFR-β increases significantly in the lesion core at 3 and
7 days post-lesion. The data are expressed as the mean ± SEM. ∗∗∗P < 0.001 vs. saline-treated controls. Cell nuclei are stained with DAPI. ns: non-specific. Scale
bars = 100 µm for (A,B,K,L); 20 µm for (C–F,M,N); 10 µm for (G–J).

Next, we determined the relative proportion of vascular
profiles occupied by PDGFR-β among all RECA1-positive vessels
in the lesion core, at days 3 and 7 post-lesion. As shown in
Figure 3O, PDGFR-β expression covered only a small part
(25.5%) of all RECA-1-positive vessels in controls rat striata. At
3 days post-lesion, this proportion rose to 62.8% in the lesion

core, which was significantly higher than that in the peri-lesional
area (36.8% of all vessels). At 7 days post-lesion, the PDGFR-β-
positive area comprised 99.6% of the vascular area in the lesion
core.

We further characterized the vessel-associated PDGFR-β-
positive cells in the lesion core by immunoelectron microscopy.
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At 3 days post-lesion, when a degenerating glial limitans was
evident in the lesion core, PDGFR-β-expressing cells in the
3-NP-treated rats could be distinguished from those in the
controls by their larger euchromatic nuclei and cytoplasmic
distention with dilated cisternae of rough endoplasmic reticulum
(rER), but they were still located on the abluminal side of smooth
muscle cells (Figure 4A). In addition, PDGFR-β-positive cell
bodies and processes formed a multilayered sheath that was
apposed to smooth muscle cells (Figures 4B,C). In capillaries,
PDGFR-β immunoreactivity was not detected in the endothelial
cells and pericytes of capillaries (Figure 4C), but some PDGFR-β-
positive cells had long cytoplasmic processes that were apposed
to the capillaries (Figure 4E).

At day 7, PDGFR-β-positive cells that had large euchromatic
nuclei with prominent nucleoli were still localized along
the outer part of smooth muscle cells (Figures 4F,G). In
particular, they were frequently surrounded by collagen fibrils,
which were marked in the perivascular space (Figure 4G).
Interestingly, profiles of membrane-bound granules with
apparent filamentous contents, suggestive of collagen, were
present along the surface of PDGFR-β-positive cells with
dilated rERs (Figure 4H). At this time point, PDGFR-β-
positive cells were frequently found in close proximity to the
capillaries, and their processes often wrapped or extended
beyond the capillaries, or occasionally directly abutted
the abluminal surface of the endothelial cells or pericytes
(Figures 4I–M). In particular, higher magnification images
clearly revealed that PDGFR-β-positive cells and processes
were clearly segregated by the basal lamina of the pericytes
that enveloped the endothelial cells (Figures 4J inset, 4K,M).
In particular, these cells had a well-developed rER with
interconnecting cisternae, some of which showed marked
dilatation (Figures 4H,J,K).

PDGFR-β Expression Increases in the
Extravascular Area Over Time After 3-NP
Injection and Is Closely Associated With
Collagen Fibers in the Lesion Core
In the lesion core at 14 days post-lesion, PDGFR-β expression
was still associated with vessels, but was also distributed in
the surrounding extravascular neural tissue (Figures 5A,B).
In particular, PDGFR-β-positive cell somata and processes in
the extravascular areas were frequently closely apposed or
intermingled with one another, forming a web-like network.
At 28 days post-lesion, PDGFR-β expression was preferentially
localized intraparenchymally over the extravascular areas in
the lesion core, with some expression associated with the
vasculature (Figures 5C,D). In addition, double-labeling for
PDGFR-β and NG2 revealed that the extravascular network
mainly composed of PDGFR-β-positive processes were devoid of
NG2 immunoreactivity (Figures 5E–G). Quantitative temporal
analysis revealed a progressive increase in the extravascular area
occupied by PDGFR-β expression in the lesion core at 7–28 days
after 3-NP injection (Figure 5H). In contrast, the size of the
lesion core, which was assessed by measuring the maximum
horizontal distance of the GFAP-negative striatal area, gradually

decreased over time until at least 28 days (Figure 5I), indicating
that the extravascular PDGFR-β-positive area and the lesion core
revealed an inverse temporal pattern.

Ultrastructural features of PDGFR-β-positive cells in the
lesion core, as shown in Figure 4, indicated that they
seemed to produce collagen fibrils. Thus, we investigated
the spatiotemporal relationship between PDGFR-β-positive
cells and collagen in the lesioned striatum. In the control
striatum, PDGFR-β was localized to some blood vessels, within
which immunoreactivity for collagen IV presented as fine
fibrillar profiles (Figures 5J,K). At 7 days post-lesion, intense
PDGFR-β immunoreactivity was seen in most blood vessels,
and was spatially correlated with a substantial increase in
the amount of collagen IV as compared with the controls
(Figures 5L,M). At 28 days post-lesion, collagen IV and
PDGFR-β shared overlapping expression in both vascular
profiles and extravascular areas (Figures 5N,O). This finding
was further supported by the intensity profiles of PDGFR-β-
positive and collagen IV-positive signals within the vascular
and extravascular areas, which revealed similar localization
(Figure 5P).

PDGFR-β-Positive Cells Undergo
Morphological Changes in the Lesion Core
in the Chronic Phase After 3-NP Injection
Ultrastructural investigation of PDGFR-β-positive cells on day
14 post-lesion revealed that their somata were located at a
distance from the vasculature, although contact was maintained
with the vasculature by some elongated processes (Figure 6A).
These cells had euchromatic nuclei and conspicuous nucleoli
and their somata and processes were closely associated with
collagen fibrils (Figures 6A–C,E,F). In addition, they had highly
branched cytoplasmic processes, which frequently had close
apposition with microglia/macrophages, with multiple close
contact points (Figures 6A–C,E,F). Despite this close apposition,
no membranous specialization was found between them. Indeed,
the close relationship between PDGFR-β-positive cells and
activated microglia/macrophages in the lesion core could be
clearly observed in three-dimensional confocal microscopy
images (Figures 7A–F). In particular, microglia/macrophages
with amoeboid morphology were observed in close proximity
to PDGFR-β-positive cells, whose highly branched processes
formed a cellular network among brain macrophages in
the lesion core at 28 days post-lesion (Figures 7D–F). We
quantified the numbers of total microglia/macrophages and
microglia/macrophages contacting PDGFR-β-positive cells in
the lesion core and peri-lesional area at day 7 post-lesion. As
shown in Figures 7G,H, the numbers of both populations of
microglia/macrophages were significantly higher in the lesion
core than in the peri-lesional area. In particular, 47.82% of total
microglia/macrophages were in close apposition to PDGFR-β-
positive cells in the lesion core, as compared with only 13.2% in
the peri-lesional area (Figure 7I).

We further examined the detailed morphology of
PDGFR-β-positive cells and their spatial relationship using
3D reconstruction from a stack of serial ultrathin sections with
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FIGURE 4 | Ultrastructural analysis of PDGFR-β-positive cells associated with the vasculature in the lesioned striatum at days 3 and 7 after 3-NP injection. (A–C) At
3 days post-lesion, PDGFR-β-positive cells are characterized by large euchromatic nuclei and cytoplasmic distention, with dilated cisternae of rough endoplasmic
reticulum (rER, #). Note that PDGFR-β-positive cells are located on the abluminal side of smooth muscle cells (SM) in venules (A) and arterioles (B,C). (C) A higher
magnification image of the boxed area in (B), showing that PDGFR-β-positive processes form a multilayered sheath that covers the smooth muscle (SM) cells
completely. (D) PDGFR-β immunoreactivity is not detected in endothelial cells (EN) and pericytes (P) of capillaries. The magenta-colored structures (as in A,D)
indicate the degenerating glial limitans. (E) PDGFR-β-positive cells that have large euchromatic nuclei with prominent nucleoli (close arrowheads) extend long
cytoplasmic processes (open arrowheads) that are apposed to the capillaries. Arrows indicate the pericyte processes. M, macrophage. (F,G) At day 7,
PDGFR-β-positive cells are localized on the abluminal side of a smooth muscle (SM) cell and endothelial cells (EN). (G) A higher magnification image of the boxed
area in (F), showing that PDGFR-β-positive processes are closely associated with bundles of collagen fibrils (asterisks in G). (H) A part of a PDGFR-β-positive cell
with a dilated rER showing a membrane-bound granule with filamentous contents (asterisk). (I–M) PDGFR-β-positive cells and processes appear to wrap around or
directly abut the abluminal surface of endothelial cells (EN) and pericytes (P) of capillaries (c). Note that PDGFR-β-positive cells have large euchromatic nuclei with
prominent nucleoli (arrowhead in G) and well-developed rER. (inset in J,M) Higher magnification images of the boxed areas in (J,L), respectively, showing that
PDGFR-β-positive cells and processes are clearly segregated by the bl of the pericytes that envelop the endothelial cells. Note that PDGFR-β-positive cells are
closely associated with bundles of collagen fibrils (asterisks in M). Light blue indicates endothelium in (B,K,L), yellow in (B,K,L) indicates the smooth muscle cell layer
(B) and pericytes (K,L), respectively; orange indicates collagen fibril deposition in (L), and green indicates PDGFR-β-positive cells in (B,L). # in (H,I,J,K,M) indicate
the dilated rER with dilated interconnecting cisternae. Scale bars = 2 µm for (B,D–F,I,J,L); 1 µm for (A,C,G,K,M); 0.5 µm for (H).
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FIGURE 5 | PDGFR-β expression profiles and their spatial relationship with vasculature and collagen in the control and lesioned striatum. (A–D) Triple-labeling for
PDGFR-β, GFAP and the endothelial cell marker RECA1 at days 14 (A,B) and 28 (C,D), showing that PDGFR-β expression is present in both vascular profiles and
the surrounding extravascular neural tissue in the lesion core. Note the more-prominent enrichment of PDGFR-β expression in extravascular areas at 28 days. The
broken lines indicate the border between the peri-lesional area and the lesion core, in which GFAP immunoreactivity is absent. (B,D) Higher magnification images of
the boxed areas in (A,C), respectively. (E–G) Double-labeling for PDGFR-β and NG2, showing that the extravascular network, mainly composed of PDGFR-β-positive
processes, is devoid of NG2 expression. (H) Quantitative temporal analysis showing that the extravascular area occupied by PDGFR-β expression in the lesion core
increases significantly until 28 days. (I) Quantitative temporal analysis showing the progressive decrease in the maximum horizontal distance of the lesion core over
time. The data are expressed as the mean ± SEM. ∗∗P < 0.01, ∗∗∗P < 0.001 vs. saline-treated controls or the day 3 data, respectively. (J–O) Triple-labeling for
PDGFR-β, RECA-1 and collagen IV in the control (J,K) and lesioned striatum at days 7 (L,M) and 28 (N,O) post-lesion. PDGFR-β-positive vessels in the controls
show very weak immunoreactivity for collagen IV, but they reveal intense collagen expression at 7 days post-lesion. At 28 days, a close relationship between
PDGFR-β and collagen IV can be observed in the lesion core, where both are observed in vascular and extravascular areas. (P) Histogram of the intensity profiles of
PDGFR-β-positive and collagen IV-positive signals along the indicated area (white arrows in N,O). Note that the two signals share overlapping spatial profiles within
vascular (RECA-1-positive) and extravascular areas. Cell nuclei are stained with DAPI. Scale bars = 100 µm for (A,C); 20 µm for (B,D,E–G,J–O).
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FIGURE 6 | Three-dimensional (3D) images of PDGFR-β-positive cells in the lesion core at day 14 after 3-NP injection. (A–D) 3D reconstruction (D) of one
PDGFR-β-positive cell is prepared from a series of 27 serial ultrathin sections (90-nm-thick), one of which is shown in (A–C). A PDGFR-β-positive cell has a soma
located at a distance from the vasculature and extends highly branched cytoplasmic processes, which frequently have close apposition with microglia/macrophages
with amoeboid morphology, with little to no intervening space. (E–G) Another example of 3D reconstruction (G) of three PDGFR-β-positive cells, prepared from a
series of 26 consecutive sections, one of which is shown in (E,F). The three cells extend highly branched cytoplasmic processes that are frequently in close
apposition or even interwoven with each other, forming a network. (B,C,F) Higher magnification images of the boxed areas in (A,E), respectively. PDGFR-β-positive
cells have focal cytoplasmic enlargements (arrows in B,C,E; # in D,G), from which distal branches arise. Note that their somata and processes are closely associated
with collagen fibrils (asterisks in B,E). The arrowhead in (E) denotes a nucleolus. Scale bars = 2 µm for (A,E); 1 µm for (B,C,F).

a total thickness of 2.43 µm. As shown in Figures 6D,G, the
cytoplasmic processes of PDGFR-β-positive cells were slender,
even at their emergence from the cell body, and they had
focal enlargements of cytoplasm containing abundant rER and
mitochondria, fromwhich thin branches often arose. In addition,
highly branched cytoplasmic processes of PDGFR-β-positive
cells were frequently in close apposition or even interwoven with
each other, forming a network (Figure 6G).

PDGFR-β-Positive Cells Express Nestin
and Vimentin in the Core of Lesions
Caused by 3-NP Treatment
The spatiotemporal distribution and morphology of PDGFR-β-
positive cells in the lesion core were similar to those of nestin-
positive cells, which were exclusively associated with vessels in
the ischemic core of stroke-lesioned rats (Shin et al., 2013).
Thus, to clarify whether PDGFR-β-positive cells express nestin,
triple-labeling for PDGFR-β, nestin and GFAP was performed.

In the control striatum, PDGFR-β-positive vascular profiles
were devoid of significant immunoreactivities for nestin and
GFAP (data not shown). At day 3 post-lesion, nestin and
PDGFR-β expression overlapped in the lesion core, in which they
were usually colocalized in vascular profiles (Figures 8A,B,E,F).
In the peri-lesional area, however, nestin was colocalized
with GFAP-positive reactive astrocytes (Figures 8A,B). On
day 7, these labeling patterns were similar to those observed
at day 3, but with a notable increase in the number of
PDGFR-β/nestin double-positive vessels (Figures 8C,D,G,H).
Triple-labeling for nestin, GFAP and the proliferation marker
Ki-67 revealed that Ki-67-labeled nuclei were frequently present
in nestin-positive vascular profiles (Figures 8I–K), and further,
PDGFR-β/nestin double-positive cells within vascular profiles
exhibited BrdU-labeled cell nuclei (Figures 8L–N), indicating
that these were proliferating cells. In addition, nearly all
PDGFR-β/nestin double-positive cells co-expressed vimentin, an
intermediate filament protein (Figures 8O–R).
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FIGURE 7 | The close relationship between PDGFR-β-positive cells and activated microglia/macrophages in lesioned striatum. (A–F) Triple labeling for PDGFR-β,
Iba1 and RECA-1 at days 7 (A–C) and 28 (D–E) post-lesion, showing that activated microglia/macrophages are in close proximity to a PDGFR-β-positive cell with
highly branched processes. (B,C,E,F) Three-dimensional images with confocal microscopy of the boxed areas in (A,E), respectively. White arrows in (B,C,E,D)
denote the close contact points between both cells. (G–I) The numbers of total microglia/macrophages (G) and microglia/macrophages contacting
PDGFR-β-positive cells (H) and the proportion of contacting microglia/macrophages (I) in the lesion core and peri-lesional area on day 7 post-lesion. Note that the
numbers of both populations of microglia/macrophages and their proportion are significantly higher in the lesion core than in the peri-lesional area. The data are
expressed as the mean ± SEM. ∗∗∗P < 0.001 vs. the peri-lesional area data. Scale bars = 20 µm for (A,D); 10v µm for (B,C,E,F).

At day 14 post-lesion, the distribution of nestin still
overlapped well with PDGFR-β in the lesion core, but the
two proteins had somewhat different expression patterns; fine,
intertwined PDGFR-β-positive processes appeared to form a
network in vascular and extravascular areas, while nestin
staining revealed distinct fibrous structures in these areas
(Figures 9A,C–E). At this time point, sporadic astroglial
processes were observed in the lesion core, but PDGFR-β and
GFAP did not overlap. These localization patterns of PDGFR-β
and nestin becamemore prominent at 28 days (Figures 9B,F–H).
In addition, nestin colocalized with two stromal cell markers,
laminin (Figures 9I–K) and the fibroblast marker fibronectin
(Figures 9L–N) in the lesion core.

Next, we clarified whether the PDGFR-β/nestin double-
positive cells were closely associated with collagen. Triple-

labeling for PDGFR-β, nestin and collagen IV revealed that
the three proteins generally overlapped throughout the lesion
core at 28 days (Figures 9O,Q–T). This observation was further
confirmed by their intensity profiles along the indicated area,
which showed overall spatial correlation (Figure 9P).

To define more precisely whether PDGFR-β-positive cells
indeed express nestin, we used a correlative light- and electron-
microscopic approach. Semi-thin sections double-labeled
with PDGFR-β and nestin were first observed using confocal
microscopy, which clearly revealed that the two proteins had
nearly coinciding distributions in the lesion core at days 7
(Figure 10A) and 14 (Figure 10F) post-lesion. The same
semi-thin sections were subsequently processed further for
examination using electron microscopy (Figures 10B,G).
Overlaying the confocal microscopy and transmission
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FIGURE 8 | The spatiotemporal relationship of PDGFR-β and two intermediate filament proteins nestin and vimentin in the lesioned striatum at days 3 and 7 after
3-NP injection. (A,B,E,F) Triple-labeling for PDGFR-β, GFAP and nestin at day 3 post-lesion showing that vascular profiles expressing PDGFR-β are positive for
nestin in the lesion core (right side of the broken line), which is devoid of GFAP immunoreactivity. Note that nestin-positive cells in the peri-lesional area are
astrocytes. (C,D,G,H) At 7 days, distribution of PDGFR-β in the vascular profiles overlaps well with that of nestin in the lesion core (right side of the broken line).
(E–H) Higher magnification images of the boxed areas in (A–D), respectively. (I–K) Triple-labeling for nestin, Ki-67 and GFAP. Note that a pair of nestin-positive cells
that appear to be daughter cells are positive for Ki-67. (L) 5-Bromo-2-deoxyuridine (BrdU) injection protocol. (M,N) Triple-labeling for nestin, BrdU and GFAP
showing that PDGFR-β/nestin double-positive cells within vascular profiles exhibit BrdU-labeled cell nuclei. The boxed area in (M) is enlarged in (N). (O–R) Triple
labeling for PDGFR-β, nestin and vimentin showing that nearly all of PDGFR-β/nestin double-positive cells co-express vimentin. Cell nuclei are stained with DAPI.
Scale bars = 100 µm for (A–D); 20 µm for (E–H,I,J–M); 10 µm for (N); 50 µm for (O–R).
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FIGURE 9 | Characterization of extravascular PDGFR-β-positive cells in the lesioned striatum at days 14 and 28 after 3-NP injection. (A–H) Triple labeling for
PDGFR-β, GFAP and nestin at day 14 (A,C–E) and 28 (B,F–H) post-lesion showing that the distribution of PDGFR-β overlaps well with that of nestin. Note that
PDGFR-β-positive processes show finer intertwined profiles, while nestin staining reveals distinct fibrous structures. (C–H) Higher magnification images of the boxed
areas in (A,B), respectively. (I–N) Double labeling for nestin and either laminin (I–K) or fibronectin (L–N), showing that nestin is colocalized with two stromal cell
markers. (O,Q–T) Triple labeling for PDGFR-β, nestin and collagen IV showing that expression of the three proteins generally overlap in the lesion core. The boxed
area in (O) is enlarged in (Q–T). (P) Histogram of the intensity profiles of PDGFR-β, nestin and collagen IV along the indicated area (white arrows in Q–S) showing
that the three signals share overlapping profiles. Cell nuclei are stained with DAPI. Scale bars = 100 µm for (A,B,O); 20 µm for (I–N„Q–T); 10 µm for (C–H).
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electron microscopy data confirmed that the ultrastructure
of PDGFR-β/nestin double-positive cells was in accordance with
the PDGFR-β-positive cells as described above; these cells had
nuclei with predominant euchromatin and prominent dilatation
of the rER cisternae could be seen (Figures 10C–E,H–K). At
7 days post-lesion, cytoplasmic processes were frequently found
extending around the vascular wall (Figures 10C,E), while at
14 days, PDGFR-β/nestin double-positive cells exhibited slender
cytoplasmic processes that branched out into the extravascular
spaces (Figure 10H).

DISCUSSION

In the present study, we demonstrate the possibility that
PDGFR-β-positive cells, localized in the perivascular adventitia,
are responsible for fibrotic scar formation in the striata of rats
subjected to 3-NP intoxication (Figure 11). These data provide
novel insight into scar-forming perivascular fibroblasts after
brain insults.

PDGFR-β-Positive Cells Correspond to
Typical Perivascular Fibroblasts in the
Control Striatum and Could Contribute to
Fibrotic Scar Formation in the Lesioned
Striatum
In the control striatum, vessel-associated PDGFR-β-positive
cells fit into the typical morphological features of perivascular
fibroblasts (Peters et al., 1991), in that they were almost
exclusively localized to larger caliber vessels, including arterioles
and venules (25.5% of all vessels), and had flattened nuclei
and thin cytoplasm, with long, slender cytoplasmic processes.
PDGFR-β expression was increased and expanded to almost
all vessels (99.6% of all vessels), including microvessels, at
7 days after 3-NP injection. In addition, PDGFR-β-positive
cells underwent marked morphological changes, distinct from
these cells in the controls, and exhibited larger euchromatic
nuclei, conspicuous nucleoli and well-developed rERs with
prominent cisternal dilation, implying that protein synthesis was
actively proceeding in these cells. In addition, PDGFR-β and
collagen IV, which are major extracellular matrix components
in CNS fibrotic scars, with the latter also being the principle
collagen type in the neurovascular basal lamina (Timpl and
Brown, 1996; Klapka and Müller, 2006), shared overlapping
expression in both vascular profiles and the extravascular
area. Moreover, PDGFR-β-positive cells had membrane-bound
granules containing filamentous materials, probably indicating
the process of exportation of these materials into the extracellular
space (Figure 4H). These morphological changes in PDGFR-β-
positive cells are common features of fibroblasts undergoing
active collagen synthesis.

PDGFR-β expression increased progressively in the
extravascular areas during the chronic phase (days 14–28 post-
lesion), although it was still present within vascular profiles.
These PDGFR-β-positive cells had somata located at a distance
from the vasculature, and their highly ramified, slender processes
overlapped with those from other cells, thus forming a plexus

of processes in the lesion core, which could be clearly seen
in 3D analysis. In addition, these PDGFR-β -positive somata
and processes were surrounded by many collagen fibrils. These
data suggest that PDGFR-β-positive fibroblasts that originate
in the vascular adventitia migrate into the injured parenchyma
and contribute to fibrotic scar formation after acute brain
insults. The possibility that parenchymal PDGFR-β-positive
cells that co-labeled for NG2 are related to the increased
PDGFR-β expression within the vascular and extravascular
areas in the lesion core. However, our data clearly revealed
that these parenchymal PDGFR-β/NG2 double-labeled cells
were still detected in the extravascular area within the lesion
core (Figure 3F). In addition, an extravascular network
composed of PDGFR-β-positive processes, which we suggest
as being responsible for fibrotic scar formation, were devoid of
NG2 immunoreactivity (Figures 5E–G). Thus, these data suggest
that extravascular PDGFR-β cells in the lesion core could be
derived from vessel-associated PDGFR-β-positive cells, rather
than from parenchymal PDGFR-β-positive cells.

The identity of the cells responsible for the fibrotic scars after
CNS insults has long been debated. Pericytes or perivascular
mesenchymal cells have recently been considered to be the source
of fibrosis (Humphreys et al., 2010; Kramann et al., 2015; Di
Carlo and Peduto, 2018). In agreement with this, Goritz et al.
(2011), using a genetic lineage tracing technique, demonstrated
that a subtype of pericytes, GLAST-positive type A pericytes, is
responsible for fibrotic scar formation after spinal cord injury.
These cells reside in the perivascular space in the uninjured state,
but proliferate and migrate to the vasculature to produce fibrotic
extracellular matrix components after injury. Similarly, Col1α1-
positive perivascular fibroblasts were shown to be responsible
for fibrotic scar formation after contusive spinal cord injury
(Soderblom et al., 2013). Furthermore, Col1α1-positive cells
were mostly localized in arterioles and venules in the uninjured
spinal cord, which is similar to the location of PDGFR-β-positive
adventitial fibroblasts in large-caliber vessels in the control
striatum. It is therefore highly likely that these scar-forming
cells, Col1α1-positive cells, GLAST-positive cells and PDGFR-β-
positive fibroblasts are indeed the same type of perivascular
adventitial fibroblasts presented in our study.

PDGFR-β-positive cells in the control and lesioned striata do
not fit the classical definition of pericytes. Whereas pericytes
have processes that extend around the capillary wall and
are completely bounded by a basal lamina (Krueger and
Bechmann, 2010; Attwell et al., 2016), PDGFR-β-positive cells
in our study were found adluminal to smooth muscles in
large-diameter vessels, but not in pericytes of capillaries in
the control striatum. In addition, PDGFR-β-positive cells and
processes are clearly segregated by the pericytes and the
basal laminae of the pericytes that enveloped the endothelial
cells in the lesion core (see Figures 4J–M). In particular,
these cells seem more similar to perivascular fibroblasts,
which are localized in vessels larger than capillaries in the
brain (Peters et al., 1991). Interestingly, PDGFR-β-positive
cells resemble leptomeningeal cells that form the tunica
adventitia of larger vessels in that they have well-developed
rERs indicative of active protein synthesis, and reside in
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FIGURE 10 | Ultrastructural characterization of PDGFR-β/nestin double-positive cells in the lesion core. Confocal microscopic image of a semi-thin section
double-labeled with PDGFR-β and nestin (A,F), the corresponding transmission electron microscopic image (C,H), and the overlay image of confocal microscopic
data and the corresponding electron microscopic image (B,G) obtained from days 7 (A–E) and 14 (F–K) post-lesion. (D,E,L–K) Higher-magnification views of the
boxed areas in (B,C,G,H), respectively. PDGFR-β/nestin double-positive cells have euchromatic nuclei and rER with dilated cisternae (#). Note that at 7 days, the
cytoplasmic processes of these cells are still found extending around the vascular wall on the abluminal side of a smooth muscle (SM) cell and endothelial cells (EN),
while at 14 days, they exhibit slender cytoplasmic processes branching out into the extravascular spaces. Cell nuclei are stained with DAPI. Scale bars = 2 µm for
(A,B), and (F–H); 1 µm for (C–E,K); 0.5 µm for (J); 0.2 µm for (I).

the perivascular space (Zhang et al., 1990), suggesting that
PDGFR-β-positive cells may be regarded as being derived from
the leptomeninges.

PDGFR-β has been widely accepted as a marker for pericytes
(Lindahl et al., 1997; Winkler et al., 2010; Armulik et al., 2011;
Hartmann et al., 2015; Sweeney et al., 2016). However, it is
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FIGURE 11 | Schematic representation of dynamic PDGFR-β-positive cells in the lesion core in striata treated with 3-NP. (A) In the saline-treated control striatum,
PDGFR-β-positive cells with thin processes are associated with larger caliber vessels having one or two layers of smooth muscle cells. These cells are located
outside the smooth muscle cells and are surrounded by the glia limitans of astroglial processes. (B) At 3–7 days post-lesion, PDGFR-β-positive cells are highly
proliferative and express nestin and vimentin. They have large euchromatic nuclei and dilated cisternae of rER, indicating the presence of active collagen synthesis.
They also migrated to the adjacent microvascular wall and wrap around or directly abut the abluminal surface of endothelial cells or pericytes, despite the ongoing
association with the vasculature. (C) At 14–28 days, the lesion core is progressively infiltrated by migrating PDGFR-β-positive cells expressing nestin and vimentin.
They have highly branched cytoplasmic processes that are frequently in close apposition or are even interwoven with each other, forming a network. In addition,
PDGFR-β-positive somata and processes have close apposition with brain macrophages, nearly always at the branch points of distal processes.

not an exclusive or specific marker, because of its dynamic
expression in other cell types. In the hippocampi ofmice in which
status epilepticus was induced, PDGFR-β has been shown to be
expressed in NG2 glia and GFAP-positive astrocytes, as well as
in pericytes (Kyyriäinen et al., 2017). PDGFR-β is also expressed
in kidney mesangial cells and liver stellate cells, which act as
fibroblasts in response to tissue damage (Andrae et al., 2008).
Although not clearly distinguished from other perivascular
cells, Fernández-Klett et al. (2013) also suggested that newly
proliferated, PDGFR-β-expressing vascular stromal cells are
the fibroblasts responsible for fibrotic scar-formation after
cerebral ischemic stroke. Thus, our observations here provide
ultrastructural evidence that vessel-associated PDGFR-β-positive
cells represent perivascular fibroblasts, but not pericytes, in the
control striatum and in the striatum subjected to 3-NP treatment.
However, we cannot exclude the possibility that differences in the
findings of our own and other studies could be due to the specific
brain area studied, or species differences.

Intermediate Filaments Nestin and
Vimentin Are Induced in Activated
PDGFR-β-Positive Fibroblasts
Interestingly, our data revealed that spatiotemporal expression of
PDGFR-β and nestin exhibited overlapping expression patterns
in the striatum of 3-NP-lesioned rats, although observation
under light microscopy showed differential expression patterns

of the two proteins: nestin, with long filamentous morphology,
and PDGFR-β, distributed diffusely in the cytoplasm. The
correlative light- and electron-microscopy technique confirmed
that expression of the intermediate filament nestin is induced
in PDGFR-β-positive perivascular fibroblasts in the lesion core.
We previously demonstrated that nestin expression is induced in
vasculature-associated cells, which appear to undergo dynamic
structural changes in response to ischemic injury; however, their
exact cellular identity had not been elucidated (Shin et al., 2013).
The present study suggested that nestin-positive cells could
be perivascular PDGFR-β-positive fibroblasts present in the
adventitial layer. In addition to nestin, perivascular PDGFR-β-
positive fibroblasts expressed the type III intermediate filament
vimentin. Given that, unlike other types of intermediate filament
proteins, nestin is unable to self-assemble, and requires other
types of intermediate filament proteins, such as vimentin or
desmin, to assemble into heterodimers (Eliasson et al., 1999;
Wiese et al., 2004; Lowery et al., 2015), it is possible that vimentin,
but not GFAP, forms a heterodimer with nestin in PDGFR-β-
positive perivascular fibroblasts.

Intermediate filament proteins are well known for their
dynamic roles in cytostructural remodeling (Leduc and Etienne-
Manneville, 2015; Lowery et al., 2015). Nestin silencing in
cultured podocytes leads to reduced cell process formation (Chen
et al., 2006) and knockdown of nestin results in decreased
migration and contractility in neural stem cells (Yan et al.,
2016). In the present study, nestin was specifically expressed
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along the elongated processes of PDGFR-β-positive fibroblasts,
both within the vasculature, in the early phase, and extending
into the extravascular space, in the late phase. This may mean
that PDGFR-β-positive perivascular fibroblasts require nestin to
elongate their processes and migrate into the lesion core to form
a fibrotic scar.

It should also be considered that nestin is expressed
in non-neural cells with dynamic roles in various
pathophysiological processes, including pathological fibrosis in
the heart and kidneys (Lendahl et al., 1990; Wiese et al., 2004;
Kishaba et al., 2010; Park et al., 2010; Calderone, 2012). A recent
study showed induction of nestin expression in proliferative
vascular smooth muscle cells and suggested that it plays an active
role in vascular remodeling in pulmonary fibrosis (Saboor et al.,
2016). Furthermore, collagen type I-expressing mesenchymal
cells expressed nestin in pressure-overloaded ventricles to form
fibrotic heart walls (Hertig et al., 2017). Taken together, our
data raise the possibility that nestin expression in fibroblasts is a
universal process in fibrotic scar formation after different types
of injuries in any organ.

Brain Macrophages Could Mediate the
Migration of PDGFR-β-Positive Cells and
Subsequent Fibrosis in the Lesion Core
In the lesion core, PDGFR-β-positive cells frequently made
close contact with brain macrophages with amoeboid
morphology, although no specific specialization connecting
the two contiguous membranes was observed (Figure 5).
Moreover, whenever PDGFR-β-positive processes extended
distal processes, they showed close plasmalemmal apposition
with brain macrophages, and had local cytoplasmic swelling, and
contained prominent rERs and mitochondria. Interestingly, the
presence of perivascular fibroblast/macrophage networks has
been reported in the subependymal layer and richly vascularized
zone of the hypothalamic nuclei, suggesting that connective
tissue cells (macrophages and fibroblasts) may intervene actively
in mechanisms of tissue plasticity and in the capability of
these tissues to initiate and control cell proliferation and
differentiation (Mercier et al., 2002, 2003). Thus, close cell-to-
cell contacts between brain macrophages and fibroblast-like cells
expressing PDGFR-β in the lesion core may have functional
relevance.

Accumulating evidence has demonstrated that macrophages
could promote tissue fibrosis, and depletion of macrophages
lowers the amount of scar tissue deposited in the wounds,
indicating that macrophages play a major role in wound
healing, and in the progression of fibrosis (Leibovich and Ross,
1975; Duffield et al., 2005; Lucas et al., 2010). In addition,
macrophages appear to progress from pro-inflammatory (M1)
to anti-inflammatory and remodeling (M2) phenotypes during
wound healing, and chronic activation of M2 macrophages leads
to exacerbation of fibrosis by production of pro-fibrotic factors,
such as transforming growth factor-beta (TGF-β) and galactin-3
(Vernon et al., 2010; Braga et al., 2015; White and Gomer, 2015;
Zhu et al., 2016). Similar results were found in the injured spinal
cord; deletion of hematogenous macrophages reduces fibroblast

accumulation, suggesting that macrophages recruit perivascular
fibroblasts to the injury site through cytokine expression (Zhu
et al., 2015). The early-infiltrating hematogenous monocytes
contribute to fibrotic scar formation, as evidenced by decreased
levels of fibronectin and collagen IV, without altering glial
scarring (Jeong et al., 2017). Furthermore, several studies have
demonstrated a close spatial and temporal relationship between
macrophages and fibroblasts in the wound healing process in
the kidneys and skin: macrophages induce fibrosis through the
recruitment, proliferation and activation of fibroblasts (Nishida
et al., 2008; Nikolic-Paterson et al., 2014; Knipper et al., 2015; Zhu
et al., 2017). Based on these prior observations, our data reinforce
the concept that brain macrophages contribute to fibrotic
scar formation after CNS injuries, and provide morphological
evidence that these cells could provide important environmental
cues for the migration and branching of PDGFR-β-positive
fibroblasts in the lesion core. However, it is also possible that
close plasmalemmal appositions of PDGFR-β-positive fibroblasts
and brain macrophages are in physical contact simply because
brain macrophages comprise the vast majority of cells in the
lesion core.

In conclusion, using a rat model of acute brain injury, our data
have shown the following: (1) PDGFR-β-positive perivascular
adventitial fibroblasts could be discriminated from endothelial
cells, pericytes, and smooth muscle cells. (2) The structural
dynamics of PDGFR-β-positive cells correlate with progression
of fibrotic scar formation: they formed a plexus of processes
throughout the lesion core and showed a close spatial and
temporal relationship with collagen IV. (3) PDGFR-β-positive
fibroblasts express the intermediate filament proteins nestin and
vimentin, the induction of which may account for dynamic
structural changes after brain insults. (4) Their ultrastructural
morphology and spatial correlation with brainmacrophages were
elaborated by 3D reconstruction of microscopic images in our
study. Our results provide novel evidence of the morphology and
potential roles of PDGFR-β-positive perivascular fibroblasts in
the development of fibrotic scar formation after CNS insults.
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