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Spatio-temporal distribution of eosinophils in the mouse uterus
during peri-implantation period
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Summary: Embryo implantation is an immunologically paradoxical event. In humans and rodents, blastocysts adhere to
uterine epithelium and then invade into endometrial stroma, while maternal body is protected from extraneous materials
by its immune system. Eosinophils, a kind of leucocytes involving parasitic infections and allergic response, increase in
number in uterus when serum estrogen level is elevated during estrus cycles. However, response of uterine eosinophils to
ovarian estrogen during peri-implantation period is not clear. Therefore, we investigated the distribution of eosinophils in
murine peri-implantation uterus. On day 0.5 of pregnancy, eosinophils were found primarily in endometrial stroma near
the luminal epithelium, whereas they were primarily distributed in basal endometrium and myometrium on day 3.5 of
pregnancy. The number of uterine eosinophils on day 4.5 of pregnancy was significantly increased by inhibition of maternal
estrogen action. Collectively, our results indicate that the ovarian estrogen negatively regulates uterine eosinophil distribu-
tion during peri-implantation period and provide insight into a role of maternal immune system in embryo implantation.

Introduction

The fetus represents a foreign entity to the maternal
immune system, as it expresses genes of both paternal
and maternal origins. Therefore, the immune tolerance
toward fetal antigens is essential for successful pregnan-
cy"). While adaptive immunity against fetus and placenta
is suppressed during pregnancy, innate immune cells
recruited to the fetal-maternal interface, such as uterine
natural killer cells and antigen presenting cells including
dendritic cells and macrophages, are known to play a role
in modulating vascular remodeling and trophoblast inva-
sion>,

Eosinophils are cells of the innate immune system
that are abundantly found in the mucosal tissues of the
gastrointestinal, respiratory and urogenital tracts and also
prominent in host responses to parasitic worm and viral
infections and in allergic diseases®. Eosinophils differen-
tiate from myeloid precursor cells during hematopoiesis

in the bone marrow. Interleukin-5 (IL-5) is known to be
a major cytokine responsible for development of eosino-
phils in the bone marrow”). After maturation, eosinophils
circulate in blood and migrate to their destination tissues
in response to chemokines, such as eotaxin-1 (also known
as CCL11) and eotaxin-2 (also known as CCL24) via
eotaxin receptor CCR3%). Effector functions of the eosino-
phils are attributed to their secretion of various cytokines
and cationic proteins and implicated in various biological
processes, such as host defense, organ formation, and
tissue repair®.

Uterine endometrium has been recognized as a tissue
with abundant distribution of eosinophils. In rodents,
uterine distribution of eosinophils fluctuates with the
estrus cycle, with the numbers reaching a maximum at
estrus and metestrus?. Also, studies in humans and mice
have shown that eosinophils accumulate in the uterus
in association with the cervix preparation for delivery
and the uterine tissue regeneration after parturition'®'3).

* T.K. and F.K. contributed equally to this work.

Corresponding author: Toshihiro Konno, Ph.D. Department of Subtropical Agro-Environmental Sciences, Faculty of Agriculture, University of the
Ryukyus, Senbaru 1, Nishihara, Okinawa 903-0213, Japan. E-mail: konnot@agr.u-ryukyu.ac.jp



50 T. Kurane et al.

However, mice deficient in IL-5 or genetically lacking
eosinophils are fertile and exhibit normal parturition!416),
Thus, specific roles for uterine eosinophils in the steady-
state and in the pregnancy remain unclear.

In rodents, eosinophil recruitment to the cycling
uterus have been comprehensively studied. Eosinophil
infiltration of the uterus is induced by estrogen-driven
endometrial expression of eotaxin-1'9. Uterine eosino-
phils are increased in number and localized primarily in
the subepithelial zone of endometrial stroma upon expo-
sure to seminal fluid at mating, and then diminish over
subsequent days'® 2. However, the effect of nidatory
estrogen on uterine eosinophil distribution still remains
unclear. Therefore, in this study, we investigated spatio-
temporal distribution of eosinophils in peri-implantation
uterus utilizing estrogen receptor inhibition mice model.

Material and method

Animals and tissue preparation

ICR mice (Japan SLC, Shizuoka, Japan) were housed
in an environmentally controlled facility and allowed free
access to food and water. Timed matings of mice were
carried out by placing females (> 8 weeks of age) with
fertile or vasectomized males. The day when a seminal
plug was found was defined as 0.5 days post coitum
(dpc). Pregnant or pseudopregnant uteri were collected
on 0.5, 3.5, 4.5, 5.5 and 7.5 dpc, and snap-frozen in dry
ice-cooled heptane for histological analyses. This study
was approved by the Committees on Ethics in Animal Ex-
periments in the University of the Ryukyus. Experiments
were carried out under the control of the Guideline for
Animal Experiments of the University of the Ryukyus.

Estrogen receptor inhibition model

To evaluate the effect of nidatory estrogen on uterine
eosinophil distribution, mice were administrated intraper-
itoneally with either ICI 182,780 (0.5 mg/mouse), a small
molecule estrogen receptor antagonist, or vehicle on 2.5
dpc, then the uterine tissues were collected on day 4.5 dpc
and subjected for histological analyses and flow cytome-

try.

Histological analyses

Histological analyses were performed on 10 um fresh
frozen sections of uterine tissues prepared with the aid of
a cryostat. To identify eosinophils, we utilized the phenol
red method, which is previously described as a simple and
rapid method for identifying eosinophils in rat uterus'”).
Briefly, the frozen sections of uterine tissues were fixed
with 4% paraformaldehyde (PFA) in phosphate-buffered
saline (PBS), and then incubated with Hank’s balanced
salt solution (HBSS) containing phenol red (14170-120;
Thermo Fisher Scientific, Waltham, MA, USA) for 2h.
The tissue sections were then nuclearstained with 4°,6-

diamidino-2-phenylindole (DAPI) and observed under
fluorescence microscopes (Leica DMI4000B and Leica
M205FA, Leica Microsystems GmbH, Wetzlar, Germany).

To visualize endogenous peroxidase activity, tissue
sections were briefly fixed with 4%PFA in PBS and
then incubated with 3-Amino-9-Ethylcarbazole (AEC)
substrate solution (001122, Thermo Fisher Scientific).
Mayer’s hematoxylin was used for counterstaining.

Immunohistochemistry using rat anti-Neutrophil mono-
clonal antibody (1:5000 dilution; ab2557; Abcam, Cam-
bridge, UK) was performed to detect neutrophils. Anti-rat
IgG biotin conjugate antibody (1:800 dilution; B7139;
Sigma-Aldrich, St. Louis, MO, USA) was used for sec-
ondary antibody. Immunolocalization was visualized
using ExtrAvidin-peroxidase (E2886, Sigma-Aldrich) and
AEC substrate solution. AEC stained sections were coun-
terstained with Mayer’s hematoxylin.

To distinguish myometrium from endometrial stroma,
immunofluorescence was performed on uterine tissue
sections using Alexa-fluor 488 conjugated rabbit anti-
alpha-smooth muscle actin monoclonal antibody (1:100
dilution; 34105, Cell Signaling Technology, Danvers,
MA, USA).

Morphometric image analysis to measure eosinophil den-
sity

Images of uterine tissue sections that were processed
to detect eosinophils by the phenol red method were
captured at 120x magnification using a Leica M205FA
fluorescence stereomicroscope (Leica Microsystems
GmbH). Fluorescently labeled eosinophils were counted
in six square areas (300 pixels x 300 pixels, equivalent to
134.75 pm x 134.75 pm) selected randomly from endo-
metrial-myometrial junction zone. Eosinophil density in
uterine endometrial-myometrial junction zone (number
of eosinophils/mm?) was determined by calculating av-
erage eosinophil counts of six areas. Image analysis was
performed using FIJI'® 19, Uterine tissues from four in-
dividuals per experimental group were subjected for the
analysis.

Flow cytometry

Single cell suspension was prepared from the ureri as
follows: the uteri were minced in PBS using a Gentle-
MACS dissociator (Miltenyi Biotec, Bergisch Gladbach,
Germany), and treated with collagenase type I (12,500 U/
ml), DNase I (600 U/ml) and hyaluronidase type IV (6000
U/ml) for 30 minutes at 37°C. The tissue fragments were
passed through a stainless steel mesh to obtain a single
cell suspension. The cells were suspended in 45% Percoll
and centrifuged at 2000 rpm for 20 minutes. The pellet
was collected, and red blood cells were lysed to obtain
white blood cells. Before staining with mAb to detect
eosinophils, the uterine white blood cells were pretreat-
ed with ant-mouse CD16/32 mAb (Fc-block) to block
non-specific binding of antibodies to Fcy receptors. The



cells were then stained with FITC-conjugated anti-mouse
Ly-6G/Ly-6C (Gr-1) (553127, BD Biosciences, San Jose,
CA, USA), and biotin-conjugated anti-mouse CD45
(103103, BioLegend, San Diego, CA, USA) mAb, fol-
lowed by PE/Dazzle-conjugated streptavidin (405247,
BioLegend). To stain both cell surface and intracellu-
lar CCR3, the cells were fixed and permeabilized with
Fixation/Permeabilization Solution Kit (554714, BD
Biosciences), followed by Alexa Flour 647-conjugated
anti-mouse CCR3 (129401, BioLegend), The stained
cells were analyzed with a FACSCanto flow cytometer
with DIVA software (BD Biosciences). Eosinophils were
detected as CD45+ Ly-6G/Ly6C- CCR3+ cells. Uterine
samples from five individuals per experimental group
were subjected for the analysis.

Statistics

The mean eosinophil density measurements between
uteri from experimental mice groups were compared by
analyses of variance followed by Tukey’s contrast tests.
The mean numbers of uterine eosinophils between two
experimental mice groups were compared by Student’s T
Tests. All statistical analysis was performed using R sta-
tistical packages (http://www.r-progect.org).

Results

Identification of uterine eosinophils

The phenol red method was previously described as
a convenient technique for identification of eosinophils
in rat uterus'”). Therefore, we first evaluated whether the
phenol red method is applicable for detection of uter-
ine eosinophils in mice. In 3.5 dpc uterus, fluorescently
labeled cells by the phenol red method were primarily
populated in the basal endometrium and myometrium
(Fig. 1A—C). Peroxidase positive cells exhibited similar
distribution to the cells detected by the phenol red method
(Fig. 1D). Eosinophils produce and store their specific
peroxidase in the cytoplasmic granules, which is one of
the characteristics of eosinophils®”). Another characteris-
tic of eosinophils is their multilobed nucleus®”). Observa-
tion of phenol red labeled cells revealed that these cells
possessed multilobed nucleus (Fig. 1E). The nuclei of
peroxidase positive cells also exhibited multilobed shape
(Fig. 1F). Neutrophils are another cell type that possesses
peroxidase-containing granules. Since neutrophils are
known to migrate into the uterus after insemination and
rapidly declines on 1.5 and 2.5 dpc?!), we next performed
a combined staining with phenol red and anti-neutrophil
antibody on 0.5 dpc uterine tissue sections (Fig. 1G and
H). Neutrophils as they were detected by anti-neutrophil
antibody (Fig. 1H) were not labeled by the phenol red
method (Fig. 1G). We also evaluated the specificity of
phenol red method on peripheral blood smears. Diff-
Quick stain clearly distinguished eosinophils and neutro-
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phils in peripheral blood smears (Fig. 2A and B). Phenol
red/anti-neutrophil dual staining on peripheral blood
smears indicated that phenol red stains eosinophils (Fig.
2C), but not neutrophils (Fig. 2D). These results indicated
that the phenol red method is applicable for detection of
uterine eosinophils in mice.

Dynamics of eosinophil distribution in early pregnancy
uterus

We next investigated the uterine eosinophil distribu-
tion during early pregnancy by utilizing the phenol red
method. On 0.5 dpc, eosinophils were primarily distrib-
uted in the subepithelial zone of the endometrial stroma,
while they were sparsely populated the basal endometri-
um and myometrium (Fig. 3A and F). Eosinophil distri-
bution in 3.5 dpc uterus was opposite from that observed
in 0.5 dpc uterus, as they were primarily distributed in the
basal endometrium and myometrium and sparsely popu-
lated in the subepithelial stroma (Fig. 3B and G). On 4.5
dpc, eosinophils were localized in the basal endometrium
and myometrium and rarely seen in the subepithelial en-
dometrium (Fig. 3C and H). On 5.5 and 7.5 dpc, eosin-
ophils were found in the myometrium while they were
hardly detected in decidua (Fig. 3D, E, I and J).

In rodents, uterine endometrial stromal cells proliferate
and differentiate to form decidua upon embryo implan-
tation into uterine endometrium. Our results suggested
that eosinophils rarely infiltrate into decidualized tissues
(Fig. 3D, E, I and J). Since the decidualization does not
occur in pseudopregnancy’?, we next evaluated uterine
eosinophil distribution in pseudopregnancy. On 5.5 dpc of
pseudopregnancy, eosinophils were primarily localized in
the basal endometrium and myometrium (Fig. 4A and C).
In 7.5 dpc pseudopregnant uterus, eosinophils were dis-
tributed to the basal endometrium and myometrium, and
their sparse distribution was also found in the subepitheli-
al endometrium (Fig. 4B and D).

Effect of nidatory estrogen on uterine eosinophil distribu-
tion

In mice, embryo implantation into uterine endome-
trium is confined to a specific interval during gestation
referred to as the “window of embryo implantation recep-
tivity”?®. The uterine receptivity for embryo implantation
is promoted by ovarian estrogen which reaches a maxi-
mum serum level on 4.0 dpc (midnight of 3.5 dpc) and
rapidly declines afterwards®?. To evaluate the influence
of nidatory estrogen on uterine eosinophil distribution, we
examined 4.5 dpc uterine tissues from mice administered
with ICI 182,780, a small molecule antagonist specific for
estrogen receptor a, on 2.5 dpc. In the vehicle adminis-
trated mice, uterine eosinophils were primarily localized
in the basal endometrium and myometrium and sparsely
distributed in the subepithelial endometrium (Fig. 5A
and C). ICI 182,780 administration did not affect to their
distribution (Fig. 5B and D). Although the inhibition of
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Fig. 1.
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Identification of eosinophils in mouse uterus. (A) 3.5 dpc uterine sections were analyzed by the phenol red method (red) and immuno-
fluorescence for a-smooth muscle actin (green). Nuclearstain: DAPI. Bar = 100 pm. EM: endometrium; MM: myometrium. (B) Higher
magnification image of A highlighting endothelial-myometrial junction. Bar = 25 um. White arrowheads: eosinophils. (C) Analysis of 3.5
dpc uterus by the phenol red method. Nuclearstain: DAPI. Bar = 200 pum. EM: endometrium; MM: myometrium. (D) Peroxidase activity
analysis of 3.5 dpc uterus. Peroxidase positive cells were visualized by AEC chromogen (red). Uterine sections were counterstained with
Mayer’s hematoxylin. Bar =200 pm. Note that peroxidase positive cells distributed similarly to the cells detected by the phenol red method.
(E and F) High magnification images of the phenol red analysis (E) and the peroxidase activity analysis (F). Both phenol red labeled cells
(white arrowheads) and peroxidase positive cells (black allowheads) possessed multilobed nuclei. bars = 20 pm. (G and H) Phenol red
method (G) and immunofluorescence for neutrophil (H) were performed the same tissue sections of 0.5 dpc uterus. Bars = 20 um. White
arrowheads: phenol red labeled cells; Open arrowheads: neutrophils as detected by anti-neutrophil antibody.
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5.5 dpc 7.5 dpc

Fig. 2. Validation of phenol red method on peripheral blood smears.  Fig. 4. Eosinophil distribution in pseudopregnant uterus. Tissue sec-

(A and B) peripheral blood smears from 4.5 dpc mice were tions of 5.5 and 7.5 dpc pseudoprennant uteri were analyzed by
processed for Diff-Quick stain. (A) Eosinophil. (B) Nuetrophil. the phenol red method (A and B) and nuclearstained with DAPI
Bars = 10 um (C and D) Dual staining with phenol red (red) and (C and D). Bars = 100 um. EM: endometrium; MM: myometri-
anti-neutrophil antibody (green) was performed on the peripheral um.

blood smears. The phenol red-labeled cells were negative for
anti-neutrophil antibody (C), while neutrophils as detected by
anti-neutrophil antibody were not labeled with phenol red (D).
Bars = 10 pm.

Phenol Red

DAPI

Fig. 3. Spatio-temporal distribution of uterine eosinophils. Uterine tissue sections from 0.5 (A and F), 3.5 (B and G), 4.5 (C and H), 5.5 (D and I)
and 7.5 dpc (E and J) mice were analyzed by the phenol red method (A-E) and nuclearstained with DAPI (F-J). Bars = 100 um. EM: endo-
metrium; MM: myometrium; DE; decidua.
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vehicle ICI 182,780

Phenol Red

DAPI

Fig. 5.

Effect of estrogen receptor a inhibition on uterine eosinophil
distribution. 4.5 dpc uteri form mice administrated with either
vehicle (A and C) or ICI 182,780 (B and D) were analyzed by
the phenol red method (A and B) and nuclearstained with DAPI
(C and D). Bars = 100 um. EM: endometrium; MM: myometri-
um.

estrogen receptor a did not alter the localization of uterine
eosinophils, the eosinophil density in 4.5 dpc uterus was
significantly increased by the ICI 182,780 administration
(Fig. 6A). The flow cytometry analysis of 4.5 dpc uteri
also indicated that eosinophils were increased in number
by the inhibition of estrogen receptor a (Fig. 6B).

Discussion

Our observations indicated that eosinophils were dis-
tributed primarily in the subepithelial zone of endome-
trium on 0.5 dpc, and then their localization was shifted
to the basal endometrium and myometrium over subse-
quent days. These results were consistent with previous
studies'® 12, We also demonstrated that the inhibition of
estrogen receptor o increased the number of eosinophils
in 4.5 dpc uterus. This observation suggests suppressive
effect of estrogen on eosinophil accumulation in peri-
implantation uterus, while estrogen is known to promote
tissue infiltration of eosinophil in normal cycling uterus.

Estrogen is a steroid hormone essential for normal
development of female sexual characteristics, which
exerts effect in the endometrium via two nuclear estrogen
receptor isoforms, estrogen receptor o and B?). Estro-
gen receptor o is a major receptor responsible for the
main function of the endometrium, embryo implantation.
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Fig. 6. Effect of estrogen receptor a inhibition on uterine eosinophil

densities and numbers. (A) Comparison of uterine eosinophil
densities between 3.5 dpc intact mice and 4.5 dpc mice treated
with either vehicle or ICI 182,780 (ICI). Error bars: standard
error of means; n = 4 for each group. a >b (P < 0.05). (B) Com-
parison of eosinophil numbers in 4.5 dpc uterus between vehicle
treated and ICI 182,780 (ICI) treated mice. Error bars: standard
error of means; n =5 for each group. a>b (P < 0.05).

Previous study demonstrated that female mice with null
mutation in the gene for estrogen receptor a are infertile
and exhibit infantile phenotype, while mice lacking estro-
gen receptor P are fertile?® 27,

Activation of estrogen receptors is also essential for
uterine infiltration of eosinophils in the pubertal and
cycling uterus'®. Previous study has demonstrated that
treatment of immature rats with estradiol increases uter-
ine eosinophil chemotaxis, and the estradiol-stimulated
chemotaxis is estrogen receptor dependent®®. Eotaxins
are a subfamily of chemokines that specifically target
eosinophils. There are three eotaxins, eotaxin-1, eotaxin-2
and eotaxin-3 (also known as CCL26), and eotaxin-1 is
responsible for uterine eosinophil infiltration® ®. Previ-
ous study reported that injection of estradiol into ova-
riectomized or immature mice dramatically increased
endometrial expression of eotaxin-1, and eosinophil
infiltration into endometrium was not observed in mice
lacking eotaxin-1'%). These observations indicate that the
effect of estrogen on eosinophil infiltration into pubertal
and cycling uterus is indirect and mediated through the
estrogen-driven endometrial expression of eotaxin-1.

Estrogen may also have direct effect on eosinophils, at
least in humans. Human eosinophils express G-protein-
coupled estrogen receptor (GPER/GPR30), a membrane
receptor for estrogen®”. In vitro study of human eosin-
ophil demonstrated that activation of GPER enhanced
eotaxin-1-directed eosinophil chemotaxis although GRER
activation alone did not induce eosinophil chemotaxis®®).
In our study, ICI 182,780 administration increased eosin-
ophils in 4.5 dpc uterus. Since ICI 182,780 is a specific
antagonist for estrogen receptor a, the suppressive effect
of estrogen on eosinophil accumulation in peri-implanta-



tion uterus is probably independent of GPER.

Our results suggested that the suppressive effect of
nidatory estrogen on uterine eosinophil distribution is
mediated through the activation of estrogen receptor a.
However, the fate of the uterine eosinophils still remains
to be elucidated. While estrogen receptor a is known
to be expressed in hematopoietic stem cells and several
immune cells®” 3D, the expression in eosinophils has not
yet been reported, and it is thus not clear whether ovarian
estrogen or ICI 182,780 administration has direct effect
on uterine eosinophils during peri-implantation period.
On the other hand, the expression of estrogen receptor
o in murine peri-implantation uterus has been studied in
detail. Estrogen receptor a is primarily expressed in the
luminal and glandular epithelia and is also expressed in
the subepithelial stromal cells at low level’?. Therefore,
the ovarian estrogen may alter the endometrial production
of cytokines, which influence motility or survival of eo-
sinophils.

The suppressive effect of estrogen on tissue eosinophil
accumulation has also been described in inflammation
of non-reproductive tissues. In murine model of airway
hyper-responsiveness induced by ovalbumin, estrogen
exhibits dual role in regulating eosinophils; estrogen
treatment increases the number of eosinophils in lung
in the process of antigen sensitization, whereas estro-
gen reduces levels of eosinophils present in lung during
the effector phase of the response to inhaled antigen’?).
Estradiol administration to acute peritoneal inflammation
model mice also inhibits peritoneal eosinophil accumu-
lation by impairing eosinophil mobilization and survival,
and these effects of estradiol administration are mediated
through estrogen receptor a’4.

In rodents, ovarian estrogen is a major regulatory
factor for uterine receptivity?®). During the “window of
embryo implantation receptivity,” the uterus is primed to
produce a range of proinflammatory cytokines, including
IL-6 and TNFa?). These cytokines can be secreted by the
endometrial cells as well as cells of the immune system
recruited to the endometrium. This inflammatory reac-
tion is essential for successful implantation and mediated
through the combined effect of ovarian steroid hormones,
progesterone and estrogen®® 37, Our results demonstrated
the inhibition of estrogen receptor o increased uterine
eosinophil accumulation. The inhibition of estrogen
receptor o also causes incomplete priming for uterine
inflammation reaction. Therefore, inflammatory cytokines
produced in estrogen-primed endometrium are probably
involved in the reduction of uterine eosinophil accumula-
tion during peri-implantation period.

In conclusion, we demonstrated for the first time that
estrogen reduces uterine eosinophil accumulation through
estrogen receptor a. The effect of estrogen on eosinophil
accumulation, which is promotive in pubertal and cy-
cling uterus, may be altered by the inflammed status of
endometrium during peri-implantation period. Further
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investigation into the regulatory mechanisms of uterine
eosinophil may provide insights into the role for maternal
immune system in embryo implantation.
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