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Abbreviations 

ART Assisted reproductive technology 

AT Assisted technology  

BSA Bovine serum albumin 

CARM1 Coactivator-associated arginine methyltransferase 1 

CO2 Carbon dioxide 

COCs Cumulus oocyte complexes  

cWOW Customized well-of-well 

cDNA Complementary DNA 

DEG Differentially expressed gene 

DMR Differentially methylated regions 

DNMT DNA methyltransferase 

DNA 

 

 

 

Deoxyribonucleic acid 

EPC Ectoplacental cone  

EPI Epiblast 

ESCs Embryonic stem cells 

ET Embryo transfer 

ExE Embryonic ectoderm 

EZP Empty zona pellucida  

FBS Fetal bovine serum 

GO Gene ontology 

GO system Glass oviducts system 

hCG Human chronic gonadotropin 

HTF Human tubal fluid 

H3R26me2 Histone H3 arginine 26 methylation 

ICSI Intracytoplasmic sperm injection  

ICM Inner cell mass 

IVC In vitro culture 

IVF In vitro fertilization 

IVP In vitro production 

mRNA Messenger RNA 

MZT Maternal-zygotic transition  

NT Nuclear transfer  

PBS Phosphate buffered saline 
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PE Primitive endoderm 

PFA Paraformaldehyde 

PMSG Pregnant mare serum gonadotropin 

PVA Polyvinyl alcohol 

RNA-seq RNA sequencing 

RT-qPCR Real time quantitative polymerase chain reaction 

SEM 

 

Standard error of the mean 

2D Two-dimensional 

3D Three-dimensional 

TCN Total cell number 

 

 
TE Trophectoderm 

TGC Trophoblast giant cell 

TUNEL Terminal deoxynucleotidyl transferase biotin-dUTP nick end Labeling 

UHRF1 Ubiquitin-like, containing PHD and RING finger domains, 1 

VE Visceral endoderm 

WOW Well of the Well  

ZF Zona free 

ZI Zona intact 

ZP Zona pellucida 

ZPR Zona pellucida removal 
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Abstract 

 

The zona pellucida (ZP) is a specialized extracellular elastic coat that surrounds 

the mammalian ovarian oocyte, and preimplantation embryo. ZP is composed of four 

typical glycoproteins (ZP1, ZP2, ZP3, ZP4) in humans which are composed of three 

typical glycoproteins (ZP1, ZP2, and ZP3) in mice. ZP play key roles in preventing 

heterogeneous sperm from entering the egg, ensuring genetic purity and genetic 

stability between species, protecting the embryo and maintaining its integrity, 

preventing premature attachment to the oviduct and endometrial surface, and 

preventing bacterial and fungal infections in the reproductive tract during the 

mammalian embryonic development. 

The ZP plays various roles in preimplantation embryonic development both in vivo 

and in vitro. Previous studies have shown that excessive thickness and hardening of the 

ZP impair the hatching ability of human embryos produced in vitro, thus zona pellucida 

removal (ZPR) of the early blastocyst is effective in improving implantation rates, 

which is thought to be the result of successful contact and communication between the 

trophectoderm (TE) and the endometrium. Therefore, the use of assisted zona hatching 

(AZH) in in vitro production (IVP) procedures as well as in human in vitro fertilization 

(IVF) procedures is widely used. 

In addition, the current ZPR procedure is also applied to remove ZP at the 

embryonic cleavage stage and is widely used for producing hand-made somatic cell 

nuclear transfer embryos, production of identical twins or quadruplets, gene transfer, 
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and chimeric embryos. Although the preimplantation development of zona free (ZF) 

embryos has been studied, the role of ZP in the differentiation, gene expression, as well 

as post-implantation development of ZF embryos is not fully understood. Therefore, I 

investigated the role of ZP in the pre- and post-implantation development of mouse 

embryos. 

In Chapter II, I first investigated the in vitro development of ZF embryos treated 

with acid Tyrode’s solution and cultured using the different culture systems. Under the 

ordinary microdroplet culture condition, ZPR significantly decreased the blastocyst rate 

compared with the ZI embryos. Due to the low developmental capacity of ZF embryos 

cultured in vitro, the commercial Well of Well (WOW) culture system specified for 

single embryo culture was evaluated for performing to improve the development of ZI 

embryos. Although the commercial WOW system could improve blastocyst rates of ZF 

embryos compared to the microdroplets system, irregular embryos were still observed 

during compaction when ZF embryos developed to the morula stage because of a 

potential collapse of blastomere structure in the large and flat bottom of WOW well for 

mouse ZF embryos. Therefore, the customized WOW (cWOW) system made with a 

smaller microwell size was newly developed and evaluated the development of ZF 

embryos. Subsequently, I compared the microwell sizes of commercial WOW and 

cWOW by three-dimensional (3D) surface scanning and found that the average 

diameter of microwells in the cWOW system was significantly smaller than that of 

commercial WOW wells. However, the depth of microwells did not differ significantly 

between these two culture systems. Thus, the cWOW culture system provided a suitable 
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size for mouse ZF embryos and could improve the developmental ability in vitro.  

In Chapter III, I investigated the effect of ZPR on pre-implantation embryonic 

development and cell lineage-specific gene expression. The results showed that ZPR 

induced earlier compaction compared with ZI embryos. Furthermore, the expression of 

inner cell mass (ICM) (Oct4, Sox21) -related genes was significantly increased, and the 

expression of TE (Cdx2, Eomes, and Tfap2c) -related genes was significantly decreased 

in the ZF embryos compared with ZI embryos at the morula stage. In the blastocyst 

stage, the expression of these genes was similar to the morula stage, in which the 

significantly increased expression of ICM-related genes (Nanog, Oct4, Sox2, and Sox21) 

and decreased expression of the TE-related genes (Cdx2, Eomes, and Tfap2c) in the ZF 

embryos compared with ZI embryos. In addition, the differentiation-specific protein 

expression of both ICM (OCT4) and the TE (CDX2) was significantly altered and the 

expression pattern was consistent with the results of gene expression (Oct4/Cdx2) in 

the blastocyst. These findings suggest that ZPR disrupts the expression of ICM/TE-

related genes.  

In Chapter IV, I investigated the effects of ZPR on the post-implantation 

development of mouse embryos. After embryo transfer (ET), ZF embryos had a lower 

rate of implantation and lower number of live fetuses than ZI embryos, whereas there 

was no significant difference in fetal weight at E17.5. In contrast, the placental weight 

of ZF embryos was significantly increased compared with ZI embryos. Then, RNA-seq 

analysis of the placenta was performed. The RNA-seq analysis showed a total of 473 

differentially expressed genes (DEGs) that significantly influenced the biological 
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processes (BP). These results showed that the ZPR affected the post-implantation 

development of mouse embryos after ET.  

In Chapter V, I investigated the effect of blastomere structure at the 4-cell stage 

due to the loss of the ZP protection and the morphological changes from a 3D structure 

to a two-dimensional (2D) structure on the subsequent development and gene 

expression. The blastomere allocation of ZF 4-cell stage embryos was significantly 

different compared with that of ZI embryos, which were classified into four types (3P, 

4P, 5P, 6P) based on the number of blastomere attachment surface sites. In contrast, 

most ZI embryos showed two types (5P and 6P), and 3P and 4P types were not observed. 

There was no significant difference in the blastocyst rates of ZF embryos showing 3P, 

4P, 5P, and 6P types compared with ZI embryos. The total cell number (TCN) of the 

blastocyst developed from the 3P type was significantly lower than that of the ZI and 

other types, whereas the TCN of the 4P, 5P, and 6P types was not significantly different 

compared with the ZI blastocysts. In addition, the expression of Carm1 mRNA and 

protein, which has been recently discovered as a transcriptional regulator for 

differentiation, was significantly higher in ZF 4-cell embryos than in ZI embryos. At 

the blastocyst stage, the expression of DNA methylation-related genes (Dnmt1, Uhrf1, 

Dnmt3a, and Dnmt3b) was also significantly decreased in the ZF embryos compared 

with ZI embryos. These results suggest that the ZPR at the 2-cell stage affects the 

morphological changes of blastomere allocation in 4-cell embryos associated with TCN 

of the blastocyst and the expression of DNA methylation-related genes. 

In Chapter VI, I developed a new ZPR protocol by combining acid Tyrode’s 
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solution and proteinase K treatment and subsequent culture in the cWOW system. 

Although acid Tyrode’s solution treatment is commonly used for ZPR and reduces ZPR 

time, I found that the acid Tyrode’s solution has detrimental effects on blastomere 

morphology such as wrinkled surface and on developmental competence with induction 

of apoptosis in the blastocyst. Besides, proteinase K treatment, which is also used for 

ZPR, increased ZPR time and significantly decreased the blastocyst rate, but did not 

increase apoptotic cell numbers or induce the expression of apoptosis-related genes. In 

contrast, a serial combined treatment (two-step method) significantly reduced ZPR time 

and improved blastocyst rate by increasing the TCN and reducing the apoptotic cell 

numbers. These results suggest that a new ZPR protocol is beneficial for reducing the 

toxicity of ZF embryo development and its quality. 

In conclusion, I elucidated the role of ZP not only keeps the blastomere structure 

for embryonic development, but also affects the gene expression and differentiation of 

pre- and post- implantation development. The new method for quick and harmless ZPR 

and culture systems suitable for mouse ZF embryos will contribute to the development 

of assisted reproductive technology (ART).   
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Chapter I  

General Introduction 

 

Mammalian eggs are surrounded by an outer layer called the zona pellucida (ZP). 

All mammalian eggs have ZP, but the thickness (~1-25 μm), protein content (~1-30 ng) 

of eggs, and glycoproteins composition are highly varied greatly depending on the 

species of animal [1, 2]. In humans, the ZP is composed of four glycoproteins (ZP1, 

ZP2, ZP3, ZP4) [2], but in mice, ZP is only composed of three glycoproteins (ZP1, ZP2, 

ZP3) [2], all encoding a relatively conserved recognition domain which contributes to 

oocyte/sperm interactions during the initial phases of fertilization [3].  

The ZP surrounds the mammalian oocyte, ovulated egg, and preimplantation 

embryo until the early blastocyst stage of development. The ZP plays important role in 

fertilization and preimplantation development. For example, during fertilization, ZP 

regulates the binding of sperm to the ovulated egg and inducing the acrosomal reaction 

and preventing polyspermy [4]. The ZP also ensures the integrity of the preimplantation 

embryo for its successfully transported through the reproductive tract [5] and prevents 

premature attachment to the oviduct and endometrial surfaces [6].  

After fertilization, the zygotes undergo a series of changes, including zygotic 

genome activation (ZGA) and cell lineage specification, all of which are essential for 

the development of the blastocyst. The blastocyst consists of the inner cell mass (ICM) 

and the trophectoderm (TE), the ICM forms the epiblast (EPI), and the primitive 
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endoderm (PE) [7, 8], and the ICM forms the fetus in the future. TE is subdivided into 

a polar TE covering the EPI at the embryonic pole to form the ectoplacental cone (EPC) 

and a mural TE covering the blastocyst cavity and forming the giant cells in the future 

[9, 10]. After implantation, TE differentiates to the EPC, the EPI, embryonic ectoderm 

(ExE), visceral endoderm (VE), the parietal yolk sac, and the trophoblast giant cell 

(TGC) layer, which together surrounds the entire conceptus [11-14]. By the end of 

gastrulation, three major germ layers have formed, and all fetal tissues will develop 

from the ectoderm, mesoderm, and definitive endoderm. Therefore, for achieving 

successful implantation, placental and fetal growth, embryos should be escaped from 

ZP when the embryo reached the uterus.   

 A previous report has mentioned that the thickness and hardening of the ZP affect 

the hatchability of embryos produced in vitro, resulting in relatively low implantation 

rates [15]. In humans, normal hatching at the blastocyst stage occurs in good quality 

embryos, while poor quality embryos do not successfully complete the hatching when 

they are transferred to the uterus [16]. However, another research has demonstrated the 

potential improvement of implantation of embryos that have difficulty in hatching 

ability by ZP before ET. This report took the opposite view to Urman et. al (2002) 

showing that the success of in vitro hatching is independent of blastocyst quality [17]. 

Several studies have shown that partial or complete ZPR in human blastocysts can 

improve implantation rates. For example, partial or complete ZPR prior to ET may 

improve implantation rates, mainly in patients with poor fertility prognosis [15, 16, 18]. 

For improving the hatching ability of embryos, several methods of ZPR are available 
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including physical methods (mechanical dissection, laser drilling) and chemical 

methods (acid Tyrode’s solution and enzyme with pronase) [19-23]. However, at 

present, the effects of ZPR at the blastocyst stage on ICM and TE are still not clear [16]. 

In assisted reproductive technology (ART), intracytoplasmic sperm injection (ICSI) has 

become the most widely used method of assisted fertilization treatment [24]. In most 

cases, ICSI is highly efficient in achieving high fertilization rates, independent of 

oocyte and sperm factors [25-27]. However, a previous study reported that ZP loss 

occurs in human IVF using the ICSI due to mechanical damage during oocyte retrieval 

[28]. At present, it is not clear whether ZPR at the early stages affects subsequent 

embryonic development.  

In vitro production (IVP) of mammalian embryos has been rapidly improved and 

is now widely used in reproductive technologies, such as ART, including humans in 

medicine and animals designed to facilitate breeding and development, production of 

transgenic animals, and cloning [29]. The ZP is often manipulated during IVP 

procedures with changes including thinned ZP and complete or partial ZPR. ZPR is 

used for several applications for basic research and production of chimera [30], 

transgenic animals [31], identical multiplets by blastomere separation [32], handmade 

cloning [33], and RNA interference [34]. 

A previous study has reported that blastomere association in ZF 4-cell stage 

embryos has important effects on further differentiation into ICM and TE when using 

a multi-plate system, affecting subsequent embryonic development in mice [35]. The 

ZP plays diverse roles in embryonic development both in vivo and in vitro. During early 
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embryonic development, one of the key roles of ZP is to maintain the structure between 

blastomeres [36]. Without the ZP, the contact between each blastomere becomes loose, 

resulting in the arrest of embryonic development or loss of embryonic integrity [37]. 

Therefore, several culture systems for ZF embryos have been developed, including the 

glass oviduct, Well of the Well (WOW), and empty ZP [38], all with the aim of 

improving outcomes [39, 40]. Collectively, ZPR at the early stage of embryos may 

affect embryonic development during the cleavage stage and subsequent implantation.  

In this study, I first developed the customized WOW system (cWOW) suitable for 

mouse ZF embryo culture which can improve the developmental ability in vitro, and 

then I investigated the effect of ZPR at the 2-cell stage on the pre-implantation and post-

implantation development and gene expression. This culture system suitable for mouse 

ZF embryos using the quick and harmless ZPR method will contribute to the 

development of ART.   
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Chapter II  

Establishment of the optimized in vitro culture system for 

zona free mouse embryos 

 

Introduction 

 

The zona pellucida (ZP) is a mixed structure of glycoproteins produced both by 

the oocyte and the ovarian follicles and surrounds follicular oocytes, ovulated eggs, and 

preimplantation embryos [41]. ZP has multiple roles in oocyte growth, fertilization, and 

early development of blastocyst before implantation in the uterus [42]. In humans, ZP 

is constructed of four glycosylated proteins, called hZP1-4, that are also encoded by 

single-copy genes located on different chromosomes [43]. The mouse ZP is composed 

of several glycoproteins (ZP1, ZP2, ZP3), called mZP1-3, mouse ZP4 is a pseudogene, 

encoded by single-copy genes located on different chromosomes [2, 44, 45], and all 

encoding a relatively conserved recognition domain which contributes to oocyte/sperm 

interactions during the initial phases of fertilization [3]. 

In order to develop a new individual after fertilization, the initial stages of 

embryonic development require a rapid transformation of the germ cells into a 

totipotent state [46]. The totipotent state is reprogrammed among differentiated germ 

cells, eggs, and sperm during the first hours after fertilization. A newly fused and 

formed zygotic genome can subsequently start differentiation to form different cell 
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types in the adult animal during this process [47]. This efficient reprogramming relies 

on maternally supplied RNA and proteins stored in the oocyte [46]. When 

reprogramming occurs, the zygotic genome continues its development after the initial 

reprogramming stage. Transcriptional control is passed to the zygote through a process 

called maternal-zygotic transition (MZT), in which degradation of the maternal product 

is coordinated with zygotic genome activation (ZGA) [48]. As with ZGA, maternal 

mRNA clearance is a gradual process [49]. Some transcripts are eliminated soon after 

fertilization, while others are degraded only after the major wave of transcription [48]. 

Depending on the species, overall, up to 60% of maternal mRNA levels are significantly 

reduced [50]. Of these, 30-40% of maternally deposited mRNA is eliminated by 

degradation. The mechanisms regulating genomic activation are different between 

species models. For example, in humans, the main period of ZGA occurrence is the 8-

cell stage [51]. In mice, the zygotic genome is mainly activated at the 2-cell stage [51, 

52]. 

A previous study has shown that in human embryos, removal of the ZP and 

culturing in the WOW system for ZF embryos could reduce the cytoplasmic 

fragmentation, which may provide the major breakthrough needed for those patients 

who have difficulty obtaining quality embryos [53]. However, a previous study 

reported cellular association at the ZF 4-cell stage embryos importantly affects the 

further differentiation of ICM and TE when using multiple systems influencing 

subsequent embryonic development in mice [35]. To date, several culture systems for 

ZF embryos have been developed including glass oviducts, and WOW, all designed to 
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improve outcomes [39, 40]. In humans, although in vitro culture of embryos is an 

important step in assisted reproduction, only 1.2% of studies published in five major 

journals in the field of human reproduction since 2019 focused on in vitro culture 

conditions. The more culture system currently used in the research or commercial is 

Well of the Well (WOW). Despite the size and shape of the original WOW providing 

a practical and useful solution to improve the overall quality of cultured embryos [54], 

three-dimensional (3D) surfaces are currently used instead of the large flat bottom and 

microdroplets. Also, these microwells are designed for optical clarity rather than for the 

needs of ZI embryos [54], especially not for ZF embryos. Therefore, a culture system 

is required for supporting the development of mouse ZF embryos. 

In this chapter, I developed a customized WOW system designed to accommodate 

the smaller microwell size and investigated the optimal environment for mouse ZF 

embryo development in vitro.  

 

Materials & Methods 

 

Animals  

 

ICR male and female mice (8 weeks, Sankyo, Tokyo, Japan) were used for all 

experiments with feeding a standard diet and housed in a controlled environment with 

a 12 h day: night cycle. All animal experiments were performed with the approval of 
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the Institutional Animal Care and Use Committee at Hokkaido University (approval 

number 19 (77)-2). 

 

Oocyte collection and in vitro fertilization 

 

Oocytes were collected using standard methods and superovulation was induced 

by injecting 5 IU pregnant mare serum gonadotropin (PMSG) (ASKA Pharmaceutical, 

Tokyo, Japan) and then 5 IU human chorionic gonadotropin (hCG) (ASKA 

Pharmaceutical, Tokyo, Japan) 48 h later.  

Spermatozoa were collected from cauda epididymis of male mice and 

preincubated in the droplets of human tubal fluid (HTF) medium at 5% CO2 and 37 °C 

for 1.5 h. Cumulus oocyte complexes (COCs) were collected from the oviduct 15 h 

after hCG injection and then transferred to preprepared HTF droplets. These HTF 

droplets were then mixed with the preincubated spermatozoa to facilitate IVF. After 6 

h of insemination, putative zygotes were transferred into droplets of M16 medium for 

in vitro culture. All culture droplets were covered with paraffin oil (Nacalai Tesque Inc, 

Kyoto, Japan). Zygotes that reached the 2-cell stage after 24 h were used for the 

experiments. 

 

Establishment of a culture system for ZF 2-cell embryos 

 

ZF 2-cell embryos were obtained by incubating the zona intact (ZI) embryos in 



17 

 

acid Tyrode’s solution (Sigma-Aldrich, Gillingham, UK) for 60 s. ZF embryos were 

then cultured in a (1) conventional microdroplet culture system using a flat bottom Petri 

dish (60 × 15 mm, Corning, NY), (2) a commercial WOW dish (DNP, Japan), or (3) a 

customized WOW (cWOW) dish by making wells manually in a 60 mm × 15 mm Petri 

dish (Corning, NY, USA). The cWOW system was performed as described previously 

with some modifications, in which the microwell size was designed for the size of 

mouse embryos rather than for optical clarity [40, 54]. The microwell size of 

commercial WOW and cWOW was measured using color 3D laser microscopy (VK-

9710, KEYENCE, Osaka, Japan). The cWOW dish containing 16 microwells was 

covered with 88 μl of a droplet of the M16 medium under paraffin oil. Individual ZF 

embryo was put into the bottom of each microwell and cultured for 2.5 days under 5% 

CO2 in air at 37 °C. After 2.5 days, the blastocyst rate was evaluated. 

 

Statistical analysis 

 

Data are representative of at least three independent experiments. All data are 

shown as the mean ± standard error of the mean (SEM). Statistically significant 

differences were assessed by student’s t-test and one-way analysis of variance 

(ANOVA)-Tukey’s Multiple Range Test implemented in Graphpad Prism® 7 Software 

(La Jolla, CA, USA). Statistical significance was set at p < 0.05. 
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Results 

 

Effect of culture systems on the development ability of ZF embryos in vitro 

 

In the initial study, I used acid Tyrode’s solution treatment at the 2-cell stage to 

produce ZF embryos to evaluate the effects of different culture systems including flat 

microdroplets (Figure. 1-①), WOW (Figure. 1-②), and cWOW (Figure. 1-③). First, I 

compared the developmental ability of ZF embryos in the different culture systems in 

vitro. The blastocyst rate of ZF embryos cultured in cWOW was significantly higher 

than that of those cultured in flat microdroplets and commercial WOW system (Table 

1). Next, to provide conditions to keep the 3D blastomere structure, I used the cWOW 

culture system (Figure. 1-③), which was designed to reduce the microwell size and to 

provide a better condition for embryos to keep communication between each 

blastomere. The blastocyst rate was significantly increased compared with the flat 

microdroplets and WOW systems.  

 

Effect of different culture systems on the morphology of ZF embryos 

 

To investigate the reasons for the low blastocyst rate of ZF embryos in different 

culture systems, I observed the morphology in different culture systems from 2-cell to 

blastocyst stages. In the flat microdroplets, the morphology in the blastomere allocation 

at the 4-cell stage was obviously different, appearing as a linear arrangement of 
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blastomere, which showed an irregular shape rather than a compacted status when 

developing to the morula stage (Figure. 2-A). In the WOW system, although the 

morphology of the 4-cell stage remained different from that of the ZI embryos, the 

morphology of the morula stage was improved, approaching the round compacted 

morula (Figure. 2-B). Compared to the flat microdroplet and WOW systems, the shape 

of the morula embryos in cWOW (Figure.2-C) significantly improved the compaction 

process, showing a more rounded compacted embryo shape. 

 

Comparison of microwell sizes between the commercial WOW and cWOW  

 

I compared the microwell sizes of the WOW and cWOW by 3D surface scanning 

and revealed that the average diameter of the microwells in the cWOW system was 

significantly smaller than those of the commercial WOW (Figure. 3C). The diameter of 

commercial WOW plates was approximately 280 μm, whereas, this cWOW microwell 

had a diameter of approximately 170 μm. However, the depth of these wells was not 

significantly different in these two systems (Figure. 3D). 
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Figure 1. Workflow describing the method of ZPR and ZF embryo culture.  

 

The 2-cell embryos were treated with acid Tyrode’s solution until the ZP was 

completely removed. Two-cell stage of ZI embryos was used as the control and ZF 

embryos were cultured using the following systems of microdroplet ①, WOW ②, or 

cWOW ③. These microwells were manually produced using an aggregation needle 

and paraffin oil and each microwell contained a single ZF embryo at the bottom of the 

dish. ZF: Zona Free. 
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Figure 2. Morphological differences in the ZF embryos cultured in each culture system. 

 

Enlarged image of the morphological differences during the various development stage 

in the ZF embryos cultured in each culture system. A: Microdroplet system. B: 

Commercial WOW system C: Customized WOW system. Scale bar: 50 μm. 
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Figure 3. Comparison of microwell sizes in the WOW and cWOW systems. 

 

The microwell size in each culture system was determined using color 3D laser 

microscopy. A: Commercial WOW system. B: Customized WOW system. Scale bar: 

750 μm. C: The diameter of each of the microwells in each culture system. D: Depth of 

the microwells in each culture system. The results are reported as the mean ± S. E. M., 

and the Student’s t-test was used for all statistical analyses. Asterisks indicate 

significant differences (**** p < 0.0001).  
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Table 1. Effect of different culture systems on the development of ZF mouse embryos 

 

 

Culture system No. of replication 
No. of embryos cultured 

(Started from 2-cell) 

No. of blastocyst 

developed  

(Mean ± SEM) 

Microdroplets 4 85 31 (36.5 ± 1.4a) 

WOW 4 70 41 (59.0 ± 2.5b) 

cWOW 4 88 61 (69.3 ± 0.79c) 

 

 

 

ZF embryos were cultured in the following systems (1) a flat microdroplet, (2) WOW, 

and (3) cWOW. 

Flat microdroplets: ZF embryos were cultured in a normal flat microdroplet. WOW: ZF 

embryos were cultured in the commercial WOW containing 25 microwells. Customized 

WOW: ZF embryos were cultured in a cWOW system containing 16 microwells. The 

data are expressed as the mean ± SEM, and one-way ANOVA was used to analyze the 

data. Different letters indicate statistical differences (a vs. b: p < 0.0001, a vs. c: p < 

0.0001, b vs. c: p < 0.05).  
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Discussion 

 

Establishing a more suitable culture system for ZF embryos is essential for 

improving quality and broadening their application in ART and embryology. Here, I 

developed and evaluated an in vitro culture system suitable for ZF embryos by applying 

the cWOW system with a smaller microwell size, which can be suitable for the culture 

of ZF embryos. 

In humans, in vitro culture of embryos is an important step in ART, however, only 

1.2% of research papers published in five representative journals in the field of human 

reproduction focused on in vitro culture conditions in 2019, giving the impression that 

the optimization process is nearing its limits [54]. In addition, in recent decades, ART 

has been developed in several mammalian species. It has been reported the beneficial 

effect of microwell culture on the development of bovine embryos by customized 

WOW [40, 55] and commercially available WOW (25 microwells) [56].  

In addition, a previous study has demonstrated that the rate of cleavage and 

blastocyst was higher in the WOW system than in the droplet culture system [57]. The 

size of microwells and the shape of the bottom of these WOW microwells provide a 

practical and straightforward solution to combine the advantages of communal and 

individual incubation and improve the overall embryonic quality in vitro culture.  

One of the most important roles of the ZP during early embryonic development is 

the maintenance of the 3D structure of blastomeres to keep in contact with each other. 

Without ZP, cleaved blastomeres often adopt 2D forms (Figure. 2) and retain this 
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structure until compacted in a flat bottom dish. This indicates that the weakening of 3D 

contacts between the blastomeres affects further development, differentiation, and 

embryonic developmental ability. A previous study revealed that WOW improves the 

development of bovine ZI and ZF embryos [40]. The possible reason for the beneficial 

effect of WOW for individual embryos is that the better 3D structure can provide the 

culture condition by the effective usage of the embryo-secreted factors, and prevent the 

movement of ZF embryos in the culture medium. Besides, the smaller microwell 

structure also keeps the attachment and 3D structure of blastomeres for ZF embryos 

followed by the improvement of development. Although commercial WOW has shown 

positive effects on mouse single blastomere culture in vitro [32] as well as the 

cytoplasmic fragmentation of ZF embryos in humans [53], the effectiveness of 

commercial WOW on the culture of the mouse embryos and its impact on their 

developmental competence has not yet been reported. In the present study, these results 

show that the blastocyst rate for ZF embryos in the flat microdroplet system was 

significantly low (Table 1).    

In contrast, the use of a commercially available WOW system improved the 

blastocyst rate in ZF embryos, However, the diameter of the commercially available 

WOW microwell is large and flat to support the development of ZF embryos in mice. 

Therefore, cWOW with a smaller microwell bottom area was shown to be the more 

efficient system for ZF culture compared with commercial WOW. In addition, this 

cWOW produced a significant increase in the blastocyst rate compared to commercial 

WOW which microwell size affects the subsequent development. In general, when 
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comparing the size of the ZF mouse embryos (approximately 100 μm) with the diameter 

of commercial WOW plates (approximately 280 μm), we can see that these microwells 

are likely to be too wide (Figure. 2, 3). In contrast, this cWOW microwell had a 

diameter of approximately 170 μm which may provide more suitable conditions for cell 

division and the maintenance of the 3D blastomere structures, allowing for improved 

development and differentiation. 

In the present study, cWOW was a handmade culture system, thus the uniformity 

of microwell size was not precise. Therefore, the production of cWOW by the 3D 

printer or by other methods to make a large number of cWOW will contribute to the 

improvement of embryos customized for the species-dependent culture system. In 

summary, in this thesis of Chapter II, I propose a WOW culture system in which these 

microwells are designed for the own needs of the mouse ZF embryos to improve their 

development in vitro.  

  



27 

 

Chapter III  

Effect of ZPR on the pre-implantation development and 

gene expression of mouse embryos 

 

Introduction  

 

As mentioned in Chapter II, zona pellucida (ZP) is the extracellular elastic coat 

that encapsulates mammalian ovarian oocytes, ovulated oocytes, and preimplantation 

embryos [41, 58]. When embryos start to cleave after fertilization, the contact among 

the blastomeres is very vulnerable. Thus, the role of the ZP is important to protect the 

embryos, maintain their integrity, and prevent the premature attachment of embryonic 

cells to the oviductal and endometrial cells before implantation [6]. 

In addition to the physiological role of the ZP for keeping the 3D structure of 

blastomeres, differentiation is also dynamically altered during the blastomere cleavage 

and differentiation. After fertilization, maternal mRNAs and proteins are gradually 

degraded, and the zygotic genome begins to be activated at the 2-cell stage, known as 

zygotic genome activation (ZGA) [52]. The 2-cell stage embryos have totipotency and 

exhibit cellular plasticity at the 4-cell stage [59]. Subsequently, the embryos undergo 

multiple cleavages to initiate compaction. After compaction, the first cell lineage 

segregation occurs at the time of blastocyst formation. Most of the outer cells form the 

trophectoderm (TE), whereas the inner cells become the inner-cell mass (ICM) in 
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blastocysts, which is referred to as the first cell fate decision [60-62]. When mouse 

embryos develop to d4.5, the cells located in the inner layer of the ICM become epiblast 

(EPI), and the cells located in the blastocoel become primitive endoderm (PE) [63, 64]. 

ICM develops into the entire fetus, whereas TE forms the fetal portion of the placenta 

[62, 64]. During embryonic development, all transcription factors act as a network that 

influences and interact with each other, which is essential for the specification of 

distinct cell types. It is well known that the key regulators, Oct4, Sox2, and Nanog are 

essential for the formation and maintenance of ICM during mouse embryonic 

development as well as pluripotent embryonic stem cells (ESCs) self-renewal [65-67]. 

Sox17 is an important marker of the PE and its derivatives, which are involved in 

developmental processes [68]. In addition, the regulatory region of Sox21 is the target 

of OCT4 binding, and its expression is regulated by SOX2. SOX21 is involved in ESCs 

differentiation and the inhibition of Cdx2 expression [69-71]. Moreover, Cdx2 is a well-

known transcription factor expressed specifically in TE, which represses the expression 

of the pluripotency regulator Oct4 and vice versa [72]. 

The ZP plays diverse roles in embryonic development, both in vivo and in vitro. 

During early embryonic development in mice, one of the key roles of ZP is to maintain 

the structure of blastomeres [36]. Without the ZP, the contact between blastomeres 

becomes loose, resulting in growth retardation, affecting compaction, and the potential 

loss of embryonic integrity [37]. In contrast, a previous study has shown that the 

excessive thickness and hardening of the ZP also impair the hatching ability of in vitro-

produced human embryos [15]. Nowadays, assisted zona hatching (AZH) is used in in 
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vitro production (IVP) procedures. A previous study demonstrated that ZPR before ET 

does not reduce the implantation rates of human embryos, which is thought to result 

from the successful contact and communication of the TE with the endometrium; thus 

it is effective for improving the implantation rate [17]. To date, ZPR procedures have 

been broadly used for nuclear transfer (hand-made cloning), production of identical 

twins or quadruplets by blastomere separation, gene transfer [36], or preparation of 

chimeric mice by blastomere aggregation [59]. Although preimplantation development 

of ZF embryos has been investigated, little is known about the role of the ZP in early 

embryonic development and gene expression. Thus, the aim of this Chapter III was to 

assess the effect of ZPR on the pre-implantation development and ICM- and TE-related 

gene expression of mouse embryos. 

 

Materials & Methods 

 

Animals  

 

ICR male and female mice (8 weeks, Sankyo, Tokyo, Japan) were prepared as 

described in Chapter II. 

 

Preparation of mouse embryos 

 

The mouse ZF embryos were prepared as described in Chapter III.  
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In vitro culture of ZF embryos 

 

Mouse ZF embryos were produced by acid Tyrode’s solution (Sigma-Aldrich) for 

1 min. After the treatment, ZF embryos were washed in the M2 medium and then 

cultured in a cWOW system as described in chapter II. Embryos were cultured at 5% 

CO2 and 37 °C. Well-developed embryos were used for the experiments of qPCR, 

TUNEL assay, and immunostaining. 

 

RNA extraction and quantitative PCR 

 

RNA extraction and qPCR were performed as previously described [36]. 

According to the manufacturer’s guidelines, five embryos were used for RNA 

collection and cDNA synthesis by applying the Super Prep Cell Lysis & RT Kit for 

qPCR (TOYOBO). qPCR was performed using the THUNDERBIRD SYBR qPCR 

Mix (TOYOBO, Osaka, Japan) to evaluate the expression of ICM- and TE-related 

genes and the primers used for qPCR in this study were listed in Supplementary Table 

1. The thermal cycling for the qPCR program was carried out (1 cycle of 95 °C for 30 

s; 45 cycles of 95 °C for 10 s, 55 °C for 15 s, and 72 °C for 30 s) with Light Cycler 

Nano (Roche Diagnostics, Basel, Switzerland). The mRNA levels of all genes were 

calculated using the ΔΔCt method [73], and Gapdh was considered as a reference gene 

[74]. All gene expression data were applied to all analyses and repeated at least three 
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times.  

 

Immunostaining 

 

Relatively well-developed blastocysts were fixed with 4% (v/v) paraformaldehyde 

(Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) in phosphate-buffered 

saline (PBS) for 60 min and then permeabilized using 0.2% (v/v) Triton X-100 in PBS 

(T-PBS) solution for 60 min at room temperature. Subsequently, embryos were washed 

three times for 10 min each in 0.2% PVA-PBS and then incubated with anti-CDX2 

antibody (1:400; ab76541, Abcam, UK) and anti-OCT4 antibody (1:100; Sc-5279, 

Santa Cruz Biotechnology, Texas, USA) diluted with blocking solution overnight at 

4 °C. After five times washing for 10 min each in 0.1% (v/v) Triton X-100 and 0.3% 

(w/v) bovine serum albumin (Sigma-Aldrich, St. Louis, USA) in PBS, the embryos 

were incubated with a secondary antibody with Alexa Fluor 568 donkey anti-rabbit IgG 

(1:400; Invitrogen, MA, USA) or Alexa Fluor 488 goat anti-mouse IgG antibody (1:400; 

Invitrogen, MA, USA) diluted in the blocking solution for 60 min at room temperature. 

Finally, blastocysts were mounted onto a glass slide using VECTASHIELD with DAPI 

(Vector Laboratories, Burlingame, CA, USA) for nuclear staining. Fluorescence was 

detected using a scanning confocal microscope (TCS SP5, Leica Microsystems, 

Mannheim, Germany). The obtained images were analyzed with ImageJ software [75]. 

 

Terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) assay 
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of blastocyst 

 

Early blastocysts were assessed for apoptosis by the TUNEL method with 

MEBSTAIN Apoptosis Kit Direct (MBL, Life science, Tokyo, Japan) according to the 

manufacturer’s instructions. After blastocysts were fixed with 4% (w/v) 

paraformaldehyde solution (FUJIFILM Wako Pure Chemical Corporation, Osaka, 

Japan) diluted in PBS for 60 min at room temperature, embryos were rinsed three times 

in 0.2% PVA-PBS for 10 min each. Then embryos were permeabilized by 60 min of 

incubation in 0.2% T-PBS dilution. Then blastocysts were then rinsed three times in 

0.2% PVA-PBS for 10 min each and the fragmented DNA ends of the cells were labeled 

with fluorescein-dUTP for 60 min at 37 °C. Early blastocysts were incubated in 1 

μg/mL of Hoechst 33342 solution (Sigma-Aldrich, Darmstadt, Germany) for nuclear 

staining. The fluorescence of the fragmented DNA ends was detected by a Leica 

confocal microscope (TCS SP5, Germany), and the apoptotic index was calculated for 

each blastocyst as follows: (number of TUNEL-positive cells/TCN) × 100. 

 

Statistical analysis 

 

All data are representative of at least three replicates and statistically significant 

differences were identified using one-way analysis of variance (ANOVA)-Tukey’s 

multiple range test implemented in GraphPad Prism 7 software (LA Jolla, CA, USA). 

Statistical significance was set at p < 0.05. 
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Results 

 

Effect of ZPR on the developmental status at the 8-cell stage 

 

During preimplantation development of mice, zygotes undergo cleavage three 

times to generate 8-cell stage embryos and start compaction. To explore the effects of 

ZPR on the timing of compaction, morphological changes were observed and the 

developmental status was estimated at the 8-cell stage. ZF embryos started compaction 

faster than ZI embryos (Figure. 4A). In addition, there were distinct differences in the 

morphology was observed in ZF embryos at the 8-cell which varied form from the 

compacted morula stage (Figure. 4A), and even some ZF embryos started cavitation 

(Figure. 4A-3, 4). The rate of compaction (E2.5-E2.75) was significantly faster in ZF 

embryos than in ZI embryos at the 8-cell stage (Figure. 4B). 

 

Effect of ZPR on the expression of ICM- and TE-specific genes in morula stage 

 

Since ZI and ZF embryos had different developmental speeds and morphologies 

at the 8-cell stage, I next investigated the effect of ZPR on the expression of 

differentiation-specific genes both in the morula and blastocyst stages.  

Expression levels of ICM-related genes (Nanog, Oct4, Sox2, Sox21) and TE-

related genes (Cdx2, Eomes, Tfap2c) are shown in Figure. 5 and Figure. 6, respectively. 



34 

 

The expression of Oct4 and Sox21 was significantly higher in ZF than in ZI embryos, 

whereas Nanog and Sox2 indicated high expression levels, but, a significant difference 

was not observed between ZI and ZF embryos. The gene expression of Cdx2, Eomes, 

and Tfap2c was significantly lower (p < 0.05) in ZF embryos than in ZI embryos. 

 

Effect of ZPR on the expression of ICM- and TE-specific genes in blastocysts 

 

ICM- (Nanog, Oct4, Sox2, Sox17, and Sox21) and TE (Cdx2, Eomes, and Tfap2c) 

related genes were detected at the blastocyst stage as shown in Figure. 7 and Figure. 8, 

respectively. The mRNA expression levels of Oct4, Nanog, Sox2, and Sox21 were 

significantly higher (p < 0.05) in ZF blastocysts than in ZI blastocysts. In contrast, the 

mRNA expression of Sox17, a PE marker, was significantly lower (p < 0.05) in ZF 

blastocysts. In addition, the expression of TE-related genes (Cdx2, Eomes, and Tfap2c) 

was significantly lower (p < 0.05) in ZF blastocysts than in ZI blastocysts.  

By comparing the expression pattern of morula and blastocyst stages, a similar 

pattern was observed in the expression of specific ICM and TE genes by ZPR. To 

investigate whether the ZPR treatment of acid Tyrode’s solution disturbs the expression 

of ICM/TE differentiation-related genes, ZPR was performed with proteinase K (pH 7) 

solution followed by culture in the cWOW system until development to the blastocyst 

stage. The mRNA expression levels of ICM/TE marker genes (Oct4/Cdx2) were 

examined by qPCR (Figure. 9). Oct4 mRNA expression level was significantly higher 

(p < 0.05) in ZF blastocysts than in ZI blastocysts. The Cdx2 mRNA expression level 
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was significantly lower (p < 0.05) in ZF embryos than in ZI embryos. Gene expression 

patterns of Oct4 and Cdx2 were similar in blastocysts obtained both by acid Tyrode’s 

solution (pH 2.5) and proteinase K (pH 7) treatment. These results suggest that the 

change of gene expression in ZF embryos was caused by ZPR itself, rather than by a 

different treatment. 

To examine the expression of marker proteins (OCT4 and CDX2) and cell 

numbers in the ICM and TE of blastocysts, immunostaining of OCT4 (Figure. 10), and 

CDX2 (Figure. 11) was performed. The fluorescent signal of OCT4 was clearly 

detected in ICM, and its intensity was significantly higher (p < 0.05) in ZF than in ZI 

embryos (Figure. 10C), whereas the cell number of ICM was not significantly different 

(Figure. 10B) between ZI and ZF embryos. However, the fluorescent signal of CDX2 

was significantly lower (p < 0.01) in the TE of ZF blastocysts (Figure. 11C), and the 

TE cell number was lower in ZI blastocysts than in ZI blastocysts (p < 0.0001) (Figure. 

11B). 

 

Effect of ZPR on apoptosis and total cell number in the blastocyst stage embryos 

 

Compared with ZI embryos, the total cell number (TCN) in early blastocysts was 

significantly lower (p < 0.0001) (Figure. 12B). Next, to investigate the effect of ZPR 

on apoptotic status, TUNEL assays were performed in the early blastocyst stage (Figure. 

12A). In ZF embryos, the number of apoptotic cells was significantly increased (p < 

0.05), as was the apoptotic index (p < 0.01) (Figure. 12C, D). 
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Figure 4. Representative microphotographs of embryos cultured with or without zona 

pellucida in the mouse 8-cell to morula stage. 

A: Morphological change between ZI and ZF in mouse 8-cell to morula stage 

(approximately 62-66 h after fertilization). B: The ratio of the developmental stage at 

the 8-cell to the morula stage was statistically analyzed (ZI, n = 60; ZF, n = 68). n = the 

total number of embryos. Scale bar at the top of Figure A = 150 μm; Scale bar at the 

bottom of 1, 2, 3, and 4 = 75 μm. The data are expressed as mean ± standard error of 

the mean (SEM), and Student’s t-test was used to analyze at least three replicated 

experiments. Value with asterisks indicates a significant difference, ** p < 0.01. 



37 

 

 

 

Figure 5. Effect of ZPR on the expression levels of ICM-specific genes in the morula 

stage. 

 

Expression levels of Nanog, Oct4, Sox2, and Sox 21 in the morula stage embryos were 

analyzed by qPCR. Data are expressed as mean ± standard error of the mean (SEM), 

and Student’s t-test was used to analyze at least three replicated experiments. Value 

with asterisks indicates significant differences. ** p < 0.01, *** p < 0.001. 
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Figure 6. Effect of ZPR on the expression levels of TE -related genes in the morula 

stage. 

 

Expression levels of Cdx2, Eomes, and Tfap2c in the morula stage embryos were 

analyzed by qPCR. Data are expressed as mean ± standard error of the mean (SEM), 

and Student’s t-test was used to analyze at least three replicated experiments. Value 

with asterisks indicates significant differences. * p < 0.05, ** p < 0.01. 
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Figure 7. Effect of ZPR on the expression levels of ICM-specific genes in the blastocyst 

stage. 

 

Expression levels of Nanog, Oct4, Sox2, Sox17, and Sox 21 in the blastocyst were 

analyzed by qPCR. Data are expressed as mean ± standard error of the mean (SEM), 

and Student’s t-test was used to analyze at least three replicated experiments. Value 

with asterisks indicates significant differences. * p < 0.05, ** p < 0.01. 
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Figure 8. Effect of ZPR on the expression levels of TE -related genes in the blastocyst 

stage. 

 

Expression levels of Cdx2, Eomes, and Tfap2c in the blastocyst stage embryos were 

analyzed by qPCR. Data are expressed as mean ± standard error of the mean (SEM), 

and Student’s t-test was used to analyze at least three replicated experiments. Value 

with asterisks indicates significant differences. * p < 0.05, ** p < 0.01. 
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Figure 9. Effect of different methods for ZPR on the expression levels of ICM/TE -

specific genes (Oct4/Cdx2) in the blastocyst stage. 

 

Expression levels of ICM/TE-specific genes (Oct4/Cdx2) in the mouse blastocyst stage 

were analyzed by qPCR. Results are shown as mean ± standard error of the mean (SEM), 

and Student’s t-test was used to analyze at least three replicated experiments. Values 

with asterisks vary significantly, * p < 0.05. 
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Figure 10. Effect of ZPR on the expression of OCT4 protein in the blastocyst stage. 

 

A: Representative confocal images of ICM marker proteins (OCT4) in ZI and ZF 

blastocysts are shown (ZI, n = 19; ZF, n = 29). Green fluorescence: OCT4. Blue 

fluorescence: DAPI. Scale bar = 25 μm. (B, C) Immunofluorescence of OCT4 proteins 

in ZI and ZF blastocysts. B: The average number of positive-ICM cells. C: Relative 

fluorescence intensity of OCT4. Results are presented as mean ± standard error of the 

mean (SEM), and Student’s t-test was used to analyze at least three replicated 

experiments. Value with asterisks indicates significant differences. * p < 0.05. 
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Figure 11. Effect of ZPR on the expression of CDX2 protein in the blastocyst stage. 

 

A: Representative confocal images of TE marker proteins (CDX2) in ZI and ZF 

blastocysts are shown (ZI, n = 20; ZF, n = 25). Red fluorescence: CDX2. Blue 

fluorescence: DAPI. Scale bar = 25 μm. (B, C) Immunofluorescence of CDX2 proteins 

in ZI and ZF blastocysts. B: The average number of positive-TE cells. C: Relative 

fluorescence intensity of the CDX2. Results are presented as mean ± standard error of 

the mean (SEM), and Student’s t-test was used to analyze at least three replicated 

experiments. Value with asterisks indicates significant differences. ** p < 0.01, *** p 

< 0.001.
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Figure 12. Effect of ZPR on the TCN and apoptosis status at the blastocyst stage. 

 

A: Apoptotic blastomeres in blastocysts were detected by TUNEL (green) assays (ZI: 

n = 20; ZF: n = 19). Nuclei were stained with Hoechst (blue) to visualize all blastomeres. 

Scale bar = 25 μm. B: Total cell number. C: Apoptotic cell was determined in both ZI 

and ZF blastocysts. D: Apoptosis index. Data are presented as mean ± standard error of 

the mean (SEM), and Student’s t-test was used to analyze at least three replicated 

experiments. Value with asterisks indicates significant differences. * p < 0.05, ** 

p < 0.01, **** p < 0.0001. 



45 

 

Discussion 

 

It is well-known that the ZP plays a crucial role in the early development of 

mammalian embryos both in vivo and in vitro [76]. In human IVP procedures, ZPR has 

been used to improve the pregnancy rate with poor-quality embryos, producing 

identical twins or quadruplets. However, the effects of ZPR on embryonic development, 

gene expression, and post-implantation development remain unclear. Thus, in this study, 

ZPR was performed from the early 2-cell stage and its influence on the differentiation 

of ICM and TE in pre-implantation embryos was evaluated. Results of the present study 

show that ZPR at the 2-cell stage affects embryonic development by altering the 

expressions of differentiation-specific genes.  

In this study, the 2-cell embryos were selected for treatment with acid Tyrode’s 

solution to produce ZF embryos and cultured in the cWOW system in vitro until the 

blastocyst stage. The results show that ZPR disturbed the differentiation of ICM and 

TE during pre-implantation development. Previous studies have shown that ZPR from 

the zygote reduced the rate of blastocyst formation and viability in mice [35, 77]. In the 

present study, my findings are consistent with previous studies. Recent evidence has 

shown that cell fates are relatively flexible before the 8-cell stage, depending on the 

regulatory nature of mammalian embryonic development [7]. To date, zygotes and 2-

cell blastomeres are known to have totipotency; however, some reports indicate that the 

ability of sister blastomeres in the 2-cell embryos generate epiblast and develop into a 

mouse was all unequal, and the asymmetric developmental state occurs when 2-cell 
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blastomeres are separated [78-80]. These data indicate that there is inequality in the 

potency of the 2-cell blastomere. Thus, in this study, the effects of ZPR on pre-

implantation were evaluated. 

I found that ZPR increased the speed of compaction compared with ZI embryos. 

In particular, a few of the compacted ZF embryos started to occur the cavitation early. 

Furthermore, the ICM-related genes (such as Oct4 and Sox21) examined were 

upregulated at the morula stage, whereas TE-related genes were downregulated both in 

ZF-morula and blastocyst, such as Cdx2, Eomes, and Tfap2c. After E3.5, the ICM is 

specified in the PE and EPI lineages [7]. The EPI is exclusively characterized by Nanog 

and Sox2 expression [67, 81, 82]. In addition, a previous study has shown that Sox2 

mRNA levels fluctuate more widely than Oct4 during pre-implantation development 

[83]. Similarly, in this study, I also didn’t find a significant expression of Nanog and 

Sox2 in the ZF-morula embryos compared with ZI-morula embryos. Therefore, the 

effect of ZPR on the heterogeneity that leads to the ICM/TE cell fate decision should 

be investigated in further study. 

For the faster compaction, one possible reason is that the cWOW system with the 

smaller microwells allows each blastomere to evolve toward easier intercellular binding 

and enhance cell-to-cell communication, thereby accelerating faster compaction. 

Another possible reason is the regulation of E-cadherin, which is a highly conserved 

calcium-dependent transmembrane adhesion molecule that plays a role in compaction, 

polarization, blastocyst cavity formation, and cell-fate specification [84-86]. The 

expression pattern of E-cadherin was not analyzed in this study. The effect of ZPR on 
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blastomere aggregation and E-cadherin expression should be investigated in further 

study. Overall, these results suggest that ZPR disrupts ICM and TE differentiation-

related gene and protein expression. In contrast to my results, it was reported that ZPR 

at the zygote did not affect pluripotency-related genes (Oct4 and Sox2) in bovine 

embryos [37]. The expression pattern of Sox2 and Nanog in domestic cats is also 

opposite to the results of present my study and the report of Velásquez et. al (2013) [87].  

There are several possible reasons for this inconsistency. (1) There are some 

differences between species. (2) There are differences in the term of development to the 

blastocyst stage i.e., 3.5-4.5 days (mouse), 7-8 days (bovine), and 8 days (domestic 

cats). Although the term of development of domestic cats and bovines are the same (d8), 

the expression of differentiation-related genes differs by species (3) the stage at which 

ZPR is performed may also affect ZF embryonic development. (4) Although ZF 

embryos have been successfully developed in in vitro culture systems including the 

commercial WOW system [34], cWOW system [36], glass oviducts (GO system) [39], 

and empty zona pellucida (EZP) [38], various culture systems may affect the 

arrangement and communication between blastomeres. 

Next, I focused on ICM/TE differentiation at the early blastocyst stage by 

immunodetection of ICM and TE-specific proteins (OCT4 and CDX2). Compared with 

ZI embryos, immunolocalization of OCT4 embryos showed a clear fluorescence signal 

in ZF embryos, whereas CDX2 was weak in ZF embryos. This protein expression 

pattern is consistent with the expression patterns of both Oct4 and Cdx2 genes detected 

in blastocysts. In contrast, there was no significant difference in the number of ICM 
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cells between ZI and ZF embryos, whereas the number of TE cells showed a significant 

decrease in ZF blastocysts. Moreover, ZF embryos showed a significant increase in 

apoptotic cells and the apoptotic index compared with ZI embryos. 

In summary, in Chapter III, I proved that ZPR affects the development and gene 

expression of pre-implantation embryos. Compaction occurred earlier due to the 

absence of ZP at the 2-cell stage. In addition, the expression of differentiation-related 

genes in the ICM/TE was significantly different in ZF embryos compared with ZI 

embryos. Specifically, at the blastocyst stage, compared with ZI embryos, due to the 

loss of ZP, the expression of ICM-related genes and proteins (except Sox17) was 

significantly increased, whereas the expression of TE-related genes and proteins was 

significantly decreased. Overall, in this chapter, these results suggest that ZPR disrupts 

the ICM/TE differentiation during the pre-implantation development. 
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Chapter IV 

Effect of ZPR on the post-implantation development 

 

Introduction 

 

As mentioned in Chapter III, the zona pellucida (ZP) is a specialized extracellular 

elastic coat that surrounds the ovarian oocytes, the ovulated oocytes, and the 

preimplantation embryos [41, 58]. The ZP plays a role in fertilization, selection of 

morphologically normal sperm [11], induction of the acrosome reaction, and prevention 

of polyspermy [4] as well as influencing preimplantation development [88] and 

implantation [89]. 

In mammals, after fertilization, the zygotes undergo a series of changes, including 

zygote genome activation (ZGA) and lineage specification, all of which are essential 

for the generation of the blastocyst. The blastocyst consists of ICM and TE, the ICM 

forms the EPI and the PE [7, 8]. In the blastocyst, the TE is subdivided into a polar TE 

covering the epiblast at the embryonic pole to form the EPC and a mural TE covering 

the blastocyst cavity forms the giant cells in the future [9, 10]. When all three cell 

lineages are separated during the pre-implantation, the blastocyst enters the uterus and 

starts hatching from the ZP. The hatched blastocyst attaches and invades the maternal 

uterine endometrium and starts implantation.  

The process of implantation includes three phases: apposition, attachment, and 
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penetration. During implantation embryonic development, the polar TE proliferates and 

differentiates into the ExE and the EPC, which will contribute to the part of the placental 

tissues [90]. On the other hand, a mural TE differentiates into primary trophoblast giant 

cell (TGC), which are necessary for embryonic implantation [91, 92]. 

 After implantation, this cell lineage structure is modeled again, and the blastocyst 

undergoes a morphological transformation in which the original vesicle reorganizes into 

an elongated structure at E6.5. This elongated structure consists of (1) the EPC, (2) the 

EPI, (3) the ExE, (4) the endoderm (VE) that surrounds the EPI and ExE, and (5) the 

parietal yolk sac and TGC layer, which together surrounds the entire conceptus [8, 12-

14]. After implantation, all transcription factors act as a network that influences the 

growth and development of fetal and placental tissues by interacting with each other, 

which is essential for the specification of distinct cell types. Self-renewing trophoblast 

stem cells (TSCs) are maintained in ExE that provide progenitors for EPC. ExE depends 

on the expression of Elf5, which is in a positive feedback loop with Cdx2 and Eomes. 

TSCs can be obtained from polar TE or ExE up to E8.5 in vitro culture [90, 93]. The 

stem cell pool in ExE contributes to EPC, which subsequently produces 

spongiotrophoblasts and secondary TGCs [94, 95]. VE is a particularly important 

source of signals for embryonic pattern formation [13]. The precursor cells of the 

anterior VE (AVE) appear at the distal tip of the embryo (called distal VE) and then 

migrate to the anterior side of the embryo. By the end of gastrulation, three major germ 

layers have formed, and all fetal tissues will develop from the ectoderm (outer layer), 

mesoderm (middle layer), and definitive endoderm (inner layer). 
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The ZPR procedure is currently used more often in human ET, which is performed 

at the blastocyst stage, as an assisted technology (AT) to the abnormal or thickened ZP 

that affects the implantation. Other research on ZP thickness, as an important factor 

influencing the implantation and pregnancy rates, has been conducted in humans [89, 

96, 97]. However, the effects of ZPR at the early stage are unclear. Based on the results 

in Chapter III, after ZPR at the 2-cell stage, there was a significant reduction in the TCN 

and a significant effect of ICM/TE differentiation at the blastocyst stage during early 

embryonic development, and now, it is unclear whether ZPR will continue to have 

subsequent effects on post-implantation development in mice, so I mainly performed 

ET experiments to explore the effects of ZPR during post-implantation development. 

 

Materials & Methods 

 

Animals  

 

ICR male and female mice (8 weeks, Sankyo, Tokyo, Japan) were used as 

described in Chapter II. 

 

Preparation of mouse embryos 

 

The preparation of mouse embryos was prepared as described in Chapter III. 
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In vitro culture of ZF embryos 

 

The mouse ZF embryos were performed as described in Chapter III. The relatively 

well-developed embryos were used for the ET experiments. 

 

Embryo transfer 

 

The relatively well-developed blastocysts were selected for ET. ET experiment 

was performed as described previously [98, 99] with slight modifications. Briefly, 

female mice were mated with vasectomized males, and females with vaginal plugs were 

selected as recipient mice. ZI and ZF blastocysts on day 3.5 were transferred to each 

uterine horn (left/right) of recipient female ICR mice at 2.5 days of pseudo-pregnancy. 

Ten blastocysts (equally distributed to the left/right uterine horns) were transferred to 

pseudo-pregnant mice in a single transfer. After ET was completed, the female mice 

were raised in a separate clean cage to avoid any negative conditions that might lead to 

the abortion of the fetuses. On 17.5 days after implantation, the female mice were 

sacrificed by cervical dislocation, the abdominal cavity was opened, and carefully 

collecting the fetuses and placenta from the left and right uterus of the female mice. 

Statistical analysis was performed on the implantation site, live fetus numbers, fetal 

weight, and placental weight. 

 

RNA sequencing and bioinformatic analysis 
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After ET, samples were taken from the placenta of E17.5, and total RNA was 

extracted using ISOGEN II (Nippon Gene, Tokyo, Japan) and sent to Genome-Lead 

Co., Ltd (Kagawa, Japan) for RNA sequencing analysis. Before mapping, the clean 

reads were mapped to the mouse reference genome. Differentially expressed genes 

(DEGs) were analyzed based on gene counts using the processing tool DESeq2 [100] 

and visualized using R package ggplot2; transcripts with p-value < 0.05, log2 |fold 

change| > 1 were considered to be differentially expressed between samples. Gene 

ontology (GO) enrichment analysis of DEGs was performed using the topGO software 

[101]. 

 

Statistical analysis 

 

All data are representative of at least three replicates and statistically significant 

differences were identified using one-way analysis of variance (ANOVA)-Tukey’s 

multiple range test implemented in GraphPad Prism 7 software (LA Jolla, CA, USA). 

Statistical significance was set at p < 0.05. 

 

Results 

 

Effect of ZPR on the developmental ability of mice after embryo transfer 
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To determine the viability of ZF embryos, early blastocysts were transferred into 

the uterus of D2.5 pseudo-pregnant female mice. Representative morphological 

photographs of fetuses at E17.5 are shown in Figure. 13A. The rate of live fetuses was 

significantly lower in ZF embryos than that in ZI embryos. In particular, the live fetuses 

at E17.5 in the ZI group were also significantly higher than those in the ZF embryos (p 

< 0.05) (Figure. 13B and Table 2). The implantation rate in the ZI embryos was 

significantly larger than that in the ZF embryos (p < 0.05) (Figure. 13C and Table 2). 

However, the fetal weights in ZF embryos were not significantly different from that in 

ZI embryos (Figure. 13D and Table 2).  

 

Effect of ZPR on the placental development of mice after embryo transfer 

 

Figure. 14A shows representative morphological photos of live fetuses and 

placentas at E17.5. The placental weight at E17.5 of ZF embryos was significantly 

higher than that of ZI embryos (p < 0.05) (Figure. 14B and Table 2).  

To further determine the molecular mechanisms affected by the increase in 

placental weight, I performed RNA-seq on the placentas between the ZI and ZF groups. 

Based on the RNA-seq data, compared to ZI groups, the results show a total of 473 

DEGs, including 279 up-regulated and 194 down-regulated (Figure. 15). In addition, 

GO enrichment analysis revealed that the DEGs influenced cellular components, 

biological processes, and molecular functions, especially biological processes, such as 

embryonic organ development, mesenchyme development, blood vessel development, 



55 

 

regulation of cell communication, embryonic morphogenesis, and positive regulation 

of cell migration, etc. (Figure. 16). Therefore, these results suggest that ZPR affects 

placental development by regulating the expression of genes related to embryonic 

biological processes, and thus, placental weight. 
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Figure 13. Post-implantation development of ZF embryos. 

 

A: Representative images of live fetuses following the transfer of E3.5 blastocyst (Zona 

Intact and Zona Free) into the uterus of the recipient of D2.5 pseudo-pregnant female 

mice. B: The live fetal rate at E17.5; n: number of fetuses. C: The implantation rate at 

E17.5. The number of transferred blastocysts was 10 for each recipient. n: number of 

implantation sites. D: Fetal weight; n: number of fetuses. Results are presented as 

mean ± standard error of the mean (SEM), and Student’s t-test was used to analyze four 

replicate experiments. Value with asterisks indicates significant differences, * p < 0.05. 

 



57 

 

 

 

 

Figure 14. Effect of ZPR on placental weight after ET. 

 

A: Representative pictures of live fetus and placenta (Zona Intact and Zona Free). B: 

Placental weight; n: number of placentas. Data are shown as mean ± standard error of 

the mean (SEM), and Student’s t-test was used to analyze four replicate experiments. 

Value with asterisks indicates significant differences, * p < 0.05.
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Table 2. Developmental ability after ZPR on post-implantation in each experiment 

 

 

 

The rate of implantation and fetus following the transfer of E3.5 blastocyst (Zona Intact and Zona Free) into the uterus of a recipient of D2.5 

pseudo-pregnant female mice. Four replicate experiments were listed in detail.  

Group 
Recipient ID No. in 

each experiment 

No. of 

blastocyst 

transferred 

No. of 

implantation sites 

No. of retrieved 

fetuses 

 

Average fetal 

weights  

(g) 

 

 

Average placental 

weights  

(g) 

Zona Intact 

  

ID1 

ID2 

ID3 

ID4  

10 

10 

10 

10  

7 

10 

9 

9 

5 

9 

6 

3  

2.226 

2.109 

1.900 

2.114 

0.115 

None 

0.096 

0.075 

Zona Free 

ID5 

ID6 

ID7 

ID8 

10 

10 

10 

10 

6                

7 

6 

6 

2 

4 

1 

2 

2.282 

2.180 

2.008 

2.049 

0.127 

0.167 

0.137 

0.117 
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Figure 15. Effect of ZPR on differentially expressed genes in the placenta. 

 

RNA extraction was performed from the placenta at E17.5 and subjected to RNA-seq 

analysis. Fold change was calculated from the averaged values in each group (n = 3). 

Volcano plot of upregulated (red) and downregulated (blue) DEGs, respectively. 



60 

 

 

 

Figure 16. GO enrichment analysis on the placenta. 

 

RNA extraction was performed from the placenta at E17.5 and subjected to RNA-seq 

analysis. Left: Analysis of the GO bubble diagram by total DEGs. The three colors 

represent different GO categories, including cellular components, biological processes, 

and molecular functions. Right: Significant enrichment analysis of GO biological 

processes (BP) by DEGs. 
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Discussion 

 

It is well-known that increasing the implantation rate is one of the main goals of 

ART. Excess embryos generated using ART can be cryopreserved for subsequent use 

[102]. In humans, failure to hatch due to ZP may be a major factor limiting the 

efficiency of assisted reproduction, and the effects of ZP hardening on embryo hatching 

may be one of the consequences of the embryo freezing and thawing process [103]. 

Therefore, manual thinning of the ZP, drilling, or ZPR may improve the implantation 

rate. 

When all three embryonic cell lineages are separated, the blastocyst enters the 

uterus and hatches from the ZP. The hatched blastocyst starts to invade the maternal 

endometrial tissue and implantation. From the blastocyst implantation and the placenta 

formation and then to delivery, a rather complex process occurs within the maternal 

tissue, this has historically been difficult to study [8].  

Although ZF embryos can form many seemingly normal blastocysts at the early 

stages of in vitro culture, it is not known whether these embryos affect the embryo 

implantation process and whether they could provide a more theoretical basis for future 

applications in in vitro production, such as cloned embryos, and the making of chimeric 

mice. In this thesis, considering the reduced number of TE-positive cells and the 

expression of TE-related genes and proteins, the development and differentiation of TE 

appear to have a greater impact on ZF blastocysts (Chapter III).  

Next, I performed ET experiments, and the results show that the rate of survival 
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of fetuses at E17.5 and implantation on ZF embryos was lower than that of ZI embryos. 

This is consistent with the previous findings [77]. Overall, my results showed that the 

implantation rate and the number of live fetuses were lower in the ZF embryos than in 

ZI embryos. These results imply that ZPR at the early cleave stage prevents the 

implantation of conceptuses, thus decreasing the rate of fetuses (Figure. 13 and Table 

2). Although the fetal weights in ZF embryos was not different from that of ZI embryos, 

placental weight was significantly increased in ZF embryos. It is well-known that the 

smaller litter size promotes both fetal and placental growth and development by 

supplying a consistent stream of nutrients and oxygen [104]. Therefore, we could not 

exclude the possibility of a decrease in litter size thus causing the higher placental 

weight of conceptuses derived from ZF embryos. 

The placenta is an important extraembryonic organ that supplies the nutrition to 

support fetal development and growth in mammals [105]. To investigate the increasing 

placental weight in ZF embryos, subsequently, I performed RNA-seq to explore the 

comparative study of placental tissue after the transfer of ZI and ZF embryos. The 

RNA-seq analysis suggested that the DEGs influenced cellular components, biological 

processes, and molecular functions, especially biological processes. A total of 473 

genes were significantly altered in the ZF placenta, including 279 upregulated and 194 

downregulated DEGs. Therefore, the 279 upregulated DEGs may be one of the 

possibilities for increased placental weight in ZF embryos, thereby altering the 

placental development during the post-implantation process. 

In summary, in Chapter IV, I demonstrated that after ET, the implantation rate and 
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the number of live fetuses were lower in ZF embryos than in ZI embryos, whereas the 

fetal weight at E17.5 was not different. However, placental weight was significantly 

increased in ZF embryos. RNA-seq analysis of the placenta showed a total of 473 DEGs 

that significantly influenced the biological process. It is necessary for the further study 

of the morphological and epigenetic analysis of the placenta and fetuses. 
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Chapter V 

Effect of ZPR on the blastomere allocation at the early stage 

and subsequent development and gene expression 

 

Introduction 

 

As mentioned in Chapter II, ZP plays a key role in the fertilization and early 

embryonic development in vivo, as demonstrated by the difficulty of obtaining a 

newborn embryo in the ZF embryos when transferred into the recipient oviduct [106, 

107]. The reason for this is that if embryos are deprived of protection, which may lead 

to adhesion of the ZF embryos to the oviductal wall [107] or to other cells [108]. In 

addition, without ZP may increase leukocyte infiltration [107] and infection by bacterial 

[109] in the reproductive tract. 

A currently unresolved and critical study during mammalian development is when 

cells begin to differ from each other and whether these initial differences play any role 

in cell fate specification. In many experimental models, the initiation of cell-fate 

specification arises from heterogeneity between each blastomere, and the first cell-fate 

specification in the mammalian embryo leads to the separation of embryonic and extra-

embryonic lineages. The embryonic lineage is pluripotent and will give rise to the fetus, 

whereas the extra-embryonic lineage will differentiate into the supporting structures, 

placenta, and yolk sac, which are essential for embryo implantation and fetal 
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development [110, 111]. How and when these lineages begin to segregate in 

morphologically homogeneous cells is difficult to address. From reports of the previous 

studies, it appeared that the embryo had the regulatory ability to compensate for changes 

in cellular arrangement, and thus cells of early mouse embryos were thought to be 

identical in their ability to produce embryonic or extra-embryonic lineages [112, 113]. 

However, recent research has suggested that the blastomeres at the 4-cell stage become 

heterogeneous, exhibiting differences in developmental fate and potential [59, 114, 115] 

and the activity of specific cell-fate regulators [116-118]. 

The ZP is also known to affect the entire development of mice. During early 

embryonic development and differentiation, epigenetic modifications are also 

important for embryonic genome activation, and gene expression is also highly 

dependent on the epigenetics of the genome [119]. The most described mammalian 

epigenetic modification is DNA methylation, and the most prominent form of its 

alteration is symmetric methylation of cytosines at the 5' position of CpG dinucleotides. 

DNA methylation can be considered to have dual biological significances which were 

namely gene regulation and structural fidelity [120, 121]. DNA methylation was firmly 

established as playing a key role in transcriptional repression, and allele-specific 

expression in many imprinted motifs had been determined by differential DNA 

methylation of parental alleles (i.e., differentially methylated regions, DMR) [122]. 

DNA methylation has other functions in X chromosome inactivation [123], genomic 

imprinting, retroviral sequence inactivation [119, 124], tumor formation [125], and 

aging processes [126]. In mice, DNA methylation undergoes extensive reprogramming 
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during the life cycle, including two erasures and two reconstructions [127]. In females, 

the oocyte genome remains hypomethylated until the primordial follicle is activated 

[128, 129]. Next, during oocyte development, specific de novo methylation occurs and 

genetic imprinting is re-established [130].  

In mice, de novo DNA methylation is catalyzed by DNA methyltransferase 3a 

(Dnmt3a) and 3b (Dnmt3b), and maintained by DNA methyltransferase 1 (Dnmt1) [131, 

132]. The deletion of Dnmt1 in mice leads to global demethylation and embryonic death 

[131]. In addition, a recent study has revealed that Uhrf1 (ubiquitin-like, containing 

PHD and RING finger domains 1) is a maternal effector gene that plays a crucial role 

in de novo DNA methylation of oocytes and the maintenance of methylation in 

preimplantation embryos [133]. A previous study has found that UHRF1 is able to bind 

methylated CpG dinucleotide sequences while recruiting DNMT1 to maintain its 

methylation state during semi-replicative DNA replication [134]. Subsequently, 

UHRF1 can also bind to Dnmt3a and Dnmt3b, which are responsible for de novo 

methylation [135]. However, this pattern differs in different species [136]. Dynamic 

changes in DNA methylation are important because they have a crucial impact on the 

interactions between DNA and gene regulatory proteins.  

Preimplantation embryonic development is regulated by epigenetic modifications 

such as DNA methylation, histone modifications, and chromatin reorganization 

associated with specific gene activation [137, 138]. These changes occur in the 

fertilized embryo necessary for the establishment of the blastocyst lineage: the ICM 

which will form the fetus in the future, and the TE, which will develop into other extra-



67 

 

embryonic tissues of the placenta [139]. Previous studies have shown that differences 

in epigenetic modifications between early blastomeres are associated with their fate. 

Thus, cells with increased histone H3 arginine 26 methylation (H3R26me2), thought to 

be an activation marker, exhibit higher expression of a subset of pluripotency genes, 

including Nanog and Sox2 destined to contribute to embryonic rather than extra-

embryonic tissues [118, 140, 141]. Recent studies have shown that the differential 

levels of histone H3R26me2 are mediated by the heterogeneous activity of histone 

coactivator-associated arginine methyltransferase 1 (CARM1) in mouse blastomeres at 

4-cell stage embryos [118, 142, 143]. CARM1 regulates various cellular functions, 

including mRNA modification, processing, transcription, and translation [144-146]. 

CARM1 is associated with pluripotency in embryonic stem (ES) cells and transactivates 

transcription factors associated with stem cells, including Oct4 and Sox2, Nanog [147-

149]. When Carm1 is overexpressed, it contributes to high levels of H3R26me2 

expression and directs its potency to the ICM [150]. Conversely, when Carm1 is 

depleted, ES cells will differentiate into specific lineages [147]. The development from 

morula to blastocyst is associated with cell differentiation and cell fate decisions. In 

conclusion, CARM1 is important in regulating the developmental capacity of the 

blastomeres. However, it is not known whether CARM1 also plays a similar role in ZF 

embryos, thus ultimately altering the decisions of cell fate. 

Previous studies have shown that the process of embryonic development may vary 

depending on the direction and sequence of cell division at the 4-cell stage [151, 152]. 

Also, previous studies have shown that the development of ZF embryos into blastocysts 
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and fetuses can differ in morphology depending on the 4-cell stage in mice [35]. Based 

on my results in Chapter III and Chapter IV, it has been shown that ZP embryos can 

develop to the blastocyst stage exclusively under in vitro culture and that the live fetuses 

can be obtained from ZF embryos after ET. This implies that the ZP is not necessary 

for pre- and post-implantation development. However, the rate of ZF embryos 

developing into live fetuses is significantly lower than ZI embryos. To date, the reasons 

for the low rates of pre- and post-implantation development remain unclear. Therefore, 

to explore whether ZPR has an impact on the morphological differences at the 4-cell 

stage and subsequent development of ZF embryos, and epigenetic modification patterns, 

thus the related experiments will be performed in terms of morphology and 

heterogeneity of the 4-cell stage as well as DNA methylation-related gene exploration 

in this chapter.  

 

Materials & Methods 

 

Animals  

 

ICR male and female mice (8 weeks, Sankyo, Tokyo, Japan) were prepared as 

described in Chapter II. 

 

Preparation of mouse embryos 
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The preparation of mouse embryos was performed as described in Chapter III. 

 

In vitro culture of ZF embryos 

 

The mouse ZF embryos were prepared as described in Chapter III. 

 

RNA extraction and quantitative PCR 

qPCR was performed as described in Chapter III. 

 

Immunostaining 

 

The embryos of different morphology at the 4-cell stage [153] were fixed with 4% 

paraformaldehyde (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) in PBS 

for 60 min and then permeabilized using 0.2% (v/v) T-PBS dilution for 60 min at room 

temperature. Subsequently, embryos were washed three times for 10 min each in 0.2% 

PVA-PBS and then incubated with anti-CARM1 antibody (1:100; Mouse mAb #12495, 

Cell Signaling) overnight at 4 °C. After washing five times for 10 min each in 0.1% 

(v/v) Triton X-100 and 0.3% (w/v) bovine serum albumin (Sigma-Aldrich, St. Louis, 

USA) in PBS, the embryos were incubated in secondary antibody with Alexa Fluor 488 

goat anti-mouse IgG antibody (1:400; Invitrogen, USA) diluted in the blocking solution 

for 60 min at room temperature. Finally, blastocysts were then washed three times in 

PVA-PBS before being incubated in 1μg/mL Hoechst 33342 solution (Sigma-Aldrich, 
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Darmstadt, Germany) for nuclei staining. Fluorescence was detected using a scanning 

confocal microscope (TCS SP5, Leica Microsystems, Germany). The obtained images 

were analyzed with ImageJ software [75]. 

 

Nuclei staining 

 

Blastocysts were fixed with 4% paraformaldehyde (Fujifilm Wako Pure Chemical 

Corporation, Osaka, Japan) in phosphate-buffered saline (PBS) for 30 min and then 

permeabilized using 0.2% (v/v) T-PBS dilution for 60 min at room temperature. 

Subsequently, blastocysts were then washed three times in PVA-PBS before being 

incubated in 1μg/mL Hoechst 33342 solution (Sigma-Aldrich, Darmstadt, Germany) 

for nuclei staining. Fluorescence DNA was detected using a scanning confocal 

microscope (TCS SP5, Leica Microsystems, Germany). 

 

Statistical analysis 

 

All data are representative of at least three replicates and statistically significant 

differences were identified using one-way analysis of variance (ANOVA)-Tukey’s 

multiple range test implemented in GraphPad Prism 7 software (LA Jolla, CA, USA). 

Statistical significance was set at p < 0.05. 
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Results 

 

Morphological classification of blastomere structure of 4-cell embryos and developmental 

competence of ZF embryos 

 

The results of blastocyst rate according to Chapter II show that the rate of the 

blastocyst in ZF embryos is significantly lower (p < 0.05) than in ZI embryos. Next, I 

performed detailed morphological observation and analysis of ZF embryos at the 4-cell 

stage.  

According to the observation of the bright field images, the ZF embryos at the 4-

cell stage showed a different morphology compared with the control group of ZI 

embryos (Figure. 17). First, I made a detailed classification and definition of the 

different types of 4-cell embryos which are based on the number of contact points (P) 

between each blastomere. In general, after ZPR, ZF embryos at the 4-cell stage include 

3 points (3P), 4 points (4P), 5 points (5P), and 6 points (6P) among each 4-cell 

blastomere (Figure. 18). However, control ZI embryos had two types including 5 points 

(5P), and 6 points (6P), but no types of 3P and 4P (Figure. 17). There was no significant 

difference in the rate of morula and blastocyst among the 3P, 4P, 5P, and 6P types 

(Figure. 19). 

Next, the ZF embryos at the blastocyst stage of different 4-cell types were 

observed under a bright field (Figure. 18B), and it was found that there were size 

irregularities in the blastocysts of different 4-cell types. Next, I examined the total cell 
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number (TCN) of different types at the blastocysts by nuclei staining, and the results 

showed that the TCN of 3P types was significantly lower than that of control ZI 

embryos (p < 0.05), however, comparing the TCN of 4P, 5P, and 6P types, there were 

not significantly different among them (Figure. 20). 

 

Expression levels of Carm1 mRNA and protein in ZI and ZF embryos at the 4-cell stage 

 

To investigate the expression levels of Carm1 mRNA and CARM1 protein in the 

ZI and ZF groups at the 4-cell stage, I performed qPCR and immunostaining, 

respectively. The results showed that Carm1 mRNA expression level was significantly 

increased in the ZF embryos than in the ZI embryos after 24 h of ZPR (Figure. 21). 

Immunostaining data showed that the immunofluorescence intensity of CARM1 was 

also significantly increased in the ZF embryos compared with the ZI embryos, even in 

different types of the 4-cell stage (Figure. 22). 

  

Effect of ZPR on DNA methylation-related genes in the blastocysts 

 

Since ZPR affected the expression pattern of ICM/TE differentiation-related genes 

and proteins in Chapter III and differentiation regulatory factor gene, Carm1 at the 4-

cell stage, next I investigated the effect of ZPR on the expression of DNA methylation-

related genes (Dnmt1, Uhrf1, Dnmt3a, and Dnmt3b) were performed by qPCR at the 

blastocyst stage (Figure. 23).  
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Expression levels of DNA methylation-related genes (Dnmt1, Uhrf1, Dnmt3a, and 

Dnmt3b) were significantly lower in ZF blastocysts than in ZI blastocysts. These results 

suggest that ZPR at the 2-cell may affect epigenetic modification during early 

embryonic development, such as DNA methylation patterns.  
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Figure 17. Representative microphotographs of embryos cultured with or without ZP in 

the mouse 4-cell stage. 

 

A: Morphological difference between ZI and ZF in mouse 4-cell stage. Scale bar = 300 

μm. 
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Figure 18. Representative microphotographs of different types of ZF embryos at the 4-

cell stage and subsequent blastocyst stage. 

 

A: Representative images of different types of ZF embryos at the 4-cell stage. Scale bar 

= 75 μm. The black straight line represents the position of contact with each blastomere. 

B: The blastocyst morphological changes corresponding to the different types of the 4-

cell stage in ZF embryos. Scale bar = 150 μm. 
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Figure 19. Effect of different morphological types at the 4-cell stage on the 

development of ZF mouse embryos.  

  

A: The rate of morula of ZF embryos in vitro culture by cWOW system. B: The rate of 

blastocyst of ZF embryos in vitro culture by cWOW system. The data are expressed as 

the mean ± SEM, and one-way ANOVA was used to analyze the data. NS: Not 

significant difference.  
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Figure 20. TCN of different 4-cell morphologies at the early blastocyst stage between 

ZI and ZF embryos. 

 

A: Representative confocal images of DNA in ZI and ZF blastocysts are shown. Blue 

fluorescence: Nuclei were stained with Hoechst (blue). Scale bar = 25 μm. B: TCN in 

ZI and ZF blastocysts. Data are presented as mean ± standard error of the mean (SEM), 

and Student’s t-test was used to analyze at least three replicate experiments. Different 

letters indicate statistical differences (a vs. b: p < 0.01).  
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Figure 21. Effect of ZPR on the expression levels of Carm1 at the 4-cell stage. 

 

Carm1 gene expression in the mouse 4-cell stage. Data are expressed as mean ± 

standard error of the mean (SEM), and Student’s t-test was used to analyze at least three 

replicate experiments. Value with asterisks indicates significant differences. * p < 0.05. 
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Figure 22. Effect of ZPR on the expression of CARM1 between ZI and ZF with 

different types at the 4-cell stage. 

 

A: Representative confocal images of CARM1 in ZI and ZF blastocysts are 

shown. Green fluorescence: CARM1; Blue fluorescence: Hoechst. Scale bar = 25 μm. 

B: Immunofluorescence analysis of CARM1 protein in ZI and ZF blastocysts at the 4-

cell stage (Total types). Results are presented as mean ± standard error of the mean 

(SEM), and Student’s t-test was used to analyze at least three replicate experiments. 

Value with asterisks indicates significant differences. ZI: zona intact; ZF: zona free. * 

p < 0.05. 



80 

 

 

 

 

Figure 23. Effect of ZPR on the expression levels of DNA methylation-related genes in 

the blastocyst stage. 

 

Expression levels of Dnmt1, Uhrf1, Dnmt3a, and Dnmt3b in the blastocyst stage were 

analyzed by qPCR. Data are expressed as mean ± standard error of the mean (SEM), 

and Student’s t-test was used to analyze at least three replicated experiments. Value 

with asterisks indicates significant differences. * p < 0.05, ** p < 0.01. 
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Discussion 

 

Some current research is disrupting the traditional ideas about mammalian 

development. The traditional view about mammals is that cell fate occurs randomly 

because early embryos are homogeneous and all blastomeres have the same expected 

cell fate each other [78]. However, some recent studies have raised the argument that 

cell fate is predictable because embryos are not completely homogeneous and therefore 

not all blastomeres are identical. Several studies have shown that there is inequality in 

the totipotency of blastomeres at the 2-cell and 4-cell stages in mice [79, 80, 154]. For 

example, a previous report suggested that when the blastomeres are separated at the 2-

cell stage, only one blastomere can develop into a mouse. This full developmental 

potential can only be achieved when sufficient epiblast cells are produced at the 

blastocyst stage [78, 154, 155]. These findings support the view that 2-cell blastomeres 

do not have the same developmental potential. However, until now the decision of cell 

fate remains uncertain when the first cell specification event occurs during the second 

division of the embryo from the 2-cell stage to the 4-cell stage, i.e., how to allocate the 

cell fate between ICM and TE [156, 157].  

In this study, when the ZP was removed at the 2-cell stage, the embryos developed 

to the 4-cell stage with different morphology due to the loss of the spatial restriction of 

the ZP. In the second division of the ZF embryo, mutual movement of the blastomeres 

occur even more during the division from the 2-cell stage to the 4-cell stage. Thus, at 

the completion of the second division, the cells present various morphologies of the 4-
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cell stage. Next, I classified these different developmental patterns of ZF embryos 

according to the contact point between each blastomere at the 4-cell stage (Figure. 19A) 

and I also observed the blastocyst stage morphology according to the different 4-cell 

types (Figure. 19B). Figure. 17 showed that ZI embryos had more closely packed 

together than those of the ZF embryos at the 4-cell stage. Therefore, I think that the 

presence of the ZP may prevent the abnormal movement of each blastomere in the 

embryo during the second division. In addition, I compared the rate of morula stage and 

blastocyst state according to the different types of 4-cell stages. The results showed that 

the developmental ability of ZF embryos of four types in vitro does not differ, and they 

also did not differ from ZI embryos (Figure. 20), where the most likely reason is that 

the appropriate microwell size of the cWOW system mentioned in Chapter II enhances 

each blastomere communication and the cell junction during the process of compaction. 

Although the morphology of each type of 4-cell is the same as that of the morula and 

blastocyst, the blastocysts differ in the TCN (Figure. 20), especially the 3P type of 4-

cell has a lower TCN than the other 4-cell types. Moreover, the morphology of the 

blastocyst also showed irregular size among the different types of the 4-cell stage 

(Figure. 19B). 

Histone arginine methylation is a key regulator of cell fate determination in early 

mouse embryos [158], and coactivator-associated arginine methyltransferase 1 

(CARM1) is an asymmetric arginine methylation enzyme. The timing of the first 

appearance of blastomere heterogeneity and how it occurs remained unclear until now. 

There are two contradictory views of CARM1 protein heterogeneity. Torres-Padilla et 
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al. (2007) reported that CARM1 heterogeneity in individual blastomere first appears at 

the 4-cell stage [158], but two emerging studies provide new evidence that 

heterogeneity is identified at the 2-cell to the 4-cell stage [159, 160]. It has been 

controversial the cell fate decision in the blastomeres of the 2-cell [161-163]. A 

previous study has reported that most cleaving embryos derived from the two first 

blastomeres had the potential to develop into blastocysts of a mixture between ICM and 

TE in mice [162]. Moreover, CARM1 is heterogeneous at the 2-cell stage and can 

promote ICM formation [158, 159]. I investigated the expression of CARM1 mRNA 

and protein in the 4-cell stage of mouse embryos. My results showed that Carm1 mRNA 

was significantly increased in ZF embryos compared with ZI embryos (Figure. 21). 

Moreover, CARM1 expression was also significantly increased in ZF embryos 

compared with ZI embryos at the 4-cell stage (Figure. 22). A previous study revealed 

that CARM1 overexpression leads embryos to contribute mainly toward the ICM rather 

than the TE by epigenetic marker analysis [158]. This may be one of the reasons why 

ZF embryos in Chapter III lead to ICM/TE differentiation, especially, since more ICM-

related genes are significantly expressed in ZF embryos than those in ZI embryos. This 

may be due to heterogeneity in the 4-cell and higher expression CARM1, thus directing 

the embryo toward a contribution to the ICM and reducing the contribution to the TE 

cell lineage. 

In the early stages of embryonic development and differentiation, epigenetic 

regulation such as DNA demethylation starts in the embryonic genome and continues 

through the blastocyst stage. This process occurs firstly in the paternal genome in an 
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active way [164-166] and secondly, in a passive way from the 2-cell to the morula stage 

[164, 167]. Although the methylation levels at each developmental stage were not 

analyzed in this study, expression levels of DNA methylation regulatory genes in ZI 

and ZF embryos were examined at the blastocyst stage. These results showed that the 

expression pattern of the DNA methylation regulator has a significantly decreased at 

the blastocyst stage in the ZF embryos compared with ZI embryos. 

The mechanisms underlying the epigenetic effects of the variability are currently 

unknown. However, there are several possible reasons that can be considered for the 

reduced DNA methylation regulator expression in this study. (1) The effect of ZPR and 

culture environment on embryonic development was shown in the previous study. 

Suzuki et al., (1995) reported that ZPR from mouse zygotes affected development at 

term and that this effect was each cell association formation of ICM at the 4-cell stage 

[35]. (2) Culturing under inappropriate conditions (e.g., use of serum in the medium) 

can impair the health of offspring of several species [168]. (3) In some species, the low 

efficiency of nuclear transfer (NT) and in vitro production (IVP) procedure is associated 

with altered expression of the imprinted genes as well as aberrant DNA methylation 

[169, 170]. Further studies are needed for the comparative DNA methylation analysis 

in the ZI and ZF embryos.  

In summary, in Chapter V, I revealed that ZF embryos show 4 different types of 

morphological changes at the 4-cell stage and there is no difference between them in 

their in vitro developmental capacity. However, the TCN of blastocysts in the 3P type 

of 4-cell is significantly lower than the other 4-cell types as well as the ZI embryos. 
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Moreover, at the 4-cell stage, ZF embryos are also heterogeneous, with higher levels of 

CARM1 mRNA and protein expression than ZI embryos. However, the expression of 

DNA methylation-related genes was significantly decreased compared with ZI embryos. 

These results suggest ZPR affects the early 4-cell morphology and blastocyst 

development as well as epigenetic modification. 
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Chapter VI 

Establishment and evaluation of a new ZPR method for the 

development of ZF embryos 

 

Introduction 

 

As mentioned in Chapter II of ZP roles, the IVP of mammalian embryos has been 

significantly improved over the last several decades and is now widely used in 

reproductive technologies in several different ways, including in ART, for both humans 

and animals designed to facilitate breeding and development, production of transgenic 

animals, and cloning [29]. The ZP is often manipulated during IVP procedures with 

these changes including ZP thinning and complete or partial ZPR and these changes are 

made to facilitate embryo applications such as chimera generation [30], transgenic 

procedures [31], blastomere separation [32], handmade cloning [171], and RNA 

interference experiments [34]. 

 ZPR protocols are commonly performed as a single use of acid Tyrode’s 

solution or pronase on their own [172, 173] with both options being reasonably popular 

due to their simplicity and relative cost-effectiveness [172]. Given this, several efficient 

ZPR protocols have been developed for a variety of species, including humans [172], 

cows [174], and pigs [175] with concentration or treatment time by considering the 
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suitable chemical composition of each ZP. However, some chemical (i.e., acid Tyrode’s 

solution or pronase) treatments used for ZPR can reduce developmental competence 

due to their toxicity [176] with a long exposure time for complete ZPR to prevent 

insufficient digestion [172], or excessive digestion [17]. This means that there is still a 

need for a stable, high efficiency, and low toxic ZPR protocol to produce embryos 

suitable for ART and research into embryonic development and differentiation.  

In humans, the ZP thinning application by acid Tyrode’s solution treatment is 

commonly used to help blastocysts to hatch and thus improve the implantation rate. 

One of the reasons is the ZP is bilayered; the outer layer is thicker and easily digested 

by acid Tyrode’s solution, while the inner ZP layer is denser and less easily digested 

[172]. Therefore, by considering the structure of ZP, chemical and enzymatical ZPR 

should be optimized. Considering these characteristics, I tried to perform ZP thinning 

by acid Tyrode’s solution, then digested the inner layer with proteinase K. 

 

Materials & Methods 

 

Animals  

 

ICR male and female mice (8 weeks, Sankyo, Tokyo, Japan) were prepared as 

described in Chapter II. 

 

Oocyte collection and in vitro fertilization 
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Mouse oocyte collection and IVF procedures were performed as described in 

Chapter II. 

 

Evaluation of the ZPR methods 

 

After collection of 2-cell embryos, ZP was removed using one of the following 

methods until complete zona digestion: (1) incubation in acid Tyrode’s solution for 

approximately 1 min (2) incubation in 0.5% proteinase K solution (Fujifilm Wako, 

Osaka, Japan) for approximately 6 min and (3) two-step combination in acid Tyrode’s 

solution for approximately 40 s followed by several seconds in 0.5% proteinase K 

solution (Fujifilm Wako, Osaka, Japan). Precise ZPR time was recorded. After washing 

with M2 medium and M16 medium, ZF embryos were transferred into droplets of the 

M16 medium and cultured in the cWOW system for 2.5 days, then transferred into the 

droplets of the M16 medium until the late blastocyst at 5% CO2 and 37 °C. The late 

blastocysts were used for gene expression analysis, TCN, and apoptotic cell detection.  

 

RNA extraction and quantitative PCR  

 

Most of qPCR procedures were performed as described in Chapter III. The late 

blastocysts were used for qPCR. 
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Terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) assay 

of late blastocyst 

 

Most procedures of the TUNEL assay were performed as described in Chapter III.  

In this chapter, the fluorescence of the fragmented DNA was detected using LAS X on 

a DMi8 fluorescence microscope (Leica Microsystems, Germany) and the apoptotic 

index per late blastocyst was calculated as follows: (TUNEL-positive cells/TCN) × 100. 

 

Statistical analysis 

 

All data are representative of at least three replicates and statistically significant 

differences were identified using one-way analysis of variance (ANOVA)-Tukey’s 

multiple range test implemented in GraphPad Prism 7 software (LA Jolla, CA, USA). 

Statistical significance was set at p < 0.05. 

 

Results 

 

Effect of ZPR methods on the morphology of blastomeres 

 

   There was no significant difference in treatment time between the acid 

Tyrode’s solution and the two-step combined method (Table 3). In contrast, proteinase 

K required a significantly longer treatment time than the other two methods to 
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completely remove the ZP (p < 0.0001). In Figure. 24A of the control group, the 2-cell 

blastomere surface of the ZI embryos is shown to be smooth and the contact points 

between each blastomere are dense and not easily loosened. Just after ZPR by acid 

Tyrode’s treatment, several blastomeres showing wrinkles on the surface were observed 

compared with ZI embryos (Figure. 24B, white arrows). In contrast, no obvious 

wrinkles were observed by proteinase K treatment, but loosening and detachment of 

blastomeres were clearly observed in other ZPR methods (Figure. 24C, black arrows) 

and ZI embryos (Figure. 24A). In contrast, ZF embryos obtained using the two-step 

method showed no morphological and attachment abnormalities of the blastomeres like 

ZI embryos (Figure. 24D).  

 

Effect of ZPR methods on in vitro developmental capacity and quality 

 

I compared the developmental ability and TCN of ZF blastocyst by three ZPR 

treatment methods. The rate of blastocyst was significantly decreased (p < 0.05) when 

embryos were treated with acid Tyrode’s solution and proteinase K when compared 

with ZI embryos. In contrast, the blastocyst rate was significantly higher in the two-

step combined method (Table 4). 

I then assessed blastocyst quality by evaluating the TCN and apoptosis status in 

both the ZI and ZF blastocysts (Figure. 25A). The TCN of blastocyst was significantly 

higher in the two-step combined method than in acid Tyrode’s solution and proteinase 

K (p < 0.01). In contrast, TCN was significantly higher in the two-step method 
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compared with both acid Tyrode’s solution and proteinase K (p < 0.05), and not 

significantly different with ZI embryos (Figure. 25B). 

 Next, I assessed the apoptotic index of the ZF embryos produced by each of the 

ZPR methods using TUNEL staining (Figure. 25A). The apoptotic index significantly 

increased in response to treatment with acid Tyrode’s solution (p < 0.0001), but there 

was no significant difference in the apoptotic indexes of the proteinase K or two-step 

combined method ZF embryos when compared with the ZI embryos (Figure. 26A). I 

also examined the effect of ZPR on the expression of apoptosis-related genes (Bax and 

Caspase3). This evaluation revealed no significant differences in the expression of Bax 

mRNA in acid Tyrode’s solution-treated ZF embryos when compared with ZI embryos, 

however, expression of Bax was significantly increased in the acid Tyrode’s solution 

group compared with either the proteinase K or two-step combined method group (p < 

0.001) (Figure. 26B). Expression of Caspase 3 was highest (p < 0.0001) in the 

blastocysts from the acid Tyrode's solution ZF embryos when compared with the other 

ZPR methods; however, there were no significant differences in Caspase 3 expression 

in either the proteinase K or two-step combined method groups (Figure. 26C).   
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Table 3. Treatment time to complete ZPR 

 

Treatment No. of replicates 

Time required for 

complete zona removal 

(min, Mean ± SEM) 

Acid Tyrode’s Solution 5 1.2 ± 0.2a 

Proteinase K 5 6.8 ± 0.6b 

Two-step 5 1.4 ± 0.2a 

 

 

A: Exposure time needed to complete ZPR. The results are shown as the mean ± SEM, 

and one-way ANOVA was used to analyze at least three replicates. Different letters 

indicate significant differences (a vs. b: p < 0.0001). 
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Figure 24. Effect of different ZPR methods on the morphology of the resultant 

blastomeres. 

 

The blastomere membranes from ZI and ZF embryos were observed using a phase-

contrast microscope. White arrows indicate wrinkles on the blastomere surface while 

black arrows indicate the blastomere attachment status. A: Zona intact (control group), 

B: Acid Tyrode’s solution treatment, C: Proteinase K treatment, D: The two-step 

combined method of acid Tyrode’s solution and proteinase K. Scale bar: 150 μm (left), 

50 μm (right). 
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Table 4. Effect of different methods of ZPR on the development of ZF embryos 

 

Treatment 
No. of 

replicates 
No. of embryos cultured 

No. of Blastocysts 

(Mean ± SEM) 

Zona intact 5 110 95 (86.3 ± 2.2) 

Zona Free 

Acid Tyrode’s Solution 

 

5 

 

148 

 

103 (69.6 ± 2.3*) 

Proteinase K 5 122 78 (63.9 ± 7.4*) 

Two-step 5 90 69 (76.7 ± 2.2) 

 

Zona Free (Acid Tyrode’s Solution): Embryos where the ZP was removed at the 2-cell 

stage using acid Tyrode’s solution. ZF (Proteinase K): Embryos where the ZP was 

removed at the 2-cell stage using proteinase K. ZF (two-step combined method): 

Embryos where the ZP were removed at the 2-cell stage using a combined two-step 

method. All ZF embryos were cultured in the cWOW. The data are expressed as the 

mean ± SEM, and one-way ANOVA was used to analyze the data. Value with asterisks 

indicates significant differences. * p < 0.01. 

 

 

 



95 

 

 

Figure 25. Effect of different ZPR methods on the TCN and their apoptotic status within 

the mouse blastocysts at the late blastocyst stage.  

A: Apoptotic blastomeres within the murine blastocysts were detected using the 

TUNEL assay (green). Nuclei were stained with Hoechst (blue) to help visualize the 

individual blastomeres were counted in both the ZI and ZF blastocysts produced by 

different ZPR methods. Scale bar: 25 μm. B: Total cell number. The results are reported 

as the mean ± SEM, and one-way ANOVA was used to analyze at least three replicates 

for each experiment. Different letters indicate a significant difference, B: Total cell 

number (a vs. b: p < 0.01). 



96 

 

 

 

Figure 26. Effect of different ZPR methods on the expression of apoptosis-related genes 

and apoptosis index at the late blastocyst stage.  

 

A: Apoptosis index. B, C: Differences in Bax (B) and Caspase3 (C) transcription in 

blastocysts produced using different ZPR methods. The results are reported as the 

mean ± SEM, and one-way ANOVA was used to analyze at least three replicates for 

each experiment. A, C (apoptosis index and Caspase 3 mRNA expression): a vs. b: p < 

0.0001; B: a vs. c: p < 0.05, b vs. c: p < 0.001. Different letters indicate significant 

differences. 
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Discussion 

 

Establishing a more robust method for ZPR is critical to improving the quality and 

broadening their application in ART and embryology. In this chapter, I established a 

novel method for optimizing ZPR by combination with Acid Tyrode’s solution for 

thinning the outer of ZP, and Proteinase K for digesting the inner of ZP that reducing 

toxicity for embryos. This protocol uses a two-step combined method for complete ZPR 

and improves the development of ZF embryos by reducing the number of apoptotic 

cells in the blastocyst. 

Acid Tyrode’s solution is also commonly used in ART and has been applied to 

assisted hatching and blastomere separation in humans and mice. However, its toxicity 

is still remaining controversial. In humans, ZR of human blastocyst using acid Tyrode’s 

solution has demonstrated the increased implantation rates, resulting in more successful 

pregnancies in patients with poor prognosis [177]. However, the toxicity of acid 

Tyrode’s solution causes damage to the embryos and separation of the blastomeres 

during cleavage [176]. These facts have led to the development of several zona thinning 

techniques that rely on the partial digestion of the outer layer of the ZP. For example, 

partial and circumferential zona thinning has been described in several animal embryos 

[178]. According to my results in Chapter III, the number of apoptosis-positive cells 

increased in the TUNEL assay, while the TCN significantly decreased compared with 

the ZI embryos; According to the results in Chapter IV, the rate of live fetuses and the 

implantation site were significantly lower after ET than in ZI embryos. These results 
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might indicate that acid Tyrode’s solution has potentially toxic. This is because when 

complete ZPR is performed, even though the transfer to the M2 medium is quick, there 

will inevitably be residues of the acid Tyrode’s solution that are transferred to the M2 

medium together, thus further exacerbating the damage to the blastomeres.  

Previous studies have established that bovine ZP is most effectively achieved 

using 0.2% proteinase K for 5 min and that this process exhibited low toxicity [37]. In 

contrast, treatment with 0.5% proteinase K took approximately 6.8 min to completely 

remove the ZP in mouse embryos in the present study. This result suggests that 

proteinase K is not especially suitable for ZP in mouse embryos. However, despite the 

differences in digestion time between species this digestion did not induce any visible 

damage to the blastomere membranes. A previous report showed that the ZP is 

bilayered, the outer layer is thicker and easily digested by acid Tyrode’s solution, while 

the inner ZP layer is denser and less easily digested [172]. Therefore, I considered 

whether using acid Tyrode’s solution to digest the outer layer followed by proteinase K 

to digest the inner layer to minimize the damage of the residual fluid to the blastomeres. 

Then, I performed the two-step method to complete ZPR and compared the toxicity of 

three treatments. 

However, I clarified that enzymatic treatment increased the loose of cell-to-cell 

contacts and blastomere detachment when compared with other ZPR methods. In 

addition, another study showed that prolonged exposure to proteinase K damages the 

ICM/TE structures and disturbs subsequent implantation in human blastocysts [17]. 

Therefore, enzymatical ZPR may digest the proteins on the blastomere surface needed 
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to maintain the cell-to-cell contacts necessary for cell growth and differentiation, thus 

inducing a decrease in blastocyst rate and TCN. In addition, blastocyst rate and TCN 

were significantly decreased following treatment with acid Tyrode’s solution despite 

its shorter treatment time. Morphological changes including the development of 

wrinkles on the blastomere surface were clearly observed.  

Acid Tyrode’s solution-treated ZF blastocyst showed increased apoptotic cells and 

higher expression of Caspase 3, which is consistent with the previous study [179]. 

Given this, I evaluated the expression of Bax, which acts as a cell death inducer, and 

Caspase3 as candidate genes to assess the apoptosis in response to each ZPR protocol. 

My results showed that exposure of ZF embryos to pH (2.5) increased the toxicity of 

acid Tyrode’s solution. A previous study also showed that acid Tyrode’s solution 

induced an increase in apoptosis, whereas the proteinase K-treated bovine embryos did 

not experience any increase in apoptosis [180]. This was similar to my results, which 

showed that proteinase K treatment did not affect Caspase 3 or Bax expression and 

significantly reduced the apoptotic index of these embryos when compared with those 

of ZI embryos. In addition, there was also no significant difference in the apoptosis 

index of ZF embryos after combined two-step processing.  

The two-step combined method used a 40s exposure to acid Tyrode’s solution 

followed by several seconds of proteinase K treatment to remove the ZP from 2-cell 

embryos. This method was shown to reduce the toxicity of low pH to embryos, with a 

significantly increased blastocyst rate and TCN, and reduced cell apoptosis compared 

with the other ZPR treatments. 
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In summary, in Chapter VI, I propose a novel two-step combination method for 

complete ZPR to reduce toxicity and improve the development of ZF embryos in mice. 

This study may provide an efficient approach for IVP procedures in the near future. 
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Chapter VII 

General Discussion 

 

In the thesis, I demonstrated that ZP plays an important role in maintaining the 

three-dimensional (3D) structure and intracellular contacts of blastocysts during early 

embryonic development. In the absence of ZP, cleavage embryos tend to adopt a two-

dimensional (2D) form and maintain this structure until compacted within a flat bottom 

dish. This suggests that the weakening of 3D contact between blastomeres affects 

further development, differentiation, and embryo quality in vitro. My results show that 

the blastocyst rate of ZF embryos is significantly low in the flat microdroplet system. 

This is consistent with a previous study [35]. 

In addition, in this thesis, I designed a cWOW system with a smaller microwell 

size (approximately 170 μm) to further improve the developmental ability of ZF 

embryos in vitro culture, which is more compatible with the size of mouse ZF embryos 

(approximately 100 μm). This may provide more suitable conditions for maintaining 

3D embryonic structures, which could improve the developmental ability of ZF 

embryos in vitro. Therefore, in this study, I think that cWOW with a smaller microwell 

is a more efficient culture system for mouse ZF embryos in vitro. 

A previous study has shown that the handmade WOW system improved the 

developmental ability in vitro culture in bovine ZF embryos compared with ZI embryos 

[40], but the effects of WOW and its various effects on their developmental capacity 
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have not been reported. In this thesis, 2-cell embryos were selected for treatment with 

acid Tyrode’s solution to produce ZF embryos and cultured in the cWOW system until 

the blastocyst stage in vitro. The results of this study showed that before implantation, 

ZPR not only interfered with the differentiation of ICM and TE; after implantation, it 

also reduced the survival rate of fetuses. Previous studies have shown that ZPR from 

the zygote reduced the rate of blastocyst and viability in mice [35, 77]. The finding of 

the low rate of live fetuses after implantation in the present study is consistent with 

previous studies. 

In this thesis, ZPR increased the speed of the compaction process and cavitation 

compared with ZI embryos. In addition, most of the examined ICM-related genes were 

upregulated (except Sox17), while TE-related genes were downregulated in both morula 

and blastocyst stages. qPCR results indicated that ZPR disrupted the differentiation-

related gene expression of ICM and TE. The immunostaining results showed that the 

expression of ICM-specific protein OCT4 had a significant fluorescent signal in ZF 

embryos compared with ZI embryos, while the fluorescence intensity of TE-specific 

protein CDX2 was relatively weak in ZF embryos. This protein expression pattern was 

consistent with that of Oct4 and Cdx2 detected in blastocysts. Recent evidence has 

shown that cell fates are relatively flexible before the 8-cell stage, depending on the 

regulatory nature of mammalian embryonic development [7]. To date, zygotes and 2-

cell blastomeres are generally considered totipotent; however, some reports indicate 

that only one of the 2-cell blastomeres develops into a mouse, and the asymmetric 

developmental state occurs when 2-cell blastomeres are separated [78-80]. These data 
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indicate that there is inequality in the potency of the two-cell blastomere. Since previous 

studies focused more on ZPR at the totipotent zygote stage, whereas the present study 

chose the main ZGA stage (2-cell) to start performing ZPR. In addition, because ZF 

embryos lose the protection of the ZP and thus the physical limitation of the close 

packing of blastomeres in the ZP is lost, the cell fate becomes relatively more flexible. 

Carm1 plays an important role in the developmental process, which is associated with 

cell differentiation and cell-fate decisions. Therefore, these reasons may influence the 

developmental ability in vitro as well as ICM/TE differentiation in ZF embryos.  

The TCN was significantly lower in ZF embryos compared with ZI embryos. In 

contrast, there was no significant difference in the number of ICM cells between ZI and 

ZF embryos, the number of TE cells showed a significant decrease in ZF embryos. In 

addition, the apoptotic cells and apoptotic index were significantly increased in ZF 

embryos compared with ZI embryos, therefore, this may be one of the reasons affecting 

the low implantation rate of ZF embryos. It is well known that acid Tyrode’s solution 

can be toxic to embryos [181], therefore, for improving the quality of embryos, 

establishing a low toxicity ZPR method is essential to improve quality and expand its 

application in ART and embryology. In this study, a two-step combined method for ZPR 

(Acid Tyrode’s solution for thinning the outer of ZP, Proteinase K for digesting the inner 

of ZP) was used to improve the development of ZF embryos by reducing the number 

of apoptotic cells in blastocysts. 

It should be emphasized that, although correct cell association owing to the 

presence of the ZP is not a prerequisite for ZF embryos to develop into blastocysts in 



104 

 

vitro, post-implantation results show that the ZP plays a critical role in early embryonic 

development in vivo. A previous report showed that the mouse cell lineage is the result 

of continuous cell-to-cell interactions starting from the 2-cell stage [182]. Therefore, 

the ZP seems to have an important influence on this process, thereby affecting the pre- 

and post-implantation survival rates of fetuses. Therefore, I asked why embryos without 

ZP still have the ability to divide and develop into blastocysts. In addition to the 

protective effect of ZP, one of its main functions is to maintain the three-dimensional 

(3D) structure of each blastomere in a form that is most likely to provide the highest 

developmental potential for the blastocyst [35]. For example, encapsulating the ZF 

embryos in alginate may have a positive effect on blastocyst development [183]. Once 

the physical restrictions of the close packing of blastomeres in the ZP are lost, the 

cleavage plane, and hence lineage allocations, may become less predictable. Although 

ZF embryos have a similar developmental ability at the start of culture, loss of the 

protection of the ZP, resulting in a 2D structure of blastomeres, may irreversibly lose 

their developmental competence to the blastocyst stage. Therefore, the viability of the 

fetuses may vary depending on the ratio of ICM and TE on blastocysts in ZF embryos 

[78, 184].    

In humans, although in vitro culture of embryos is an important step in assisted 

reproduction, only 1.2% of studies published in five major journals in the field of human 

reproduction since 2019 focused on in vitro culture conditions, this led to the 

optimization process approaching the limit level [54]. In this thesis, I report on a new 

cWOW culture system designed for the size of mouse ZF embryos. Because of the 2D 
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structure of ZF embryos, although I think this cWOW culture system does not change 

the cleavage process from the 2-cell stage to the 4-cell stage, it exerts a greater 

beneficial influence on the compaction process after the 4-cell stage, such as morula 

stage, blastocyst stage. Therefore, I think that it is still necessary to continue to seek 

and develop a system that can maximum possibly replace the zona pellucida in vitro 

culture, thus providing a new opportunity for human reproduction and the IVP 

procedure in the livestock. 
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Chapter VIII 

General Conclusion 

 

Overall, the present study suggests that ZPR at the 2-cell stage not only decreases 

the developmental ability and disturbs the expression pattern of ICM/TE-related genes 

and epigenetic modification during the preimplantation development, but affects the 

post-implantation development of mouse embryos.  

In Chapter II, I first isolated 2-cell embryos using acid Tyrode’s solution and then 

cultured these ZF embryos under flat microdroplets, commercially available WOW or 

cWOW, respectively. The rate of blastocyst was significantly increased by the use of 

cWOW when compared with other culture systems.  

In Chapter III, under the cWOW system, I investigated the effects of the ZP on the 

development and ICM/TE differentiation-related gene expression during the 

preimplantation process. Compaction occurred earlier after the ZPR at the 2-cell stage. 

In addition, the expression of differentiation-related genes in the ICM (Oct4, Sox21) 

and TE (Cdx2, Eomes, and Tfap2c) was significantly altered in both ZF morula and 

blastocyst compared with ZI embryos. The results in this Chapter III suggest that ZPR 

at the 2-cell stage disrupts the expression pattern of ICM/TE-related genes.  

In Chapter IV, after ET, the implantation rate and the number of live fetuses were 

lower in ZF embryos than in control embryos, whereas the fetal weight at E17.5 was 

not different. However, placental weight was significantly increased in ZF embryos. 
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RNA-seq analysis of the placenta showed a total of 473 DEGs that significantly 

influenced the biological process.  

In Chapter V, I investigated the developmental ability and heterogeneity of ZF 

embryos influenced at the 4-cell stage as well as epigenetic modification patterns. ZF 

embryos have four different types of morphological changes at the 4-cell stage and there 

is no difference in their in vitro developmental capacity. However, the TCN of 

blastocysts in the 3P type of 4-cell is significantly lower than the other 4-cell types as 

well as the ZI embryos. Moreover, at the 4-cell stage, ZF embryos are also 

heterogeneous and have higher mRNA and protein expression levels of CARM1 than 

ZI embryos. Expression of DNA methylation-related genes (Dnmt1, Uhrf1, Dnmt3a, 

and Dnmt3b) was significantly decreased in the ZF blastocyst compared with ZI 

embryos, which indicated that ZPR disturbs the regulation of epigenetic modification. 

Overall, these results in this Chapter V suggest that ZPR affects the blastomere 

allocation at the early stage and subsequent development, and epigenetic modification 

patterns.  

In Chapter VI, I evaluated the use of a two-step ZPR protocol, relying on acid 

Tyrode’s solution and proteinase K, and subsequent culture in the cWOW system. 

Although acid Tyrode’s solution treatment alone reduced ZPR time, blastomere 

morphology became wrinkled, and a significant decrease in blastocyst rate associated 

with an increased apoptotic cell number and expression of apoptosis-related genes was 

observed. Using proteinase K alone increased ZPR time and significantly decreased the 

blastocyst rate, but did not induce an increase in apoptotic cell number or apoptosis-
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related gene expression. In contrast, the two-step method significantly reduced ZPR 

time and improved blastocyst rate by increasing the TCN in these microwells and 

reducing the apoptotic cell number. These results suggest that the two-step ZPR 

protocol is beneficial for reducing the toxic effects of ZPR on ZF embryo development 

and quality when combined with the cWOW culture system. 

In conclusion, the absence of the ZP not only affects blastocyst formation [36], but 

also affects the developmental potential associated with gene expression. ZF embryos 

may enhance cell-to-cell communication, thereby accelerating the compaction process 

during the 8-cell stage. Subsequently, changes in the expression patterns of ICM- and 

TE-related genes and proteins were observed in ZF embryos. During post-implantation 

development, the rate of fetuses at E17.5 and the implantation rate in ZF embryos are 

relatively low. However, there is still a potential effect of the ZPR methods for 

development and differentiation as well as ZPR itself. So, it is necessary to investigate 

the chemical effect of the ZPR process on embryonic development to improve the 

success of ART. Besides, for a better understanding of the function of the ZP during 

preimplantation, it would be meaningful to discuss these findings in mammals and 

might be important for future research related to the production of ZF embryos or clone 

embryos. These findings may provide deeper insights into the role of the ZP during 

early embryonic development for the production of multiple gene-modified animals and 

cloned embryos. 
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Figure 27. Schematic hypothesis of the effects of ZPR on the pre- and post-implantation 

development of mouse embryos. 
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Supplementary list 

Supplementary Table 1. Primers used for qPCR analysis 

Gene Accession No. 

 

Sequence 

 

Product 

length (bp) 

Sox2 NM_011443.4 

F: 5’- CACAGATGCAACCGATGCA -3’ 

R: 5’- GGTGCCCTGCTGCGAGTA -3’ 

122 

 

 

Nanog NM_001289828 

F: 5’- AAGCAGAAGATGCGGACTGT -3’ 

R: 5’- ATCTGCTGGAGGCTGAGGTA -3’ 

 

92 

Cdx2 NM_007673.3 

F: 5’- AGGCTGAGCCATGAGGAGTA -3’ 

R: 5’- GAGGTCCATAATTCCACTCA -3’ 

 

123 

Sox17 NM_001289464.1 

F: 5’- GTTTTCCCCAAGGCTAGCTTCC -3’ 

R: 5’- TGGTCGTCACTGGCGTATC -3’ 

 

134 

Eomes NM_001164789.1 

F: 5’- CCACTGGATGAGGCAGGAGATTTCC -3’ 

R: 5’- AGTCTTGGAAGGTTCATTCAAGTCC -3’ 

 

178 

Tfap2c NM_001159696.1 

F: 5’- AGGAGGGTTGTTGAACGAGG -3’ 

R: 5’- GAGTCGTGGCGATCCTGAG -3’ 

 

174 

Oct4 

 
NM_001252452.1 

F: 5’- AAGAACATGTGTAAGCTGCGGCCC -3’ 

R: 5’- GGAGGGCTTCGGGCACTTCAGAAA -3 

 

186 

Sox21 NM_177753.3 
F: 5’- GCCGGTGACTCGTGTCTTTA -3’ 

R: 5’- GAACGGCGGTCATCTCTCAT -3’ 

168 

    

https://www.ncbi.nlm.nih.gov/nuccore/NM_011443.4
https://www.ncbi.nlm.nih.gov/nuccore/NM_001164789.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_001159696.1
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Gene Accession No. 

 

Sequence 

 

Product 

length (bp) 

Bax NM_007527.3 

F: 5’- CATCTTTGTGGCTGGAGTCCTC -3’ 

R: 5’- AAGTGGACCTGAGGTTTATTGGC -3’ 

 

216 

 

Caspase3 NM_ 001284409.1 

F: 5’- GTTCATCCAGTCCCTTTGCAG -3’ 

R: 5’- GTACAGTTCTTTCGTGAGCATGG -3’ 

 

181 

 

Gapdh NM_008084 

F: 5’- GTCGTGGAGTCTACTGGTGTC -3’ 

R: 5’- GAGCCCTTCCACAATGCCAAA -3’ 

 

240 

 

Dnmt1 NM_001199431.2 

F: 5’- AGTGTGTACCTTCCTCCCGA -3’ 

R: 5’- AGGGTACAGGGTCTCGTTCA -3’ 

 

99 

Uhrf1 NM_001111078.1 
F: 5’- TGTCAAGTATGATGACTATCCAGAG -3’ 

R: 5’- CTACAGATCTCAACATCATACCAGA -3’ 
180 

Dnmt3a NM_001271753.1 

 

F: 5’- AGGCCGAATTGTGTCTTGGT -3’ 

R: 5’- CTTGTTGTAGGTGGCCTGGT -3’ 

 

163 

Dnmt3b NM_001003960.4 
F: 5’- GCCAGACCTTGGAAACCTCA -3’ 

R: 5’- GCTGGCACCCTCTTCTTCAT -3’ 

150 

 

Carm1 NM_021531.6 

 

F: 5’- GCTGTGCAGTACTTCCAGTTC -3’ 

R: 5’- TGTCCTTGAAGTCCGTGTGG -3’ 

121 

  
  

https://www.ncbi.nlm.nih.gov/nuccore/NM_001159696.1
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1 × PBS  (g/500mL) 

NaCl (Wako) 

KCl (Wako) 

Na2HPO4・12H2O (Wako) 

KH2PO4 (Wako) 

4 g 

0.1 g 

1.4405 g 

0.1 g 

After sterilization and store at room temperature. 

 

 

 

 

4% PFA 10 mL 

Paraformaldehyde 

1x PBS (-) 

0.4 g 

10 mL 

Heat in a beaker at approximately 60˚C, after dissolving, store at 4˚C 

 

 

 

 

0.2% TritonX-100 10 mL 

TritonX-100 

1x PBS (-) 

20 μl 

10 mL 

Store at 4 ˚C 

 

 

 

Blocking solution 5 mL 

TritonX-100 (Wako) 

FBS (Wako) 

PBS (-) 

5 μl 

50 μl 

5 mL 

Store at 4 ˚C 
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Washing solution 50 mL 

TritonX-100 (Wako) 

BSA (Sigma-Aldrich, A9418) 

PBS (-) 

50 μl 

150 mg 

50 mL 

Store at 4 ˚C 

 

 

 

0.5% Proteinase  (g/5mL) 

Proteinase (Wako) 

PB1  

20 μl 

10 mL 

Centrifugation at 1800 rpm for 5 min, remove the supernatant, divided 50 μl/tube, store 

at -20 ˚C. 

 

 

 

PB1 100 mL 

10 x PBS                                                                                                           

Glucose (Wako) 

Sodium Pyruvate (Wako) 

x 1000 CaCl2・ 2H2O 

x 1000 MgCl2・ 6H2O 

Antibiotic 

BSA (Sigma-Aldrich, A9418) 

10 mL 

0.1 g 

0.0036 g 

40 μl 

94.6 μl 

50 μl 

0.4 g  

Sterile filtered, store at 4 ˚C. 

 

 

PBS + 0.2% PVA 50 mL 

10% PVA 

PBS (-) 

100 μl 

50 mL 

Store at 4 ˚C 
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Stock A  (g/50mL) 

NaCl (Wako)                                                                              

KCl (Wako) 

KH2PO4 (Wako) 

MgSO4・7H2O (Wako) 

Sodium DL-lactase solution (60%) (Sigma) 

D (+) – Glucose (Wako) 

Penicillin G Potassium Salt (Nacalai tesque, INC) 

Streptomycin Sulfate (Nacalai tesque, INC) 
 

2.767 g 

0.178 g 

0.081 g 

0.1465 g 

2.1745 mL 

0.5 g 

0.03 g 

0.025 g 

Sterile filtered, store at 4 ˚C for 3 months 

 

 

 

 

 

 

Stock A’  (g/50mL) 

NaCl (Wako)                                                                              

KCl (Wako) 

KH2PO4 (Wako) 

MgSO4・7H2O (Wako) 

Sodium DL-lactase solution (60%) (Sigma) 

D (+) – Glucose (Wako) 

Penicillin G Potassium Salt (Nacalai tesque, INC) 

Streptomycin Sulfate (Nacalai tesque, INC) 
 

2.96875 g 

0.1748 g 

0.0252 g 

0.0246 g 

1.71 mL 

0.25 g 

0.0375 g 

0.025 g 

Sterile filtered, store at 4 ˚C for 3 months 
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Stock B (g/50mL) 

NaHCO3 (Wako) 

Phenol red solution (0.5%) (Sigma) 

1.0505 g 

1 mL 

Store at 4 ˚C for 1 week 

 

 

 

Stock C (g/10mL) 

Sodium Pyruvate (Wako) 0.036 g 

Store at 4 ˚C for 1 week 

 

 

 

 

Stock D (g/10mL) 

Cacl2・2H2O (Wako) 0.252 g 

Sterile filtered, store at 4 ˚C for 3 months 

 

 

 

 

Stock E (g/50mL) 

HEPES (Sigma) 

Phenol red solution (0.5%) (Sigma) 

10N NaOH 

2.979 g 

1 mL 

0.875 mL 

Sterile filtered, store at 4 ˚C for 3 months 

 

 

 

Stock EDTA (g/10mL) 

EDTA (DOJINDO) 0.03722 g 

Store at 4 ˚C for 1 week 
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M2 culture medium 100 mL 

A                                                                              

B 

C 

D 

E 

BSA 

10 mL 

1.6 mL 

1 mL 

1 mL 

8.4 mL 

0.4 g 

Sterile filtered, store at 4 ˚C for 3 months 

 

 

 

 

M16 culture medium 50 mL 

A                                                                              

B 

C 

D 

EDTA 

BSA 

5 mL 

5 mL 

0.5 mL 

0.5 mL 

0.5 mL 

0.2 g 

Sterile filtered, store at 4 ˚C for 3 months 

 

 

 

HTF culture medium 50 mL 

A’                                                                              

B 

C 

D 

BSA 

5 mL 

5 mL 

0.5 mL 

0.595 mL 

0.2 g 

Sterile filtered, store at 4 ˚C for 3 months 


