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STUDY HYPOTHESIS: Placental growth factor (PGF) is expressed in the developing mouse brain and contributes to vascularization and vessel
patterning.

STUDY FINDING: PGF is dynamically expressed in fetal mouse brain, particularly forebrain, and is essential for normal cerebrovascular
development.

WHAT IS KNOWN ALREADY: PGF rises in maternal plasma over normal human and mouse pregnancy but is low in many women with the
acute onset hypertensive syndrome, pre-eclampsia (PE). Little is known about the expression of PGF in the fetus during PE. Pgf /™ mice appear
normal but recently cerebral vascular defects were documented in adult ng7/7 mice.

STUDY DESIGN, SAMPLES/MATERIALS, METHODS: Here, temporal—spatial expression of PGF is mapped in normal fetal mouse
brains and cerebral vasculature development is compared between normal and congenic Pgf 7~ fetuses to assess the actions of PGF during cere-
brovascular development. Pgf/PGF, Vegfa/VEGEF, Vegf receptor (Vegfr)| and Vegfr2 expression were examined in the brains of embryonic day
(E)12.5, 14.5, 16.5 and 18.5 C57BL/6 (B6) mice using quantitative PCR and immunohistochemistry. The cerebral vasculature was compared
between Pgf ~/~ and Bé embryonic and adult brains using whole mount techniques. Vulnerability to cerebral ischemia was investigated using
a left common carotid ligation assay.

MAIN RESULTS AND THE ROLE OF CHANCE: Pgf/PGF and Vegfr| are highly expressed in E12.5-14.5 forebrain relative to VEGF and
Vegfr2. Vegfa/VEGF is relatively more abundant in hindbrain (HB). PGF and VEGF expression were similar in midbrain. Delayed HB vascularization
was seen at E10.5 and | 1.5 in Pgf =/~ brains. At EI4.5, Pgf =/ circle of Willis showed unilateral hypoplasia and fewer collateral vessels, defects
that persisted post-natally. Functionally, adult Pgf /" mice experienced cerebral ischemia after left common carotid arterial occlusion while B6
mice did not.

LIMITATIONS, REASONS FOR CAUTION: Since ngfk mice were used, consequences of complete absence of maternal and fetal PGF
were defined. Therefore, the effects of maternal versus fetal PGF deficiency on cerebrovascular development cannot be separated. However, as
PGF was strongly expressed in the developing brain at all timepoints, we suggest that local PGF has a more important role than distant maternal or
placental sources. Full PGF loss is not expected in PE pregnancies, predicting that the effects of PGF deficiency identified in this model will be more
severe than any effects in PE-offspring.

WIDER IMPLICATIONS OF THE FINDINGS: These studies provoke the question of whether PGF expression is decreased and cerebral
vascular maldevelopment occurs in fetuses who experience a preeclamptic gestation. These individuals have already been reported to have
elevated risk for stroke and cognitive impairments.

LARGE SCALE DATA: N/A.
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Introduction

Women who experience pre-eclampsia (PE), an acute hypertensive syn-
drome of pregnancy, are at increased cardiovascular disease risk later in
life (Powers et al., 2012). Fewer studies address effects of PE on offspring
cardiovascular health. One long-term cohort study reported greater risk
for stroke but not coronary heart disease in offspring of preeclamptic preg-
nancies aged 59—-69 (Kajantie et al., 2009). Elevated stroke sensitivity was
postulated to result from reduced fetal brain growth or from a ‘brain-
sparing response’ that redirected blood to the brain, permanently altering
fetal cerebral vessels (Kajantie et al., 2009). Genetic, epigenetic, and envir-
onmental factors that alter placental function are also proposed to de-
crease cardiovascular fitness in offspring of preeclamptic pregnancies
(Davis etal., 2012; Herrera-Garcia and Contag, 20 14). Suboptimal placen-
tal production of angiogenic factors such as placental growth factor (PGF,
previously PLGF) and/or increased release of anti-angiogenic proteins
such as sFLT| characterize PE (Powers et al., 2012; Goel and Rana,
2013). While PGF deficiency precedes clinical signs of PE in many
women, significant outcomes due to fetal PGF deficiency have not been
investigated (Carmeliet et al., 2001). However, PGF/Pgf expression is
reported in human and mouse oocytes and in embryos from zygote to
blastocyst stages (Gene Expression Omnibus database: GDS3958,
GDS812and GDS813) (Zengetal., 2004; Xie etal., 2010). Thus, dysregu-
lation of the angiogenic pathways that contribute to PE may begin prior to
implantation and before placental lineage commitment in the blastocyst. If
so, dysregulated angiogenesis would be predicted in both placental and
inner cell mass-derived fetal tissues. Genetic or epigenetic factors affecting
gene expression in the blastocyst lineages may also explain the higher risk
of pre-eclampsia in subsequent pregnancies of women who have had
pre-eclampsia (Herndndez-Diaz et al., 2009).

Like vascular endothelial growth factor-A (VEGF), PGF binds to
membrane-bound and soluble forms of the FLT| receptor (VEGFRI).
However, only VEGF and not PGF binds to the Kinase insert domain
receptor (KDR/VEGFR2) (Autiero et al., 2003; Cao, 2009). Both VEGF
receptors engage multiple co-receptors and participate in complex signal-
ing pathways. Humans express four isoforms of PGF while mice only have
one, which corresponds to the human PGF-2 (Dewerchin and Carmeliet,
2012). Pgf ~/~ mice are viable and develop apparently normally, resulting
in a consensus that PGF is of limited importance developmentally or in
maintenance of homeostasis but acts under disturbed states such as preg-
nancy, ischemic heart repair and tumor vessel induction (Dewerchin and
Carmeliet, 2014). PGF is made not only by placenta but by other cell
types such as endothelium and hepatocytes (Steenkiste et al., 201 1) and
it can be induced in adult neurons, Schwann cells and astrocytes (Beck
et al., 2002; Hayashi et al., 2003; Freitas-Andrade et al., 2008; Chaballe
et al., 2011). Because PGF is a large glycoprotein (Christinger et al.,

2004; Errico et al., 2004), maternal plasma PGF is unlikely to cross the pla-
centa although it may induce signaling via placentally expressed VEGFR s
or neuropilins (NRP) (Baston-Buest et al., 201 |). Data on fetal PGF pro-
duction are minimal. One study reported week 7—9 human amniotic
fluid had a PGF concentration approximately half that of matched maternal
serum (Makrydimas et al., 2008). Over midgestation, PGF and VEGF levels
increase in amniotic fluid with VEGF at a 6-fold greater concentration than
PGF (Kalampokas et al., 2012; Papapostolou et al., 2012). At term, PGF is
generally undetectable in amniotic fluid or cord blood from fetuses whose
mothers have quantifiable plasma PGF (Staff et al., 2005).

We postulated that deficiency in fetal PGF would disturb normal cere-
brovascular development and initiated comparisons in fetal mice suffi-
cient or genetically-ablated for PGF. Cerebral arterial casts prepared
from ngf/f mice exhibited elongated shape, vascular disorganization
and frequently an incomplete Circle of Willis (cW) (Ratsep et al.,
2015a). We therefore undertook mouse fetal time course studies of re-
gional brain vascular development to assess when and where PGF
contributes to cerebrovascular development.

Materials and Methods

Animals

Male and female B6 mice were purchased from Charles River Canada
(St. Constant QU). B6-Pgf ™/~ mice were bred at Queen’s University
from foundation pairs provided by VIB vzw B-9052 Zwijnaarde, Belgium
(Carmeliet et al., 2001). Mice were housed in micro-isolator cages enriched
with igloos and nesting materials maintained on an environmental rack and
had free access to water and food. Males and pregnant or nursing females
were housed individually while non-pregnant females were housed with lit-
termates up to 4 per cage according to our facility’s standard procedures.
A 12 hour light-12 hour dark cycle was used with an ambient temperature
of 23°C. Mice were monitored daily for health and sentinels were assessed
regularly to ensure the room that was bioBUBBLE® HEPA air filtered
remained free of pathogens. All animal handling was conducted in a
laminar flow hood. Females were paired overnight with males. Copulation
plug detection was designated embryonic day (E) 0.5. Pregnant females
were euthanized by cervical dislocation between EI0.5-EI8.5, and the
fetuses were removed and dissected. For some experiments, neonatal
mice (both sexes) at post-natal day (P) 7 or adult non-pregnant female and
male mice were euthanized using an injected overdose of sodium pentobar-
bital or inhaled isoflurane followed by decapitation.

Ethical approval

All procedures were approved by the Queen’s University Animal Care Com-
mittee (reference number: Croy-2013-006-01) and were consistent with the
Canadian Council on Animal Care national standards for ethical animal care
and use.
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Quantitative real-time PCR for Pgf, Vegfa,
Vegfrl and Vegfr2 expression

For quantitative real-time PCR (RT—PCR) analyses, B6 fetal brains (E12.5,
14.5, 16.5, and 18.5 with n =5 fetal brains, each from a different litter at
each time point) were dissected using RNAse-free treated forceps and a Heer-
brugg microscope (Wild-Leitz, Canada). Three dissected regions, forebrain
(FB), midbrain (MB) and hindbrain (HB), were flash frozen in liquid nitrogen.
Isolated brain tissues were homogenized and the RNA was purified using
RNA binding columns (Norgen Biotek Corp, Thorold, ON, Canada) as per
manufacturer’s instructions. RNA concentration and purity were determined
usinga Nanodrop 2000C UV-Vis spectrophotometer (Thermo Scientific, Wil-
mington, DE, USA) and the extracted RNA was stored at —80°C. The mRNA
was reverse transcribed and amplified using the RT? First Strand cDNA synthe-
sis kit (Qiagen, Mississauga, ON, Canada). Products were stored at —20°C.
Primer assays for genes of interest (Pg—PPMO3669C), (Veg—
PPMOO03041F), (Vegfr! /FitI—PPMO 3066F), (Vegfr2/Kd—PPMO3057A)
obtained from Qiagen (Qiagen, Mississauga, ON, Canada). Plate-based Light-
Cycler480 reactions (Roche Diagnostics, Laval, QC, Canada) were performed
usingRT? SYBR Green Q-PCR master mix with final reaction volumes of 25 .
All samples were run in triplicate including Actb as the control. Cycling condi-
tions were denaturation: 95°C; |5 min, amplification: 45 cycles; 95°Cfor |5 s;
55°Cfor30 s; 72°Cfor 30 s, melting curve: 70—95°Catarate of 0.1 °C/s. Melt
curve analyses were performed using LightCycler Software for each gene to
verify the specificity of individual PCR products. Relative quantification of
each gene was performed using AACt method and Actb.

PGF and VEGF immunolocalization

Heads were collected from Bé6 fetuses at E12.5, 14.5, 16.5and 18.5 (n =3
fetal heads from 3 different litters at each time point), fixed in 4% (w/v) par-
aformaldehyde (PFA) (12 h) and paraffin-embedded. Sections (5 wm) were
deparaffinized, rehydrated, blocked in 3% bovine serum albumin and incu-
bated with the anti-mouse polyclonal primary antibodies (0.25 pg/ml
anti-PGF (Abcam—ab0542, Toronto, ON, Canada) and | jg/mlanti-VEGF
(Abcam—ab46162)) for 2 h at room temperature (22°C). Goat anti-rabbit
secondary antibodies conjugated to Alexa Fluor 488 (Invitrogen, Ottawa,
ON, Canada—A1 1008) were used for both PGF and VEGF staining in sep-
arate sections. At this point, the PE-conjugated anti-CD3 | (BD Pharmingen,
Mississauga ON—MECI3.3) was added and sections were incubated for
I.5h at room temperature. Nuclear staining was completed with
4 6-diamidino-2-phenylindole (DAPI; Life Technologies—D 1306, Burling-
ton, ON, Canada). Slides were mounted using Prolong gold anti-fade (Life
technologies, Burlington, ON, Canada—9071) and examined using a Zeiss
M1 Imager microscope. Multiple fetuses from three different pregnant
mice were used per time point.

HB vascularization whole mount
immunofluorescent staining

B6 and Pgf ~/~ E10.5and | |.5 fetuses were fixed in 4% PFA for 2 h. Fetuses
from 3 litters were used for each time point and genotype. At E10.5, 21 HBs
from 32 Bé fetuses and |8 HBs from 38 Pgf ~/~ fetuses were successfully pre-
pared. Dissected HBs were analyzed whole (n = 10 B6 and 9 Pgf /") orin
cross-sections (n= |1 B6 and 9 Pgf /7). At EI 1.5, 26 HBs from 27 Bé
fetuses and 29 HBs from 33 Pgf /™ fetuses were successfully prepared.
17 B6 and 21 Pgf~’~ HBs were imaged whole while 9 B6 and 8 Pgf '~
HBs were analyzed as cross-sections. HBs were isolated and the vasculature
stained using the protocol of Fantin et al. (2013). Briefly, isolated HBs were
blocked using 0.1% Triton-X (BioShop, Burlington, ON, Canada—
TRX506) and 10% normal goat serum (NGS) (Sigma, Oakville, ON,
Canada—G9023) in PBS. After washing, HBs were incubated overnight
with 40 pwg/ml Tetramethylrhodamine (TRITC)-conjugated isolectin B4

(IB4; Sigma, Oakville, ON, Canada—L5264), an endothelial cell marker.
The ventricular plexus was imaged using a Zeiss M| Imager fluorescence
microscope (Zeiss; Toronto, ON, Canada) equipped with an AxioCam
and Axiovision 4.8 software. Cross sections of the HB were imaged with a
Quorum Wave FX Spinning Disc confocal microscope (Quorum; Guelph,
ON, Canada). Three dimensional confocal images were reconstructed
with MetaMorph software (Molecular Devices; Sunnyvale, California,
USA). Analysis was performed using Image] by a single blinded reviewer.
HBs were processed in batches and measurements from each HB were
not linked to fetal size or sex.

Circle of Willis whole mount
immunofluorescent staining

Formation and connectivity of cW were evaluated in B6 and Pgf ~/~ E14.5
and P7 mice. Fetal studies used all pups from three litters for each genotype.
Neonatal studies used at least three pups from each of three litters per geno-
type. Males and females were studied at both stages. Fetuses were fixed in 4%
PFA overnight at 4°C before dissection. P7 mice were anesthetized using
pentobarbital 50 mg/kg intraperitoneally and perfused via the left ventricle
with | ml 4% PFA after which the heads were immersion-fixed in 4% PFA
overnight. Skulls were removed for visualization of the anterior cW. After
blocking in PBS with 0.1% Triton-X and 10% NGS, brains were incubated
with a 10 pwg/ml IB4 solution. After washing, the anterior cW was visualized
using a Zeiss M| Imager microscope. The posterior cerebral and communi-
cating arteries were not analyzed due to technical difficulties in dissecting pos-
terior brain. Image analysis was performed using Image]. Fetal and neonatal
body and brain dimensions as well as cW vessel diameters, connectivity
and vessel numbers were quantified by a single blinded reviewer.

Ink perfusion and circle of Willis imaging

Mice (n = 4 male and 3 female B6 and n = 3 male and 4 female Pgf ~/ ™) were
anesthetized intraperitoneally with 50 mg/kg sodium pentobarbital. Mice
were perfused with 2 ml PBS through the left ventricle followed by 2 ml
Pelikan black ink (Wallack’s Art Supplies, Kingston, ON). The brains were
isolated and images of the cW were obtained with a Zeiss Lumar.V|2
stereo microscope (Carl Zeiss, Oberkochen, Germany) with Motic Images
Plus 2.0 (Motic, Hong Kong, China). Measurements of cW dimensions,
vessel length, angles and diameters as well as number of vessels were com-
pleted using Image) by a blinded reviewer.

Left common carotid artery ligation ischemic
infarct assay

Adult B6 and Pgf ~/~ mice were anesthetized with isoflurane (Pharmaceut-
ical Partners of Canada, Richmond Hill, ON, Canada) in 20%:80% O,:N, and
maintained at 36 + 0.5°C using a rectal probe and heating pad. Cerebral
blood flow was measured with laser Doppler flowmetry (Perimed, Periflux
System 5010, North Royalton, OH, USA). The left common carotid artery
(LCCA) was occluded using a 6—0 silk suture for 30 min then the anesthe-
tized mice were decapitated (n = 14 B6 and 15 Pgf ~/~ male and female
mice). In a subset of the mice, (n =6 B6 and 9 Pgf ~’ ) cerebral blood
flow was measured before LCCA ligation and throughout the experiment.
The percent of initial blood flow remaining after LCCA ligation was calculated
and compared. Brains were rapidly excised under a drip of ice-cold
phosphate-buffered saline (PBS), cut into | mm thick coronal sections
using an adult mouse brain matrix (Zivic Instruments, #BSMASOO0| -1, Pitts-
burgh, PA, USA) and stained with 0.5% 2,3,5-triphenyltetrazolium chloride in
PBS (TTC; Sigma Aldrich, #T8877, Mississauga, ON, Canada). Images of
these tissues were captured using a Zeiss Lumar.V|2 stereo microscope
(Carl Zeiss, Oberkochen, Germany) with Motic Images Plus 2.0 (Motic,
Hong Kong, China). The presence of an ischemic tissue was determined by
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Figure | Relative gene expression in B6 fetal brains. Quantitative PCR data are shown for relative expression of mRNA for Pgf (A), Vegfr| (B), Vegf (C)
and Vegfr2 (D) by fetal brain regions. The brains were dissected into forebrain (FB) (black bars), midbrain (MB) (gray bars) and hindbrain (HB) (white bars) at
embryonicday (E) 12.5, 14.5, 16.5and |8.5. Results were considered significant when P < 0.05 (*) or P < 0.02 (**) for comparisons between the brain areas
and P < 0.05 (*) or P < 0.02 (*#) for comparisons between the gestational times. B-actin was used as the reference gene.

a blinded reviewer and the size was measured using Image]. Size of the ische-
mic area was corrected for edema using the ratio of the size of the unaffected
to the affected hemispheres.

Statistical analysis

The gene expression data obtained by qPCR was analyzed with an ANOVA
for repeated measures using the PROC GLM procedure of the Statistical
Analysis System (SAS 9.0; Toronto, Ontario, Canada). Effects of brain
region, embryonic day and interactions were included in the model. Correla-
tions between genes were assessed using the PROC CORR procedure of
SAS. Two-way analysis of variance (ANOVA) and Bonferroni-corrected
post-tests were used to test the statistical significance of differences in HB
vascularization and cW development with one mouse or one fetus as a
unit of analysis (Graphpad Prism; San Diego, California, USA). An unpaired
t-test was used to analyze the difference between genotypes in cerebral
blood flow after LCCA ligation.

Results

PgflVegf and Vegfrl/Vegfr2 expression time
courses in B6 fetal brain

Relative abundance of transcripts for Pgf, Vegf, Vegfr| and Vegfr2 was
measured in fetal FB, MB and HB homogenates at mid to late gestation
(Fig. 1). Brain regions and gestational times were compared independ-
ently. Relative Pgf expression was significantly higher in FB than MB or
HBatEI2.5 (P=10.001) and at EI4.5 (P = 0.04). At EI6.5, relative Pgf

expression was significantly greater when FB was compared with MB
(P < 0.05) but not with HB. By EI8.5, no statistically significant differ-
ences were present between relative Pgf expression in FB, MB and HB.
Relative Pgf expression in MB did not change over gestation. Relative
Vegfr| expression was statistically significantly higher in FB at E12.5
(P=0.011) and EI4.5 (P=0.011) compared with either MB or HB.
At E16.5, FB had greater relative Vegfr! expression than MB but not
HB. Relative Vegfr| expression in MB and HB did not change throughout
the gestational study interval and was not significantly different when
compared with other brain areas. Relative expression of Vegf was also
stable across gestation, except for a peak in expression in E16.5 HB.
This was the only time point at which relative Vegf expression was signifi-
cantly higherin HB than in FB or MB (P = 0.001). There were no signifi-
cant changes in relative expression of Vegfr2 at any of the analyzed
gestational times or between the FB, MB and HB. These data suggest
dynamically regulated, anatomically specific importance for PGF in
midgestational development of forebrain vessels.

Immunolocalization of PGF and VEGF
in B6 fetal brain

To confirm that the pathways that promote angiogenesis in developing
brain include signaling via PGF protein, immunofluorescent staining
was undertaken for PGF/CD31/DAPI and VEGF/CD31/DAPI on
transverse sections of fetal B6 brains. At E12.5 (Fig. 2A), PGF expression
was predominant in FB, most notably in the diencephalon. Expression
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Figure 2 Immunolocalization of placental growth factor (PGF) and vascular endothelial growth factor (VEGF) in embryonic day (E) 12.5 and E1 4.5 B6 fetal
brains. Images depict immunofluorescent staining of PGF (green), VEGF (green) and CD31 (red) and nuclear staining by 4’,6-diamidino-2-phenylindole
(DAPI) (blue) infetal brainat EI2.5 (A) and E14.5 (B). Two areas from each region (Fore-, mid- and hind-brain; FB, MB and HB) were chosen. The schematic
drawings locate the following structures at E12.5 (telencephalic vesicle, diencephalon region, maxillary component of first branchial arch, trigeminal
ganglion, vessels of marginal layer, roof of HB) and at EI4.5 (superior dural venous sinus, lateral ventricle/corpus striatum, diencephalon (hypothalamus),

trigeminal ganglion, transverse dural venous sinus, cells of fourth ventricle).

was seen in both nervous and vascular tissue. In MB, PGF and VEGF
appeared to be expressed at similar levels by fluorescence quenching
time measurements in the maxillary component of the first branchial
arch and trigeminal ganglion. In HB, VEGF was more highly expressed
than PGF in the roof but not in vessels of the marginal layer. In the
latter images, the anti-CD3 | fluorescent staining was overwhelmed by
high endothelial cell expression of PGF and VEGF.

At El4.5 (Fig. 2B), PGF and VEGF expression appeared unchanged in
the superior dural venous sinus and lateral ventricle/corpus striatum of
the FB. Equivalent expression of PGF and VEGF was also observed in the
diencephalon (hypothalamus) and trigeminal ganglion. In HB areas, VEGF
localization was predominant in the transverse dural venous sinus and
especially in cells of fourth ventricle.

AtEl6.5 (Fig. 3A), FB had greater expression of PGF than VEGF. This
difference was stronger in the wall of telencephalon than in the lateral
ventricles. In E16.5 MB, VEGF expression was high in the transverse
dural venous sinus while PGF expression was strongin the mesencephalic
vesicle. In the selected HB areas, primitive cerebellum and its vessels
showed the highest VEGF expression.

AtE|18.5 (Fig. 3B), expression of PGF and VEGF was localized to vessels
of the white matter and superior horn of lateral ventricle as well as to
vessels in the hippocampus and transverse dural venous sinus. Patterns
of PGF and VEGF expression were similar in FB and MB. In contrast, in
HB, the posterior part of the cerebellum had greater VEGF localization
while the posterior semi-circular canal exhibited comparable levels of
PGF and VEGF staining.
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Figure 3 Immunolocalization of placental growth factor (PGF) and vascular endothelial growth factor (VEGF) in embryonic day (E) 16.5 and 18.5 Bé fetal
brains. Images depict immunofluorescence staining of PGF (green), VEGF (green) and CD3 | (red) and nuclear staining by 4’,6-diamidino-2-phenylindole
DAPI (blue) in fetal brain at E16.5 (A) and E18.5 (B). Two areas from each region (Fore-, mid- and hind-brain; FB, MB and HB) were chosen. The schematic
drawings show the location of the wall of telencephalon, lateral ventricles, transverse dural venous sinus, mesencephalic vesicle, primitive cerebellum, and
vessels of primitive cerebellum at E16.5 as well as the vessels of white mater, superior horn of lateral ventricle, vessels of hippocampus, transverse dural

venous sinus, posterior part of cerebellum, and posterior semi-circular canal at EI8.5.

HB vascularization in E10.5 and 11.5 Pgf ~/~
and B6 mice

Mouse fetal HB vascularization is usually assessed at E1 0.5. However, we
observed that Pgf ~~ mice were smaller than B6 at E1 0.5 and therefore
made comparisons at E10.5 and EI |.5 (Fig. 4A and B). At both times,
Pgf ~/~ fetuses were growth-restricted compared with B6 with signifi-
cantly shorter head lengths (P = 0.006) at E10.5 and significantly less
width (P=0.001) at EI .5 (Supplementary Fig. SI). The majority of
Pgf ~/~ fetuses had no developmental delays as assessed by Theiler
staging (data not shown) (Kaufman, 1992). Two EI 1.5 Pgf ~/~ fetuses
at lower Theiler stages were excluded from analysis. Vessels in the
E10.5 Pgf ~’~ HB ventricular plexus were significantly thinner than in
Bé (P = 0.0008, Fig. 4C) and Pgf~’~ HB vessel junctions per area
were significantly greater (P < 0.001, Fig. 4D). E10.5 Pgf —/~ HB cross-
sections revealed narrower sprout diameters (P = 0.022, Fig. 4E) than
B6, further suggesting that HB vascularization is impaired at E10.5 by

PGF deficiency. By EI |.5, differences in CNS development were more
apparent and HB thickness was significantly lower (P = 0.0002, Fig. 4F)
in ng7/7 fetuses despite normalization of the HB vasculature with
respect to vessel diameter, number of junctions and sprout diameter.
Thus, the transient delay in vascular development linked with PGF defi-
ciency was sufficient to impact CNS structural development.

Circle of Willis in E14.5, P7 and adult
Pgf ~'~ and B6 mice

Theanterior cW was visualized and imagedin E14.5and P7 Pgf ~/~ and B6
brains (Fig. 5A and B). Although body weights were similar for both geno-
types, P7 Pgf ~/~ brains were smaller than B6 (P < 0.001, Supplementary
Fig. SI). Analyses of arterial diameters and the number of vessels revealed
defectsinthe ngfh cW. In normal B6 brains, the anterior cerebral arter-
ies (ACA) were differentin size with one ACA on average 80% the width of
the other. However, in ngﬁf E14.5 and P7 brains, this difference in
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arterial diameter was exaggerated, suggesting unilateral hypoplasia of one
ACA. The diameter of the thinner ACA was less in Pgf ~/~ brains than in
B6 (P < 0.0001 at P7, Fig. 5C) while the diameter of the wider ACA was
similar between Pgf /™ and B6 brains. This difference was reflected in the
decreased ratio of the two ACA diameters in Pgf ~/~ mice (P = 0.012 at
E14.5; Fig. 5D). However, when ink perfusion was used to compare the
cWin adult mice (Fig. 6A) there was no significant difference between gen-
otypes for either the thicker or thinner ACA diameter (data not shown).

The total number of vessels in the anterior cW is decreased by
absence of PGF (Fig. 5E and F). The anterior communicating artery
(AComA) was absent in a significant proportion of EI4.5 Pgf /™~
brains; 45.5% had no AComAs, 50% had one AComA and only 4.5%

had more than one AComA. In B6, 58.3% and 41.7% of fetuses had
one or more than one AComA respectively. This reduction in the pres-
ence of AComAs is reflected in a significantly decreased average number
inPgf ~/~ mice (P = 0.0005; Fig. 5E). Similarly, in adulthood, the average
number of communicating vessels was significantly less in Pgf ~*~ mice,
particularly in the female mice (P < 0.05, Fig. 6B).

The number of collateral vessels presentin the anterior cW also differed
in ngfh mice. At E14.5, 50% of B6 fetuses had an extra vessel, 25% had
more than one extra vessel and only 25% did not have an extra vessel while
in ngih fetuses, 86.4% had no extra vessels, 13.6% had one extra vessel
and none had more than one extra vessel. The average number of collat-
eral vessels was significantly less in Pgf ~/~ mice as a result (P < 0.001;
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P < 0.01,and P < 0.00| represented by *, **, and *** respectively.

Fig. 5F). However, there was no statistically significant difference in the
number of collateral vessels in the adult Pgf ~”~ circle of Willis (Fig. 6C).
Overall, while the anterior cW is still complete in ng_/_ mice, its
reduced number of vessels suggests that Pgf ~/~ mice may be vulnerable

to cerebrovascular insults due to collateral vessel deficiencies.

Left common carotid artery ligation (LCCA)

LCCA was conducted on male and female B6 and Pgf /™ mice to assess
susceptibility to ischemia. During the surgeries, it was noted that some

Pof
duplication or hypoplasia of the internal carotid artery (ICA).

animals had abnormal vascular anatomy including absence,

In B6 mice, no infarct was identified after 30 min ligation (Fig. 7A).
However, in two Pgf ~/~ females (out of 15 Pgf ~*~ mice total), infarcts
were identified with volumes of 45.91 and 46.77 mm? respectively
(Fig. 7B). The percentage of cerebral blood flow remaining after LCCA
ligation was also significantly less in Pgf ~/~ mice (P = 0.0102, Fig. 7D).
Therefore, increased Pgf ~/~ susceptibility to an ischemic episode may
be associated with structural arterial variations, particularly in the ICA.
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Discussion

PGF deficiency in mice deviates cerebrovascular development and
impacts vessels of varying sizes. HB vascularization was delayed in
Pgf ~/~ mice and this was accompanied by a narrower HB, a difference
that persisted following normalization of the vascularbed at El 1.5. Based
on relative expression analyses, it appears that VEGF is more important
for HB vascularization than PGF. VEGF compensation, driven by hypoxia,
may explain the normalization of HB vessels at EI |.5. However, reports
of increased systolic arterial pressure in Pgf ~’~ mice (Steenkiste et dl.,
201 1; Aasa et al., 2015) suggest that vascular differences persist into
adulthood.

PGF deficiency permanently affected the developing cW. Murine
internal carotid, cerebral and basilar arteries form prior to El 1.5 from
the transient aortic arches (Hiruma and Nakajima, 2002). The anterior

communicating artery (AComA) completes the cW between El |.5—
I5.5 (Yang et al., 2013). Although the anterior cW was complete in
ng_/_ mice, defects predictive of decreased blood flow were identified.
Incomplete cW development was previously reported in mice deficient
in vascular smooth muscle cell Notch signaling (Proweller et al., 2007;
Yang et al., 2013). In these animals, AComA narrowing was found
despite normal abundance of VEGFA protein (Yang et al., 2013). ACA
unilateral hypoplasia with fewer communicating and collateral arteries
was observed in Pgf ~’~ mice. These changes may have limited impact
on brain health under normal conditions but would increase sensitivity
to ischemia when blood flow is obstructed. This hypothesis is supported
by the infarcts observed in two Pgf ~’~ females after LCCA occlusion
and probably explains why radiotelemetry experiments were previously
unsuccessful in 80% of adult Pgf ~’~ males and females (Ratsep et al.,
2015a). In our experiments, LCCA occlusion was maintained for only
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30 min, a relatively mild insult. Although only two animals developed
infarcts, the number may have been higher with a longer protocol. In
fact, significantly greater decreases in cerebral blood flow were identified
in the Pgf ~’~ mice after LCCA occlusion compared with Bé mice even
without appearance of an infarct.

Although both animals experiencinginfarcts were female and AComA
differences were identified in adult female ng_/_ brains, too few ische-
mic events occurred to conclude there is a sex difference. However,
sexually dimorphic gene expression has been reported in preimplanta-
tion mouse embryos suggesting that developing offspring will respond
differently to stresses (Lowe et al., 2015). In preeclamptic pregnancies,
the inflammatory, angiogenic and apoptotic responses differ by fetal
sex (Muralimanoharan et al., 2013). Further, sexually dimorphic effects
on placental and brain function after in utero stress or alcohol exposure
have been reported (Lan et al., 2015). The brain has been identified as
sexually dimorphic both structurally (Goldstein et al., 2001; Gong
et al., 2011; Yan et al, 2011) and vascularly (Tontisirin et al., 2007;
Krause et al., 2011). Therefore, we suspect that PGF deficiency and
in utero experience of PE will impact male and female brains differently.
Although PGF is known to be important for collaterogenesis in wound
healing and ischemia (Dewerchin and Carmeliet, 2012), it is not yet pos-
sible to assign the cerebrovascular phenotype we observed directly to a
PGF deficiency, rather it reflects disturbances within angiogenic path-
ways. Notch signaling is intricately entwined with PGF and VEGF signaling
with effects upstream and downstream of Vegfr/. Delta-like ligand
4/NOTCH signaling increases expression of Vegfr| while decreasing
expression of Pgfin endothelial cells (Harrington et al., 2008). Conversely,
inhibition of the NOTCH pathway rescues branching defects in Vegfr |~/ ~
endothelial cells (Chappell et al., 2013).

In humans, the cW is formed between days 40 and 55 of pregnancy
(Van Overbeeke et al., 1991; Degani, 2009). The human cW is a highly
variable structure, particularly in its posterior components which are in-
complete in 22% of normal individuals (Ryan et al., 2013). Defects in the
cerebral vasculature following gestational PGF deficiency could explain
the higher incidence of stroke in offspring of preeclamptic pregnancies.
Although PE occurs acutely in women after week 20 of gestation, low
PGF levels in maternal plasma are present by the first trimester in
many women who progress to PE (Vatten et al., 2007; Romero et dl.,
2008). Thus, the timeframes for suboptimal placental PGF production
and cW development overlap. In our knockout model, PGF expression

is absentin all tissues, including the placenta and the brain. While the pla-
centa has not been excluded as the source of PGF that regulates cerebral
vascular development and other studies implicate placental hormones
and neurotransmitters in offspring brain development (Bonnin et al.,
201 1; Penn et al, 2014), we have now documented localized and
dynamic expression of PGF in developing brain tissue.

This study is the first to describe PGF levels in the developing mouse
brain. Previous reports address PGF expression in human brain tumors
(Donnini et al., 1999) and after ischemic injury in cerebral vessels,
neurons and astrocytes in mice and rats (Beck et al., 2002; Du et dl.,
2010). In adult human brain, PGF is expressed in neurons but not glial
cells (Xu et al., 2012a). PGF was increased in human cerebrospinal fluid
after seizures (Xu et al., 2012b) suggesting PGF has an important neuro-
protective, homeostatic role. Neuroprotection could be due to improved
neoangiogenesis, (Gadl et al., 2013) to direct effects on neural cells or to
combined effects. Since PGF affects both neuronal and vascular structures,
our study cannot determine the temporality of deficits in collateral vessels
and brain growth in Pgf ~/~ mice. Impaired brain development may result
from vascular deficiencies caused by the lack of PGF. Conversely, impaired
brain development caused directly by the lack of PGF may lead to impaired
vascularization. PGF is known to act directly on endothelial cells, but also
has roles in mural cell and macrophage recruitment (Dewerchin and Car-
meliet, 2012). Deficient mural cell recruitment may also impair arteriogen-
esis (Gaal etal., 2013). Similarly, macrophages have important roles in the
formation of anastomoses and are important for collateral vessel forma-
tion (Pipp et al., 2003; Duelsner et al., 2012). Therefore, absence of PGF
during development may lead to reduced angiogenesis and arteriogenesis
through several different pathways.

Developmental analysis of the different brain regions is important to
understand disorders that present in childhood or adult life. In this
study, we chose regions that mature into significant structures including
the cerebral cortex, thalamus, cerebellum, and venous plexus. PGF and
VEGF and their receptors were expressed by both cerebral tissue and by
vessels in the FB, MB and HB at all gestational time points although the
strength of expression varied between brain regions and developmental
stages. Based on expression strength, PGF should have the greatest influ-
ence on the FB, the primordium of brain regions associated post-natally
with executive and cognitive functions, while VEGF was more predom-
inant in the HB and would have greater influence on areas related to
the future fourth ventricle and cerebellum. Smaller head circumference
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at birth (Kajantie et al., 2009), cognitive impairments, and mood disor-
ders atadvanced ages are reported in offspring of preeclamptic pregnan-
cies compared with controls matched for current and gestational-ages
(Tuovinen et al., 2010, 2012, 2013). Recent pilot studies of 10 children
age 7—10 years, who experienced PE gestations compared with sex,
gestation-length and age-matched controls, demonstrated cerebral vas-
cularand anatomic differences that were accompanied by PGF deficiency
in maternal term plasma (Ratsep et al., 2015b). This literature and the
findings reported here regarding anomalous cerebral vascularization in
Pgf ~/~ mice and its impact on early brain tissue structure suggest that
cerebral angiograms and further anatomic magnetic resonance imaging
scans of offspring of preeclamptic pregnancies may provide a new dimen-
sion in understanding lifelong cerebral consequences for offspring from
PE gestations.

Conclusion

We characterized the expression of PGF in the developing mouse brain
from mid to late gestation, identified multiple cerebral vascular defects
induced by PGF deficiency and provided evidence thatdisturbed cerebral
vascularization can precede an alteration in CNS structure and blood
flow. While PGF is already described as a therapeutic targetin neurologic
diseases, our results indicate that normal levels of PGF during develop-
ment have critical importance. Further, fetal PGF deficiency would
increase susceptibility to stroke due to differentiation of relatively
narrow cerebral vessels and failure to develop a normal frequency of
collateral vessels.

Supplementary data

Supplementary data are available at http://molehr.oxfordjournals.org/.
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