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Abstract

Abnormally increased angiotensin Il activity related to maternal angiotensinogen (AGT)
genetic variants, or aberrant receptor activation, is associated with small-for-gestational-age
(SGA) babies and abnormal uterine spiral artery remodeling in humans. Our group studies a
murine AGT gene titration transgenic (TG; 3-copies of the AGT gene) model, which has a 20%
increase in AGT expression mimicking a common human AGT genetic variant (A[-6]G)
associated with intrauterine growth restriction (IUGR) and spiral artery pathology. We
hypothesized that aberrant maternal AGT expression impacts pregnancy-induced uterine spiral
artery angiogenesis in this mouse model leading to IUGR. We controlled for fetal sex and fetal
genotype (e.g., only 2-copy wild-type [WT] progeny from WT and TG dams were included).
Uteroplacental samples from WT and TG dams from early (days 6.5 and 8.5), mid (d12.5), and
late (d16.5) gestation were studied to assess uterine natural killer cell (UNK) phenotypes,
decidual metrial triangle angiogenic factors, placental growth and capillary density, placental
transcriptomics, and placental nutrient transport. Spiral artery architecture was evaluated at day
16.5 by contrast-perfused three-dimensional micro-computed tomography (3D microCT). Our
results suggest that uteroplacental angiogenesis is significantly reduced in TG dams at day 16.5.

Males from TG dams are associated with significantly reduced uteroplacental angiogenesis
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from early to late gestation compared with their female littermates and WT controls.
Angiogenesis was not different between fetal sexes from WT dams. We conclude that male
fetal sex compounds the pathologic impact of maternal genotype in this mouse model of growth

restriction.
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Introduction

Poor fetal growth is a common and potentially life-threatening complication of pregnancy [1].
Limited fetal growth may manifest as intrauterine growth restriction (ITUGR), a multifactorial
disorder characterized by fetal weight below the 10th percentile for gestational age relative to
the population [2]. Adverse health outcomes of poor fetal growth include increased perinatal
morbidity and mortality with an increased risk of adult-onset diabetes and cardiovascular
disease [3-7]. Males seem to be more susceptible to the underlying pathophysiology [8] and

long-term health consequences of developmental programming [4-7].

Small babies come from small placentas with gross and histologic features of maternal vascular
malperfusion (placental insufficiency), including placental infarctions and accelerated villous
maturation [9-14]. This may be related to insufficient delivery of nutrients (e.g., pathologic
changes in the uteroplacental arterial network) and/or increased fetoplacental demand (e.g. twin
gestations) [14-16]. The reason why IUGR males do more poorly than females is unknown, but
it may be related to relatively increased metabolic demands [17]. In addition, male fetal sex has

been associated with impaired angiogenesis in murine and porcine models of lTUGR [18, 19].

Maternal uterine angiogenesis and pregnancy-induced remodeling are essential for normal
pregnancy outcomes in mice and humans [9, 20, 21]. In humans, the uterine arteries (arcuate,
radial, spiral) grow, coil, and dilate in a process related to a combination of angiogenic growth
factors [e.g., placental growth factor (PLGF) and vascular endothelial growth factor (VEGF)]

and increased blood flow into the intervillous space [22-25]. In mice, the uterine spiral arteries
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grow de novo during early-to-mid pregnancy, highlighting the importance of this pregnancy-

induced process [26].

The uterine vascular network and placental bed (a.k.a. decidua basalis in women and “metrial
triangle” in mice) are very similar in mice and women [22, 26-29], but there are large
differences in how the uterine and fetoplacental vascular networks interdigitate. The mouse
placenta does not have an intervillous space. Instead, it is composed of a labyrinth of
interdigitating capillary-like spaces lined by placental trophoblasts encasing fetoplacental
capillaries [26]. The decidua in mice and women is composed of uterine natural Killer cells
(uNK) that are thought to play a vital role in regulating spiral artery angiogenesis. Angiogenic
factors like VEGF and PLGF are released by uNK cells to stimulate angiogenesis in the
decidua/metrial triangle [28, 29]. Moreover, vascular growth in both the uterus and placenta
seem to rely on similar angiogenic/anti-angiogenic pathways involved in vasculogenesis (initial
development of vessels) and angiogenesis (additional growth of new vessels by branching from
existing vessels) to grow capillary-like networks to prune into proper arteries and capillary beds

for nutrient exchange [30-32].

We hypothesize that fetal sex may impact uteroplacental angiogenesis, leading to worse clinical
outcomes in males compared with females from high-risk pregnancies. To test this, we employed
a murine angiotensinogen (AGT) gene titration transgenic (TG) model [33,34], which was
designed to mimic a common human AGT promoter variant (A[-6]G) associated with
pregnancy-induced hypertension, IUGR, and abnormal uterine spiral artery remodeling in the

first trimester [35-37]. We have previously shown that this TG model has features similar to



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

women with preeclampsia [36] and more recently that their growth restricted progeny develop
adult-onset stress-induced hypertension [34]. An advantage of this model is mice have multiple
pups per litter, enabling comparison of fetal sex between siblings with wild-type (WT, 2-copy)

genotypes within each litter and between litters relative to maternal genotype (WT versus TG).

Materials and Methods

Transgenic Mouse Model: Experimental procedures were approved by the Institutional Animal

Care and Use Committee of Oregon Health and Science University and were conducted in
accordance with specific guidelines and standards. Angiotensinogen (AGT) 3-copy transgenic
(TG) dams (B6.129P2-AgttmiUnc/J) were purchased from The Jackson Laboratory (Bar Harbor,
Maine) and backcrossed with wild-type (WT) C57/BL6 mice from Charles River Laboratories
(Wilmington, MA) for more than ten generations before experimentation, similar to our group’s
previous work with this model [34, 36]. Adult (11-13 weeks old) TG and WT females were bred
with WT males and embryogenesis was timed from the vaginal plug (day 0.5). Fetal sex (SRY)
and AGT genotype (3-copy vs. 2-copy) were determined by PCR using specific primer sets that
yielded products of expected size and sequence using genomic DNA from fetal liver tissue or
adult tail snips extracted by DNeasy (QIAgen; Valencia, CA) or REDEXxtract-n-Amp PCR
Reaction Mix (Sigma-Aldrich; St. Louis, MO), respectively, as previously described [34]. Data
related to maternal genotype and fetal sex were averaged per litter (>4 litters/ group/

experiment).

Tissue Samples: For each fetus, the maternal uterine metrial triangles and their corresponding

placentae were isolated separately from their siblings to control for fetal sex and fetal genotype.



124  Only WT fetal genotypes (2-copies of AGT gene) were used for all experiments to control for
125  the potential confounding effects of fetal 3-copy AGT expression in TG litters. Intact metrial
126  triangles with attached placentae were evaluated at day 6.5 and 8.5 for uNK activity. Micro-
127  dissected decidua at day 12.5 was used for angiogenic/anti-angiogenic expression analyses.
128  Uterine vascular architecture was evaluated by contrast-perfused three-dimensional micro-
129  computed tomography (3D microCT) imaging at day 16.5. Placental capillary density,

130  transcriptomics, and nutrient transport studies were also evaluated at day 16.5 because of

131 increased confidence of completed pregnancy-induced uterine angiogenesis by this time point
132 [21]. At each gestational age from 6.5-16.5, the fetus could be readily identified and excised to
133 provide fetal livers to determine fetal sex and fetal genotype corresponding to its placenta and
134  maternal metrial triangle.

135

136  Three Dimensional MicroCT Measurements of Uterine Arterial Structure: Uteroplacental

137 vasculature was perfused with x-ray contrast (Microfil HV-122, Flowtech Inc., Carver, MA) at
138 day 16.5 as previously described [21, 38]. Briefly, perfusion was via a cannulated descending
139  aorta with the use of a perfusion pump while monitoring the exposed uterus to enable selected
140 fill into the uterine arteries and placental labyrinth capillary bed. 3D microCT images were

141 acquired and reconstructed on a Quantum FX micro-CT (Caliper Life Sciences). Vascular

142 surface renderings were visualized and measured using Amira 3D visualization software. Spiral
143 artery number, branching, and coiling feeding each uteroplacental network were measured

144  independently by two reviewers (MR and JH) blinded to maternal genotype and fetal sex.

145  Averaged values for each fetal sex per each litter per maternal genotype were used for statistical

146  analysis.
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Angiogenic/Anti-angiogenic Expression Analyses: Protein extracted from micro-dissected

metrial triangles were analyzed using commercially available ELISAs (R&D Systems;
Minneapolis, MN) for soluble fms-like tyrosine kinase 1 (SFLT-1), VEGF, and PLGF according
to manufacturer’s instructions. Each experiment was performed in triplicate and expression
levels were estimated by comparison with Kit-provided internal standards. Values were within
the dynamic range of each ELISA assay and results for each fetal sex per litter per maternal

genotype were used for statistical analysis.

uNK Cell Phenotyping and Angiogenesis in Whole Mounts: Assessment of uterine natural killer

cell variable phenotype composition and metrial triangle angiogenesis in whole mount
experiments were performed as described by Anne Croy’s group [28, 39]. Briefly,
immunofluorescence assays were performed at days 6.5 and 8.5 using in situ uteroplacental
whole mounts from TG and WT dams (4-6 litters/group) when uNK cell composition is
changing most dramatically [28]. Day 8.5 is also when vasculogenesis/angiogenesis is
reportedly at its peak [39]. Uteri from days 6.5 and 8.5 were bisected along the midsagittal line
of the mesometrial-antimesometrial axis. They were then stained with FITC-conjugated
Dolichos biflorus agglutinin (DBA) lectin (Vector Laboratories; Burlingame, CA) and PE-
conjugated antibody against lectin-like receptor Ly49C/I (BD Biosciences; Franklin Lakes, NJ).
PE-conjugated anti-CD31 (also known as platelet endothelial cell adhesion molecule (PECAM-
1); BD Biosciences) immunostaining highlighted endothelial cells in the metrial triangle to
quantify early angiogenic “blebbing” and pruning “branching metric” described by the Croy

group [39]. Wild-type values were compared with those reported by the Croy group [28] for
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quality control and only the means per fetal sex per maternal genotype per litter were reported

for scientific rigor.

Placental Metrics: Placentas corresponding to each 2-copy fetus from WT and TG litters were

weighed, measured, and paraffin-embedded for stereological assessment of CD31
immunostained histologic sections to calculate fetoplacental labyrinth capillary number and
density [40, 41]. Briefly, placentas were cut from a random starting point in thick systematic
random sections perpendicular to the chorionic plate. The approximately four thick sections
obtained per placenta were mounted into a single block (as described in [40]). Sections 5 um
thick were immunostained for CD31 to highlight endothelial cells outlining fetoplacental
capillaries. One histologic section per placental block was evaluated. The placental labyrinth
within each section was outlined using Stereo Investigator software (MBF Bioscience; Williston,
VT). The number of capillaries within 100% of each placenta’s labyrinth cross-sectional area
was calculated using the point counting method [40, 41] and compared between four litters per

maternal genotype.

Placental Transcriptomics: cDNA libraries were prepared from day 16.5 placentas from male

and female 2-copy pups from TG and WT dams using the TruSeq RNA Sample Preparation
Kit (Illumina; San Diego, CA) according to manufacturer’s instructions. Purified libraries
were quantified on a Bioanalyzer 2100 (Agilent; Santa Clara, CA) using a DNA 1000 chip
and sequenced using lllumina HiSeq™ 2000. Reads were cleaned by removing adapters and
were filtered by quality (>Q20) and length (>50 bp) using Trimmomatic v0.30 [42]. CLC-

workbench (version 9.0; CLCbio) was used to map reads to M. musculus Genome Reference
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Consortium Mouse Build 38 (GCA _000001635.6). Transcript abundance and differential gene
expression on groups clustered based on PCR analysis were tested for using Empirical
analysis of DGE in CLC-workbench, controlling false discovery rate at 0.05. Genes that were
determined as significantly differentially expressed between/among groups were assigned
gene ontology (GO) terms using Database for Annotation, Visualization, and Integrated
Discovery (DAVID) [43]. GO terms were clustered using REVIGO (medium stringency) [44].
Transcript abundance was reported as RPM averages per fetal sex per maternal genotype per

litter (samples from 4 litters/genotype for this —omics pilot study).

gRT-PCR Validation of RNASeq: RNA from each day 16.5 placental sample was converted to

cDNA using SuperScript 111 First-Strand Synthesis System and amplified using TagMan probes
(Life Technologies; Carlsbad, CA) to measure expression of FLT-1, VEGF, and several genes
from key gene ontologies identified by RNASeq relative to Gapdh baseline expression: fatty
acid-binding protein 1 and 4 (Fabpl, Fabp4), peroxisomal acyl-coenzyme A oxidase 2 (Acox2),
cytochrome c oxidase subunit I and 11 (Cox1, Cox2), c-type lectin domain family 2 member D
(Clec2d), and killer cell lectin-like receptor subfamily B member 1 (Klrb1b) (Primers in
Supplemental Table 1). Amplification was conducted using a Roche LightCycler as follows: 1
cycle at 95°C for 5 minutes, 40 cycles of 95°C for 15 seconds, and 65°C for 60 seconds (with
acquisition at 65°C). Cycle point crossings were compared with a standard curve for each marker

to quantify the relative starting amount of mMRNA expressed in each sample.

Placental Nutrient Transport Assays: Placental transport of radiolabeled fatty acids and amino

acids were measured in vivo in four TG and four WT litters at day 16.5 using previously
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described methods [45-47]. Briefly, 3H-radiolabeled arachidonic acid (AA) (2uCi/kg complexed
1:1 with fatty acid-free albumin) (lipid transport) or 4C-methylaminoisobutyric acid (MeAIB)
(50 uCi/kg) (amino acid transport) were administered in a 100ul PBS bolus injection via
maternal jugular catheterization and samples of maternal blood were collected over 4 minutes
from tail vein. After 4 minutes, placentas and fetuses were collected and weighed. Samples were
solubilized with Biosol (PerkinElmer; Waltham, MA) to determine radioactivity in each fraction
relative to weight. Maternal to fetal unidirectional clearance (K) for each tracer was calculated
by dividing fetal counts (N) by the area under the maternal isotope concentration curve (AUC)
from time 0 to sacrifice (dpm*min*ul-t) multiplied by placental wet weight in grams (W):
K=N/[AUC*W]. Experiments were performed in triplicate and reported as the means per 2-copy

fetal genotype (pWT, pTG) per fetal sex per maternal genotype.

Statistical Analysis: Fetal sex and maternal genotype were the primary variables for analysis.

Within each litter, average (mean) values were calculated for each sex. At least four litters per
maternal genotype were used in statistical analyses. Data were analyzed by two-way ANOVA
with Tukey’s multiple comparisons post-hoc correction when indicated. Results were

presented as means £ SEM with significance set as p<0.05.

Results
Intrauterine Growth Restriction Mouse Model
Males from TG dams were smaller than males from WT dams both at day 16.5 (0.48 +/- 0.03g

vs. 0.55 +/- 0.02g [p=0.05]) and at birth (1.29 +/- 0.02g vs. 1.46 +/- 0.04g [p=0.02]). Females
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from TG dams were smaller at birth (1.23 +/- 0.01g vs. 1.37 +/- 0.02g [p<0.001]), but not at day

16.5 (0.48 +/- 0.04g vs. 0.52 +/- 0.02g [NS], respectively).

Male Fetal Sex is Associated with Reduced Spiral Artery Angiogenesis in TG Dams
Pregnancy-induced uterine spiral artery angiogenesis measured by 3D microCT imaging was
significantly reduced in males from TG dams compared with their female siblings and WT
controls (Figure 1). The number of spiral arteries per placenta was halved in male TG fetuses,
but unchanged in females, and reduced coiling was also present in male, not female, TG
placentas. There was no difference between males and females within WT litters, suggesting

that maternal genetic risk was necessary to detect this fetal sex difference.

Angiogenic/Anti-Angiogenic Levels in Maternal Decidua (Metrial Triangles) at Mid-Gestation
Although peak metrial triangle angiogenesis occurs at day 8.5 in the mouse [40], micro-
dissection of the fetal placenta away from the maternal decidua was not reproducible or reliable
until day 12.5 in our hands (confirmed by cytokeratin immunostained histologic analysis of
micro-dissected tissues—data not shown). At day 12.5, the metrial triangles associated with
male pups from TG dams showed significantly less PLGF (p<0.05) and more sFLT-1 (p<0.01)
with a significant shift in the SFLT-1 to PLGF ratio compared with males from WT dams
(p<0.001) (Figure 2). Both fetal sexes from TG dams showed an increase in the placental FLT-

1/VEGF expression ratio, although this was more pronounced in pTG males.

UNK Cell Variable Phenotype Composition and Metrial Triangle Angiogenesis
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To test whether differences in metrial angiogenesis by fetal sex and maternal genotype could be
related to a shift in uNK composition, we evaluated uteroplacental whole mounts at days 6.5
and 8.5 as described previously [28]. Decidual uNK cell composition shift was measured as the
ratio of DBA+ to Ly49C/I cells per unit area. Higher ratios indicate greater angiogenic
signaling since DBA+ cells produce VEGF and PLGF [39]. Metrial triangles supplying male
and female fetuses from WT dams both showed an increase in DBA+ uNK cells from day 6.5
to 8.5 (Figure 3A, B), similar to values previously reported by the Croy laboratory [26]. Males
from TG dams did not appear to have this similar change in uNK cell phenotype by day 8.5.
Females from TG dams had a similar pattern to WT, although there was a greater shift in uUNK

composition in pTG females.

To test for differences in endothelial “blebbing” and vascular pruning [32, 39] in the metrial
triangle by fetal sex and maternal genotype, we stained whole mounts for the endothelial marker
CD31 and measured them as described by the Croy laboratory [28, 39]. We observed less
vascular blebbing in all metrial triangles of TG dams compared with WT controls independent of
fetal sex at days 6.5 and 8.5 (Figure 3C). Vascular pruning from day 6.5 to 8.5 led to fewer
branches/area in all metrial triangles from both sexes and both maternal genotypes (Figure 3D).
However, males from TG dams showed more pruning than their female siblings. Therefore,
although both fetal sexes from TG dams had reduced angiogenic blebbing, pTG females did not
prune as vigorously as their pTG male siblings. Examples of CD31 staining and DBA+/Ly49+

staining in a whole mount section can be found in Figure 3E and 3F, respectively.

Placental Metrics
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Placental weights were not statistically different between pTG and pWT groups at day 16.5, but
pTG males had a significantly lower fetal:placental weight ratio (index of placental efficiency)
compared with controls (p<0.05) and their female siblings (Figure 4A). Placental stereometric
analysis of CD31 immunostained sections (Figure 4B) revealed fewer capillaries per placental
labyrinth cross-sectional area in pTG males compared with their pTG female siblings and WT

controls (Figure 4C).

Placental Transcriptomic Analysis and Placental Nutrient Transport

To investigate whether there are differences in placental expression at day 16.5 by fetal sex and
maternal genotype, we employed an exploratory placental transcriptomic approach. This time
point was chosen because of reproducible micro-dissection of placental labyrinths away from
maternal metrial triangles. Males from TG dams had significantly higher abundances of gene
transcripts than WT controls (Figure 5A). There were only minimal differences in gene
expression abundance between females from TG and WT dams (Figure 5B). Overall, 132
genes were similar in their expression between males and females from TG dams compared

with matched WT controls (Figure 5C).

After performing GO enrichment for gene lists that were significantly different in abundance
between groups (higher or lower expression than controls), we found the similar genes in pTGs
were involved in the upregulation of lipid transport pathways, upregulation of oxidation-
reduction, and downregulation of negative regulators of the innate immune response (Figure
5D). Validation of candidate genes within these pathways by qRT-PCR correlated well with

patterns observed in RNASeq data (overall R2=0.98, p<0.001). Notably, expression of both
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Clec2d and Kirb1b was significantly downregulated in the placentas of pTG males compared to
WT males. Kirblb is also known as Cd161 and is expressed by NK cells; in particular, it is
linked to regulating and reducing NK cell cytotoxicity [48]. Protein KLRB1 binds to lectin-like
transcript-1 (LLT1) which downregulates NK-mediated lysis; LLT1 is encoded by Clec2d [49].
Pathway analysis and validation of the differentially regulated genes between pTG male and
female placentas is the subject of an ongoing investigation by our group. Placental nutrient
transport assays at day 16.5 showed greater transport in pTG females compared with their male
siblings (Figure 5E, F), which may represent a placental compensatory mechanism to the TG

maternal phenotype.

Discussion

Our data suggest that fetal sex may compound maternal high-risk genotypes/phenotypes, leading
to abnormal uterine spiral artery angiogenesis and the cascade of events culminating in
compromised fetal growth. This is an important observation because male babies have an
increased risk of perinatal morbidity/mortality; they are more susceptible to long-term
developmental programming of adult-onset diseases [4, 8, 50]. Although male fetal sex

vulnerability is well-described, the mechanism is poorly understood.

Poor fetal growth is a multifactorial syndrome, and our model focuses on two risk factors:
maternal genotype and fetal male sex. The maternal genetic high-risk mouse model mimics the
20% higher plasma AGT levels observed in humans with the A-6 AGT promoter variant [33, 35,
51, 52]. This genetic variant is a common allele present in approximately 14% of Caucasians and

imparts a significantly increased risk of IUGR associated with spiral artery pathology compared
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with the G-6 allele [37, 51]. In this study, we controlled for the fetal genotype by restricting
analysis to 2-copy (WT) mice from TG dams to isolate the effects of fetal sex and maternal

genotype in this model. Future studies will explore the impact of fetal genotype on outcomes.

We suspect male fetal sex may contribute to poor fetal growth because it appears to impact uNK
composition in the uterine lining (decidua; metrial triangle) and uteroplacental angiogenesis.
UNK cells are abundant in both murine and human decidua during pregnancy and are
characterized as Ly49, DBA+/-, in the mouse [53]. DBA+ cells peak around days 8.5-10.5 and
release pro-angiogenic factors like VEGF and PLGF [54]. Although we did not see a difference
in placental invasion in the metrial triangles studied at days 12.5 and 16.5 in the model (data not
shown), we cannot exclude differences in pTG male placental cell interactions with maternal
UNK cells compared with controls. However, we think direct cell-to-cell interaction may not be
necessary because spiral artery angiogenesis is complete by mid-gestation in mice before the
placenta invades into the metrial triangle [55]. In turn, we and others are exploring the possibility

that placental exosome paracrine/endocrine signaling may play a role in this process [56].

Our exploratory placental transcriptomic study suggested that maternal genotype and fetal sex
may impact placental nutrient transport. We hypothesized that pTG male placentas would be less
efficient and transport fewer nutrients to the male fetus compared with their female littermates
and controls. This was reasonable because we observed a decreased fetal:placental ratio in pTG
males, but not females. We were surprised to learn that pTG placentas upregulate nutrient
transport genes by day 16.5 and pTG females show significantly increased amino acid transport

compared with their siblings and controls. Perhaps it is not unexpected that the placentas in TG
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dams transport more nutrients late in gestation compared with WT controls, despite lower
birthweight. Sheep studies have shown that maternal nutrient restriction at mid-gestation leads to
compensatory increases in nutrient transport and placental size by term [57]. Therefore, we now
suspect that the change in placental transport observed in our study near term (day 16.5) may be
compensating for relative placental insufficiency earlier in gestation and that this compensation
may be more effective in pTG females compared with their male siblings. Another recent
transcriptomics study using human placentas from first-term pregnancies indicate that males may
impact extravillous trophoblast (EVT) function related to uteroplacental interface micro-
environment, thus inhibiting spiral artery invasion and remodeling in human pregnancies [58].
Comparing placental expression profiles and nutrient transport earlier in gestation (e.g., days 8.5,

10.5, 12.5) will be needed to explore this hypothesis.

In summary, we tested for fetal sex effects on uteroplacental angiogenesis at early (d6.5, d8.5),
mid (d12.5), and late (d16.5) gestation in a mouse model of fetal growth restriction. Males from
TG dams showed significant differences compared with their female siblings and WT controls at
each stage of uterine spiral artery angiogenesis from days 6.5 to 16.5. We observed fewer DBA+
UNK cells at day 6.5 and 8.5 with lower levels of pro-angiogenic factors (VEGF, PLGF) and
greater anti-angiogenic sFLT-1 in the metrial triangles of pTG males. The consequence was less
angiogenic blebbing, relatively greater pruning of these angiogenic networks, and significantly
fewer spiral artery branches and coils by day 16.5. The impact of this altered maternal uterine
vascular geometry on blood flow is only beginning to be modeled in reliable in vivo
uteroplacental studies [19, 59]. However, one would expect that having fewer, straighter spiral

arteries feeding a placenta would increase blood flow velocity, leading to greater shear stress and
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turbulence [60], possibly increasing damage to the placenta and IUGR or activating endothelial
cells differently than in vessels with more laminar flow. Male placentas from TG dams also
expressed more FLT-1 and less VEGF mRNA compared with sex-matched WT controls, which

was associated with fewer placental capillaries. This also likely contributes to poor fetal growth.

Together, our data provide a potential mechanism that may explain excessive vulnerability of
males compared with females during fetal growth and development. In those exposed to maternal
risk factors like maternal genotype in this model, reduced uteroplacental angiogenesis in males
without compensatory increases in placental transport observed in females may result in fetal

growth restriction.
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Figure Legends

Figure 1. Uterine spiral artery structure by maternal genotype and fetal sex.

(A) Uteroplacental 3D microCT perfusion at day 16.5 shows uterine artery, radial arteries,
and the spiral arteries that grow de novo during pregnancy from days 5.5 to 12.5. (B) There
is no difference in maternal spiral artery architecture between males and females in wild-
type (WT) controls. (C) However, males from transgenic (TG) dams show significantly
fewer spiral arteries/placental unit with less spiral artery coiling/length than their female
siblings or WT controls (D). 2-copy progeny from 3-copy TG (pTG) dams were used for
comparison with 2-copy progeny of WT dams (pWT). Data are the mean £ SEM from four

litters/group. *p<0.05, **p<0.01.

Figure 2. Angiogenic and anti-angiogenic factors in micro-dissected metrial triangles
or placenta from mid-gestation. (A) Example of the micro-dissected metrial triangle,
placenta, and fetus at day 12.5. Metrial triangle tissue homogenates were used to measure
(B) VEGF, (C) PLGF, and (D) sFLT-1 in WT and TG dams relative to fetal sex and 2-copy
[PWT and pTG] fetal genotype. Metrial triangle anti-angiogenic sFLT-1 to pro-angiogenic
VEGF (E) and PLGF (F) indices. (G) Relative placental FLT-1/VEGF mRNA expression

indices. Data are means £ SEM from six litters/group. *p<0.05, **p<0.01, ***p<0.001.

Figure 3. Uterine natural killer cell variable phenotype composition changes, metrial
triangle angiogenesis and vascular pruning in early gestation. uNK cell composition in
metrial triangles expressed as the ratio of DBA+/Ly49 cells per unit area by male (A) and female

(B) fetal sex controlling for fetal genotype (2-copy only) and maternal genotype (WT and TG)
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revealed the expected increase in pro-angiogenic uNK cells by day 8.5 compared with day 6.5 in

both sexes from WT dams. Males from TG dams failed to show this increase. However, females

from TG dams had more DBA+ uNK cells than females from WT dams. (C) CD31 positive
endothelial “blebbing,” which is an indicator of early angiogenesis, was more common in the
metrial triangles of WT dams, independent of fetal sex. (D) Vascular branching/unit area
reduced as the angiogenic networks were pruned into proper arteries. Females from TG dams

had significantly less overall pruning with more residual branching at day 8.5. Data are the

means = SEM of four litters/group. *p<0.05; **p<0.01; ***p<0.001. (E) Representative staining

of blood vessels (CD31, red) in a day 6.5 female transgenic mouse at 20x magnification. (F)
Representative staining of DBA+ (green) and Ly49 (red) uNK cells in a day 6.5 female

transgenic mouse at 20x magnification.

Figure 4. Placental efficiency and capillary density. (A) Placental efficiency, which is the
ratio of fetal weight to placental weight, was significantly reduced in males from TG dams
compared with their female siblings and WT controls. Stereometric analysis of CD31
immunostained placental histologic sections at day 16.5 (B) revealed that placental capillary
density was also reduced in male placentas from TG dams (C). Data are the means + SEM of

four litters/group. *P<0.05, **P<0.01, ***P<0.001.

Figure 5. Placental transcriptomics and placental nutrient transport. Volcano plots
showing expression differences for (A) male and (B) female (2-copy) progeny of TG dams
compared with sex-matched (2-copy) progeny of WT dams revealed significant transcript

differences at day 16.5 with more upregulation and downregulation of placental genes
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expressed by pTG males compared with controls. (C) pTG males and females shared ~132
genes that had differential transcript abundances compared with age and sex-matched pWT
controls, which when classified according to ontogeny (D) indicated enrichment as
upregulation (red) of lipid metabolism and oxidative stress pathways with downregulation
(green) of the negative regulation of the innate immune response. The x-axis represents a scale
of fold change (positive and negative) in transcript abundance between groups. Placental lipid
transport measured by radio-labeled arachidonic acid (AA) (E) and amino acid transport
measured by methylaminoisobutyrate (MeAlB) (F) showed slightly increased placental
nutrient transport in pTG female progeny at day 16.5. Data are the means +/- SEM from four

litters/group. *P<0.05



30

Supplemental Table 1. Representative lipid transport regulation, innate immune response,

and placental Flt-1, Vegfa genes tested by gRT-PCR.

Selected Related Gene Ontology Groups

Gene Name RefSeq
p<0.05
Fabpl G0:0008289 NM_017399.4
Fabp4 G0:0050727 NM_024406.2
G0:0016042, GO:0005777, GO:0055114, NM_001161667.1,

Acox2

G0:0006631, GO:0016054 NM_053115.2
Cox1 G0:0020037, GO:0009055, GO:0055114 NCBI Gene ID: 17708
Cox2 G0:0020037, GO:0009055, GO:0055114 NCBI Gene ID: 17709

G0:0045824, GO:0045088,
Clec2d G0:0002697, GO:0002716, GO:0031342, NM_053109.3

G0:0006952, GO:0031341

Klrblb G0:0045824, GO:0031342, GO:0031341 NM_030599.4
Flt-1 G0:0001569, GO:0048010 NM_010228
Vegfa G0:0001569, GO:0048010 NM_01025250.3

Gapdh Control NM_01289726.1



https://www.ncbi.nlm.nih.gov/gene/17708

Supplemental Table 2. Antibodies used in publication.

Clone 5E6

Raised in
Protein _ Manufacturer Whi_ch
Name of Antibody and Catalog Species; RRID
Target
Number Mono or
Polyclonal
Rat Anti-CD31 Monoclonal L
CD31 Antibody, Phycoerythrin Bga?;?;gg;cg > moﬁfc?gélal AB_394819
Conjugated, Clone MEC 13.3
Mouse Anti-Ly-49C, Ly-491
Monoclonal Antibody, BD Biosciences Mouse ab;
Ly49C/1 Phycoerythrin Conjugated, Cat #553277 monoclonal AB_394751

31
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