Journal of Cerebral Blood Flow & Metabolism (2012) 32, 663-675
© 2012 ISCBFM All rights reserved 0271-678X/12 $32.00

www.jcbfm.com

PIGF knockout delays brain vessel growth and
maturation upon systemic hypoxic challenge
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In this study, we have investigated the potential role of placental growth factor (PIGF) in hypoxia-
induced brain angiogenesis. To this end, PIGF wild-type (PIGF*'*) and PIGF knockout (PIGF~~) mice
were exposed to whole body hypoxia (10% oxygen) for 7, 14, and 21 days. PIGF*'* animals exhibited
a significant ~40% increase in angiogenesis after 7 days of hypoxia compared with controls, while in
PIGF~'~ this effect only occurred after 14 days of hypoxia. No differences in pericyte/smooth muscle
cell (SMC) coverage between the two genotypes were observed. After 14 days of hypoxia, PIGF /-
microvessels had a significant increase in fibrinogen accumulation and extravasation compared with
those of PIGF*/*, which correlated with endothelial cell disruption of the tight junction protein
claudin-5. These vessels displayed large lumens, were surrounded by reactive astrocytes, lacked
both pericyte/SMC coverage and endothelial vascular endothelial growth factor expression, and
regressed after 21 days of hypoxia. Vascular endothelial growth factor expression levels were found
to be significantly lower in the frontal cortex of PIGF”~ compared with those in PIGF*'* animals
during the first 5 days of hypoxia, which in combination with the lack of PIGF may have contributed to
the delayed angiogenic response and the prothrombotic phenotype observed in the PIGF~“~animals.
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Introduction

Neurons are highly sensitive to oxygen levels and a
constant supply is necessary for their proper func-
tion and survival. However, high oxygen levels can
also have a detrimental effect on neurons due to the
formation of reactive oxygen species. Therefore, the
oxygen balance in the brain is tightly controlled, via
the cerebral blood flow, by the neurovascular unit, a
functional group of cells that includes neurons,
astrocytes, brain endothelial cells, vascular smooth
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muscle cells (VSMCs), and pericytes (Hamel, 2006).
Under pathological conditions, such as stroke,
interruption of cerebral blood flow leads to a
reduction in oxygen delivery that results in neuronal
death. In this situation, the brain has developed
several adaptive mechanisms to protect and/or
promote brain recovery including angiogenesis, the
growth of new capillaries from preexisting vessels
(LaManna et al, 1992).

Angiogenesis is a complex process that occurs over
several days after a hypoxic event (Krupinski et al,
1994; LaManna et al, 1992) and that involves all the
cellular constituents of the neurovascular unit (del
Zoppo, 2010). Several angiogenic factors have been
identified in the ischemic/hypoxic brain; however,
the interplay between these factors and how they
interact within the neurovascular unit, have not been
completely characterized.

Vascular endothelial growth factor (VEGF), a
potent pro-angiogenic factor, is upregulated in the
hypoxic/ischemic brain (Beck et al, 2002; Kuo et al,
1999). Vascular endothelial growth factor binds to
the tyrosine kinase receptors VEGFR-1 and VEGFR-2
and to neuropilin-1 but VEGFR-2 is the primary
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transducer of VEGF signals, activating several intra-
cellular signaling pathways including the Raf-Mek-
Erk, involved in cell proliferation (Takahashi et al,
1999), and the PI-3 kinase/Akt, involved in cell
survival (Kilic et al, 2006). In addition to having
beneficial angiogenic and neuroprotective effects,
VEGF is also a potent permeability factor and has
been associated with brain edema during angiogen-
esis (Kilic et al, 2006).

In contrast to the permeability effects of VEGF,
placental growth factor (PIGF), a homolog of VEGF
(Maglione et al, 1991), has been shown to have a role
in vessel stabilization under pathological conditions
(Autiero et al, 2003a; Du et al, 2010; Liu et al, 2006;
Luttun et al, 2002). Moreover, systemic delivery of
transfected mesenchymal stem cells expressing PIGF
in rats subjected to middle cerebral artery occlusion
showed that PIGF significantly increased angiogenesis
without increasing cerebral edema (Liu et al, 2006).

Under pathological conditions, PIGF has been
shown to synergistically enhance VEGF angiogenic
activity in the systemic vascular system (Autiero
et al, 2003b; Carmeliet et al, 2001) through various
mechanisms: (1) displacing VEGF from VEGFR-1,
thus increasing the availability of VEGF to bind and
activate VEGFR-2 (Carmeliet et al, 2001); (2) hetero-
dimerizing with VEGF (VEGF/PIGF), which leads to
the activation and transmission of angiogenic signals
through the VEGFR-2/VEGFR-1 heterodimer receptor
complex (Autiero et al, 2003b); and (3) directly
activating VEGFR-1 which, through transphosphor-
ylation of VEGFR-2, enhances VEGFR-2 activity
(Autiero et al, 2003b). Placental growth factor
binding to VEGFR-1 has also been shown to induce
its own signaling pathways, which result in the
increased expression of c-Fos, FosB, and Survivin
(Adini et al, 2002; Holmes and Zachary, 2004).

While several lines of evidence indicate that
hypoxia is a potent inducer of VEGF in vitro and
in vivo (Ferrara et al, 2003) studies investigating the
effect of hypoxia on PIGF expression have rendered
contradictory results, showing either no effect (Cao
et al, 1996), PIGF upregulation (Cramer et al, 2005),
or PIGF downregulation (Ahmed et al, 2000) depend-
ing on the cell type. However, the presence of
endogenous PIGF mRNA and protein has been
detected in the ischemic brain, suggesting an
important role for PIGF during pathological condi-
tions in the CNS (central nervous system) (Beck et al,
2002; Du et al, 2010; Hayashi et al, 2003). Recent
studies have demonstrated the neuroprotective prop-
erties of PIGF in ischemic conditions both in vitro
and in vivo (Du et al, 2010; Liu et al, 2006).
Collectively, these findings indicate that PIGF has a
role in hypoxic/ischemic brain, but the exact nature
of its modulatory effect in hypoxia-induced brain
angiogenesis remains unclear.

The purpose of this study was to investigate the
role of PIGF in brain angiogenesis and blood-brain
barrier (BBB) permeability using PIGF~/~ animals.
The current study shows that lack of PIGF results in a
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delayed angiogenic response to hypoxia, accumula-
tion of fibrinogen in cerebral microvessels, and
vessel regression after 21 days of hypoxia.

Materials and methods
Whole Body Hypoxia and Tissue Collection

Placental growth factor wild-type and knockout mice
(generated by Carmeliet et al (2001); Vesalius Research
Center, Leuven, Belgium) were bred at the NRCC (National
Research Council of Canada) Institute for Biological
Sciences Animal Facility (Ottawa, ON, Canada). Experi-
ments were approved by the NRCC animal care committee
in accordance with the Canadian Council on Animal Care
guidelines. In all, 19-day-old mice were housed in cages
inside a normobaric hypoxic chamber (Forma Anaerobic
System model 1024; ThermoForma, Marietta, OH, USA) at
10% O, and N, balance fed into the chamber. Oxygen
levels were measured with MI-730 Micro-Oxygen Electrode
(Microelectrodes, Bedford, MA, USA) and maintained at
10% O, inside the chamber. Normoxic control mice were
housed in cages immediately adjacent to the hypoxic
chamber, and were fed and changed on the same schedule
as the hypoxic mice. At the beginning of the experiment
and after each time point (7, 14, and 21 days), hypoxic and
control mice were weighed and venous blood samples
were collected for hematocrit. At the end of the experi-
mental period, mice were deeply anesthetized with 4%
halothane B.P. (MTC Pharmaceuticals, Cambridge, ON,
Canada) under an oxygen flow rate of 2L/min, and
perfused transcardially with an 18-gauge needle connected
to a syringe with cold heparinized saline. The brains from
PIGF*/* and PIGF~'~ hypoxic and control mice from each
time point were dissected and immediately frozen in dry
ice and stored at —80°C for cryosectioning.

Immunofluorescence

The brains were sectioned at 10-um thickness using
a cryostat (Jung CM3000; Leica, Richmond Hill, ON,
Canada). Sections were placed on Superfrost Plus micro-
scope slides (Fisher Scientific, Nepean, ON, Canada), fixed
in ice-cold methanol for 10 minutes and washed twice in
ice-cold phosphate-buffered saline (PBS). Sections were
permeabilized by incubation in 0.25% Triton X-100 for
10 minutes, followed by three 5minutes washes in PBS.
Nonspecific staining was blocked by preincubation of
sections in PBS containing 0.25% Triton X-100 and 10%
normal goat serum or 1% bovine serum albumin for 1 hour
at room temperature. Incubation of primary antibodies
were performed overnight at 4°C, in PBS +5% goat serum.
Primary antibodies and their dilutions used were as
follows: monoclonal rat anti-mouse CD31 (1:100; BD
Bioscience, Mississauga, ON, Canada) for endothelial cells,
polyclonal goat anti-rat VEGF (1:20; R&D Systems, Min-
neapolis, MN, USA) for mouse VEGF;;, and VEGF,,
polyclonal rabbit anti-nerve/glial antigen 2 (NG2) chon-
droitin sulfate proteoglycan (1:300; Millipore, Billerica,
MA, USA), monoclonal mouse anti-human desmin (1:100;



DakoCytomation, Burlington, ON, Canada) for pericytes,
monoclonal mouse anti-a-smooth muscle actin («-SMA)
clone 1A4 (1:400; Sigma-Aldrich, Oakville, ON, Canada)
for SMCs, polyclonal rabbit anti-human fibrinogen/FITC
(1:60; DakoCytomation) for native fibrinogen as well as
fibrinogen fragments D and E, and polyclonal rabbit anti-
glial fibrillary acidic protein (1:500; DakoCytomation) for
astrocytes, rabbit polyclonal to human claudin-5 (1:100;
Abcam, Cambridge, MA, USA) for tight junction protein.
Appropriate secondary Alexafluor antibodies (Invitrogen,
Burlington, ON, Canada) were used at 1:500 dilution in
PBS for 1 hour at room temperature. Samples were washed
three times in PBS for 5 minutes and stained with Hoechst
in PBS (Sigma-Aldrich) for 15minutes. Sections were
rinsed with PBS and coverslip mounted with a drop of
Dako fluorescence mounting media. Omission of primary
antibodies served as negative controls.

Quantitative Analysis

Four mice per genotype (PIGF*/* and PIGF~'-), treatment
condition (normoxia and hypoxia) and time point (7, 14,
and 21 days) were analyzed (total of 24 mice per genotype).
Three brain sections from the frontal cortex (Bregma
2.80mm, Bregma 1.70mm, and Bregma 1.18 mm) were
used per animal for immunofluorescent analysis. Double or
triple immunostaining was performed in each section (see
Figure legends of Figures 3-5). Four images per section, two
from the right and two from the left side of the cerebral
cortex (12 images/animal) were taken using Olympus
fluorescent microscope with a x 10 objective, attached to
Q-imaging Retiga EXi digital camera (Olympus Canada,
Markham, ON, Canada). Total area, length, number, and
frequency distribution analysis of immunopositive cells for
a particular marker were calculated from the three sections
per animal using an image analysis program, Image-Pro
Plus v.6.2 software (MediaCybernetics). The average of each
parameter for the four mice per group was then calculated.

Gene Expression Analysis

Placental growth factor and f-actin gene expression was
analyzed in the brain samples from PIGF*’* and PIGF~/~
mice submitted to hypoxia for 1-5 days by reverse trans-
criptase polymerase chain reaction as described previously
(Freitas-Andrade et al, 2008). The sequences of the primers
used were as follows: PIGF (accession no. NM_008827)
5'-CAGCCAACATCACTATGCAG-3' (forward) and 5-GGG
TGACGGTAATAAATACG-3' (reverse), yielding a 268-bp
product; p-actin (accession no. NM_007393) 5'-GGAGATT
ACTGCTCTGGCTC-3’ (forward) and 5'-GGACTCATCGTAC
TCCTGCT-3' (reverse), yielding a 131-bp product.

Protein Expression Analysis by Western Blot

Western blot analysis was used to determine the levels of
VEGF and PIGF in the brain lysates. Briefly, the brains
were removed from PIGF*’* and PIGF~'~ hypoxic mice,
and immediately frozen in dry ice and stored in —80°C until
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further use. A section of the frontal cortex from each animal
was isolated and placed into a tube with ice-cold RIPA lysis
buffer (1%NP40 (IGEPAL), 0.5% deoxycholate, 0.1% SDS,
and protease inhibitor 100 /10 mL RIPA in PBS) (Sigma-
Aldrich), and homogenized with an electric homogenizer
at 4°C. The lysates were centrifuged at 14,000r.p.m. for
10minutes at 4°C, and the supernatants were collected.
Protein concentration was measured in each of the brain
lysates by BCA Protein Assay Reagent Kit (Pierce Biotech-
nology, Rockford, IL, USA), and 50 to 100 ug of protein were
denatured in protein loading buffer for 5 minutes at 100°C,
and then separated on a 15% sodium dodecyl sulfate-
polyacrylamide gel. Separated proteins were then trans-
ferred to polyvinylidene difluoride membranes. Blocking
was performed by incubating membranes in Tris-buffered
saline Tween-20 (TBST; 20 mmol/L Tris-buffer (pH 8.0) and
150 mmol/L NaCl with 0.1% Tween-20) containing 5% BSA
(Sigma-Aldrich) for 1hour at room temperature. Mem-
branes were then incubated overnight at 4°C with either
primary rabbit polyclonal anti-human VEGF(A20) (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1/50 in
TBST containing 1% skim milk, or rabbit polyclonal human
PIGF (Abcam) diluted 1/100 in TBST containing 1% skim
milk. The membranes were extensively washed with TBST
and incubated for 1hour with anti-rabbit IgG (whole
molecule)-peroxidase antibody (Sigma-Aldrich) diluted
1/5,000 in TBST containing 5% skim milk. Immunoreactive
proteins were visualized by Amersham ECL Plus Western
Blotting Detection Reagents (GE Healthcare, Buckingham-
shire, UK). Membranes were also probed for f-actin protein
expression using monoclonal anti-f-actin-peroxidase anti-
body (Sigma-Aldrich) at a concentration of 1/50,000,
according to the manufacturers’ instruction.

Statistical Analysis

Effects of hypoxia on PIGF*'* and PIGF~'~ mice over the
three time points were evaluated; two x three (geno-
type x time) analysis of variances were applied to detect
differences between PIGF*/* and PIGF~/~ hypoxic groups
followed by Bonferroni post-test method. To detect
differences among hypoxic and normoxic PIGF*'* and
PIGF -, two x two (genotype x treatment) analysis of var-
iances were applied followed by Bonferroni post-test
method with the statistical package GraphPad Prism 5
(La Jolla, CA, USA). P values of <0.05 were considered
significant. All data are presented as mean * s.e.m.

Results

Effect of Hypoxia on Body Weight and Hematocrit in
PIGF*’* and PIGF~'~ Mice

To investigate the role of PIGF in hypoxia-induced
brain angiogenesis, PIGF*'* and PIGF~/~ mice were
subjected to chronic hypoxia (10% oxygen), which
mimics the effect of exposure to high altitude
(~18,000 ft).

Both PIGF*'* and PIGF~~ normoxic animals
gained about 60% of the initial weight over the
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21 days of the experiment, with no significant differ-
ences between the two genotypes (Figure 1A). In
contrast, PIGF*/* and PIGF~'~ mice failed to gain
weight when exposed to long-term hypoxia (7, 14,
and 21 days); however, no differences were observed
between the two genotypes (Figure 1A).

PIGF*'* and PIGF~'~ mice exposed to normoxia
exhibited similar levels of hematocrit (~ 46%) over
the 21 days of experiment (Figure 1B). Under
hypoxic conditions, both PIGF*/* and PIGF '~
animals developed polycythemia as indicated by
the twofold increase in hematocrit levels in both
genotypes (Figure 1B).

Effect of Placental Growth Factor Knockout on Brain
Angiogenesis

Brain angiogenesis was evaluated in PIGF*/* and
PIGF~'~ normoxic and hypoxic mice by quantifying
the number, total length, and total area of CD31* cells
in frontal brain sections of the cerebral cortex. Data
obtained from the analysis of both total area and
total length of CD31* cells showed similar trends of
changes in PIGF*/* and PIGF/~ animals in all
conditions. The total area of CD31* cells is therefore
presented as a representative measure of angiogenesis
(Supplementary Figure 1). This parameter measures
the changes in all three types of angiogenesis includ-
ing sprouting, intercalated, and intussusceptive angio-
genesis (Ward et al, 2007).

Total area of CD31* cells was not significantly
different in normoxic PIGF*'* and PIGF~'~ mice at

-® PIGF**Normoxia
& PIGF**Hypoxia

>
]
@
|
b
*

dekedke

L5
(=]
1

B 15
E
= - S
2 104 B ik, Simpermar= ¥
2

5 .

0 L Ll 1

0 7 14 21

Time (days)

any time point (Figures 2A and 2B). After 7 days
exposure to hypoxia, PIGF*'* mice showed a
significant ~40% increase in total area of CD31*
cells compared with normoxic controls (Figures 2A
and 2B); however, no such increase was observed in
PIGF/~ animals under the same conditions (Figures
2A and 2B). After 14 and 21 days, both hypoxic
PIGF*/* and PIGF~~ mice showed ~40% higher
vessel area compared with their normoxic controls,
with no significant differences between the two
genotypes (Figures 2A and 2B).

The total number of CD31* cells did not signifi-
cantly change between the normoxic and hypoxic
groups for either PIGF*'* or PIGF~/~ mice at 7- or 14-
day time points (data not shown). However, at 21
days of exposure to hypoxia, a significant ~15%
increase in total number of CD31* cells was observed
in both PIGF*/* and PIGF~/~ mice (data not shown).
In PIGF*'* mice subjected to 7 days of hypoxia, a
greater number of vessels exhibited an increase in
size and branching compared with either normoxic
controls or the PIGF~'~ counterparts (Figure 2A).

To further evaluate the shift in vessels size, a
frequency distribution analysis of CD31* cells with
area ranging between 0 to 100 gm?, 150 to 500 um?,
and >500um? was performed (Figure 2C). In both
PIGF*’* and PIGF~/~ normoxic mice, the number of
CD31* vessels was similar and inversely propor-
tional to the vessel size with ~ 3,000 CD31* vessels of
0 to 100 um?, ~350 CD31* vessels of 150 to 500 um?,
and ~20 CD31* vessels of >500 yum? (Figure 2C).

After 7 days of hypoxia, PIGF*/* mice showed a
significant decrease (~400 vessels) in the number of
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Figure 1 Effects of 7-, 14-, and 21-day exposure to 10% hypoxia on body weight (A) and hematocrit (B) of PIGF */* and PIGF~~
mice. Data presented are mean values +s.e.m. of four mice per genotype and time point. ***indicates significant difference
(P < 0.001) between hypoxic groups and the corresponding normoxic controls (analysis of variance (ANOVA) followed by Bonferroni
post-test). PIGF, placental growth factor.

>

Figure 2 (A) Representative images of sections of the cerebral cortex from PIGF*/* and PIGF~~ mice exposed to normoxia or
7-, 14-, or 21-day hypoxia. Sections were immunostained for the endothelial marker, CD31 (green). Scale bar= 100 um.
(B) Quantification of total area of CD31 * cells after 7-, 14-, or 21-day normoxia or hypoxia as described in Materials and methods.
(C) Number of CD31 * vessels separated in size intervals of O to 100 um?, 150 to 500 um?, and > 500 um? for each time point.
White solid bars represent normoxic controls and hatched bars represent hypoxic groups. Results expressed are mean values + s.e.m.
“*" indicates significant difference (*P < 0.05, **P < 0.01, ***P < 0.001) between hypoxic groups and the corresponding normoxic
control groups and “*' indicates significant difference (*P < 0.05; #*#P < 0.01) between hypoxic PIGF*/* and PIGF~~ groups
(analysis of variance (ANOVA) followed by Bonferroni post-test). PIGF, placental growth factor.
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changes in the number of vessels were observed in
any of the vessel-size distribution groups between
hypoxic PIGF~'~ mice and its corresponding nor-
moxic controls (Figure 2C).

After a 14-day hypoxia, both PIGF*/* and PIGF~/~
mice showed a small, nonsignificant, decrease in the
number of 0 to 100um?* CD31* vessels but a
significant increase in the number of 150 to
500 um* and >500um? CD31* vessels compared
with their respective normoxic groups (Figure 2C).
No differences between hypoxic PIGF*/* and
PIGF '~ was observed in either of the three vessel-
size distribution groups (0 to 100, 150 to 500, and
>500 um?; Figure 2C).

At day 21, a similar number of 0 to 100 um?* CD31*
vessels was measured in both PIGF*'* and PIGF '~
normoxic and hypoxic animals (Figure 2C); a
significant increase in the number of 150 to
500 um® CD31* vessels was observed in hypoxic
PIGF*/* and PIGF~/~ animals compared with their
normoxic counterparts with no significant differ-
ences between the two genotypes; a significant
increase in the number of >500um? CD31* vessels
was also measured in hypoxic PIGF*'* and
PIGF~~ animals compared with their normoxic
counterparts; however, PIGF~'~ mice demonstrated
a significantly reduced number of >500 um? CD31*
vessels compared with hypoxic PIGF*/* animals
(Figure 2C).

Effect of Placental Growth Factor Knockout on Pericyte
and Smooth Muscle Cell Vessel Coverage

Placental growth factor has been shown to stimulate
pericyte/VSMC recruitment under pathological
ischemic conditions (Luttun et al, 2002; Takeda
et al, 2009). To investigate whether PIGF knockout
affects pericyte/VSMC vessel coverage, total area of
NG2* and Desmin™ cells (pericyte markers) and o-
SMA™ cells (pericyte/VSMC marker) were evaluated
in both PIGF*/* and PIGF~'~ normoxic and hypoxic
brain sections by immunofluorescence.
Immunofluorescent staining of PIGF*'* and
PIGF~'~ brain sections showed no morphological
differences in NG2*, desmin*, and «-SMA™* cells in
either normoxic or hypoxic conditions. NG2 and
desmin markers stained the pericyte layer that was
intimately apposed to CD31-labeled endothelial cells
(Figure 3A). NG2-stained vessels in a continuous
pattern, while desmin staining was interrupted,
showing frequent gaps and finger-like projections
around the vessels (Figure 3A). a-Smooth muscle
actin antibody selectively stained large microvessels
(>500 um?) and did not stain the relatively smaller
microvessels (Figure 3A). o-Smooth muscle actin
labeling showed a circumferentially arranged
striated appearance that ran perpendicular to the
longitudinal axis of the CD31-labeled vessels. The
morphological features that were observed using the
above pericyte and VSMC markers in this study are
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in agreement with those reported by other groups
(Kurz et al, 2008; Virgintino et al, 2007).

Quantitative analysis of total area covered by
NG2+*, desmin*, and «-SMA™* cells showed that
NG2* and desmin™* cells are 10-times more abundant
than «-SMA™ cells in the brain vasculature (Figure
3B), which correlates with the observed selective
staining of a-SMA ™ cells in large (> 500 yum?) micro-
vessels (Figure 3A). No significant differences in
total area covered by any of the three markers was
observed between PIGF*'* and PIGF~~ mice under
normoxic conditions. Hypoxia did not affect the
total area of -SMA ™" cells at any time point in either
PIGF*'* and PIGF~'~ mice.

Total area covered by NG2* cells was not affected
by 7 days hypoxia in either PIGF*/* or PIGF~/~
animals; however, it was increased in both genotypes
by ~20% and 30% after 14 and 21 days of hypoxia,
respectively (Figure 3B).

Total area covered by desmin* cells was signifi-
cantly higher in PIGF*'* mice after 7, 14, and 21
days of hypoxia compared with the corresponding
normoxic controls, while in PIGF~/~ mice, the area
was significantly higher than in the control group
only after 21 days of hypoxia (Figure 3B).

Effect of Placental Growth Factor Knockout on
Blood-Brain Barrier Permeability

Several lines of evidence indicated that PIGF has a
role in vessel stabilization under pathological con-
ditions (Autiero et al, 2003a; Du et al, 2010; Liu et al,
2006; Luttun et al, 2002). To evaluate whether PIGF
knockout can affect vessel permeability, vessel
extravasation of fibrinogen was investigated in
frontal cortical brain sections of PIGF*'* and
PIGF~/~ normoxic and hypoxic mice by immuno-
fluorescence. In all cases, fibrinogen colocalized
with CD31* vessels, which consistently exhibited
intraluminal fibrinogen accumulation (Figures 4A,
4B, 4D, 4E, and 4G) and a certain degree of fibrinogen
extravasation (Figure 4G).

After 7 days of either normoxia or hypoxia, no
significant differences in the total area of fibrinogen*
vessels were observed in PIGF*/* and PIGF~/~
animals (data not shown). After 14 days of hypoxia,
the total area of fibrinogen* vessels in PIGF~'~ mice
was ~ 10-fold higher than in PIGF*/* hypoxic mice
(Figure 4C). After 21 days, no significant differences
in the total area of fibrinogen* cells was observed
between the normoxic and hypoxic PIGF*/* animals
but a significant increase was still quantified in two
out of four PIGF~'~ hypoxic mice compared with the
normoxic group.

PIGF~/~ hypoxic mice exhibited a greater number
of vessels (>500um?* CD31*) with dilated lumen
compared with those in PIGF*'* hypoxic mice.
These vessels frequently contained intraluminal
fibrinogen accumulation (Figures 4A, 4B, 4D, 4E,
and 4G) were surrounded by GFAP* astrocytes
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Figure 3 (A) Double-immunofluorescence staining performed on sections of cerebral cortex from normoxic or hypoxic PIGF */+ and
PIGF~'~ mice, using the endothelial marker CD31 (green) with either of the following pericyte markers: NG2 (red), desmin (red), or
vascular smooth muscle cell (VSMC) marker a-smooth muscle actin (z-SMA) (red). Scale bar = 100 um. Insert in the right upper
corner represents a magnified image of an NG2 * reactive pericyte. (B) Quantitative analysis of total area of NG2 *, desmin™*, and
a-SMA* cells as described in Materials and methods. White solid bars represent normoxic controls and hatched bars represent
hypoxic groups. Results expressed are mean valuests.e.m. ‘*' indicates significant difference (*P <0.05, **P <0.01,
***P < (0.001) between hypoxic groups and the corresponding normoxic control groups and # indicates significant difference
(P <0.05) between hypoxic PIGF*/* and PIGF~~ groups (analysis of variance (ANOVA) followed by Bonferroni post-test).

PIGF, placental growth factor.
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Figure 4 (A, B) Double-immunofluorescence staining was performed on sections of cerebral cortex from normoxic and hypoxic
PIGF*/* and PIGF~~ mice, using the endothelial marker CD31 (green) and fibrinogen (red). Arrows indicate the presence of
fibrinogen in the lumen of PIGF~~ vessels after 14 days hypoxia (B). Scale bar = 100 um. (C) Quantitative analysis of total area of
fibrinogen* microvessels from PIGF*/* and PIGF~~ mice exposed to 14- and 21-day normoxia or hypoxia. White solid bars
represent normoxic controls and hatched bars represent hypoxic groups. Results expressed are mean values £s.e.m. * indicates
significant difference (P < 0.05) between hypoxic groups and the corresponding normoxic control groups, and ## indicates significant
difference (P < 0.01) between hypoxic PIGF */* and PIGF~~ groups (analysis of variance (ANOVA) followed by Bonferroni post-test).
(D, E) Triple-immunofluorescence for fibrinogen (red), endothelial cells (green), and astrocytes (white) on frozen sections of cerebral
cortex from PIGF~~ mice exposed to 14 days of hypoxia. Scale bar =50 um. Arrows indicate reactive astrocytes surrounding
fibrinogen * vessels. (F) Double-immunofluorescence of sections of cerebral cortex from PIGF~~ mice exposed to 14-day hypoxia,
using the endothelial marker CD31 (green) and pericyte/vascular smooth muscle cell (VSMC) markers NG2, desmin, and «-smooth
muscle actin (x-SMA) (red). Boxes in f1, f2, f3 outline areas magnified in f1, f2/, f3’, showing the lack of pericyte/NVSMC markers in
enlarged microvessels (> 500 um? CD31 * vessel group). Scale bar = 100 um. (G) Triple-immunofluorescence staining of fibrinogen
(red), endothelial cells (green), and vascular endothelial growth factor (VEGF) (white) in sections of cerebral cortex from PIGF~— mice
after 14 days of hypoxia. Scale bar = 50 um. PIGF, placental growth factor.
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Figure 5 Double-immunofluorescence of sections of cerebral cortex from PIGF*/+ and PIGF~~ mice exposed to 14-day hypoxia,
using the endothelial marker CD31 (green) and tight junction marker claudin-5 (red). Arrows indicate areas of disruption of

claudin-5. Scale bar = 50 um. PIGF, placental growth factor.

(Figures 4D and 4E) and completely lacked or had
sparse NG2*, desmin*, and/or «-SMA* cell coverage
(Figure 4F). In addition, these vessels presented very
low-VEGF expression compared with that of smaller
vessels in the same sections (Figure 4G).

The status of tight junction proteins in the brain
vessels was analyzed in PIGF*/* and PIGF~/~ mice at
14 days of hypoxia, when fibrinogen accumulation
was highly abundant in PIGF~~ animals. Claudin-5,
the major interendothelial junctional protein limit-
ing paracellular permeability at the BBB, exhibited
a highly regular and organized immunoreactive
arrangement in PIGF*/* vessels compared with
the more disorganized and fragmented immunoreac-
tivity pattern displayed in the PIGF~~ vessels
(Figure 5). No significant changes were observed in
zona occludens protein-1 (ZO-1) expression between
both genotypes (data not shown).

Effect of Hypoxia on Placental Growth Factor and
Vascular Endothelial Growth Factor Expression in
PIGF*'* and PIGF~~ Mice

Since the delay in angiogenic response in PIGF~/~
mice occurred during the first week of hypoxia, PIGF
gene expression was analyzed in the brain homo-
genate of both genotypes during the course of the
first 5 days of hypoxia (n=2 animals per time point).
In PIGF*/* mice, PIGF mRNA was expressed in the
brain during normoxia as well as during the first 5
days of hypoxia. No PIGF expression was found in
PIGF~~ mice in either normoxia or hypoxia, as
expected (Figure 6A). Although a slight increase in
PIGF expression was observed in the wild-type mice
at specific time points during the course of hypoxia,

A PIGF** PIGF™"
N 1TH2H3H 4H5H N 1H 2H3H 4H5H

B PIGF*"* PIGF”
N 1H 2H3H4H5H N 1H2H3H4H 5H

o S ———
Figure 6 (A) Agarose gel showing placental growth factor (PIGF)
and p-actin RT-PCR (reverse transcriptase polymerase chain
reaction) amplification products from the frontal brain region of
PIGF*/* and PIGF~~ mice exposed to 5 days of normoxia (N) or
1 to 5 days of hypoxia (H). (B) Vascular endothelial growth factor
(VEGF) and f-actin protein expression analyzed by Western blot
from PIGF */* and PIGF~~ mice exposed to 5 days of normoxia
(N) or 1 to 5 days of hypoxia (H).

the variability obtained between the two experiments
do not allow us to firmly state that there is
a significant change in PIGF expression during
hypoxia in the brain of wild-type mice.

Vascular endothelial growth factor protein was
upregulated during the first 5 days of hypoxia in
PIGF*/* animals; however, the peak of expression
during those 5 days varied between 1 and 4 days in
the two experiments performed. The expression
of VEGF was consistently higher during hypoxia in
PIGF*/* animals compared with the PIGF~~ mice.
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Discussion

In this study, the effect of PIGF in hypoxia-induced
brain angiogenesis and BBB permeability was exam-
ined using PIGF*/* and PIGF~/~ mice subjected to
chronic hypoxia (10% oxygen) for 7, 14, and 21 days.
Placental growth factor knockout mice exhibited a
delayed angiogenic response to mild hypoxia as well
as fibrinogen accumulation and a certain degree of
extravasation in a number of microvessels, some of
which exhibited enlarged lumens. These fibrinogen*
microvessels presented claudin-5 disruption, were
surrounded by reactive astrocytes, showed lack of
both pericyte and VSMC coverage and VEGF expres-
sion, and regressed after 21 days of hypoxia.

Previous reports have shown that several adaptive
mechanisms occur to protect the brain from the
decrease in oxygen supply, including hyperventila-
tion, an increase in packed red blood cell volume
(hematocrit) and decrease in metabolism. Consistent
with these reports, PIGF*/* and PIGF/~ mice
exhibited an increase in hematocrit and failed to
gain weight during the period of hypoxia (Harik et al,
1996; LaManna et al, 1992). However, no significant
differences were found between the two genotypes.

Chronic hypoxia also promotes angiogenesis in the
brain (Harik et al, 1996; LaManna et al, 1992).
Among the factors contributing to the vascularization
of the hypoxic brain, VEGF, angiopoietin-1, and
integrins have important roles (Milner et al, 2008).
Placental growth factor expression has been shown
to increase in the brain after middle cerebral artery
occlusion (Beck et al, 2002; Du et al, 2010), but
its contribution to chronic hypoxia-induced brain
angiogenesis has not been fully elucidated.

In this study, 10% hypoxia promoted a rapid (from
day 7) and sustained (until day 21) increase in
vascularization of the cerebral cortex in wild-type
mice, while in PIGF knockout animals angiogenesis
was only measurable 14 days after hypoxia, reaching
similar levels than those obtained in the wild-type.
This delay in angiogenic response to hypoxia in
PIGF knockout mice is most likely due to both the
lack of PIGF and the significantly reduced levels
of VEGF expression detected during the first 5 days
of hypoxia compared with those in the PIGF*'*
animals. Although the PIGF expression was only
detected at the RNA but not at the protein level, this
does not exclude the possibility that PIGF protein is
produced in low amounts or expressed only in
specific cells in the brain at quantities in the brain
cortex homogenate beyond the detection limit
by Western blot. Experimental in vitro evidence
obtained in our laboratory indicated that mouse
brain endothelial cells from wild-type mice express
PIGF when subjected to 6 hours hypoxia followed by
14 hours reoxygenation (data not shown). As pre-
viously shown (Autiero et al, 2003b; Park et al, 1994),
very low levels of PIGF can synergistically enhance
the angiogenic response induced by suboptimal
concentrations of VEGF. As the angiogenic process
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is orchestrated by the activity of multiple growth
factors, the lack of one of them may impact the
timing of the response without affecting the final
outcome.

Pericytes and VSMC have a role in vessel stabiliza-
tion (Luttun et al, 2002), inhibit endothelial cell
proliferation and migration (Orlidge and D’Amore,
1987; Sato and Rifkin, 1989), and promote BBB
integrity (Armulik et al, 2010). Under angiogenic
conditions, pericytes/VSMC interacts with endothe-
lial cells and supports tube formation (Ozerdem and
Stallcup, 2003). The PIGF receptor, VEGFR-1, has
been shown to be expressed in both pericytes and
VSMC (Luttun et al, 2002). Placental growth factor
promotes vessel normalization, and reduces vascular
leakage by inducing recruitment of VSMC and
pericytes under ischemic conditions (Luttun et al,
2002). However, there are no cellular markers that are
uniquely specific for pericytes, and none of them
recognizes all pericytes; their expression is dynamic,
varies between organs and developmental stages and
have been shown to overlap as they are not mutually
exclusive in most pericytes (Armulik et al, 2005).
Desmin, NG2, and «-SMA are markers commonly
used to identify pericytes and VSMC.

In both PIGF wild-type and knockout mice, the
cerebrovascular coverage by NG2* pericyte signifi-
cantly increased after 14 days of hypoxia. This
marker has been shown to specifically identify
activated pericytes in angiogenic microvessels (Ozer-
dem and Stallcup, 2003; Virgintino et al, 2007). Since
NG2 expression was still observed after 21 days of
hypoxia, vascular remodeling at the pericyte level
seems to be ongoing at least within this time frame.

Similarly, cerebrovascular coverage by desmin*
pericyte was significantly stimulated by hypoxia in
wild-type mice, although occurring at an earlier time
point (7 days) when compared with NG2* cells. In
PIGF~'~ animals, this process was delayed until day
21 of hypoxia, which correlates with the late
angiogenic response observed in PIGF~'~ mice.

o-Smooth muscle actin cell staining was not
affected by hypoxia in either PIGF*'* or PIGF '~
mice. This may indicate that the neovasculature has
not reached full maturity within the 21-day time
frame of this study. This is supported by the presence
of activated pericytes (NG2*) 21 days after hypoxia
and the selective association of a-SMA™ cells with
larger microvessels (=500 yum?* CD31* vessels).

Fibrinogen extravasation has been used as a
marker of cerebrovascular permeability (del Zoppo,
2008), and hypoxia has been shown to promote rapid
microvascular thrombosis and fibrin deposition
within the brain (Adhami et al, 2006; del Zoppo,
2008). Fibrinogen immunofluorescence was used
in this study to investigate intravascular and
extravascular fibrinogen accumulation in PIGF*'*
and PIGF~~ normoxic and hypoxic mice.

Despite no obvious and significant changes
observed in pericyte/VSMC coverage between
PIGF*/* and PIGF~'~ hypoxic mice, PIGF~'~ mice



showed intravascular fibrinogen accumulation and
extravasation after 14 days of exposure to hypoxia.
This correlated with vascular disruption of the tight
junction protein claudin-5 in PIGF~/~ animals.
Vessels with fibrinogen* lumens were surrounded
by reactive astrocytes (GFAP*), and lacked pericyte/
VSMC coverage. The size of these vessels were
within the >500um?* CD31* vessel group. Fibrino-
gen has been shown to inhibit neurite outgrowth,
increase BBB permeability and endothelial cell
disorganization, and promote neuroinflammation
(del Zoppo, 2008; Schachtrup et al, 2007), and to
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Figure 7 Schematic representation of the effect of hypoxia on
the brain angiogenesis in PIGF*/* and PIGF~~ mice. Under
normoxic conditions, PIGF */* and PIGF~~ mice exhibit similar
brain vascularity. After 7 days hypoxia, an angiogenic response is
induced in PIGF*/* mice, while in PIGF~~ mice, this effect is
delayed until 14 days of hypoxia. The delayed angiogenic
response likely promotes hypoxic stress in PIGF~~ mice, which
leads to fibrinogen accumulation and a small amount of
extravasation. This affects vessel integrity as indicated by the
lack of endothelial vascular endothelial growth factor (VEGF)
expression, pericyte coverage, and disruption of the tight
junction protein claudin-5 in the fibrinogen™* vessels, which
ultimately may result in vessel regression after 21 days of
hypoxia. PIGF, placental growth factor.
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induce astrocyte reactivity and scar formation
(Schachtrup et al, 2010). In PIGF~/~ animals, a high
proportion of the fibrinogen* vessels exhibited
relatively large lumen. This may be due to the lack
of pericytes/VSMC coverage in these vessels as these
cells have an important role in inhibiting endothelial
cell proliferation (Orlidge and D’Amore, 1987) and
controlling the vascular tone (Diaz-Flores et al,
2009). Moreover, supporting trophic factors such as
VEGF were not expressed in the fibrinogen™* vessels,
while it was present in the fibrinogen-free micro-
vessels. We hypothesize that the delayed angiogenic
process observed in PIGF~~ animals leads to an
increase in hypoxic stress that promotes fibrinogen
accumulation within pericyte-denuded cerebral
microvessels (Adhami et al, 2006) and gliosis
(Schachtrup et al, 2010), which ultimately may lead
to vessel regression (Figure 7). Interestingly, after 21
days of mild hypoxia, the overall extent of the brain
vascularization in these animals appears to be
similar to that of PIGF*'* mice, indicating that,
under these conditions, the lack of PIGF can be
compensated against by other alternative factors/
mechanisms in the CNS.

In conclusion, PIGF knockout results in a delay
in angiogenic response, vascular instability, and
increase permeability in the brain under mild
hypoxic conditions. This phenotype may not be
exclusively due to the lack of PIGF but to additional
molecular changes (reduced VEGF expression,
alterations in receptor expression (Freitas-Andrade
et al, 2008)) associated to the effect of the knockout.
Since the chronic hypoxic conditions simulated in
this study can be largely compensated by systemic
changes such as hyperventilation, increased cerebral
blood flow, reduced metabolism, and increased
hematocrit, a full evaluation of the impact that PIGF
knockout may have in the CNS warrants further
analysis in acute ischemic conditions such as stroke
in which the severity of the insult may lead to more
prominent effects.
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