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Preeclampsia is a serious disorder that may result in severe morbidity and mortality for mother and fetus, and it is thought
that the placental dysfunction is important in the pathogenesis of preeclampsia. As the model of preeclampsia, we
previously generated a transgenic mouse model that developed pregnancy-associated hypertension (PAH) by mating
females expressing human angiotensinogen with males expressing human renin. In PAH mice, maternal blood pressure
started to rise from days 12 to 13 of gestation (E12–13) to term (E19–20), which is accompanied by the fetal intrauterine
growth retardation and systemic maternal disorders including proteinuria and convulsion. To understand the pathology
of the complications in PAH mice that overlap with those in human preeclampsia, we analyzed the PAH placenta
sequentially from the onset of hypertension to the term of delivery. In PAH placenta, histological analysis revealed that
the microvessel densities of fetal vasculature at term were significantly lower than those of normal placenta, and the
majority of terminal vessels of PAH placenta were lacking for pericytes and basement membrane. The interaction
between fetal vasculature and maternal blood canal at labyrinth of PAH placenta was morphologically distorted, and the
expression patterns of key molecules in neovascularization of PAH placenta were distinct from those of normal placenta
during pregnancy. In addition, maternal plasma level of soluble form of vascular endothelial growth factor receptor-1
(sVEGFR-1) was significantly increased in PAH at E19. Furthermore, in uteroplacental site, in situ proteolytic activity of PAH
mice was suppressed from E16 to term compared to that of normal pregnancy, and the expression of matrix metallo-
proteinase-2 mRNA was strikingly downregulated at E16 in PAH mice. Collective data suggest that the impairments of
fetoplacental neovascularization and uteroplacental remodeling contribute to the development of complications in PAH.
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Preeclampsia is a life-threatening complication of pregnancy
for both mother and fetus during gestation. It is character-
ized by blood pressure (BP) elevation and proteinuria after
20 weeks of gestation in human.1 Although the etiology and
pathology of preeclampsia remain enigmatic, it is thought
that placental dysfunction is one of the major causes of this
disease, and that several uteroplacental events are suggested
to be involved in the course. During the early stage of
gestation, extravillous trophoblasts invade endometrium to
establish blood flow by performing epithelial–endothelial
transformation and replacing the walls of spiral arteries with
the help of activated decidual natural killer (NK) cells.2 The

studies on uteroplacental immunologic microenvironments
in preeclampsia have suggested that abnormal interaction
between extravillous trophoblasts and decidual NK cells
might explain in part the impaired pseudovasculogenesis.3,4

Genetic studies on familial preeclampsia have also demon-
strated that specific patterns of genetic variants or quantita-
tive trait loci (QTL) such as AGT, STOX1 and 5q/13q
QTL are involved in the matrilineal predisposition to this
disease.5–7

The studies on pathogenesis of preeclampsia including
those listed above have contributed to our understanding of
genetic susceptibilities and uteroplacental microenvironments
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in poor placentation. On the other hand, it has not been well
documented the placental pathology during the last half of
gestation as maternal systemic disorders are getting worse.
Although placental organogenesis is established for the most
part during the first half of gestation, its function increases
dramatically in the last half to supply enough oxygen
and nutrients for exponential fetal growth.8 Since maternal
hypertension starts and accelerates during the last half
of gestation in preeclampsia, it is requisite to monitor the
pathological events of the placenta under maternal
hypertension. Currently, very limited information is available
about the pathological changes in preeclamptic placenta from
the onset of hypertension to delivery.

We had generated mice with pregnancy-associated
hypertension (PAH) by mating females expressing human
angiotensinogen (hANG) with males expressing human renin
(hRN).9 In PAH mice, maternal hypertension starts from
13 days of gestation (E13) until delivery (E19–20) due to the
generation of excessive angiotensin-I, the precursor of
angiotensin-II, by hRN secretion from the fetal side to the
maternal circulation.9 Systolic BP at E19 in PAH mother
reaches 160mmHg, whereas that in normal pregnant mouse
remains around 100mmHg.9 In addition to hypertension,
PAH mother shows proteinuria, cardiac hypertrophy and
often convulsions. The fetus at term in PAH pregnancy shows
severe intrauterine growth retardation (IUGR), and the mean
body weight of PAH fetus at E19 is about 65% of that of
wild-type (WT) fetus.10,11 In our preliminary histological
investigation on PAH placenta, PAS-positive uterine–NK cells
infiltrated the spiral arteries as sufficiently as those in WT at
E10, and cytokeratin (CK)-positive trophoblasts replaced
spiral arteries at E13 (Supplementary Figure 1A–D). These
observations indicate that this model probably does not have
the history of poor placentation or abnormal immune
responses in the early stage of pregnancy. However, biological
and physiological data demonstrated that renin–angiotensin
system (RAS)-mediated maternal hypertension beginning
in the second half of gestation leads to the pathological
condition that meets the criteria of preeclampsia.

In this study, we investigated pathological changes in the
placenta under the condition of accelerating maternal
hypertension. In fetoplacental region, microvessel densities
were significantly low, and fetal-derived endothelial cells
(ECs) were lacking for appropriate pericytes coverage and
basement membrane support. On the basis of quantitative
reverse transcriptase-mediated PCR (RT-PCR) analysis, we
identified the changes in the expression of key molecules that
are involved in pathological neovascularization in PAH. We
also demonstrated that maternal plasma levels of soluble
form of vascular endothelial growth factor receptor-1
(sVEGFR-1, also named sFlt-1) at E19 were significantly
higher in PAH than those in WT. In addition, in uter-
oplacental junction, proteolytic activities and the expression
of matrix metalloproteinases (MMPs) in PAH mice were
suppressed, and trophoblast progenitor cell population was

reduced. Our results indicated the impairments of feto-
placental neovascularization and uteroplacental remodeling
in PAH placenta, and suggested its possible involvement in
the development of preeclamptic complications in the latter
half of pregnancy.

MATERIALS AND METHODS
Animals
Mice homozygous for hANG transgene and mice homo-
zygous for hRN transgene with a C57BL/6J genetic back-
ground were reported previously.9 Animal experiments were
carried out in a humane manner after receiving approval
from the Institutional Animal Experiment Committee of the
University of Tsukuba, and in accordance with the Regulation
for Animal Experiments in our university and Fundamental
Guideline for Proper Conduct of Animal Experiment and
Related Activities in Academic Research Institutions under
the jurisdiction of the Ministry of Education, Culture, Sports,
Science and Technology. Transgenic mice and age-matched
WTmice (C57BL/6J) at 8–16 weeks old were used for cross-
mating.

Sample Preparation
Placental tissues were obtained from PAH and WT mice at
E13, E16 and E19 of gestation. The definition of embryonic
day is as follows. When unplugged condition of the female is
confirmed, it is noted as E0.5. Pups of WT mice (C57BL/6J)
are delivered from E19.5–E20, thus E19 is defined as the day
before parturition. Some of placentas were immediately
frozen in liquid nitrogen and the others were fixed by 4%
paraformaldehyde and embedded in paraffin. For RT-PCR
analysis, the placenta was carefully divided into uter-
oplacental part that contained decidua and junctional zone,
and labyrinth that contained fetal-derived vessels and ma-
ternal blood canals. In addition, fetal hearts, brains, kidneys
and lungs were obtained from PAH and WT fetus at E19.

RT-PCR and Real-Time RT-PCR
Total RNAs from the frozen tissues were obtained using
RNeasy Mini kit (Qiagen) according to the manufacturer’s
instructions. Expression levels of MMP-2, MMP-9, tissue
inhibitor of MMP (TIMP)-1, TIMP-2, APJ, apelin, Claudin-
5, endothelial nitric oxide synthase (eNOS), Ang-1, Ang-2,
Tie-1, Tie-2, endothelin-1 (ET-1) and GAPDH were examined
by RT-PCR with the following primers: 1637F (CCTCCCCCG
ATGCTGATACT) and 1768R (CGCCAAATAAACCGGTCC
TT) for MMP-2, 1003F (GTGGACGCGACCGTAGTTG) and
1131R (TGTCAGTGTCGAAGTTCGATGTG) for MMP-9,
298F (AAGTCCCAGAACCGCAGTGA) and 379R (AGAG
TACGCCAGGGAACCAA) for TIMP-1, 623F (CGCTGGACG
TTGGAGGAA) and 704R (GTCCCAGGGCACAATGAAGT)
for TIMP-2, 454F (TGGCTGACTTGACCTTTGTG) and 1020R
(TTCACCAGGTGGTAAGGCAT) for APJ,12 321F (GTTG
CAGCATGAATCTGAGG) and 548R (CTGCTTTAGAAAGG
CATGGG) for apelin,12 180F (TCTGGTGCTGTGTCTGG
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TAGGAT) and 265R (TGCGCCGTCACGATGTT) for Clau-
din-5, 1221F (AATTAATGTGGCCGTGTTGCA) and 1301R
(GCTCATTTTCCA- GGTGCTTCA) for eNOS, 1639F (TATG
TGCAAATGCGCTCTCAT) and 1769R (GGAGTAACTGGG
CCCTTTGAA) for Ang-1, 1418F (AGGCGCATTCGCT
GTATGAT) and 1547R (TTGTCATTGTCCGAATCCTTTG) for
Ang-2, 2352F (CTCCGTCTGGGCCTATATCCA) and 2482R
(CGCACACGGAAAAGATATCGT) for Tie-1, 2492F (CTGAG
AACAACATAGGATCAAGCAA) and 2622R (AACAGC
ACGGTGATGCAAGTC) for Tie-2, 663F (CCGTATGGACTGG
GAGGTTCT) and 744R (TGGTGAGCGCACTGACATCT) for
ET-1, 442F (CTGCACCACCAACTGCTTAGC) and 637R
(CAAAGTTGTCATGGATGACC) for GAPDH.13 cDNA
synthesis was performed using QuantiTect RT (Qiagen).
RT-PCR amplification was performed using AmpliTaq Gold
PCR Master Mix (PE Applied Biosystems) and PCR thermo-
cycler (PE 9700, PE Applied Biosystems). Conditions for PCR
were as follows: at 951C for 5min, 30 cycles at 951C for 15 s,
581C for 15 s, 721C for 1min, with an extension step of 7min
at 721C at the end of the last cycle. RT-PCR was performed in
the homogenized samples from three different mating pairs in
each gestational period, respectively. For real-time RT-PCR,
QuantiTect SYBR Green PCR kit (Qiagen) and PCR amplifi-
cations in ABI-PE Prism 7000 sequence detection system (PE
Applied Biosystems) were used according to the protocol
provided by the manufacturer. The conditions for PCR were as
follows: at 501C for 2min, at 951C for 15min, 40 cycles at
951C for 30 s, at 601C for 30 s. GAPDH was used as internal
control genes. mRNA levels of each sample normalized against
GAPDH were examined triplicate and showed as mean±S.E.

Immunohistochemistry
Rabbit polyclonal antibody against a-smooth muscle actin
(a-SMA) was from Abcam (Cambridge, UK), CK was from
Dakocytomation (Carpinteria, CA, USA). Rat monoclonal
antibody against Sca-1 was from R&D (Minneapolis, MN,
USA), and CD31 (PECAM-1) was from BD (San Jose, CA,
USA). Immunohistochemistry was carried using labeled
streptavidin–biotin–peroxidase method and microwave an-
tigen retrieval technique. Working dilution in these anti-
bodies was 1:100. As negative controls, the primary antibody
was replaced by the serum of appropriate species with dilu-
tion of 1:100. Positive controls known to contain the antigen
in question were processed simultaneously. Microvessel
counting was carried out by selecting two center areas in the
labyrinth (1mm2) from 5 different samples in each group,
that is, 10 areas. For fluorescence double staining, Alexa Fluor
488 goat anti-rat IgG and Alexa Fluor 555 goat anti-rabbit
IgG (Invitrogen, Carlsbad, CA, USA) were used and observed
using fluorescence microscopy (Zeiss Axio Imager). Double
stainings were performed according to the manufacturer’s
instructions. The specimens were incubated with the primary
antibody for 60min, and then reacted with Alexa Fluor 488
goat anti-rat IgG for 60min. After the detection of primary
antigen, specimens were incubated with 1.5% H2O2 to

quench endogenous peroxidase activity for 30min, and
successively incubated with blocking reagent for 30min.
Then the secondary target was detected by conventional
secondary immunofluorescence labeling. The specimens were
incubated with the primary antibody for 60min, and then
reacted with Alexa Fluor 555 goat anti-rabbit IgG for 60min.
In each case, serial sections were prepared and one was
stained with hematoxylin and eosin (H&E) and the others
were stained with periodic acid silver–methenamine (PAM)
and phosphotungstic acid hematoxylin (PTAH). PAM
stainings were performed as follows. Deparaffinized tissues
were immersed in 0.5% periodic acid for 15min, and washed.
Successively, they were placed in Gomori’s silver–methena-
mine solution at 601C for 30min, washed and toned in
0.2% gold chloride for 2min. After washing, specimens were
placed in 3% sodium thiosulfate for 2min, and then stained
with HE. PTAH stainings were performed as follows.
Deparaffinized tissues were immersed in 4% CrO3 for 1 h.
After washing, the sections were incubated in 1% NaHSO3

for 1min and washed. Successively, they were placed in 1%
KMnO4 for 5min. This was followed by 3min incubation in
2% oxalic acid and further stained in hematoxylin with
tungstophosphoric acid and KMnO4.

Film In Situ Zymography
Frozen sections were cut and mounted on gelatin film coated
with 7% gelatin solution (Fuji Film, Tokyo, Japan), and in-
cubated at 371C for 8 h. Then the films were treated with
Amido Black 10B. In situ proteolytic activity was detected as
unstained areas.14 The experiments were repeated three
times.

Apoptosis Assay
Apoptosis was evaluated using TUNEL assay. Specimens were
undertaken with in situ apoptosis detection kit (Takara,
Ohtsu, Japan) using the instructions provided by the man-
ufacturer. Apoptotic cells were detected as FITC positive. The
experiments were repeated at least three times.

Enzyme-Linked Immunosorbent Assay
The enzyme-linked immunosorbent assay (ELISA) system kit
for sVEGFR-1 was purchased from R&D. The assay was
performed according to the manufacturer’s instructions.
Four maternal plasma samples in WT and PAH group at E19
and two plasma samples in each group at E10 were examined.
The absorption at 450 nm was measured using a microtiter
plate spectrophotometer.

Gelatin Zymography
Each homogenized uteroplacental sample was diluted in
equal amount of distilled water and electrophoresed at 41C in
10% sodium dodecyl sulfate-polyacrylamide crosslinked gels
(SDS-PAGE), containing 0.1% gelatin (Invitrogen). Follow-
ing electrophoresis, the gel was washed with 2.5% Triton
X-100 followed by incubation in Tris-HCl, 0.5mM CaCl2,
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10�6M ZnCl2, pH 8.0, at 371C for 16 h. Coomassie brilliant
blue staining was then carried. The experiments were
repeated at least three times.

Statistical Analysis
Values were expressed as mean±s.e. Student’s t-test and
one-way ANOVA with post hoc test were used for statistical
evaluation. Statistical significance was assumed when Po0.05
was obtained.

RESULTS
Placental Infarction was Observed in PAH
We had previously reported that PAH pregnant mice
exhibited systemic disorders including hypertension, protei-
nuria and cardiac hypertrophy and that the fetus from PAH
mice resulted in severe IUGR and high rates of mortality.9,10

To understand the pathophysiological events seen in PAH
placenta and the intrauterine milieu of fetus during preg-
nancy, we compared the placentas between WT and PAH
mice (Figure 1). The decidual-side surface of WT placenta at
E19 was smooth and reddish, whereas that of PAH placenta
was rough and whitish with multiple infarcts (Figure 1a). A
mouse placenta is known to be divided into three layers by
the constituent cells of each layer, that is, (D) decidua basalis
composed mainly of maternal vasculature and invading tro-
phoblasts, (J) junctional zone that contains spongiotropho-
blasts and maternal vasculature which is separated from
decidua by giant trophoblasts layer and (L) labyrinth that
contains fetal-derived microvessels and specialized tropho-
blast subtypes that form maternal blood canals.15 Time
course analysis of the placenta showed that at E13 these three
layers were clearly detected in PAH as well as in WT placenta
(Supplementary Figure 1E and F). At E16, microscopic foci
of fibrinoid degeneration were noted in decidua and junc-
tional zone in PAH placenta (Supplementary Figure 2). At
E19, it was shown in PAH placenta marked fibrinoid
degeneration and decidual vasculopathy, that is, atherosis
(Figure 1b and c, arrows and asterisks). PTAH stainings
confirmed the fibrinoid necrosis of vascular walls in the spiral
arteries of PAH placenta (Figure 1c, inset). TUNEL stainings
in uteroplacental side at E19 demonstrated that the apoptotic
cells were clustered in decidua and were also significantly
detected in junctional zone in PAH (Figure 1d).

Terminal Fetal Microvessels of PAH Were Devoid
of Pericyte Coverage and Basement Membrane Support
Since fetal blood contains nucleated red blood cells, fetal
vasculature can be distinguished from maternal blood canal.
To detect ECs-supporting basement membrane, PAM stain-
ings were carried out. It was revealed that at E13 only larger
fetal vessels in labyrinth were lined by PAM-positive base-
ment membrane both in WT and PAH placentas (Figure 2a,
left, arrows). At E16, in addition to large vessels, some of
smaller fetal vessels were stained for PAM in WT placenta
(Figure 2a, middle, arrows), whereas PAM-lining small

vessels were scarcely observed in PAH placenta (Figure 2a,
middle, arrowheads). At E19, striking difference was
demonstrated between WT and PAH labyrinth (Figure 2a,
right). PAM-positive basement membrane traced every
terminal vessel in WT labyrinth, demonstrating accom-
plished maturation of vascular networks. On the other hand,
in PAH labyrinth, PAM linings disrupted, branched or
formed irregular webs.

We next confirmed that fetoplacental vasculature of WT
mice was stained for endothelial marker CD31 and that these
ECs tubules were gradually covered by a-SMA-positive
pericytes at later stages (Supplementary Figure 3, WT). At
E13 and E16, the numbers of CD31-positive vessels in PAH
labyrinth were not significantly different from those in
WT (Supplementary Figure 3, PAH). However, at E19
there was marked difference that CD31-positive microvessels
were finely distributed in WT labyrinth, whereas they were
rough and irregular in number and shape in PAH labyrinth
(Figure 2b, upper panels and Figure 2c, upper panel).
Furthermore, a-SMA-positive vessels in PAH labyrinth were
far less in number than those in WT (Figure 2b, lower panels
and Figure 2c, lower panel). Fluorescence double stainings
revealed that CD31-positive terminal microvessels in WT
labyrinth were accompanied by a-SMA-positive pericytes. On
the other hand, the majority of CD31-positive microvessels in
PAH labyrinth were poorly covered by a-SMA-positive
pericytes (Figure 2b, insets).

Irregular Interaction Between Maternal Blood Sinuses
and Fetal Microvessels in PAH Labyrinth
Maternal blood spaces in the labyrinth are known to be
composed of specialized trophoblast subtypes which are
detected by CK (Figure 3).15,16 By using serial sections, we
confirmed that CK-positive trophoblasts form maternal
blood pathways showed distinctive distribution pattern from
CD31-positive fetal-derived blood vessels in WT labyrinth
(data not shown). At E13, maternal blood canals lined by
CK-positive trophoblasts were rough in both WT and PAH
labyrinth (Figure 3a, left). At E16, blood canals in WT
became differentiated into more complicated sinuses of reg-
ular width, whereas the blood pathways lined by CK-positive
trophoblasts in PAH placenta looked somewhat varied in size
and shape (Figure 3a, middle). At E19, further differentiation
of blood canals was observed in WT labyrinth. CK-positive
specialized trophoblasts finely traced each terminal lumen,
forming loop lines (Figure 3a, right). To the contrary, blood
sinuses in PAH labyrinth were rough and irregular, and
notched lumens extended branches of various sizes. These
results suggested that distorted maternal blood sinuses in
PAH labyrinth are unable to interact with fetal-derived
microvessels appropriately at the circulatory terminus. Thus,
we did double stainings against fetal microvessels and
maternal blood sinuses. In WT labyrinth, at E19 it was shown
that CD31-positive fetal ECs were closely encircled by
CK-positive trophoblasts (Figure 3b, upper panels). On the
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Figure 1 Histology of PAH placenta (E19). (a) Macroscopic appearances of WT and PAH placenta. Decidual sides are shown. Infarct areas are observed

widely in PAH as whitish color changes. (b) Microscopic appearances of WT and PAH placenta. Three layers of decidua basalis (D), junctional zone (J) and

labyrinth (L) are indicated. Diffuse fibrin deposition between D and J are shown (arrows). (c) Higher magnification of uteroplacental sites. Note the atherosis,

i.e. mural fibrinoid necrosis (arrows) and diffuse fibrin deposition (asterisk) in PAH. Insets: PTAH stainings of a spiral artery. Fibrinoid necrosis is highlighted as

strong blue stainings in PAH. (d) TUNEL stainings of uteroplacental sites in E19 placenta. Positive cells are labeled by FITC (green).
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other hand, in PAH labyrinth many fetal ECs tubules were
distantly located from blood sinuses (Figure 3b, lower
panels).

Changes in Neovascularization-Related Gene Expression
in PAH Labyrinth and Maternal Plasma Level
of sVEGFR-1
We looked for the molecules that are involved in pathological
neovascularization of PAH labyrinth, and the expression
levels of angiogenensis/vasculogenesis-related genes were
screened in E13, E16 and E19 labyrinth by RT-PCR (n¼ 3 per
group) (Figure 4). As a result, nine molecules showed
distinctive gene expression patterns between WT and PAH
placentas (Figure 4a). In the regulation of neovascularization,

angiopoietin-1 (Ang-1) and Ang-2, and their specific
receptor tyrosine kinase with Ig and EGF homology domain-1
(Tie-1) and Tie-2 are thought to play a critical role for
ECs–pericytes interaction.17,18 It is known that Ang-2
antagonizes the activity of Ang-1 in ECs–pericytes inter-
action, and the balance between Ang-1 and Ang-2 is very
important for vascular development.19 In PAH labyrinth,
Ang-1 was downregulated at E16, and Ang-2 was upregulated
at E13. In addition, Tie-1 and Tie-2 were markedly down-
regulated at E13 and E16 (Figure 4a, left), indicating that the
Ang/Tie system was deranged in PAH labyrinth. Claudin-5,
which belongs to tight junction molecules and contributes to
cell–cell adhesion in ECs, was also downregulated in PAH la-
byrinth at E13 and E16 (Figure 4a, left). Recently, putative

Figure 2 Abnormal development of fetal-derived microvessels in PAH labyrinth. (a) PAM stainings of labyrinth. Fetal-derived vessels that contain nucleated

red blood cells are indicated by arrows. PAM-positive basement membrane formation in fetal small vessels is detectable from E16 and accomplished at E19

in WT placenta, whereas it is poorly performed in PAH placenta. (b) Immunohistochemical stainings for CD31 and a-SMA of labyrinth at E19. Insets represent

a double stainings for CD31 (green) and a-SMA (red). (c) The results of CD31-positive microvessel density (MVD) (upper) and a-SMA-positive MVD (lower).

The data was obtained from every two center areas of five different samples in each group.
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receptor protein related to the angiotensin receptor AT1
(APJ) that belongs to a G protein-coupled receptor and its
endogenous peptide ligand apelin were identified.20,21 Apelin
and APJ are thought to be a new member for promoting the
development of vasculature20,21 and regulating the BP as
vasodilator.22,23 In this study, APJ and apelin expressions
were clearly detected in WT labyrinth at E13 and E16,
whereas the levels of those in PAH labyrinth were

concurrently suppressed (Figure 4a, right). In addition, in
PAH labyrinth, the expression of eNOS, the main regulator of
vasodilation, was also downregulated at E13, and strong
vasoconstrictor ET-1 was upregulated from E16 to E19
(Figure 4a, right).

We next performed quantitative RT-PCR to compare
precise gene expression levels including time-dependent
expression patterns of these molecules between WT and PAH

Figure 3 Morphological abnormality of feto–maternal vascular network in PAH labyrinth. (a) Differentiation of maternal blood sinus in WT (upper) and PAH

labyrinth (lower) is demonstrated by CK stainings. At E19, abnormal differentiation of PAH sinus becomes apparent as irregularly notched lumens (lower,

right). (b) Double stainings of ECs (green) and trophoblasts (red) at E19 labyrinth. Encircled ECs tubules by trophoblasts are indicated by dotted lines.
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Figure 4 Changes in the gene expression of key molecules in vascular development and functions, and maternal plasma level of sVEGFR-1. (a) Total

RNA was prepared from the labyrinth of E13, E16 and E19, and RT-PCR was performed. Remarkable differences in the expression levels between PAH

and WT labyrinths are marked by dotted rectangles. Representative results obtained from three independent samples of each gestational period

are presented. (b) Absolute expression levels of each molecule against GAPDH are shown. White columns indicate the expression levels in WT and

black columns indicate in PAH. Significant differences in the expression levels between PAH and WT labyrinths are marked by dotted rectangles.

**Po0.01. (c) ELISA of sVEGFR-1. Maternal plasma sVEGFR-1 levels at E19 are significantly higher in PAH than those in WT (n¼ 4 per group at E19

and n¼ 2 per group at E10). **Po0.01.
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labyrinth. Consistently with the results of RT-PCR analysis,
the expression levels of these molecules were distinctively
different at certain stages of placental vascular development
(Figure 4b). In WT labyrinth, Ang-2, Tie-1, claudin-5, APJ,
apelin and eNOS showed the highest expression at E13, and
the peaks of Ang-1, Tie-2 and ET-1 were at E16. On the other
hand, in PAH labyrinth the expression levels of Tie-1, Tie-2,
claudin-5, APJ and eNOS were severely downregulated and
that of Ang-2 was markedly upregulated within 24 h after the
onset of hypertension. At E16, the expression levels of Ang-1,
Tie-1, Tie-2, claudin-5, APJ and apelin were shown to be
significantly suppressed in PAH labyrinth.

We hypothesized that angiogenic milieu of maternal
circulation, in addition to the fetoplacental site, might be
disturbed in PAH. Recent studies on human pregnancy-in-
duced hypertension (PIH) demonstrated that sVEGFR-1 was
significantly increased in the blood of PIH patients.24

Therefore, we examined the circulatory levels of sVEGFR-1 in
PAH females. Maternal plasma sVEGFR-1 levels in WT and
PAH at E10 were 0.43±0.07 and 0.38±0.001 ng/ml, re-
spectively (NS). At E19, plasma sVEGFR-1 levels in WT and
PAH were 5.01±0.26 and 6.93±0.06 ng/ml, respectively,
showing significant elevation in PAH females (Po0.01)
(Figure 4c). This result indicates that systemic maternal ECs
dysfunction that represents the pathophysiology of human
preeclampsia might also be the case in this model.

Suppression of Proteolytic Activities at Uteroplacental
Site in PAH Placenta
Since invasive trophoblasts and trophoblast stem cells are
known to regenerate and actively produce extracellular
matrix for the normal vascular development in placenta,25,26

we hypothesized that tissue remodeling at the uteroplacental
site might be disturbed in PAH mice. To investigate the
proteolytic activities of uteroplacental site directly, we
performed the film in situ zymography (FIZ) analysis in E19
placenta. Strong proteolytic activities were demonstrated in
WT placenta (Figure 5a, lower left, bright area), and the
active sites were found to coincide with uteroplacental site by
comparison using serial section of HE stainings (Figure 5a,
upper left, dotted circle). On the contrary, the proteolytic
activity of PAH placenta was almost undetectable (Figure 5a,
lower right, dark area). To explore the pathogenesis in pro-
teolytic activity of PAH placenta, uteroplacental site, that is,
decidua/junctional zone, was carefully separated from la-
byrinth, and the expression patterns of MMPs and tissue
inhibitor of MMPs (TIMPs) were investigated. In RT-PCR

analysis (n¼ 3 per group), the expression of MMP-2 in
uteroplacental site was strikingly downregulated in PAH at
E16 (Figure 5b). On the other hand, the expression of its
endogenous inhibitor TIMP-2 in uteroplacental site did not
show significant difference between PAH and WT at E16.
In addition, MMP-9 was also downregulated at E16,
and its endogenous inhibitor TIMP-1 was suppressed in
uteroplacental site of PAH (Supplementary Figure 4).
By using quantitative RT-PCR, we confirmed that the
expression of MMP-2 mRNA in uteroplacental site at E16
was severely suppressed in PAH (Figure 5c). The expression
level of TIMP-2 in uteroplacental site was not different be-
tween PAH and WT at E16, and it was slightly higher in
PAH than in WT at E19. These results demonstrated that
tissue-remodeling enzymes at uteroplacental site increased
exponentially around E16 in normal pregnancy, whereas their
expression was severely suppressed in PAH.

We next evaluated the active form of MMP-2 in uter-
oplacental site by gelatin zymography analysis. Active form of
MMP-2 was clearly detected in the uteroplacental site of WT
(Figure 5d, left lane, arrow), whereas it was scarcely observed
in PAH (Figure 5d, right lane). Similar result was obtained
from the uteroplacental samples at E16, although active
form of MMP-2 was faintly detected in PAH placenta
(Supplementary Figure 4). Then, we confirmed by im-
munohistochemistry that the trophoblasts of these layers
were positive for MMP-2 (data not shown). It has been noted
that trophoblast stem cells undergo epithelial–endothelial
transformation to become invasive, and that these cell
types synthesize extracellular matrix.25,27,28 Therefore, we
investigated progenitor cell population. By immunohisto-
chemical stainings, decidual layer at E19 was shown to be
diffusely positive for spinocerebellar ataxia type 1 (Sca-1) in
WT placenta, indicating that this site contains abundant
progenitor cells (Figure 5e, left, upper panel). Sca-1-positive
cells in the decidual layer of PAH mice were far less in
number than those of WT (Figure 5e, right, upper panel).
Taken together with MMP-2 downregulation, these findings
suggested that tissue-remodeling activities of uteroplacental
site were suppressed in PAH. In addition to uteroplacental
site, Sca-1 was detected in some of microvessels in the
labyrinth of WT placenta (Figure 5e, left, lower panel). These
Sca-1-positive microvessels of WT were round tubule in
section whereas those of PAH were irregularly distorted
(Figure 5e, right, lower panel). It was supported from our
findings that the fetoplacental vascular development in the
labyrinth was affected by maternal complication.

Figure 5 Suppression of tissue-remodeling activities in the uteroplacental site of PAH placenta. (a) FIZ at E19 placenta. Uteroplacental sites are encircled by

dotted lines. In WT placenta, strong proteolysis is demonstrated in the area coincided with uteroplacental site. On the other hand, in PAH placenta, no

significant proteolysis is detected. (b) RT-PCR analysis of the uteroplacental site of the placenta in each period. MMP-2 mRNA at E16 in PAH is scarcely

detected (dotted rectangle). Representative results obtained from three independent samples of each gestational day are presented. (c) Quantitative RT-PCR

analysis of the uteroplacental site of the placenta. Marked downregulation of MMP-2 mRNA at E16 (dotted rectangle) and upregulation of TIMP-2 mRNA at

E19 in PAH are demonstrated. **Po0.01, *Po0.05. (d) Gelatin zymography analysis in uteroplacental site at E19. The expression of pro-enzymatic form of

MMP-2 (72 kDa) and active form of MMP-2 (arrow) is stronger in WT than in PAH. (e) Immunohistochemical stainings of Sca-1 in uteroplacental sites (upper)

and labyrinths (lower) at E19. Intensive stainings for Sca-1 are detected in decidua basalis of WT whereas the stainings are weak and sparse in PAH.
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Comparison of Fetal Organs Between WT and PAH at E19
It is known that the presence of nucleated red blood cells
(RBCs) in later stage of pregnancy reflects severe hypoxia and

anemia of the fetus.29 We therefore counted the number of
nucleated RBCs in the labyrinth at E19. The number of
nucleated RBCs in E19 PAH placenta was significantly higher
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than that in WT placenta (Figure 6a and b). Furthermore,
PAH placenta contained nucleated RBCs islands in several
sections (Figure 6a, inset). It was also shown by whole mount
HE stainings that most of thoracic and visceral organs in
PAH fetus were notably smaller in size (Figure 6c, upper
panel). We compared the fetal organs, such as brain, lung,
kidney and heart, macroscopically between WT and PAH.
These organs in PAH fetus at E19 looked extremely whitish,
and the sizes were smaller than those in WT except for the
heart ventricle, which was dilated (Figure 6c, lower panels).
These results indicated that the fetuses in PAH pregnancy
suffered from severe hypoxia. This pathology was probably
due to the defect of maternal–fetal circulatory exchanges
induced by impaired fetoplacental vascular maturation and
uteroplacental tissue remodeling in the later stage of
pregnancy.

DISCUSSION
The roles of RAS in the placenta of human PIH remain to be
controversial. Vascular AT-1 was downregulated in the
placentas of PIH and IUGR cases.30 The levels of active renin
and angiotensin-II in the placentas of PIH did not differ from
those in normal pregnancies31 and the plasma concentration
of angiotensin-II was decreased in PIH.32 These studies
suggest that RAS may not contribute directly to the patho-
genesis of PIH. On the other hand, it is widely accepted as a
classical knowledge that the systemic vascular sensitivity to
angiotensin-II is elevated in PIH.33 Furthermore, it was
revealed the presence of AT-1-bradykinin B2 heterodimer34

and agonistic autoimmune antibody against AT-135 in PIH.
These studies suggest that AT-1-mediated signalings in PIH
are activated. Therefore, pathological feature of PAH preg-
nancy should be carefully considered from both side, that is,
aberrant AT-1-mediated signalings that are frequently
observed in PIH and excessive angiotensin-II that does not
reflect the pathogenesis of PIH in most cases. We previously
investigated transgenic hRNþ /þ female mated with trans-
genic hANGþ /þ male, and hANGþ /þmAT-1a�/� female
mated with hRNþ /þ male.9–11 In the former study, local
level of angiotensin in the placenta was as high as that in PAH
pregnancy, but neither significant histological changes in the
placenta nor maternal hypertension occurred.9,11 In the latter
study, maternal symptoms and fetal growth were markedly
improved.10 Therefore, both ‘maternal hypertension’ and
‘AT-1a-mediated signalings in maternal vasculature and in
decidua’ may concordantly play critical roles in PAH
pregnancy. Moreover, we found that sVEGFR-1, a key
molecule in PIH,24 was elevated in the plasma of PAH female
(Figure 4c), which supports our hypothesis that PAH may
become a useful tool for investigating pathophysiology of
human preeclampsia.

Time course analysis of fetoplacental vasculature showed
that fetal side microvessels develop and differentiate actively
during the second half of pregnancy, and that they are
gradually stabilized by basement membrane and pericytes.

The present study demonstrated that the maternal
hypertension, which started in the second half of pregnancy,
suppressed the development and maturation of fetoplacental
vasculature. CD31-positive fetal microvessels at term were
abnormal in size and number, and poorly supported by
pericytes and basement membrane in PAH placenta.
These morphological abnormalities became overt at
term. However, the expression of several key molecules
required for ECs tubule formation and stabilization such
as Ang-1/Tie-2 system was hampered within a few days
after BP elevation (E13–E16). These results suggested
that the fate of pathological neovascularization might be
determined in the early phase after the onset of hypertension
and that the morphological abnormality became overt during
later stage.

In physiological neovascularization, cellular and structural
maturation of vasculature is critical to establish stable blood
flow. Ang and Tie are representative molecules that control
crosstalk between ECs and pericytes.18,19 Ang-1 is known to
be produced by pericytes and to collaborate with its receptor
Tie-2 expressed in ECs. On the other hand, Ang-2 is stored in
ECs and competitively inhibits the function of Ang-1. It has
previously been reported that Ang-1, Ang-2 and Tie-2 were
expressed in normal and preeclamptic human placenta in the
first and third trimesters, and that Tie-2 interacted with
Ang-1 in human umbilical vein ECs and cultured-tropho-
blast cell line.36,37 Time course analysis in our current study
revealed that the expression levels of Ang/Tie were much
higher at E13 and E16 than at term, suggesting the important
roles of Ang/Tie signaling in the maturation of developing
vasculature at midterm of gestation. We further demon-
strated that in PAH placenta the expression level of Ang-2
was upregulated at E13, following marked suppression of
Ang-1/Tie-2 at E16, and the microvessel densities were
decreased in PAH placenta at E19. These results strongly
suggest that downregulation of Ang-1/Tie-2 between E13 and
E16 decelerated microvessel maturation, which was mani-
fested morphologically as fragile vasculature at term.
Although Tie-1 is an orphan receptor whose function re-
mains unknown, Tie-1 is thought to associate physically with
Tie-2 and to contribute to angiogenesis.38 In the present
study, the differential expression pattern of Tie-1 between
WT and PAH placenta at E13 and E16 was correlated with
that of Tie-2. Although it is expected that Tie-1 plays an
important role, probably in concert with Tie-2, in the pa-
thological neovascularization of preeclampsia, the detail of
the physiological interaction between Tie-1 and Tie-2 is a
subject for future study.

Other important findings in this study include that tissue
remodeling at uteroplacental junction is suppressed from
middle stage after BP elevation (E16) in PAH mice. It has
been generally accepted that impaired pseudovasculogenesis
and shallow invasion are determined at an early stage of
gestation.39 However, the constituents of uteroplacental
junction keep remodeling throughout pregnancy by produ-
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Figure 6 IUGR in PAH mice. (a) Significant numbers of nucleated RBCs are still detectable in PAH labyrinth at E19 (right). In some parts, nucleated RBCs are

accumulated as an island (inset). (b) Mean number of nucleated RBCs in sagittal section, counted from ten specimens of each group is shown.

(c) Comparison of sagittal body sections and the brains, lungs, kidneys and hearts between WT fetus (left) and PAH fetus (right) at E19. (d) Schema of

pathological events in the placental labyrinth of PAH induced by RAS-mediated maternal hypertension. The downregulation of Ang/Tie system disrupts the

interactions and crosstalk between ECs and pericytes. In addition, the downregulation of claudin-5, Apelin/APJ and eNOS on mid-pregnancy and the

upregulation of ET-1 on later phase in PAH placenta enhance BP elevation and suppress the normal vascular maturation in placenta. These induce the

poorly developed fetal vasculature, which cannot interact with maternal blood sinus appropriately, and lead to insufficient supply of oxygen and nutrients,

resulting in the preeclamptic complications including maternal pathology and fetal IUGR.
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cing extracellular matrix, and it has been poorly understood
whether and how maternal hypertension affects the re-
modeling activities of uteroplacental junction. In this point,
it should be noted that striking downregulation of MMP-2
occurred at E16, and the suppression of proteolytic activities
in situ became obvious at E19 in PAH uteroplacental
site. Re-expression of MMP-2 mRNA at E19 in PAH
uteroplacental site may be due to extensive apoptosis and
leukocytic accumulation in response (Figure 1d). We de-
tected MMP-2-positive leukocytes by immunohistochemistry
in PAH uteroplacental site at E19 (data not shown). However,
the expression of TIMP-2 mRNA was higher in PAH than
WT (Figure 5c). MMP-2 and TIMP-2 proteins are known to
form complexes and their balance is important to determine
tissue proteolytic activity.40 Taken together, it is strongly
suggested that the tissue remodeling of uteroplacental area is
hampered by maternal hypertension at later stage of gesta-
tion, and that hypertension-induced local milieu leads to
weakened placental anchorage to uterine wall. Further study
is required whether human gestational hypertension
unrelated to initial failure of pseudovasculogenesis would
result in shallow placental-myometrial interaction during the
second half of pregnancy.

APJ is a recently identified G protein-coupled receptor and
expressing mainly in the cardiovascular system. We pre-
viously revealed by using APJ knockout mice that APJ exerted
hypotensive effect and antagonistic role against angiotensin-
II in BP regulation.41 In this study, it was demonstrated that
the expression of apelin/APJ in WT placenta was the highest
at E13 and decreased as gestation proceeded, whereas in PAH
placenta, apelin/APJ were downregulated strikingly at E13. In
PAH mice, excess of angiotensin-II is produced in latter half
of pregnancy by the interaction between fetoplacental-de-
rived hRN and maternal hANG,9 and it is recently reported
that angiotensin-II-infused rats showed decrease of cardiac
apelin mRNA.42 Taken together, our results support the
possibility that the expression of apelin/APJ may be sup-
pressed by angiotensin-II system in this model. Several
studies have substantiated that apelin/APJ signaling causes
vasodilation and hypotension via the activation of NO
system.23,41,43 On the other hand, angiotensin-II was reported
to increase total eNOS protein in ovine fetoplacental artery-
derived ECs.44 Therefore, concurrent downregulation of
eNOS mRNA with apelin/APJ mRNAs in PAH placenta un-
der excessive angiotensin-II needs further investigation.
Claudin-5 belongs to tight junction molecules and con-
tributes to cell–cell adhesion in ECs.45 Interestingly, in this
study, claudin-5 showed similar suppression pattern as
apelin/APJ in PAH placenta. We have recently reported that
apelin/APJ signaling enhanced the focal adhesion formation
by using 293T cell line stably expressing APJ.46 Although it
remains unknown possible interaction between apelin/APJ
system and claudin-5, the apelin/APJ signaling and claudin-5
might contribute in concert to the pathological placental
neovascularization.

The present study provided important information about
pathogenesis of abnormal development of placental vascular
network in later periods of pregnancy in PAH mice. We
demonstrated that maternal hypertension suppressed
fetoplacental vascular maturation and uteroplacental tissue
remodeling. We also showed that RAS-mediated hyper-
tension caused sVEGFR-1 elevation in maternal blood. These
factors probably induced deterioration of maternal–fetal
circulatory exchanges and led to severe fetal hypoxia and
IUGR. We summarize the events of pathogenesis of maternal
and fetal complications in PAH mice in Figure 6d. Some of
the key molecules in PAH, such as Ang-1, Tie-2, eNOS and
ET-1, in addition to sVEGFR-1, are known to participate
in the pathophysiology of human preeclampsia.37,47,48

Currently, very limited information is available about the
changes in time-dependent expression of these molecules in
human PIH. Therefore, these molecules might be noted as
sensitive markers for early diagnosis of this disease. Further
investigation is necessary to understand the pathological
cascade of abnormal development of placental vasculature
that must be critical for the collapse of circulatory interaction
between mother and fetus.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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