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Uterine DCs are crucial for decidua formation
during embryo implantation in mice
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Implantation is a key stage during pregnancy, as the fate of the embryo is often decided upon its first contact
with the maternal endometrium. Around this time, DCs accumulate in the uterus; however, their role in preg-
nancy and, more specifically, implantation, remains unknown. We investigated the function of uterine DCs
(uDCs) during implantation using a transgenic mouse model that allows conditional ablation of uDCs in a
spatially and temporally regulated manner. Depletion of uDCs resulted in a severe impairment of the implan-
tation process, leading to embryo resorption. Depletion of uDCs also caused embryo resorption in syngeneic
and T cell-deficient pregnancies, which argues against a failure to establish immunological tolerance during
implantation. Moreover, even in the absence of embryos, experimentally induced deciduae failed to adequately
form. Implantation failure was associated with impaired decidual proliferation and differentiation. Dynamic
contrast-enhanced MRI revealed perturbed angiogenesis characterized by reduced vascular expansion and
attenuated maturation. We suggest therefore that uDCs directly fine-tune decidual angiogenesis by provid-
ing two critical factors, sFlt1 and TGF-$1, that promote coordinated blood vessel maturation. Collectively,
uDCs appear to govern uterine receptivity, independent of their predicted role in immunological tolerance, by
regulating tissue remodeling and angiogenesis. Importantly, our results may aid in understanding the limited

implantation success of embryos transferred following in vitro fertilization.

Introduction

Implantation is a critical stage in the establishment of pregnancy.
Failure of the embryo to implant is clinically relevant to recurrent
pregnancy loss and low success of in vitro fertilization. Despite
some differences, the general principles of implantation are well
conserved among mammalian species (1). Murine implantation
starts with blastocyst apposition to the endometrium and attach-
ment (E4-E4.5, vaginal plug is E0.5) that triggers the uterine stro-
ma to proliferate and differentiate into the decidua, a spongy cell
mass surrounding the blastocyst. Implantation then continues
with the erosion of the epithelium that separates the blastocyst
from the stroma, and embryonic trophoblasts invade the decidua
and inner myometrium to reach maternal vessels. Decidualization
is tightly associated with the spatial and temporal regulation of
angiogenesis, i.e., the development of new capillaries from pre-
existing vessels (2). Angiogenesis at the implantation site (IS) is
characterized by localized uterine vascular permeability along with
the development of maternal vessels. With time, the latter dramati-
cally increase in number and diameter in order to supply the fetal
growing needs for oxygen and metabolites. The decidua supports
the pregnancy, sustaining the embryo until the placenta is devel-
oped by E10. The decidua basalis, a remnant of the decidua at the
implantation chamber will eventually be part of the outer side of
the placenta, as it contacts the myometrium (3).
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Flt1; uDC, uterine DC; uNK, uterine NK cell.
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Approximately half of all human blastocyst implantations result
in failed pregnancy. Multiple factors may contribute to this fail-
ure, including genetic or metabolic abnormalities of the embryo
(4, 5). In addition, many of these early abortion cases are thought
to result from poor uterine receptivity that, among other factors,
may be associated with a maternal failure to immunologically
tolerate the semiallogeneic embryo. Innate and adaptive immune
responses in this unique environment are believed to be sup-
pressed by the implanted embryo and the developing fetus dur-
ing normal pregnancy (6). The key for a better understanding of
this immunological tolerance probably resides within the decid-
ual leukocyte populations. In both humans and mice, the most
abundant hematopoietic cell type of the decidua are uterine NK
cells (uNKs) (65%-70%). uNKs have been shown to be important
in trophoblast migration and spiral artery transformation (7-9).
However, they are believed to be dispensable for embryo implan-
tation (9, 10). In addition, around 10%-20% of the decidual leu-
kocyte population are MHC class II* (MHCII*) APCs, whereas at
least in humans, T cells are sparse and B cells are virtually absent
(11). Among APCs, the most potent inducers of primary immune
responses are CD11c" DCs, which represent around 5%-10% of all
hematopoietic uterine cells (12). DC are a heterogeneous popula-
tion of cells that initiate and coordinate the innate and adaptive
immune responses. DCs are not only essential for the induction
of primary immune responses but also important for the induc-
tion of immunological tolerance (13). Their function and stage
of differentiation are regulated by the local microenvironment
determined by cytokines and chemokines (14). Moreover, recent
evidence points to a pivotal role of DCs in shaping the cytokine
profile toward the establishment of a tolerogenic microenviron-
ment at the maternal-fetal interface (15).
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Earlier studies have described the presence of DCs in the nonpreg-
nant endometrium in both humans and rodents (11, 12, 16). Fur-
thermore, DCs accumulate in the pregnant uterus prior to implanta-
tion and remain through most of the pregnancy in the decidua (11,
12, 16). However, only limited information is available about these
uterine DCs (uDCs) with respect to their phenotype, exact anatomi-
cal localization, and — most importantly — function throughout
gestation and specifically during embryo implantation.

Here we investigated the function of uDCs during embryo
implantation using an experimental system that allows the abla-
tion of uDCs in the intact animal (17). Depletion of uDCs resulted
in a severe impairment of the implantation process and led to
embryo resorptions. Depletion of uDCs caused resorptions in
syngeneic and T cell-deficient pregnancies, and deciduae failed
to adequately form even in the absence of embryos after artificial
decidualization. Depletion of uDCs was associated with impaired
decidual proliferation and differentiation, as well as perturbed
angiogenesis characterized by reduced vascular expansion and
maturation. Collectively, our data suggest that uDCs govern uter-
ine receptivity independent of their anticipated role as APCs by
regulating tissue remodeling and angiogenesis through provision
of critical factors, such as sFltl and TGF-f1, that synergistically
promote coordinated blood vessel maturation.

Results

uDCs accumulate in the IS and undergo characteristic changes during
pregnancy progression. DCs have been reported to accumulate in
the maternal tissue surrounding the implanting embryo (12, 16).
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Figure 1

Anatomic localization of uDCs accumulating during
embryo implantation. (A) Flow cytometry analysis
of E5.5 IS of a CD11c:DTR transgenic mouse. Note
the CD11c" uDC population, which expresses the
DTR/GFP transgene. (B) Mean uDC percentages
prior to and during implantation. uDCs of CD11c:
DTR transgenic mice were defined as in A. Naive
uteri (n = 3), E3.5 uteri (n = 2), E4.5 uteri (n = 5;
*P = 0.007), and E5.5 uteri (n = 5; TP = 0.009). (C)
Anti-GFP immunostaining (brown) of E5.5 uDCs of
CD11c:DTR transgenic mouse (2 upper panels).
Pie chart (lower panel) demonstrating quantifica-
tions of uDC distribution in the decidua. IS center,
radius of 250 um; middle rim, radius of 375 um;
outer rim, radius of 250 um. The percentage of
cells in the center is significantly smaller as com-
pared with that in the middle (P = 0.009) and outer
(P = 0.04) rims. (D) FACS analysis of Cxscr19f/+
IS. uDCs are gated as CD11cMMHCIIM cells. Histo-
grams represent uDCs (black line) and non-uDCs
(filled). (E) Fluorescence microscopy analysis of
ex vivo decidual tissue demonstrating localization
of GFP+ uDCs (green). (F) Two-photon micros-
copy demonstrating localization and morphology of
uDCs (green) and blood vessels (red) in E5.5 IS.
myo, myometrium; dec, decidua; e, embryo.

100um

However, the role of these cells for implantation and pregnancy
maintenance remains poorly understood. Our first objective was to
characterize the distribution of uDCs during pregnancy. For this,
we took advantage of transgenic mice that harbor uDCs that are
labeled by expression of a GFP reporter (CD11c:diphtheria toxin
receptor [CD11c:DTR] and Cuxscr1#? mice; refs. 17, 18) (Figure 1,
A and D). Flow cytometry analysis of uDCs prior to (naive) and
during implantation (E3.5 until ES.5) demonstrated an increase
in the number of uDCs with pregnancy progression (Figure 1, A
and B). Furthermore, GFP immunostaining revealed that uDCs
were concentrated at the IS and were particularly abundant in the
outer rim of the decidua (Figure 1C). In order to visualize uDCs
in live tissue, we used the Cx;cr1&? model (18), in which uterine
CD11cMMHCIIM DCs that express CX;CR1 are GFP labeled (Fig-
ure 1D). Analysis of uDC localization using this model confirmed
the concentration of the uDCs in the decidual rim (Figure 1E).
Two-photon microscopic analysis of ES.5 ISs revealed the distinct
dendritic morphology of uDCs, localized at the IS, that were in
close proximity to blood vessels (Figure 1F, Supplemental Video 1,
and Supplemental Figure 1A; supplemental material available
online with this article; doi:10.1172/JCI36682DS1). Next, we
characterized the phenotype of uDCs by flow cytometry analysis.
At ES.5, 5%-6% CD11chi DCs were observed at the IS (Figure 2A).
This population displayed relatively low expression of the classical
macrophage marker F4/80 (19), exhibited high MHCII levels, and
expressed low levels of the DC maturation molecules CD86 and
CD40. Furthermore, ES.5 uDCs expressed the mucosal DC marker
CD103 (20). To probe for the existence of uDC subpopulations, we
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Figure 2

Phenotypic and localization differences of uDCs during pregnancy progression. (A) Flow cytometry profile of uDCs isolated from untreated mice
(CD11c:DTR transgenic, C57BL/6). uDCs are gated as CD11chiGFP+ cells (R1) and stained for CD11b and CD8a.. Cells gated in the R2 and R3
regions are CD11b" and CD11b' uDCs. Histograms represent CD11cGFP+ cells from ISs at E5.5 that are stained with the indicated antibodies
(black line) and respective isotype controls (filled) (R1, 4.5%; R2, 77%; R3, 23%) (E5.5; n = 3). (B) Flow cytometric profile of cells from E12.5
decidua (R1, 5.5%; R2, 85%; R3, 15%) (E12.5; n = 3). (C) Flow cytometric profile of cells from E18.5 myometrium (R1, 4%; R2, 94%; R3, 6%)
(E18.5; n = 3). (D) Flow cytometry data for decidual and nondecidual tissues from E12.5 and E18.5 ISs. (E) Two-photon microscopic analysis
of E12.5 and E18.5 endometrium of Cxscr19%+ mice, demonstrating the morphology of uDCs (green; cells with dendrites) and their localization

in close proximity to blood vessels (red).

analyzed the cells for CD11b and CD8a expression, i.e., molecules
that characterize the 2 main subsets of conventional splenic DCs
(21). At ES.5, uDCs could be subdivided into CD11bMCD8a® and
CD11b°CD8al cells. The above-described uDC characteristics
were unique to the early pregnancy, as analysis of uDCs at mid-
(E12.5) and late (E18.5) pregnancy revealed distinct phenotypes.
Thus, on E12.5, CD11ch" uDCs expressed more F4/80 and were
activated, as indicated by their upregulation of MHCII and expres-
sion of CD86 and CD40 (Table 1). While we still observed 2 main
subpopulations, the CD11b" DCs expressed higher levels of CD8o.
(Figure 2B). uDCs at E18.5 were all of the CD11b"CD8al° phe-
notype (Figure 2C), expressed high levels of F4/80, and exhibited
an immature phenotype (CD86™CD40%) (Table 1). Interestingly,
the different pregnancy stages also showed a distinct anatomic
distribution of uDCs in the uterus. While on E5.5 and E12.5 of
pregnancy, uDCs were found mainly in the decidualized tissue at
the embryo IS (Figure 1A) and decidua basalis (Figure 2D), respec-
tively, uDCs on E18.5 were mostly localized to the nondecidual-
ized uterine tissue (Figure 2D). Moreover, two-photon microscopy
revealed that uDCs on day E12.5 (Figure 2E, Supplemental Video 2,
and Supplemental Figure 1B) and E18.5 (Figure 2E, Supplemental
Video 3, and Supplemental Figure 1C) were even more closely asso-
ciated with blood vessels as compared with E5.5 uDCs. The dis-
tinct phenotypes and localization of uDCs at the IS suggested that
these cells might have distinct roles during different pregnancy
stages and specifically during embryo implantation, a decisive
phase of pregnancy.

Conditional ablation of uDCs during the implantation window results in
embryo resorption. To investigate the role of uDCs during embryo
implantation, we took advantage of the CD11c:DTR mouse
model, which allows the conditional ablation of CD11c" DCs by

The Journal of Clinical Investigation

diphtheria toxin (DTx) administration (17). We originally chose
to work with a semiallogeneic model, as DCs were hypothesized
to have a tolerogenic role in pregnancy. Semiallogeneic pregnant
mice were treated by i.p. injection of DTx on E.3.5, i.e., just before
implantation, and were analyzed on E4.5 and E5.5 (Figure 3). DTx
injection led to the rapid depletion of CD11c" DCs within 8 hours
and lasted for at least 2 days (17), thus covering the implantation
window (which starts on E4 and concludes on ES.5). For control,
we injected either E3.5 CD11c:DTR mice with PBS or E3.5 WT
mice with DTx (Supplemental Figure 2). It is noteworthy that uter-
ine macrophages remained unaffected by the DTx administration
(Supplemental Figure 3, A and B). uNKs included both DTR/GFP*
and DTR/GFP- subpopulations (Supplemental Figure 3D); how-
ever, under the conditions used (1 ng/g body weight DTx), uNKs
were not ablated (Supplemental Figure 2C).

Uterine sections of E4.5 control mice bearing uDCs (Figure 3A)
were characterized by the presence of developing implantation

Table 1
Analysis of uDC phenotypes during different pregnancy stages

E5.5 E12.5 E18.5
CD8 43 £10 495 + 133 69 + 28
MHCII 1,353 +359 2,022 + 353 1,229 + 732
CD86 607 620 + 39 396 + 48
CD40 26+5 168 + 31 18+ 16
F4/80 31024 3,078 £ 678 4,135 £693
CD103 2,093+195 4,834 +253 1,771 + 756

Values are the MFI of the indicated markers (stained minus isotype
control).
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chambers. We could observe embryos attached to the uterine wall
initiating the process of invasion toward the uterine stroma, which
showed characteristics of proliferation and differentiation into a
decidua (Figure 3B). In contrast, DTx-treated CD11c:DTR trans-
genic mice lacking uDCs (Figure 3C) harbored nonreceptive uteri,
in which the implantation chamber failed to form adequately. The
uterine lumen was open, the decidualization process was severely
impaired, and embryos neither attached to nor invaded the uterine
epithelium (Figure 3D). On ES.5, control mice exhibited signifi-
cantly expanded deciduae, and the embryo developed into the egg
cylinder stage (Figure 3, E and F). In contrast, the uDC-depleted
uteri exhibited reduced decidualization, and only rarely were
embryos found in the uterus, mostly detached from the uterine
lumen and undergoing resorption (Figure 3, G and H).

In order to study the phenotype induced by uDC depletion in
more detail, we titrated the DTx dose to achieve a partial deple-
tion of uDCs (50%-70%; Figure 3I). Thus, some decidual tissue
remained, and investigation of the mechanism underlying the
embryo resorption was facilitated. Deciduae of mice that were
subjected to this protocol were significantly reduced in size as
compared with those of controls, and the respective embryos had
undergone resorption (Figure 3, J and K). This indicated a linear
correlation between the number of uDCs at the IS and decidua
development. Compilation of the results from independent experi-

4 The Journal of Clinical Investigation

Figure 3

Conditional uDC ablation results in embryo resorption. Flow cytometry
and histological analysis of ISs of controls and DTx-injected mice. (A
and B) E4.5 control. (C and D) E4.5 uDC-depleted uterus. (E and F)
E5.5 control. (G and H) E5.5 uDC-depleted uterus. (I and J) E5.5 par-
tially uDC-depleted uterus. (K) Morphometric analysis of IS diameter
at E5.5. Size of uDC-depleted IS (DTXx) is presented as percentage of
control IS (DTx: n = 3 mice, n = 6 ISs; control: n = 3 mice, n = 10 ISs;
*P =4.4 x 10-9). Of note, in uDC-depleted uteri, no normally developed
embryos were detected.

ments showed that while control mice displayed normal implant-
ed embryos, two-thirds of the DTx-treated CD11c:DTR mice had
resorptions or completely lacked ISs, one-third had smaller and
nondeveloped ISs, while none had normal ISs (Table 2).

To exclude the possibility that the systemic DC ablation had an
indirect effect on the pregnancy, we performed a local uDC deple-
tion. At E3.5, right uterine horns of mated females were injected
with either DTx or PBS (control). Two days later (E5.5), the lower
part of each horn was retrieved for histological examination, while
the upper part was taken for flow cytometry (Figure 4]). FACS anal-
ysis confirmed a reduction in uDCs in the DTx-injected uterine
horn (Figure 4G) but not in the contralateral control horn (Figure
4E). Histological sections revealed that the injected horn exhibited
significantly smaller and malformed IS (Figure 4I), with retarded
decidualization, and no embryos could be detected (Figure 4H).
The contralateral uterine horn of the same mouse (Figure 4F), as
well as the PBS-injected and noninjected horns of control mice
that retained uDCs (Figure 4, A and C), exhibited normal IS with
developed deciduae and embryos (Figure 4, B and D). Furthermore,
we tested the effect of uDC depletion after successful implan-
tation, i.e., on ES.5. Notably, uDCs were also readily depleted
in this time point; however, there was no effect on the embryo fate
or decidua development (Supplemental Figure 4). This result sug-
gests a specific critical role for uDCs during the time window of

http://www.jci.org



2
2

Table 2
Analysis of the effect of uDC depletion on embryo ISs
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ES5.5 (Figure 5A) revealed similar phenotypes in
the allogeneic and syngeneic pregnancy models.

E5.5 CD11¢c:DTR + DTx

Control?
(CD11¢:DTR + PBS/WT + DTx)

In both cases, morphometric analysis showed a
significant reduction in IS sizes in uDC-depleted
as compared with control uteri (Figure 5B). These

No. mice with resorptions/no IS 13 (68%) 1 (5%) [1/0] results argue against a role of uDCs in tolerance
No. mice with impaired IS 6 (32%) 0[0/0] induction during the implantation period. This
No. mice with normal IS 0 18 (95%) [12/6] notion is further supported by results from addi-
No. total mice 19 19 [13/6]

tional experiments involving pregnant females

ANote that controls were composed of PBS-treated CD11c:DTR transgenic mice and

DTx-treated WT mice, with number indicated in the square brackets.

embryo implantation and excludes nonspecific effects that the
DTx administration or apoptosis of uDCs may have. Collectively,
these results suggest that uDCs have a specific and direct role in
decidual development and embryo implantation.

Embryo resorption does not result from breakage of immunological toler-
ance or adaptive immunity. It is widely assumed that DCs in the uter-
us are required to establish tolerance toward the semiallograft fetus
(22, 23). To test this possibility, we compared the effect of uDC
depletion we had obtained in the allogeneic system to a syngeneic
pregnancy model. Interestingly, analysis of uDC-depleted uteri on

A Left PBS noninj (o]

Right PBS E

that lack T and B cells (CD11c¢:DTR Rag /). Also
in this setting, uDC depletion resulted in embryo
resorption and a significant reduction in the size
of the IS (Figure 5, C and D).

Impaired decidualization is induced by uDC depletion even in the absence
of embryo. To establish whether the implantation defect caused by
uDC depletion depends on the embryo or whether uDCs have a
specific role in the decidua formation, we induced artificial decid-
ualization in the absence of embryos (24). Thus, C57BL/6 CD11c:
DTR females were mated with vasectomized BALB/c males, and
the uteri of plug-positive females were sutured on E3.5 to induce
decidualization. Animals were then administered either PBS or
DTx. When analyzed on ES.5, uDC-depleted uteri exhibited mal-
formed deciduae as compared with the well-developed artificial

Left DTx non inj G

Right DTx

Figure 4

Local uDC depletion results in
embryo resorption. On E5.5, all mice
were sacrificed, and the lower parts
of each horn were retrieved for his-
tology, while the upper parts were
taken for flow cytometry analysis. (A
and B) Left noninjected uterine horn
versus (C and D) right uterine horn,
locally injected with PBS on E3.5 as
a control. (E and F) Left noninjected
uterine horn (non inj) versus (G and
H) right uterine horn, locally injected
with DTx on E3.5. (I) Morphometric
analysis of IS diameter at E5.5.
Size of uDC-depleted IS (DTx) is
presented as percentage of control
(PBS-noninjected) IS (DTx:n=2, 2
injected IS, 2 noninjected IS; PBS: | 110-

n =2, 3 injected IS, 4 noninjected £ 05

IS; *P = 0.03, DTx right versus PBS S 1001

right). Note that size of locally DTx- o 951

treated IS is significantly reduced Q901

compared with that of all other ISs =851

(*P < 0.04 versus DTx left and PBS £ 801

right and left). uDCs are identified § 751

as CD11cnNGFP+, and their percent- s zg:

ages are indicated. (J) Experimen- 2 g0l

tal scheme. Uterine photograph (of Left Right
a nonpregnant mouse) is only for PBS PBS

illustration. OV, ovary.
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Decidualization failure is independent of immunity and occurs in absence of embryo. Representative histological sections of E5.5 uteri or ova-
ries and morphometric analysis. (A and B) Syngeneic model: CD11c:DTR transgenic females mated with C57BL/6 males (DTx: n = 3 mice,
n =5 18s; control: n =2 mice, n =3 1Ss; *P = 0.001). (C and D) Lymphocyte-deficient model: Rag2-- CD11c¢:DTR transgenic females mated with
BALB/c males (DTx: n = 2 mice, n = 8 ISs; control: n = 3 mice, n = 12 ISs; *P = 0.001). (E and F) Artificial decidualization: Females were mated
with vasectomized BALB/c males and their uteri sutured on E3.5 (DTx: n = 4 mice, n = 6 artificial ISs; control: n = 2 mice, n = 4 artificial ISs;
TP =0.00001). (G and H) P4 administration in the allogeneic model. Pregnant females were injected s.c. with P4 on E3.5 and E4.5 (DTx:n =3
mice, n = 9 ISs; control: n = 3 mice, n = 13 ISs; ¥P = 0.02). (I) Ovaries of control versus DTx-injected females. Note that experimental groups
were injected with 1 ng/g body weight DTx, resulting in partial ablation of uDCs.

control deciduae (Figure SE). Morphometric analysis showed sig-
nificant impairment in the development of the deciduae in uDC-
depleted uteri (Figure SF). These results suggest that the effect
of uDCs on the development of the decidua is embryo indepen-
dent, further emphasizing the irrelevance of embryo allogeneity
in the process. Importantly, these results directly link uDCs to the
decidualization process and suggest that the embryo resorption is
caused by impaired uterine receptivity.

Progesterone does not rescue the implantation disorder caused by DC-
depletion. Corpus luteum-derived progesterone (P4) plays a crucial
role in embryo implantation and subsequent pregnancy develop-
ment by maintaining decidual viability and inhibiting myome-
trial contractility (25). To test whether the implantation failure
observed in response to uDC depletion is a result of corpus luteum
insufficiency, we tried to rescue the pregnancies by P4 adminis-
tration on E3.5 and E4.5. P4 treatment did not prevent embryo
resorption induced by uDC depletion (Figure 5, G and H). Fur-
thermore, evaluation of the ovaries demonstrated that the uDC-

6 The Journal of Clinical Investigation

depleted females exhibited corpora lutea with normal morphology
as compared with control mice (Figure 5I). Therefore, we conclude
that the implantation failure in the absence of uDCs is not due to
lack of P4 production.

Impaired proliferation, decidual differentiation, and vascular expan-
sion in uDC-depleted ISs. Our results suggest that decidualization
depends on uDCs. To elucidate the underlying mechanism, we
decided to analyze two hallmarks of decidua formation: cell pro-
liferation and differentiation. The proliferation status of decidual
cells was investigated on partially uDC-depleted uteri, which still
retain some decidual cells. Immunostaining for phospho-histone
H3 (Figure 6, A and B) as a proliferation marker (26) revealed
extensive cell proliferation in the control mice. In contrast, uDC-
depleted deciduae were largely devoid of proliferation. To study the
impact of the uDC depletion on decidual differentiation, we inves-
tigated the induction of connexin 43 (Cx43), a gap junction protein
expressed at the onset of embryo implantation, which is an estab-
lished decidual differentiation marker (27). Immunohistochemical

http://www.jci.org



A p-Histone H3 C

Control

200um

DTx

ZU_ULI m

120 " 140 t 140
I
€ 100 120 120
Q
= 100 100
© 80
2
— 80 80
2 60
= 60 60
)
W 40
[h} 40 40
=
— 20
8 20 ' 20
o
Control  DTx Control  DTx Control

analysis for Cx43 in the control revealed prominent expression in
the primary decidual zone (Figure 6, C and D). In contrast, Cx43
expression was significantly reduced in the uDC-depleted uteri,
indicative of impaired decidual differentiation. Finally, we looked
at the impact of uDC absence on decidual vascular expansion, a
major prerequisite for adequate implantation. Immunostaining for
endothelial cells using lectin (Figure 6, E and F) revealed reduced
capillary density of uDC-depleted ISs versus control, implying an
angiogenic disorder associated with uDC absence. Overall, uDC
depletion caused severe impairment of all major characteristics of
decidualization: stromal cell proliferation and differentiation, as
well as vascular expansion were severely damaged, thus preventing
the formation of an adequate decidual tissue.

Functional analysis of decidual vascular function revealed impaired
angiogenesis in uDC-depleted 1Ss. The reduced capillary density exhib-
ited after uDC depletion implied a major perturbation in decidual
angiogenesis — a dynamic, precisely timed process that critically
affects uterine receptivity. Decidual angiogenesis is characterized
by increased vascular permeability on E4.5 followed by a rise in
blood volume on ES.5 and can be investigated noninvasively by
dynamic macromolecular-contrast enhanced MRI (28). Interest-
ingly, we were unable to detect E4.5 uDC-depleted ISs by MR, indi-
cating the presence of low angiogenic activity below quantifiable
levels compared with controls (Supplemental Figure 5A). On ES.S,
uDC-depleted ISs were significantly smaller and showed reduced
contrast enhancement relative to controls, as detected by MRI (Fig-
ure7,A, B,and E, and Supplemental Figure 5B). The blood volume
fraction (fBV) calculated using the MRI data was significantly lower
in uDC-depleted ISs (Figure 7C). However, the permeability sur-
face area product (PS) of uDC-depleted ISs was similar to that of
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Figure 6

Proliferation, decidual differentiation, and vascular expan-
sion characterizing decidualization are impaired in uDC-
depleted ISs. (A) Immunohistochemistry for phospho—
histone H3 indicated upon reduced cell proliferation in the
decidua of uDC-depleted ISs. (B) Quantification analysis of
phospho-histone H3 staining in uDC-depleted ISs, shown
as percentage of control (DTx: n = 2 mice, n = 3 ISs; con-
trol: n = 2 mice, n = 3 ISs; *P = 0.022). (C) Cx43 stain-
ing indicative of reduced cell proliferation in the decidua
of uDC-depleted ISs. (D) Quantification of Cx43 stain-
ing in uDC-depleted IS, shown as percentage of control
(DTx: n = 2 mice, n = 3 ISs; control: n = 2 mice, n = 3 ISs;
TP = 6.5 x 10-%). (E) Immunostaining for endothelial cells
using lectin (brown) of control versus uDC-depleted (DTx)
E5.5 ISs. Note the reduced vessel density of uDC-deplet-
ed ISs versus control. (F) Quantification of lectin stain-
ing in uDC-depleted ISs, shown as percentage of control
(DTx: n =2 mice, n = 3 ISs; control: n = 2 mice, n = 3 ISs;
P =0.044). e, direction of embryo location. In uDC-depleted
uteri, embryo location was not indicated, since the embryo
is resorbed in these specific histological preparations.

DTx

the control (Figure 7D). This suggested that the transcapillary leak
of plasma proteins was higher in E5.5 uDC-depleted ISs, i.e., that
blood vessels in the uDC-depleted deciduae were more permeable
than those of the controls. The MRI results were corroborated by
fluorescence analysis. ES.5 decidual blood vessels were undetectable
in uDC-depleted ISs, 3 minutes after MR contrast material injec-
tion, and at 15 minutes, only a minor part of the contrast material
had extravasated in uDC-depleted sites as compared with control
(Figure 7F). Quantitative analysis (Figure 7G) revealed significantly
reduced fluorescence of the decidual part in uDC-depleted ISs,
indicating reduced vessel density and similar permeability. E4.5 ISs
exhibited similar, although less pronounced trends than ES5.5 ISs,
as the decidua was less extended (Supplemental Figure 5, C and D).
Overall, dynamic contrast-enhanced MRI-assisted studies revealed
reduced blood volume and enhanced capillary leak, suggesting a
role for uDCs not only in decidual vascular expansion but also in
subsequent vascular maturation and attenuation of vascular per-
meability. This finding is consistent with the reduced density of
vascular smooth muscle cells, immunostained using anti-o-SMA
(Figure 7, H and I), of control versus uDC-depleted E5.5 ISs. The
absence of mature blood vessels (with pericyte or vascular smooth
muscle cell coating) from the rim of the uDC-depleted IS may
account for the elevated transcapillary leak of plasma proteins in
uDC-depleted deciduae.

uDCs directly control decidual angiogenesis by regulating vascular matu-
ration. The results of the MRI analysis and the a-SMA of uDC-
depleted ISs revealed a strikingly enhanced capillary leak and
the presence of immature blood vessels. In search of a molecular
mechanism to explain the requirement of uDCs in the implanta-
tion process, we decided to focus on a potential link of uDCs to
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Figure 7

Functional analysis of decidual vascular function reveals impaired angiogenesis in uDC-depleted ISs.
(A and B) 3D gradient-echo MRI maximal intensity projections, 24 minutes after biotin-BSA-GdDTPA
injection. (C) fBV and (D) PS (control: n = 3 mice, 10 ISs; DTx: n = 2 mice, 6 ISs; *P = 0.03, 1P = 0.89).
(E) Quantitative analysis of IS size measured by MRI. Size of uDC-depleted ISs (DTx) is presented as
percentage of control ISs (control: 3 mice, n = 10 ISs; DTx: 2 mice, n = 6 ISs: P = 0.0011). (F and G)
ISs were retrieved 3 and 15 minutes after biotin-BSA-GdDTPA injection and stained with avidin-FITC
(n =2 mice, n = 3 ISs per time point; P = 1.6 x 10-5, SP = 0.002). Gray trend lines indicate permea-
bility (signal intensity [SI] at 15 minutes minus S| at 3 minutes: control, 4.4; DTx, 3.8). Yellow arrows,
IS; white arrows, embryo location; B, bladder; K, kidney; e, embryo; ni, nonimplanted uterine site. (H)
Immunostaining for smooth muscle cells using anti—a-SMA (red) of control versus uDC-depleted (DTx)
E5.5 I1Ss. Note the absence of mature blood vessels (with a-SMA coating) from the edges of the uDC-
depleted IS. Myometrium stained positive for a-SMA. m, myometrium; mbv, maternal blood vessel.
(I) Quantitation of a-SMA—positive capillary number per IS showing uDC-depleted IS compared with
control (DTx: n = 2 mice, n = 4 ISs; control: n = 2 mice, n = 9 ISs; 1P = 0.026).

specific antibody in uDC-depleted
deciduae (Figure 8, C and D) spe-
cifically in the decidual rim, where
uDCs accumulate (Figure 8E). Our
expression analysis of decidual cells
further revealed that uDCs express
TGF-B1 (Figure 8F), a cytokine
with pleiotropic functions that can
directly affect vascular maturation
(30) and promotes endothelial cell
survival. As opposed to expres-
sion of sFltl, TGF-B1 expression
was shared with uNKs. However,
interestingly, the RT-PCR analy-
sis of uDC-depleted ISs revealed a
global reduction in TGF-B1 expres-
sion (Figure 8, G and H). Taken
together, our results suggest that
uDCs are directly involved in the
fine-tuning of angiogenesis in the
decidua through provision of two
critical factors, sFltl and TGF-f1,
that act synergistically to promote
coordinated vascular expansion
and maturation.

Discussion

Here we performed a functional
characterization of uDCs with
respect to their involvement in
embryo implantation using an in
vivo cell ablation strategy. Deple-
tion of uDCs resulted in severe
impairment of the implantation
process and led to embryo resorp-
tions. Rather than being involved
in tolerance establishment, uDCs
seem to regulate maternal recep-
tivity through direct involvement
in decidual tissue remodeling and
specifically angiogenesis. Flow
cytometric, histological, and in
vivo characterization of uDCs
during implantation and later
pregnancy stages revealed distinct
phenotypes and microanatomical
localizations, suggesting discrete
functions with pregnancy progres-

angiogenesis and vascular maturation. Vascular plasticity during
angiogenesis is driven by VEGF, which elevates vascular permeabil-
ity. The activity of VEGF is in turn under the control of a physi-
ological “VEGF trap” in the form of a secreted VEGF receptor 1
(Flcl) (29). Interestingly, quantitative RT-PCR analysis of FACS-
sorted uDCs and fractionated decidual tissue revealed that in
the IS, this soluble Flt1 (sFlt1) is expressed by uDCs but not by
decidual NK cells (Figure 8, A and B). This result suggests that one
role of uDCs in the decidua is to fine-tune angiogenesis and vas-
cular permeability by secretion of sFlt1. This potential scenario is
further strengthened by the immunohistochemical analysis of ISs:
here we found a significantly decreased immunoreactivity to sFlt1-

8 The Journal of Clinical Investigation

sion. Indeed, depletion of uDCs immediately after the conclusion
of the implantation process did not lead to embryo loss. At the
time of implantation (ES.5), uDCs exhibited an immature pheno-
type, characteristics of mucosal DCs, and could be subdivided into
two subpopulations according to CD11b and CD8a: expression.
Moreover, uDCs at E5.5 were found in close proximity to blood
vessels. To study the functional role of uDCs in implantation, we
used a conditional ablation strategy to deplete the cells before the
embryo makes its first contact with the uterus and throughout
the entire implantation window (E4 until ES.5). uDC ablation
resulted in embryo resorption. The remainder of our study was
devoted to the investigation of the physiological and molecu-
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Evidence for a direct role for uDCs in decidual angiogenesis by regulating vascular maturation. (A) Flow cytometry analysis of decidual cells (All)
sorted for uNKs and for uDCs. (B) Semiquantitative RT-PCR for sFlt1 of the sorted cells in A. (C) Immunostaining for sFlt1 (brown) of control
versus uDC-depleted (DTx) E5.5 ISs. Note that in the control ISs, sFlt1 staining is most abundant in the outer decidual rim, which is the localiza-
tion of uDCs and also the localization of a-SMA—positive mature vessels (Figure 7H). In uDC-depleted deciduae, the sFlt1 staining is absent.
Decidual tissue is circled. (D) Quantification of sFlt1 staining in uDC-depleted IS is shown as percentage of control (DTx: n =2 mice, n = 3 ISs;
control: n =2 mice, n = 3 ISs; *P = 0.0035). Data quantification was performed on the whole IS (not only the decidua) to avoid bias. (E) Quantifi-
cations of sFIt1 distribution in the decidua. Radius of IS center, 240 um; middle rim, 350 um; outer rim, 240 um. Note that the percentage of cells
in the outer rim is significantly higher than that in the middle (P = 0.0012) and center (P = 0.0018). (F) Semiquantitative RT-PCR for TGF-$1 of
the sorted cells in A. The bands were run on the same gel at the same time but were not contiguous. (G) Semiquantitative RT-PCR for TGF-31
of uDC-depleted and control IS and (H) quantitative analysis of 3 different experiments. TP < 0.05.

lar mechanisms that underlie this unique requirement of uDCs
for embryo implantation.

The presence of immune cells at the IS has long been associated
with the response of the maternal immune system to the semi-
allogeneic fetus (22, 23). However, presentation of fetal antigen
was reported to begin only at mid-gestation, in association with
the endovascular invasion of placental trophoblasts and the
hematogenous release of placental debris (31). Accordingly, our
results that focus on the implantation window suggest that uDCs
are not required for tolerance establishment. Thus, uDC ablation
also resulted in embryo resorption in syngeneic and T cell-defi-
cient pregnancy models. Moreover, depletion of uDCs impaired
artificial decidualization induced in pseudopregnant mice in the
absence of an embryo.

The maintenance of pregnancy and specifically the decidualiza-
tion process requires P4, a principal steroid hormone secreted by
the corpus luteum (32). However, in our model, the embryo loss
induced by uDC depletion could not be rescued by P4 administra-
tion and is, therefore, unrelated to corpus luteum insufficiency.
Interestingly, we rather found that the uDC ablation directly affect-
ed three critical parameters of the decidualization process: prolif-
eration, differentiation, and angiogenesis. Immunohistochemical
analysis of uDC-depleted ISs for phospho-histone H3 and Cx43
revealed an impairment of proliferation and decidual differentia-

tion. Along with reduced expression of lectin in the uDC-depleted
IS, noninvasive functional analysis of angiogenesis by dynamic
macromolecular contrast-enhanced MRI revealed significant per-
turbances within the 2 days of the implantation window in uDC-
depleted ISs. Angiogenesis during normal embryo implantation is
characterized by increased vascular permeability on E4.5, followed
by a rise in blood volume on ES.5. By the end of the implantation
process (E5.5) and along with the attenuation of vascular perme-
ability, blood vessels undergo maturation (28). Upon uDC deple-
tion, the formation of new blood vessels in the decidua was sig-
nificantly reduced on ES5.5, and vascular maturation was impaired,
showing higher permeability per blood vessel, a characteristic of
the initiation of the implantation process (E4.5). uDC ablation
thus resulted in a delayed decidual angiogenic response. Given the
limited time window in which the uterus is receptive toward the
implanting embryo (33), impaired angiogenesis results in a failure
of the embryo to implant into the uterine wall (34). In support of
asuggested role for uDCs in decidual vascular development, uDCs
are associated with blood vessels, as exhibited in the functional
analysis using MRI and fluorescence microscopic data.
Physiological angiogenesis is a fine balance between pro- and
antiangiogenic factors (34). Vascular plasticity during angiogen-
esis is driven by VEGF, which is a potent vascular permeability fac-
tor. In pregnant mice, VEGF expression is observed in the luminal
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epithelium as early as day 1. VEGF is also expressed by stromal
cells (35, 36), as well as uNKs and macrophages (7, 35). In light
of the abundance of VEGF expression in the decidua, VEGF lev-
els require local modulation to facilitate tissue remodeling and
allow decidual transformation. One of the key molecules in the
control of VEGF activity is a physiological VEGF trap in the form
of a secreted VEGF receptor 1 (Flt1) (29) that locally sequesters the
proangiogenic factor to execute its effect on vascular permeability.
Interestingly, our expression analysis of fractionated decidual tis-
sue revealed that in the IS, sFlt1 is expressed by uDCs but not by
uNKs. Moreover, the critical importance of this uDC-derived sFlt1
in the local control of angiogenesis is highlighted by the fact that
immunoreactivity to anti-sFltl antiserum in the outer decidual
rim, i.e., the exact location of the bulk of uDCs, was significantly
reduced in uDC-depleted ISs. Our data thus strongly suggested
that a key role of uDCs in decidua formation is to fine-tune angio-
genesis by specifically attenuating vascular permeability via secre-
tion of sFltl. In the absence of uDCs, sFltl is missing, vascular
permeability is not attenuated, and subsequent vascular matura-
tion at the boundaries of the IS do not occur.

Our expression analysis of decidual cells further revealed that
uDCs express the cytokine TGF-f1. Moreover, although TGF-1
expression was shared with uNKs, the analysis of uDC-depleted
ISs revealed a general reduction in the expression level of this
cytokine. Notably, our data do not exclude the possibility that
TGF-B1 expression by uNKs could also be driven by uDC-uNK
crosstalk. The reduction of TGF-B1 in uDC-depleted IS might have
multiple consequences. First, as TGF-B1 can promote endothelial
cell survival (37), TGF-B1 that is directly produced by uDCs could
be critically required to locally quench a potential proapoptotic
activity that has been reported for sFltl (as it sequesters VEGF, an
endothelial cell survival factor) (38) and thus provide crucial pro-
tection for the uDC-associated endothelial cells. This may ensure
that the VEGF trap sFltl expressed by uDCs will only act to seques-
ter VEGF activity as a permeability factor but will be less effective
in causing endothelial cell death in the presence of TGF-f1.

Second, TGF-f is known to directly affect vascular maturation
through its effect on endothelial-smooth muscle cell interactions
(30, 37). Vascular maturation at the IS mostly occurs at the edges
of the IS, and the observed global reduction of TGF-f1 in uDC-
depleted ISs could thus have a major effect on the ability of these
blood vessels to mature. Finally, the absence of TGF-B1 was pre-
viously proposed to have a direct effect on the proliferation and
decidualization of stromal cells (30). However, this might be sec-
ondary to the angiogenic disorder, since tissue growth and remod-
eling are critically dependent on proper vascular expansion.

Taken together, our results suggest that uDCs fine-tune angio-
genesis in the decidua through provision of two critical factors,
sFltl and TGF-B1, that act together to promote coordinated vas-
cular expansion and maturation. In their absence, vascular perme-
ability is increased, blood volume is reduced, and vessel maturation
is attenuated, resulting in a fatal delay of the angiogenic reaction.
This leads to faulty tissue remodeling, which causes the embryo
loss. The specific localization of uDCs in the outer decidual rim
and in proximity to blood vessels supports their role in attenuat-
ing permeability, promoting vascular survival and vessel matura-
tion, which occur mainly at the edges of the IS. Of note, however,
our data do not exclude more complex settings in which uDCs
would provide multiple crucial factors to the decidualization and
subsequent angiogenesis involving additional cell types.

10 The Journal of Clinical Investigation

In summary, we demonstrated a role for uDCs in successful
embryo implantation, which is directly associated with adequate
decidualization by coordinating the synchronization between
uterine receptivity and embryo development. These results provide
anew perspective on DC functions during pregnancy beyond their
anticipated tolerogenic effect, suggesting a more active role in tis-
sue renewal and specifically in angiogenesis.

In terms of medical implications, the temporal and spatial abla-
tion of uDCs provides a unique experimental model to study this
important phase of pregnancy, which will help to understand
human infertility where implantation is impaired. Specifically, our
results may assist in resolving the limited implantation success of
embryos transferred following in vitro fertilization.

Methods

Animals. Eight- to 12-week-old CD11c:DTR transgenic mice (B6.FVB-Tg
Itgax-DTR/GFP 57Lan/J) harboring a gene encoding a DTR/GFP fusion
protein (17); Cxscr14? mice (B6.129P-Cx3crltm1Litt/]) harboring a GFP
gene in the CX;CR1 locus (18); Rag2”/~ mice (39); and C57BL/6 and
BALB/c mice were purchased from Harlan. For semiallogeneic pregnan-
cies, CD11c:DTR C57BL/6 females (H2P) were mated with BALB/c WT
males (H29). For syngeneic pregnancies, C57BL/6 CD11c:DTR females
were mated with C57BL/6 males. All mice were maintained under spe-
cific pathogen-free conditions and handled under protocols approved
by the Weizmann Institute Animal Care and Use Committee according
to international guidelines.

Depletion of uDCs. Female CD11c¢:DTR transgenic mice, which express
a primate DTR (17), were mated and administered DTx (D-2918; Sigma-
Aldrich) on E3.5 of pregnancy (vaginal plug a day after mating: E0.5). DTx
was injected i.p. at a dose of 2 ng/g body weight, diluted in PBS for full
depletion and 1 ng/gbody weight for partial depletion. For local uDC deple-
tion, animals were injected in the myometrium with 20 ng DTx diluted
in 30 ul PBS. As control, either CD11c:DTR females were injected with
PBS or WT females injected with DTx. On ES.5, mice were sacrificed, and
one uterine horn was retrieved for histology and the other flow cytometry
analysis, in which uDCs are identified as CD11cMGFP* cells.

P4 administration. Subcutaneous injections of 2 mg/ml P4 diluted in sesa-
me oil were administered daily, along with intraperitoneal administration
of DTx (2 ng/g body weight), from E3.5 until E5.5 (40).

Artificial decidualization. Females were mated with vasectomized BALB/c
mice. On E3.5, females were anesthetized by i.p. injection of 75 mg/kg Ket-
aset (ketamine; Fort Dodge Animal Health, Wyeth) and 3 mg/kg XYL-M
2% (xylazine; VMD). The upper part of each uterine horn was sutured with
a thread. Uteri were collected for analyses 2 days afterward, on E5.5.

Preparation of single-cell suspensions. For isolation of uterine cells including
uDCs, either whole uterine horns (of naive and E3.5 females, the latter
after washing out embryos for verification of pregnancy) or single ISs (of
E4.5 and ES.S females) were retrieved. ISs were cut from the uteri. Nonim-
planted uterine sites were discarded. Since uDCs are virtually absent in the
myometrium, ISs were processed along with the myometrium. Tissues were
minced into fragments of 1 mm? and digested for 35 minutes at 37°C with
1 mg/ml collagenase type IV (Sigma-Aldrich), 0.2 mg/ml DNase (Roche),
and 1 mg/ml BSA (Sigma-Aldrich) in PBS with MgCl, and CaCl, (Sigma-
Aldrich). Then tissues were passed through a mesh and washed in PBS.

Flow cytometry analysis. The staining reagents used in this study included
the PE-coupled antibodies against CD8a, I-A® (MHCII), CD40, CD86,
NK1.1, and PE-coupled streptavidin; allophycocyanin-coupled (APC-cou-
pled) anti-CD11c; biotin-conjugated antibodies anti-F4/80 and -CD103
and PerCP-coupled anti-CD11b. Respective isotype antibodies were used

for control. Unless otherwise indicated, the reagents were obtained from
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eBioscience. Cells were analyzed on FACSCalibur cytometer (BD) using
CellQuest software (BD).

Histology. Tissues were fixed in 4% paraformaldehyde for 24 hours, embed-
ded in paraffin, sectioned serially (4 um), and stained with H&E (Sigma-
Aldrich). Photo documentation was performed using an E800 microscope
and digital camera DXM 1200 (Nikon). Morphometric analysis of ISs was
performed using Image-Pro Plus version 5 software (Media Cybernetics).
Tissues were sectioned until the embryo was detected. In cases where the
location of the embryo was undetectable (due to embryo loss or upon arti-
ficial decidualization), the decidua was cut, and quantifications were per-
formed on sections with the widest decidual diameter.

Immunohistochemistry. Paraffin sections were stained as previously
described (41), with the following changes: for uDC detection in CD11c:
DTR mice, we used polyclonal biotinylated goat anti-GFP antibodies
(ab6658; Abcam). For macrophage detection, we used rat anti-mouse
F4/80 antibodies (MCA497GA; Serotec). Antigen retrieval prior to the
blocking step was done using 0.1 M trypsin and 0.1 M CaCl; in 20 mM
Tris. Proliferation in the decidua was analyzed with polyclonal rabbit anti-
human phospho-histone H3 (Ser10)-R antibodies (sc-8656-R; Santa Cruz
Biotechnology Inc.). To determine cell differentiation in the decidua, we
used polyclonal rabbit anti-mouse Cx43 antibodies (BD). To test blood
vessel functionality, we used biotin-BSA-GADTPA (MR contrast material;
see the following section describing in vivo contrast enhanced MRI stained
by fluorescein-labeled avidin [Avidin-FITC; Invitrogen]) as previously
described (28). To further test blood vessels, we stained for endothelial
cells (using GSL-1 lectin, from Griffonia simplicifolia; Sigma-Aldrich) and
vascular smooth muscle cells (using anti-a-SMA; Sigma-Aldrich), as pre-
viously described (28). For sFltl immunostainings, antigen retrieval was
performed by microwave heating in pH 6 citrate buffer. An sFlt1-specific
antibody was used (36-11000; Zymed, Invitrogen) at 1:100 dilution (42).
Photo documentation was performed using Zeiss Axioskop II fluorescent
microscope or E800 Nikon microscope.

Two-photon microscopy. Pregnant Cxscr14? mice (18) were i.v. injected with
200 ul of 0.5 mg/ml TRITC-dextran (150 kDa; Sigma-Aldrich) that was
allowed to circulate for 3-5 minutes prior to sacrifice to visualize blood
vessels. Uterine tissue was retrieved and immediately visualized by 2-pho-
ton microscopy. Two-photon imaging was performed with a Zeiss LSM
510 META NLO microscope equipped with x20 and x40 water immersion
objectives. A Mai Tai One Box Ti:Sapphire Laser (Spectra Physics, Newport
Corp.) was used for 2-photon excitation. Image acquisition was performed
using LSM 510 acquisition software. For 2-photon excitation of TRITC-
dextran, the laser was tuned to 800 nm, and the emission filter set was
535-590 nm. For excitation of GFP, the laser was tuned to 920 nm, and the
emission filter was 500-550 nm.

In vivo contrast-enbanced MRI. MRI was acquired at 4.7T (Bruker) using a
whole-body coil. A series of variable-flip-angle precontrast T1-weighted 3D
gradient-echo images was acquired to determine the endogenous precon-
trast R1 (pulse flip angle, 15°,5°,30°,50°,70°; repetition time [TR], 10
ms; time to echo [TE], 3.6 ms; 2 averages; spectral width, 50,000 Hz; 4 x 4 x
4 cm matrix size, 128 x 128 x 64, zero-filled to 128 x 128 x 128, resulting in
avoxel resolution of 313 x 313 x 313 um [625 wm is the resolution in the
third dimension before zero-filling]; total acquisition time per frame,164
seconds; frequency-encoding direction: head-foot). For dynamic contrast-
enhanced MRI, 9 mg/mouse (20 g) in 0.2 ml PBS of biotin-BSA-GdDTPA
(r=164 mM' s!) was administered via a tail vein catheter and its extravasa-
tion monitored over time (MR data were acquired with a pulse flip angle of
15°,and all other parameters as stated above. The first image was acquired
0-164 seconds after administration of the contrast material.) The MRI
data allowed quantification of the fBV and the PS (rate of extravasation

of contrast material to the interstitial space) on ISs of ES.5, as previously
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reported (28). In brief, the change in the concentration of the administered
MRI contrast material (biotin-BSA-GdDTPA) over time (Ct) in the region
of interest of the ISs was divided by its concentration in blood (Cbhlood; cal-
culated in the region of interest depicting the vena cava, which was includ-
ed in the image data set, and extrapolated to time 0). Linear regression of
these temporal changes in Ct/Cblood yielded 2 parameters (the fBV and PS)
that characterize vascular development: fBV (= C0/Cblood) was derived from
the concentration of biotin-BSA-GdDTPA in the tissue (Ct) extrapolated
to the time of administration of the contrast material (C0) and divided
by its concentration in the vena cava (Cblood). PS [= (Ct— C0)/(Cblood x t))
is the rate of contrast extravasation and accumulation in the tissue derived
from the slope of the linear regression of the first 15 minutes after contrast
material administration (¢ = 15).

Fluorescence image analysis. All fluorescence images (of anti-phospho-
histone H3 and anti-Cx43, as well as avidin-FITC stainings) were acquired
under identical conditions and analyzed using Image] software (http://
rsbweb.nih.gov/ij/). The fluorescence intensity was measured in absolute
counts. The average fluorescence intensity inside the region of interest in
the IS was calculated by measuring the ratio of fluorescence signal to the
area of region of interest. When probing for vessel density and vessel perme-
ability (after avidin-FITC staining of the MRI contrast material), the areas
occupied by clearly resolved blood vessels (attributed to the myometrium
or to undecidualized uterine stroma) were masked and excluded from cal-
culation. Fluorescent background was subtracted from each image, where
background was measured in the areas without tissue. Vessel density was
estimated by determining mean fluorescence at 3 minutes after injection.
Vessel permeability was simulated by the change in fluorescence signal
intensity between 3 and 15 minutes after injections.

Light microscopy image analysis of immunohistochemical stainings. Quantifi-
cation of these data (anti-F4/80, anti-sFlt1, anti-GFP, and GSL-1 lectin
stainings) was done as previously described (43). In brief, the stained
cells/regions were probed and chosen using Adobe Photoshop software,
and then the percentage of the stained area from the total IS area was cal-
culated using MacBiophotonics Image] software. a-SMA-positive blood
vessels were manually counted.

Semiquantitative RT-PCR. Total RNA was extracted from ISs of E5.5 preg-
nant mice with EZ-RNA Kit (Biological Industries) or from isolated cells
with PerfectPure RNA Cell Kit (5 PRIME). Total RNA was reverse tran-
scribed with a mixture of random primers and oligo-dT using a Verso
c¢DNA Kit (Thermo Scientific). cDNA was amplified by PCR using REDTaq
ReadyMix (Sigma-Aldrich). We used the following primers: sFlt1 forward,
S“TTTATCCTGGATCCCAGCAG-3'; sFLT1 reverse, S'-TGACATGACTTT-
GTGTGGTAC-3"; TGF-B1 forward, 5'-CTCGGGGCTGCGGCTACTG-3';
TGF-B1 reverse, S'-GGCGTATCAGTGGGGGTC-3'; actin forward,
5'-CCCCATTGAACATGGCATTGTTAC-3'; actin reverse, 5'-TTGATGT-
CACGCACGATTTCC-3".

Statistics. All experiments were repeated 2-3 times, and the number of
animals and ISs used for each experiment was indicated accordingly. All
data were analyzed using Student’s unpaired 2-tailed ¢ test and presented
as mean + SD. A Pvalue of less than 0.05 was considered significant.
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