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Perlecan regulates pericyte dynamics in the
maintenance and repair of the blood-brain barrier
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Ischemic stroke causes blood-brain barrier (BBB) breakdown due to significant damage to the integrity of BBB components.
Recent studies have highlighted the importance of pericytes in the repair process of BBB functions triggered by PDGFRp up-
regulation. Here, we show that perlecan, a major heparan sulfate proteoglycan of basement membranes, aids in BBB
maintenance and repair through pericyte interactions. Using a transient middle cerebral artery occlusion model, we found
larger infarct volumes and more BBB leakage in conditional perlecan (Hspg2)-deficient (Hspg2/--TG) mice than in control mice.
Control mice showed increased numbers of pericytes in the ischemic lesion, whereas Hspg2~/~-TG mice did not. At the
mechanistic level, pericytes attached to recombinant perlecan C-terminal domain V (perlecan DV, endorepellin). Perlecan DV
enhanced the PDGF-BB-induced phosphorylation of PDGFRB, SHP-2, and FAK partially through integrin a5B1 and promoted

pericyte migration. Perlecan therefore appears to regulate pericyte recruitment through the cooperative functioning of
PDGFRp and integrin a5B1 to support BBB maintenance and repair following ischemic stroke.

Introduction

The blood-brain barrier (BBB) is a highly selective permeability
barrier that protects the central nervous system from a con-
stantly changing environment in the blood, as well as from
blood-borne pathogens and toxins. Ischemic stroke causes a loss
of integrity of the BBB components, which leads to breakdown
of the BBB and subsequent enlargement of the infarction,
brain edema, and hemorrhagic transformation (Baeten and
Akassoglou, 2011). The BBB consists mainly of specialized brain
endothelial cells that are intimately connected by tight junctions
and covered by basement membranes (BMs), pericytes that ex-
tend multiple cytoplasmic processes covering endothelial cells,
and the end-feet of astrocytes. Degradation of the BM is known
to trigger the disruption of the BBB (Del Zoppo et al., 2006;
Baeten and Akassoglou, 2011), but the manner in which each
BM component responds to ischemic stroke is not yet fully
understood.

All BMs and cartilage contain perlecan, a large multidomain
heparan sulfate proteoglycan (HSPG) of the ECM (Arikawa-
Hirasawa et al., 1999). Perlecan mediates numerous cellular ac-
tivities and regulates tissue homeostasis by interacting with

many other ECM proteins, growth factors, and receptors
(Kerever et al., 2014; Lord et al., 2014). As several of these ECM
components have various biological activities that depend on
their C-terminus fragments, the perlecan C-terminal domain V
(perlecan DV, endorepellin) triggers anti-angiogenic activity in
endothelial cells through the dual binding of integrin a2f1 and
VEGFR2 (Mongiat et al., 2003; Bix et al., 2004; Woodall et al.,
2008; Goyal et al., 2011). Recent reports have indicated that
perlecan DV also plays pro-angiogenic and neuroprotective roles
in ischemic stroke through enhanced production of VEGF in
brain endothelial cells that express integrin a5B1 rather than
integrin a2f1 (Lee et al., 2011; Clarke et al.,, 2012). Despite the
importance of perlecan DV in endothelial cell behaviors, any
effect on pericytes remains to be established.

Conventional Perlecan knockout (KO) mice (i.e., Hspg2~/~) die
just after birth due to respiratory failure caused by their carti-
lage defects (Arikawa-Hirasawa et al., 1999; Costell et al., 1999).
We have been able to avoid this lethality by creating conditional
Perlecan-deficient (Hspg2~/--TG [Perlecan KO]) mice that ex-
press the Perlecan transgene only in cartilage; this was done
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using the Col2al promoter and enhancer (Xu et al., 2010). These
mice have been used to uncover roles for perlecan in muscle
homeostasis (Xu et al., 2010; Ning et al., 2015), self-renewal of
neural stem cells and neurogenesis (Kerever et al., 2014), vas-
cularization during endochondral bone formation (Ishijima
et al,, 2012), and endothelial-derived relaxing function (Nonaka
et al., 2015).

Recent studies have demonstrated that the process of BBB
repair involves pericyte recruitment, which is triggered by the
up-regulation of platelet-derived growth factor receptor B
(PDGFRP) in peri-infarct areas (Arimura et al., 2012; Makihara
et al., 2015; Nakamura et al., 2016). PDGFRP is a key molecule
that drives pericyte migration, and PDGFR signaling is required
for pericyte recruitment toward endothelial tubes in the devel-
opmental stage of vascular and neural tissues (Lindahl et al.,
1997; Hellstrom et al., 2001). Following ischemic stroke, up-
regulation of PDGFR( is essential for maintenance of the BBB
and the repair process in the infarct areas (Arimura et al., 2012;
Shen et al., 2012; Makihara et al., 2015; Nakamura et al., 2016).
However, the identity and mechanism of action of the actual
ECM components that modulate PDGFR signaling and regulate
pericyte behaviors in the microenvironment after ischemic
stroke remain unclear.

In the present study, we show that perlecan is an important
ECM component in the BBB, as it plays a protective role against
ischemic BBB disruption. Perlecan maintains BBB integrity and
enhances pericyte migration through a cooperative function of
PDGFR and integrin a5p1 signaling, thereby contributing to the
repair process of the BBB following ischemic stroke.

Results

Perlecan is essential for BBB maintenance after

ischemic stroke

We identified the function of perlecan in the BBB by first ex-
amining the expression of perlecan in the adult brain of wild-
type mice. Perlecan was colocalized with the tomato lectin-
positive brain endothelial cells and was found adjacent to
PDGFRp-positive brain pericytes (Fig. 1 A). Compared with brain
pericytes, brain endothelial cells highly expressed HSPG2 (Per-
lecan) mRNA in vitro (Fig. 1 B), suggesting the presence of en-
dothelial cell-derived perlecan in the BMs between the
endothelial cells and pericytes and that perlecan may represent a
major ECM component of the BBB.

The conditional Perlecan-deficient (Hspg2~/~-TG, Perlecan
KO) mice had no detectable expression of perlecan in the brain
vasculature (Fig. 1 C, TG and control vs. Perlecan KO). Under
normal conditions, the brain vasculature of the Perlecan KO
mice showed normal morphology, including normal pericyte
coverage (Fig. S1, A and B). The expression of the tight junction
proteins, Claudin-5 and ZO-1, was also not significantly changed
in the Perlecan KO mice (Fig. S1, C-F). Injection of Evans Blue as
an exogenous tracer revealed no extravasation (not depicted),
suggesting that Perlecan deficiency does not affect the BBB
structure and function under normal conditions.

We next evaluated the function of perlecan after ischemic
stroke using Perlecan KO mice subjected to 60-min middle
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cerebral artery occlusion (MCAO) as a stroke model. Staining
with 2,3,5-triphenyltetrazolium chloride (TTC) revealed a larger
infarct size in the Perlecan KO mice than in control mice at
postsurgery day (PSD) 2 (Fig. 1, D and E; and Fig. S2 A). BBB
leakage, evaluated by Evans Blue extravasation, was greater in
Perlecan KO mice than in control mice at PSD 2, which is a peak
time point for BBB disruption (Fig. 1, F and G). The extravasation
of fibrinogen, an endogenous marker of BBB leakage, was also
greater in Perlecan KO mice than in control mice (Fig. 1, Hand I).
The loss of the tight junction proteins, Claudin-5 and ZO-1, in the
infarct areas was also greater in Perlecan KO mice than in
control mice (Fig. 1, ] and K). These results indicate that Perlecan
deficiency enhances BBB disruption following ischemic stroke.

Perlecan is necessary for pericyte accumulation after

ischemic stroke

Our previous studies demonstrated that PDGFRp expression is
gradually up-regulated in pericytes in peri-infarct areas over the
initial 3 d following ischemic stroke and that maintenance and
repair of the BBB might require the PDGFRp signaling pathway
(Arimura et al., 2012; Makihara et al., 2015; Nakamura et al.,
2016). In agreement with these previous findings, the expres-
sion of pericyte markers, including CD13, PDGFRf, desmin, and
NG2, was up-regulated in the ischemic lesion of control mice at
PSD 3 after MCAO, as indicated by immunofluorescence analysis
of brain sections (Fig. 2, A-G; and Fig. S2 B). However, this up-
regulation of pericyte markers was attenuated in the Perlecan
KO mice (Fig. 2, A-H). The Perlecan KO mice appeared to have a
worse neurological deficit, a lower survival rate, increased
hemorrhagic transformation, and greater weight loss after
MCAO compared with control mice (Fig. S2, C-F). These results
suggest that perlecan may contribute to pericyte accumulation
and the subsequent neurological deficits observed following is-
chemic stroke.

Perlecan expression is up-regulated after ischemic stroke
Previous studies suggest that BM degradation and BBB break-
down occur after ischemic stroke (Baeten and Akassoglou, 2011).
In control mice, however, perlecan expression at PSD 3 was
significantly increased in the ischemic lesion compared with the
contralateral hemisphere (Fig. 3, A-C). Up-regulation of the
endothelial cell maker CD31 was accompanied by up-regulation
of perlecan in the ischemic lesion (Fig. 3 A). Similarly, expres-
sion of the BM proteins such as laminin a5 and collagen type IV
was also increased in the ischemic lesion (Fig. S3, A and B).
However, there was no significant difference in the expression
of these BM proteins between control and Perlecan KO mice.
Integrins are heterodimeric transmembrane receptors for
ECM proteins and have a known involvement in the biological
activities of those proteins (Hood and Cheresh, 2002; Iozzo,
2005). We addressed a potential influence of perlecan on
integrin-mediated pericyte behaviors by examining integrin
expression in cultured brain pericytes, as well as in brain en-
dothelial cells and in human umbilical vein endothelial cells.
Both brain pericytes and brain endothelial cells strongly ex-
pressed ITGA5 (integrin a5) and ITGBI (B; Fig. 3 D and Table 1),
and in vitro exposure of pericytes to hypoxia at 1% O,
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Figure 1. The BBB is strongly disrupted after ischemic stroke in Perlecan KO mice. (A) The expression of perlecan (red) colocalized with lectin-positive
brain endothelial cells (green, upper panels) and was found adjacent to PDGFRpB-positive brain pericytes (green, lower panels) in a brain section of wild-type
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mice. Scale bar = 20 um. (B) Quantitative PCR for HSPG2 (Perlecan) in cultured brain endothelial cells and pericytes. Values are mean + SD; n = 4; **** P <
0.0001, unpaired t test. (C) Perlecan was expressed in brain vasculature in Hspg2*/*-TG (TG) and Hspg2*/~-TG (control) mice, but not in conditional perlecan-
deficient (Hspg2~/~-TG [Perlecan KO]) mice. Scale bar = 100 um. (D and E) Representative images of TTC staining (D) at PSD 2 after MCAQ in control and
Perlecan KO mice and the quantified infarct volume (E). Evans Blue was injected into these mice to show the BBB leakage (Evans Blue extravasation). Scale bar = 3
mm. The infarction volume was significantly greater in Perlecan KO mice than in control mice. Values are mean + SD; n = 8 mice per group; *, P < 0.05, unpaired
t test. (F and G) Representative images of Evans Blue extravasation at PSD 2 after MCAQ in control and Perlecan KO mice (F). Quantification of Evans Blue extracted
from ipsilateral hemispheres at PSD 2 (G) showed more leakage of the dye in Perlecan KO mice than in control mice. Values are mean + SD; n = 8-11 mice per group;
*, P < 0.05, unpaired t test. (H and 1) Representative images of fibrinogen extravasation at PSD 3 after MCAQ in control and Perlecan KO mice. Left panels show a
higher magnification of the indicated lesion in the infarction. Scale bar = 40 um (left panels) or 150 pm (middle and right panels). Quantification of fibrinogen intensity
(1) showed more leakage in Perlecan KO mice than in control mice. Values are mean + SD; n = 5 mice per group; *, P < 0.05, unpaired t test. () and K) Representative
images of the immunostaining for Claudin-5 (upper panels) and ZO-1 (lower panels) at PSD 3 after MCAO in the brain cortex of control and Perlecan KO mice (J). Scale
bar = 50 um. Claudin-5-positive and ZO-1-positive areas were quantified and standardized by CD31-positive areas in the ischemic lesions of control and Perlecan KO

mice (K) Values are mean + SD; n = 4 mice per group; * P < 0.05, unpaired t test.

up-regulated these expressions (Table 1). Moreover, integrin a5
expression was significantly up-regulated in the ischemic le-
sions of both control and Perlecan KO mice following MCAO
(Fig. 3, E and F). High-resolution triple immunofluorescence
imaging of brain microvessels revealed that the expression of
integrin a5 was up-regulated in both endothelial cells and
pericytes in the ischemic lesions (Figs. 3 G and S3 C). These
results indicate that ischemic stroke induces the up-regulation
of perlecan and its potential receptor, integrin a5p1.

Perlecan DV attaches to pericytes and promotes PDGFR
signaling through integrin a541

Perlecan consists of a core protein with three long attached
chains of glycosaminoglycan (heparan sulfate; Fig. 4 A;
Noonan et al., 1991). The biological activities of perlecan are
known to depend on the C-terminus fragment of the core
protein, DV (endorepellin; Iozzo, 2005), which contains three
globular domains that show homology with laminin G module
and are each separated by EGF-like repeats. To examine the
biological activities of perlecan DV in pericyte behaviors, we
developed recombinant FLAG-tagged perlecan DV (Fig. S3 D).
Both purified full-length perlecan and perlecan DV showed a
substantial attachment to human brain pericytes in the 30-
min adhesion assay (Fig. 4 B). Function-blocking antibodies
against integrin a5 (mAb16) and Bl (mAbl3) inhibited the
adhesion of perlecan DV to pericytes, but mAbl6 treatment
did not inhibit the adhesion of full-length perlecan (Fig. 4 B).
Similarly, perlecan DV showed a substantial attachment to
brain endothelial cells, and this adhesion was inhibited by
mAbl6 (Fig. S3 E). Taken together, these results suggested
that the adhesion of perlecan DV to both pericytes and en-
dothelial cells occurs through integrin a5, and the perlecan-
integrin a5-mediated adhesion may contribute to the integ-
rity of these vascular components.

To examine the direct binding of perlecan DV to integrin
a5p1, we performed a solid-phase binding assay. The binding
affinity of immobilized perlecan DV to integrin a5B1 was
significant, albeit to a lesser level (Fig. 4 C). Therefore, we
further investigated the binding of perlecan DV to integrin
a5B1 using a surface plasmon resonance (SPR) assay that
allows us to detect these interacting proteins without la-
beling them. The SPR assays showed an association of per-
lecan DV with integrin a5p1 (Fig. S3 F), whereas fibronectin
bound to integrin a5p1 with high affinity (Figs. 4 Cand S3 G).
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We should note that the sensorgram of the perlecan DV-
integrin a5p1 did not appear a typical isotherm. Combined,
these data suggest that the binding of perlecan DV to in-
tegrin a5P1 was observed, but with such a weak interaction,
we could not obtain unequivocal evidence for a direct
interaction.

We next examined a potential influence of perlecan on the
PDGF-BB/PDGFRp signaling pathway, which is an important
pathway for pericyte recruitment (Quaegebeur et al., 2011;
Winkler et al., 2011). Results from solid-phase binding assays
clearly demonstrated a direct association of PDGF-BB, but not its
receptor PDGFRB, with both immobilized full-length perlecan
and perlecan DV (Fig. 4 D). These findings suggest that the in-
teraction between perlecan and PDGF-BB may enhance PDGF-
BB-mediated pericyte recruitment. Interestingly, the mecha-
nism underlying the interaction between perlecan and PDGF-
BB/PDGFRP signaling appears to differ from the one underlying
the interaction between perlecan and basic fibroblast growth
factor (bFGF)/fibroblast growth factor receptor (FGFR) signal-
ing, as previous studies have shown a direct interaction of
perlecan with both bFGF and FGFR (Ishijima et al., 2012).

Further examination of the effect of perlecan DV on the
PDGFRp signaling pathway in pericytes revealed an enhance-
ment of the PDGF-BB-induced PDGFRP phosphorylation when
pericytes were cultured on the perlecan DV-coated plates (Fig. 4
E). These results suggest a mechanism by which perlecan DV
could amplify the PDGF-BB/PDGFRP signaling through the
binding of perlecan DV with PDGF-BB. We next examined
whether integrin a5 influences the PDGFRP signaling pathway
in pericytes by analyzing the activity of Src homology 2 domain-
containing phosphatase 2 (SHP-2) and FAK, which are two
common downstream molecules of PDGFRB and integrin
(Tallquist et al., 2003; Huttenlocher and Horwitz, 2011; Sweeney
et al., 2016). Interestingly, perlecan DV enhanced SHP-2 phos-
phorylation in the presence of PDGF-BB (Fig. 4 E). Similarly,
perlecan DV enhanced FAK phosphorylation (Fig. 4 E). The
phosphorylation of both SHP-2 and FAK were inhibited by the
integrin a5 blocking antibody mAbl6, whereas mAbl6 did not
alter the phosphorylation of PDGFRp (Fig. 4 F). These results
suggest that integrin a5 may be involved in perlecan DV-
mediated enhancement of SHP-2 and FAK phosphorylation, but
it may not affect the binding of perlecan DV with PDGF-BB
and perlecan DV-mediated enhancement of PDGF-BB-induced
PDGFR[ phosphorylation. Perlecan DV influences the activation
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Figure 2. The infarction-induced up-regulation of pericytes is attenuated in Perlecan KO mice. (A) Representative images of immunostaining for the
pericyte marker CD13 at PSD 3 after MCAQ in control and Perlecan KO mice. The control mice showed an increase in the number of CD13* pericytes in the
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ischemic lesion at PSD 3, while this up-regulation was not observed in Perlecan KO mice. Yellow dotted line = infarct area, defined by MAP2 and GFAP staining
(Fig. S2 A). Scale bar = 1 mm. (B-E) CD13* (B), PDGFRB* (C), desmin* (D), or NG2* (E) areas were quantified and standardized by CD31* areas in the ischemic
lesions of control and Perlecan KO mice. Left panels indicate a higher magnification of the brain cortex. Scale bar = 50 pm. Values are mean + SD; n = 5 mice per
group; *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus control mice, unpaired t test. (F and G) The immunoblotting for PDGFRB in brain cortex lysates of
ipsilateral or contralateral hemispheres at PSD 3 after MCAO, or sham surgery control of control and Perlecan KO mice. A representative example of five
independent experiments is shown (F). Quantitative analysis by densitometry normalized with B-tubulin is represented as the fold increase above the ex-
pression of PDGFRR in the contralateral hemisphere of control mice (G). Values are mean + SD; n = 7 mice per group or 5 (sham surgery mice); **, P < 0.01
versus contralateral hemisphere; T, P < 0.05 versus control mice, one-way ANOVA followed by Dunnett’s test.

of SHP-2 and FAK through PDGFR and integrin a5p1 signaling.
Moreover, FAK activation possibly facilitates the turnover of
focal adhesions.

Perlecan DV promotes PDGF-BB-induced pericyte migration
We also assessed the effect of perlecan DV on the formation of
actin stress fibers and focal adhesions in pericytes following
stimulation with PDGF-BB. Pericytes cultured on perlecan DV
showed well-assembled stress fibers and increased numbers of
focal adhesion sites compared with cells cultured without per-
lecan DV or PDGF-BB (Fig. 5, A-C). Moreover, colocalization of
integrin a5 and focal adhesions, similar to that seen in pericytes
adhering to fibronectin, was detectable in pericytes cultured on
perlecan DV (Fig. S4 A). Perlecan DV and PDGF-BB stimulated
colocalization of phosphorylated PDGFRp with integrin a5 in the
focal adhesions (Fig. 5, D and E). These results indicate that
perlecan DV stimulates the formation of focal adhesions in
pericytes through integrin a5, and that perlecan DV and PDGF-
BB cooperate to induce the clustering of phospho-PDGFRp and
integrin ab.

We next examined the effect of perlecan DV on PDGF-
BB-induced pericyte migration using a Boyden chemotaxis
chamber (Fig. 6 A). PDGF-BB-induced pericyte migration
was significantly enhanced by the perlecan DV-coated
Transwell membranes (Fig. 6 B) and was inhibited by the
integrin a5 blocking antibody mAb16 (Fig. 6 C). A single-cell
tracking assay showed increased velocity of PDGF-BB-in-
duced pericytes on the perlecan DV-coated plates (Fig. S4, B
and C). Likewise, an in vitro wound healing assay showed
that perlecan DV accelerates pericyte migration (Fig. 6, D and
E), without any significant effect on pericyte proliferation
(Fig. S4 D). The perlecan DV treatment did not affect the
expression of PDGFRP in cultured pericytes (Fig. S4, G and
H). These results indicate that perlecan DV promotes PDGF-
BB-induced pericyte migration, but not pericyte prolifera-
tion in culture.

Consistent with these in vitro observations, an in vivo
BrdU incorporation assay showed no significant difference in
pericyte proliferation in the infarct area of control and Per-
lecan KO mice at PSD 3 after MCAO (Fig. S4, E and F). We
should note that there is a significant increase in pericyte
proliferation in the infarct area, compared with that in the
noninfarct area (Fig. S4 F, infarction versus contralateral),
suggesting that the up-regulation of pericyte marker expres-
sion in the infarct area after stroke results from an increase in
the number of pericytes due to enhanced pericyte prolifera-
tion and accumulation. Importantly, perlecan is involved in
pericyte migration, but not proliferation.
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Administration of perlecan DV reduces the infarct size

We examined the in vivo effect of perlecan DV on ischemic
stroke by intraperitoneal injection of perlecan DV for two or
four consecutive days, beginning 24 h after MCAO (Fig. 7 A). The
intraperitoneally injected FLAG-tagged perlecan DV was de-
tected in the infarct area, particularly in the microvessels, by
immunostaining with antibody to a 3xFLAG tag, whereas it was
not detectable in the contralateral hemisphere at PSD 3 (Fig. 7 B).
Perlecan DV administration increased the number of PDGFRf-
positive pericytes in the infarct area (Fig. 7, C and D). These data
suggest that perlecan DV may stimulate pericyte recruitment
into microvessels in the infarct area and promote BBB repair.
Indeed, perlecan DV administration significantly restored the
infarct area in the Perlecan KO mice at PSD 5 (Fig. 7 E), indi-
cating a potential benefit of perlecan DV as a therapeutic agent
for the treatment of ischemic stroke damage.

Discussion

In this study, we demonstrated that perlecan, one of the major
ECM components of the BBB, regulates the adhesion between
the ECM and pericytes required for BBB maintenance, and it
directs pericyte recruitment, a crucial process in the repair of
BBB functions after ischemic stroke (Fig. 8 A). Moreover, per-
lecan DV enhances pericyte migration through the cooperative
function of PDGFRP and integrin a5l signaling, thereby al-
lowing a subsequent dynamic regulation of focal adhesions and
the actin cytoskeleton (Fig. 8 B).

The ECM proteins play important roles in BBB functions.
However, the mechanisms involved in BBB maintenance and
repair by ECM proteins after ischemic stroke remain unclear.
Laminin produced by astrocytes regulates BBB integrity and
pericyte differentiation (Menezes et al., 2014; Yao et al., 2014).
Fibronectin, which is produced by endothelial cells, pericytes,
and astrocytes, stimulates angiogenesis and fibrosis after stroke
(Li et al., 2012; Makihara et al., 2015). Our present study suggests
an involvement of perlecan in BBB repair under pathological
conditions (i.e., following ischemic stroke), whereas no signifi-
cant malformation or dysfunction of brain vasculature was
detectable in the Perlecan KO mice under nonpathological con-
ditions. This finding suggests that perlecan is not essential for
vascular development, that BBB maturation is delayed but suf-
ficient, or that other ECM proteins may compensate for the
Perlecan deficiency during vascular development. Further ex-
periments will be needed to reveal the developmental process of
the BBB maturation in Perlecan KO mice. By contrast, the large
infarct volume and the large BBB leakage observed in Perlecan
KO mice may reflect a significant importance of perlecan in BBB

Journal of Cell Biology
https://doi.org/10.1083/jcb.201807178

3511


https://doi.org/10.1083/jcb.201807178

A Wild type, MCAO day 3

5 ®
2 o
© [0}
o . . = 5 y
o infarction contralateral infarction contralateral
B o, - *%* C * %k
5 10% . c 1.5
G 8% S
[OR) 2% 1.0
2 g 6% A1 [}
'5) ) '|' EE
.8'§ 4% A S\‘g 0.5
C =
S5 2% - 28
R o=
g kD o = 0.0
o 0% “— . - infarction contralateral
o infarction  contralateral cortex cortex
cortex cortex
D E MCAO day 3 F
control Perlecan KO
*kkk
=m pericytes 120% ¢ — ok ok
. [s2} o,
integrin a mm brain ECs 8 100%
HUVECs = 80% A
integrin a2 (]
integrin a: . S 60%
integrin a5 g L8 40% A
c ra— < [
integrin aV i'; |m‘arct|on contralateral |nfrct|on : contralateral ;5; 20% 4 .
L= < 0% A
integrin 1 . - control  Perlecan
—_— KO
0 5 10 15 20 25 _ ,
mRNA copy numbers (x105) minfarction mcontralateral
G Wild type, MCAO day 3 -
infarction o - o]
o] [o N /)] (8]
c T2 [
£ w > =
g 2
E’) 0o S
- c oo _8
P £ = S
wA w
O ) ~
S
o
jogTe
c O
- o
o

Integrin a5 PDGFR
Integrin a5 CD31

Figure 3. The expression levels of perlecan and integrin a5 are increased after ischemic stroke. (A-C) The expression of perlecan (green) and CD31 (red)
was significantly higher in the infarct areas than in the contralateral hemisphere at PSD 3 after MCAO. Scale bar = 1 mm (upper panels) or 50 um (lower panels).
Yellow dotted line = infarct area. Perlecan-positive areas (B) and the intensity (C) were quantified in brain cortex areas of wild-type mice. Values are mean + SD;
n =5; ** P < 0.0, unpaired t test. (D) Quantitative real-time PCR for the expression of integrins in brain pericytes, brain endothelial cells (ECs), and human
umbilical vein endothelial cells (HUVECs). Values are mean + SD; n = 3; ****, P < 0001 versus other integrin a isoforms, one-way ANOVA followed by
Tukey-Kramer’s HSD test. (E and F) The expression of integrin a5 was significantly increased compared with the contralateral hemisphere at PSD 3 after
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MCAQ in control and Perlecan KO mice. Scale bar = 1 mm (top panel) or 100 um (bottom panels). Integrin a5-positive areas were quantified in brain cortex
areas (F). Values are mean + SD; n = 6 mice per group; ****, P < 0001, one-way ANOVA followed by Tukey-Kramer’s HSD test. (G) Representative images of
the immunostaining for integrin a5 in brain microvessels. A maximum-intensity projection image was constructed from Z-stack images (left panel). The boxed
regions in the left panel are magnified in right panels (a) and in Fig. S3 C (b and c). The expression of Integrin a5 (green) was detectable in both pericytes
(PDGFRB, red, yellow arrowheads) and endothelial cells (CD31, blue, white arrowheads). Scale bar = 20 um (left panel) or 2 pum (right panels).

maintenance. Perlecan, which is distributed in the BMs between
endothelial cells and pericytes, is involved in the integrity and
interaction of these cells.

Many ECM proteins, including perlecan, are known to un-
dergo degradation after ischemic stroke due to the activation of
proteases, such as matrix metalloproteinases and cathepsins,
with BBB breakdown as an end result (Fukuda et al., 2004;
Lakhan et al., 2013). Interestingly, we found that the expression
of ECM proteins, including perlecan, laminin a5, and collagen
type IV, was up-regulated in the ischemic lesion in the transient

MCAO model, where vascular cells barely survive to support
neovascularization. One explanation is that the up-regulation of
perlecan may reflect a counteractive response during recovery
from ischemic damage, so that while the BMs are degraded, the
ECM composition is altered. Therefore, perlecan may be de-
tached from BMs and activated by inflammation in the disrupted
BBB after ischemic stroke. Perlecan DV, in particular, is known
to be activated during BBB breakdown (Lee et al, 2011). A
previous report using a brain stab wound model demonstrated
that brain injury induced perlecan biosynthesis through

Table 1. Microarray analysis of hypoxia-induced gene expression in brain pericytes

Gene symbol RefSeq ID Protein name Control Hypoxia Fold change
ITGA1 NM_181501 Integrin Subunit al 77.2 104.0 13
ITGA2 NM_002203 Integrin Subunit a2 110.8 200.4 18
ITGA3 NM_002204 Integrin Subunit a3 343 38.4 11
ITGA4 NM_000885 Integrin Subunit a4 34 3.4 1.0
ITGA5 NM_002205 Integrin Subunit a5 1,081.7 24322 2.22
ITGA6 NM_000210 Integrin Subunit a6 43 7.1 17
ITGA7 NM_002206 Integrin Subunit a7 7125 792.1 11
ITGA8 NM_003638 Integrin Subunit a8 22.8 22.4 1.0
ITGA9 NM_002207 Integrin Subunit a9 2.2

ITGAIO NM_003637 Integrin Subunit al0 7.8 8.2 1.0
ITGA11 NM_001004439 Integrin Subunit all 4.0 3.6 0.9
ITGAD NM_005353 Integrin Subunit aD 6.2 73 12
ITGAE NM_002208 Integrin Subunit aE 897.8 466.2 0.5
ITGAL NM_002209 Integrin Subunit al 9.7 114 12
ITGAM NM_000632 Integrin Subunit aM 53 5.0 0.9
ITGAV NM_002210 Integrin Subunit aV 81.2 84.3 1.0
ITGA2B NM_000419 Integrin Subunit a2b 271 41.8 15
ITGAX NM_000887 Integrin Subunit aX 19.3 19.1 1.0
ITGBI NM_133376; NM_033668 Integrin Subunit 1 1,692.9 2,950.6 17
ITGB2 NM_000211 Integrin Subunit B2 23

ITGB3 NM_000212 Integrin Subunit B3 3.8 4.4 12
ITGB4 NM_000213; NM_001005731 Integrin Subunit B5 6.6 6.8 1.0
ITGBS NM_002213 Integrin Subunit 5 1125 345.2 3.1
ITGB6 NM_000888 Integrin Subunit 36 17

ITGB7 NM_000889 Integrin Subunit B7 37 3.7 1.0
ITGB8 NM_002214 Integrin Subunit 38 14

The RNA from pericytes exposed to 1% hypoxia for 24 h was labeled with Cy3 and compared with Cy5-labeled RNA of control cells. The results were analyzed
in duplicate, and selected genes are listed with gene expression data as the mean value.
aFold-change >2.
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Figure 4. Perlecan DV promotes PDGFR signaling through integrin a5B1. (A) Structure of perlecan. The five domains are numbered from the N terminus
to the C terminus. Domain | contains the binding sites for heparan sulfate side chains. DV/endorepellin contains three globular domains that have homology to
the laminin G module (LG) and that are each separated by epidermal growth factor (EGF)-like repeats (Noonan et al,, 1991; lozzo, 2005). (B) Representative
images of brain pericytes attached to immobilized full-length perlecan (HSPG2, 10 pg/ml) or perlecan DV (500 nmol/liter; upper panels). Scale bar = 100 pum.
The adhesion of pericytes to perlecan DV was inhibited by integrin function-blocking antibodies against integrins a5 (mAb16, 50 mg/ml) and B1 (mAb13, 50 mg/ml).
Values are mean + SD; n = 5; ****, P < 0.0001 versus PBS; T, P < 0.05; T, P < 0.0001 versus control IgG, one-way ANOVA followed by Tukey-Kramer’s HSD test.
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(C) Solid-phase binding assays of soluble integrin a5B1 (4 ug/ml) to the immobilized perlecan DV (10-100 ug/ml), full-length perlecan (HSPG2, 10 pg/ml), or fi-
bronectin (10 pg/ml). Values are mean + SD; n = 6; *, P < 0.05; **, P < 0.01; ***, P < 0.0001 versus noncoated, one-way ANOVA followed by Dunnett’s test. (D) Solid-
phase binding assays of soluble PDGF-BB (0.5 pg/ml) or PDGFRB (2 pg/ml) to the immobilized full-length perlecan (HSPG2) or perlecan DV. Values are mean + SD;
n =3;* P < 0.0001 versus noncoated, one-way ANOVA followed by Dunnett’s test. (E) The immunoblotting for the temporal profiles of p-PDGFRB (Y1021)/PDGFRB,
p-SHP-2 (Y542)/SHP-2, and p-FAK (Y397)/FAK in pericytes. Cells were cultured on either poly-L-lysine (control, 15 ug/ml) or perlecan DV (500 nmol/liter). After
serum starvation for 16 h, PDGF-BB (50 ng/ml) was added at the indicated time. A representative example of three independent experiments is shown (upper
panels). The phosphorylated protein was quantitatively evaluated by densitometry, normalized with the total protein, and represented as the fold increase above the
level obtained with control substrate without PDGF-BB (lower panels). Values are mean + SD; n = 3. (F) The immunoblotting for p-PDGFRB (Y1021)/PDGFRB,
p-SHP-2 (Y542)/SHP-2, and p-FAK (Y397)/FAK in pericytes under an inhibitory antibody for integrin a5. The cells were cultured on perlecan DV, serum-starved,
pretreated with either control IgG or mAb16 (50 pg/ml) for 1 h, and incubated with PDGF-BB (20 ng/ml) for 15 min. A representative example of three inde-
pendent experiments is shown (upper panels). The data represent the fold increase above the level obtained with control IgG treatment without PDGF-BB (lower

panels). Values are mean = SD; n = 3.

inflammatory responses (Garcia de Yébenes et al., 1999). Fur-
ther experiments should be performed to identify the mecha-
nism underlying the up-regulation of perlecan in response to
ischemic stroke.

We previously demonstrated an up-regulation of PDGFRJ
following ischemic stroke. The resulting up-regulation of
PDGFRP signaling and the increased recruitment of pericytes are
involved in the maintenance of the BBB (Shen et al., 2012) and in
the scar formation in the infarct areas (Arimura et al., 2012;
Makihara et al., 2015; Tachibana et al., 2017). PDGFR can es-
sentially serve as a marker for “active pericytes,” because its
expression is drastically induced in pericytes after ischemic
stroke. A previous study showed that bFGF, produced by endo-
thelial cells and pericytes, modulates the expression of PDGFRP
(Nakamura et al., 2016), but the mechanisms underlying the
observed pericyte recruitment are unclear. In this study, we
demonstrated that not only PDGFRB but also other pericyte
markers tested were up-regulated after ischemic stroke. Our
data suggest that the up-regulation results from an increase in
the number of “active pericytes” in and around the ischemic
lesion and that perlecan enhances pericyte migration but not
proliferation. These results suggest that perlecan not only
functions as an ECM protein to support BBB integrity, but it also
serves as an initiator of the BBB repair processes, including
pericyte migration, after ischemic stroke.

The observed binding activity of PDGF-BB with perlecan DV
suggests that endothelial cell-derived perlecan may act as a
storage reservoir of PDGF-BB for pericytes to enhance PDGFRP
signaling. Perlecan deficiency may disrupt this PDGF-BB reser-
voir, thereby resulting in defective pericyte recruitment after
ischemic stroke (Fig. 2). Indeed, perlecan is known to bind with
several different growth factors and receptors, and it may pre-
vent the diffusion of growth factors in the ECM reservoir
(Mongiat et al., 2000; Matsuo and Kimura-Yoshida, 2014). No-
tably, perlecan interacts with bFGF and activates bFGF/FGFR
signaling (Kerever et al., 2014). Likewise, perlecan may possibly
enhance the activation of PDGF-BB-induced signaling through a
direct association with PDGF-BB.

We initially assumed that the increase in the number of
pericytes after stroke could result from a direct association of
perlecan with PDGFRP to stimulate PDGF-BB/PDGFR signaling,
similar to the direct binding of perlecan with VEGF receptor
(VEGFR) to modulate VEGF-A/VEGFR2 signaling (Goyal et al.,
2011; Ishijima et al., 2012). Surprisingly, the full-length perlecan
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and its C-terminus fragment DV were associated with PDGF-BB,
but not with PDGFRp. Based on previous studies that perlecan
interacts with integrin a2f1 (Mongiat et al., 2003; Bix et al.,
2004; Woodall et al., 2008; Goyal et al., 2011) or integrin a5pl
(Lee et al., 2011; Clarke et al., 2012) in endothelial cells, we hy-
pothesized a potential involvement of integrins in pericytes.
Among the different integrins, integrin a5l was strongly ex-
pressed by brain pericytes. The expression of integrin a5 was
increased in pericytes in the ischemic lesion, and integrin a5
was involved in the attachment of perlecan DV to pericytes.
However, we cannot rule out the possibility that other isoforms
of integrin a subunit might be involved in the adhesion of
pericytes to perlecan DV: Pericyte adhesion to perlecan DV was
partially blocked by the integrin a5 inhibitory antibody mAble,
but pericyte adhesion to the full-length perlecan (HSPG2) was
not blocked by mAbl6. Moreover, perlecan lacks the tripeptide
Arg-Gly-Asp (RGD) sequence, which is a recognition sequence
required for the binding of fibronectin by integrin a5B1. We
could not obtain unequivocal evidence for a direct interaction
between integrin a5B1 and perlecan DV from the solid-phase
binding assay and SPR assay. Fibronectin binds to integrin
a5p1 through the RGD sequence for Bl subunit (Mould et al.,
1997), while perlecan DV, lacking the RGD sequence, may bind
to integrin a5p1 through an unknown binding site. The identity
of the integrin a5B1 binding site in both perlecan DV and full-
length perlecan remains to be investigated. One potential sce-
nario is that under resting conditions, the integrin a5p1 binding
site in the full length of perlecan might be hidden, while the
binding site could be exposed after perlecan DV is produced by
cleavage of full-length perlecan in response to pathological sig-
nals. The other scenario is that fibronectin or other molecules in
the BMs may mediate the interaction with perlecan DV and
integrin a5B1 by forming a complex. For instance, fibrin is re-
ported to work as a linkage protein between collagen I fibers and
cells (Reyhani et al., 2014). Another report demonstrated that
the binding of cells to denatured collagen II is mediated by an
integrin a5B1-fibronectin bridge (Tuckwell et al., 1994). Like-
wise, another ECM protein, such as fibronectin, may function as
a bridge between perlecan DV and integrin a5f1, even though
the RGD sequence is lacking in perlecan DV. We should note that
endothelial cell-specific deletion of Integrin o5 results in an
improvement of BBB integrity after stroke, indicating that en-
dothelial integrin a5 may not function as a protective role in the
BBB (Roberts et al., 2017). A fully direct demonstration that
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Figure 5. Perlecan DV promotes PDGF-BB-induced actin organization and focal adhesions in pericytes. (A) Representative images of the actin staining.
Brain pericytes cultured on coverslips coated with PBS or perlecan DV (500 nmol/liter) were treated with or without PDGF-BB (50 ng/ml) for 5 min after 24-h
serum starvation. Cells were stained with Alexa Fluor 488-conjugated phalloidin and anti-paxillin antibody. Scale bar = 20 um. (B and C) The number (B) and
area (C) of focal adhesion was analyzed by MetaMorph software. Values are mean + SEM; n = 20; ***, P < 0.001; ****, P < 0.0001, one-way ANOVA followed by
Tukey-Kramer’s HSD test. (D) Representative images of the immunostaining for phospho-PDGFRB (Y1021), integrin a5, and paxillin. Brain pericytes cultured on
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coverslips coated with PBS or perlecan DV (500 nmol/liter) were treated with or without PDGF-BB (50 ng/ml) for 5 min after 24-h serum starvation. Scale bar =
20 um. Insets indicate a higher magnification of the boxed region, scale bar = 5 um. (E) Quantification of the merged area for phospho-PDGFRB (Y1021),
integrin a5, and paxillin. The area of all colocalized particles was measured and standardized by each cell area using Image). Values are mean + SEM;
n =10; ***, P < 0.001, one-way ANOVA followed by Tukey-Kramer’s HSD test.

perlecan enhances pericyte migration through integrin a5 after
stroke will require pericyte-specific deletion of integrin a5.

On the one hand, perlecan DV has been reported to have an
anti-angiogenic effect on endothelial cells (Mongiat et al., 2003;
Bix et al., 2004; Goyal et al., 2011): perlecan DV (endorepellin)
inactivates VEGFR phosphorylation in endothelial cells through
the binding of perlecan DV with both VEGFR and integrin a2f1
to up-regulate the phosphatase SHP-1. On the other hand, per-
lecan DV acts as a pro-angiogenic factor in brain endothelial cells
through the binding of perlecan DV with integrin a5p1 after
ischemic stroke (Lee et al., 2011; Clarke et al., 2012). Our results
indicate that PDGF-BB and perlecan DV cooperate to activate
SHP-2 and downstream FAK in brain pericytes to enhance
PEGF-BB-mediated pericyte migration. Although SHP-2 shares
structural similarity with SHP-1, the two have opposite effects
on downstream cascade signaling, depending on the cell type
(Tamir et al., 2000; Chong and Maiese, 2007). The activation of
SHP-2 in pericytes may activate FAK turnover and focal adhe-
sions via Ras/Raf activation (Yu et al.,, 1998; Sweeney et al.,
2016), resulting in actin reorganization during cell migration.
Clustering of PDGFRP and integrin a5B1 may be required to
achieve these cooperative functions. Direct cross-talk between
PDGFRP and integrin a5pB1, which would be consistent with the
previous observation that integrin a5p1-mediated PDGFRP ac-
tivation influences mesenchymal stem cell migration (Veevers-
Lowe et al., 2011), may occur in the focal adhesions of pericytes
to promote cell migration.

Our studies provide the possibility that perlecan DV may
function as a BBB repair drug through its ability to enhance
pericyte recruitment after ischemic stroke. The injected ex-
ogenous perlecan DV was detected only in and around the
infarct vasculature. Probably, the disrupted BBB allowed
perlecan DV to pass through the barrier. However, drug de-
livery efficiency to the brain following systemic injection is
limited. We need to devise a way to improve drug delivery
across the BBB, such as a specific peptide or a carrier with
specific ligands (Rhim et al., 2013). The administration of
perlecan DV reduced the infarct size in Perlecan KO mice, but
it did not substantially reduce the infarction in control mice.
One explanation is that the robustness of the stroke model
used in this study might result in only a limited effect of
perlecan DV in the control mice. In addition, perlecan DV
enhances endothelial cell-derived VEGF production through
integrin a5p1 (Lee et al., 2011); however, VEGF can induce BBB
permeability in the acute phase of ischemic stroke (Zhang
et al., 2000; Jiang et al., 2014). Any preclinical trials and
studies to determine the long-term effects and the clinical
relevance of perlecan DV administration will require prior
consideration of multiple ischemic stroke models with female
and/or aged animals, different dosage forms and routes, and
different time points of administration.

Nakamura et al.
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Taken together, our results suggest that perlecan maintains
BBB integrity and regulates the recruitment of pericytes through
a cooperative function of PDGFRf and integrin a5pl, thereby
contributing to initiation of the repair process of the BBB as the
vascular niche. Perlecan DV may therefore have potential as a
therapeutic agent to treat BBB disruption following ischemic
stroke.

Materials and methods

Animals

All mice were maintained and handled according to the an-
imal protocol approved by the National Institute of Dental
and Craniofacial Research (NIDCR) Animal Care and Use
Committee (protocol number ASP 15-790). They were housed
in a mouse facility affiliated with the American Association
for the Accreditation of Laboratory Animal Care. Hspg2~/~ KO
(Perlecan) mice and perinatal lethality-rescued Hspg2 KO
mice (Hspg2~/--TG; Perlecan~/~--TG) were generated as de-
scribed previously (Arikawa-Hirasawa et al., 1999; Costell
et al.,, 1999). The lethality-rescued Perlecan KO mice ex-
press a transgene of Perlecan under the Col2al promoter and
enhancer specific for cartilage. We maintained these mice in
a C57BL/6 background.

Stroke model

All animal procedures were approved by the Animal Care and
Use Committee of NIDCR (ASP 15-790) and were conducted in
accordance with the Animal Research: Reporting of In Vivo
Experiments guidelines. We induced focal brain ischemia via the
ischemia-reperfusion transient MCAO, as described previously
(Shichita et al., 2009; Nakamura et al., 2016; Nishimura et al.,
2016). Briefly, the mice were anesthetized with isoflurane (3%
for induction and 1% for maintenance). We maintained the
mouse body temperature at 36.0 + 0.3°C using a warming pad.
After ligation of the right common carotid artery (CCA), a 6-
0 silicon-coated monofilament suture (Doccol Corp., #602334)
was inserted from the right CCA, and the right middle cerebral
artery was occluded with the filament. The distance from the
suture tip to the right CCA bifurcation was ~9-10 mm. 60 min
after brain ischemia, we withdrew the filament to allow re-
perfusion of the right middle cerebral artery territory. Each
postoperative mouse was carefully monitored in an individual
cage with supportive care. Lidocaine hydrochloride jelly (Akorn)
was topically applied to the incision site for postoperative pain
relief. We subjected a total of 186 (wild-type 17, control 89,
Perlecan KO 80) male mice (12.6 + 1.2 wk old, 22.7 + 3.0 g) to the
stroke model. Because we aimed to reduce the variability of
infarction, we subjected only male mice to this study. The fol-
lowing conditions excluded mice from analysis: (a) death within
24 h after MCAO (n = 5), (b) the failure of surgery with incomplete
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Figure 6. Perlecan DV promotes the PDGF-BB-induced migration of pericytes. (A and B) Brain pericytes migrating toward PDGF-BB (50 ng/ml) through a
membrane coated with BSA (control) or perlecan DV (500 nmol/liter), normalized against a no-chemoattractant negative control. Values are mean + SD from
three independent experiments conducted in triplicate; ***, P < 0.001, unpaired t test. (C) The migration of brain pericytes treated with control IgG or integrin
a5 inhibitory Ab (mAbl6) toward PDGF-BB (25 ng/ml) through a membrane coated with perlecan DV (500 nmol/liter), normalized against a no-
chemoattractant negative control. Values are mean + SD from four independent experiments with triplicates; **, P < 0.01, unpaired t test. (D) Brain peri-
cytes cultured with a 500-um-wide gap insert on plates coated with BSA (control) or perlecan DV (500 nmol/liter) were treated with or without PDGF-BB
(50 ng/ml) in serum-free medium. Representative images for the wound healing at 0 and 24 h are shown. Scale bar = 250 um. (E) The cell-covered area of the
wound healing assay was analyzed with Image] and is shown as a percentage of the initial gap area. Values are mean + SD; n = 4-6 per group; *, P < 0.05; **, P <

0.0, ***, P < 0.001; **** P < 0.0001 versus without PDGF-BB; T, P < 0.05; ™, P < 0.01 versus control substrate (BSA), one-way ANOVA followed by
Tukey-Kramer’s HSD test.
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Figure 7. Perlecan DV may promote the repair process of the BBB in ischemic stroke. (A) Perlecan DV was intraperitoneally injected daily for two or four
consecutive days starting 24 h after MCAO. The mice were sacrificed at PSD 3 after MCAO for immunostaining or at PSD 5 for TTC staining. (B) Representative
images of the immunostaining for FLAG. The administered recombinant perlecan DV with 3xFLAG tag was in infarct lesion at PSD 3 after MCAO. Scale bar =
1 mm or 50 um. (C) Representative images of the immunostaining for PDGFR (green) and CD31 (red) at PSD 3 after MCAO, followed by perlecan DV injection
in control mice. Perlecan DV-injected mice showed increased numbers of PDGFRB-positive pericytes in the ischemic lesion at PSD 3. Scale bar = 100 um.
(D) PDGFRB-positive areas were quantified and standardized by CD31-positive areas in the brain cortex. Values are mean + SD; n = 3-4 per mice group; *, P < 0.05,
unpaired t test. (E) The infarction volume in Perlecan KO mice at PSD 5, evaluated by TTC staining, was significantly smaller in the mice administered perlecan DV

than in mice administered PBS-vehicle. Values are mean + SD; n = 5-9 per mice group; ¥, P < 0.05, one-way ANOVA followed by Tukey-Kramer’s HSD test.

ischemia (n = 29), (c) subarachnoid hemorrhage (n = 5), and (d)
operation time >40 min (n = 2).

Physiological parameters, including blood pressure and heart
rate measured by a CODA Surgical Monitor system (Kent Sci-
entific Corp.), showed no significant differences between con-
trol and Perlecan KO mice, except for body weight (Table 2).

The effect of perlecan DV was examined by randomly treat-
ing animals with intraperitoneal injections of perlecan DV
(5 mg/kg) or PBS vehicle control for two (Fig. 7, B-D) or four
(Fig. 7 E) consecutive days, beginning 24 h after MCAO (Fig. 7 A).

Neurological deficit

Neurological sensorimotor deficits were assessed in a blinded
fashion using a previously established neurological score,
with modifications (0 = no observable deficit, 1 = forelimb
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flexion, 2 = circling to the contralateral side, 3 = loss of
walking or righting reflex, 4 = death of animal; Bederson et al.,
1986; Hara et al., 1996). The survival rate after MCAO was
determined by confirming the infarct area of the dead mice by
TTC staining, as described below.

Recombinant perlecan DV production

Human Perlecan DV was cloned into the pCEP4/Pur vector
containing a BM-40 signal peptide, a 6xHis tag, the cytomega-
lovirus promoter, and multiple cloning sites (provided by Ken-
taro Hozumi, Tokyo University of Pharmacy and Life Science,
Tokyo, Japan; Hozumi et al., 2006) using Choo-Choo Cloning
Kits (Molecular Cloning Laboratories) with the following pri-
mers: forward, 5-GACGATAAGCTAGCGGAGATCAAGATCACC
TTCCGGC-3’, and reverse, 5'-CCTTGCCGGCCTCGAGCTACG
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Figure 8. Perlecan DV regulates pericyte migration through cooperative action of PDGFRP and integrin a5B1. Schematic model depicting the syn-
ergistic action of PDGFRB and integrin a5B1 in brain pericytes. (A) The up-regulated perlecan attaches to both endothelial cells (EC) and pericytes to maintain
the integrity of the BBB. Perlecan interacts with pericytes to promote cell migration, thereby contributing to the repair process of the BBB. (B) In brain
pericytes, PDGF-BB stimulation and perlecan DV synergistically induce SHP-2 phosphorylation and downstream FAK phosphorylation, causing a subsequent
acceleration of focal adhesion turnover, actin reorganization, and cell migration.

AGGGGCAGGGGC-3'. A plasmid containing the cDNA for human
perlecan DV was a gift from Renato V. Iozzo (Thomas Jefferson
University, Philadelphia, PA). The pCEP4/Pur construct was
verified by DNA sequencing. The plasmid DNA was transfected
into FreeStyle 293 cells (Thermo Fisher Scientific) using a
293fectin Transfection Reagent (Thermo Fisher Scientific), as
described previously (de Vega et al., 2007). The cells were cul-
tured for 72 h at 37°C in 8% CO, in a humidified incubator with
rotation at 125 rpm, and the recombinant perlecan DV protein
with a éxHis tag was purified from the conditioned medium
using ProBond Nickel chelating resin (Thermo Fisher Scientific),
as described in the manufacturer’s protocol. The recombinant
protein was dialyzed overnight, and its purity was assessed by

Table 2. Physiological parameters of Perlecan KO mice.

Characteristic Control (n = 72) Perlecan KO (n = 61)
Age (wk) 128+ 10 126+ 09

Weight (g)? 234 £29 217:28

Ischemia time (min) 65.5+ 4.4 65.9 + 4.2

Systolic blood pressure (mmHg)> 1310 + 17.1 122.4 + 17.0

Diastolic blood pressure (nmHg)® 89.3 + 6.0 85.8 + 6.0

Heart rate (/min)® 3937 + 63.8 385.3 £ 54.0

3P < 0.001, unpaired t test.
bn = 8 mice per group.
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immunoblotting (anti-6xHis Ab, Abcam, #abl8184; anti-FLAG
M2-HRP conjugated Ab, Sigma-Aldrich, #A8592; Fig. S3 D).
The efficiency of the in vivo injection of the recombinant per-
lecan DV protein was confirmed using DV containing a 3xFLAG
tag inserted in the same vector.

Cell culture

Human brain pericytes and human brain endothelial cells, ini-
tiated from normal brain cortical tissues, were purchased from
ScienCell Research Laboratories. Pericytes were plated on a
poly-L-lysine-coated dish (Iwaki Glass) and cultured using a
Pericyte Medium (ScienCell) with 2% FBS at 37°C in 5% CO, in a
humidified incubator. Endothelial cells were cultured using an
Endothelial Cell Medium (ScienCell) with 5% FBS. Cells were
subcultured 4-10 times and then used for experiments.

Immunostaining

On the indicated day after MCAO, the mice were sacrificed with
deep anesthesia by intraperitoneal administration of pentobar-
bital (75 mg/kg body weight) and perfused transcardially with
ice-cold PBS and 4% PFA (Wako Chemicals USA). The brains
were quickly removed and fixed with 4% PFA for 1 h. PFA-fixed
coronal sections were embedded in optimal cutting temperature
compound (Sakura Finetek USA) and sectioned into 14-pm-thick
slices on a cryostat (Leica Biosystems). The sections were
blocked with 5% goat serum (Jackson ImmunoResearch Labo-
ratories) and 0.3% Triton X-100 and incubated with primary
antibodies overnight at 4°C, followed by the secondary antibodies
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(Jackson ImmunoResearch Laboratories). Primary antibodies
and sources were as follows: perlecan (Millipore, #MAB1948P),
PDGFRB (Cell Signaling Technology, #3169), fibrinogen (Agilent
Technologies, #A0080), Claudin-5 (Thermo Fisher Scientific,
#34-1600), CD31 (PECAM-1, BD Biosciences, #553370, #561813),
CD13 (R&D Systems, #AF2335), desmin (Cell Signaling Tech-
nology, #5332), NG2 (Millipore, #AB5320), integrin a5 (BD Bi-
osciences, #553350), laminin o5 (a gift from Vaishali Patel,
NIDCR, Bethesda, MD), collagen type IV (Millipore, #AB769),
FLAG-M2 (Sigma-Aldrich, #F3165), MAP2 (Millipore, #AB5622),
and GFAP (Cell Signaling Technology, #3655). We also used
DyLight 594-conjugated Lycopersicon esculentum (Tomato) lectin
(Vector Laboratories, #FL-1177) to label vascular endothelium.

We used an AIR confocal microscope and a Slide Scanner
microscope (Nikon Instruments). Nikon NIS-Elements software
was used to acquire a high resolution (20x) tiling image. For the
quantification of images, two random 600 x 600-um fields per
brain region were analyzed and averaged for each animal. The
objective fluorescent signal above threshold was measured by a
blinded investigator using Image]J (National Institutes of Health).

For integrin a5 staining in mice brain sections, the sections
were permeabilized by incubation in methanol for 10 min at
-20°C. Acquired Z stack images were reconstructed using the
Fiji 3D Viewer plugin. For FLAG staining, the brains were ex-
tracted after the perfusion without PFA, and the sections were
fixed with 1:1 acetone/methanol for 10 min at -20°C.

Actin stress fibers and focal adhesions of cultured cells were
observed after permeabilizing the cells and fixing in 1% PFA and
0.03% Triton X-100 with 10 mg/ml nonfluorescent phalloidin
(Thermo Fisher Scientific) in cytoskeletal buffer (CBS; 10 mmol/
liter MES, 138 mmol/liter KCI, 2 mmol/liter EGTA, 3 mmol/liter
MgCl,, and 5% sucrose, pH 6.9) at 37°C. The cells were then
postfixed in 4% PFA in CBS and permeabilized with 0.5% Triton X-
100 in CBS. The fixed and permeabilized cells were blocked for 1 h
with 20% goat serum with M.O.M. blocking reagent (Vector
Laboratories) in PHEM plus glycine buffer (60 mmol/liter Pipes,
2 mmol/liter Hepes, 10 mmol/liter EGTA, 2 mmol/liter MgCl,, and
100 mmol/liter glycine, pH 6.9). The cells were incubated with
primary antibodies (paxillin, BD Biosciences, #610051; p-PDGFRp
[Y1021], Thermo Fisher Scientific, #711359; and integrin o5
[mAb11], a gift from Kazue Matsumoto, NIDCR, Bethesda, MD) for
1 h at room temperature, followed by the secondary antibodies.
We used a Spinning Disk (Yokogawa Electric Corp.) attached to an
Axiovert 200M microscope (Zeiss) with a 63x Plan-Apochromat
objective (NA 1.4; Zeiss) and analyzed focal adhesions with Met-
aMorph imaging software (Molecular Devices).

Infarct volume

We removed the brain on the indicated day after MCAO and
sectioned it into 1-mm-thick slices that were immediately im-
mersed in 2% TTC (Sigma-Aldrich) in 0.9% NaCl at 37°C for
10 min. Serial sections were scanned, and the areas of infarct
lesions were measured using Image].

BBB leakage
The permeability of the BBB in infarct areas was assessed by the
leakage of Evans Blue (Sigma-Aldrich). 6 h after the intraperitoneal
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injection of 2% Evans Blue in 0.9% NaCl (10 ul/g of body weight),
the mice were perfused transcardially with ice-cold saline, and the
brains were collected. We extracted the Evans Blue by immersing
each brain hemisphere in 500 pl of formamide (Sigma-Aldrich) at
65°C for 24 h and then measured the optical density of the su-
pernatant at 620 nm.

BrdU incorporation

We injected the mice with 1 ml of BrdU labeling reagent (Thermo
Fisher Scientific) per 100 g of body weight 2 d after MCAO. The
mice were sacrificed 24 h after the BrdU injection (PSD 3), and
samples were prepared by the same protocol as described above.
Sections were incubated in 1 N HCl for 10 min on ice and 2 N HCI
for 10 min at room temperature, then 20 min at 37°C to break
open the DNA structure of the labeled cells, followed by incu-
bating the samples in borate buffer (0.1 mol/liter) for 10 min at
room temperature. Then we used anti-BrdU antibody (Thermo
Fisher Scientific, #B35128) with the same procedure as described
above.

Western blotting

Mouse brain samples and the cultured cells were homogenized
in cell lysis buffer (Cell Signaling Technology; 20 mmol/liter
Tris-HCl, pH 7.5, 150 mmol/liter NaCl, 1 mmol/liter Na,EDTA,
1 mmol/liter EGTA, 1% Triton X-100, 2.5 mmol/liter sodium
pyrophosphate, 1 mmol/liter B-glycerophosphate, 1 mmol/liter
NazVOy,, 1 ug/ml leupeptin, and protease inhibitor cocktail) at
4°C and centrifuged at 14,000 g for 10 min. The protein con-
centration was determined using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific). The lysates, with an added
sample reducing agent and electrophoresis sample buffer
(Thermo Fisher Scientific), were boiled for 10 min at 70°C and
subjected to 4-12% NuPAGE Bis-Tris Gel (Thermo Fisher Sci-
entific) electrophoresis. The separated proteins were trans-
ferred to polyvinylidene fluoride membranes using an XCell Blot
module (Thermo Fisher Scientific) at 30 V for 75 min. The
membranes were incubated for 1 h with Block Pro (Wako) at
room temperature, probed with the primary antibody overnight
at 4°C, washed with 0.05% Tris-buffered saline-Tween, and
incubated with the secondary antibody for 1 h at room tem-
perature. The blots were developed using a SuperSignal West
Dura Extended Duration Substrate (Thermo Fisher Scientific).
Primary antibodies for PDGFRP (#3169), p-PDGFRB (Y1021,
#227), p-SHP-2 (Y542, #3751), SHP-2 (#3752), p-FAK (Y397,
#8556), FAK (#13009), and B-tubulin (#2128) were purchased
from Cell Signaling Technology. Anti-Claudin-5 (#34-1600) and
anti-ZO-1 (#40-2200) antibodies were purchased from Thermo
Fisher Scientific.

RT-PCR

Total RNAs from the cultured cells were prepared using TRIzol
reagent (Thermo Fisher Scientific). Total RNA was reverse
transcribed with the SuperScript IV VILO Master Mix (Thermo
Fisher Scientific). Using the product as a template, PCR was
performed with primers specific for the target genes (Thermo
Fisher Scientific; Table S1). Quantitative real-time PCR was
performed with iQ SYBR Green Supermix (Bio-Rad) using a
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CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The
copy numbers of the mRNAs were standardized to those of
RNAISS.

Adhesion assays

Cell adhesion assays were performed using purified perlecan
(HSPG, Sigma-Aldrich) isolated from BMs of Engelbreth-Holm-
Swarm mouse sarcoma or recombinant human perlecan DV,
according to a previously established method (Humphries,
2009). A 96-well cell culture plate (Corning) was coated with
the adhesion molecule at 4°C overnight and blocked with 1%
heat-denatured BSA at room temperature for 30 min. Cells were
preincubated by rotating gently with rat IgG or rat function-
blocking antibodies against integrin a5 (mAbl6) and Bl (mAbl13,
50 pg/ml; gifts from Kazue Matsumoto) at 37°C for 1 h. A final
concentration of 3 x 10* cells/well was then spread and incu-
bated at 37°C in 5% CO, in an incubator for 30 min. After
washing once with Dulbecco’s PBS, the cells were fixed with 4%
PFA and stained with 0.5% Crystal Violet (Sigma-Aldrich). The
dye was extracted with 1% SDS, and the optical density at 450
nm was measured using a Cytation 5 microplate reader
(BioTek U.S.).

Solid-phase binding assays

We performed solid-phase binding assays to examine direct
protein-protein binding, as described previously (Ishijima et al.,
2012). A 96-well plate (Immulon 2HB flat bottom, Thermo Fisher
Scientific) was coated with HSPG or perlecan DV at 4°C over-
night. After blocking with 3% BSA at 37°C for 2 h, various
amounts of PDGF-BB (Thermo Fisher Scientific) and PDGFRP
with the human IgG Fc portion (R&D Systems), diluted with 1%
BSA, were incubated at 4°C overnight. The binding proteins were
detected with anti-PDGF-BB antibody (Abcam, #ab23914) or bi-
otinylated anti-human IgG (Thermo Fisher Scientific, #A18821),
and HRP-conjugated secondary antibodies (Cell Signaling Tech-
nology) or streptavidin (Thermo Fisher Scientific). After incuba-
tion with appropriate antibodies, 3,3',5,5'-tetramethyl-benzidine
(Sigma-Aldrich) solution was added to the wells and incubated for
30 min at room temperature. The colorimetric reaction of HRP
was stopped by adding 2 N H,SO,, and the optical density at 450
nm was measured using the microplate reader.

To examine direct binding of soluble integrin a5B1 to im-
mobilized perlecan DV, we coated the plate with perlecan DV,
HSPG, or fibronectin (a positive control; a gift from Andrew D.
Doyle, NIDCR, Bethesda, MD) at 4°C overnight. After blocking
with 1% BSA in Tris-buffered saline/manganese buffer (1 mmol/
liter MnCl,, pH 7.4), the wells were incubated with 4 pg/ml
integrin a5B1 (R&D Systems, #3230-A5) at room temperature
for 5 h. The bound integrin was fixed with 2.5% glutaraldehyde
for 10 min. An integrin a5-specific antibody mAbll was used for
detection.

SPR

SPR assays were performed with Biacore T200 (GE Healthcare).
Recombinant human integrin a5f1 (10 pg/ml, R&D Systems) in
10 mmol/liter sodium acetate buffer, pH 5.0, was immobilized
on a CMS5 sensor chip (GE Healthcare) by the amine coupling
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method according to the manufacturer’s protocol. The interac-
tion of perlecan DV (0, 80, 140, 200, and 260 nM) or fibronectin
(Thermo Fisher Scientific, #33016-015, 118 nM) as a positive
control were measured using HBS-N buffer (GE Healthcare)
with 0.05% Tween20 and 1 mmol/liter MnCl, as running buffer
at a flow rate of 30 pl/min at 25°C. The kinetic analysis was
performed using Biacore T200 evaluation software, version 2.0.

Transwell assays

Cell migration was evaluated using polycarbonate membrane
inserts (8-um pore size; Corning). Briefly, the membrane was
coated with BSA or perlecan DV (500 nmol/liter) at 4°C over-
night. A total of 2 x 10° cells/well in serum-free medium were
placed in the upper chamber after 24-h serum starvation. PDGF-
BB was added to the lower chamber as a chemoattractant. After
16 h of incubation at 37°C in 5% CO,, the migrated cells were
detached from the membrane with 1x Cell Dissociation Solution
(Trevigen) and stained with calcein AM (Thermo Fisher Scien-
tific). The fluorescence of migrated cells was measured using the
microplate reader (485 nm for excitation and 520 nm for
emission).

Wound healing assays

A 12-well culture plate was coated with BSA (control) or perle-
can DV (500 nmol/liter) and incubated at 4°C overnight. After
washing the plate with sterilized H,0, a silicone Culture-Insert
2 well (Ibidi) was attached; this allows the growth of cells in two
separated wells with a 500-pm-wide gap without mechanical
damage due to scratching of cells and surface. A final concen-
tration of 2 x 10° cells/ml was applied to each well (70 pl/well)
and incubated at 37°C in 5% CO, for 24 h to allow cell attach-
ment. The Culture-Insert 2 Well was then gently removed, and
cells were rinsed using serum-free medium. We used an Axio-
vert 135TV microscope with a 10x objective (Zeiss) to capture
time-lapse images at 37°C in 5% CO in a humidified condition.
The cell-covered area was analyzed using Image].

Proliferation assays

Cell proliferation was evaluated by the Cell Titer 96 Aqueous
One Solution Cell Proliferation Assay Kit (Promega), containing
the tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt (MTS). A 96-well plate (Corning) was coated with poly-L-ly-
sine (15 ug/ml) or perlecan DV (500 nmol/liter) at 4°C overnight.
After blocking with 1% heat-denatured BSA at 37°C for 30 min,
cells were seeded at 5 x 10% cells/well and incubated as already
described. At the indicated time, 20 pl of the MTS reagent was
added to each well of the assay plate (which contained the cells in
100 pl of culture medium). The plate was then incubated for 2 h in
a humidified 5% CO, atmosphere, and the absorbance was re-
corded at 490 nm using a microplate reader. The background
absorbance was corrected by subtracting the absorbance of a
reference wavelength at 650 nm.

Single-cell migration tracking
A glass-bottom plate (MatTek Corp.) was coated with PBS or
perlecan DV (500 nmol/liter) at 4°C overnight and blocked with
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1% heat-denatured BSA for 15 min. After the plate was washed
three times with PBS, a total of 4 x 10* cells/well were added.
After serum starvation, nuclear staining was performed with a
SiR-DNA-kit (1:1,000, Cytoskeleton), and we acquired time-
lapse images for 24 h in a humidified 5% CO, atmosphere us-
ing a Zeiss Axiovert 135TV microscope. Cell tracking analysis
was performed using the Fiji TrackMate plugin (Tinevez et al.,
2017).

Gene microarray analysis

Microarray analysis was performed using the 3D-Gene Human
Oligo chip 25k (Toray Industries), as described previously
(Nakamura et al., 2012). Total RNAs from pericytes incubated in
a hypoxic chamber (1% O,) for 24 h were extracted with an
RNeasy mini kit with the RNase-free DNase set (Qiagen). The
Cy3- or Cy5-labeled amplified RNA samples were hybridized
using the supplied protocols (https://www.3d-gene.com). Hy-
bridization signals were scanned using the 3D-Gene Scanner
(Toray). Microarray data were deposited in NCBI Gene Ex-
pression Omnibus and are accessible through accession no.
GSE109187.

Statistics

Statistical analyses were performed with JMP software (version
13, SAS Institute) and Prism software (version 7, GraphPad
Software). We defined n as the number of experiments or
treated animals. The statistical analysis was performed using an
unpaired t test (two-tailed) or a one-way ANOVA. Post hoc
comparisons were made using Tukey-Kramer’s honestly sig-
nificant difference (HSD) test or Dunnett’s test. Data distribution
was assumed to be normal, but this was not formally tested
before parametric tests. A P value of <0.05 was considered
significant.

Online supplemental material

Fig. S1 shows the BBB morphology and tight junction proteins in
Perlecan KO mice in the healthy nonstroke condition. Fig. S2
shows representative images of the immunostaining for MAP2
and GFAP and for CD13 and CD31, and neurological outcomes in
Perlecan KO mice after ischemic stroke. Fig. S3 shows the im-
munostaining for laminin a5 and collagen type IV after ischemic
stroke, the immunoblot for a recombinant perlecan DV, the re-
sult from an attachment assay using brain endothelial cells with
perlecan DV, and SPR assays with perlecan DV. Fig. S4 shows the
colocalization of integrin a5 with focal adhesion, a single-cell
tracking assay using pericytes and perlecan DV, a proliferation
assay, and BrdU incorporation after ischemic stroke. Table S1
shows primer pairs used in RT-PCR and quantitative real-
time PCR.
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