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Abstract

Recent clinical studies suggest that pentraxin 3 (PTX3), which is known as an acute-
phase protein that is produced rapidly at local sites of inflammation, may be a new
biomarker of disease risk for central nervous system disorders, including stroke.
However, the effects of PTX3 on cerebrovascular function in the neurovascular unit
(NVU) after stroke are mostly unknown, and the basic research regarding the roles of
PTX3 in NVU function is still limited. In this reverse translational study, we prepared
mouse models of white matter stroke by vasoconstrictor (ET-1 or L-Nio) injection into
the corpus callosum region to examine the roles of PTX3 in the pathology of cerebral
white matter stroke. PTX3 expression was upregulated in GFAP-positive astrocytes
around the affected region in white matter for at least 21 days after vasoconstrictor
injection. When PTX3 expression was reduced by PTX3 siRNA, blood-brain barrier
(BBB) damage at day 3 after white matter stroke was exacerbated. In contrast, when
PTX3 siRNA was administered at day 7 after white matter stroke, compensatory an-
giogenesis at day 21 was promoted. In vitro cell culture experiments confirmed the
inhibitory effect of PTX3 in angiogenesis, that is, recombinant PTX3 suppressed the
tube formation of cultured endothelial cells in a Matrigel-based in vitro angiogenesis
assay. Taken together, our findings may support a novel concept that astrocyte-de-
rived PTX3 plays biphasic roles in cerebrovascular function after white matter stroke;
additionally, it may also provide a proof-of-concept that PTX3 could be a therapeutic

target for white matter-related diseases, including stroke.
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1 | INTRODUCTION

The concept of the neurovascular unit (NVU) highlights the im-
portance of interactions between different types of cells in main-
taining brain homeostasis.? Several mediators are proposed to
participate in these cell-cell interactions under both physiological
and pathological conditions.®” After brain injury, such as stroke,
many neurovascular mediators are activated, of which some ex-
hibit biphasic properties after injury.8** For example, VEGF and
MMP-9 cause blood-brain barrier (BBB) damage in the acute phase
of stroke and exacerbate neurovascular dysfunction, but they also
promote compensatory angiogenesis in the chronic phase.u'18
Therefore, understanding the pathways by which neurovascular
mediators exert biphasic properties after stroke is a necessary
piece of solving the puzzle of stroke pathology. However, it is still
unknown what and how NVU mediators exhibit biphasic effects
after stroke in cerebral white matter, which is vulnerable to isch-
emic stress.

Recently, we proposed that pentraxin 3 (PTX3) may be an im-
portant NVU mediator that regulates stroke pathology in gray
matter.2° PTX3, a member of the long pentraxin family, is an acute-
phase protein (APP), which acutely increases in response to stress or
inflammation. Pentraxins are defined by a pentraxin domain of 200
amino acids at their C-terminal end. The PTX3 protein is composed
of 381 amino acids (~40 kDa) and is rapidly secreted upon inflam-
mation as a soluble pattern recognition receptor.?! Recent clinical
studies suggest that PTX3 may be a biomarker for cardiovascular
or cerebrovascular diseases??®; however, the roles of PTX3 in the
brain, especially in cerebral white matter, are mostly unknown and
understudied. Because white matter damage is a clinically import-

26-33 \ve used mouse models

ant aspect of cerebrovascular diseases,
of white matter stroke in a reverse translational study to examine
the roles of PTX3 in stroke pathology, focusing on cerebrovascular

function.

2 | MATERIALS AND METHODS

Allin vivo and in vitro experiments were performed following proto-
cols institutionally approved by the Massachusetts General Hospital
Subcommittee on Research Animal Care and in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. All procedures of post postmortem brain tis-
sue followed the Clinical Study Guidelines of the Ethics Committee
of Mie University Hospital and Kyoto University Hospital and were

approved by the internal review board.
2.1 | Chemicals and reagents
Mouse recombinant PTX3 was purchased from R&D Systems.

Endothelin-1 (ET-1), 70 kDa FITC dextran, TRITC albumin, BrdU,

and mouse recombinant VEGF were purchased from Sigma.

CWILEY--#

N5-(1-iminoethyl)-L-ornithine (L-Nio), control siRNA, and mouse
PTX3 siRNA were purchased from Santa Cruz. PepJet DNA in vivo
transfection reagent was purchased from SignaGen Laboratories.
Lipofectamine 2000 transfection reagent was purchased from

Thermo Fisher Scientific.

2.2 | Postmortem human brain sections

Ten autopsied brains (five patients with ischemic stroke [three males,
two females, and ages 80.0 + 6.7] and five patients with nonstroke
pathologies [amyotrophic lateral sclerosis patients; two males, three
females, and ages 75.6 + 8.8]) were obtained from Mie and Kyoto
University Hospital. Neuropathological diagnoses were made by
histopathological examination. In patients with cerebral infarc-
tion, death occurred 4-8 weeks after stroke onset, and PTX3 ex-
pression in the peri-infarct regions of subcortical white matter was
evaluated in the postmortem brains. As a control, the same region
of subcortical white matter in postmortem brains of patients with
amyotrophic lateral sclerosis (no ischemic damage) was assessed.
For immunostaining, formalin-fixed 6-pm-thick brain sections were
prepared. After blocking with 3% BSA, these brain sections were
incubated in phosphate-buffered saline (PBS)/0.1% Tween solu-
tion containing primary antibodies (anti-PTX3 [1:100, Enzo] and
anti-GFAP [1:100, BD Pharm]) at 4°C overnight. Then, the sections
were washed three times with PBS and incubated with secondary
antibodies with fluorescence conjugations at room temperature for
1 hour. Immunoreactive signals were detected with a fluorescence
microscope interfaced with a digital charge-coupled device camera.
The staining areas of PTX3 were analyzed by quantifying the mean
intensity area for five partitions of each brain section, using Image)
analysis software by an operator who was blinded to the group
allocation.

2.3 | Mouse models of white matter stroke

Male C57BL/6 mice (8-9 weeks old, weighing 22-26 g, Charles
River Laboratories) were anesthetized by isoflurane in a 70% N,O
and 30% O, mixture. Mice with white matter stroke were prepared

3435 \with some modifications. Briefly, 1 uL

as described previously
of ET-1 solution (10 pg/mL) or L-Nio solution (27 mg/mL) was
injected through a 0.2-mm needle over 5 minutes into the right
corpus callosum (anterior: 0.5 mm from bregma, lateral: 1.0 mm
from bregma, depth: 2.1 mm from skull surface). Mice in the sham
group received the same volume of PBS. For the loss-of-function
experiments, control siRNA or PTX3 siRNA in the PepJet DNA
transfection reagent was injected into the right intracerebroven-
tricular (ICV) over 1 minute (posterior: 0.5 mm from bregma, lat-
eral 1.0 mm from bregma, depth: 2.0 mm from the skull surface).
To detect newly generated CD31-positive endothelial cells, BrdU
(50 mg/kg) was injected intraperitoneally twice a day between 6

and 14 days after white matter stroke, according to our previous
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study.36 All in vivo experiments were performed in a blinded man-
ner. The number of animals used for each experiment is stated in
the figure legends.

2.4 | Evaluation of BBB leakage by FITC dextran and
TRITC albumin

Three days after white matter stroke, 1% 70 kDa FITC dextran and
1% TRITC albumin were administered intravenously to the animals.
Two hours later, the brains were quickly removed and snap-frozen.
Coronal sections of 16 pm thickness were prepared using a cry-
ostat (Microm HM505E) at -20°C and stored at -80°C until use.
Fluorescent signals of these sections were analyzed by a fluores-
cence microscope interfaced with a digital charge-coupled device
camera. To measure the area of fluorescent staining, one coronal
brain section from the region + 0.4~+0.6 um to the bregma was
randomly selected per animal, and one 500 um square ROl was de-
fined, wherein the ET-1 or L-Nio injection point was set as the center.
The areas with FITC dextran and TRITC albumin were analyzed by
an operator who was blinded to the group allocation, using Image)

analysis software.

2.5 | Immunohistochemistry, IgG, and
Fluoromyelin staining

Brain sections from mice with white matter stroke were fixed by
4% paraformaldehyde and rinsed with PBS. After blocking with 3%
BSA, sections were incubated at 4°C overnight in PBS/0.1% Tween
solution containing primary antibodies: anti-PTX3 (1:100, Enzo),
anti-GFAP (astrocyte marker, 1:100, BD Pharm), anti-NeuN (neuron
marker, 1:100, Chemicon), anti-PDGFRa (OPC marker, 1:100, Santa
Cruz), anti-CC1 (oligodendrocyte marker, 1:100, Calbiochem), anti-
PDGFRp (pericyte marker, 1:100, R&D Systems), anti-CD31 (en-
dothelial cell marker, 1:100 BD Pharm), anti-ZO-1 (1:100, Invitrogen),
anti-BrdU (1:100, Invitrogen, 1:100, AbD Serotec), anti-collagen
IV(1:100, Southern Biotech), or anti-VEGFR2 (1:100, Abcam). For
IgG staining, sections were incubated overnight at 4°C with anti-
body against donkey anti-rat I1gG (1:300, Jackson Immunoresearch
Laboratories). Then, sections were washed with PBS and incubated
with secondary antibodies with fluorescence conjugations at room
temperature for 1 hour. For myelin staining, sections were incubated
with FluoroMyelin Red fluorescent myelin stain (1:300, Thermo
Fisher) for 20 minutes at room temperature and washed out there-
after. Immunostaining was analyzed with fluorescence microscope
interfaced with a digital charge-coupled device camera. To measure
the intensity of fluorescent staining, one coronal brain section from
the region + 0.4~+0.6 um to the bregma was randomly selected per
animal, and one 500 um square ROI was defined, wherein the ET-1
or L-Nio injection point was set as the center. The images were ana-
lyzed by an operator who was blinded to the group allocation, using

ImageJ analysis software.

2.6 | Western blot

Corpus callosum samples from white matter stroke mice were ho-
mogenized in Pro-PREP™ Protein Extraction solution (Boca scien-
tific). Western blot samples were mixed with equal volumes of SDS
(Novex) sample buffer containing 10% 2-mercaptoethanol (Sigma).
Each sample was loaded into 4%-20% Tris-glycine gels (Novex).
After electrophoresis and transferring to nitrocellulose membranes
(Novex), the membranes were blocked in I-block (Tropix) for 60 min-
utes and then incubated overnight at 4°C with primary antibodies
with PTX3 (1:1000) or B-actin (1:5000, Sigma Aldrich), followed
by incubation with peroxidase-conjugated secondary antibodies.
Signals were visualized with chemiluminescence (GE Healthcare),
and the optical density of Western blot bands was assessed by an
operator who was blinded to the group allocation, using Image)

analysis software.

2.7 | Cell culture

Rat brain microendothelial cell line RBE.4 cells were prepared ac-
cording to our previous report.'? Briefly, RBE.4 cells were maintained
in endothelial basal medium-2 (EBM-2, Lonza) supplemented with
EGM-2MYV SingleQuots kit (Lonza) and seeded on collagen-coated
plates and incubated in a 5% CO, incubator at 37°C. These RBE.4
cells were used for Matrigel tube formation assay.

2.8 | Matrigel tube formation assay

The standard Matrigel method was used as a surrogate in an in vitro
angiogenesis assay to assess the spontaneous formation of capillary
like structures of RBE.4 cells. Standard 15-well plates were coated
with 12 pL of cold Matrigel and allowed to be solidified at 37°C for
30 minutes. Outgrowth RBE.4 cells (2 x 10° cells/mL) were seeded
into the plates and incubated at 37°C for 18 hours with concentra-
tions of rPTX3 (0 to 10 ng/mL), rVEGF (10 ng/mL), and rPTX3 with
rVEGF (both 10 ng/mL). The degree of tube formation was deter-
mined by counting the number of tubes in five random fields from
each well under 10x magnification, as described previously.®” The
number of tubes was counted by an operator who was blinded to

the group allocation.

2.9 | Statistical analysis

Results were expressed as mean + SD The Shapiro-Wilk test was
used to check the distribution of our data. To compare between
two groups, statistical significance was evaluated using Unpaired
t test with Welch's correction for groups of normal distribution
or Mann-Whitney U test for groups of non-normal distribution.
For groups of normal distribution, multiple group comparisons

of continuous variables were performed by one-way analysis of
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FIGURE 1 Pentraxin 3 expression after white matter stroke: A-B, Postmortem brain tissue with ischemic stroke showed upregulation of
PTX3 in the peri-infarct area of white matter, whereas tissues without stroke expressed infrequent PTX3 in subcortical white matter. Scale
bar = 100 pm. Data are mean + SD from N = 5. *P < .05 (unpaired t test with Welch's correction). A, C, Immunostaining showed that PTX3
expression was increased at day 3 after white matter stroke caused by ET-1 injection in mice. Scale bar = 100 pm. D, Western blots showed
that PTX3 increased after ET-1 injection was sustained for up to at least 21 d. Data are mean + SD from N = 5. *P < .05 vs sham (one-way
ANOVA followed by post hoc Dunnett's multiple comparison test). E, Double staining of PTX3 with cell-specific marker antibodies showed
that the major cell type of PTX3 expression at day 3 after ET-1 injection was GFAP-positive astrocytes. Scale bar = 50 um [Colour figure can

be viewed at wileyonlinelibrary.com]
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variance followed by post hoc Dunnett (for time-course analyses)
or Tukey (for the others) tests; for groups of non-normal distri-
bution, Kruskal-Wallis test was performed followed by post hoc
Steel-Dwass test. A P value of <.05 was considered statistically

significant.

3

RESULTS

FIGURE 2 Pentraxin 3 and myelin
density during the acute phase of white
matter stroke in mice: Male mice were
subjected to ET-1 injection after the
treatment of control siRNA or PTX3
siRNA. Three days after ET-1 injection,
white matter stroke mice were sacrificed,
and brain samples were used for Western
blotting or immunostaining. A, Western
blotting confirmed that PTX3 siRNA
downregulated PTX3 expression in

the affected region at day 3 after ET-1
injection. Data are mean + SD from N = 4.
*P < .05 (unpaired t test with Welch's
correction). B, Myelin staining showed
that ET-1 injection caused myelin damage
in the corpus callosum at day 3 after

ET-1 injection, and mice that received
PTX3 siRNA exhibited less myelin density
compared to mice with control siRNA.
Scale bar = 100 pm. Data are mean + SD
from N = 8 for sham and N = 12 for ET-1/
control siRNA and ET-1/PTX3-siRNA.

*P < .05 (one-way ANOVA followed by
post hoc Tukey's multiple comparison
test) [Colour figure can be viewed at
wileyonlinelibrary.com]

We first examined PTX3 expression levels in cerebral white mat-

ter after stroke in human and mouse samples. Immunostaining

using postmortem brain tissues showed that larger numbers of
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FIGURE 3 Pentraxin and BBB damage during the acute phase of white matter stroke in mice: Male mice were subjected to ET-1 injection
after the treatment of control siRNA or PTX3 siRNA. Three days after ET-1 injection, white matter stroke mice were sacrificed, and brain
samples were used for immunostaining. A, IgG staining showed that ET-1 injection caused BBB damage in the corpus callosum at day 3 after
ET-1 injection, and mice that received PTX3 siRNA exhibited a larger extent of BBB damage compared to mice with control siRNA. Scale

bar = 50 pm. Data are mean + SD from N = 8 for sham and N = 12 for ET-1/control siRNA and ET-1/PTX3-siRNA. *P < .05 (Kruskal-Wallis
followed by post hoc Steel-Dwass test). B, Mice that received PTX3 siRNA showed more leakage of 70 kDa FITC dextran at day 3. Scale

bar = 50 pm. Data are mean + SD from N = 8 for sham and N = 12 for ET-1/control siRNA and ET-1/PTX3-siRNA. *P < .05 (Kruskal-Wallis
followed by post hoc Steel-Dwass test). C, Similarly, mice that received PTX3 siRNA also showed more leakage of TRITC albumin at day 3.
Scale bar = 50 pm. Data are mean + SD from N = 8 for sham and N = 12 for ET-1/control siRNA and ET-1/PTX3-siRNA. *P < .05 (Kruskal-
Wallis followed by post hoc Steel-Dwass test). D, Concomitantly, the expression level of a tight junction accessory protein ZO-1 was lower
in the mice with PTX3-siRNA. Scale bar = 50 pum. Data are mean + SD from N = 8 for sham and N = 12 for ET-1/control siRNA and ET-1/
PTX3-siRNA. Please see Figure S2 for the confirmation that ZO-1 expression was observed in CD31-positive cells in mouse corpus callosum.
*P < .05 (Kruskal-Wallis followed by post hoc Steel-Dwass test) [Colour figure can be viewed at wileyonlinelibrary.com]

PTX3 positive cells were detected in the white matter region in
stroke patients compared to nonstroke patients (Figure 1A-B).
Similarly, in a mouse model of white matter stroke (ET-1 injection
into corpus callosum), PTX3 expression was increased in the cor-
pus callosum at day 3 after stroke (Figure 1C). Western blotting
using corpus callosum samples from stroke mice showed that the
increased expression of PTX3 was sustained until at least day 21
after injury (Figure 1D). In addition, double staining of PTX3 with
cell-specific markers (GFAP for astrocyte, NeuN for neuron, Iba-1

for microglia/macrophage, CC-1 for oligodendrocyte, PDGFR-«

for oligodendrocyte precursor cell (OPC), PDGFR-p for pericyte,
and CD31 for endothelial cell) confirmed that the majority of
PTX3-positive cells were co-immunostained with GFAP-positive
astrocytes (Figure 1E), suggesting that astrocytes comprise the
majority of PTX3-positive cells.

To evaluate the roles of PTX3 in the pathology of white matter
stroke, we injected PTX3 siRNA into the cerebral ventricle to down-
regulate the expression of PTX3. Western blotting confirmed that our
siRNA approach successfully reduced the levels of PTX3 expression in

the corpus callosum under normal conditions (Figure S1). Additionally,
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FIGURE 4 Pentraxin and compensatory angiogenesis in chronic phase of white matter stroke in mice: Male mice were subjected to
ET-1 injection, and 7 d later, these mice were treated with either control siRNA or PTX3 siRNA. As a negative control, mice were subjected
to ET-1 injection after the treatment of PTX3 siRNA. Twenty-one days after ET-1 injection, white matter stroke mice were sacrificed, and
brain samples were used for Western blotting or immunostaining. Please see Figure S2 for the experimental diagram of this experiment.
A, Western blotting confirmed that when PTX3 siRNA was treated at day 7 after ET-1 injection, PTX3 expression in the affected region
was downregulated at day 10 after ET-1 injection. Data are mean + SD from N = 4. *P < .05 (unpaired t test with Welch's correction). B,
CD31/BrdU-double staining showed that mice with PTX3-siRNA (@day 7) had a larger number of CD31/BrdU-double positive cells (newly
generated endothelial cells) at day 21 after white matter stroke, compared to mice with control siRNA (@day 7) or mice with PTX3-siRNA
(@day 0). The inset is an enlarged CD31/BrdU-double staining image, which confirmed that some of BrdU-positive cells were merged with
CD31 staining. Scale bar = 100 pm. Data are mean + SD from N = 12. *P < .05 vs Sham, #p < .05 vs ET-1/Control siRNA (Kruskal-Wallis
followed by post hoc Steel-Dwass test). C, Similarly, PTX3-siRNA (@day 7) promoted compensatory angiogenesis at day 21 after ET-1
injection. Scale bar = 100 um. Data are mean + SD from N = 8 for Sham and N = 16 for other groups. *P < .05 (Kruskal-Wallis followed by
post hoc Steel-Dwass test) [Colour figure can be viewed at wileyonlinelibrary.com]
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our PTX3 siRNA approach worked in the mouse model of white matter
stroke (Figure 2A), and importantly, mice that received PTX3 siRNA on
day O showed exacerbated myelin damage/loss on day 3 after stroke
compared to mice with control siRNA injection (Figure 2B). We then
examined BBB tightness by assessing IgG leakage, and we showed that
the BBB was loosened in the corpus callosum on day 3 after ET-1 injec-
tion (Figure 3A). Notably, mice with the PTX3 siRNA injection exhib-
ited more 1gG leakage (Figure 3A), suggesting that endogenous PTX3
may support BBB tightness in the acute phase of stroke. Furthermore,
when 70 kDa FITC dextran or TRITC albumin was intravenously in-
jected 2 hours before sacrifice of mice on day 3, the leakage of both
molecules into brain parenchyma was increased by PTX3 downregu-
lation (Figure 3B-C). This loss of BBB tightness associated with PTX3
downregulation was due at least in part to the dysregulation of tight
junction accessory proteins, suggested by a decrease in ZO-1 expres-
sion after stroke in mice that received PTX3 siRNA (Figure 3D).
Because our data implied that endogenous PTX3 may affect
the cerebrovascular system in the acute phase of white matter
damage, we next examined whether PTX3 also plays some roles in
the cerebrovascular system in the subacute/chronic phase of white
matter stroke. When PTX3 siRNA was administered at day 7 after
ET-1 injection, the PTX3 expression around the affected region was
decreased at least until day 10 (Figure 4A). With this experimental
system, we examined the roles of PTX3 in compensatory angio-
genesis responses after white matter stroke (see Figure S3 for the
experimental diagram). The number of newly emerged endothelial
cells after white matter stroke was assessed by BrdU/CD31 stain-
ing. Compared to mice that received control siRNA injection at day
7, mice that received PTX3 siRNA injection at day 7 showed larger
numbers of BrdU/CD31-double positive cells (hewly emerged endo-
thelial cells) at day 21 after stroke onset (Figure 4B). On the other
hand, no change was seen in the number of BrdU/CD31-double pos-

itive cells when mice received PTX3 siRNA administration on day O
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(Figure 4B). Furthermore, mice with PTX3 siRNA injection on day 7
showed stronger signals of collagen IV (a marker for blood vessels)
on day 21 after ET-1 injection, compared to mice with control siRNA
(Figure 4C). In contrast to mice that received PTX3 siRNA on day 7,
mice that received PTX3 siRNA injection on day O did not exhibit
a higher blood vessel length/area on day 21 after ET-1 injection,
compared to mice that received control siRNA (Figure 4C). These re-
sults show that a reduction of PTX3 expression during the subacute
phase led to an increase in the compensatory angiogenic responses
in the chronic phase. This also indicates that a similar reduction of
PTX3 expression during the acute phase did not have any effect on
compensatory angiogenesis, although it resulted in decreased BBB
integrity. Notably, the biphasic effects of PTX3 in the cerebrovascu-
lar system after white matter stroke—beneficial for BBB tightness
during the acute phase, deleterious for angiogenic responses during
the subacute/chronic phase—were confirmed by experiments using
another mouse model of white matter stroke prepared by L-Nio in-
jection into the corpus callosum (Figure S4).

Finally, we conducted cell culture experiments to verify the sup-
pressive effects of PTX3 in angiogenesis. In the in vitro Matrigel
assay system, recombinant PTX3 inhibited tube formation by cul-
tured endothelial cells in a dose-response manner (Figure 5A).
Furthermore, recombinant PTX3 also exerted suppressive effects
even under conditions of VEGF-containing cell culture medium,
that is, VEGF promoted tube formation in the Matrigel system, but
cotreatment with recombinant PTX3 counteracted the pro-angio-
genic effects of VEGF (Figure 5B).

4 | DISCUSSION

The concept of the neurovascular unit emphasizes that cell-cell

interactions between different types of cells are essential for

1
10 VEGF (ng/mL)
0 0 10 PTX3(ng/mL)

FIGURE 5 Pentraxin and in vitro angiogenesis: Brain endothelial RBE.4 cells were used for the Matrigel tube formation assay. A, RBE.4
cells were maintained in culture medium containing recombinant PTX3 for 18 h. PTX3 treatment suppressed the tube formation in a dose-
response manner. Data are mean + SD from N = 5. *P < .05 (one-way ANOVA followed by post hoc Tukey's multiple comparison test). B,
Recombinant VEGF (10 ng/mL for 18 h) promoted the tube formation, but cotreatment with recombinant PTX3 (10 ng/mL) suppressed
VEGF-induced tube formation. Data are mean + SD from N = 5. *P < .05 (one-way ANOVA followed by post hoc Tukey's multiple

comparison test)
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maintaining brain homeostasis. The trophic coupling within the
neurovascular unit is partly mediated by an exchange of soluble
factors. Under pathological conditions, the pattern of released
soluble factors within the neurovascular unit undergoes signifi-
cant changes, which result in either exacerbation of brain damage
or promotion of brain repair/remodeling in a context-dependent
manner. In the present study, we showed that (i) PTX3 was up-
regulated after white matter stroke in both human and mouse, (ii)
in the acute phase of white matter stroke in mice, PTX3 supported
BBB integrity, and (iii) on the other hand, PTX3 suppressed an-
giogenesis during the repairing phase after white matter stroke.
Our findings lead to the proposal that PTX3, expressed by GFAP-
positive astrocytes, plays an important role as an NVU mediator
that regulates stroke pathology through its biphasic effects after
white matter stroke.

The mechanisms of stroke pathology are very complex. During
the acute phase of stroke, the initiation of several deleterious cas-
cades causes brain damage. On the other hand, during the chronic
phase, some compensative responses, such as angiogenesis and
neurogenesis, work to repair damaged brain tissue. Notably, some
soluble factors play both harmful and beneficial roles within the
neurovascular unit.®%%® For example, MMP-9 is known to be re-
leased after stroke, causing NVU dysfunction by disassembling the
extracellular matrix.**3%% However, these events caused by MMP-9
during the acute phase of stroke appear to be necessary for compen-
sative angiogenesis and neurogenesis during the chronic phase.?64!
Similarly, VEGF causes BBB damage during the acute phase of stroke
but promotes angiogenesis during the repair phase.>®%? This bipha-
sic property of NVU mediators may be a key to understanding the
complicated mechanisms of stroke pathology.15 Our current study
provides an additional example of an NVU mediator that shows bi-
phasic properties after stroke. Another novel finding in this study
is that PTX3 appears to have biphasic activities that are opposite
to those of well-known biphasic NVU mediators such as VEGF and
MMP-9. VEGF and MMP-9 are detrimental to BBB integrity but ben-
eficial for compensatory angiogenesis, whereas PTX3 is beneficial
for BBB integrity during the acute phase of stroke but harmful for
compensative angiogenic responses during the chronic phase. We
and others previously showed that PTX3 can bind VEGF and other

growth factors to neutralize their effects,!%43

which suggest the
existence of a complex system of counter-regulatory effects sup-
ported by these biphasic mediators. Future studies are warranted
to investigate how PTX3 interacts with NVU mediators to maintain
neurovascular homeostasis.

Our reverse translational study reveals the biphasic roles of
PTX3 after white matter stroke and provides a proof-of-concept
that PTX3 can be a therapeutic target for stroke. However, there
are some caveats/limitations in our study that need to be considered
in future studies. First, we showed that GFAP-positive astrocytes
are a major source of PTX3 during the acute phase of white mat-
ter stroke. This finding is consistent with our previous report, which
demonstrated that GFAP-positive astrocyte was a major cell type

for PTX3 expression in the cortex (eg, gray matter) after ischemic

stroke in a rat model of focal ischemia.'’ Nevertheless, it is possi-
ble that this cell specificity for PTX3 expression after brain damage
may depend on the time-course and/or disease types. Therefore,
the different cell types, including pericytes and astrocytes,®** that
contribute to PTX3 production under diseased conditions should be
tested at multiple time points in disease models other than stroke.
Second, we showed that PTX3 downregulation decreased the level
of ZO-1 under conditions of white matter stroke, but the regulatory
mechanism of PTX3 in the expressions of tight junction proteins re-
mains an important question. Because PTX3 binds and inhibits the
BBB-damaging factor VEGF,*”?%*3 it is possible to assume that PTX3
downregulation would accelerate the deleterious effect of VEGF in
BBB tightness, resulting in the decrease of ZO-1 expression level.
However, there may be other regulatory mechanisms that influ-
ence PTX3 effects on ZO-1 expression. Therefore, future studies
are needed to examine the roles of PTX3 in tight junction proteins
other than ZO-1, including claudins and occludin, to further our un-
derstandings of PTX3 roles in BBB function. Third, our experimental
system of in vivo angiogenesis assays did not identify whether the
newly generated endothelial cells by PTX3 downregulation were
truly “functional/effective” or not. For the purpose of drug devel-
opment, whether newly generated endothelial cells (and vessels) by
PTX3 siRNA contributes to the recovery of cerebral blood flow and
neurological function will need to be carefully assessed in future
studies.*>**® In addition, although our study focuses only on angio-
genetic responses to examine the roles of PTX3 in compensatory
mechanisms after white matter stroke, brain recovery requires the
coordinated responses of many different processes, including angio-
genesis and neurogenesis.*>*° Also, because cerebral white matter
consists mainly of axonal bundles surrounded by a myelin sheath, the
process of oligodendrogenesis through proliferation/differentiation
of oligodendrocyte precursor cells is crucial in the development of
effective therapies for white matter stroke.®3°2 Hence, to develop
an effective drug for promoting stroke recovery, these compensa-
tory responses will need to be thoroughly assessed in preclinical
studies. Finally, although our current study showed that PTX3 down-
regulation by PTX3 siRNA promoted compensatory angiogenesis, a
previous study reported that PTX3 ko mice exhibited less angiogen-
esis after stroke.>® There may be several potential reasons for this
discrepancy, but one may assume that complete knockdown before
birth would change multiple signaling pathways. In fact, a previous
study reported that compared to wt mice, PTX3 ko mice showed
a decrease in VEGF receptor 2 (VEGFR2),”® which might cause de-
creased angiogenesis in the ko mice. However, our preliminary data
showed that 1 week of PTX3 suppression by siRNA did not change
the expression level of VEGFR2 in cerebral white matter (data not
shown). Therefore, to pursue the therapeutic potential of PTX3 sig-
naling, we need to carefully dissect the mechanisms by which PTX3
regulates the cerebrovascular system after CNS diseases.

In summary, this study demonstrates that PTX3 is an important
NVU mediator for stroke pathology in white matter by showing the
biphasic roles of PTX3 after white matter stroke—beneficial during

the acute phase, but detrimental during the chronic phase. Our
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current findings support the idea that PTX3 would be an attrac-

tive therapeutic target for white matter-related disease, including

stroke. Additionally, a deeper understanding of PTX3 roles would

help to elucidate the complex mechanisms of stroke pathology.
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