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ABSTRACT

Chronic placental hypoxia is one of the root causes of placental
insufficiencies that result in pre-eclampsia and maternal hyperten-
sion. Chronic hypoxia causes disruption of trophoblast (TB)
development, invasion into maternal decidua, and remodeling of
maternal spiral arteries. The pregnant guinea pig shares several
characteristics with humans such as hemomonochorial placenta,
villous subplacenta, deep TB invasion, and remodeling of maternal
arteries, and is an ideal animal model to study placental
development. We hypothesized that chronic placental hypoxia of
the pregnant guinea pig inhibits TB invasion and alters spiral artery
remodeling. Time-mated pregnant guinea pigs were exposed to
either normoxia (NMX) or three levels of hypoxia (HPX: 16%,
12%, or 10.5% O,) from 20 day gestation until midterm (39-40
days) or term (60-65 days). At term, HPX (10.5% O,) increased
maternal arterial blood pressure (HPX 57.9 *+ 2.3 vs. NMX 40.4 *
2.3, P < 0.001), decreased fetal weight by 16.1% (P < 0.05), and
increased both absolute and relative placenta weights by 10.1%
and 31.8%, respectively (P < 0.05). At midterm, there was a
significant increase in TB proliferation in HPX placentas as
confirmed by increased PCNA and KRT7 staining and elevated
ESX1 (TB marker) gene expression (P < 0.05). Additionally,
quantitative image analysis revealed decreased invasion of
maternal blood vessels by TB cells. In summary, this animal model
of placental HPX identifies several aspects of abnormal placental
development, including increased TB proliferation and decreased
migration and invasion of TBs into the spiral arteries, the
consequences of which are associated with maternal hypertension
and fetal growth restriction.
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INTRODUCTION

An appropriate tissue oxygen (O,) balance is important for
normal placental development. Several conditions such as
living at high altitude, maternal disease (cyanotic heart
disease), anemia, infection, and chronic inflammation [1] can
result in decreased blood and O, supply and placental
insufficiency [2]. Abnormal placental function manifests as
altered endocrine function and/or nutrient transport and can
result in a range of maladies from small for gestational age
babies to maternal conditions such as pre-eclampsia (PE). PE is
one of the leading causes of maternal and infant illness and
death [3] and often presents as hypertension, vascular
inflammation, edema, and proteinuria [4] in the mother and
asymmetric growth restriction in the fetus [5]. Even though
placental hypoxia (HPX) is implicated in placental disorders
and fetal growth restriction (FGR), the role of O, in placental
development and trophoblast (TB) differentiation remains
unclear. Understanding the molecular basis of HPX-induced
placental dysfunction is key to identifying causal factors of
placental insufficiencies, pregnancy-induced maternal hyper-
tension, and FGR [6].

In human pregnancy, placental development is initiated at
embryo implantation followed by a regulated set of events,
including TB proliferation and migration into the decidua, and
culminating in the invasion and remodeling of maternal spiral
arteries [7]. During early stages of embryo implantation, TB
proliferation and migration occur under low O, conditions in
the maternal decidua [7]. This is followed by maternal spiral
artery remodeling by invasive TBs and increased blood
perfusion and oxygenation of the placenta [7, 8]. The role of
O, in mediating TB differentiation and endovascular invasion
is controversial because of conflicting in vitro results showing
that low O, conditions promote TB proliferation and decrease
invasion in cell culture [9—11], whereas others have shown that
hypoxic conditions (1% O,) increase cultured HRT-8/Svneo
cell invasion through Matrigel [12, 13]. These conflicting
results point to limitations of a simplistic in vitro system,
lacking interactions with maternal decidual cells and complex
microenvironment that exists in the animal model. Another
plausible explanation is the differences in the starting TB cell
types that could be at different stages of differentiation.

In humans, placental pathologies are typically initiated in
the first trimester of pregnancy and not identified until the last
trimester. While studies of term placenta permit investigation
of the consequences of disease, they fail to provide the means
for studying the pathogenesis of disease. Additionally, term
placenta lacks a placental bed, thereby precluding investigation
of the site of pathogenesis. These limitations necessitate
investigation of placental diseases prior to term and preferably
during the early stages of placentation. While the pregnant
baboon is the best surrogate to the human for studying
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placental development [14], the pregnant guinea pig makes for
a less expensive and ideal alternative because of close
similarities to the human placenta [14—17]. Similar to humans,
the guinea pig has a hemomonochorial placenta and exhibits a
characteristic deep invasion into the maternal decidua (a
limitation in most rodent models) [7]. The guinea pig placenta
consists of several lobules with a maternal arterial channel in
the center surrounded by a single fetal syncytiotrophoblast
layer. The labyrinthine lobes are distinct units of feto-maternal
circulatory exchange embedded in maternally perfused inter-
lobia that drain the labyrinth of maternal blood. A unique
feature of the guinea pig placenta is the subplacenta, which is a
highly folded derivative of TB shell consisting of a cellular TB
layer that is analogous to the cell columns of the anchoring
chorionic villi of human placenta [17]. The subplacenta harbors
a proliferating population of TBs that invade into the maternal
endometrium and can be traced in the interstitium, blood
vessels, and myometrium. In addition to the placental
organization, the pregnant guinea pig also mimics the human
in having a maternal progesterone profile that does not decline
at term [14] as well as fetal growth characteristics (i.e., growth,
and fat/protein accretion rates) and relative maturity at the time
of birth [14, 15, 18].

In the present study, a pregnant guinea pig model was used
to investigate the placental response to sustained HPX and
assess the impact of altered placental development on both
maternal and fetal phenotypes in late gestation. We hypothe-
sized that a chronic reduction in O, levels during placental
development disrupts the transitional process of cytotropho-
blasts from a proliferative to invasive subtype, thereby altering
spiral artery remodeling and eventually giving rise to placental
insufficiency and potential PE-like symptom:s.

MATERIALS AND METHODS
Generation of the Hypoxic Animal Model

All animal procedures using guinea pigs were approved by the University
of Maryland Institutional Animal Care and Use Committee in accordance with
Association for Assessment and Accreditation of Laboratory Animal Care
International-accredited procedures. Successful pregnancy was determined by
palpation, which occurs as a solid lump of 1 cm in diameter at 20-23 days of
gestation [19]. Pregnant guinea pigs were housed in either room air (normoxia
[NMX], n=10) or in a chamber containing either 16% (n=4), 12% (n=>5), or
10.5% O, (n = 10) HPX at 28-30 days of gestation; each were maintained in
their respective environments for the duration of pregnancy. In guinea pigs, the
TB invasion into uteroplacental arteries of the placenta begins at ~3 wk
gestation [19]. We have chosen the timing of exposure to maternal HPX a few
days later to ensure a successful implantation but early enough to impact the
invasive process. The level of HPX at 10.5% O, was selected based on the O,
level to which high-altitude (3500—4500 m) populations at risk of PE and FGR
are naturally exposed [20] and the minimal level to prevent termination of the
guinea pig pregnancy. Additionally, as we have previously reported, exposure
to 10.5% O, reduces maternal arterial O, saturation from 97.7% to 66.1%
(NMX vs. HPX, respectively) [21], which causes fetal HPX as indicated by
increased fetal cardiac HIF1 (hypoxia inducible factor-1) protein levels [22] and
fetal liver hypoxyprobe staining [23]. Maternal food intake (g/day/maternal kg),
water intake (ml/day/maternal kg), and maternal weight gain (g/day) were
measured every 2 days over the last 14 days of pregnancy (50-64 days of
gestation). Both NMX and HPX pregnant guinea pigs were terminated just
prior to term (term = 65 days of gestation) with the identification of pelvic
separation of 1 cm. A separate group of animals were exposed to 10.5% O, at
28-30 days of gestation, and placentas and fetuses were extracted at 40 days of
gestation to assess HPX effects at midterm. In addition, nonpregnant female
guinea pigs were exposed to either NMX (n =38) or HPX (10.5% O,, n=38) for
the same duration (35 days) as pregnant animals and served as controls.

Blood Pressure Measurement

Maternal arterial blood pressures of both NMX and HPX (16%, 12%,
10.5% O,) pregnant guinea pigs were measured at term (n = 4—10; four groups)

prior to fetal extraction. Blood pressure from nonpregnant female guinea pigs
was measured similarly after 35 days exposure of 10.5% O, HPX or NMX
exposure. Animals were anesthetized (ketamine, 80 mg/kg intraperitoneally
[i.p.], and xylazine, 1 mg/kg i.p.), heparinized, and a cannula inserted into the
right brachial artery for measurement of blood pressure. Systolic blood pressure
(SBP), diastolic blood pressure (DBP), and mean arterial pressure (MAP) were
recorded on a data acquisition system (ADInstruments) and analyzed using
ADInstruments Chart version 4.2 software.

Tissue and Urine Extraction

Maternal (heart and kidney) and fetal organs (heart, brain, liver, and kidney)
were extracted after terminal anesthesia from NMX and HPX pregnant animals
at term. Absolute fetal organ weights were measured, and relative weights were
normalized to their respective body weights (Supplemental Table S1;
Supplemental Data are available online at www.biolreprod.org). Likewise,
placentas were extracted from both NMX and HPX at 40 days and 65 days of
gestation animals and weighed and stored at —80°C until used for gene
expression analysis. Maternal urine was collected by syringe from the bladder
at the time of fetal organ extraction from NMX (n = 6) and HPX (10.5% O,, n
=06) guinea pigs (65 days of gestation; subset of animals used to measure blood
pressures) and immediately frozen. Total protein was measured by the Bradford
method normalized to creatinine levels (Cayman Chemicals).

Immunohistochemistry

To examine placental morphology of maternal blood vessels at midterm,
NMX and HPX (10.5% O,) animals (40 days of gestation, n = 3 each group)
were perfusion fixed with 4% paraformaldehyde on the maternal side
following cannulation of the uterine artery and drainage of the uterine vein.
Fixed placentas were paraffin embedded via standard protocol. Immunohis-
tochemistry was performed on 5 pum sections, subjected to heat-induced
antigen retrieval at 95°C for 20 min in 10 mM Tris, 1 mM ethylenediamine-
tetraacetic acid, pH 9.0, rinsed in TBST (20 mM Tris, 150 mM NaCl, and
0.1% Tween, pH 7.4), blocked using Dako Protein Block, and then incubated
with primary antibodies (Cytokeratin 7/KRT7, PCNA, smooth muscle actin,
von Willebrand factor; Supplemental Table S2) overnight at 4°C. On the next
day, sections were washed in TBST and incubated with secondary antibodies
(fluorophore- or enzyme-conjugated antibodies, i.e., alkaline phosphatase
[AP] or horseradish peroxidase [HRP]), for 1 h at room temperature. For
immunofluorescence, sections were incubated with the following secondary
antibodies diluted in TBST—Alexa Fluor 488 goat anti-mouse IgG2a (1:500)
and/or Alexa Fluor 568 goat anti-rabbit (1:500)—then slides were mounted
with Prolong-Gold Antifade Mount with 4’,6-diamidino-2-phenylindole
(DAPI) (Life Technologies), which stained the nuclei. For enzymatic
immunohistochemistry, sections were incubated with the following secondary
antibodies diluted in TBST: goat anti-mouse IgG2a conjugated to HRP
(1:100) and goat anti-rabbit conjugated to AP (1:100). The VECTOR Blue
Alkaline Phosphatase Substrate kit (Vector Laboratories) was used for
colorimetric detection of AP secondary antibodies and the DAB-Plus
Substrate kit (Invitrogen) was used for detection of HRP secondary antibodies
following the manufacturers’ instructions. Sections were then counterstained
with Nuclear Fast Red (Sigma-Aldrich) to stain nuclei and then mounted with
ImmunoHistomount medium (Abcam). In all experiments, negative controls
were performed in which no primary antibody was used.

To demonstrate local placental HPX, the hypoxyprobe-1 (pimonidazole
hydrochloride, Hypoxyprobe-1 Kit; Chemicon) was administered (80 mg/kg,
i.p.) to a single NMX and HPX (10.5% O,) pregnant guinea pig at 40 days of
gestation for 90 min. Animals were anesthetized and placentas were extracted,
fixed, and embedded for immunofluorescence staining of the reduced
pimonidazole adducts for detection of placental HPX. Pimonidazole adducts,
which form under conditions of tissue O, level <10 mmHg [24], were probed
using hypoxyprobe-1 antibody (see Supplemental Methods for the full
protocol).

Histological Measurements of Placenta

To capture images of the entire placenta, tissue sections of 5 pm were
stained with hematoxylin and eosin (H&E) by standard procedures and
multiple 1.8X images were captured and assembled into a single high-
resolution image using Adobe Photoshop. Areas were measured manually
using the freehand selection tool and the area calculation feature of ImageJ
software (National Institutes of Health). To reduce variability and eliminate
user bias, all measurements were taken three times each by two separate
individuals. The areas were averaged for three placentas from each treatment

group.
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Quantitative RT-PCR of Placenta Tissues

Placentas of 40 days and 65 days of gestation of NMX and HPX (10.5%
O,) guinea pigs were used to measure mRNA levels of selected genes. Total
RNA was isolated from snap-frozen tissues using TRIzol (Life Technologies)
in combination with RNeasy Mini Kit (Qiagen) reagents, and DNA removed
using the TURBO DNA-free kit (Ambion). Two micrograms of total RNA was
reverse transcribed using Superscript III First-Strand Synthesis System
(Invitrogen) with random hexamer primers following the manufacturer’s
protocol. Quantitative real-time PCR was performed using SYBR Green PCR
Master Mix (Life Technologies) on an Applied Biosystems 7500 Real-Time
PCR system using gene-specific primers (Supplemental Table S3). The
comparative ACT method [25] was used to analyze gene expression changes
between the treatment groups. There were five to six biological replicates and
two technical PCR replicates for each placental sample of the four treatment
groups that include NMX (n = 5) and HPX (10.5% O,, n = 6) at 40 days of
gestation and NMX (n=5) and HPX (10.5% O,, n=>5) at 65 days of gestation.

Statistical Analysis

Data are expressed as mean * SEM. Comparisons between groups were
made using a one-way ANOVA on Ranks with HPX treatment as the
independent variable. If mean values among multiple comparisons were found
to be different (P < 0.05), a Dunn post hoc test for unequal sample numbers
was applied to analyze differences from NMX controls. For comparisons of
fetal body weight and placenta weight, all fetuses and placentas from litters of
the four treatment groups were included for comparison. For histology and
gene expression analysis, separate placentas from the same litter were selected
for analysis as representative of the litter and represents n = 1. Statistical
comparisons for MAP and fetal and placenta weights were performed with
SigmaStat software, and comparisons for real-time PCR data was analyzed by
unpaired r-test using Prism 7 software using the PROC generalized linear
model method.

RESULTS
Effects of HPX on Maternal Parameters

Arterial blood pressures from pregnant and nonpregnant
animals were measured in guinea pigs exposed to NMX or
three different levels of HPX conditions (Fig. 1A). In pregnant
animals, the MAP, SBP, and DBP were significantly elevated
(P < 0.05) at 10.5% O, HPX compared to NMX controls
(MAP: 579 = 2.3 vs. 40.4 = 2.3; SBP: 65 + 2.8 vs. 47.0 =
2.4; DBP: 50.6 = 1.9 vs. 34.5 = 2.1 mmHg for HPX at 10.5%
O, vs. NMX, respectively) (Fig. 1A and Supplemental Fig.
S1). However, the MAP in pregnant animals exposed to 12%
or 16% O, HPX conditions was not significantly elevated.
Likewise, 10.5% O, HPX did not result in elevated MAP (50.9
* 2.6 mmHg vs. 47.6 = 2.6 mmHg, HPX vs. NMX,
respectively) in nonpregnant animals.

Histological analysis of maternal kidneys revealed no
pathogenesis in glomeruli of HPX compared to NMX animals,
respectively (Supplemental Fig. S2). Furthermore, there was no
significant difference in urine protein/creatinine ratios (n = 6
each group; 0.184 = 0.034 vs. 0.212 = 0.044 mg protein/mg
creatinine). The average food intake (50.8 * 3.9 vs. 49.5 *
4.0 g/day/kg, NMX vs. HPX, respectively), water intake (208.7
* 33.0 vs. 231.0 £ 36.8 ml/day/kg, NMX vs. HPX,
respectively), and the maternal weight gain (12.6 = 2.3 vs.
159 * 6.5 g/day, NMX vs. HPX, respectively) were not
significantly different between NMX and HPX animals (10.5%
0,).

Effects of HPX on Fetal Parameters

Maternal exposure to 10.5% O, HPX (but not 12% or 16%
O,) resulted in reduced fetal weight (P < 0.05) by 16.1%
relative to NMX controls (Fig. 1B and Supplemental Table S1),
but increased (P << 0.05) both absolute and relative placental
weights by 10.1% and 31.8%, respectively (Fig. 1, C and D,

and Supplemental Table S1). However, reduction of fetal
weights or increase in absolute or relative placental weights
was not observed at 12% or 16% O, (Fig. 1, C and D, and
Supplemental Table S1) conditions. Hypoxyprobe analysis
confirmed that exposure to maternal HPX (10.5% O,) at 40
days of gestation induced a local tissue HPX in the guinea pig
placenta, which was absent in the NMX control (Fig. 1E). The
average litter size per pregnant guinea pig range from three to
four pups/litter (3.7 £ 0.2 for NMX, 3.0 = 0.6 for HPX 16%
0,,3.2 = 0.4 for HPX 12% O,, and 3.5 = 0.2 for HPX 10.5%
0,).

2Exposure to HPX had variable and asymmetric effects on
fetal organ (brain, heart, liver, and kidney) weights. Chronic
10.5% O, HPX resulted in reduced (P < 0.05) fetal brain and
liver weights (Supplemental Table S1). However, the relative
weights (ratio of weight of organs to fetal weight) of fetal liver
was decreased, while fetal brain and heart were increased (P <
0.05) with HPX (10.5% O,). The absolute or relative weights
of kidney remained unaffected in all HPX treatments. At
relatively mild HPX conditions, specifically 16% and 12% O,,
only the absolute fetal brain weight showed significant
reduction at 12% O, conditions (P < 0.05; Supplemental
Table S1).

Effects of HPX on Morphology of Midterm (40 Days)
Placentas

The NMX and HPX (10.5% O,) placentas harvested at 40
days of gestation were examined for subplacenta and labyrinth
morphology as well as TB invasion in the junctional zone.
Subplacenta is a villous-like structure (Fig. 2) and a source of
invasive TBs in the guinea pig placenta prominent at 40 days of
gestation, but disappears at term [26]. Immunofluorescence
staining of smooth muscle actin (SMA) (green; Fig. 2A), which
stains for maternal blood vessels and decidual cells, in NMX
(top row) and HPX (bottom row) placentas revealed a
noticeable expansion of the junctional zone in the maternal
decidua of 10.5% O2 HPX animals. On the maternal side, HPX
placentas underwent an exaggerated decidual response that led
to an expansion of the junctional zone (Fig. 2, A and B, and
Supplemental Fig. S3). Both low (Fig. 2A) and high (Fig. 2B)
magnification images show a net proliferation of decidual cells
containing eosinophilic cytoplasm lining the myometrium
(Supplemental Fig. S3) in the HPX (seen as a clear and broad
boundary in the junctional zone) compared to NMX placenta.

In the subplacenta region, costaining of mononucleated
KRT7-positive TBs (blue) and SMA (brown; Fig. 3A) revealed
a noticeable narrowing of blood spaces in HPX placentas. As
shown in Figure 3B, there was a trend toward increase in
subplacenta area as a fraction of total placental area (placenta
plus labyrinth; Fig. 3B) in HPX placenta. The narrowing of
blood spaces and increase in subplacenta area is a consequence
of significantly increased (P < 0.05) proliferation of KRT7-
positive mononuclear TB cells as evidenced by proliferative
marker PCNA staining (Fig 3, C and D). Staining of both
KRT7-positive TBs (red, middle panel; Fig. 3C) and
proliferating cell marker PCNA (green, right panel; Fig. 3C)
were increased in the subplacenta of HPX placentas (Fig. 3D).
In the labyrinthine area, HPX caused an expansion of blood
channels as indicated by increased diameters of maternal
arterial channels (Fig. 3, E and F).

One of the cardinal functions of invasive TBs is the
remodeling of maternal arteries. In 40 day NMX placenta,
KRT7-positive cells were identified within the blood vessels
lining the lumen in both proximal and distal maternal arteries
(Fig. 4 and Supplemental Figs. S4 and S5). In the HPX
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Effects of systemic hypoxia (HPX) on guinea pig dam, placenta, and fetus. A) Effects of HPX on mean arterial blood pressures (MAP) of

nonpregnant and pregnant (term = 65d gestation) guinea pigs. The MAP values of nonpregnant female guinea pigs (NMX, open bar, n=8; HPX, closed bar,
n=38, 10.5% O,) are shown on the left and pregnant guinea pigs (NMX n=10) and HPX (16%, n=4; 12%, n=>5; 10.5%, n=10) on the right. In the figure,
the asterisk (*) indicates P < 0.05 versus NMX pregnant. Absolute fetal (B) and placenta weights (g) (C) and relative placenta weights (placenta weight/fetal
body weight ratios) (D) are shown for normoxic (NMX, open bar, n=36) and hypoxic (HPX, hashed bars, 16%, n=12; 12%, n=15; and 10.5% O, n=38)
animals. Values were obtained from all fetuses of litters from pregnant animals. In the figure, the asterisk (*) indicates P < 0.05 versus NMX controls. E)
Immunofluorescence staining of hypoxyprobe-1 (pimonidazole-fluorescent, green) and DAPI (blue nuclear stain) of NMX and HPX (10.5% O,) placenta at
40 days of gestation. The HPX placenta (200X) exhibits fluorescent staining in cytotrophoblasts throughout the labyrinth, whereas the NMX placenta
showed no fluorescent staining in any of the sections viewed. Red blood cells are identified as orange fluorescence within the lumen of blood vessels.

Mouse serum was used as a negative control, which showed no fluorescent stain (not shown).

placenta, there was little to no KRT7-positive cells located
within maternal blood vessels. Even though some KRT7-
positive cells were seen in vessels closer to the subplacenta, no
KRT7 staining was seen in the walls of vessels located close to
the myometrium and distal arteries, nor was there any evidence
of widening of the lumen in the HPX placenta. Instead, there
was an increased abundance of SMA-positive decidual stromal
cells lining the blood vessels and fewer KRT7-positive
cytotrophoblast cells (Fig.4 and Supplemental Figs. S4 and
S5). Quantitative image analysis of multiple samples (derived
from Fig. 4 and Supplemental Fig. S4; NMX and HPX, n = 3)
showed a decrease in the ratio of KRT7 to von Willebrand
factor signal (normalized to SMA; Supplemental Fig. S6) in the

junctional zone of HPX placenta, indicating that HPX has an
inhibitory effect on the ability of extravillous TBs to invade
and remodel the endothelial lining of the maternal spiral
arteries in the junctional zone.

Effects of HPX on Placental Gene Expression

We examined the effect of chronic maternal HPX (10.5%
O,) on placenta gene expression at 40 days (midterm) and 65
days of (term) gestation relative to NMX controls (Fig. 5, A
and B). Midterm and term placentas were exposed to HPX for
15 and 40 days duration, respectively. This provided a means
for assessing how placental gene expression differs with
duration of HPX relative to its age-matched NMX control. A
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FIG. 2.

1.4-fold change was considered a cutoff level for up- or
downregulation (dotted line) and a P < 0.05 (*) and P < 0.01
(**) was considered statistically significant (Fig. 5, A and B).

At midterm, HPX increased expression of the placental
specific transcript, ESX/, and placental growth factor (PGF)
while expression of syncytin (ERVWI), a syncytiotrophoblast
marker and the main TB subtype in the labyrinth, was
decreased (Fig. 5A). This is consistent with increased
proliferation and decreased differentiation noticed in the
subplacenta and labyrinth zones with HPX (Fig. 3) at
midgestation. Expression of HANDI, a giant TB cell marker,
was not significantly altered by HPX at either midterm or near-
term gestation. Markers characteristic of PE and diseased
placenta such as FLT and PAPPA were significantly increased
in HPX, whereas PTGS2, a prostaglandin synthase marker, was
decreased. Other markers such as vascular endothelial growth
factor (VEGF), catechol O-methyl transferase (COMT), and
tissue factor (TF, a coagulation factor) were not significantly
different from control although showed a trend toward a
decreased expression.

At term (65 days of gestation), HPX (10.5% O,) placentas
exhibited increased mRNA levels for VEGF, PGF, and ESX!
compared to NMX controls accounting for compensatory
increase in absolute or relative placental weights at term (Fig.
5, A and B). Expression of HANDI was upregulated while
ERVWI expression was unaffected. Chronic HPX resulted in
decreased expression levels of PAPPA, PTGS2, and COMT,
increased levels of coagulation factor (TF), and had no effect
on FLT levels. Thus, prolonged exposure to HPX induced

Effects of hypoxia (HPX) on junctional zone (JZ) and decidua of normoxic (NMX) and hypoxic (HPX, 10.5% O,) guinea pig placentas at 40 days
of gestation (term = 65 days of gestation). In A and D, immunofluorescence staining of NMX and HPX placentas is identified for smooth muscle actin
(SMA), which stains for blood vessels and decidual cells across sections of the myometrium (M), maternal decidua, JZ, and subplacenta (SP). In HPX
placentas, an increased decidual cell layer in the JZ was noticed compared to the NMX placenta. Panels (B, C [NMX] and E, F [HPX]) show low (B, E) and
high (C, F) magnification images with costaining for decidual stromal cells, SMA (brown), and KRT7-positive TB cells (blue). Notice an expanded SMA-
positive stromal cell population indicative of an increased decidualization response in HPX animals (E, F). Bars = 1000 pm (A, D), 500 pm (B, E), and 100
um (C, F).

compensatory changes in placenta gene expression, as
indicated by increased VEGF and PGF and decreased PAPPA,
PTGS2, and COMT.

DISCUSSION

The guinea pig has a hemomonochorial and labyrinthine
placentation, and is composed of separate lobes each with
independent circulation [27]. A distinguishing feature of guinea
pig placenta is a highly folded and villous TB shell called the
subplacenta. The subplacenta is analogous to the anchoring
villi of the human placenta and is a source of invasive TB cells
[27, 28]. During normal placenta development, local tissue
HPX in the maternal decidua stimulates rapid TB proliferation
and passive migration of TB from the subplacenta. As
vasculogenesis progresses, there is increased tissue O, tension
and a phenotypic switch of TBs from a proliferative to an
invasive subtype [29], which culminates in an invasion of
maternal spiral arteries and vascular remodeling [30]. In the
present study, maternal HPX generated a sustained placental
HPX and prevented vessel development and spiral artery
remodeling. The placental response to the O, deprivation is an
increased TB proliferation and subplacenta area, expanded
decidua and junctional zone, nonremodeled maternal spiral
arteries in the junctional zone, a compensatory increase in the
volume of blood spaces in the labyrinth, and an increase in the
overall weight of the placenta.

Chronic 10.5% O, HPX increased SBP, DBP, and MAP in
pregnant animals but had no effect on blood pressures in
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FIG. 3. Histological and immunohistochemical evaluation of normoxic (NMX) and hypoxic (HPX, 10.5% O,) placentas (subplacenta, A-D; and

labyrinth, E-F) at 40 days of gestation. A) Representative H&E whole images of NMX and HPX placentas shown at the top of the figure. In the panels below
images (A), costaining of KRT7-positive TBs (blue), smooth muscle actin (SMA, brown), and nuclei (pink) shows increased proliferation of TBs and
narrowed blood vessels in the subplacenta of HPX guinea pigs. B) Morphometric analysis of subplacenta area normalized to labyrinth area (percent of
binary area) for NMX (black bar, n=3) and HPX (grey bar, n=3) placenta. C) In the subplacenta, staining by H&E (left panels) and immunofluorescence is
used to identify KRT7-positive TBs (red), SMA (green), DAPI (nuclei, blue, middle panels), and proliferation in cytotrophoblasts (PCNA, green, right
panels). D) Quantitative image analysis shows an increase of both KRT7 (TBs) and PCNA (proliferation) (*P < 0.05) staining in subplacenta of HPX (black
bars) compared to NMX (grey bars) placentas. E) Effect of HPX on labyrinth morphology in NMX and HPX placentas. Representative whole images of
NMX and HPX placentas (left), H&E (middle), and fluorescent staining (right) of KRT7-positive TBs (red), SMA (green), and DAPI/nuclei (blue) show an
expansion of blood spaces in HPX placenta. F) Morphometric analysis of maternal arterial channels (MACs) in HPX (black bars) compared to NMX (grey
bars) normalized to the labyrinth area is shown.

nonpregnant animals. The impact of maternal HPX on blood on arteries from nonpregnant guinea pigs [31, 32]. Several

pressure is related to the severity of the HPX challenge because
levels were not significantly elevated until 10.5% O, HPX.
This is attributed to the presence of a hypoxic placenta, which
was confirmed by hypoxyprobe staining, and no increase in
blood pressures in nonpregnant guinea pig as a consequence of
HPX. Consistent with the results in this study, HPX has been
reported to inhibit uterine artery remodeling and reduce
vasodilator reactivity to the flow of isolated arteries from
pregnant guinea pigs exposed to high altitude but had no effect

mechanisms may account for the HPX-induced increase in
blood pressure, which include an increase in uteroplacental
vascular resistance as a result of poor vascular remodeling and/
or release of vasoactive factors from the placenta into the
maternal circulation [33], or both. In PE, release of
vasoconstrictor factors such as soluble FLT1, angiotensin II,
norepinephrine, and others from the placenta into the maternal
circulation has been well established [6, 34]. However, the
guinea pig model does not mimic PE-like symptoms as evident
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FIG. 4. Effects of HPX on endovascular invasion by trophoblasts (TBs) of proximal (top panels) and distal (bottom panels) vessels in normoxic (NMX) and

hypoxic (HPX, 10.5% O,) placentas at 40 days of gestation (term = 65 days of gestation). TBs and smooth muscle actin (SMA) are identified (middle
panels) by KRT7-positive (blue) and brown colorimetric staining, respectively. The TB (KRT7 positive, red), SMA (green), and endothelial cells (EC, von
Willebrand factor, white) were identified by immunofluorescent stain (right panels). There was a clear absence of both colorometric blue (KRT7 positive)

and immunofluourescence red (KRT7 positive) in all sections viewed.

from the lack of renal dysfunction and glomerular endotheliosis
[6, 34]. Further, it remains unclear whether HPX placentas
release vasoconstrictor substances to account for the maternal
hypertension in the current study. Regardless, it is plausible
that both mechanisms of reduced placental perfusion and
uteroplacental vessel remodeling [35] could contribute to
increased maternal blood pressures in HPX animals. Evidence
from this study points to poor vascular remodeling as a likely
contributing factor for elevated arterial blood pressure.
However, the release of vasoconstrictor factors produced from
the HPX placenta [6] along with shearing of the spiral arterial
endothelial lining could release membrane components into the
maternal circulation [20], which has not been investigated in
this study, contributing to elevated systemic vascular resistance
and blood pressure.

At term, the HPX guinea pig placenta has undergone
compensatory growth during the course of gestation. The
increase in both absolute and relative placental weights
indicates an adaptive response to the reduced oxygenation.
This can be attributed to an HPX-induced increase in placenta
tissue volume [36] and an increase in both blood spaces and

vessel diameters in the labyrinth. Others reported increased [37,
38], decreased [39], and no change [36, 40] in placental weight
with HPX, identifying differences in hypoxic severity, timing
of gestation, and animal species. Despite the increased
placental weight, fetal body weight is decreased compared to
their NMX controls, clearly indicating an inefficient placenta.
The HPX fetal guinea pigs exhibited asymmetric growth with
heart and brain sparing, reduced relative liver weights, and no
change in relative kidney weights. The growth response of
HPX fetal guinea pigs is consistent with human studies that
have measured growth restricted babies born from pregnant
women living at high altitude [41-43]. Although hypophagia
can accompany exposure to HPX depending on severity, this
was not a factor in the current study because there was neither a
reduction in maternal weight gain, food intake, nor water intake
with maternal HPX (10.5% 0,). However, despite the
presumably unaltered caloric intake, HPX may decrease fetal
body weight by inducing metabolic changes [34] in the
placenta that contribute to disruption of normal nutrient
transport such as glucose to the fetus [44].
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FIG. 5. Effects of hypoxia (HPX, 10.5% O,; n=6, 40 days; n=6, 65 days) on placental mRNA expression relative to age-matched normoxic (NMX, n=5

for each gestational age) controls. A) Fold ciwanges of placental specific gene expression caused by HPX compared to age match NMX controls at midterm
(40 days, light gray bars) and term (65 days, dark gray bars) pregnancy are shown. Data are normalized to endogenous beta-actin and expressed relative to
NMX. Dashed line indicates 1.4-fold change, single or double asterisk denotes statistical difference P < 0.05 or P < 0.01from NMX control, respectively.
B) Table illustrates the directional changes (arrows) obtained from the gene expression data on the left along with identification of the role of each gene.

The morphological changes identified in HPX placenta at 40
days of gestation include an expanded junctional zone,
increased TB proliferation, decreased subplacenta area, and
reduced invasion of maternal arteries by TB. The expansion of
the junctional zone was associated with a HPX-induced
decidualization of the maternal endometrium. Despite an
increase in TB proliferation in the maternal endometrium,
there was a marked reduction in invasion of both proximal and
distal maternal arteries by TBs. Furthermore, the reduction in
vessel diameters within the subplacenta is suggestive of
morphologic changes that could limit placental perfusion and
generate a progressive decrease in tissue oxygenation over the
course of gestation. The enhanced TB proliferation and
increased vessel diameter in the labyrinth appears to be a
compensatory response to HPX. In other studies, maternal
HPX also expanded the labyrinthine zone in rats exposed to
129%-13% O, in late pregnancy [40, 45, 46] but was reduced if
O, levels were lowered to 10% O, [46], indicating a threshold
of HPX that may be maladaptive. HPX at 12%-13% O, in
guinea pigs [36, 47] and mice [37, 46] increases the exchange
surface area and maternal fetal diffusion capacity as an
additional adaptive response. Thus, there are likely both
adaptive and maladaptive competing influences that limit
placental perfusion on the maternal side, while enhancing the
capacity of nutrient transport in the labyrinth. This response is
linked to the severity of the HPX and may manifest as FGR.

Maternal and fetal consequences of abnormal placental
development such as in PE and placenta insufficiency are
attributed to reduced spiral artery remodeling by mechanisms
that are incompletely understood. The current animal model of
the HPX pregnant guinea pig provides evidence that placental
HPX stimulates TB proliferation in the maternal decidua but
inhibits their invasion into both the proximal and distal arteries.
This indicates a role for in vivo O, regulation in the switch of
TBs to an invasive phenotype in the 40 day guinea pig placenta
and is supported by 1) the presence of tissue HPX in the
placenta, 2) increased TB proliferation in the maternal decidua
and labyrinthine zone, and 3) marked reduction in TB invasion
of the lumen of maternal arteries. Our data illustrate several
examples where there was complete absence of TB invasion in
HPX placentas in contrast to the presence of TB invasion in

NMX placentas. It is unclear if reduced TB invasion is
associated with mechanisms that prevent invasion into the
vessel wall under HPX conditions [48] or whether HPX stress
inhibits TB differentiation [49, 50]. In vitro studies have shown
that TBs remain in a proliferative phenotype under low O,
conditions and differentiation into an invasive phenotype is
prevented in HPX conditions [9, 51]. Furthermore, HPX
(10.5% O, in vitro) has been shown to alter normal TB stem
cell differentiation by inhibiting mitochondrial activity [50]. In
contrast, pregnant rats exposed to 11% O, HPX between 6.5—
13.5 days of gestation (term = 21 days of gestation) exhibited
increased endovascular invasion of uterine mesometrial arteries
by HIF-induced signaling of TB differentiation into an invasive
subtype [52, 53]. The explanation for these contrasting results
is unclear. This may reflect differences in the TB characteristics
between the guinea pig and the rat because guinea pig TBs are
more closely aligned with TBs of human placentas [18]. In
addition, this may reflect differences in timing of gestational
HPX stimulus at critical times of TB proliferation and/or
differentiation within the placenta. Regardless, the HPX guinea
pig model provides a means of using TB invasion as a distinct
endpoint of spiral artery remodeling as the effects of maternal
O, deprivation and placental HPX on uterine vascular
resistance and fetal growth are investigated.

Gene expression of NMX and HPX placenta was measured
to identify placental specific changes related to HPX and
determine temporal changes that potentially contribute to
adaptive responses of the placenta during the course of
gestation. There were clear differences in gene expression in
response to HPX at 40 days versus 65 days of gestation. At 40
days of gestation, both PGF and ESXI expression was
increased and likely spurred the placental growth measured at
term. At term, the increased expression of VEGF appears to be
adaptive in promoting vasculogenesis as indicated by the
increased blood spaces measured in the labyrinthine zone of
HPX placentas. Expression of PAPPA is variable, exhibiting an
increase in HPX placentas at 40 days of gestation followed by a
significant decrease in expression at term. Its role in reducing
insulin growth factor availability to the developing fetus may
contribute to the FGR measured at term. The decrease in
expression of syncytin (ERVW1I) in midterm HPX placentas is
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supportive of increased TB proliferation and decreased
differentiation or commitment to syncytiotrophoblast popula-
tion. There was a consistent decrease in several placental
specific genes such as PTGS2 and COMT, which generates 2-
methoxyestradiol. Ablation of COMT and decline in 2-
methoxyestradiol results in PE-like symptoms in mice, and a
decline in COMT expression is observed in term HPX placenta.
Elevated sFLT1 causes vascular injury and PE in humans.
While sFLT1 is not annotated in guinea pigs, FLTI, a closest
ortholog, showed a trend for upregulation with HPX, although
not statistically significant at term. However, there was an
upregulation of coagulation factor (TF) in HPX placenta at
term, and we identified the formation of fibrin deposits in two
out of three HPX placentas (Supplemental Fig. S7). An
abundance of fibrin deposits in HPX placentas has been
attributed to poorly perfused and PE placentas [43] caused by
procoagulant activity of antigens released by apoptotic TB cells
[43], which may also be contributing factors in our model
(Supplemental Fig. S8). It should be noted that the composition
of the placenta at midterm and term pregnant guinea pigs have
clearly distinct compositions (e.g., loss of subplacenta at term).
Furthermore, site-specific gene expression within placental
regions (i.e., within the labyrinth as well as between the
labyrinthine and junctional zones) may be an important
consideration in matching temporal changes in placental
morphology with exposure to chronic HPX.

In summary, this study indicates that placental HPX induces
a compensatory blood vessel expansion in the guinea pig
labyrinth in response to inhibited upstream arterial remodeling
that generates maternal hypertension and FGR. Despite
changes in maternal, placental, and fetal compartments, similar
to that observed under conditions of PE, maternal renal
function and morphology are unaffected, and likely reflects a
placental insufficiency rather than PE-like symptoms. Thus,
placental HPX of the guinea pig negatively impacts endovas-
cular invasion by TBs, which may be an underlying cause of
the maternal hypertension and FGR. Further study is needed to
understand the temporal changes in decreased placental vessel
remodeling as it relates to the compensatory response of the
placenta.
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