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Key points

e Chronic fetal hypoxia is one of the most common complications of pregnancy and is known
to cause fetal growth restriction.

® The structural adaptations of the placental vasculature responsible for growth restriction with
chronic hypoxia are not well elucidated.

e Using a mouse model of chronic maternal hypoxia in combination with micro-computed
tomography and scanning electron microscopy, we found several placental adaptations
that were beneficial to fetal growth including capillary expansion, thinning of the inter-
haemal membrane and increased radial artery diameters, resulting in a large drop in total
utero-placental vascular resistance.

® One of the mechanisms used to achieve the rapid increase in capillaries was intussusceptive
angiogenesis, a strategy used in human placental development to form terminal gas-exchanging
villi.

® These results contribute to our understanding of the structural mechanisms of the placental
vasculature responsible for fetal growth restriction and provide a baseline for understanding
adaptive physiological responses of the placenta to chronic hypoxia.

Abstract The fetus and the placenta in eutherian mammals have a unique set of compensatory
mechanisms to respond to several pregnancy complications including chronic maternal hypoxia.
This study examined the structural adaptations of the feto- and utero-placental vasculature in
an experimental mouse model of chronic maternal hypoxia (11% O, from embryonic day (E)
14.5-E17.5). While placental weights were unaffected by exposure to chronic hypoxia, using
micro-computed tomography, we found a 44% decrease in the absolute feto-placental arterial
vascular volume and a 30% decrease in total vessel segments in the chronic hypoxia group
compared to control group. Scanning electron microscopy imaging showed significant expansion
of the capillary network; consequently, the interhaemal membrane was 11% thinner to facilitate
maternal—fetal exchange in the chronic hypoxia placentas. One of the mechanisms for the rapid
capillary expansion was intussusceptive angiogenesis. Analysis of the utero-placental arterial tree
showed significant increases (24%) in the diameter of the radial arteries, resulting in a decrease in
the total utero-placental resistance by 2.6-fold in the mice exposed to chronic maternal hypoxia.
Together these adaptations acted to preserve placental weight whereas fetal weight was decreased.
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Introduction

Chronic fetal hypoxia is one of the most common
complications of pregnancy and is potentially associated
with a variety of maternal conditions including pre-
eclampsia, gestational diabetes and maternal heart disease
(Giussani, 2016). The fetus has a unique set of
compensatory mechanisms to maintain oxygen delivery to
the fetus in the face of reduced oxygen supply, including
the ability to bind greater concentrations of oxygen in
fetal haemoglobin (Martin, 2008), shunts in the fetal
circulation to allow more oxygenated blood to be directed
to the organs most prone to damage (i.e. brain and
heart) (Cohn et al. 1974; Gleason et al. 1990; Pearce,
2006), the ability to limit fetal oxygen consumption by
decreasing fetal heart rate and suspending fetal breathing
movements (Boddy et al 1974), and the ability of
fetal haemoglobin to continue to release oxygen at low
haemoglobin oxygen saturation levels. The placenta’s role
in the response to chronic hypoxia has primarily been
investigated in high altitude pregnancies. These studies
have shown that the feto-placental vasculature adapts to
hypoxia by increasing villous capillary density (Alia et al.
1996; Tissot van Patot et al. 2003). Consequently, the
diffusion barrier between maternal and fetal circulations
thins to increase the exchange of oxygen and nutrients
(Mayhew, 1998). However, opposing these adaptations is a
reduced remodelling of the utero-placental spiral arteries
(Zamudio, 2003). The overall response to pregnancy at
high altitude is therefore variable, especially for women
not normally resident at high altitude (Moore ef al. 2004;
Wilson et al. 2007).

The effects of chronic hypoxia in pregnancy have
often been studied using animal models housed in
specialized hypoxia chambers to mimic high altitude (for
review, see Jang et al. 2015). While in high altitude pre-
gnancies the placenta develops entirely under low oxygen
conditions, animal models allow us to study the effects
of specific windows of hypoxia on fetal and placental
development. It should also be noted that maternal (or
population-wide) adaptations prior to pregnancy are a
confound in investigating chronic hypoxia in high altitude
pregnancies. Studies using mouse models of chronic
maternal hypoxia have reported decreased fetal weight
(Gortner et al. 2005; Ream et al. 2008; Tomlinson et al.
2010; Cuffe et al. 2014; Rueda-Clausen et al. 2014)
and altered placental development, specifically decreased
labyrinth blood spaces (Cuffe et al. 2014; Higgins et al.
2016). However, the structural adaptations of the placental
vasculature responsible for chronic maternal hypoxia that
induces fetal growth restriction are not well elucidated.
The mouse reproduces many of the features of human
pregnancy (Georgiades et al. 2002; Mu & Adamson, 2006;
Cox et al. 2009) and has enabled detailed analysis of
placental adaptations to pregnancy complications (Coan
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et al. 2008; Bainbridge et al. 2012; Rennie et al. 2015).
In human pregnancies, biopsies of the utero-placental
circulation are usually limited to a small portion of the
vascular bed (Lyall, 2005). As a result, little is known
about the structural changes of the vessels upstream of
the spiral arteries including the radial arteries, known
to be the largest contributors to total utero-placental
resistance (Rennie ef al. 2016). Advanced 3D imaging
of the murine placenta using X-ray micro-computed
tomography (micro-CT) allow us to perform a detailed
analysis of the entire utero- and feto-placental arterial
circulations (Rennie et al. 2014a).

In the present study, we investigated the changes
in geometry and resistance within the feto- and
utero-placental vascular trees in placentas following
exposure to chronic, late gestation maternal hypoxia
in pregnant mice. Capillary remodelling and inter-
haemal membrane thickness were assessed using scanning
electron microscopy (SEM) and stereological techniques.

Methods
Ethical approval

Experimental procedures were approved by the Animal
Care Committee of The Centre for Phenogenomics,
conducted in accordance with guidelines established by
the Canadian Council on Animal Care and complied with
the ARRIVE guidelines.

Animals

CD-1 mice were purchased from Charles River
Laboratories (St Constant, QC, Canada). Males were
mated in-house with virgin females aged 8—14 weeks and
the morning that a vaginal copulation plug was detected
was designated embryonic day (E) 0.5. Mice were housed
in a standard cage with ad libitum access to food and water.

Chronic hypoxia protocol

Pregnant mice were randomized to prenatal chronic hypo-
xia (11% O,) or normoxia (21% O,) conditions from
E14.5 to E17.5 (E18.5 is term in this strain of mice).
Mice assigned to the prenatal chronic hypoxia group were
housed in a standard cage that at E14.5 was placed inside
a sealed acrylic chamber (medium A-chamber, 30 inches
W x 20 inches D x 20 inches H, Biospherix, NY, USA).
This chamber maintained an internal concentration of
oxygen at 11% by regulating nitrogen infusion. 200 grams
of soda lime (Alfa Aesar, Ward Hill, MA, USA) was
placed in the lower level of the chamber to scavenge
excess CO,. All animals were killed at E17.5 using cervical
dislocation.
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Injection of contrast agent

The E17.5 arterial feto-placental vasculature was pre-
pared for micro-CT (8 placentas from 4 control dams
and 8 placentas from 3 chronic hypoxia dams) and SEM
imaging (6 placentas from 3 control dams and 5 placentas
from 4 chronic hypoxia dams) as described previously
(Rennie et al. 2014b, 2015). Briefly, E17.5 conceptuses
were surgically exposed and a double lumen cannula
was inserted into the umbilical artery (Whiteley et al
2006). Blood was cleared from the vasculature using
heparinized saline containing xylocaine. For micro-CT
imaging, MV-122 Microfil (Flow Tech Inc., Carver, MA,
USA) was then manually infused until it was seen entering
the capillary bed. For SEM imaging, methyl methacrylate
(Batson’s no. 17, Polysciences, Warrington, PA, USA) was
manually infused, filling all feto-placental vessels, until it
was seen exiting the umbilical vein. The umbilical vessels
were ligated to maintain pressure during polymerization
ofthe contrast agent. Placentas for micro-CT imaging were
immersed in formalin and later mounted in agar. Methyl
methacrylate perfused placentas were immersed in 20%
potassium hydroxide for 24-48 h, which macerated all
tissue surrounding the casts.

In a separate cohort of mice, the utero-
placental vasculature (7 placentas from 4 control
dams and 8 placentas from 4 chronic hypoxia dams)
was perfused with HV-122 Microfil (Flow Tech Inc.) via
cannulation of the descending aorta using previously
established methods (Whiteley et al. 2006; Rennie et al.
2014b). Pump infusion was stopped when the bright
yellow colour of the contrast agent was seen entering the
utero-placental microvasculature of the exposed uterus
and the system was pressurized to 20 mmHg (i.e. micro-
vascular pressure) while the compound polymerized.
This pressure was chosen to match the known pressure in
the capillaries (Bohlen & Gore, 1977) and therefore avoid
damage from over-pressurization. The uterus was then
removed, immersed in formalin, and uterine segments
later mounted in agar for micro-CT imaging. The entire
utero-placental circulation was perfused for each dam and
placentas for analysis were selected based on complete
filling of the arterial vasculature. Implantation sites were
chosen randomly from the left and right uterine horns
and from the cervical and ovarian end of the uterine horn.
The normoxic control group data has been previously
published (Rennie et al. 2016).

Micro-CT imaging and vascular segmentation

3D datasets were acquired for feto-placental and
utero-placental contrast-enhanced specimens with the
surrounding tissue still intact using a Bruker Skyscan
1272 micro-CT scanner (Bruker Skyscan, Belgium). The
scanning protocol for the feto-placental specimens was
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as follows: with the X-ray source at 50 kV and 201 uA,
the specimen was rotated 360 deg in 0.2 deg increments,
generating 1800 views which were reconstructed into data
blocks with a 7.1 um voxel size. For the utero-placental
specimens, with the X-ray source at 50 kV and 201 uA,
the specimen was rotated 360 deg in 0.4 deg increments,
generating 900 views which were reconstructed into
data blocks with a 16.4 um voxel size. Vascular surface
renderings were generated from micro-CT data to
visualize the arterial vasculature.

The feto-placental arterial vasculature was auto-
matically segmented, identifying vessel segments and
bifurcations using an algorithm as described in detail pre-
viously (Rennie et al. 2011). The algorithm returned the
centre lines of a connected vessel tree and a tubular model
for which the lengths, diameters, and connectivity of
each vessel segment were known. Measurements of vessel
segment numbers and the distribution of vessel diameters
were extracted from the resultant tubular models for all
vessels >35 um (Rennie ef al. 2011, 2012). Diameter and
length measurements of the utero-placental vascular tree
were made using digital calipers in the Amira software
package (Visage Imaging, San Diego, CA, USA) (Rennie
et al. 2016). Diameter measurements were made and then
averaged from three or more sites along the uterine artery,
radial arteries and canals, and at 15 or more sites along
the spiral arteries to account for the larger variation
in diameters in these spiraling vessels (Rennie et al
2016).

Resistance calculations

Utero-placental vascular resistance was calculated as
described previously (Rennie ef al. 2016). Briefly,
the calculations assume laminar flow, Poiseuille’s law,
conservation of mass and equations for resistances in
series and parallel. The total resistance of each analysed
utero-placental vascular tree was calculated from the
number and the average diameter and length of the radial
arteries, spiral arteries, maternal canals and maternal canal
branches in that tree.

Immunohistological detection of hypoxia and fetal
capillary endothelium

In a separate series of mice, the hypoxia marker
pimonidazole hydrochloride (Hypoxyprobe-1,
Burlington, MA, USA) was injected intraperitoneally
(60 mg kg™!) at E17.5 (4 control dams and 4 chronic
hypoxia dams). The dams were returned to their
normoxic or hypoxic environments following the
injection. Following previously established protocols
for pimonidazole immunostaining of mouse embryos
(Kulandavelu et al. 2013), the dam was killed by cervical
dislocation 90 min post-injection and mid-horn placentas
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(2 per dam) were collected, processed, and sectioned
(5 wm thickness). Placental midline sections were stained
to detect placental hypoxia using Hypoxyprobe or
stained to quantify interhaemal membrane thickness with
CD34 using anti-mouse CD34 antibody (Serotec, 1:100)
following previously established protocols (Rennie et al.
2012). Stained slides were scanned at high resolution to
facilitate quantitative analysis.

Immunohistological analysis and stereology

Fractional area stained for Hypoxyprobe of each placenta
was computed via use of the colour thresholding and area
fraction tools in Image] (National Institutes of Health,
Bethesda, MD, USA). A negative control slide (secondary
antibody only) was analysed similarly and its fractional
area staining subtracted from all other datasets to account
for any erroneous background staining. Interhaemal
membrane thickness was measured using Image] from
a midline section stained for CD34 using stereological
principles and corrected for shrinkage, as has previously
been described in detail (Coan et al. 2004; Rennie et al.
2012). Approximately 100 measurements were made per
placenta using the Image]J grid function using line probes
with random offset (area per point: 3000 pixels®) and the
orthogonal intercept method.

Scanning electron microscopy

The complete feto-placental vasculature infused with
methyl methacrylate was viewed using a PEI XL30
scanning electron microscope (FEI Systems Canada,
Toronto, ON, Canada). Magnifications ranged from (35 x
to 2000x ). Tuft length of each placenta was measured
directly from SEM images acquired at 200 x magnification
using Image]. Capillary diameter measurements were
made from SEM images (magnification of 1000x ) using
stereological principles and the ImageJ grid function as
described above, using a grid of crosshairs with a grid size
of 2000 microns/point. Approximately 25 measurements
of capillary diameter were made per placenta.

Statistical analysis

All statistical tests were performed using the R statistical
software (www.r-project.org). Data from each group of
animals are reported as the means & 95% confidence inter-
vals and analysed using Student’s ttests to compare groups.
Litter means were used for statistical analysis of fetal and
placental weights. We used a linear model to determine
whether total vessel segments depended on fetal weight
with main effects of group and fetal weight, and an inter-
action term between the two. A value of P < 0.05 was taken
to be significant.
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Results

Maternal, fetal and placental weights
and measurements

There was no difference in maternal weight prior to mice
being randomly assigned at E14.5 to either the chronic
hypoxia or control group (control 44 g (CI: 39—49) vs.
chronic hypoxia 44 g (CI: 41-47)). However, following
maternal exposure to hypoxia during late gestation
(E14.5-E17.5), the dams (N = 10) gained significantly
less weight compared to controls (N = 6) (control 10 g
(CI: 6-14) vs. chronic hypoxia 1 g (CI: 0-2), P < 0.0001)
(Fig. 1A). In addition, the fetuses exposed to chronic
maternal hypoxia (N= 12) weighed 25% less than controls
(N =12) (control 1.3 g (CI: 1.1-1.5) vs. chronic hypoxia
1.0g(CI:0.9-1.1), P< 0.005) at E17.5 (Fig. 1 B), indicating
that the hypoxia-exposed fetuses failed to reach their
growth potential. In contrast, placental weights (control
0.17 g (CI: 0.15-0.19) wvs. chronic hypoxia 0.15 g (CI:
0.14-0.16), P=0.1) (Fig. 1C) were unaffected by exposure
to chronic maternal hypoxia. The feto-placental weight
ratio, a measure of placental efficiency (Perry et al. 1995),
was significantly lower in the chronic hypoxia group
(control 7.8 (CI: 6.4-9.2) vs. chronic hypoxia 6.3 (CI:
5.5-7.1), P=0.04), consistent with fetal growth restriction
(Hayward et al. 2016). While there was no difference in the
diameter of the umbilical artery, the length of the umbilical
cord was significantly shorter in the hypoxia-exposed
placentas vs. controls (control 13.0 mm (CI: 12.1-13.9)
vs. chronic hypoxia 10.6 mm (CI: 9.6-11.6), P < 0.001)
(Fig. 1D).

Pimonidazole hydrochloride staining of the placental
tissue showed no evidence of significant placental hypo-
xia at E17.5 in either the labyrinth or junctional zone
of the chronic hypoxia or control group (Fig. 2). The
absence of further hypoxia beyond that seen under control
conditions in the placenta indicates that the placental
tissues are intrinsically capable of compensating for the
reduced oxygen conditions.

Hypoxia-exposed phenotype of the feto-placental
arterial tree

The geometry of the feto-placental arterial vasculature
at E17.5 was visualized using surface renderings of the
micro-CT data for control (n = 8) and chronic hypoxia
(n = 8) placentas (Fig. 3A and B). The depth (control
2.1 mm (CI: 1.9-2.3) vs. chronic hypoxia 2.2 mm (CI:
2.0-2.4)) and span (control 6.8 mm (CI: 6.6-7.0) vs.
chronic hypoxia 6.4 mm (CIL: 6.0-6.8)) of the arterial
tree were not significantly different between the groups.
However, compared to the arterial tree in the control
group, there was a significant decrease in the vascular
volume of the chronic hypoxia placentas (control 7.9 mm?

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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(CI: 5.2-10.6) vs. chronic hypoxia 4.4 mm?® (CI: 2.3-6.5);
P < 0.05) (Fig. 3C). This was supported by vascular
segmentation which revealed that there was a significant
decrease in the total number of vessel segments in the
feto-placental arterial tree (control 6900 (CI: 5800—-8000)
vessels vs. chronic hypoxia 4800 (CI: 3000-6600) vessels;
P < 0.05) (Fig. 3D). To further explore if this difference
was confined to a specific part of the placenta, the
numbers of vessel segments were determined within
diameter ranges corresponding to approximate anatomic
locations within the tree; arterioles 35-75 um, intra-
placental arteries 75-150 m and chorionic plate arteries
>200 um (Rennie et al. 2012). Arteriole vessel number
was decreased by 1.4-fold (control 6000 (CI: 5000-7000)
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vs. chronic hypoxia 4200 (CI: 2600-5800); P < 0.05) and
the intraplacental artery vessel number was decreased by
1.6-fold (control 860 (CI: 690-1030) vs. chronic hypoxia
530 (CI: 310-750); P < 0.05) whereas no changes in the
chorionic plate arteries were observed. Interestingly, the
fetal weight showed a significant positive dependence on
total number of vessel segments (P < 0.0001, adjusted
R? = 0.74) that did not differ between chronic hypoxia
and control groups (Fig. 3E).

We next used SEM images to examine differences
between groups in the placental vasculature at the
capillary level (Fig. 4A). The average length of the
capillary tufts (control 0.68 mm (CI: 0.64-0.72) wvs.
chronic hypoxia 0.8 mm (CI: 0.7-0.9); P < 0.05) and
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Figure 1. The effects of chronic maternal hypoxia on maternal, fetal and placental parameters

Change in maternal weight from E14.5 to E17.5 (g; A), fetal weight (g; B), placental weight (g; €) and umbilical cord
length (mm; D) for chronic hypoxia (filled bars) compared to controls (open bars). Data shown as means + 95%
confidence intervals (Cl). N refers to the number of dams and n refers to the number of placentas. *P < 0.005.
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Figure 2. Detection of placental hypoxia via Hypoxyprobe staining

A, representative midline section from a control placenta exhibits mild Hypoxyprobe staining of the labryinth zone
(Lz) and more pronounced staining of the avascular junctional zone (Jz). Scale = 1 mm. Images of the Lz in
the control (B) and chronic hypoxia (C) groups revealed a similar staining pattern. Inset in C is a negative control
(secondary antibody only). Scale = 100 wm. The percentage area of positive Hypoxyprobe staining for the labryinth
zone (D) and junctional zone (E) for chronic hypoxia (filled bars) compared to controls (open bars). Data shown

as means = 95% confidence intervals. n refers to the number of placentas. [Colour figure can be viewed at
wileyonlinelibrary.com]
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the average capillary diameter (control 7.3 um (CI:
6.4-8.2) vs. chronic hypoxia 11.0 um (CIL: 9.4-12.6);
P < 0.0005) were significant greater in the chronic
hypoxia-exposed placentas compared to the controls
(Fig. 4B and C), indicating that chronic maternal hypoxia
triggers capillary expansion to increase the surface area
available for exchange of oxygen and nutrients. Another
compensatory mechanism to facilitate maternalfetal
exchange is thinning of the interhaemal membrane. In
the chronic hypoxia placentas, the interhaemal membrane
was 11% thinner compared to controls (control 3.4 um
(CI: 3.2-3.6) vs. chronic hypoxia 3.0 um (CIL: 2.8-3.2);
P < 0.005) (Fig. 4D). Interestingly, the SEM images
of the chronic hypoxia placentas showed evidence of
intussusceptive angiogenesis, identified by distinctive
intussusceptive pillars (indicated by arrowheads in Fig. 4E)
(Mentzer & Konerding, 2014). These are analogous in
humans to the formation of terminal villi within mature
intermediate villi in the third trimester (Kingdom &
Kaufmann, 1997).
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Hypoxia-exposed phenotype of the utero-placental
arterial tree

The structure of the utero-placental vascular tree was
similar between groups (Fig. 5A and B). The uterine
artery directly supplied two pre-placental radial arteries
which branched into five to eight spiral arteries and
converged into two to four maternal canals. The diameters
of the uterine artery, pre-myometrial radial arteries,
spiral arteries and canals were the same between groups.
However, the first and second order radial arteries were
significantly larger in diameter in the chronic hypoxia
placentas compared to controls (first order radial arteries:
control 0.13 mm (CI: 0.11-0.15) vs. chronic hypoxia
0.16 mm (CI: 0.14-0.18); P = 0.03; second order radial
arteries: control 0.12 mm (CI: 0.11-0.13) vs. chronic
hypoxia 0.15 mm (CI: 0.14-0.16); P = 0.001) (Fig. 5C).
The physiological effect of this increase in radial artery
diameter is a predicted 2.8-fold decrease in the radial
artery resistance (control 5.9 mmHg s uL~! (CI: 5.1-6.7)
vs. chronic hypoxia 2.1 mmHg s uL™! (CI: 1.5-2.7);
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Figure 3. The effects of chronic maternal hypoxia on the feto-placental arterial vascular tree

Maximum intensity projection images of example control (A) and chronic hypoxia (B) feto-placental arterial vascular
trees. C and D, vascular volume (mm?3; C) and number of vessel segments (D) for chronic hypoxia (filled bars)
compared to control (open bars) placentas. E, fetal weights showed a positive dependence on the total number
of vessel segments (P < 0.0001, adjusted R?2 = 0.74) for the control (open squares) and chronic hypoxia (filled
circles) groups. Data shown as means &+ 95% confidence intervals. n refers to the number of fetuses/placentas.

*P < 0.05.
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P < 0.0001). In addition, there was a trend towards a
decrease in the resistance of the pre-myometrial radial
arteries (control 2.0 mmHg s uL™! (CL: 0.7-3.7) vs.
chronic hypoxia 0.8 mmHgs uL~! (CI: 0.3-1.3); P=0.06)
and spiral arteries (control 0.6 mmHg s uL~! (CI: 0.4-0.8)
vs. chronic hypoxia 0.4 mmHg s uL~' (CL: 0.3-0.5);
P = 0.06). These changes resulted in a 2.6-fold decrease
in total utero-placental vascular resistance in the placentas
of mice exposed to chronic maternal hypoxia compared
to controls (control 6.5 mmHg s uL~! (CI: 5.9-7.1)
vs. chronic hypoxia 2.6 mmHg s uL™' (CL: 2.0-3.2);
P < 0.0001) (Fig. 5D).
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Discussion

Using high-resolution micro-CT and SEM imaging
combined with vascular segmentation, we found
significant effects of chronic maternal hypoxia on both
the feto- and utero-placental circulations. While there was
reduced feto-placental arterial expansion in the chronic
hypoxia placentas, the capillary network significantly
expanded and the interhaemal membrane thinned to
increase the surface area and thereby promote enhanced
oxygen conductance to the fetus. Similar changes in the
fetal capillaries and in the diffusion capacity have been
reported with chronic maternal hypoxia in a guinea-pig
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Figure 4. The effects of chronic maternal hypoxia on the capillary network

A, SEM image of a representative E17.5 control placenta. B-D, capillary tuft length (mm; B), capillary diameter
(um; C) and interhaemal membrane thickness (um; D) for chronic hypoxia (filled bars) compared to control
(open bars) placentas. £, SEM images showing evidence of intussusceptive angiogenesis. Arrowheads in £ indicate
intussusceptive pillars. Data shown as means £ 95% confidence intervals. n refers to the number of placentas.
*P < 0.05, *P < 0.005, ***P < 0.0005.
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model (Bacon et al. 1984). In pregnant sheep raised at
high altitude, the placenta has also been shown to adapt by
increasing the surface area for exchange and increasing the
surface occupied by the vasculature (Parraguez et al. 2006).
Our observations are also consistent with human studies
that have reported increased capillarization of the terminal
villi and decreased diffusion distance with chronic hypo-
xia (Alia ef al. 1996; Mayhew, 1998; Tissot van Patot
et al. 2003) and with smoking (Pfarrer et al. 1999) or
anaemia during pregnancy (Kadyrov et al. 1998). One of
the mechanisms used to achieve the increase in capillaries
was intussusceptive angiogenesis. Intussusception has
been shown to play an important role in microvascular
adaptation in many clinical pathophysiological conditions
(Styp-Rekowska et al. 2011) and is responsible for the
formation of terminal villi in the third trimester of normal
human pregnancy. This phenomenon is considered to
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be energetically and metabolically more effective than
sprouting angiogenesis because it does not require an
increase in endothelial cells (Djonov et al. 2003; Mentzer
& Konerding, 2014). Here, evidence for intussusception
is consistent with the rapid expansion of the capillary
bed required to compensate for the chronic hypoxic
environment. Furthermore, vascular endothelial growth
factor (VEGF), an important regulator of placental
vascular growth, is known to be increased under hypo-
xia conditions (Forsythe ef al. 1996) and up-regulation of
VEGF is known to promote intussusceptive angiogenesis
(Gianni-Barrera et al. 2013). It has been shown that
intussusceptive angiogenesis is one of the mechanisms that
support the rapid growth of the mouse uterus during the
post-implantation period, before placental development
(Kim et al. 2013). To our knowledge, this is the first report
of intussusception in the mouse placenta.
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Figure 5. The effects of chronic maternal hypoxia on the utero-placental arterial vascular tree

Maximum intensity projection images of example control (A) and chronic hypoxia (B) utero-placental arterial
vascular trees. C and D, diameter (mm; C) and total resistance (mmHg s uL="; D) for chronic hypoxia (filled bars)
compared to control (open bars) placentas. Data shown as means & 95% confidence intervals. n refers to the
number of placentas. *P < 0.05, **P < 0.001, **P < 0.0001. Pre Myom., pre-myometrial radial arteries; RA, radial

arteries.
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The observation that fetal weight increased with the
total number of feto-placental vessel segments is consistent
with the latter providing a surrogate measure of placental
function. Allometric scaling laws for fetal weight have
been investigated previously to explain fetal weight
differences associated with healthy and pathological
placental morphology (Salafia & Yampolsky, 2009). In the
present study, with a comparatively small sample size, no
difference was observed in this relationship for chronic
hypoxia and control placentas.

Observed changes in vascular geometry downstream of
the uterine artery, specifically increases in the diameter of
the first and second order radial arteries, were estimated
to decrease total utero-placental resistance by 2.6-fold
in the mice exposed to chronic maternal hypoxia. The
large effect of the radial artery adaptation on resistance is
consistent with our previous work in normal mouse pre-
gnancies where we showed that the radial arteries have the
largest contribution (90% at E17.5) to total utero-placental
resistance and total utero-placental pressure drop (Rennie
et al. 2016), which also appears to be the case in the
human utero-placental vasculature network (Burton et al.
2009). The current work highlights the important role of
the radial arteries in vascular remodelling resulting from
late gestation maternal hypoxia. Such changes will deliver
greater amounts of oxygen to the labyrinth, where greater
fractional oxygen extraction is predicted to occur in the
face of the observed adaptive angiogenesis.

The large decrease in utero-placental resistance in the
mice exposed to chronic maternal hypoxia would result
in a significant increase in blood flow to the exchange
region, presumably to compensate for the decreased
oxygen content of the maternal blood. It should be noted
that the large increase in blood flow through this vascular
bed could have potentially deleterious effects on the
feto-placental vasculature via mechanical compression. In
normal pregnancy, blood pressure at the exchange surface
is low (only a few mmHg) and the pressure difference
between the maternal and fetal blood is low enough
to avoid compression of the feto-placental capillaries
(Karimu & Burton, 1994). The pressure drop, while
maintaining blood flow, is achieved in human pregnancy
by the funnel-shaped spiral arteries (Burton et al. 2009).
If the pressure drop across the utero-placental arteries
is inadequate, the placenta villi may be damaged, as
is observed in human pathological pregnancies where
arcuate arteries directly enter the placenta, evidenced
by the dark intra-placental bands observed in placenta
percreta (Balcacer et al. 2016). In the present study, despite
the large decrease in utero-placental resistance, the SEM
images of the capillaries for the chronic hypoxia group did
not show evidence of collapse.

In high altitude human pregnancies, there is an increase
in the number of spiral arteries (Tissot van Patot et al.
2003), but they are less remodelled (Tissot van Patot et al.
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2003; Zamudio, 2003) and thus overall have an associated
lower uterine blood flow (Zamudio et al. 1995) compared
to normal pregnancies. However, this effect is modulated
in multigenerational high altitude residents (Wilson et al.
2007). Compared to the present study where we observed
the same number of spiral arteries and increased uterine
blood flow, the difference may be explained by the fact
that the mice are only exposed to hypoxia during late
gestation or may reflect interspecies variability in vascular
adaptations to chronic hypoxia. In sheep studies exposed
to high altitude during late gestation, there was also a rise
in utero-placental blood flow (Kitanaka et al. 1989; White
& Zhang, 2003).

Despite the significant changes in placental vascular
morphology, there was no effect of chronic hypoxia on
overall placental weight. This is consistent with pre-
vious findings in rodents exposed to hypoxia during
late gestation (Lueder et al. 1995; Saker et al. 1999;
Cuffe et al. 2014). The decrease in placental efficiency
observed here is consistent with human fetuses exposed
to hypoxia (Macdonald et al. 2014) and with a study of
rats subjected to hypoxia for most of gestation (Richter
et al. 2012). While the study by Richter et al. reported
an increase in placental weights, stereological analysis
found no difference in placental volume or compartmental
volumes (decidua basalis, junctional zone or labyrinth
zone) between chronic hypoxia and control groups. Cuffe
et al. (2014) reported evidence of placental hypoxia,
particularly in the junctional zone. However, using Hypo-
xyprobe staining, we did not see any significant difference
in immunoreactivity between the chronic hypoxia and
control groups. The difference may be explained by the
longer duration of the chronic hypoxia protocol used by
Cuffe et al. (4 vs. 3 days) or by methodological differences
in hypoxia detection; they used Western blot analysis to
look at the pimonidazole adducts in the placental tissue
as well as HIF1A immunolabelling to look for evidence
of increased placental hypoxia relative to controls. An
alternate explanation is that increases in feto-placental
capillary volumes are offset by changes more proximal
in the placental vascular tree. Interestingly, the umbilical
cord was significantly shorter in the chronic hypoxia group
in the present study. In humans, short umbilical cords are
loosely correlated with decreased fetal growth, amniotic
fluid volume and fetal movement (Miller et al. 1981) and
have been associated with fetal compromise (Krakowiak
et al. 2004).

The present study has several limitations. One is that
the sex of the fetus was not determined. Recent evidence
suggests that placental adaptations to chronic maternal
hypoxia are sex dependent (Cuffe ef al. 2014) and it is
possible that some of the variability in our measurements
could have been the result of sex differences. The food
intake of the dams exposed to chronic hypoxia was
not recorded. This may partially explain the lack of
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maternal weight gain; however, a recent study found
no change in maternal food intake in response to
chronic hypoxia (Cuffe et al. 2014). Another limitation
is that each of the experimental assays (feto-placental
perfusion, utero-placental perfusion, methyl methacrylate
perfusion) required a separate cohort, preventing us
from examining correlations within specimens. Finally,
all measurements were obtained from ex vivo imaging of
perfused specimens. While previous work in our group has
shown close agreement between these measurements and
those obtained in vivo by ultrasound (Rennie et al. 2007),
this approach does not reproduce the pressure gradient in
the vessels that would be present with flowing blood.

In summary, the use of experimental mice allowed
us to investigate the changes in the microcirculation of
the placenta with chronic maternal hypoxia. In response
to a chronic hypoxic environment, there were several
adaptations in the placenta that were beneficial to fetal
growth including capillary expansion, thinning of the
interhaemal membrane and expansion of the diameter of
the radial arteries to increase utero-placental blood flow.
These results provide a baseline for adaptive physiological
responses to chronic hypoxia and can be used to identify
when compensatory mechanisms fail due to pathological
conditions.
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