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Paucity of Pericytes in Germinal Matrix Vasculature of
Premature Infants
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Germinal matrix (GM) is a richly vascularized collection of neuronal- glial precursor cells in the developing brain, which is selectively
vulnerable to hemorrhage in premature infants. It has rapid angiogenesis associated with high levels of vascular endothelial growth factor
(VEGF). Because pericytes provide structural stability to blood vessels, we asked whether pericytes were fewer in the GM than in the
subjacent white matter and neocortex and, if so, whether angiogenic inhibition could increase the pericyte density in the GM. We found
pericyte coverage and density less in the GM vasculature than in the cortex or white matter in human fetuses, premature infants, and
premature rabbit pups. Notably, although VEGF suppression significantly enhanced pericyte coverage in the GM, it remained less than in
other brain regions. Therefore, to further elucidate the basis of fewer pericytes in the GM vasculature, we examined expression of
ligand-receptor systems responsible for pericyte recruitment. Transforming growth factor-31 (TGF-f1) protein expression was lower,
whereas sphingosine-1-phosphatel (S1P1) and N-cadherin levels were higher in the GM than in the cortex or white matter. Low TGF-[31
may be involved in promoting endothelial proliferation, whereas elevated S1P1 with N-cadherin may assist vascular maturation. Hence,
a paucity of pericytes in the GM vasculature may contribute to its propensity to hemorrhage, and a lower expression of TGF-£31 could be
a basis of reduced pericyte density in its vasculature.
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Introduction

In the United States, ~12,240 premature infants develop germi-
nal matrix hemorrhage—intraventricular hemorrhage (GMH-
IVH) every year (Investigators of the Vermont-Oxford Trial Net-
work Database Project, 1993; Heuchan et al., 2002). A large
number of these infants develop cerebral palsy, hydrocephalus,
and mental retardation (du Plessis and Volpe, 2002; Ballabh et al.,
2004a). The germinal matrix (GM), located in the thalamostriate
groove beneath the forebrain ependyma, is a richly vascularized
collection of neural precursor cells that persists until late
gestation.

The GM has greater vascular density than either the adjacent
white matter or neocortical mantle (Ballabh et al., 2004b), sug-
gesting a greater metabolic rate and oxygen requirement com-
pared with other brain regions. More importantly, we reported
that a rapid angiogenesis in the GM, induced by high vascular
endothelial growth factor (VEGF) and angiopoietin (ANGPT)-2
levels, is associated with greater vascular fragility and propensity
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to hemorrhage, and that angiogenic inhibition reduces both the
incidence and the severity of GMH in rabbit pup model (Ballabh
et al.,, 2007). Angiogenesis involves formation of nascent blood
vessels, which are subsequently stabilized by pericytes. Pericytes
are perivascular cells with multifunctional activities (Balabanov
and Dore-Duffy, 1998). They are involved in various stages of
angiogenesis including initiation, sprout extension, migration,
and maturation of blood vessels (Hirschi and D’Amore, 1997). In
response to angiogenic stimuli, they degrade basal lamina to mi-
grate out of the blood vessels, and also regulate endothelial pro-
liferation and migration (Jain, 2003). At the end of angiogenesis,
they resume their position and strengthen vessels by synthesis of
extracellular matrix and inducing endothelial differentiation
(Armulik et al., 2005). Intriguingly, abnormal and depressed an-
giogenesis is found in both mice treated with antibodies targeted
against pericytes and pathological phenotypes of mice in which
pericyte development is blocked (Lindahl et al., 1997; Hellstrom
etal., 2001; Ozerdem, 2006). There are at least four ligand—recep-
tor systems involved in pericyte recruitment and vessel matura-
tion (Jain, 2003). These include TGF-B1 and its receptors,
platelet-derived growth factor-B (PDGF-B) and its receptor
(PDGFR-B), ANGPT and its Tie receptor, and sphingosine 1
phosphate (S1P) and its receptor S1P1 (also known as EDG-1).
Mouse embryos lacking any of these ligands or their receptors
develop primary vasculature, but endothelial cells fail to associate
with pericytes resulting in angiogenic defects with an enhanced
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propensity to hemorrhage (Lindahl et al., 1997; Yancopoulos et
al., 2000; Jain, 2003). Indeed, pericytes provide stability and
structural integrity to the microvasculature. On this basis, we
hypothesized that GM vasculature might have a lower density of
pericytes compared with other brain regions, and that angiogenic
inhibition with VEGF inhibitors might increase pericyte density.
Because ANGPT, PDGF-B, TGF-B1, and S1P, as well as their
receptors, are necessary for pericyte recruitment around the en-
dothelial tube, we also postulated that there might be differential
expression of these growth factors and their receptors in the GM
compared with the cortex or white matter leading to reduced
pericyte recruitment, which in turn could enhance the vulnera-
bility of the GM microvasculature to hemorrhage.

This study demonstrated that the pericyte coverage and den-
sity were lower in the GM vasculature compared with the other
brain regions in human fetuses, premature infants, and prema-
ture rabbit pups. In addition, angiogenic inhibition with celecoxib
(COX-2- and VEGEF inhibitor) or N-(4-bromo-2-fluorophenyl)-6-
methoxy-7-[(1-methylpiperidin-4-yl)methoxy]quinazolin-4-amine
(ZD6474) (VEGFR?2 inhibitor) increased pericyte coverage and density
in the GM vasculature of rabbit pups. Importantly, TGF-B1 protein
expression was lower, whereas S1P1 and N-cadherin levels were higher
in the human GM than the cortex or white matter.

Materials and Methods

Human subjects. The Institutional Review Board at New York Medical
College and Westchester Medical Center (Valhalla, NY) approved the use
of autopsy materials from fetuses and premature infants for this study.
The study material included brain samples from premature infants of
postconceptional age 23—40 weeks and from spontaneous abortuses of
the gestational age 16—22 weeks. Gestational age was based on the last
menstrual period of the mother. Only autopsy samples of <18 h post-
mortem interval for premature infants and <8 h for fetuses were used for
this study. All infants with major congenital anomalies, chromosomal
defects, culture-proven sepsis, meningitis, and hypoxic-ischemic en-
cephalopathy, and infants receiving extracorporeal membrane oxygen-
ator treatment were excluded from the study. In addition, brains with
autolytic changes, clearly observable gross brain pathologies, or those
seen by microscopy of hematoxylin and eosin-stained sections were ex-
cluded. Gestational age, sex, weight, Apgar score, relevant clinical prob-
lems, cause of death, and prenatal as well as postnatal medications were
recorded on datasheets. This information was obtained from the pathol-
ogist in such a manner that subjects could not be identified directly or
through identifiers linked to subjects. We included 9 human fetuses
(1622 weeks), 12 premature (23-35 weeks), and 3 mature (36—40
weeks) infants for Western blot analysis and real-time PCR for all mark-
ers. To quantify pericytes by immunolabeling, we used materials from 5
human fetuses, 10 premature and 3 full-term infants; and for electron
microscopy, we used 12 subjects of 20—28 week gestational age. The
terminated fetuses (16-22 weeks; n = 8) appeared healthy, but were
nonviable. Among early premature infants (23-27 weeks; n = 7), five
infants died of respiratory distress syndrome (premature lung) and pre-
maturity, one died of culture-negative clinical sepsis, and one died of
prematurity with persistent pulmonary hypertension. Among late pre-
mature infants (2837 weeks; n = 6), the cause of death was necrotizing
enterocolities (one infant), perforated ileum (one infant), severe pulmo-
nary atresia (one infant), respiratory failure (one infant), hypoplastic
lung (one infant), and culture negative clinical sepsis (one infant). Of
three mature infants, two were stillborn and one had cardiomyopathy.
Human tissue collection and processing. The wall of fetal cerebral hemi-
sphere consists of ventricular zone, subventricular zone, intermediate
zone, cortical plate, and marginal zone as described by Angevine et al.
(1970). In the present study, for the sake of uniformity and consistency of
presentation, white matter refers to intermediate zone embryonic white
matter, and cortex refers to neocortical mantle. Brain samples were pro-
cessed as described previously (Ballabh et al., 2007). Briefly, we obtained
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3- to 4-mm-thick coronal blocks by sectioning through frontal cortex,
frontal white matter, and GM in the region of thalamostriate groove and
at the level of foramen of Monro. The samples were fixed in 4% parafor-
maldehyde in PBS (0.01 m PBS, pH 7.4) for ~18 h, and then were cryo-
protected by immersing into 20% sucrose in 0.01 M PBS buffer for 24 h
followed by 30% sucrose for the next 24 h. Tissues were frozen after
embedding them into OCT compound (Sakura, Tokyo, Japan). Frozen
coronal blocks were cut into 12 um sections using cryostat and saved at
—80°C until use. To identify GM, sections of tissues taken from periven-
tricular area of the thalamostriate groove were stained with hematoxylin
and eosin, and were examined under a light microscope.

Immunohistochemistry. The primary antibodies used in the experi-
ments included polyclonal rabbit PDGF-B (catalog #SC7878; Santa Cruz
Biotechnology, Santa Cruz, CA), polyclonal rabbit PDGFR-S (catalog
#SC339; Santa Cruz Biotechnology), polyclonal goat TGF-B1 (catalog
#SC146; Santa Cruz Biotechnology), polyclonal rabbit activin receptor-
like kinase 1 (ALK-1) (catalog #SC19546; Santa Cruz Biotechnology),
polyclonal rabbit ALK-5 (catalog #SC9048; Santa Cruz Biotechnology),
monoclonal a-smooth muscle actin (catalog #A2547; Sigma, St. Louis,
MO), rabbit polyclonal sphingosine 1 phosphate 1 (catalog #10005228;
Cayman Chemicals, Ann Arbor, MI), goat polyclonal PECAM-1 (catalog
SC1506; Santa Cruz Biotechnology), CD34 QBEnd/10 (catalog #326-01;
Signet, Dedham, MA), mouse anti human chondroitin sulfate proteogly-
can (NG2) monoclonal antibody (Chemicon MAB; catalog #2029;
Chemicon, Temecula, CA), mouse monoclonal N-Cadherin (catalog
#33-3900; Zymed, San Francisco, CA), and polyclonal desmin (catalog
#D8281; Sigma).

Secondary antibodies (all from Jackson ImmunoResearch, West
Grove, PA) were Cy-5 conjugate goat-anti-mouse (catalog #115-175-
146), rhodamine conjugate goat anti-rabbit (catalog #111-295-144),
Cy-5 conjugate goat anti-rabbit (catalog #111-175-144), Cy3 conjugate
donkey anti-goat (catalog #705-165-147), Cy5 conjugate donkey anti-
mouse (catalog #715-175-150), Cy3 conjugate IgG1-specific goat anti-
mouse antibody (catalog #115-175-205), and Cy 5 conjugate 1gG2a-
specific goat anti-mouse (catalog #115-165-206) antibodies.
Immunohistochemistry was performed as described previously (Ballabh
etal., 2005). Briefly, tissue sections were incubated overnight at 4°C with
the primary antibody diluted in PBS. After several washes in PBS, sec-
tions were incubated in secondary antibody for 1 h at room temperature.
Finally, after washes in PBS, sections were mounted with Slow Fade Light
Antifade reagent (Invitrogen, Carlsbad, CA) and were visualized under a
Bio-Rad (MRC-1024ES; Bio-Rad, Hercules, CA) confocal microscope.
Controls were prepared by replacing primary antibodies with 0.2% Tri-
ton X-100 in PBS.

Double and triple labeling. To visualize pericytes in relation to the
endothelium in the rabbit pup brain, we double labeled brain sections
with a combination of a mouse monoclonal NG2 and goat polyclonal
PECAM-1 antibody. To demonstrate pericytes in human materials, we
performed triple labeling of the brain sections from fetuses and prema-
ture infants using mouse monoclonal NG2 (IgG2a), rabbit polyclonal
PDGFR-, and mouse monoclonal CD34 antibodies (IgG1). We could
not obtain satisfactory immunostaining with the commercially available
PDGFR-B antibody in rabbit brain samples, and thus immunohisto-
chemistry for PDGFR- in rabbit tissues was precluded from the study.
Immunolabeling with primary antibodies was done sequentially for dou-
ble and triple labeling, as described previously (Ballabh et al., 2007).

Quantifications. Images were analyzed using MetaMorph version 6.1
from Universal Imaging Corporation (West Chester, PA) 1993-2003 as
described previously (El-Khoury et al., 2006). From each brain, a set of
three to five coronal sections, taken as every 10th section, was used for the
study. From every section, approximately five images were acquired from
each area (GM, cortex, and white mater) using a 60X objective. Thus, a
total of 45-75 images (3-5 sections X 3 areas X 5 images) per subject
were acquired, and a total of 1177 blood vessel profiles were analyzed
from 18 human subjects [5 fetuses (16-22 weeks), 5 early premature
infants (2327 weeks), 5 late premature infants (2835 weeks), and 3
mature infants (36—40 weeks)]. Of 1177 blood vessel profiles, 349 were
from cortex, 358 were from white matter, and 470 were from the GM.

We determined pericyte coverage of endothelial cells and pericyte den-
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sity. NG2 and PDGFR-f3 antibodies were used to label pericytes, and
CD34-specific antibody to label endothelia. Two-dimensional images
were acquired and analyzed for the overlapping of the perimeter of blood
vessels and pericytes. For triple labeling, endothelium stained with
CD34-specific antibody was seen in red (Cy3 florescent probe), pericyte
stained with anti-NG2 seen as green (FITC), and pericyte labeled with
PDGFR- as blue (Cy5). MetaMorph, version 6.1, software (Universal
Imaging Corporation) was used for analysis. The two sources of image,
endothelium (red) and pericyte (blue or green), were displayed on the
MetaMorph screen. Both sources of images were thresholded. “Region
tool” in the software was then used to define and select the outer margin
of the blood vessel under consideration. The software then measured this
delineated area in pixels and calculated the percentage overlap (colocal-
ization) of red (endothelium) over blue/green signal (pericyte). Thus,
each blood vessel (endothelia) margin in every image was individually
selected to evaluate overlap with the pericyte. Pericyte density was quan-
tified by calculating the ratio of NG2/PDGFR- B-stained area and CD34-
stained area in human samples. We also measured diameter (caliper
width of the object perpendicular to the largest chord) of blood vessels.

From each premature rabbit pup brain [embryonic day 29 (E29)], a set
of two to three coronal sections (12 wm) taken as every 10th section was
used for the study. From every section, approximately four images were
acquired from each area (GM, cortex, and white mater) using a 60X
objective. A total of 165 blood vessels profiles (n = 5 pups) were evalu-
ated among untreated control pups. Of 165 blood vessel profiles, 52, 50,
and 63 blood vessels were from the cortex, white matter, and GM, respec-
tively. In addition to controls, we also evaluated similar number of brain
sections and blood vessel profiles from pups exposed to prenatal cele-
coxib (n = 5 pups) and ZD6474 (n = 5 pups). In rabbits, we only used
NG2 antibodies to evaluate pericytes because we could not achieve satis-
factory immunostaining with PDGFR-B. We calculated pericyte density
and coverage in the same manner as described above for human subjects.
In addition, we measured the vessel density (number of blood vessels per
square millimeter) and percent blood vessel area (percentage of the area
occupied by cross section of all blood vessels in an image) in control
rabbit pups compared with ZD6474- or celecoxib-treated pups. We used
PECAM-1-specific antibody to evaluate blood vessels in rabbits.

Western blot analyses. Protein extraction and Western blotting were
performed under reducing conditions as described previously (Ballabh et
al., 2005). Brain samples of ~200 mg weight were taken from white
matter, cerebral cortex, and GM, placed in a Microfuge tube, frozen on
dry ice, and stored at —80°C until use. Frozen brain tissue was homoge-
nized in 500 ul of sample buffer (3% SDS, 10% glycerol, 62.5 mm Tris-
HCI, and 100 mm DTT) using a mechanical homogenizer, and boiled
immediately for 5 min. The protein concentration in the sample was
determined using RC DC protein assay kit (Bio-Rad) and dilutions of
BSA used as the standard. Total protein samples were separated by SDS-
PAGE. Equal amounts of protein (30 ug) were loaded onto 4—15% gra-
dient precast gel (Bio-Rad). The separated proteins were transferred to
polyvinylidene difluoride membrane by electrotransfer. The membranes
were then incubated with primary antibodies, washed, incubated with
secondary antibody, and washed again. Target proteins were detected
with chemiluminescence ECL system (Amersham Biosciences, Piscat-
away, NJ) by using secondary antibodies conjugated with horseradish
peroxidase (Jackson ImmunoResearch). The blots were then stripped
with stripping buffer (Pierce, Rockford, IL) and incubated with 3-actin
primary antibody (to detect loading inequalities) followed by secondary
antibody and detection with chemiluminescence ECL system. Blots from
each experiment were densitometrically analyzed and values were nor-
malized by taking ratio of PDGF, PDGFR-B1, TGF-B, ALK-5, SIP1, and
N-cadherin to B-actin. Satisfactory immunoblot with commercially
available ALK-1 antibodies (Santa Cruz Biotechnology) could not be
achieved.

Quantitative real-time PCR on human samples. RNA was extracted
from human brain tissues using RNAeasy Lipid Tissue Mini kit (catalog
#74804; Qiagen, Hilden, Germany) according to the manufacturer’s pro-
tocol. Total RNA was reverse transcripted to cDNAs by using SuperScript
First-Strand Synthesis System for RT-PCR kit (catalog #11904-018; In-
vitrogen) following the manufacturer’s protocol. Real-time PCR was
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used to quantify mRNA expression using the Stratagene (Bernried, Ger-
many) MX3000 on the cDNA as described (Ballabh et al., 2007). Samples
were run in triplicate. Efficiency of the PCR was determined using a
dilution series of brain mRNA samples. Quantification was performed
using the AACt method. The housekeeping gene, GAPDH, was used for
internal normalization. Fidelity of the PCR was determined by melting
temperature analysis and visualization of product on a 2% agarose gel.

Oligonucleotides used for quantitative real-time-PCR are as follows:
human PDGF-B (accession number NM_002608) TGTTGAGGTGGT-
GTAGATGG (sense) and GGTGGAGCAGACTGAAGG (antisense);
PDGFR-B (accession number NM_002609) TTAATGCTGGAGGCT-
GAG (sense) and TGGATGGATTAAGACTGAGG (antisense). TagMan
probes for TGF-f31 (catalog #Hs99999918_m1; NM_000660.3), ALK-1 (cat-
alog #Hs00163543_m1; NM_000020.1), ALK-5 (catalog #Hs00610318_m1;
NM_004612.2), SIP1 (catalog #Hs00173499_ml; NM_001400.3),
N-cadherin (catalog #HS00169953_m1; NM_001792.2), and GAPDH
(catalog #H599999905_m1; NM_002046.3) were bought from Applied Bio-
systems (Foster City, CA) to run real-time PCR.

Electron microscopy. For electron microscopy, 1-2 mm cubes of tissues
from human periventricular GM, cerebral cortex, and white matter were
immersion fixed into 2.5% gluteraldehyde overnight. The tissues were
washed in 0.1 M sodium cacodylate buffer, pH 7.4, postfixed in buffered
osmium tetroxide for 1-2 h, stained en bloc with 1% uranyl acetate,
dehydrated in graded ethanol solutions, and then embedded in epoxy
resin. The thick sections stained with cresyl violet were seen under light
microscope to identify the brain region. Sections of 60—90 nm thick-
nesses were mounted onto grids and were examined under Leo 906 elec-
tron microscope. We processed a total of 12 postmortem human brain
samples from fetuses and premature infants of 20—-28 week gestational
age. In addition, we included 12 rabbit (E29) pup brains (from four
different litters) in the study. To obtain rabbit brain samples from three
brain regions (cortex, white matter, and GM), we cut 2-mm-thick slices
of freshly harvested rabbit pup brain (E29) using Brain Matrix (Precision
Instruments, Sarasota, FL). We then dissected the second and third brain
slice after floating them in PBS in a silicone (Slygard; Precision
Instruments)-coated Petri dish under SteReo discovery microscope (Carl
Zeiss, Oberkochen, Germany). The dissected cortex, white matter, and
GM were processed similarly to human tissues. Electron micrographs
were evaluated by two pathologists separately who were blinded to the
origin of the images (cortex, white matter, or GM).

Animal experiments

Design. Animal protocol was approved by Institutional Ani-
mal Care and Use Committee of New York Medical College (Val-
halla, NY). We obtained nine timed pregnant New Zealand rab-
bits from Charles River Laboratories (Wilmington, MA). The
rabbits were sequentially assigned to receive celecoxib, ZD6474,
or no treatment. C-section was performed at day 29 of gestational
age. Pups were dried immediately and their mouths were suc-
tioned. They were kept warm in an infant incubator at 35°C and
80% humidity. After stabilization of their conditions, we weighed
the pups. Pups were killed within 2 h of C-section after sedating
with isoflurane. Brain was dissected and cut into 2 mm coronal
slices on brain matrix. Brain slices were fixed in 4% paraformal-
dehyde and were processed similar to human tissues.

Celecoxib treatment. Pregnant rabbits received celecoxib (ce-
lebrex; Pfizer, Groton, CT) in a dose of 20 mg* kg_1 - dose !
twice daily on 26, 27, and 28 d of gestational age. Celecoxib was
administered orally by mixing content of the capsule in water. We
used a feeding catheter to deliver celecoxib into the oral cavity of
the dam.

ZD6474 treatment. Pregnant rabbits were treated with oral
ZD6474 (AstraZeneca, Wilmington, DE) once daily (20 mg/kg)
on 26, 27, and 28 d gestational age. We administered it to preg-
nant rabbits just as oral celecoxib.

Untreated controls as well as pups treated with prenatal cele-
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coxib or ZD6474 were euthanized at 2 h of age, and their brains
were processed for immunohistochemistry.

Statistics and analysis

We analyzed pericyte density and pericyte coverage as well as the expres-
sion of growth factors and their receptors, PDGF-B, PDGFR-f3, TGF-f3,
ALK-1, ALK-5, S1P1, and N-cadherin, as a function of gestational age. To
assess the effect of gestational age on these molecules, human subjects
were stratified in four gestational age categories: 16—22 weeks (fetuses),
23-27 weeks (younger prematures), 28—35 weeks (older prematures),
and 36 —40 weeks (matures). The mean values of protein and mRNA level
were presented as bar diagram to assess whether the data followed an
apparent trend with the advancing gestational age. We compared mean
values of protein and mRNA in the cortex, white matter, and GM. To
assess the effect of celecoxib and ZD6474 on pericyte density, pericyte
coverage, vascular density, and percent vessel area, we compared these
metrics between pups treated with these agents and untreated controls.
We used Mann—Whitney U test to perform pairwise comparison and
ANOVA to compare more than two groups. A value of p < 0.05 was
considered significant.

Results

Lesser pericyte coverage and density in the human GM

on immunohistochemistry

To determine pericyte coverage and density in the human GM
vasculature relative to the cortex and white matter, we performed
immunohistochemical staining of pericytes and endothelia. We
used CD34 as an endothelial marker, and NG2 (chondroitin sul-
fate proteoglycan) and PDGFR- as pericyte markers like several
previous investigators (Abramsson et al., 2003; Armulik et al.,
2005; Dellavalle et al., 2007). These pericyte markers labeled al-
most all the blood vessels of the forebrain, whereas other pericyte

Lesser NG2- and PDGFR-B-positive pericyte coverage in human GM vasculature. Representative immunofluorescence of
cryosections from the GM and white matter (WM) of a 17 and 21 week fetus as well as a 25 week premature infant. Sections were triple
labeled with CD34 (endothelial marker; red)-, NG2 (pericyte marker; green)-, and PDGFR- 3 (pericyte marker; white)-specific antibodies. In
both GM and white matter, NG2- and PDGFR- 3-positive pericytes were intimately associated with the endothelial surface. The coverage of
the endothelia by NG2- and PDGFR- 3-positive pericytes was interrupted (arrowhead) and incomplete in the GM. In contrast, in the white
matter, the vascular coverage by pericytes was relatively complete. The insets show typical GM blood vessel and white matter vessel under
higher magnification. The asterisk indicates vessel shown under high magpnification. GM vessel (merge image) has less pericyte coverage
than white matter vessel (pericyte image). PDGFR-(3 immunoreactivity was also observed on radial glia (arrow) in the GM. Scale bar, 20 pum.
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markers, a-smooth muscle cell ac-
tin, and desmin labeled fewer blood
vessels (data not shown). NG2- and
PDGEFR-B-positive pericytes were
intimately associated with the ablu-
minal endothelium surface in all
three brain regions (cortex, white
matter, and GM). We quantified
pericyte coverage and density by an
analysis of images acquired from
triple-immunolabeled brain sec-
tions using CD34-, NG2-, and
PDGEFR-B-specific antibodies (Fig.
1). Pericyte density was quantified
by calculating the ratio of pericyte-
stained (NG2 or PDGFR-f3) area
and endothelium-stained (CD34)
area, and pericyte coverage was as-
sessed by measuring the overlap of
the endothelial perimeter by peri-
cytes. We found that both NG2- and
PDGEFR-B-positive pericyte vascu-
lar coverage were significantly less
in the GM than in the cortex or
white matter for all gestational age
categories (p < 0.001 all) (Fig.
2A,B). Notably, in the GM, the fifth
percentile cutoff value for PDGFR-
B-positive pericyte coverage of the
blood vessels was 14.3 and 18.3%,
and this value for NG2-positive
pericyte coverage was 31.09 and
38.4% for 17-23 and 24-27 weeks
of gestational age, respectively (data
not shown). In contrast, the corresponding fifth percentile values
for the cortex or white matter were >60% for both the gestational
categories. Both NG2- and PDGFR--positive pericyte coverage
increased in the GM as a function of gestational age (p < 0.01
each), but not in the cortex or white matter. Consistent with the
pericyte coverage, both NG2- or PDGFR-B-positive pericyte
density were significantly lower in the GM than the cortex or
white matter for all gestational age categories (NG2+ coverage:
p <0.001 all comparisons, except p = 0.016 for cortex vs GM for
23-27 weeks; PDGFR- B+ coverage: p < 0.05 for all comparisons
for 17-22 and 23-27 weeks, but p < 0.01 for 28 -35 weeks) (Fig.
2C,D). In addition, PDGFR- 3-positive pericyte density increased
as a function of gestational age in the cortex, white matter, and
GM (p < 0.0.01, 0.001, and 0.03, respectively; ANOVA). How-
ever, NG2-positive pericyte density increased with gestational age
only in the GM (p < 0.03, ANOVA), but not in the cortex or
white matter. We did not find any detachment or looseness of
pericytes around the blood vessel. Diameters of the blood vessels
in the three brain regions were comparable. Together, both peri-
cyte coverage and density were less in the GM than the cortex or
white matter, which suggested that GM vasculature may be in the
process of remodeling and maturation.

White matter

Fewer pericytes in human and rabbit GM than cortex or white
matter on ultrastructural analysis

To further confirm the pericyte density in the GM compared with
the cortex and white matter, we performed electron microscopy
on 12 postmortem brain samples from fetuses and premature
infants (20—28 week gestation) as well as on 12 premature rabbit
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pups (E29). Ultrastructural analysis
of human samples showed that peri-
cytes were abundant in the cerebral
vasculature. Adluminal endothelial
cells were connected by mature tight
junctions and were separated from
pericytes by basal lamina (Fig. 3A).
The vascular endothelia were well
invested by pericytes, and there was
no evidence of pericyte detachment
or loosening. The pericytes did not
exhibit any difference in morphol-
ogy in the GM vasculature com-
pared with the cortex or white mat-
ter. To quantify the presence of
pericytes in the vasculature, we
modified the previously used classi-
fication (Lindahl et al., 1997) as fol-
lows: a, naked endothelial tube; b,
pericyte  cytoplasmic  process
present (identification of thin and
scanty pericyte processes might be
missed leading to an underestima-
tion of pericyte density); ¢, mi-
crovessels with pericyte sectioned
through nucleus; and d, not possible
to classify in any of the above cate-
gories. We analyzed the three brain
regions (cortex, white matter, and
GM) for presence or absence of
pericytes (category “a” vs category
“b” plus “c,” respectively). Because
the three brain region comparison
was significant (p < 0.001, x? test),
we made additional pairwise com-
parison between the GM and the
cortex or white matter. Notably, we
found significantly lesser numbers
of pericytes in the GM compared
with those of the cortex or white
matter ( p < 0.001 each, level of sig-
nificance with Bonferroni’s correc-
tion is 0.017) (Table 1, Fig. 3A,B).
Consistent with the human data, the
ultrastructural analysis of greater
resolution rabbit pup brain (E29)
images revealed a significantly lower
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Figure 2.  Pericyte coverage and density in the human GM, cortex, and white matter vasculature. A, NG2-positive pericyte coverage

(overlap of pericyte on endothelium) along the outer margin of endothelium (CD34) was measured in mages acquired from cryosections of
the GM, cortex, and white matter (WM). Data are shown as box-and-whisker plot that depicts median, 10th, 25th, 75th, and 90th percentile
as vertical boxes with error bars (n = 349,358, and 470 blood vessels analyzed from the cortex, white matter, and GM, respectively, from
a total of 18 subjects). The dots are outliers. NG2-positive pericyte vascular coverage was significantly less in the GM compared with the
cortex or white matter for all gestational age categories. In addition, pericyte coverage increased in the GM as a function of gestational age,
but not in the cortex or white matter ( p << 0.01). ***p << 0.001 for cortex versus GM; W“’p < 0.001 for white matter versus GM. B,
PDGFR-B-positive pericyte was measured in the images acquired from the immunostained sections of the GM, cortex, and white matter.
Data are shown as box-and-whisker plot that depicts median, 10th, 25th, 75th, and 90th percentile as vertical boxes with error bars (n =
349, 358, and 470 blood vessels analyzed from the cortex, white matter, and GM, respectively, from a total of 18 subjects). The dots are
outliers. PDGFR-3-positive pericyte vascular coverage was significantly lower in the GM than the cortex or white matter for all gestational
age categories. In addition, pericyte coverage increased in the GM as a function of gestational age, but not in the cortex or white matter
(p<<0.01).%**p < 0.0071 for cortex versus GM; ***p << 0.001 for white matter versus GM. €, NG2-positive pericyte density was measured
by calculating the ratio of NG2-stained area and (D34-stained area. Data are shown as box-and-whisker plot that depicts median, 10th,
25th, 75th, and 90th percentile as vertical boxes with error bars (n = 349, 358, and 470 blood vessels assessed from the cortex, white
matter, and GM, respectively, from a total of 18 subjects). The dots are outliers. NG2-positive pericyte density was lower in the GM than the
cortex or white matter for all gestational age categories. NG2-positive pericyte density increased with gestational age only in the GM, but
not in the cortex or white matter. **p << 0.01; ***p << 0.001 for cortex versus GM; ***p < 0.001 for white matter versus GM. D,
PDGFR-B-positive pericyte density was measured by calculating the ratio of PDGFR- 3-stained area and (D34-stained area. Data are shown
as box-and-whisker plot that depicts median, 10th, 25th, 75th, and 90th percentile as vertical boxes with error bars (n = 349, 358, and 470
blood vessels evaluated from the cortex, white matter, and GM, respectively, from a total of 18 subjects). PDGFR- 3-positive pericyte density
was lower in the GM than the cortex or white matter for all gestational age categories. PDGFR-3-positive pericyte density increased with
gestational age only in all three brain regions. *p << 0.05, **p << 0.01, and ***p < 0.001 for cortex versus GM; *p < 0.05, and *p <
0.001 for white matter versus GM.

coverage, we asked whether suppression of angiogenesis by the

number of pericytes in the GM than the cortex or white matter
(p < 0.001; level of significance with Bonferroni’s correction is
0.017) (Table 1, Fig. 3C,D). Because morphology of pericyte nu-
clei reliably reveals the identification of pericytes, we also com-
pared the GM with the cortex or white matter for presence or
absence of pericyte nuclei and found significantly fewer pericyte
nuclei in the GM than the cortex or white matter both in rabbits
and humans ( p < 0.05 all). There was no difference in the mor-
phology of the pericytes among the three brain regions. Together,
pericytes were fewer in both human and rabbit GM than the other
brain regions.

Effect of angiogenic inhibition on rabbit pericyte density and
coverage in the GM

Because high VEGF levels and rapid angiogenesis in the GM (Bal-
labh et al., 2007) corresponded to its lower pericyte density and

prenatal use of ZD6474 (VEGFR2 inhibitor) and celecoxib
(COX-2 and VEGF inhibitor) in pregnant rabbits increased the
pericyte coverage and density in the GM vasculature of prema-
ture pups. To this end, we used timed pregnant rabbits (n = 9),
which were sequentially assigned to receive either oral celecoxib
(20 mg - kg ™" - dose ~") twice daily, ZD6474 (20 mg/kg) once
daily, or no treatment on days 26, 27, and 28 of gestation (term,
32 d). We performed C-section and delivered the pups prema-
turely on day 29 and killed the pups at 2 h age after stabilizing
them. Cryosections from pup forebrain were double stained with
NG2 and PECAM-1 antibodies, and acquired images were ana-
lyzed for pericyte vascular coverage and density (Fig. 4A). Peri-
cyte vascular coverage and density in normal control rabbit pups,
as in humans, were significantly lower in the GM than the cortex
or white matter (coverage, p < 0.01 and 0.05, respectively; den-
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Figure3. Fewer pericytes in GM than in the cortex or white matter (WM) on ultrastructural
analysis. A, Electron micrograph of cerebral microvessel in the white matter of a 20 week fetus.
Expanded vascular lumen contains red blood cells (asterisks). Endothelial cells (open block
arrow) line the lumen and are closed by normal interendothelial tight junctions (solid block
arrows). Pericyte with a nucleus (arrowhead) is separated from the endothelium by basal lam-
ina (arrow). Scale bar, 4 um. B, Pericytes are fewer in the human GM than the cortex or white
matter. Data are presented as percent blood vessels with or without pericytes in the three brain
regions, cortex, white matter, and GM (n = 12 postmortem brain samples). Pericytes are
significantly lower in number in the GM than the cortex or white matter. x 2 test was used for
three brain region comparison, and Fisher’s exact text was used for two group comparison. The
level of significance after Bonferroni's correction was 0.017. ***p < 0.001 for cortex versus GM;
##p < 0.001 for white matter versus GM. , Electron micrograph of microvessel in the cerebral
white matter of a premature rabbit pup of 29 d gestational age. Lumen of the microvessel is
empty. Endothelial cells (open block arrow) lining the lumen form tight junction (solid block
arrows). Pericyte with a nucleus (arrowhead) is separated from the endothelium by basal lam-
ina (arrow). Scale bar, 4 um. D, Pericytes are fewer in the rabbit GM compared with the cortex
or white matter. Data are presented as percent blood vessels with or without pericytes in the
three brain regions, cortex, white matter, and GM (n = 12 rabbit pups from 4 different litters).
X test was used for the comparison between three brain regions, and Fisher’s exact text was
used for two group comparison. The level of significance after Bonferroni’s correction was 0.017.
*#*p < 0,001 for cortex versus GM; *p << 0.001 for white matter versus GM.

sity, p < 0.01 and 0.04, respectively) (Fig. 4 B,C). Importantly,
celecoxib or ZD6474 treatment significantly enhanced the peri-
cyte coverage in the GM ( p < 0.001 and 0.01, respectively) (Fig.
4 B). The pericyte density was also increased with angiogenic in-
hibition, but was not statistically significant (Fig. 4C). Intrigu-
ingly, the pericyte coverage, although augmented with angio-
genic inhibition by celecoxib or ZD6474, remained significantly
lower in the GM than the cortex or white matter ( p < 0.01 each).
Likewise, the pericyte density in the GM was significantly lower in
ZD6474-treated pups ( p < 0.01 each) and substantially lower in
celecoxib-treated pups than the cortex or white matter. We next
evaluated the effect of angiogenic inhibition on the vascular den-
sity (number of vessels per square millimeter) and percent blood
vessel area (percentage of area occupied by the blood vessels) in
the three brain regions. We noted that ZD6474 treatment signif-
icantly reduced both the vascular density and the percent blood
vessel area in all the three brain regions ( p < 0.001 each) (Fig. 5).
However, celecoxib decreased percent blood vessel area only in
the GM ( p <0.001), not in the cortex and white matter. Vascular
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density was suppressed by celecoxib in the GM and white matter
(p <0.05 each), but not in the cortex. This decline in vascularity
on antiangiogenic treatment has been observed by other investi-
gators (Shaheen et al., 2001; Gee et al., 2003) as well. In conclu-
sion, rabbit GM vasculature had lesser pericyte coverage and den-
sity than the other brain regions, similar to humans, and
angiogenic inhibition, although significantly increasing the
perivascular coverage, did not completely normalize it to those of
in the cortex or white matter. Moreover, angiogenic inhibition
attenuated the vascular density, particularly of the GM.

Growth factors recruiting pericytes in human fetuses and
premature infants

During development, the critical process of pericyte recruitment
is regulated by molecular pathways, including PDGF-B/PDGF
receptor-B, ANGPT-1/Tie-2, TGF-B/ALK-1 and ALK-5, S1P/
S1P receptor-1, and N-cadherin/pericyte interaction (von Tell et
al., 2006). Therefore, to further elucidate the mechanism under-
lying lesser pericyte recruitment in the GM vasculature, we com-
pared the levels of these growth factors and their receptors among
the GM, cortex, and white matter. We described previously that
Ang-1 and Tie-2 levels are comparable among these three brain
regions (Ballabh et al., 2007).

PDGF-B and PDGFR-f3 comparable in brain regions

Western blot analysis on human brain samples revealed that the
expression of PDGF-B protein levels was similar in the three
brain regions (cortex, white matter, and GM) and that it dis-
played an insignificant downward trend with the increasing ges-
tational age (Fig. 6A). Accordingly, gene expression of PDGF-B,
measured by real-time PCR, showed no significant difference in
the expression of PDGF-B among the three brain regions (Fig.
6C). Notably, PDGF-B mRNA levels decreased significantly as a
function of gestational age in all the three regions ( p < 0.05 each)
(Fig. 6C). We next evaluated protein and gene expression of
PDGFR- B receptor in human samples. We found that PDGFR-3
protein expression trended to be higher in the GM than the cortex
or white matter (Fig. 6 B). However, this comparison was not
statistically significant. Of note, PDGFR-3 protein level was
lower in older premature infants (2835 weeks) compared with
younger premature infants (23-27 weeks) in all the three regions
(p < 0.05 each). Likewise, PDGFR-f3 gene expression appeared
to be greater in the GM than the other brain regions, but the
comparison was not significant ( p = 0.1). Moreover, it did not
alter significantly with the advancing gestational age (Fig. 6 D).
Evaluation of double immunostaining of cryosections with
PDGEFR-B- and CD34-specific antibody showed that the immu-
noreactivities to PDGFR-B were associated with the blood vessels
as well as with the radial glia in the GM, which is consistent with
the previous reports (Maxwell et al., 1998). However, PDGFR-f3
was expressed predominantly in the blood vessels of the cortex and
white matter and weakly in the glial fibers of the white matter of only
younger gestational age subjects (<20 weeks). The glial expression of
PDGFR-f3 was confirmed by double labeling of the brain sections
with GFAP- and PDGFR-3-specific antibodies (data not shown).
Although PDGFR-B-positive pericytes were fewer in the GM than
other brain regions, PDGFR-f protein levels tended to be higher in
the GM than the other brain regions. This could be ascribed to its
expression in the radial glia of the GM in addition to the blood
vessels. Hence, expression of PDGF-B and PDGFR- were compa-
rable in the three brain regions; and PDGFR- 3 was expressed both in
the radial glia and blood vessels of the GM as well as in the vascula-
ture of the cortex and white matter.
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Table 1. Pericytes in the vasculature of GM, cortex, and white matter

(ategory
Subjects Brain regions n a b C d
Human Cortex 120 49 (40.8) 30 (25) 24(20) 17 (14.2)
White matter 19 44 (36.9) 34(28.5) 21(17.6) 20(16.8)
GM 200 114 (57) 25(12.5) 21(10.5) 40 (20)
Rabbit Cortex 122 27 (22.1) 49 (10.1) 40 (32.7) 6(4.9)
White matter 105 21(20) 49 (46.7) 29 (27.6) 6(5.7)
GM 281 135 (48) 73(25.9) 66 (23.5) 7(2.5)

nrefers to the number of blood vessels evaluated in a brain region. The number in parentheses indicates percentage. Categories indicate the following: a, naked endothelial tube; b, pericyte cytoplasmic process present (identification of thin
and scanty pericyte processes might be missed, leading to an underestimation of pericyte density); ¢, microvessels with pericyte sectioned through nucleus; and d, not possible to classify in any of the above categories. Comparison of the
presence of pericytes (category “a” vs category "b” plus "¢") among the blood vessels of cortex, white matter, and GM was significant (p < 0.001, x* test) in both rabbits and humans. Pericyte density is lower in the GM than the cortex and
white matter both in rabbits and humans (p << 0.001 all, Fisher’s exact test; level of significance with Bonferroni’s correction is 0.017). In addition, a comparison of presence (category "c”) or absence of pericytic nucleus (category "a” plus
"b") between GM and cortex or white matter was also statistically significant (all p << 0.05).

TGF-pB1, ALK-1, and ALK-5

Because TGF-B1 induces differenti-
ation of precursor cells into peri-
cytes and inhibits endothelial prolif-
eration (von Tell et al., 2006), we
next evaluated the expression of
TGF-B1 and its receptor ALK-1 and
ALK-5 in the cortex, white matter,
and GM. To this end, we immuno-
labeled coronal brain sections with
TGF-B1- and CD34-specific anti-
bodies. We found that TGF-B1 im-
munoreactivity was abundant in
both blood vessels and the sur-
rounding neural structures of the
cortex and white matter; but dimin-
ished in the neural structure with
advancing gestational age (>20
weeks) (Fig. 7A). In the GM,
TGF-B1 expression was either weak
or absent in the vasculature and
scarce in the neural structures. Dou-
ble immunolabeling with GFAP-
and TGF-B1-specific antibodies re-
vealed that TGF-Bl1 was coex-
pressed only in some of the GFAP+
radial glia of the GM and a few glial
fibers of the white matter at younger
gestational ages (16—20 weeks). Ex-
pression of TGF-1 in neural struc-
tures, in addition to the blood ves-
sels, is consistent with the reports of
other investigators (Montuenga et
al.,, 1998). Western blot analysis
showed that TGF-B1 protein levels
were significantly lower in the GM
than the cortex or white matter for
all subjects together (Fig. 7B) (p <
0.023 and 0.01, respectively). In ad-
dition, it did not change signifi-
cantly with increasing gestational
age. Of note, in contrast to the lower
TGF-B1 protein level in the GM, its
gene expression was significantly
higher in the GM than the cortex
(p < 0.005) (Fig. 7C), but not the

white matter (p = 0.1), in a combined analysis of all subjects
(16—40 weeks; n = 24). This comparison was also significant for
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Figure4.  Angiogenicinhibition increases pericyte coverage in rabbit pups. 4, Coronal cyrosections from the rabbit cortex and GM were

stained with NG2- and PECAM-1-specific antibodies. In both GM and cortex, NG2-positive pericytes were closely associated with the
endothelia. Coverage of the endothelia by NG2-positive pericytes was incomplete (arrowhead) and less in the GM than observed in cortex.
Theinsets show a GM blood vessel under high magnification that has less pericyte coverage. The asterisk indicates vessel shown under high
magnification. Note vascular coverage by NG2-positive pericytesin the GM was greater in pups treated with angiogenicinhibitors, celecoxib
or ZD6474, than controls. Scale bar, 20 .Lm. B, NG2-positive pericyte coverage was compared among celecoxib- and ZD6474-treated pups
as well as untreated controls in the three brain regions. Data are mean == SEM (n = 52, 50, and 63 blood vessels from the cortex, white
matter, and GM, respectively, for untreated controls, and pups treated with celecoxib or ZD6474; 5 pups in each group). Pericyte vascular
coverage in untreated controls was less in the GM than the cortex or white matter (p << 0.01 and 0.05) as well as in celecoxib- and
1D6474-treated pups ( p << 0.01 each). Celecoxib or ZD6474 treatment significantly enhanced the perivascular coverage by pericytesin the
GM. **¥p < 0.001 control versus celecoxib treatment for GM; **p << 0.01 control versus ZD6474 treatment for GM. €, NG2-positive pericyte
density was compared among celecoxib- and ZD6474-treated pups as well as untreated controls in the three brain regions. Data are
mean = SEM (n = 52,50, and 63 blood vessels from the cortex, white matter, and GM, respectively, in untreated controls, and pups treated
with celecoxib and ZD6474; 5 pups in each group). Pericyte vascular density was significantly less in the GM than the cortex or white matter
in untreated controls. The pericyte density did not significantly increase with the celecoxib or ZD6474 treatment.

fetuses (17-22 weeks) and older premature infants (28-35
weeks) (within group analysis). These data suggest that TGF-£1
protein may be subject to increased turnover in the GM.
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Figure5. ZD6474 suppressed vascularity in all brain areas, but celecoxib primarily in the GM.

Images from rabbit brain cyosections immunostained with PECAM-1-specific antibody were
evaluated for vessel density (per square millimeter) and percent blood vessel area. Data are
mean = SEM (n = 45 blood vessels from each area, cortex, white matter, and GM, in untreated
controls; similar number of blood vessels from pups treated with celecoxib and 2D6474; 5 pups
in each group). ZD6474 significantly reduced hoth the blood vessel density (4) and percent
blood vessel areas (B) in the three brain regions (GM, cortex, and white matter). Celecoxib
significantly reduced blood vessel density only in the GM, but not in the other two brain regions.
[t diminished percent blood vessel area in the GM and white matter, but notin the cortex. *p <
0.05,and ***p << 0.001 for regional comparison between control and celcoxib treatment; and

##p < 0.001 for regional comparison between control and ZD6474 treatment.

Two TGE-B type 1 receptors, ALK-5 and ALK-1, are indis-
pensable for angiogenesis as demonstrated by defect in vessel
formation in mouse embryo deficient in either of them. Double
immunolabeling of cryosections with ALK-1-specific antibody
showed that it was expressed in all the blood vessels of GM, cor-
tex, and white matter, and endothelial ALK-1 immunoreactivi-
ties colocalized with CD34 (Fig. 8A). The gene expression of
ALK-1, measured by real-time PCR, was similar among the three
brain regions and did not change significantly with the increasing
gestational age (Fig. 8 B).

Double immunolabeling of coronal brain sections revealed
that ALK-5 was expressed in the larger blood vessels of cortex,
white matter, and the GM (Fig. 9A). Expression in smaller blood
vessels were either weak or absent. In addition, immunoreactiv-
ities to ALK-5 attenuated with increasing gestational age. Accord-
ingly, Western blot analysis showed an insignificant downward
trend in ALK-5 protein levels with advancing gestational age (Fig.
9B). Moreover, ALK-5 expression was comparable in the GM,
cortex, and white matter. Of note, ALK-5 gene expression de-
creased significantly with increase in gestational age in the cortex,
white matter, and GM ( p = 0.005, 0.009, and 0.03, respectively)
(Fig. 9C). Intriguingly, ALK-5 gene expression was significantly
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greater in the GM than in the white matter ( p < 0.03), but not in
the cortex. In conclusion, a significant decline in the gene expres-
sion of ALK-5 with increasing gestational age and higher level of
expression in the GM relative to other brain areas suggest that
ALK-5 might play key roles in pericyte recruitment around the
immature blood vessels of the GM and that it has lower expres-
sion in the brain compartments with quiescent and mature
vasculature.

S1P1 and N-cadherin enriched in the GM

S1P1 has critical role in angiogenesis and mice deficient in S1P1
receptor exhibit failure of pericyte recruitment around the endo-
thelial tubes leading to hemorrhages throughout their bodies and
death at E12.5 (Liu et al., 2000; Spiegel and Milstien, 2003; Tillet
et al., 2005). Notably, SIP1 regulates N-cadherin-mediated en-
dothelial pericyte interaction and alack of N-cadherin is attended
by impaired pericyte covering around the endothelial out-
growths. Therefore, we evaluated SIP1 and N-cadherin in the
GM, cortex, and white matter of fetuses and premature infants.
We found that S1P1 protein levels are significantly elevated in the
GM than the cortex or white matter in both fetuses and prema-
ture infants (Fig. 10A) (p = 0.014 and 0.01, respectively). In
addition, its level increased as a function of gestational age in the
three brain regions ( p < 0.05 each). Similarly, gene expression of
S1P1 was greater in the GM than the cortex and white matter (Fig.
10C) (p = 0.02 and 0.01, respectively, for fetuses plus premature
infants). In addition, SIP1 mRNA expression showed an insig-
nificant trend to increase with gestational age. We next evaluated
N-cadherin in the three brain regions and found that N-cadherin
protein levels showed an insignificant trend of greater expression
in the GM than the cortex and white matter. N-cadherin protein
levels showed a downward pattern with the advancing gestational
age. N-cadherin gene expression was greater in the GM than the
cortex and white matter ( p < 0.012 and 0.001, respectively) (Fig.
10 B) for an analysis of all subjects combined (16—40 week weeks,
n = 24). In addition, it decreased significantly in all areas as a
function of gestational age ( p < 0.05 each) (Fig. 10 D). Together,
both N-cadherin and S1P1 were substantially greater in the GM
than the cortex or white matter; and S1P1 exhibited an upward
trend and, conversely, N-cadherin a downward trend with in-
creasing gestational age.

Discussion
AsDboth the birth rate (Shennan and Bewley, 2006) and survival of
the premature infants have increased (Tommiska et al., 2001),
GMH-IVH and resultant neurologic sequelae including cerebral
palsy, posthemorrhagic hydrocephalus, and mental retardation
have developed into major public health concerns. In this study,
we evaluated morphologic aspects and molecular mechanisms
involved in the pathogenesis of GMH based on the premise that
there is rapid angiogenesis prevailing in the GM and that the
nascent blood vessels have fewer pericytes to provide structural
integrity. In the present study, predictably, we observed that peri-
cytes were diminished in the GM vasculature of human fetuses,
premature infants as well as in premature rabbit pups, and that
angiogenic inhibition increased the pericyte coverage of rabbit
GM microvasculature. We also found distinct differences in the
expression patterns of some factors responsible for recruiting
pericytes in the GM compared with the cortex or white matter.
Specifically, TGE-B1 protein expression was lower, whereas S1P1
and N-cadherin levels were higher in the human GM than the
cortex or white matter.

The most important and novel observation made in this study
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was that both pericyte coverage and
density were reduced in the GM A
compared with the cortex or white
matter. Several lines of evidence
suggest that pericytes stabilize blood
vessels and provide structural integ-
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with amyloidosis (Verbeek et al,
1997). Fourth, pericytes play roles Figure 6.  PDGF-Band PDGFR-f3 in the GM, cortex, and white matter. 4, Representative Western blot analysis of PDGF-B in GM, cortex,

in tight junction formation, blood—
brain barrier differentiation, and
formation of basal lamina (Bala-
banov and Dore-Duffy, 1998).
Thus, pericytes exhibit unique func-
tional characteristics that seem to be
decisive for the structural support of
blood vessels, and a threshold den-
sity of pericytes might be critical for
cerebral vessel integrity and func-
tion. The present study showed low
pericyte coverage in the GM vasculature compared with the
other brain regions; and 5% of blood vessel had <20%
PDGFR-B-positive and <40% NG2-positive pericyte cover-
age in the GM compared with >60% in the cortex and white
matter of all premature infants of <28 week gestational age
(Fig. 2). Thus, it is plausible that a relative lack of pericytes
contributes to the fragility of GM vasculature and its propen-
sity to hemorrhage. Because the pathogenesis of GMH is usu-
ally attributed to vascular wall weakness of the GM vasculature
and fluctuation of cerebral blood flow in unstable preterm
newborns, as a result of hypoxia, hypercarbia, pneumothorax,
patent ductus arteriosus, chorioamnionitis, seizures, and re-
spiratory distress syndrome (Kenny et al., 1978; Volpe, 1989;
Antoniuk and da Silva, 2000), we speculate that GM blood
vessels with relatively sparse pericytes rupture when chal-
lenged by a fluctuation in the cerebral blood flow.

Another key observation was that angiogenic inhibition by
celecoxib and ZD6474 increased pericyte coverage around the
blood vessels and reduced the vessel density. Because angio-
genic inhibitors suppress VEGF levels or its receptors leading
to apoptosis of endothelial cells not protected by pericytes, the
increase in the pericyte coverage on celecoxib and ZD6474
treatment appears to be secondary to a selective loss of blood
vessels lacking pericytes. This finding provides a mechanistic
basis to our previous observation that angiogenic inhibition
reduces GMH in premature rabbit pups (Ballabh et al., 2007).
Importantly, pruning the GM vasculature might reduce the
oxygenation of GM, which may have detrimental effects on the

and white matter of eight human subjects. Rat kidney was used as positive control. Data are mean = SEM (n = 24; fetuses, premature plus
mature infants). PDGF-B was comparable among GM, cortex, and white matter, and it did not alter significantly as a function of gestational
age. B, Representative Western blot analysis of PDGFR-3 in the GM, cortex, and white matter of eight human subjects. Data are mean =+
SEM (n = 24; fetuses, premature plus mature infants). Breast carcinoma tissue lysate was used as positive control. PDGFR-[3 receptor
expression trended to be greater in the GM than the cortex or white matter, but the comparison was not significant. PDGFR-3 level was
lower in older premature infants (28 —35 weeks) compared with younger premature infants (23—27 weeks) in all three regions ( p << 0.05
each). €, PDGF-B mRNA was assayed by real-time PCR in human subjects (n = 24; fetuses, premature plus mature infants). There was no
significant differencein its expression in the three brain regions. It decreased with increasing gestational age in all three brain regions ( p <
0.05 each). D, PDGFR-3 gene expression was measured by real-time PCR in human subjects (n = 24; fetuses, premature plus mature
infants). There was no significant difference in its expression in the three brain regions.

normal development of the GM. Therefore, we speculate that
optimizing the dose of angiogenic inhibitors to stabilize the
GM vasculature (greater pericyte recruitment) without prun-
ing the functional vessels might be better strategy to prevent
GMH. In an elegant experiment in orthotopic xenograft
model of human glioma, it has been shown that optimization
of dose of VEGFR2 blockade “normalizes” the morphology of
the vasculature by enhancing pericyte coverage via upregula-
tion of angiopoietin-1 and by degradation of pathological
thick basal lamina via MMP (matrix metalloproteinase) acti-
vation (Stoeltzing et al., 2003; Winkler et al., 2004; Jain, 2005;
Chantrain et al., 2006). These fortified vessels become struc-
turally more stable and enhance oxygen delivery to tumor.
Hence, VEGFR2 and COX2 inhibition needs additional eval-
uation in different dosing regimens to determine a treatment
schedule that is efficacious in preventing IVH and safe to the
brain and overall development of the premature infants.
Notably, the pericyte density and coverage, although aug-
mented by angiogenic inhibition, remained substantially
lower in the GM than the cortex or white matter. This might be
attributable either to incomplete suppression of angiogenesis
in the GM or to deficiency of growth factors in the GM that are
responsible for pericyte recruitment. Therefore, we evaluated
important ligands and their receptors that are responsible for
recruiting pericytes to the vasculature during angiogenesis.
However, we did not evaluate Tie-2 and ANGPT in this study
because we have already published the data that expression of
Tie-2 and angiopoietin-1 are comparable in the GM, cortex,
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Figure 7.  TGF-B31 levels lower in the GM than the cortex or white matter. A, The coronal brain section of a 17 week fetus was double
immunostained with TGF-31and (D34 antibodies. The expression of TGF-31 in the GM blood vessels was either weak or absent. It was also
weakly expressed in the neural structures of the GM. In contrast, in the cortex and white matter, it was strongly expressed in blood vessels
and surrounding neural structures. Double labeling of a frontal lobe sections of a 24 week premature infant with TGF-31 and GFAP
antibodies showed that TGF-31 was expressed in few GFAP+ radial glia of the GM and some glial fibers of the white matter. Scale bar, 20
um. B, Representative Western blot analysis of TGF- B in the GM, cortex, and white matter of eight human subjects. Data are mean == SEM
(n = 24; fetuses, premature plus mature infants). TGF- 8 was significantly less in the GM (arrowhead) than the cortex or white matter for
all subjects together ( p << 0.023 and 0.01, respectively). It did not change insignificantly with increasing gestational age. C, TGF-3 mRNA
levels were measured by real-time PCR in human subjects (n = 24; fetuses, premature plus mature infants). TGF-3 mRNA levels were
higherin the GM than the cortex ( p << 0.005) but not the white matter ( p = 0.1), foran analysis of all subjects together. TGF- 3 gene levels
did not change significantly with the advancing gestational age.

and white matter (Ballabh et al.,
2007). Importantly, rapid angio-
genesis in the GM, induced by the
higher levels of ANGPT-2 and
VEGEF (Ballabh et al., 2007), corre-
sponded with reduced pericyte
density and coverage in this sub-
ventricular zone (this study). This
association of accelerated angio-
genesis and few pericytes also has
been observed by several investi-
gators in tumor vasculature
(Stratmann et al., 1998; Koga et
al., 2001; Zhang et al., 2003).
Hence, high VEGF in collabora-
tion with angiopoietin-2 is likely
to initiate formation of immature
blood vessels in the GM that lack
pericytes.

Pericytes play critical role in an-
giogenesis. They can originate from
multiple sources during embryonic
development including local and
distal mesenchyme (Hungerford
and Little, 1999; Sartore et al.,
2001). Common  progenitors
(FIk1+ stem cells) differentiate into
either endothelial cells or pericytes
in presence of VEGF or PDGF-B, re-
spectively (Yamashita et al., 2000).
In addition, fibroblast and myofi-
broblast can differentiate into peri-
cytes, and bone marrow cells can be
recruited around the vasculature as
pericytes (Tomasek et al., 2002).
Conversely, pericytes can differenti-
ate into fibroblast and osteogenic
cells (Doherty et al., 1998). Impor-
tantly, NG2-positive pericytes dif-
ferentiate into cells of neural lineage
in presence of basic fibroblast
growth factor and express neuronal
and glial cell markers (Dore-Duffy
et al., 2006). Based on these consid-
erations, we speculate that pericytes
might have multiple roles in the
GM, where neurogenesis, oligogen-
esis, and angiogenesis are prevailing
during brain development.

TGF-B1 promotes stabilization
of blood vessels by differentiation of
pericytes from mesenchymal cells,
deposition of extracellular matrix,
and assembly of pericytes around
endothelia during angiogenesis (Ar-
mulik et al., 2005). TGF-BI is ex-
pressed by endothelial cells as well as
pericytes; and its effects are gener-
ally antiangiogenic, but could be
proangiogenic depending on the
context and concentration (Berto-
lino et al., 2005). Low concentration
of TGF-B1 stimulates endothelial
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proliferation, whereas high dose of A
TGF-B1 suppresses it. It regulates
angiogenesis by balancing the sig-
naling between two receptors,
ALK-1and ALK-5. Activation of the
TGF-B1/ALK-5 pathway inhibits
endothelial proliferation and pro-
motes mesenchymal differentiation
into pericytes, whereas the TGF-81/
ALK-1 pathway induces endothelial
proliferation and migration. Thus,
in the present study, a low protein
concentration of TGF-B1 in the GM
led us to speculate that a lower
TGF-1 level might have proangio-
genic effects and that it might be
linked to lower pericyte coverage in
the GM vasculature. A greater level
of ALK-5 in the GM suggests that
vascular maturation by recruitment
of pericytes is also occurring simul-
taneously to endothelial prolifera-
tion. Together, GM vasculature is
distinctive with respect to rapid vas-

cular remodeling and maturation < 500
compared with the other brain DE: 400
compartments. -
Both S1P1 and N-cadherin have 3 300
critical roles in angiogenesis and £ 200
mice deficient in either of them ex- E 100
hibit failure of pericyte recruitment a";

around the endothelial tubes lead-
ing to cerebral hemorrhage and
death (Liu et al., 2000; Spiegel and
Milstien, 2003; Tillet et al., 2005).
S1P1 regulates ~ N-cadherin-
mediated endothelial pericyte inter-
action and a lack of N-cadherin is
attended by impaired pericyte cov-
erage around the endothelial out-
growths. Thus, a higher level of these two molecules in the GM
further suggests that GM vasculature is unique in the forebrain
because it is enriched with blood vessels undergoing remodeling
and pericyte recruitment.

In conclusion, there are several distinctive features of GM
vasculature. It possesses fewer pericytes than the vasculature of
other brain regions and the pericytes increase in density with
angiogenic inhibition. Moreover, the GM is depleted of TGF-f1,
favoring induction of angiogenesis, and has high expression of
N-cadherin and S1P1, assisting vascular maturation with recruit-
ment of pericytes. Of note, components of the blood—brain bar-
rier, which support vascular structural integrity, including
aquaporin-4-positive astrocyte endfeet, tight junction molecules,
and collagen IV in basal lamina, are comparable in the three brain
regions (GM, cortex, and white matter) (Anstrom et al., 2005;
Ballabh et al., 2005; EI-Khoury et al., 2006). The pericyte, a major
component of the blood—brain barrier, which is relatively defi-
cient in the GM compared with cortex and white matter, may be
an important determinant of the structural stability of the GM
vasculature. The paucity of pericyte coverage of the GM vascula-
ture would therefore contribute to its vulnerability to
hemorrhage.

Figure 8.
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ALK-1 comparable in the three brain regions. A, Representative immunofluorescence of cryosections from 17 week fetus and
24 week premature infant labeled with ALK-1-specific antibody. It shows that ALK-1 is expressed in all the blood vessels of GM, cortex, and
white matter, and ALK-1immunoreactivities colocalized with (D34 endothelial labeling. Scale bar, 20 wm. B, Data are mean = SEM (n =
24; fetuses, premature plus mature infants). ALK-1 mRNA level, measured by real-time PCR, was similaramong the three brain regions and
did not change significantly with the increasing gestational age.
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