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Abstract

Angiogenesis is essential for cyclic endometrial growth, implantation, and pregnancy mainte-
nance. Vasculogenesis, the formation of new blood vessels by bone marrow (BM)-derived en-
dothelial progenitor cells (EPCs), has been shown to contribute to endometrial vasculature. How-
ever, it is unknown whether vasculogenesis occurs in neovascularization of the decidua during
pregnancy. To investigate the contribution of BM-derived EPCs to vascularization of the preg-
nant uterus, we induced non-gonadotoxic submyeloablation by 5-fluorouracil administration to
wild-type FVB/N female mice recipients followed by BM transplantation from transgenic mice ex-
pressing green fluorescent protein (GFP) under regulation of Tie2 endothelial-specific promoter.
Following 1 month, Tie2-GFP BM-transplanted mice were bred and sacrificed at various gestational
days (ED6.5, ED10.5, ED13.5, ED18.5, and postpartum). Bone-marrow-transplanted non-pregnant
and saline-injected pregnant mice served as controls (n = 5-6/group). Implantation sites were ana-
lyzed by flow cytometry, immunohistochemistry, and immunofluorescence. While no GFP-positive
EPCs were found in non-pregnant or early pregnant uteri of BM-transplanted mice, GFP-positive
EPCs were first detected in pregnant uterus on ED10.5 (0.12%) and increased as the pregnancy
progressed (1.14% on ED13.5), peaking on ED18.5 (1.42%) followed by decrease in the postpartum
(0.9%). The percentage of endothelial cells that were BM-derived out of the total endothelial cell
population in the implantation sites (GFPTCD317/CD31") were 9.3%, 15.8%, and 6.1% on ED13.5,
ED18.5, and postpartum, respectively. Immunohistochemistry demonstrated that EPCs incorpo-
rated into decidual vasculature, and immunofluorescence showed that GFP-positive EPCs colocal-
ized with CD31 in vascular endothelium of uterine implantation sites, confirming their endothelial
lineage. Our findings indicate that BM-derived EPCs contribute to vasculogenesis of the pregnant
mouse decidua.
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Summary Sentence

Bone marrow-derived endothelial progenitor cells contribute to decidual neovascularization of the

pregnant uterus via vasculogenesis.

Key words: endothelial progenitor cells (EPCs), bone marrow, pregnancy, vasculogenesis, mouse.

Introduction

Angiogenesis is the formation of new blood vessels from pre-existing
ones, and is an essential process for tissue growth and development.
Angiogenesis is limited to embryonic development and pathologi-
cal conditions, with the exception of the female reproductive tract
(i.e., ovary, uterus, and placenta), which, in the adult, normally un-
dergoes physiological angiogenesis [1]. The uterus undergoes cyclic
changes in angiogenesis, which plays an important role in implan-
tation, decidualization, placentation, fetal growth, and maintenance
of pregnancy [2-4]. It is widely believed that extensive new blood
vessel formation and vascular remodeling are essential to deliver
sufficient oxygen and nutrients to the uterus as well as to the de-
veloping embryo [5, 6]. Accordingly, vascular insufficiencies during
pregnancy have been associated with a number of pregnancy com-
plications ranging from spontaneous miscarriage to fetal growth
restriction and preeclampsia [7-10]. Therefore, formation of vas-
cular network both in placenta and uterus is crucial for successful
gestation.

Neovascularization can occur via either angiogenesis or vascu-
logenesis [11]. In contrast to angiogenesis, which is based on pre-
existing blood vessels, vasculogenesis involves de novo formation of
blood vessels from bone marrow (BM)-derived endothelial progen-
itor cells (EPCs). Although vasculogenesis was initially thought to
be restricted to the embryogenesis period, it has been shown to con-
tribute to neovascularization in a variety of organs in the adult (post-
natal vasculogenesis) [12, 13]. BM-derived EPCs have been shown
to contribute to vasculogenesis during wound healing [14], postmy-
ocardial infarction [15], fracture healing [16], limb ischemia [17],
and tumor growth [18, 19]. We have previously shown that BM-
derived progenitors can give rise to non-hematopoietic cells in the
endometrium of adult humans and mice [20, 21]. Furthermore, BM-
derived EPCs contribute to new blood vessel formation in adult
reproductive organs, where they have been shown to integrate as
endothelial cells in the human and mouse endometrium [22, 23]
and ovary corpus luteum (CL) [24]. Moreover, studies have demon-
strated that new blood vessel formation in endometriosis lesions also
involves vasculogenesis from circulating BM-derived EPCs, which
home to the endometriotic lesions and are incorporated into the
microvascular endothelium [25, 26]. Interestingly, Sugawara et al.
investigated circulating EPCs in the peripheral blood of pregnant
women and found that the number of circulating EPCs increased
gradually throughout gestation [27]. However, it is still unknown
whether vasculogenesis plays a role in new blood vessel formation
in the pregnant uterus.

We hypothesized that BM-derived EPCs may be recruited to the
uterus and contribute to its vascularization during pregnancy. To
investigate our hypothesis and characterize the contribution of EPCs
to the pregnant mouse uterus, we utilized our previously described 5-
fluorouracil (5-FU)-based non-gonadotoxic submyeloablation bone
marrow transplant (BMT) protocol [28], performing BMT from
mice expressing green fluorescent protein (GFP) under the regula-
tion of endothelial-specific Tie2 promoter into wild-type mice.

Materials and Methods

Animals

FVB/N wild-type mice and Tie2-GFP-expressing mice (Tg(Tie2-
GFP)287Sato/]) were purchased from the Jackson Laboratory. The
mice were maintained at 24°C under controlled environmental con-
ditions (lights on from 7 am to 7 pm) and had free access to tap
water and standard pellet food. Male Tie2-GFP mice were used as
syngeneic BM donors for BMT to FVB/N wild-type female mice. All
animals were treated under an approved Yale University institutional
animal care and use committee protocol.

Submyeloablation mouse model

Six-week-old FVB/N wild-type female mice underwent 5-FU-based
non-gonadotoxic submyeloablation as previously described [28]. Ex-
perimental BMT-recipient mice received 125 mg/kg S-fluoruracil
(Sigma-Aldrich) by ip injections on days 6 and 1 before BMT. In
addition, mice were injected ip with 50 ug/kg (150 pg/kg total) stem
cell factor (SCF, R&D Systems) at 21 h and 9 h before and 3 h
after the second 5-FU dose (Figure 1A and B). The control group
received iv phosphate-buffered saline (PBS) injection instead of BM
cells, and PBS ip injections in lieu of 5-FU and SCF (Figure 1A
and B). Mice were monitored for general toxicity daily after drug
treatment by measuring weights and assessing their wellbeing. Acute
5-FU-induced toxicities began to be manifested within 3—4 days after
treatment and were resolved by 2 weeks in these studies, consistent
with our prior experience [28].

Bone marrow transplantation

Mice underwent BMT 24 h following the second dose of 5-FU.
Transplantation of fresh BM cells was performed as described
previously [28]. Bone marrow cells were obtained by flushing the
femurs and tibias of donor FVB/N-TgN (Tie2/GFP) 287 Sato mice
(8-week-old) with cold sterile DMEM/F12 (Sigma-Aldrich). Recip-
ient mice underwent transplantation via retro-orbital vein injection
with 2 x 107 unfractionated BM cells resuspended in 100 uL
of PBS. Subsequently, the mice were monitored and allowed 4
weeks for complete recovery. In addition, 4 weeks after BMT,
peripheral blood was obtained by venipuncture for analysis of donor
chimerism using flow cytometry and confirmation of successful BM
engraftment.

Breeding experiments

For breeding experiments, BMT-recipient female mice were divided
into pregnant and non-pregnant groups. Mice in the pregnant groups
were mated after recovery on day 30 post-BMT with FVB/N male
mice of proven fertility and were checked for vaginal plugs at 7 am
daily. The morning of vaginal plug detection was considered embry-
onic day (ED) 0.5. Successfully bred female mice were sacrificed at
various gestational time points including ED6.5, ED10.5, ED13.5,
ED18.5, or postpartum day 1. In addition, virgin mice that under-
went BMT from GFP donors served as the non-pregnant group. For
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Figure 1. Non-gonadotoxic submyeloablation mouse model and harvest of implantation sites. (A) Mice received either phosphate-buffered saline (PBS) or
5-fluorouracil (5-FU) on days 6 and 1 before bone marrow transplant (BMT). In addition, stem cell factor (SCF) was administered by three separate 50 g/kg
doses at 21 and 9 h before and 3 h after the second 5-FU dose. (B) 5-FU or PBS was administered ip, while bone marrow (BM) was given iv via retro-orbital
injection. (C) ED10.5 pregnant uterus is shown prior to dissection (left), and following longitudinal dissection and removal of the placenta and embryo (right).
The implantation sites are shown (arrows). The region between the black lines depicts the implantation area removed for subsequent flow cytometry analysis.

each time point, mice of corresponding gestational age, which did
not undergo BMT and were injected with PBS instead of BM cells,
served as controls. The engraftment of GFP-positive EPCs and their
characterization in the uterus and uterine implantation sites was per-
formed by flow cytometry and immunohistochemistry/fluorescence.

Flow cytometry

Mice were anesthetized by inhalation of Forane (isoflurane; Ab-
bott Laboratories) and sacrificed by cervical dislocation, and then
transcardially perfused with 10 mL PBS. The uteri were extracted,
and fetal/placental parts were removed from the uterus. Uterine
implantation sites were dissected as shown in Figure 1C. Three
implantation sites were finely minced, and subsequently digested
with a solution of Hanks’ balanced salt solution (Life Technolo-
gies, Inc.) containing HEPES (25mM), collagenase B (1 mg/mL;
Roche Diagnostics), and deoxyribonuclease I (0.1 mg/mL; Sigma-
Aldrich) for 60 min at 37°C. Other uterine tissues were fixed in
4% paraformaldehyde. After digestion, the samples were filtered
using 70 pm filters and centrifuged at 2000 rpm for 8 min at
4°C. Cell pellets were suspended in PBS, followed by incubation
for 30 min at room temperature with PerCp/CyS5.5 conjugated anti-
mouse CD31 antibody (#102419, Biolegend). Propidium iodide was
added to exclude nonviable cells. Isotype-identical antibodies served

as controls (PerCP/CyS5.5 rat IgG2a; #400532, Biolegend). Flow
cytometry was performed on a fluorescence-activated cell sorting
Beckman Coulter MoFlo machine (Beckman Coulter). Gates were
applied to forward-scatter/side-scatter dot plots to exclude non-
viable cells and cell debris. Appropriate unstained and antibody
IgG isotype controls were used for setting compensation and de-
termining gates. Data were analyzed using the software FlowJo V10
(Flow]Jo).

Histology and immunohistochemistry

Uterine tissues were fixed in 4% paraformaldehyde and embedded
in paraffin. Tissue sections (5 um) were mounted on slides followed
by deparaffinization and rehydration. Slides were then boiled in
sodium citrate (pH 6.0) for antigen retrieval. Sections were blocked
with 5% rabbit serum (Vector Laboratories) followed by incubating
with a goat polyclonal anti-GFP primary antibody (1:1000; ab6673,
Abcam) overnight at 4°C. Sections were then incubated with a bi-
otinylated rabbit anti-goat antibody (1:200; Vector Laboratories) for
1 h. Detection was performed using ABC Vectorstain Elite reagents
with DAB plus H,O, (Vector Laboratories). Tissue sections were
counterstained with hematoxylin (Sigma-Aldrich). Images of stained
sections were captured using an Olympus BX-51 microscope
(Olympus).
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Immunofluorescence

For colocalization of GFP with CD31, immunofluorescence was per-
formed following antigen retrieval as above. Sections were blocked
with 5% donkey serum for 1 h followed by overnight incubation
with primary antibody at 4°C. The primary antibodies used in this
study were polyclonal goat anti-GFP antibody (ab6673, 1:300), rab-
bit anti-CD31 (ab28634, 1:100), an endothelial cell marker (all anti-
bodies from Abcam). Alexa Fluor 564-conjugated donkey anti-goat
(1:2005 Life Technologies) and Alexa Fluor 488-conjugated donkey
anti-rabbit (1:200; Life Technologies) were used as secondary anti-
bodies. After counterstaining with Vectashield fluorescent mounting
media with 4’'6-diamidino-2-phenylindole (DAPI) (Vector Labora-
tories), the sections were mounted under coverslips. For negative
controls, sections were incubated without primary and/or secondary
antibodies. Images were captured using a confocal laser microscope
(LSM710; Carl Zeiss) and analyzed using the ZEN software (Carl
Zeiss).

Statistical analysis

Data were assessed for normal distribution with a Shapiro-Wilk nor-
mality test using GraphPad Prism 6 software (GraphPad Software).
Normally distributed data were analyzed using the Student’s un-
paired two-tailed ¢ test for comparison of two groups, and one-way
ANOVA with Tukey’s multiple comparison test for multiple group
comparison. If data were not normally distributed, or if distribution
could not be determined due to small sample size, data were analyzed
using a Mann—Whitney U test. P < 0.05 was considered statistically
significant.

Results

To investigate the temporal contribution of BM-derived EPCs to the
pregnant uterus, BMT was performed from mice expressing GFP un-
der regulation of Tie2 promoter into wild-type female mice following
our previously described 5-FU-based non-gonadotoxic submyeloab-
lation protocol [28]. The pregnant mice in this SFU submyeloabla-
tion model do not show any difference in placental weights, embryo
weights or placental/embryo ratios as compared to controls (Figure
S1). Recipient female mice were sacrificed at various gestational time
points and the percentage of GFP-positive cells in implantation sites
of uteri following removal of the embryo/placenta was determined
by flow cytometry. CD31 is a specific marker of endothelial cells,
and CD31 antibody staining was performed to identify the endothe-
lial populations. The mean percentage of GFP™ EPCs out of the total
cells in the uterus of Tie2-GFP transgenic control mice was 6.62%
(Figure 2A), indicating that overall endothelial cells comprise about
6% of cells in the normal uterus. No GFP* EPCs were found in
PBS control (Figure 2A). After transplant of BM from Tie2-GFP
transgenic to wild-type mice, no GFP-positive cells were detected in
non-pregnant or early pregnant uteri (ED6.5). In BM-transplanted
mice, GFP-positive EPCs were first detected in the uterus on ED10.5,
accounting for 0.12% =+ 0.01% of total uterine cells (Figure 2A
and B). This contribution increased to 1.14% =+ 0.18% of total
uterine cells on ED13.5, further increase towards late gestation peak-
ing on ED18.5 (1.42% =+ 0.40%), followed by a decrease in the
postpartum period (day 1) (0.90% =+ 0.28%) (Figure 2A and B).
Accordingly, significantly increased EPCs engraftment was observed
in ED 13.5, ED18.5, and postpartum day 1 groups as compared
with non-pregnant group (P < 0.01, P < 0.001, P < 0.05, respec-
tively) (Figure 2B). The GFP™ uterine cell populations at the various

gestational time points were mostly positive for CD31 surface
marker, confirming their endothelial lineage (Figure 3A). The per-
centage of endothelial cells that were BM-derived out of the total en-
dothelial cell population of the implantation site (GFPTCD31"/total
CD317%) were 9.3%, 15.8%, and 6.1% on ED13.5, ED18.5, and
postpartum, respectively. The proportion of BM-derived endothe-
lial cells in ED13.5, ED18.5, and postpartum groups was also sig-
nificantly increased as compared with non-pregnant control group
(P < 0.0001, P < 0.0001, P < 0.05, respectively) (Figure 3B).

Immunohistochemical staining using GFP antibody further re-
vealed the localization of EPCs in the pregnant uterus. As the positive
control, GFP-positive EPCs were found to be incorporated into the
endothelial lining of the microvessels in the uteri of Tie2-GFP mice
(Figure 4), no GFP signal was detected in cells from uteri of PBS
control, non-pregnant, and ED6.5 groups (Figure 4). GFP-positive
cells were first found to localize in the microvessels of the decidua on
ED10.5. However, more GFP-positive cells were detected showing
greater EPCs recruitment to pregnant uteri of ED13.5, ED18.5, and
postpartum day 1 groups compared with the non-pregnant group
(Figure 4). In addition, the analysis of the localization of these GFP-
positive EPCs in the uterus revealed that most of them were incorpo-
rated into the endothelial lining of the microvessels, whereas a few
were sporadically distributed in the surrounding endometrial stroma
and myometrium.

To confirm the integration of BM-derived (GFP*) EPCs into
uterine blood vessels, we performed immunofluorescence analy-
sis using CD31 (endothelial marker) and GFP antibodies. On
ED10.5, ED13.5, ED18.5, and postpartum day 1, we observed
that GFP* cells colocalized with CD31, indicating that these BM-
derived EPCs integrated into blood vessels as endothelial cells, con-
tributing to the microvasculature of pregnant uteri (Figure 5). No
GFP-positive cells were detected in the uteri of non-pregnant or
ED6.5 groups (Figure 5) consistent with the flow cytometry data.
Immunofluorescence-based analysis also demonstrated that almost
all BM-derived GFP cells in the uterus colocalized with CD31,
and were localized in the decidual stroma, whereas no GFP posi-
tive cells were detected in either the decidual glandular or luminal
epithelium.

Discussion

In the present study, we used a non-gonadotoxic submyeloablation
BMT mouse model to characterize the spatial and temporal dynam-
ics of BM-derived EPCs in the uterus during pregnancy. We show
that vasculogenesis contributes to uterine vessel neovascularization
during pregnancy, accounting for up to 15-20% of total uterine
endothelial cells at late-gestation. These findings suggest that BM-
derived EPCs play a potentially important role in the regulation and
maintenance of uterine vascular development and integrity during
pregnancy.

During the course of gestation, uterine volume increases approx-
imately 1000-fold and uterine blood flow increases between 20- and
50-fold [29]. Accordingly, neovascularization is crucial to support
the blood supply demands of a rapidly growing pregnant uterus.
Neovascularization has been proposed to occur in the placenta via
classic angiogenesis mechanisms as well as vasculogenesis [3, 30-32].
However, only angiogenesis has been known to contribute to the de-
cidual vascular formation and remodeling in the pregnant uterus
[33, 34]. In our current study, we demonstrate for the first time an-
other mechanism for uterine neovascularization in pregnancy, the
incorporation of BM-derived EPCs into the pregnant decidua by
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Figure 2. Flow cytometry analysis of GFP-positive bone marrow (BM)-derived EPCs in the pregnant uterus. (A) Representative zebra plots of flow cytometry
analysis of uterine tissue cells showing GFP-positive endothelial progenitor cells (EPCs) found in the uteri of Tie2-GFP positive control, PBS negative control,
and non-pregnant group, and in the implantation sites on pregnant days ED 6.5, 10.5, 13.5, 18.5, and postpartum day 1; (B) Mean percentage of GFP-positive
EPCs in the uteri of non-pregnant, ED6.5, ED10.5, ED13.5, ED18.5, and postpartum groups; n = 6 mice per group. Data in graphs are presented as mean + SEM;
*P<0.005 vs. non-pregnant group; **P<0.001 vs. non-pregnant group; *** P<0.05 vs. non-pregnant group.

vasculogenesis. BM-derived GFP-positive EPCs were first detected
in decidual vasculature at mid-gestation. They continue to increase,
reaching a peak at the end of gestation (ED18.5), accounts for up to
15-20% of total uterine endothelial cells. The rest of the endothe-
lial cells in the pregnant uterus are most likely derived from local
proliferation of pre-existing blood vessels.

In prior studies, some researchers have shown that the extent
of BM-derived EPCs incorporation into the endothelium of newly
forming blood vessels by the mechanism of vasculogenesis was low,

only a rare number of EPCs could be detected within the developing
microvascular networks. Kizuka et al. [24] studied the change of
BM-derived GFP-positive cells in the theca cell layer of the preovu-
latory follicle and in the CL during CL formation in an irradiated
BMT model and found the proportion of GFP positive cells out
of CD34/CD31-positive cells estimated to be less than 5%. Ahn
et al. [35] also reported that only rare numbers of EPCs can be
detected within the developing microvascular networks of growing
tumors. However, in our study, we found that up to 15-20% of all
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Figure 3. Flow cytometry analysis of endothelial cells in the pregnant uterus. (A) Cells gated in R2 are bone marrow (BM)-derived (GFP*) uterine cells while cells
gated in R1 are non-BM-derived resident (GFP-) uterine cells. Histograms represent GFP* cells (R2) or GFP- cells (R1) from ED10.5, 13.5, 18.5, and postpartum
day 1 uterine tissues that are stained with the CD31 antibody (filled blue) and isotype control (black line). Tie2-GFP mice served as positive controls. (B) Mean
percentage of BM-derived EPCs (GFPTCD31+) out of the total endothelial cell population (CD31") in the uterine implantation sites in non-pregnant, ED6.5,
ED10.5, ED13.5, ED18.5, and postpartum groups; n = 6 mice per group. Data in graphs are presented as mean + SEM; *P<0.005 vs. non-pregnant group;

**P<0.001 vs. non-pregnant group; ***P<0.05 vs. non-pregnant group.

endothelial cells within the pregnant uterus originate from circu-
lating BM-derived EPCs. This degree of donor chimerism is rela-
tively high, which is consistent with previous study by Laschke et al.
[26]. The authors examined vasculogenesis in a mouse endometriosis
model using Tie2-GFP BM-transplanted mice, demonstrating that
approximately 18% of all endothelial cells in the endometriotic
lesions were BM-derived EPCs [26]. They suggested that the en-
dometrial tissue is the target tissue for engraftment of BM-derived
stem cells and is also well adapted to the process of stem cell hom-
ing. BM-derived progenitor cells are known to give rise to various
endometrial cells in the uterus and their recruitment to the non-
pregnant endometrium was shown to be stimulated by tissue injury
and ischemia [36]. Our data indicate that pregnancy is a physiolog-
ical stimulus for BM-derived EPCs recruitment to the uterus in the
second and third trimester. This is consistent with a human study
showing mobilization of circulating EPCs in pregnancy, with the
number of EPCs in peripheral blood increasing gradually throughout
gestation [27].

It is well established that estrogen levels keep rising as pregnancy
progresses. Interestingly, the number of EPCs in maternal circula-

tion has been found to gradually increase with gestational age, cor-
relating with serum estradiol levels [27]. In addition, estrogens can
mobilize EPCs from the bone marrow in vivo and can inhibit the
senescence of EPCs and stimulate VEGF production in vitro [37].
Ovariectomy has been shown to decrease the number of circulating
EPCs, whereas treatment with E2 or selective estrogen receptor alpha
agonist restores circulating EPCs in rats [38]. Moreover, estrogens
were shown to increase the number of BM-derived EPCs incorpo-
rated into endometriotic lesions in a mouse model of endometriosis
[39]. In the present study, we found that the number of BM-derived
EPCs incorporated into the pregnant uterus kept increasing as preg-
nancy progressed and decreased in the postpartum period. Taken
together, these data suggest that estrogens may play an important
physiological role in mediating mobilization of EPCs from bone mar-
row to maternal circulation during pregnancy, contributing to the
increased incorporation of these BM-derived EPCs into the decidual
vasculature of the pregnant uterus. It would be interesting to ex-
plore the mechanism(s) underlying the increased homing of EPCs to
the pregnant uterus, and whether the CXCL12-CXCR4 axis plays a
role.
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Figure 4. Inmunohistochemical detection of GFP-positive endothelial cells in uterine sections. Immunostaining of uterine sections using anti-GFP antibody. The
inset within left panels of pregnant sections (ED6.5, ED10.5, ED13.5, ED18.5, and PBS ED10.5 control) is a lower magnification image of the panel for orientation,
showing the mesometrial (M) and anti-mesometrial (AM) areas, the decidua (D), fetal side of the placenta (FP) and embryo (E). The right panels of each time
point are higher magnification images of the dashed respective rectangle area in the left panel. GFP-positive endothelial cells (brown) are seen in uterine blood
vessels of Tie2-GFP positive control mice while no GFP positive staining is seen in PBS, non-pregnant and ED6.5 groups. Arrows point to decidual blood vessels
with incorporated GFP-positive endothelial cells (arrowheads) in ED10.5, ED13.5, ED18.5, and postpartum day 1 groups. Representative of 3-4 mice for each
group. Scale bars in the lower magnification images = 200 um. Scale bars in the higher magnification images = 50 um.

In our study, no BM-derived EPCs were found in early preg-
nant uteri of BM-transplanted mice, and were first detected on
ED10.5. Christofferson et al. reported that embryo implantation
induced a vascular shut-down in the primary decidual zone and
the area remained avascular until day 10 of pregnancy in the rat
uterus. Subsequently, maternal blood volume at implantation sites
starts to increase on days 10-12 of pregnancy [40]. Since the re-
cruitment of EPCs into ischemic tissues is critically dependent on
blood perfusion and associated remodeling processes in the mi-
crovasculature [41], it is not surprising that GFP-positive EPCs
were detected only on ED10.5, coinciding with the establishment
of a new microvasculature with maternal uterine blood vessels
ingrowth.

Preeclampsia is characterized by impaired, shallow trophoblast
invasion of spiral arteries. The resulting reduced uteroplacental per-
fusion is thought to induce a series of hypoxia/ischemia events,
accompanied by an imbalance between vasodilative/vasopressive
factors, angiogenic factors, a dysfunction of the renin-angiotensin
system as well as endothelium activation [42]. Interestingly,
several studies reported that circulating EPCs levels are decreased
in preeclampsia. Sugawara et al. [43] reported a decrease in circu-
lating EPCs number and increased EPCs cellular senescence. Others
have also found decreased number of EPCs in preeclampsia [44] as
well as in intrauterine growth restriction [45]. Gammill et al. have re-
ported that EPCs number increases in healthy pregnancy but similar

increase was not observed in women with preeclampsia [46]. More-
over, there is evidence in humans that synthesis of estrogens is altered
in preeclamptic pregnancies, with a decrease in 17-estradiol, estriol,
and other estrogen metabolites, such as 2-methoxyestradiol, as well
as its enzyme catechol-o-methyltransferase (COMT) [47, 48]. Given
the role of estrogens in stimulating EPCs mobilization and function,
such aberrations in estrogen metabolism may explain the observa-
tions of decreased EPCs number and/or function in preeclampsia.
Our findings that EPCs contribute and integrate into endothelium of
uterine neovessels at mid/late-gestation, a period when preeclampsia
manifestations tend to appear, suggests that EPCs may play an im-
portant physiological role in maintaining uterine vascular endothe-
lial health, and that dysfunction in this process may contribute to
the pathogenesis of preeclampsia.

In summary, we demonstrate that BM-derived EPCs contribute
to vascularization of the mouse uterus during pregnancy. These find-
ings indicate that the process of vasculogenesis is an integral part of
the mechanism of pregnant uterine neovascularization, which is cru-
cial for maintenance of pregnancy and fetal growth. Further studies
of vasculogenesis in the pregnant uterus may provide potential new
preventive and therapeutic strategies to some pregnancy patholo-
gies, which are characterized by maternal vasculature dysfunction,
including preeclampsia and fetal growth restriction. EPCs may be
a good biomarker to diagnose and evaluate therapeutic efficacy for
these diseases.
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Figure 5. Immunofluorescence colocalization of GFP-positive endothelial cells in uterine sections. Uterine tissues from Tie2-GFP positive control, PBS control,
non-pregnant, ED6.5, ED10.5, ED13.5, ED18.5, and postpartum groups were co-stained with anti-CD31 (endothelial cell marker, red) antibody and anti-GFP
antibody (green). White arrows indicate the BM-derived EPCs (GFP* cells) showing colocalization of CD31 and GFP. Representative of 3-4 mice for each group.

Scale bar =50 um.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplementary Figure S1. Comparison of placental and fetal weights
between SFU-myeloablated mice and controls. Placental weights (A),

embryo weights (B), and placenta to embryo ratio (C) were mea-
sured on ED13.5 and ED16.5 in pregnant mice, which underwent
bone marrow transplant following 5-FU submyeloablation vs. con-
trol PBS-injected mice; n = 6 mice per group. Data in graphs are
presented as mean £ SEM.
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