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Abstract

The zona pellucida (ZP) plays an important role in both the fertilization and embryonic
development. For the successful handling of early stage blastomeres for differentiation
analysis, the production of identical twins or quadruplets, nuclear transfer or gene
introduction requires the removal of the ZP (ZPR). Although single use of either acidic
Tyrode’s solution or pronase are commonly used for ZPR, long-term exposure to these
agents can result in the inhibition of development with the collapse of the three-dimensional
blastomere structure. Here, we demonstrate the benefits of using a two-step combined ZPR
method, which relies upon a customized well-of-well (¢cWOW) system with smaller well
size, on developmental competence and the quality of the zona free (ZF) mouse embryos.

We first isolated 2-cell embryos using acid Tyrode’s solution and then cultured these
embryos using either commercially available or cWOW, which had a smaller microwell size.
The rate of blastocyst was significantly increased by use of cWOW when compared to other
culture systems. Then we 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, significant decrease in blastocyst rate associated with increased number of
apoptotic cells and increased expression of apoptosis-related genes were 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-related gene expression.
In contrast, two-step method significantly reduced ZPR time and improved blastocyst rate
by increasing the total number of cells in these wells an reducing the number of apoptotic
cells in these experiments. These results suggest that the two-step ZPR protocol is beneficial
for reducing the toxic effects of zona removal on ZF embryo development and quality when

combined with a suitable culture system.

Keywords: Apoptosis; Embryo development; Customized WOW,; Two-step combined zona

pellucida removal



1. Introduction

The zona pellucida (ZP), mixed structure of glycoproteins produced by mammals,
surrounds follicular oocytes, ovulated eggs, and preimplantation embryos [1]. The mouse
ZP is composed of several glycoproteins (ZP1, ZP2, ZP3), all encoding a relatively
conserved recognition domain which contributes to oocyte/sperm interactions during the
initial phases of fertilization [2].

The in vitro production (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 assisted reproductive technologies (ART), for both humans and
animals designed to facilitate breeding and development, production of transgenic animals,
and cloning [3]. The ZP is often manipulated during IVP procedures with these changes
including ZP thinning and complete or partial ZP removal (ZPR) and these changes are made
to facilitate embryo applications such as chimera generation [4], transgenic procedures [5],
blastomere separation [6], handmade cloning [7], and RNA interference experiments [8].

ZPR protocols are commonly performed as a single use of acid Tyrode’s solution or
pronase on their own [9, 10] with both options being reasonably popular due to their
simplicity and relative cost-effectiveness [9]. Given this, several efficient ZPR protocols
have been developed for a variety of species, including humans [9], cows [11] and pigs [12]
by considering of the suitable chemical composition of each zona pellucida. However, some
chemical (i.e., acid Tyrode’s solution or pronase) treatments used for ZPR can reduce
developmental competence as a result of their toxicity [13] with a long time exposure time
for complete ZPR to prevent insufficient digestion [9], or excessive digestion time [14].
This means that there is still a need for a stable, high efficiency, low toxicity ZPR protocol
to produce embryos suitable for ART and research into embryonic development and
differentiation.

A previous study reported cellular association at the ZF 4-cell stage embryos
importantly affects the further differentiation to inner cell mass (ICM) and trophectoderm

(TE) when using a multiplate system influencing subsequent embryonic development in
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mice [15]. To date, there have been several ZF embryo culture systems developed including
glass oviducts, WOW, all designed to improve outcomes [16, 17]. However, these systems
have not yet been evaluated for ZF embryonic development. In this study, we developed a
customized WOW system designed to accommodate the smaller size of ZF embryos and
provide an optimal environment for murine ZF embryo development. We also attempted to
develop a two-step method suitable for development of ZF embryo by using our customized

well-of-well (cWOW) system which well size is suitable for mouse embryos.

2. Material & Methods

2.1.  Animals and Ethical approval

ICR male and female mice 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 approved by the Institutional Animal Care and Use Committee at Hokkaido University,
and were conducted in accordance with the guidelines set out in the Hokkaido University

Regulations on Animal Experimentation (approval number 19 (77)-2).

2.2. Oocyte collection and in vitro fertilization

Oocytes were collected using standard methods and superovulation was induced by
injecting 5 IU PMSG (ASKA Pharmaceutical, Japan) and then 5 IU hCG (ASKA
Pharmaceutical, Japan) 48 h later.

Spermatozoa were collected from cauda epididymis of male mice and preincubated in
the droplets of HTF at 5% CO2 and 37 °C for 1.5 h. Oocytes were collected from oviduct
15 h after hCG injection and then transferred to preprepared HTF droplets. These HTF
droplets were then mixed with the preincubated spermatozoa to facilitated IVF. After 6 h of
insemination, zygotes were transferred into droplets of M16 medium for in vitro culture.

Zygotes that reached the 2-cell stage after 24 h were used for experiments.

2.3. Establishment of culture systems for ZF 2-cell embryos



ZF 2-cell embryos were produced by incubating the zona intact embryos in acid
Tyrode’s solution (Sigma-Aldrich) and incubated for 60 s. ZF embryos were then cultured
in a (1) conventional microdroplet culture system using a flat bottom 60 mm X 15 Petri dish
(Corning, NY), (2) a commercial WOW dish (DNP, Japan) or (3) cWOW system by making
wells manually in a 60 mm x 15 mm Petri dish (Suppl. Fig). The well size of commercial
WOW and cWOW was evaluated using color 3D laser microscopy observation (VK-9710,
KEYENCE, Japan). Embryos were cultured for 2.5 days at 5% CO: and 37 °C and rate of

blastocyst was evaluated.

2.4. Evaluation of the ZPR methods

After collection of 2-cell embryos, ZP was removed using one of the following methods
until a complete zona digestion: (1) incubation in acid Tyrode’s solution for approximately
1 min (2) incubation in 0.5% proteinase K solution (Fujifilm Wako, Japan) for
approximately 6 min and (3) two-step combination in acid Tyrode’s solution for
approximately 40s followed by several seconds in 0.5% proteinase K solution. Precise ZPR
time was recorded. After washed in 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
at 5% CO; and 37 °C. The blastocysts were used for gene expression analysis, TCN, and

apoptotic cell detection.

2.5. RNA Extraction and Quantitative PCR

Five blastocysts were collected and used for RNA collection and ¢cDNA synthesis
using Super Prep Cell Lysis & RT Kit for qPCR (TOYOBO, Japan) according to the
manufacturer’s instructions. The primers used in these evaluations are listed in Suppl Table
1 and qPCR was carried out by a Light Cycler Nano (Roche Diagnostics, Switzerland) using
Thunderbird SYBR qPCR Mix (TOYOBO). These assays were designed to evaluate the
mRNA expression of apoptosis-related genes (Caspase 3 and Bax) was calculated using the

AACt method, with GAPDH as the reference gene.



2.6. Detection of DNA fragmentation using TUNEL assay

Apoptotic cells were detected using the MEBSTAIN Apoptosis Kit Direct (MBL, Japan)
according to the manufacturer’s instructions. Briefly, the blastocysts were fixed in 4%
paraformaldehyde (Fujifilm Wako, Japan) in PBS for 1 h and then washed three times with
0.2% PVA-PBS before being permeabilized using 0.2% Triton X-100 in PBS for 1 h.
Blastocysts were then washed three times with 0.2% PVA-PBS and the fragmented DNA was
labeled with fluorescein-dUTP for 1 h. Blastocysts were then washed three times in PVA-
PBS before being incubated in 1pug/mL Hoechst 33342 solution (Sigma-Aldrich) for nuclei
staining. Fluorescence of the fragmented DNA was detected using LAS X on a DMi8
fluorescence microscope (Leica Microsystems, Germany) and the apoptotic index per

blastocyst was calculated as follows: (TUNEL-positive cells/total cell number) x 100.

2.7. 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.

3. Results

3.1. Effect of different culture systems on the development of ZF embryos

In the initial study, we used the acid Tyrode’s solution-treated ZF embryos to evaluate
the different culture systems, including flat microdroplet, WOW, and cWOW (Fig. 1, Suppl.
Fig) on their development. We first compared the microwell sizes from the WOW and cWOW
by 3D surface scanning and revealed that the average diameter of the microwells in the
cWOW system were significantly smaller than those of the commercial WOW (Fig. 1C).
However, the depth of these wells was not significantly different in these two systems (Fig.
1D). The blastocyst rate was also shown to be significantly lower in the microdroplet and

WOW when compared to that of the cWOW (Suppl Table 2).



3.2. Effect of ZPR methods on the blastomere morphology

There was no significant difference in treatment time between the acid Tyrode’s
solution and the two-step combined method (Table 1). In contrast, proteinase K required a
significantly longer treatment time than the other two methods to completely remove the ZP
(P < 0.0001). Just after ZPR by acid Tyrode’s treatment, several blastomeres showing
wrinkles on the surface were observed compared with ZI embryos (Fig. 2A, B). In contrast,
no obvious wrinkles were observed by proteinase K, but loosening and detachment of
blastomeres were clearly observed (Fig. 2B) than other ZPR methods (black arrows) and ZI
embryos(Fig.2 A, C, D). ZF embryos obtained using the two-step method showed no
morphological and attachment abnormalities of the blastomeres like ZI embryos(Fig. 2A,

D).

3.3. Effect of ZPR on embryo development and quality

We then went on to investigate the effect of each of these ZPR methods on embryonic
development by culturing ZF 2-cell embryos from each protocol in the cWOW system.

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 embryos with an intact
zona. In contrast, the blastocyst rate was significantly increased in the two-step combined
method embryos when compared to either the acid Tyrode’s solution or proteinase K
embryos (Table 2).

We then assessed blastocyst quality by evaluating the total cell number (TCN) in both
the ZI and ZF blastocysts using Hoechst staining (Fig. 3A, B). TCN of blastocyst was
significantly decreased both by acid Tyrode’s solution and proteinase K when compared
with ZI embryos (P< 0.01). In contrast, TCN was significantly increased in two-step method
compared with both acid Tyrode’s solution and proteinase K (P< 0.05), and not significantly
different with ZI. (Fig. 3B).

Next, we assessed the apoptotic index of the ZF embryos produced by each of ZPR

methods using TUNEL staining (Fig. 3A, C). The apoptotic index significantly increased in
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response to treatment with acid Tyrode’s solution (P < 0.0001), but there were no significant
differences in the apoptotic indexes of the proteinase K or two-step combined method ZF
embryos when compared with the ZI embryos (Fig. 3C). We also examined the effect of ZPR
on the expression of specific apoptosis-related genes (Bax, 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, Bax expression was
significantly upregulated in the acid Tyrode’s solution group when compared to either the
proteinase K or two-step combined method embryos (P < 0.001) (Fig. 3D). Caspase 3
expression 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 (Fig. 3E).

4.Discussion

Establishing a more robust method for ZPR and improving the overall culture system
for ZF embryos is critical to improve the quality and broadening their application in ART
and embryology. Here, we describe a novel method for ZPR with reduced toxicity. This
protocol uses a two-step combined method for ZPR and improves the development of ZF
embryos with reducing the number of apoptotic cells in the blastocyst. This method was
further improved by the application of a cWOW system with smaller well sizes that are
more compatible with ZF embryos.

One of the most important roles of the ZP during early embryonic development is the
maintenance of the three-dimensional (3D) structure of and intracellular contacts within the
blastomere. Without ZP, divided blastomeres often adopt two-dimensional forms (Fig. 1E)
and retain this structure until compacted within a flat bottom dish. This indicates that the
weakening of 3D-contacts between the blastomeres affects further development,
differentiation and embryo quality (Suppl Table 2). A previous study revealed that WOW
improves development in both bovine ZI and ZF embryos [17]. Although the effectiveness

of WOW for mouse embryos and its impact on their developmental competence has not yet
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been reported, our results show that the blastocyst rate for ZF embryos in the flat
microdroplet system was very low (Suppl Table 2). In contrast, the use of a commercially
available WOW system improved the blastocyst rate in these embryos, but cWOW, which
had a smaller well bottom area, was shown to be the more efficient system for ZF culture.
This cWOW produced a significant increase in the blastocyst rate compared to commercial
WOW which microwell size affects development. In general, when we compare the size of
the ZF mouse embryos (approximately 100 pm) with the diameter of commercial WOW
plates (approximately 280 um) we can see that these wells are likely to be too wide. In
contrast, our cWOW microwells had a diameter of approximately 170 um which may provide
more suitable conditions for cell division and the maintenance of the 3D blastomere
structures, allowing for improved development and differentiation.

Although previous research used porcine ZI embryos to evaluate the effects of
microwell size on embryonic development, they clearly demonstrate that the blastocyst rate
was also affected by microwell size [18] and the findings are in agreement with our study.
The lack of ZP is likely to affect both the contact and communication between blastomeres,
affecting their compaction at the morula stage and preventing their progression to the
blastocyst stage. Therefore, the size of the microwell could play an important role
throughout the process of culturing ZF embryos (Fig. 1E). Taken together this supports our
hypothesis that our cWOW is better suited to mouse ZF embryo development.

Previous studies have established that bovine zona removal is most effectively achieved
using 0.2% proteinase K for 5 min and that this process exhibited low toxicity [19]. In
contrast, treatment with 0.5% proteinase K took approximately 6.8 min to completely
remove the ZP in mouse embryos suggesting that it is not as efficient in mice. However,
despite the differences in digestion time between species this digestion did not induce any
visible damage to the blastomere membranes. However, we cleared that enzymatic treatment
increases the loose of cell-to-cell contacts and blastomere detachment when compared to
other ZPR methods. In addition, another study showed that prolonged exposure time to
proteinase K damages the ICM/TE structures and disturbs subsequent implantation in human

blastocysts [14]. Therefore, enzymatical ZPR may digest the proteins on the blastomere
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surface needed to maintain the cell-to-cell contacts necessary for cell growth and
differentiation and induce a decrease in blastocyst rate and total cell number.

Acid Tyrode’s solution is also commonly used in ART, and has been applied to assisted
hatching and blastomere separation in humans; however, its toxicity remains controversial.
In humans, ZF blastocyst produced using acid Tyrode’s solution demonstrated increased
implantation rates, resulting in more successful pregnancies in patients with poor prognosis
[20]. However, the toxicity of acid Tyrode’s solution causes damage to the embryos and
separation of the blastomeres during cleavage [13]. This has led to the development of
several zona thinning techniques which 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 experiments [21]. Here, blastocyst rate and total cell number 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 previous study reported [22]. Given
this we went on to evaluate the expression of Bax, which acts as a cell death inducer, and
Caspase3 as candidate genes for evaluating apoptosis in response to each of these ZPR
protocols. Exposure of ZF embryos to pH (2.5) increased the toxicity of acid Tyrode’s
solution. While acid Tyrode’s solution induced an increase in apoptosis proteinase K-treated
bovine embryos did not experience any increase in apoptosis [23]. This was similar to our
results, which showed that proteinase K treatment did not affect Caspase 3 or Bax
expression, and significantly decreased the apoptotic index in these embryos when
compared to their ZI embryo counterparts. 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 demonstrated a significant increase in blastocyst rate and total cell number and

reduced cellular apoptosis when compared to the other ZPR treatments, reducing the toxic
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effects of low pH on these embryos.

In conclusion, we propose a novel two-step combination method for ZP removal and
recommend that this is combined with a customized WOW culture system to improve the
development of ZF embryos in mice. This study provides an efficient approach for culturing

ZF embryos for IVP procedures.
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Figure/ Table legends

Figure 1. Comparison of microwell sizes in the commercial and customized WOW 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 um). C: The
diameter of each of the microwells in each culture system. D: Depth of the microwells in
each culture system. E: Enlarged image of the morphological differences in the ZF embryos
cultured in each culture system (scale bar: 50 pm). The results are reported as the mean +
S. E. M., and the Student’s ¢-test was used for all statistical analyses. Asterisks indicate

significant differences (**** P < (0.0001).

Figure 2. Effect of different zona pellucida removal 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. Scale bar: 150 um

(left) , 50 um (right).

Figure 3. Effect of different zona pellucida removal methods on the total number of cells
and their apoptotic status within the mouse blastocysts. 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 and apoptotic cells were counted
in both the ZI and ZF blastocysts produced by different ZPR methods. Scale bar: 25 pm. B:
Total cell number. C: Apoptosis index. D, E: Differences in Bax (D) and Caspase3 (E)
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. Asterisks indicate a significant difference, B: Total cell number (a vs. b:
P <0.01); C, E (apoptosis index and Caspase 3 mRNA expression): a vs. b: P < 0.0001; D:

avs.c: P<0.05 bwvs.c: P<0.001.
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Table 1. Treatment time to complete zona removal. A: Exposure time needed to facilitate
total 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).

Table 2. Effect of different methods of zona pellucida removal on the development of zona
free embryos. 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. 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< 0.01).

Supplementary Figure. Workflow describing the method of zona pellucida removal and ZF
embryo culture. The 2-cell embryos were treated with acid Tyrode’s solution until the ZP
was completely removed. Zona intact 2-cell embryos were used as the control and ZF
embryos were cultured using microdroplet (1), WOW (2), or cWOW (3) systems. These
wells 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.

Supplementary Table 1. Primers used in the qPCR analysis.

Supplementary Table 2. Effect of different culture systems on the development of zona free
mouse embryos

Flat microdroplet: Embryos were removed from the ZP using acid Tyrode’s solution and
cultured in a flat microdroplet system. WOW: Embryos were removed from the ZP using
acid Tyrode’s solution and cultured in the WOW system. Customized WOW: Embryos were
removed from the ZP by acid Tyrode’s solution and cultured in a cWOW system. The data

are expressed as the mean+ SEM, and one-way ANOVA was used to analyze the
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data. Different letters indicate statistical differences (a vs. b: P <0.0001, avs. c: P<0.0001,

b vs. c: P <0.05).

16



Table 1. Treatment time to

complete zona removal

Treatment

No. of replicates

Time required for
complete zona removal

(Min, Mean = S. E. M.)

Acid Tyrode’s Solution

Proteinase K

Two-step

1.2+£0.17¢

6.8 = 0.60°

1.4+£0.15°
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Table 2. Effect of different methods of zona pellucida removal on the development of zona

free embryos

No. of No. of embryos No. of Blastocysts
Treatment
replicates cultured (Mean = S. E. M)
Zona intact 5 110 95 (86.3 +2.2%)
Zona Free
Acid Tyrode’s Solution 5 148 103 (69.6 + 2.3P)
Proteinase K 5 122 78 (63.9 £ 7.4Y)
Two-step 5 90 69 (76.7 £ 2.22)
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Highlights:
e Zona pellucida (ZP) removal decreased embryo development.
e  Customized WOW system with smaller microwells improved ZP-free embryo development.

e Acid Tyrode treatment shortened ZP removal time, but decreased blastocyst rate with increased
apoptosis.

e Proteinase K increased ZP removal time with blastomere dissociation and decreased blastocyst
rate.

e Combined use of acid Tyrode and proteinase K improved development with low toxicity.



Fig. 1 (Fan et al)
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Fig. 2 (Fan et al)
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Fig. 3 (Fan et al)
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