Study on the mechanism of dynamic changes
in the number of ciliated and non-ciliated

cells in the bovine oviduct

March, 2020

Sayaka Ito

Graduate School of
Environmental and Life Science

(Doctor’s Course)

OKAYAMA UNIVERSITY






Study on the mechanism of dynamic changes
in the number of ciliated and non-ciliated

cells in the bovine oviduct

March, 2020

Sayaka Ito

Graduate School of
Environmental and Life Science

(Doctor’s Course)

OKAYAMA UNIVERSITY



CONTENTS

PREFACE 1
ACKNOWLEDGEMENT----------- 2
CHAPTER 1 GENERAL INTRODUCTION 3
CHAPTER 2
INTRODUCTION ------- ——6
MATERIALS AND METHODS----------=m e emeem 7
RESULTS —-—-10
DISCUSSION — 16
SUMMARY 19
CHAPTER 3
INTRODUCTION --20
MATERIALS AND METHODS --------mmmememmmememm 22
RESULTS - -—-26
DISCUSSION -—--36
SUMMARY- 41
CHAPTER 4
INTRODUCTION — 42
MATERIALS AND METHODS ---------mmem e 44
RESULTS - -—-49
DISCUSSION ---58
SUMMARY- 62
CHAPTER 5 CONCLUSIONS-----=nnmmmmmmmmmmmae 63
REFERENCES - 64
ABSTRACT IN JAPANESE 74



PREFACE

The experiments described in this dissertation were carried out at the Graduate
School of Environmental and Life Science (Doctor’s course), Okayama University, Japan,
from April 2017 to March 2020, under the supervision of Professor Koji KIMURA.

This dissertation has not been submitted previously in whole or in part to a
council, university or any other professional institution for degree, diploma or other

professional qualifications.

Sayaka ITO

March, 2020



ACKNOWLEDGMENTS

I wish to my express my deep gratitude to Kiyoshi OKUDA, DVM, Ph.D.,
Professor emeritus of Okayama University, Okayama, Japan, and President of Obihiro
University of Agriculture and Veterinary Medicine, Obihiro, Japan, and Koji KIMURA,
Ph.D., Professor of Graduate School of Environmental and Life Science, Okayama,
University, for his guidance, encouragement, constructive criticism, and excellent
supervision and for providing me the opportunity to conduct this study. I also wish to
thank Yuki YAMAMOTO, DMV, Ph.D., Assistant Professor of Okayama University, for
her supports, advices, encouragement, and advice at all stages of this study. Con-focal
microscopic images were obtained with the cooperation of Department of Instrumental
Analysis, Advanced Science Research Center, Okayama University. It is a pleasure to
express my thanks to all the members of Laboratory of Animal Reproductive Physiology

for helping me during carrying out this study.



CHAPTER 1
GENERAL INTRODUCTION

Oviductal physiology in reproductive events

The first anatomical description of a mammalian oviduct was published by
Fallopius in 1561 [1]. The oviduct is the tubular organ connecting the ovary and uterus
[2], and it plays an essential role in the establishment of pregnancy by providing an
optimal micro-environment for the fertilization and development of the embryo [3]. The
oviduct is divided into the following three regions: fimbriae, ampulla, and isthmus [4,5].
The fimbriae, which is the distal entrance of the oviduct, capture the oocyte after
ovulation, the ampulla is the site where fertilization takes place, and the isthmus serves
as a sperm reservoir [6]. Each oviductal region has various specific functions. The
epithelium of the ampulla has greater number of folds than the isthmus, and transports
the ovulated oocyte to the site of fertilization by oviductal fluid flow which is produced
by ciliary beating and smooth muscle motility. The isthmus has a more muscular wall
than ampulla, and transports embryos to the uterus by peristaltic contractions of smooth
muscle. After fertilization, appropriate timing of the transport is the essential for the
embryo to obtain the capacity of implantation [7,8]. The necessity of ciliary beating in
successful pregnancy is explained by the fact that the decrease of ciliary beating reduces
fertility in women with immotile cilia syndrome [9]. Various hormonal factors have been
shown to modulated the ciliary beating in the oviduct. Several studies have reported that
the ovarian steroids and other factors produced by the oviduct, such as PGE2, PGF2a,
and adrenomedurin regulate ciliary beat frequency in the oviduct [10-15]. Thus, the
regulation mechanisms of transport in the oviduct by ciliary beating has been clarified.

Several studies have documented infertility due to oviductal disorders [9,16,17].
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Ciliary beating and smooth muscle contraction are important functions in the oviduct for
transport of the embryo from the oviduct toward the uterus, and their defects may
contribute to ectopic pregnancy [18]. The ectopic pregnancy occurs outside of the uterine
cavity, and over 98% of ectopic pregnancy represents implantation of embryo in the
oviduct, known as tubal ectopic pregnancy (tEP) [19,20]. The aetiology of ectopic
pregnancy is unclear [18,21], however, recent studies implied that several factors
regulating ciliary beating are deficient in woman with tEP [16,18], and cigarette smoking
and infections significantly increases the risk of tEP [22,23,21].

In addition to the above, the ciliary dysfunction in the oviduct may also cause
ectopic pregnancy or infertility in women. Primary ciliary dyskinesia (PCD) is an
autosomal recessive disorder of motile cilia that are associated with impaired ciliary
motion [24,25]. Motile cilia fulfil crucial and diverse functions in the different organs
[26]. For example, ciliary beating in the airway enables to clearance from inhaled particles
and virus [27], ependymal cilia in the brain contribute to drive polarized fluid flow
important for cerebrospinal fluid propulsion [28], and in oviduct, ciliated cells are needed
for successful embryo transport toward the uterus [29]. In PCD, dysfunction of oviductal
cilia results in increase of subfertility and tEP [30]. Vasquez et al. demonstrated that
woman with tEP showed reduction in the number of ciliated cells in comparison with
normal pregnant woman [17]. Furthermore, recent studies suggest that disruption of

ciliogenesis at cellular level can lead to embryo transport defects [29,31].

Morphological changes in the bovine oviduct
The oviductal epithelium is composed of two types of cells, ciliated and non-

ciliated cells [32]. In mammalian oviduct, non-ciliated cells produce oviductal fluid



containing rich in amino acids and various molecules that provide an optimal micro-
environment for sperm capacitation, fertilization, embryonic survival and development
[2,33], and ciliated cells play a role in embryo and oocyte transport by means of ciliary
beating [32]. The percentage of ciliated cells dramatically increases from the isthmus to
the fimbriae. In cattle, the proportion of ciliated cells in the oviductal lumen is abundant
at the follicular phase, whereas the proportion of secretory cells gradually increases with
formation of the corpus luteum [34]. The mechanisms underlying these changes in the

proportions of ciliated and non-ciliated cells are poorly understood.

Aim of the present study

At first, cyclic changes in the proportion of proliferating and apoptotic cells was
investigated to clarify the remodeling mechanisms in the bovine oviductal epithelium.
Secondly, to clarify ciliogenesis process from non-ciliated cells into ciliated cells, we
examined expression pattern of ciliogenesis associated factors in the bovine oviductal

epithelial cells in vivo compared with the in vitro state and during cell culture.



CHAPTER 2
Regulation od oviductal function by proliferation and
apoptosis of oviductal epithelial cells in cattle

INTRODUCTION

Two types of oviductal epithelial cells, non-ciliated and ciliated, play crucial
roles in the first days of pregnancy [2,33]. Non-ciliated cells produce oviductal fluid that
is rich in amino acids and various molecules that are required for an optimal micro-
environment for embryo survival and development [33]. Beating of motile cilia produces
a stream of oviductal fluid, which transports an ovulated cumulus-oocyte complex to the
ampulla of the oviduct where fertilization occurs [32]. The stream also transports the
embryo to the uterus [35]. Since the proportions of these two cell types change during the
estrous cycle [34], oviductal epithelial functions are possible to depend on epithelial
morphological changes. In the present study, we hypothesized that cyclic cell mitosis and
apoptosis contribute to changes of the proportion of ciliated and non-ciliated epithelial
cells in the bovine oviduct during the estrous cycle.

To test this hypothesis, we 1) immunohistochemically investigated changes in
the proportions of cells positive for Ki67 (proliferation marker), cleaved caspase-3
(CCP3; apoptotic cellular marker), and FOXJ1 (ciliated cell marker) in the bovine
oviductal epithelium during estrous cycle and 2) determined the localizations of Ki67 and
FOXJ1 or PAXS8 (non-ciliated cell marker) by double immunofluorescent staining to

clarify which types of epithelial cells undergo proliferation.



MATERIAL AND METHODS

Collection of bovine oviduct tissues

Cow oviducts were collected at a local abattoir within 10-20 min after the exsanguination.
The stages of the estrous cycle were determined based on a macroscopic observation of
the ovary and the uterus [36,37]. Oviductal tissues were collected from cows at six
different stages of the estrous cycle (Day 0; day of ovulation, Days 2-3, Days 5-6, Days
8-12, Days 15-17 and Days 19-21). The ampullary and isthmic sections of the oviducts
being ipsilateral to the corpus luteum or the dominant follicle, were formalin-fixed and

paraffin-embedded.

Immunohistochemistry

Oviductal sections of the ampulla and isthmus were sliced at 6 um thickness. Antigen
retrieval was performed by microwaved in 0.1 M Tris-EDTA buffer (pH 9.0) for 15 min
at 600 W. Endogenous peroxidase activity was quenched in distilled water with 0.3%
H>O> for 30 min. Nonspecific binding was blocked at room temperature for 20 min in
normal horse serum (MP-7500; Vector Laboratories Inc, Burlingame, CA, USA). The
sections were incubated with anti-FOXJ1 rabbit polyclonal antibody (HPA005714;
Sigma-Aldrich, St. Louis, MO, USA; dilution 1:200), anti-cleaved caspase-3 (CCP3)
rabbit antibody (#9661; Cell signaling, dilution 1:100) or anti-Ki67 mouse monoclonal
antibody (M7240; Dako-Cytomation, Glostrup, Denmark; dilution 1:200) overnight at
4°C. After incubation, the sections were washed with PBS 3 times, and incubated with
ImmPRESS UNIVERSAL reagent, anti-mouse/rabbit Ig (MP-7500; Vector Laboratories

Inc) for 30 min according to the manufacture’s instruction. The sections were visualized



with 0.05% 3,3-diaminobenzezidine tetrahydrochloride (DAB), containing 0.01% H20>
(pH 7.6, 0.05 M Tris-HCI buffer solution, 047-27011; Wako Pure Chemical Industries,
Osaka, Japan), and counterstained with hematoxylin (4302; MERCK Darmstadt,
Germany) and examined at x500 magnification to calculate the proportion of Ki67",
CCP3", and FOXJ1" cells.

Each cell number was counted by the “point count method” as described previously
[36,38,39]. Briefly, the sections were covered with a 29 x 39 grid (1131 cross-points).
Two persons who were blind to stages of estrous cycle counted the number of cells that
were positive or negative for Ki67, CCP3, and FOXJ1 at cross-points in randomly chosen
areas on each section. Positively-stain cells were stained with both DAB and hematoxylin
and negatively-stained cells were stained only with hematoxylin. The counts of the two
persons were averaged. The proportions of the Ki67", CCP3", and FOXJ1" epithelial cells
were calculated as X/Y x100, where X was the total number of positive epithelial cells

and Y was the total number of epithelial cells.

Immunofluorescence
Co-localization of FOXJ1 and Ki67 in the oviductal epithelium

The ampullary and isthmic sections on Days 19-21 were incubated with both
FOXIJ1 and Ki67 antibodies overnight at 4°C, washed with PBS 3 times, incubated with
both goat anti-rabbit IgG antibody conjugated with Alexa Fluor 488 (A11008; Life
Technologies, Carlsbad, CA, USA) and goat anti-mouse IgG antibody conjugated with
Alexa Fluor 594 (A11005; Life Technologies) for 60 min at room temperature, and

covered with ProLong Gold Antifade Reagent with DAPI (P36935; Life Technologies).



Co-localization of PAXS8 and Ki67 in the oviductal epithelium

The ampullary and isthmic sections on Days 19-21 were incubated with both
anti-PAX8 mouse monoclonal antibody (ACR438A; BIOCARE Medical LLC, Concord,
MA, USA; dilution 1:100) and anti-Ki67 rabbit monoclonal antibody (ACR325A;
BIOCARE Medical LLC; dilution 1:200) antibodies overnight at 4°C, washed with PBS
3 times, incubated with both goat anti-mouse IgG antibody conjugated with Alexa Fluor
594 and goat anti-rabbit IgG antibody conjugated with Alexa Fluor 488 for 60 min at

room temperature, and covered with ProLong Gold Antifade Reagent with DAPI.

Statistical analysis

All experimental data are shown as the mean = SEM. The statistical significance of
differences was assessed by analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test using GraphPad Prism version. 6.03 (GraphPad Software, La Jolla, CA,

USA). P values less than 0.05 were considered to be statistically significant.



RESULTS
Ki67-positive cells
Ki67" cells in the ampulla were most abundant on Days 19-21 (follicular stage)
and Day 0 (the day of ovulation) and least abundant on Days 8-12 and Days 15-17 (Fig.
la-c, g), while in the isthmus, they were most abundant on Day 0 and Days 19-21, and

undetectable on Days 8-12 (Fig. 1d-g).

CCP3-positive cells

Cleaved-caspase-3" cells in the bovine oviduct were detected in both the
ampulla and isthmus during the estrous cycle. The proportion of CCP3" cells was
highest on Days 8-12 in the ampulla (Fig. 2a-c, g), while in the isthmus, it was most

abundant at the time of ovulation (Fig. 2d-g).

FOXJ1-positive (ciliated) cells
The proportion of FOXJ1" cells in the ampulla was highest on Day 0, and lowest
on Days 8-12 (Fig. 3a-c, g), while in the isthmus, it did not significantly change during

the estrous cycle (Fig. 3d-g).

Co-localization of Ki67 and FOXJI or PAXS
On Days 19-21, all the Ki67" cells were FOXJ1-negative (were not ciliated) in
both the ampulla and isthmus (Fig. 4a-f). All the Ki67" cells were PAXS positive in both

the ampulla and isthmus (Fig. 4g-1).
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Fig.1

Immunohistochemical localization of cells showing positive nuclear staining for Ki67
(arrow) in the (a-c) ampulla and (d-f) isthmus of the bovine oviduct during the estrous
cycle (a, d Day 0; b, e Days 8-12; ¢, f Days 19-21). Scale bars represent 50 um.
Percentages of Ki67" epithelial cells in the (g) ampulla (black bar) and (h) isthmus (white
bar) of the bovine oviduct during the estrous cycle (mean £ SEM, n = 3 experiments).
Percentages were derived from dividing the number of positively stained epithelial cells
by the total number of epithelial cells under 1131 cross-points in each histological section
at x500 magnification. Different superscript letters indicate significant differences (P <
0.05).
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Immunohistochemical localization of cells showing positive staining for cleaved caspase-
3 arrow in the (a-c¢) ampulla and (d-f) isthmus of the bovine oviduct during the estrous
cycle (a, d Day 0; b, e Days 8-12; ¢, f Days 19-21). Scale bars represent 50 um.
Percentages of cleaved caspase-3" epithelial cells in the (a) ampulla (black bar) and (h)
isthmus (white bar) of the bovine oviduct during the estrous cycle (mean + SEM, n =3
experiments). Percentages were derived from dividing the number of positively stained
epithelial cells by total number of epithelial cells under 1131 cross points in each
histological section at %500 magnification. Different superscript letters indicate
significant differences (P < 0.05).
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Fig. 3

Immunohistochemical localization of cells showing positive nuclear staining for FOXJ1
(arrow) in the (a-¢) ampulla and (d-f) isthmus of the bovine oviduct during the estrous
cycle (a, d Day 0; b, e Days 8-12; ¢, f Days 19-21). Scale bars 50 um. Percentages of
FOXJ1" epithelial cells in the (g) ampulla (black bar) and (h) isthmus (white bar) of the
bovine oviduct during the estrous cycle (mean + SEM, n = 3 experiments). Percentages
were derived from dividing the number of positively stained epithelial cells by the total
number of epithelial cells under 1131 cross-points in each histological section at X500

magnification. Different superscript letters indicate significant differences (P < 0.05).
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(a—f) Distributions of cells showing positive nuclear staining for Ki67 (red Alexa 594)
and positive ciliary nuclear for FOXJ1 (green Alexa 488) in the ampulla and isthmus of
the bovine oviduct. Cell nuclei were counterstained with DAPI (blue). (g-1) Distributions
of cells showing positive nuclear staining for Ki67 (green Alexa 488) and positive non-
ciliated nuclear for PAXS8 (red Alexa 594) in the ampulla and isthmus of the bovine

oviduct. Cell nuclei were counter-stained with DAPI (blue). Scale bars 20 um.
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Fig. 5

Diagram of the hypothesis about the change of proportions of ciliated and non-ciliated
cells in the bovine oviductal epithelium. The proportion of ciliated cells increases toward
ovulation, in contrast that of non-ciliated cells gradually increase with progression of
luteal formation. These dramatic changes of the epithelium may be regulated by
differentiation and proliferation of non-ciliated cells.
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DISCUSSION

In the present study, we showed that the proportions of two types of oviductal
epithelial cells, non-ciliated and ciliated, change during estrous cycle. The proportion of
ciliated cells in the ampulla was highest around the time of ovulation (Fig. 1h), although
that in the isthmus was not changed throughout the estrous cycle in bovine oviduct (Fig.
2h). These findings are supported by the previous report that the proportion of ciliated
cells increased in the ampulla at the follicular phase, but not in the isthmus in cattle [34].
The early embryo is transported by motility of the myosalpinx in the isthmus, whereas
the transport of the cumulus-oocyte complex (COC) through the ampulla depends on
ciliary beating [3,2]. Since ciliated cells produce the stream of oviductal fluid to transport
COC toward the site of fertilization [2], the increase of the proportion of ciliated cells
may support the COC transport by producing the optimal stream of oviductal fluid.

Epithelial tissue is constantly replaced by cell proliferation [40]. Oviductal
epithelium undergoes cyclic changes during the estrous cycle [34]. In the present study,
we detected Ki67" cells in the epithelium of ampulla and isthmus, and showed that
oviductal epithelial cells proliferate around the time of ovulation. These results suggest
that oviductal epithelium is remodeled by the proliferation, and it is associated with
estrous cycle. The turnover of epithelial cells is rapid in the proximal lung, and slower in
the more distal regions [41,42]. The present study also showed that the proportion of
Ki67" cells in the isthmus is higher than the ampulla, suggesting that the rate of cell
turnover is dependent on the region of the oviduct.

Ovarian steroids, estradiol-17f (E2) and progesterone, are important modulators
of physiology of the bovine oviduct. We found that the proportion of Ki67" cells in the

oviductal epithelium is the highest around the time of ovulation, as previously reported
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in the porcine, human, and bitch oviduct [43-46]. It is thought that this high proliferative
activity is regulated by E2 in the oviduct[46,32]. Given that the concentration of E2 in
the bovine oviduct is highest before ovulation [47], and follicular fluid containing high
concentration of E2 enters into the oviduct with COC at ovulation [48], proliferation of
the bovine oviductal epithelial cells might also be promoted by E2.

Expressions of Ki67 in porcine and canine oviductal epithelia were observed
under conditions of high levels of E2, while apoptotic cells were observed during the
luteal phase [44]. In addition, expressions of caspases which induce apoptosis have been
reported to be increased at diestrus in the murine oviduct [49]. Apoptosis to remove
unwanted or chlamydia infected cells plays an important role in the maintenance of
homeostasis and normal functions in oviductal tissues [50-52]. In the present study, we
detected cleaved-caspase-3" cells in the bovine oviduct during the estrous cycle. (Fig 2),
suggesting that apoptosis in the bovine oviductal epithelium is active. The epithelial cells
are constantly turning over by proliferation and death [53]. To maintain the proper
function of epithelia, the number of cells need to be properly controlled [54]. Since we
also detected cleaved-caspase-3 protein in the bovine oviduct (Fig. 2), caspase cascades
followed by apoptosis may also contribute to the remodeling of oviductal epithelium.
Further studies are needed to clarify the roles of apoptotic in the regulation of oviductal
epithelial remodeling.

FOXJ1 and PAXS8 are commonly used as markers of ciliated and non-ciliated
cells, respectively [55,56]. Interestingly, the cyclic changes of proportion of FOXJ17 cells
(ciliated cells) were coincident with that of Ki67" cells. Moreover, all the Ki67" cells were
FOXIJ1 negative (non-ciliated cells) in both the ampulla and isthmus. In addition, all the

Ki67" cells were PAX8", showing that only non-ciliated cells enter the cell cycle and
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proceed proliferation. Those findings suggest that parent non-ciliated cells give rise to
both daughter non-ciliated cells and ciliated cells by proliferation and differentiation,
respectively. Recently, tracheal non-ciliated cells were shown to differentiate into ciliated
cells in mice [57]. Our findings imply that ciliated cells in the oviduct are also given rise
from non-ciliated cells. Although the detailed mechanism has not been manifested in the
present study.

In conclusion, the present results show that both cell proliferation and apoptosis
are active in the bovine oviductal epithelium, and that the proportions of ciliated and non-
ciliated cells change during the estrous cycle. Moreover, we demonstrated that only
PAX8" cells (non-ciliated cells) proliferate. These results suggest that remodeling of
bovine oviductal epithelium is regulated by differentiation and/or proliferation of non-
ciliated cells, and that the oviductal epithelium remodeling provides the optimal

environment for gamete transport, fertilization and embryonic development.
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SUMMARY
Oviductal epithelium undergoes dramatic morphological and functional changes during
the estrous cycle. In cattle, the proportion of ciliated cells is abundant at the follicular
phase, whereas the proportion of non-ciliated cells is abundant at the luteal phase.
However, the mechanisms of this change in the oviductal epithelium during the estrous
cycle remain unclear. Here, we investigated cyclic cell proliferation and apoptosis
contribute to the remodeling of oviductal epithelium during the estrous cycle. The
proportion of Ki67" cells was highest at the day of ovulation (Day 0) and Days 19-21,
whereas that of CCP3™ cells was highest on Days 8-12 in the ampulla. By contrast, the
proportions of both Ki67" and CCP3" cells were highest on Day 0 and Days 2-3, and

Ki67" cells were not observed on Days 8-12 in the isthmus. In the ampulla, the proportion
of FOXJ17 cells was highest on Day 0 and decreased on Days 8-12 by 50%, while in the
isthmus it did not change during the estrous cycle. All the Ki67" cells were PAX8" and
FOXJ1~ in both the ampulla and isthmus. The overall findings suggest that epithelial
remodeling, which is regulated by differentiation and/or proliferation of non-ciliated cells

of the oviduct, provides the optimal environment for gamete transport, fertilization and

embryonic development.
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CHAPTER 3

Analysis of ciliogenesis process in the bovine oviduct based on
immunohistochemical classification

INTRODUCTION

The oviductal epithelium is composed of ciliated and non-ciliated cells [32]. The
proportions of these cells change during the estrous cycle [34]. However, the mechanism
underlying this cyclic change in the cell proportions remains unclear. The results of
chapter 2 showed that in spite of none of the FOXJ1+ cells (ciliated cells) proliferating,
the proportion of FOXJ1+ cells dramatically change during the estrous cycle implied that
ciliated cells are derived from non-ciliated cells. In chapter 2, since we examined the
change in the proportion of the cells, an increase or decrease in the cell number has not
been elucidated from the change in the proportion. Therefore, in this chapter, we
investigated the change in the number of cells during the estrous cycle.

Several proteins are expressed in a cell type in a specific manner in the bovine
oviduct. Acetylated-a-tubulin is a marker of the ciliary axoneme in cilia [58,59]. PAXS8 is
commonly used as a marker of non-ciliated cells [60,61]. FOXJ1 and MYB are required
for motile ciliogenesis [62,63]. Ki67 is a cellular marker of proliferation [64]. Recently,
we demonstrated that none of the ciliated cells (FOXJ1" cells) co-expressed Ki67 [65],
indicating that non-ciliated cells are able to give rise to ciliated cells.

Similar to the epithelial cells in the oviduct, the epithelial cells in the airway are
composed of secretory (non-ciliated) cells and ciliated cells [66,67,26]. There are multiple
distinct cell types in the airway, and the regulation of airway epithelial cell differentiation
is complex. It is thought that the ciliated cells in the airway are terminally differentiated

cells, and further, that they are derived from non-ciliated cells [68,69]. The non-ciliated
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cells lining the airway can be classified into four types of cells, namely basal cells, Clara
(secretory) cells, goblet cells, and neuroendocrine cells [70]. Basal cells give rise to both
ciliated and Clara cells [71,68]. Clara cells and neuroendocrine cells are also capable of
differentiation into ciliated cells [72,73]. Since the structure of the oviduct is similar to
that of the trachea, it is possible that the same differentiation system may exist in the
oviduct. However, the different types of non-ciliated cells in the bovine oviduct have not
previously been elucidated.

Thus, the objective of our study was to clarify the different cell types in the
bovine oviductal epithelium and to investigate ciliogenesis from non-ciliated cells into

ciliated cells.
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MATERIAL AND METHODS

Collection of bovine oviduct tissues

The bovine oviducts were collected from a local abattoir within 10-20 min after the
exsanguination. A careful examination was performed so that any infected ovaries or uteri
could be omitted from the experiment. The different stages of the estrous cycle were
determined based on the macroscopic observation of the ovary and the uterus [74,37,36].
In brief, during Stage I the ovary contains a newly formed corpus luteum (CL) with a
diameter of 0.5-1.5cm. The Stage II CL is characterized by being fully formed (the
diameter of the CL is 1.6-2.0 cm). Stage III begins when the red or brown color disappears,
and the internal appearance of the entire CL is orange. During Stage IV, the ovary contains
a large follicle and a regressed CL. The ampullary oviductal tissues were collected from
cows at four different stages of the estrous cycle (Stage I, Days 1-4; Stage II, Days 5-10;
Stage 111, Days 11-17; Stage IV, Days 18-20). The ampullary sections of those oviducts
that were ipsilateral to the CL or the dominant follicle were fixed in 4% paraformaldehyde

and then embedded in paraffin.

Immunohistochemistry and cell counting

The bovine oviductal sections of the ampulla (n = 8 per stage, unless otherwise indicated)
were sliced to a 4—pum thickness, microwaved in 0.1 M Tris-EDTA buffer (pH 9.0) for 15
min at 600 W to prepare the antigen, incubated in 5% bovine serum albumin-PBS for 1 h
at room temperature to block non-specific binding, and then incubated with the relevant
primary antibody overnight at 4°C in a hydrated chamber. The following primary

antibodies were used in this study: rabbit anti-acetylated-a-tubulin (1:500, ab179484,
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Abcam, Cambridge, UK), rabbit anti-FOXJ1 (1:00, AMAb91255, Sigma Aldrich, St
Louis, MO, USA), mouse anti-FOXJ1 (1:100, HPA005714, Sigma Aldrich), rabbit anti-
PAXS8 (1:100, ACR438, Biocare Medical, Concord, MA, USA), mouse anti-PAXS (1:100,
GTX101583, GeneTex, Los Angeles, CA, USA), mouse anti-Ki67 (1:200, M7240, Dako-
Cytomation, Glostrup, Denmark), rabbit anti-Ki67 (1:200, ACR325A, Biocare Medical),
and mouse anti-MYB (1:100, sc-74512, Santa Cruz, Santa Cruz, CA, USA). The mouse
anti-PAX8 (GTX101583) was used for the double staining experiment with FOXJ1, while
the mouse anti-Ki67 (M720) and mouse anti-FOXJ1 (HPA005714) were used for the
double staining experiment with acetylated-a-tubulin. The sections were washed three
times in PBS for 5 min, incubated with goat anti-rabbit IgG antibody conjugated with
Alexa Fluor 488 (1:500; A11008, Life Technologies, Carlsbad, CA) and goat anti-mouse
IgG antibody conjugated with Alexa Fluor 594 (1:500, A11005, Life Technologies) for
60 min at room temperature, and then covered with ProLong Gold Antifade Reagent with
DAPI (P36935, Life Technologies). The sections were mounted on an Olympus FSX100
(Olympus) and observed under the 200X objective or higher. Each digital picture was
captured as a TIF file. A length of approximately 1 mm of the epithelium was measured
along the basal membrane, and the total number of positive and negative epithelial cells
located above the 1-mm basement membrane were counted on the screen (more than 380
total epithelial cells) in three frames for each section in each immunohistochemical

analysis.

Double staining experiments
To classify the oviductal epithelial cells based on histological and immunological

morphology, we performed double immunostaining experiments with either acetylated-
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a-tubulin and FOXJ1 or PAX8 and FOXJ1. Moreover, to clarify which types of cells
undergo mitosis, we performed double immunostaining experiment with acetylated-o-
tubulin and Ki67. The ampullary sections were incubated with both FOXJ1 and
acetylated-a-tubulin or with PAXS acetylated-a-tubulin and Ki67 antibodies overnight at
4°C, washed three times with PBS, incubated with both goat anti-rabbit IgG antibody
conjugated with Alexa Fluor 488 and goat anti-mouse IgG antibody conjugated with
Alexa Fluor 594 for 60 min at room temperature, and then covered with ProLong Gold

Antifade Reagent with DAPI.

Investigation of the MYB-positive cells

To identify the presence of MYB™ cells in the bovine oviductal epithelium, we examined
the co-localization of MYB and FOXJ1 or PAXS8. Moreover, to investigate whether the
MYB" cells could undergo mitosis, the co-localization of MYB and Ki67 was examined.
The ampullary sections were incubated with both MYB and FOXJ1, PAXS, or Ki67
antibodies overnight at 4°C, washed three times with PBS, incubated with both goat anti-
rabbit IgG antibody conjugated with Alexa Fluor 488 and goat anti-mouse IgG antibody
conjugated with Alexa Fluor 594 for 60 min at room temperature, and then covered with

ProLong Gold Antifade Reagent with DAPI.

Double staining of MYB and acetylated-a-tubulin

To determine whether the MYB™ cells express acetylated-a-tubulin, we performed a
double staining experiment of MYB and acetylated-a-tubulin. The ampullary sections
were incubated with both MYB and acetylated-a-tubulin antibodies overnight at 4°C,

washed three times with PBS, incubated with both goat anti-rabbit IgG antibody
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conjugated with Alexa Fluor 488 and goat anti-mouse IgG antibody conjugated with
Alexa Fluor 594 for 60 min at room temperature, and then covered with ProLong Gold

Antifade Reagent with DAPI.

Statistical analysis

All the experimental data are shown as the mean = Standard error of the mean (SEM). All
the data were tested with regard to the normal distribution and the homogeneity of
variance so as to check whether they were parametric or non-parametric data. A one-way
analysis of variance (ANOVA) followed by Tukey’s multi-comparison test were used for
the parametric data. The Kruskal-Wallis test followed by the Bonferroni test were used
for the non-parametric data. All the statistical analyses were performed using GraphPad
Prism version 6.03 (GraphPad Software, La Jolla, CA, USA). P values less than 0.05

were considered to be statistically significant.
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RESULTS

Changes in the numbers of ciliated, non-ciliated, and Ki67-positive cells during the
estrous cycle

To clarify the cyclic changes in the numbers of non-ciliated and ciliated cells, we
counted the number of cells that were positive or negative for acetylated-a-tubulin. The
changes in the number of Ki67" cells during the estrous cycle were immunochemically
examined. Acetylated-a-tubulin was expressed in the oviductal epithelium, but Ki67
expression was not observed in the cells that expressed acetylated-a-tubulin (Fig. 6a-c).
The total number of epithelial cells did not change significantly during the estrous cycle
(Fig. 6d). The number of acetylated-a-tubulin® cells (ciliated cells) was the lowest at Stage
IT and the highest at the Stage I (Fig. 6e, P < 0.05), whereas the number of acetylated-o-
tubulin™ cells (non-ciliated cells) did not change significantly during the estrous cycle

(Fig. 6f). The number of Ki67" cells was the highest at Stage IV (Fig. 6g, P < 0.05).

Changes in the numbers of acetylated-a-tubulin with FOXJ1 or PAXS8-positive cells
during the estrous cycle

Double immunostaining for acetylated-a-tubulin and FOXJ1 showed that all the
acetylated-o-tubulin® cells were positive for FOXJ1, although there were only a few
acetylated-o-tubulin /FOXJ1" cells in the bovine oviductal epithelium (Fig. 7a-c). The
number of acetylated-a-tubulin /FOXJ1" cells did not change significantly during the
estrous cycle (Fig. 7d).

Further, we did not detect any FOXJ1" and PAX8" cells in the ampulla (Fig. 7e-g). The

number of FOXJ1" cells in the ampulla was the highest in Stage I, while it was the lowest
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in Stage II (Fig. 7h, P < 0.05). However, the number of PAX8" cells in the ampulla did

not change significantly during the estrous cycle (Fig. 71).

Changes in the numbers of MYB with FOXJ1 or PAXS8-positive cells during the
estrous cycle and the co-localization of MYB and Ki67

We found that MYB was expressed in the oviductal epithelial cells. Most of the MYB*
cells expressed FOXJ1, while a few MYB™ cells expressed PAXS (Fig. 8a-f). Interestingly,
MYB and Ki67 were not co-localized (Fig. 8g-i), which suggests that the MYB was
expressed in non-proliferating cells. The number of MYB™ cells was the highest in stage

IV (Fig. 8j, P < 0.05).

Co-localization of MYB and acetylated-a-tubulin

Some of the MYB™ cells were positive for acetylated-a-tubulin, while other
MYB" cells were negative for acetylated-a-tubulin (Fig. 9). Thus, the MYB™ cells were
classified into three types of cells: PAX8/MYB", FOXJ1"/MYB'/ acetylated-a-tubulin™,

and FOXJ1"/MYB"/ acetylated-o-tubulin® cells (Fig. 9¢g, 9d, 10).
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Fig. 6

Changes in the number of ciliated, non-ciliated, and Ki67" cells during the estrous cycle.
(a-c¢) Distributions of cells showing positive staining for acetylated-a-tubulin (red) and
Ki67 (green) in the ampulla at Stage IV. Cell nuclei were counter-stained with DAPI
(blue). Scale bars represent 20 um. Changes in the number (mean £ SEM, n=38) of (d)
total epithelial cells, (e) ciliated cells, (f) non-ciliated cells and (g) Ki67" cells during the

estrous cycle. Different superscript letters indicate significant differences (P <0.05).
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Fig. 7

Changes in the number of acetylated-a-tubulin with FOXJ1" cells and PAX8" cells during
the estrous cycle. (a-c) Distributions of cells showing positive staining for acetylated-o-
tubulin (green) and FOXJ1 (red) in the ampulla at Stage IV. Cell nuclei were counter-
stained with DAPI (blue). (d) Changes in the number (mean + SEM, n = 8) of FOXJ1*
cells during the estrous cycle. (e-g) Distributions of cells showing positive staining for
PAXS (red) and FOXJ1 (green) in the ampulla at Stage IV. Cell nuclei were counter-
stained with DAPI (blue). Scale bars represent 20 pm. Changes in the number (mean +
SEM) of (h) FOXJ1"/acetylated-a-tubulin™ (n = 12) and (i) PAXS positive cells (n = 8)
during the estrous cycle. Different superscript letters indicate significant differences
(P<0.05)
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Fig. 8

Changes in the number of MYB with FOXJ1 or PAX8-positive cells during the estrous
cycle and co-localization of MYB and Ki67. (a-¢) Distributions of cells showing positive
staining for MYB (red) and FOXJ1 (green). Arrows indicate the cells that were double-
positive for MYB and FOXJ1, and arrowheads indicate the cells that were positive for
MYB and negative for FOXJ1. (d-f) Distributions of cells showing positive staining for
MYB (red) and PAXS (green). Arrowheads indicate the cells that were double-positive
for MYB and PAX8. Some MYB" cells were negative for PAX8 (arrow). (g-i)
Distributions of cells showing positive staining for MYB (red) and Ki67 (green). Ki67
was not detected in MYB-expressing cells. Cell nuclei were counter-stained with DAPI
(blue). Scale bars represent 20 um. (j) The number of MYB™ cells (mean = SEM, n = g)
during the estrous cycle. The black bars indicate the number of cells that were positive
for MYB and FOXJ1, and the white bars indicate the number of cells that were positive
for MYB and PAXS. Different superscript letters indicate the significant differences (P <
0.05).
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Fig. 9

Co-localization of MYB and acetylated-a-tubulin during the estrous cycle. (a-c)
Distributions of cells showing positive staining for MYB (red) and acetylated-a-tubulin
(green) in the ampulla at Stage IV. Arrows indicate acetylated-a-tubulin and MYB
double-positive cells, while some MYB" cells were negative for acetylated-a-tubulin
(arrowhead). Cell nuclei were counter-stained with DAPI (blue). (d) Changes in the
number (mean = SEM, n=8) of MYB" cells during the estrous cycle. The black bars
indicate the number of cells that were double-positive for MYB and acetylated-a-tubulin,
and the white bars indicate the number of cells that were positive for MY B and negative
for acetylated-a-tubulin. Different superscript letters indicate significant differences
(P<0.05).
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Classification of bovine oviductal epithelial cells. The bovine oviductal epithelium is
composed of ciliated (acetylated-a-tubulin®) and non-ciliated (acetylated-a-tubulin”) cells
morphologically, but based on immunological classification, there are seven type of the

cells in oviductal epithelium.
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Proposed model for ciliogenesis in the bovine oviductal epithelium. This illustration
shows the ciliogenesis process in the bovine oviductal epithelium, which was speculated
from the results of the present study together with the previous studies on the airway duct
epithelia. At least seven types of cells at different stages of ciliogenesis are existed in the
oviductal epithelium. PAX8"/Ki67 /MYB" cells are derived from PAX8"/Ki67 /MYB~
cells, and then these cells express MYB and FOXJ1. FOXJ1/MYB"/acetylated-o-
cells are transformed into FOXJ1'/MYB /acetylated-o-tubulin™
FOXJ1*/MYB"/acetylated-o-tubulin® cells. FOXJ1*/MYB /acetylated-a-tubulin cells

tubulin™

PAX8*
Ki67 -
MYB -

PAX8* FOXJ1* FOXJ1* FOXJ1*

Ki67 - MYB * MYB - MYB -

MYB* Acetylated-a- Acetylated-a-  Acetylated-a-
tubulin~ tubulin~ tubulin®

1

FOXJ1*
MYB *
Acetylated-a-
tubulin®

might be the mature ciliated cells in the bovine oviduct.

35

cells or



DISCUSSION

Several morphological and functional changes occur during the estrous cycle in
the oviductal epithelium, and these changes are responsible for providing a suitable
micro-environment for gamete transport, fertilization, and early embryo development.
However, the mechanism of the cyclic morphological changes that occur in the bovine
oviduct has not yet been elucidated. Our previous study showed that the proportion of
FOXJ1" cells changes during the estrous cycle, and that only the FOXJ1~ cells undergo
proliferation [65], suggesting that oviductal non-ciliated cells can give rise to ciliated cells.
The present study shows that ciliogenesis is a multistep process that is closely related to
the estrous cycle in the bovine oviduct.

Ciliogenesis involves the following stages: (1) cell cycle exit, (2) amplification
of hundreds of centrioles, and (3) migration of those centrioles and the docking at the
apical surface of the ciliated cells [75][. Ciliogenesis is coordinated by a number of
transcription factors, including MYB and FOXJ1 [76]. MYB is a member of the MYB
family of proteins, which is encoded by the c-MYB that is involved in centriole
amplification during ciliogenesis [62]. FOXJ1 regulates both axoneme growth and basal
body docking with the apical surface [77]. Mature ciliated cells exhibit a multi-ciliated
structure, which is labeled with acetylated-a-tubulin on the apical plasma membrane [78].
To clarify the types of epithelial cells that exist in the oviduct as well as the dynamic
changes that occur in their populations, the numbers of cells positive for acetylated-a-
tubulin (cilia marker), FOXJ1 and MYB (markers of ciliogenesis), Ki67 (proliferation
marker), and PAXS8 (non-ciliated cell marker) in the epithelial cells during the estrous
cycle were immunohistochemically examined in the present study.

We found that all the ampullary oviductal epithelial cells expressed either FOXJ1
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or PAXS8 (Fig.7e-g) and all the acetylated-a-tubulin™ cells were positive for FOXJ1, and
there were a few acetylated-o-tubulin /FOXJ1" cells in the bovine oviduct (Fig. 7a-c).
Moreover, MYB was found to be expressed in both the FOXJ1" and PAX8" cells. Some
of the MYB/FOXJ1" cells were positive for acetylated-o-tubulin (Fig. 9a-c). These
results showed that the MYB™ cells could be classified into three types of cells, namely
PAX8"/MYB", FOXJ1'/MYB/acetylated-a-tubulin® and FOXJ1"/MYB"/acetylated-o-
tubulin® (Fig. 10). Based on the results of the double staining of MYB and Ki67 (Fig. 8g-
i), the PAX8%/Ki67" cells and PAX8"/MYB™ cells represented independent populations in
the bovine oviduct (Fig. 8g-i), as previously reported in the airway duct [79,62]. In the
light of all these results, we identified at least seven types of cells at different
translational/transcriptional states in the bovine oviductal epithelium (Fig. 10). Since
intermediate cells, which are morphologically immunologically distinct have previously
been identified in the airway [68], these types of oviductal epithelial cells found in this
study may also be considered to be intermediate cells in the process of ciliogenesis.
Based on the results of previous studies and those of the present study, we tried
to speculate the ciliogenesis process in the oviduct. Recently, it has been reported that
oviductal non-ciliated cells (PAX8" cells) give rise to ciliated cells, and
PAX8/acetylated-a-tubulin® cells exist in the mouse oviduct [57]. In the present study,
we could not find any PAX8/acetylated-a-tubulin® cells in the bovine oviduct, and all
the acetylated-o-tubulin® cells were FOXJ1" and PAX8". These findings suggest that cell
types observed in ciliogenesis depend on the species. Intriguingly, bovine oviductal
epithelial cells expressed either FOXJ1 or PAXS8, and MYB was expressed in both PAX8™
cells and FOXJ17 cells. In the airway, MYB is able to induce FOXJ1 expression, and

acetylated-a-tubulin” cells are derived from FOXJ1" cells [80]. As the deletion of MYB
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results in the failure of cilia formation in the airway and kidney, MYB is one of the most
important factors associated with ciliogenesis in such tissues [62,81,82]. The highest
numbers of Ki67" and MYB™ cells were observed in Stage IV (Fig.6g, 8j), whereas the
numbers of FOXJ1" and acetylated-a-tubulin” cells gradually increased toward following
Stage I (Fig.6e, 8j). Since this diphasic increase in the numbers of MYB™ cells, FOXJ1*
cells, and acetylated-a-tubulin® cells is the same as the temporal pattern of ciliogenesis
observed in the airway [83,84], FOXJ1" cells are believed to be derived from some MYB™
cells and they ultimately become acetylated-a-tubulin® cells in the oviduct. Although
MYB" cells and acetylated-o-tubulin® cells represent independent populations in the
airway epithelium [81], some MYB™ cells were positive for acetylated-a-tubulin in the
bovine oviduct (Fig. 9a-c). Moreover, these MYB/acetylated-a-tubulin® cells could only
be detected in Stage I and Stage I'V (Fig. 9d), and the number of these cells was the lowest
among the seven cell populations identified in this study. Although MYB is expressed
during centriole amplification, its expression is lost as centrioles dock at the apical
membrane [62]. Given that MYB is transiently expressed during ciliogenesis in the airway,
it is reasonable to assume that acetylated-o-tubulin”/MYB*/FOXJ1" cells eventually
exhibit decreased MYB expression and become acetylated-o-tubulin’/MYB/FOXJ1*
cells in the oviduct.

The double immunostaining experiments involving MYB and PAXS8 or Ki67
revealed that there were three types of PAX8" cells in the bovine oviductal epithelium,
namely PAX87/Ki67 /MYB~, PAX8'/Ki67"/MYB", and PAX8'/Ki67 /MYB". However,
there were no MYB and Ki67 double-positive cells present (Fig. 8g-1). Given that
ciliogenesis occurs in the non-proliferating cells in the airway [85,86], it is reasonable to

infer that some PAX87/Ki67'/MYB~ cells proliferate, and further, that
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PAX8/Ki67 /MYB" cells are derived from those proliferating cells. Collectively, the
seven types of oviductal epithelial cells identified in this study appear to initiate
ciliogenesis from Stage IV to the following Stage I through the complex ciliogenesis steps
shown in Fig. 11. On the other hand, it has been reported that ciliated cells trans- and re-
differentiate during tissue repair in the airway duct of mice and humans [87,88], although
this has never been discovered in their oviduct. However, in the current study of the
bovine oviduct it has not demonstrated whether this mechanism was involved in the
decrease in the number of ciliated cells from Stage I to Stage II. In the present study, it
remains unclear whether oviductal epithelial cells undergo deciliation or not. Nonetheless,
the same mechanism might also exist in the oviduct. Further research will be needed to
clarify this matter.

In the airway, following damage caused by viral or bacterial infection, the
epithelium is rapidly repaired in just three days [68]. However, the results of this study
suggest that since ciliogenesis in the oviduct was initiated at Stage IV and terminated at
the following Stage I at least one week is necessary for ciliogenesis in the oviduct. These
findings imply that unlike the rapid ciliogenesis seen in the airway in response to infection,
ciliogenesis in oviductal epithelial cells gradually proceeds toward ovulation. In the
airway, inflammatory cytokines such as IL-6 are known to contribute to the rapid
ciliogenesis seen in the epithelial cells [89], whereas the regulation of ciliogenesis by
inflammatory factors in the oviduct has not yet been reported. Moreover, ciliogenesis in
the airway epithelial cells is regulated by Wnt signaling [90]. Recently, similar to the
situation in the airway, it has been reported that oviductal non-ciliated cells (PAX8™ cells)
give rise to ciliated cells, and further that this process is controlled by Wnt signaling in

mice [57]. Interestingly, the expression of Wnt-related molecules is regulated by the
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ovarian steroid hormone in the oviduct [78,91]. Since ciliogenesis is associated with the
estrous cycle, ovarian steroid hormones may be involved in ciliogenesis in the bovine
oviduct. However, the precise mechanism in this regard has not yet been elucidated, and
the factors that regulate ciliogenesis will need to be further clarified in the bovine oviduct.

In conclusion, bovine oviductal epithelial cells can be morphologically classified
into ciliated and non-ciliated cells. However, based on immunological classifications, at
least seven types of cells at different translational/transcriptional states are present in the
oviductal epithelium, and their numbers are regulated by the estrous cycle. This cyclic
event might provide the optimal environment for gamete transport, fertilization and

embryo development.
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SUMMARY
The oviductal epithelium is composed of ciliated and non-ciliated cells. The proportions
of these cells change during the estrous cycle. However, the mechanism underlying this
cyclic change in the cell proportions remains unclear. Our previous study indicated that
ciliated cells are derived from non-ciliated cells. Here, we aimed to investigate the
mechanism regulating the changes in the populations of ciliated and non-ciliated cells
during the estrous cycle. To this end, we examined the numbers of cells that were positive
for acetylated-a-tubulin (cilia marker), Ki67 (proliferation marker), PAX8 (non-ciliated
cell marker), and FOXJ1 and MYB (ciliogenesis markers) in the epithelial cells at four
different estrous stages (Stage I: Days 1-4 after ovulation, Stage II: Days 5-10, Stage III:
Days 11-17, and Stage IV: Days 18-20) by immunohistochemistry. The oviductal
epithelial cells expressed either FOXJ1 or PAXS. All the acetylated-o-tubulin® cells were
positive for FOXJ1, although there were a few acetylated-a-tubulin /FOXJ1" cells. MYB
was expressed in both the FOXJ1" and PAXS8" cells, but it was not expressed in the Ki67*
cells. The numbers of Ki67" and MYB" cells were the highest in Stage IV, while the
numbers of FOXJ1* and acetylated-a-tubulin® cells were the highest in the following
Stage I, suggesting that ciliogenesis is associated with the estrous cycle. Thus, based on
immunological classification, the oviductal epithelium contains at least seven types of
cells at different translational/transcriptional states, and their number is regulated by the
estrous cycle. This cyclic event might provide an optimal environment for gamete

transport, fertilization, and embryonic development.
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CHAPTER 4
Ciliogenesis of bovine oviductal epithelial cells cultured on
air-liquid interface culture

INTRODUCTION

Two types of the cells, ciliated and non-ciliated cells, are present in the oviductal
epithelium, and the number of them changes during the estrous cycle [34]. However, the
mechanisms this cyclic event within the oviduct are still not clearly elucidated. The results
of chapter 3 suggested that the oviductal epithelium contains at least seven types of cells
at different translational/transcriptional states in terms of immunological classification,
and ciliogenesis in the bovine oviductal epithelial cells is associated with the estrous cycle.
However, the detailed ciliogenesis mechanisms in the bovine oviductal epithelial cells
has not been manifested. Thus, in this chapter, we investigated the expression pattern of
ciliogenesis associated factors in the bovine oviductal epithelial cells in vivo compared
with the in vitro state and during cell culture.

In vitro culture systems of bovine oviductal epithelial cells have been developed
in several species [92-96]. However, when oviductal epithelial cells are cultured on the
plastic plate, cells lose cell polarity, ciliation, secretory activity, and functional
characteristics [97,98]. Thus, this culture system did not precisely mimic the oviduct in
vivo. Several cell culture models for primary bovine oviductal epithelial cells that develop
polarized epithelial cells were established to reveal physiological event [98-100].
Recently, air-liquid interface (ALI) culture models are frequently used for variety of
epithelia, such as epidermal, airway, and nasal epithelium [101-103]. ALI culture is a
method of cell culture in which cells are grown on porous filter and the apical surface of

the cultured cells is exposed to air by removing the culture medium. In this condition,
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epithelial cells can obtain apical-basal polarity [32,104-106]. The ALI culture is the most
commonly used approach to study the ciliogenesis of airway epithelial cells [107]. Similar
to epithelial cells in the airway, bovine oviductal epithelial cells cultured by ALI can
establish polarity, and undergo ciliogenesis in approximately 2-3 weeks [108-110].
During the ALI culture, epithelial cells might be formed cilia through a stepwise process
of ciliogenesis. However, the detailed process of ciliogenesis in the ALI cultured bovine
oviductal epithelial cells has not been elucidated.

The aim of this study is to clarify the ciliogenesis in the bovine oviductal
epithelial cells. To achieve the purpose, we investigated the temporal ciliogenesis of
bovine oviductal epithelial cells grown at ALI culture, and compared with in vitro

situation.
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MATERIAL AND METHODS

Isolation of bovine oviductal epithelial cells

The bovine oviducts were collected from a local abattoir within 10-20 min after
the exsanguination. A careful examination was performed so that any infected ovaries or
uteri could be omitted from the experiment. Based on ovarian and uteri morphology,
oviducts were classified at four different stages of the estrous cycle (Stage I, Days 1-4;
Stage II, Days 5-10; Stage IlI, Days 11-17; Stage IV, Days 18-20), as previously
described [36,37,74]. Ampullary oviductal tissues collected at Stage III were utilized for
cell culture. Oviducts were trimmed into infundibulum, ampulla, and isthmus. The
epithelial cells were isolated from the ampullary section of oviduct. Epithelial cells were
obtained by squeezing the oviduct with forceps [109]. Cells were suspended in 5 ml
Hank’s balanced salt solution (HBSS) containing 66 units/ml collagenase (Wako), 80
units/ml deoxyribonuclease I (BBI Enzymes, Cardiff, UK), 100 IU/mL penicillin (Meiji

Seika Pharma, Tokyo, Japan) and 100 pg/mL streptomycin (Meiji Seika Pharma), and
incubated at 37°C for 30 min. After incubation, cells were filtered through metal meshes
(77 um) to remove undissociated tissue fragments. The filtered were washed by
centrifugation (180 x g for 8 min at 30°C) with Tris-buffered ammonium chloride (pH

7.5) to remove hemocytes, and DMEM/Ham’s F-12 (Invitrogen, Carlsbad, CA,USA).
After the washes, the cells were counted with hemocytometer. Cell viability was higher
than 95 % as assessed by 0.5 % (wt/vol) trypan blue dye exclusion.

Media used in this culture procedure are modifications of a protocol previously
reported [111,106]. The basic medium is DMEM/Ham’s F-12 supplemented with 5 %

Fetal Bovine Serum (Biowest, Riverside, MO, USA), 10 pg/mL insulin (Sigma Aldrich),
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5 nug/mL holo-transferrin (BBI solutions), 25 ng/mL Epidermal Growth Factor (Sigma
Aldrich), 30 pg/mL Bovine Pituitary Extract (Life technology), 0.05 uM ec23 (reprocell,
Japan), 20 mg/mL gentamicin (Invitrogen), and 2 mg/mL amphotericin B (Sigma Aldrich).

Isolated epithelial cells were resuspended in basic medium at a concentration of
1.0 x 10 cells/250 ul and seeded on transwell inserts (PET membrane, 0.4 um pore size,
24 well plate, Corning, NY, USA) coated with bovine type IV collagen (0.5 pg/well;
Nippi, Japan). Cells were initially cultured under the immersed condition by adding 250
uL of basic medium apically and 1 mL of basic medium in the basal chamber until they
reached confluence. When the epithelial cells reached confluence, the medium from

inside the insert was removed, allowing the cells to be in contact with the medium only
from basolateral side. Cells were incubated in a humidified atmosphere at 38.5 °C and

5% COz. The medium was changed every 2 days and culture for 2 weeks.
Epithelial cells for analysis of mRNA expression were added to 200 pul RNAiso

Plus reagent (Takara Bio, Japan) for RNA extraction, and stored at -80°C.

Total RNA extraction and reverse transcription

Total RNA was extracted from the oviductal epithelial cells using RNAiso Plus
reagent, according to the manufacturer’s directions. One microgram of total RNA per
sample was used to synthesize cDNA by using ReverTra Ace RT Master Mix with gDNA

Remover (TOYOBO, Japan).

Quantitative reverse transcription polymerase chain reaction
Quantifications of mRNA expressions were determined by quantitative RT-PCR

using AriaMx (Agilent Technologies) and Brilliant III Ultra-Fast SYBR Green QPCR
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Master Mixes (Agilent Technologies). The reaction mixture contained Brilliant IIT Ultra-
Fast SYBR Green QPCR Master Mixes, 1 uM of each forward and reverse primer, and
I ng of reverse transcribed total RNA in a final reaction volume of 20 ul. PCR was
performed under the following conditions: 95°C for 30s, 45 cycles of 95°C 155,
corresponding annealing temperature for 15 s, 72°C 10 s. All the primer sequences and
their annealing temperature are listed in Table 1. The specificity of each primer set was
confirmed by running the PCR products on a 2.0% agarose gel. To standardize the relative
level of expression of each mRNA, three potential housekeeping genes, p-actin (ACTB),
18S ribosomal RNA (/8S rRNA), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were initially tested. GAPDH was found to be most suitable of three genes by

Normfinder software (http://moma.dk/normfindersoftware), and selected as the internal

control in our experiments. Amplification efficiencies of all the primers were checked by
the determination of Ct values for dilution series of the target template. Efficiencies of all
the primers were 80-100%. We used serial dilutions of extracted PCR products for

preparation of standard curve.

Immunohistochemistry and Cell counting
Cultured epithelial cells were fixed in 4% paraformaldehyde for 2 hours at 4°C,

permeabilized with 0.1% Triton X-100 in PBS for 30 minutes, and incubated in 5% BSA-

PBS for 1 hour at room temperature to block non-specific binding. After blocking, 1
antibodies were added apically to Transwell and incubated overnight at 4°C. The

following primary antibodies were used: rabbit anti-acetylated-a-tubulin (1:500,

ab179484, Abcam ), rabbit anti-FOXJ1 (1:00, AMAb91255, Sigma Aldrich), mouse anti-
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FOXJI1 (1:100, HPA005714, Sigma Aldrich), mouse anti-Ki67 (1:200, M7240, Dako-
Cytomation, Glostrup), and mouse anti-MYB (1:100, sc-74512, Santa Cruz, Santa Cruz).
After washing with PBS, incubated with both goat anti-rabbit IgG antibody conjugated
with Alexa Fluor 488 and goat anti-mouse IgG antibody conjugated with Alexa Fluor 594
for 60 min at room temperature. The membranes were cut from the inserts and placed on
glass slides, and then covered with ProLong Gold Antifade Reagent with DAPI (P36935,
Life Technologies). The sections were mounted on an Olympus FSX100 (Olympus) and
observed under the 200x objective or higher. Each digital picture was captured as a TIF
file. Cell counting was performed manually on immunohistochemistry images using

ImagelJ software and 3 areas from x200 magnification fields.

Statistical Analysis

All the statistical analysis was performed using GraphPad Prism version 6.03 (GraphPad
Software). All data are presented as the mean = SEM. All the data were tested with regard
to the normal distribution and the homogeneity of variance so as to check whether they
were parametric or non-parametric data. A one-way ANOVA was performed with
Dunnett’s multiple comparisons test after logarithm transformation of data to evaluate
each gene expression level differences between groups. The Kruskal-Wallis test followed

by the Bonferroni test were used for the non-parametric data.
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Target gene

Primer sequence (5°-3”)

Accession number

Product size (bp)

Temperature (°C)

ACTB

18S rRNA

GAPDH

MYB

FOXJ1

Forward: CAGCAAGCAGGAGTACGATG
Reverse: AGCCATGCCAATCTCATCTC
Forward: TCGCGGAAGGATTTAAAGTG
Reverse: AAACGCCTACCACATCCAAG
Forward: CACCCTCAAGATTGTCAGCA
Reverse: GGTCATAAGTCCCTCCACGA
Forward: ATCGAACAGATGTCCAGTGC
Reverse: ATGCCACCTCTCCCTACATT
Forward: AGCAAGGCCACCAAGATCACC
Reverse: CCGAGGCACCTTGATGAAGCAC

AY141970

AYT779625

NM_001034034.2

NM_175050.1

NM_001192076.1

137 bp

141 bp

103 bp

191 bp

144 bp

60

60

60

58

56

Table. 1 Primers used for in quantitative RT-PCR
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RESULTS
Time course of cell proliferation and ciliogenesis during ALI culture

Proliferation and ciliogenesis of bovine epithelial cells were assessed using
immunostaining of Ki67 and acetylated-a-tubulin, respectively. Ki67 expression did not
overlap with that of PAX8 (Fig. 12a-i). We observed acetylated-a-tubulin® cells in the
ALI cultured bovine oviductal epithelial cells (j-1).

The highest number of Ki67" cells observed at day 0 (Fig. 12n). The average cell
number per field was shown to plateau between day 2 and day 10 (Fig. 12m), suggesting
that cells were confluency. Once the number of acetylated-a-tubulin” cells had reached a
peak at day 2 post-ALI, after that the number of acetylated-o-tubulin® cells dramatically

decreased during the ALI culture (Fig. 120).

MYB and FOXJ1 mRNA expression in the bovine oviductal epithelial cells
The mRNA expression of FOXJ1 was highest at days 4 post-ALI (P < 0.05). On
the other hand, MYB mRNA expression did not change significantly during the ALI

culture (Fig. 13).

Epithelial cells composition during ALI culture

We compared the expression pattern of MYB", FOXJ1", and PAX8" cells in the
bovine oviductal epithelial cells during the ALI culture. There were FOXJ1™" cells, PAX8*
cells, and MYB™ cells in the ALI cultured oviductal epithelial cells (Fig. 14a-i). The
number of PAX8" cells gradually increased with culture time (Fig. 14j; P = 0.07). In
contrast, the number of FOXJ1" cells became the largest at day 4 (not significantly

different) (Fig. 14k).
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We observed cells that were double positive and negative for both FOXJ1 and
PAXS in the bovine oviductal epithelial cells during the ALI culture (Fig. 14a-i). The
number of FOXJ17/PAXS8™ cells was increased significantly from day 2 to day 6 (Fig. 141).
Whereas, the number of FOXJ1 expressing cells began to decrease from day 6, the
number of FOXJ1/PAX8™ cells continued to increase (Fig. 141).

MYB" cells were observed in the ALI cultured bovine oviductal epithelial cells
(Fig. 15a-1). The number of cells positive for MYB was highest at day 6, and decreased

toward the days 14. Most of MYB" cells were positive for PAX8 (Fig. 15j).
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Fig. 12

Localization of Ki67, PAXS, and acetylated-a-tubulin in ALI cultured bovine oviductal
epithelial cells. (a-i) Distributions of cells showing positive staining for Ki67 (red) and
PAXS (green) in ALI cultured bovine oviductal epithelial cells. Cell nuclei were counter-
stained with DAPI (blue). (j-1) Distributions of cells showing positive staining for
acetylated-a-tubulin (green) in ALI cultured bovine oviductal epithelial cells. Scale bars
represent 25 pm. Change in the number of (mean = SEM, n = 7) (m) total epithelial cells,
(n) Ki67" cells, and (0) acetylated-a-tubulin® cells per field of view. The asterisk indicates
P < 0.05 when compared to before onset of ALI (Days -2).
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Fig. 13

Change in the expression of ciliogenesis related genes (MYB and FOXJ1) during the ALI
culture. The line chart shows that MYB (orange) and FOXJ1 (green) mRNA levels in the
ALI cultured bovine oviductal epithelial cells. The asterisk indicates P < 0.05 when

compared to before the onset of ALI (Days -2).
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Fig. 14

Co-localization of FOXJ1 and PAX8 in ALI cultured bovine oviductal epithelial cells (a-
i). Distributions of cells showing positive staining for FOXJ1 (red) and PAXS8 (green) in
the ALI cultured bovine oviductal epithelial cells. Arrows indicate the cells that were
double-positive for MYB and PAXS, and arrowheads indicate the cells that were positive
for MYB and negative for PAXS8. Cell nuclei were counter-stained with DAPI (blue).
Scale bars represent 25 pm. Changes in the number of (mean + SEM, n = 7) (j) PAX8"
cells, (k) FOXJ1" cells, (I) PAX8 /FOXJ1™ cells, and (m) PAX8"/FOXJ1" cells per field
of view. The asterisk indicates P < 0.05 when compared to before the onset of ALI (Days
-2).
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Fig. 15

Co-localization of MYB and PAXS in ALI cultured bovine oviductal epithelial cells (a-
i). Distributions of cells showing positive staining for MYB (red) and PAXS8 (green) in
the ALI cultured bovine oviductal epithelial cells. Arrows indicate the cells that were
double-positive for MYB and PAXS, and arrowheads indicate the cells that were positive
for MYB and negative for PAX8. Cell nuclei were counter-stained with DAPI (blue).
Scale bars represent 25 pm. (j) Change in the number (mean + SEM, n=7) of MYB"
cells per field of view. The black bars indicate the number of cells that were double-
positive for MYB and PAXS8, and the white bars indicate the number of cells that were
positive for MYB and negative for PAX8. The asterisk indicates P <0.05 when compared
to before the onset of ALI (Days -2).
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DISCUSSION

Cyclic morphological changes occur during the estrous cycle in the oviductal
epithelium, and these changes provide a suitable micro-environment for gamete transport,
fertilization, and early embryonic development [32,34]. However, the mechanisms of the
cyclic changes that occur within the bovine oviduct have remained unclear. In the chapter
3, we have investigated ciliogenesis process in the bovine oviductal epithelial cells based
on the immunohistochemical classification. In this chapter, we attempted to further
explore multi-step process of ciliogenesis in the bovine oviductal epithelial cells by means
of ALI culture system.

The culture models are useful tools for revealing physiology and biochemistry
of cells, and various cell culture models for primary bovine oviductal epithelial cells were
established to study physiological events [92,104]. To understand oviductal physiology
and ciliogenesis, in vitro models that can induce ciliogenesis are needed.

ALI culture system is widely adopted for studying ciliogenesis process in the
airway epithelial cells, since epithelial cells cultured at the ALI become better
differentiated and polarized [62,112]. Similar to airway epithelial cells, oviductal
epithelial cells also undergo ciliogenesis with the ALI culture condition [32,111]. Thus,
in the present study, we examined the temporal ciliogenesis in the ALI cultured bovine
oviductal epithelial cells and compared it with in vivo condition.

High proliferative activity of cultured epithelial cells was observed at day 0, and
from then onwards cells underwent limited proliferation (Fig. 12n). Ciliogenesis
characterized by the increase in the number of acetylated-o-tubulin® cells was observed

at day 2 (Fig. 120). Given that ciliogenesis occurs in the non-proliferating cells [85,86],
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it is possible that post-proliferating cells undergo ciliogenesis in the cultured epithelial
cells.

In ALI cultures of airway epithelial cells, a steady increase of the FOXJ1 mRNA
expression has been observed for up to day 14 post-ALI [107,112]. On the other hand, as
shown in Fig. 13, the FOXJ1 mRNA expression continued to increase up to day 4, and
then its expression decreased over the ALI culture period (Fig. 13). In association with
the decrease of the FOXJ1 mRNA expression, the number of FOXJ1™ cells also continued
to decrease from day 4 to day 10 (Fig. 14k). In addition, double positive and negative for
FOXJ1 and PAXS cells which were absent in the bovine oviductal epithelium were
present in the ALI cultured of bovine oviductal epithelial cells (Fig. 14a-c). The number
of FOXJ17/PAXS8™ cells gradually increased from day 6 to day 10 (Fig. 141). These
observations implied that our ALI culture system is not sufficient to induce ciliogenesis
in the bovine oviductal epithelial cells. It is reported that long time cultured bovine
epithelial cells show elongated morphology, and lose the epithelial characteristics
[106,113]. In the present study, since epithelial cells were cultured for 14 days after
seeding, it is possible that cells acquired non-epithelial characteristics, resulting in the
appearance of the FOXJ17/PAX8  or FOXJ17/PAX8" cells in the ALI cultured cells.
Therefore, our ALI culture system may not adequately mimic the in vivo
microenvironment. To obtain valid information, further experiment using better culture
system will be needed.

In our ALI culture, the results showed the existence of MYB+ epithelial cells as
well as in vivo condition (Fig. 15a-1). MYB is involved in centriole amplification during
ciliogenesis [62], and is able to induce FOXJ1 expression in the mouse airway epithelial

cells. However, the number of FOXJ1" cells reached at maximum at day 4, and that of
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MYB" cells became highest at day 6 during the ALI culture (Fig. 15j). These expression
patterns of MYB and FOXJ1 were completely different from the in vivo situation.
Moreover, in the bovine oviductal epithelial tissue, most of MYB™ cells were positive for
FOXIJ1 (Fig. 8j), while most of MYB™ cells were positive for PAX8 in the ALI cultured
epithelial cells (Fig. 15a-1). Given that MYB is able to induce FOXJ1 expression, it is
possible that PAX8/MYB" cells failed to induce FOXJ1 expression. Ciliogenesis is a
multistep process tightly controlled with several ciliogenesis associated factors. Palma-
Vera et al. (2014) reported that bovine oviductal epithelial cells cultured by ALI in the
media without any supplement factors could not undergo ciliogenesis in vitro although
they established apical-basolateral polarity [114]. Thus, not only exposure apical to air
but also use certain factors regulating ciliogenesis may necessary for induction of
ciliogenesis in cultured cells. To mimic in vivo ciliogenesis using in vitro cell culture it
will be important to elucidate regulation mechanisms of ciliogenesis related factors in the
bovine oviduct.

Several studies have suggested that E2 plays a role in the ciliogenesis in the
oviduct [66,115]. The highest number of ciliated cells in the bovine oviduct was observed
at around the time of ovulation when the oviductal tissue concentration of E2 is the
highest (see chapter 3, Fig. 6e). These observations provided the possibility that lack of
E2 signaling resulted in the failure of ciliogenesis in the present study. In addition, the
necessity of interaction between epithelial cells and stromal cells in induction of
ciliogenesis is reported. Nakao et al. (2017) found that oviductal extracellular vesicles
derived from mesenchymal cells promoted ciliogenesis in the mouse oviduct [116]. Other
studies have suggested that oviductal mesenchyme cells determined the fate of epithelial

cells [117]. Therefore, some factors derived from stromal cells may be also necessary for

60



the ciliogenesis in the ALI cultured bovine oviductal epithelial cells. Co-culture of
epithelial cells with stromal cells might promote formation of cilia in the cultured cells.
In summary, our results showed that ciliogenesis in the bovine oviductal
epithelial cells during the ALI culture was different from the in vivo ciliogenesis. Our
findings implied that ciliogenesis trigged by the ALI culture in the bovine oviductal
epithelial cells does not precisely imitate in vivo ciliogenesis. To reveal ciliogenesis
process of the bovine oviductal epithelial cells, establishment of adequate culture system

that could be evaluate the ciliogenesis will be need.
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SUMMARY
Oviductal epithelium consists ciliated and non-ciliated cells. Our previous study
suggested that the oviductal epithelium contains at least seven types of cells in terms of
immunological classification, and they might be at different stages of ciliogenesis.
However, precise ciliogenesis mechanism in the bovine oviductal epithelial cells remains
unclear. In this chapter, to clarify the ciliogenesis process in the bovine oviductal
epithelial cells, temporal ciliogenesis in the cells cultured by the air-liquid interface (ALI),
which can induce ciliogenesis in vitro, was compared with in vivo condition. We
examined the expression of FOXJ1 and MYB (ciliogenesis markers), and PAXS8 (non-
ciliated cell marker) in the bovine oviductal epithelial cells cultured by ALI at two-day
intervals over a period of 10 days from the onset of ALI to clarify detailed temporal
ciliogenesis. Proliferation and ciliogenesis of the bovine oviductal epithelial cells were
assessed using immunostaining of Ki67 and acetylated-a-tubulin, respectively. Followed
by the high proliferative activity at day 0 of ALI culture, ciliogenesis was observed at day
2. However, the FOXJ1 and MYB mRNA expression continued to decrease from day 4
and day 6 to day 10, respectively. Consistent with the decrease of gene expression of
FOXJ1 and MYB, the numbers of FOXJ1" and MYB" cells decreased over the course of
ALI culture. We identified double positive and negative for both FOXJ1 and PAXS in the
ALI cultured epithelial cells which were never found in in vivo condition. In conclusion,
our results showed that ciliogenesis in the bovine oviductal epithelial cells during the ALI
culture was different from the in vivo condition. To reveal ciliogenesis process of the
bovine oviductal epithelial cells precisely, establishment of adequate culture system in

which the ciliogenesis could be evaluate will be need.
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CHAPTER 5
CONCLUSIONS

The present study investigated that the mechanisms of the changes in the number
of ciliated and non-ciliated cells in the bovine oviductal epithelium during the estrous
cycle. The first series of experiments showed that the oviductal epithelium was remodeled,
and the proportions of ciliated and non-ciliated cells in the bovine oviductal epithelium
was regulated by proliferation and apoptosis during the estrous cycle. The second series
of experiments implied that based on immunological classification, at least seven types
of cells were present in the bovine oviductal epithelium, and they might be at different
stages of ciliogenesis. In the third series of experiments, ciliogenesis in the bovine
oviductal epithelial cells cultured at the ALI was different from the in vivo condition due
to poor culture condition. Thus, to reveal ciliogenesis process of the bovine oviductal
epithelial cells precisely, establishment of adequate culture system will be need.

Overall results suggested that cell proliferation, apoptosis, and ciliogenesis
contributed to changing in the composition of oviductal epithelium during the estrous
cycle. These cyclic morphological changes provide the optimal environment for gamete

transport, fertilization and embryo development within the oviduct.
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