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Abstract. To identify embryos individually during in vitro development, we previously developed the well-of-the-well
(WOW) dish, which contains 25 microwells. Here we investigated the effect of embryo density (the number of embryos per
volume of medium) on in vitro development and gene expression of bovine in vitro-fertilized embryos cultured in WOW
dishes. Using both conventional droplet and WOW culture formats, 5, 15, and 25 bovine embryos were cultured in 125 pl
medium for 168 h. The blastocysts at Day 7 were analyzed for number of cells and expression of ten genes (CDX2, IFN-tau,
PLACS, NANOG, OCT4, SOX2, AKRIBI, ATP5A1, GLUTI and IGF2R). In droplet culture, the rates of formation of >4-
cell cleavage embryos and blastocysts were significantly lower in embryos cultured at 5 embryos per droplet than in those
cultured at 15 or 25 embryos per droplet, but not in WOW culture. In both droplet and WOW culture, developmental kinetics
and blastocyst cell numbers did not differ among any groups. /FN-tau expression in embryos cultured at 25 embryos per
droplet was significantly higher than in those cultured at 15 embryos per droplet and in artificial insemination (Al)-derived
blastocysts. Moreover, /GF2R expression was significantly lower in the 25-embryo group than in the 5-embryo group and in
Al-derived blastocysts. In WOW culture, these expressions were not affected by embryo density and were similar to those in
Al-derived blastocysts. These results suggest that, as compared with conventional droplet culture, in vitro development and

expression of /FN-tau and /GF2R in the microwell system may be insensitive to embryo density.
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ovine in vitro-fertilized (IVF) embryos play a central role in

modern dairy and beef production. The effectiveness of embryo
production, genetic selection and crossbreeding schemes can be
improved by using IVF embryos. In addition, emerging technologies
offer the promise of improved embryo production and pregnancy rates
in cattle with ovaries that are unresponsive to superovulation or show
low fertility [1]. The number of bovine IVF embryos transferred to
recipients has been increasing because of the worldwide diffusion
of ovum pick-up (OPU) technology, which allows the collection of
oocytes from specific donors that have high economic merit [2]. There
are, however, limited numbers of oocytes that are actually collected
in the commercial OPU setting [3]. Previous studies in Japanese
Black and Holstein breeds showed that the practical numbers of
oocytes per OPU section were 5 to 25 and 7 to 11, respectively [4,
5]. Furthermore, the embryos produced from an individual donor
may vary in number and quality [6]. Hence, an optimized culture
system that allows for practical culture of individual embryos and

Received: July 10,2012

Accepted: October 18,2012

Published online in J-STAGE: November 15, 2012
©2013 by the Society for Reproduction and Development
Correspondence: K Imai (e-mail: kOimai@nlbc.go.jp)

of various numbers of embryos is greatly needed for stable and
efficient production of viable embryos.

We recently developed a polystyrene-based well-of-the-well
(WOW) dish with 25 microwells that allows culture of up to 25
embryos under a single drop of medium and moreover allows tracking
of individual embryos by time-lapse cinematography (TLC) [7].
Using this system, it is possible to track developmental progress and
select healthy embryos using viability biomarkers [8]. No negative
side effects were observed among WOW-derived embryos with
respect to in vitro development, cell number or oxygen consumption
[7]. Moreover, blastocysts derived from WOW culture had a lower
incidence of apoptosis and produced a higher pregnancy rate than
did those from conventional group culture [7]. The single-droplet
design of the WOW microwell system still allows accumulation of
suitable concentrations of autocrine factors such as insulin-like growth
factor, tumor necrosis factor, platelet-activating factors, epidermal
growth factors, fibroblast growth factors and platelet-derived growth
factors, as well as diffusion of toxic substances (such as ammonium
and oxygen-derived free radicals). Such diffusion of both positive
and negative factors benefits the development of individual embryos
[9, 10].

In conventional group culture, the effects of positive-acting
autocrine/paracrine factors and negative-acting toxic by-products of
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embryo metabolism depend on droplet size [11], surface-to-volume
ratio [11], distance between cultured embryos [12], quality of neighbor-
ing embryos [13] and embryo density (the number of embryos relative
to medium volume) [14-16]. Embryo density has been considered a
particularly critical factor, with some studies indicating that embryo
density affects embryo development, the number of cells in the inner
cell mass (ICM) and trophectoderm (TE) [17], interferon-tau secretion
[18] and gene expression [15]. Such effects are generally attributed
to autocrine/paracrine secretions from neighboring embryos [15, 17,
18]. In contrast, there is limited information about microwell cultures
in general, or about the WOW culture system in particular, regarding
the effect of embryo density on in vitro development or parameters
of embryo quality such as cell number and gene expression. The
objective of the present study was therefore to examine the effect
of embryo density on in vitro development (including cleavage
rates and blastocyst formation), developmental kinetics (analyzed
by TLC), ICM and TE cell numbers and relative transcription of
developmentally important genes involved in implantation/pregnancy
(AKR1B1, aldo-keto reductase family 1 member B1; CDX2, caudal
type homeobox 2; IFN-tau, interferon-tau; /GF2R, insulin-like growth
factor 2 receptor; and PLACS, placenta-specific 8), pluripotency
(NANOG, nanog homeobox; OCT4, octamer-binding transcription
factor 4; and SOX2, SRY [sex-determining region Y]-box containing
gene 2) and metabolism (ATP5A1, ATP synthase, H'-transporting,
mitochondrial F1 complex, alpha subunit 1, cardiac muscle, and
GLUTI, glucose transporter 1) in bovine IVF embryos in WOW
culture or conventional droplet culture using 125 pl medium.

Materials and Methods

Animal care and use

This study was approved by the Ethics Committee for the Care
and Use of Experimental Animals at the National Livestock Breeding
Center located in Nishigo, Japan. All animals received humane
care according to law no. 105 and notification nos. 6 and 22 of the
Japanese Guidelines for Animal Care and Use.

Design and fabrication of the WOW dishes

The WOW dishes were designed and fabricated as described
previously [7, 19]. Each dish has 25 microwells surrounded by a
circular wall in the center of a 35-mm culture dish. Each well is 287
um in diameter and 168 pm deep, and the wells are arranged in a 5
x 5 grid. The wells are 150 pm apart between adjacent edges. The
bottom of each well slopes downward at a 7.1° angle toward the
center of the well. The circular wall is 7 mm in diameter and 1.5 mm
high, and is used to form a single microdroplet of culture medium.
The WOW dish was fabricated by the conventional injection molding
method. A metal mold was fabricated by machining, and the WOW
dishes were then produced by an injection molding machine using
the mold. Polystyrene was chosen as the material for WOW dishes
because of its non-toxicity in cell culture.

Preparation of WOW dishes

Preparation of WOW dishes was performed as described previously
[7]. Briefly, each dish was rinsed with ethanol and then sterilized
for 30 min using 2 ml ethanol (Wako, Osaka, Japan, 057-00456).

The ethanol was then removed, and the dish was air-dried on a
warm plate and sterilized under ultraviolet light for 10 min. After
sterilization, the interior of the circular wall was filled with 125
ul Charles Rosenkrans 1 medium with amino acids (CR1aa) [20]
supplemented with 5% newborn calf serum (CS; Gibco, Grand
Island, NY, USA, 16010-159). This was covered with paraffin oil,
and air bubbles inside the microwells were flushed out by tapping
the exterior of the dish with an awl. The WOW dish was incubated
at 38.5 C in 5% O,, 5% CO, and 90% N, with saturated humidity
for at least 3 h before use.

Oocyte collection and in vitro maturation

Collection of bovine cumulus-oocyte complexes (COCs) was
performed as described previously [21]. Ovaries from Japanese
Black or Holstein breeds were collected at a local slaughterhouse,
transported to the laboratory, washed and stored in physiological
saline supplemented with 50 pg/ml gentamicin (Sigma Chemical, St.
Louis, MO, USA, G1397) at 20 C for ~20 h. COCs were aspirated
from small follicles (2—6 mm in diameter) using a 5-ml syringe
equipped with a 19-gauge needle. The in vitro maturation (IVM)
medium was 25 mM HEPES-buffered TCM199 (M199; Gibco,
12340-030) supplemented with 5% CS. COCs were washed twice
with IVM medium and incubated in 600 pl [IVM medium (60-80
COCs/droplet) covered with paraffin oil (Paraffin Liquid; Nacalai
Tesque, Kyoto, Japan, 26114-75) in 35-mm Petri dishes (Nunclon
Multidishes; Nalge Nunc International, Roskilde, Denmark) for 22
h at 38.5 C in a humidified atmosphere of 5% CO, in air.

In vitro fertilization

In vitro fertilization (IVF) was carried out as described previ-
ously [21]. Briefly, at the end of IVM, ejaculated sperm samples
from a Japanese Black bull that were frozen in 0.5-ml straws were
thawed in a 37 C water bath for 30 sec and then centrifuged in 3
ml 90% Percoll solution (GE Healthcare, Uppsala, Sweden, 17-
0891-01) at 750 x g for 10 min. The pellets were resuspended in 6
ml sperm-washing medium (Brackett and Oliphant [BO] solution
[22] supplemented with 10 mM hypotaurine [Sigma, H1384]) and
4 U/ml heparin [Novo-Heparin Injection 1000; Aventis Pharma,
Tokyo, Japan, B068]) and centrifuged at 550 x g for 5 min. The
resulting pellets were resuspended in sperm-washing medium and
BO solution supplemented with 20 mg/ml BSA (crystallized and
lyophilized; Sigma, A7030) to achieve a final concentration of 3 X
10 spermatozoa/ml. Fertilization droplets of this suspension (100
ul each) were placed in 35-mm dishes and covered with paraffin oil.
COCs were removed from the maturation medium, washed twice in
BO supplemented with 10 mg/ml BSA and added to the fertilization
droplets at 20 COCs/droplet. Fertilization droplets were then cultured
for 6 h at 38.5 C in 5% CO,/air with saturated humidity.

In vitro culture

After insemination, putative zygotes were completely denuded
from cumulus cells and spermatozoa by gentle pipetting with a
fine glass pipet in in vitro culture (IVC) medium (CR1aa medium
supplemented with 5% CS). Zygotes with two obvious polar bodies
were placed in 125-ml droplets of [IVC medium in microwells of
WOW dishes (one zygote per microwell; 5, 15 or 25 per dish) or
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in conventional 125-ml droplets in 35-mm dishes (one droplet per
dish; 5, 15 or 25 zygotes per droplet) as shown in Fig. 1. Droplets
were covered with paraffin oil, and IVC was performed for 168 h
at 38.5 C in 5% O,, 5% CO, and 90% N, with saturated humidity.

Time-lapse cinematography

Analysis of developmental kinetics using time-lapse cinema-
tography (TLC) was performed as described previously [8]. In
vitro development was monitored with a Real-Time Cultured Cell
Monitoring System with Multiple-Point Imaging Capture (CCM-
MULTI; Astec, Fukuoka, Japan). During the 168-h culture period,
673 photographs of embryos were taken at 15-min intervals using
a plan objective with 4x magnification. Image stacks were analyzed
using the CCM version 2.1.0.4 software (Astec). The time of the
first appearance of the following cleavage or embryo stages was
recorded for zygotes in focus with identifiable blastomeres: 2-, 3- or
4-, 5-to 8- and 9- to 16-cell stages; morulae; and blastocysts. If proper
evaluation of specific cleavage events was not possible, these events
were treated as missing data points. The cleavage stages of embryos
in which one or more blastomeres stopped further cleavage were
categorized according to the number of cell cycles observed in the
healthy blastomeres. From the fourth cell cycle onward, individual
blastomeres could not be observed directly. Thus, passage from
the fourth and fifth cell cycles was defined by combining direct
chronological observation of cleaving blastomeres or the initiation
of intensive movements within the cell mass created by blastomere
cleavage, the cessation of all cleavages and movement followed
by a resting period, and the start of a new cleavage round, which
creates new movement. The presence of a morula was characterized
by the first signs of compaction, but with blastomeres still clearly
distinguishable on the surface. The appearance of a blastocyst was
characterized by the first appearance of a stable, confluent blastocoel.
Finally, blastocysts were characterized as expanded when the diameter
of the zona pellucida was increased as a result of expansion of the
blastocoel.

Collection of embryos derived by artificial insemination

As physiological control of gene expression analysis, artificial
insemination (Al)-derived embryos were collected from superovu-
lated Japanese Black cows as described by Hashiyada et al. [23].
Superovulation was performed by injecting 20 AU of follicle-
stimulating hormone (Antrin-R¢10; Kyorisu Seiyaku, Kawasaki,
Japan, 401101) and 2 ml prostaglandin F,, (RESIPRON-C; ASKA
Pharmaceutical, Tokyo, Japan, 3021210A) followed by Al. On day
8 after Al, at which point blastocysts and expanded blastocysts can
be observed as the dominant population, embryos were recovered by
uterine flushing. Blastocysts and expanded blastocysts were selected
and stored in Dulbecco’s phosphate-buftered saline (Gibco, 14287)
containing 20% CS until subsequent analysis.

Differential staining of ICM and TE cells

The cellular composition of blastocysts was assessed by dif-
ferential staining of ICM and TE cells as described previously [24].
Briefly, TE cells of blastocysts were stained for 40 s with 100 pg/
ml propidium iodide (Sigma, P4170) in a permeabilizing solution
of 0.2% (v/v) Triton X-100 (Sigma, T9284). Blastocysts were

A B C

Fig. 1. Conventional droplet and WOW culture systems and embryo

densities for IVC of bovine embryos. Groups of 5 (A, D), 15 (B,
E) and 25 (C, F) IVF embryos were cultured for 168 h in a droplet
(A—C) or WOW dish (D—F), each of which contained 125 ul
medium. Bar =300 pum.

then counterstained and simultaneously fixed for 5 min in 25 pg/
ml Hoechst 33342 (Calbiochem, La Jolla, CA, USA, 382065) in
99.5% ethanol. Whole fixed and stained blastocysts were mounted
and assessed for cell number using an epifluorescence microscope
(IX-71; Olympus, Tokyo, Japan). ICM and TE nuclei were blue and
pinkish red, respectively.

Quantitative real-time reverse-transcription PCR

The following genes were analyzed with real-time reverse-
transcription RT-PCR (RT-PCR) as described previously [25]: CDX2,
IFN-tau, PLACS8, NANOG, OCT4,SOX2,AKRIB1, ATP5A1, GLUTI
and /GF2R. Histone H2A family, member Z (H2AFZ) was used as
the endogenous control gene. Individual blastocysts were lysed in
50 pl extraction buffer (Arcturus, Carlsbad, CA, USA, KIT0204),
incubated at 42 C for 30 min and stored at —80 C. Total RNA was
extracted from each sample using a PicoPure RNA Isolation Kit
(Arcturus, KIT0204). Residual genomic DNA was removed with
recombinant RNase-free DNase I (Roche, Mannheim, Germany,
4716728). RNA was eluted from the purification column using 11
ul elution buffer (Arcturus, KIT2024). RNA was reverse-transcribed
into cDNA using a ReverTra Ace qPCR RT Kit (Toyobo, Osaka,
Japan, FSQ-101). Each 20-pl reaction product was diluted with
nuclease-free water to a final volume of 40 pl. Quantitative real-time
RT-PCR was performed using the StepOnePlus System (Applied
Biosystems, Foster City, CA, USA) in a 20-ul reaction volume
containing 2 pul cDNA, 0.5 pl each of forward and reverse primers
(Table 1) [25], 7 pl nuclease-free water and 10 pl Fast SYBR
Green PCR Master Mix (Applied Biosystems, 4385612). In each
set of PCR reactions, duplicate cDNA samples were run to control
for the reproducibility of the real-time RT-PCR results. Universal
thermal cycling parameters (initial step 20 sec at 95 C, followed by
45 cycles of 3 sec at 95 C, 10 sec at 60 C and 20 sec at 72 C) were
used to quantify the expression of all genes. At the end of real-time
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Table 1. Sequences of primers for real-time RT-PCR

Gene name  GenBank accession number Forward (F) and reverse (R) sequences Amplicon size (bp)
H2AFZ NM 174809 F: 5"-ACAGCTGTCCAGTGTTGGTG-3" 125
- R: 5"-GCAGAAATTTGGTTGGTTGG-3"
CDX2 XM 871005 F: 5"-GCCACCATGTACGTGAGCTAC-3" 140
N R: 5"-ACATGGTATCCGCCGTAGTC-3’

IFN-tau X65539 F: 5"-TGTCTGAGGACCACATGCTAGGT-3" 121
R: 5"-ACCATCTCCTGAGGAAGACCAA-3’

PLACS8 NM_016619 F: 5-CGGTGTTCCAGAGGTTTTTCC-3’ 163
R: 5"-AAGATGCCAGTCTGCCAGTCA-3’

NANOG DQO069776 F: 5"-GTCCCGGTCAAGAAACAAAA-3’ 107
R: 5"-TGCATTTGCTGGAGACTGAG-3"

OCT4 NM_ 174580 F: 5-CCACCCTGCAGCAAATTAGC-3" 68
R: 5'-CCACACTCGGACCACGTCTT-3’

SOX2 NM_001105463 F: 5"-GGTTGACATCGTTGGTAATTTATAATAGC-3" 88
R: 5"-CACAGTAATTTCATGTTGGTTTTTCA-3"

AKRIBI NM_001012519.1 F: 5"-CGTGATCCCCAAGTCAGTGA-3" 152
R: 5-AATCCCTGTGGGAGGCACA-3’

ATP5A1 NM 174684 F: 5-CTCTTGAGTCGTGGTGTGCG-3" 184
R: 5"-CCTGATGTTGGCTGATAACGTG-3"

GLUTI NM_ 174602 F: 5"-CAGGAGATGAAGGAGGAGAGC-3’ 258
R: 5'-CACAAATAGCGACACGACAGT-3"

IGF2R NM 174352.2 F: 5"-GCTGCGGTGTGCCAAGTGAAAAAG-3’ 201

R: 5"-AGCCCCTCTGCCATTGTTACCT-3"

PCR, melting curve analysis was carried out on the real-time cyclerto check
the specificity of the reaction. A standard curve was generated for both
the target gene and the endogenous control gene (H2A4FZ) in every
PCR run using serial 10-fold dilutions of amplified cDNA derived
from blastocysts. Final quantitative analysis was performed using
the relative standard method, and results were reported as relative
expression after normalization to H24AFZ, which was found to be
stably expressed regardless of the experimental group.

Experimental studies

First, the rate of cleavage and development to blastocysts were
calculated at 48 and 168 h (hour of IVF start was defined as 0 h)
of IVF, respectively. Some of the embryos that developed to the
blastocyst stage were collected for analyzing cell numbers or gene
expression. TLC was not used in this experiment.

Next, developmental kinetics in embryos developed to the blastocyst
stage were analyzed by TLC. Some of the embryos developed
into blastocysts were collected for analyzing cell numbers or gene
expression.

Finally, to analyze whether the rate of cleavage and blastocyst
formation of embryos in WOW dishes is affected by neighbors, 5
embryos were cultured with different distances between embryos (300
pum and 1260 pm), as shown in Supplementary Fig. 1 (online only).

Statistical analysis

All values were compared among embryo density groups in
the same culture system. Gene expression data were analyzed
nonparametrically by the Kruskal-Wallis test followed by Scheffé’s

post hoc test. All other data were analyzed using ANOVA followed
by Fisher’s protected least significant difference test. All percentage
data were arcsine transformed. For all data, P<0.05 was considered
significant. All analyses were conducted using StatView (SAS
Institute, Cary, NC, USA).

Results

Cleavage and blastocyst formation

The rates of cleavage at Day 2 and blastocyst formation at Day 7
were analyzed in embryos in both droplet and WOW cultures (Table
2). In droplet cultures, the rates of formation for >4-cell embryos and
blastocysts in the 5-embryo group were lower than those in the 15- and
25-embryo groups (P<0.05). In contrast, no significant differences in
the rates of cleavage and blastocyst formation were observed between
embryo densities in WOW culture. In the 5-embryo group in WOW
culture, there was no significant difference between embryo distances
for the rates as shown in Supplementary Table 1 (online only). For
expanded blastocyst formation, there was no significant difference
among embryo densities for either culture format.

Developmental kinetics

The appearance times of the 2-cell, 3- to 4-cell, 5- to 8-cell, 9- to
16-cell, morula, blastocyst and expanded blastocyst stages were
determined by TLC (Table 3). In both droplet and WOW culture,
there was no significant difference between embryo densities for the
time at which any of the examined cell stages occurred.



EFFECT OF EMBRYO DENSITY IN WOW CULTURE 119

Table 2. Effect of embryo density on in vitro development of bovine embryos in droplet or WOW culture*

Number of embryos (%)*
Culture Embryos/dish TOtal. embr}{os Cleavage stage Blastocyst stage
system (10 replicate dishes)
Total >4-cell Total Expanded
Droplet 5 50 43 (86.0 = 4.3) 28 (56.0 £ 5.8)° 14 (28.0 £ 7.4)° 11 (22.0+4.7)
15 150 135(90.0£3.0) 102 (68.0 +3.3)° 58 (38.7 £4.2)° 33 (22.0£2.8)
25 250 232(92.8+1.2) 193 (77.2+2.4) 102 (40.8 +2.8)¢ 60 (24.0 £2.3)
WOowW 5 50 46 (92.0 £ 4.4) 35(70.0 £ 6.8) 24 (48.0 £5.3) 14 (28.0 £3.3)
15 150 137 (91.3+£3.0) 95(63.3+£6.4) 61 (40.1£5.1) 37 (24.7+£4.0)
25 250 233(932+1.7) 178(71.2+4.6) 104 (41.6 £2.5) 62 (24.8 £3.4)

* Values were created with embryos from 10 replicate trials. * Cleavage and blastocyst stage embryos were counted at Days 2 and 7
of IVC, respectively. Percent values reflect the mean + SEM. ¢ Values are significantly different among embryo density groups in

same culture system (P<0.05).

Table 3. Effect of embryo density on developmental kinetics of bovine embryos that formed blastocysts in droplet or WOW culture*

Time of appearance for each cell stage®

Culture . Total embryos
Embryos/dish . Expanded
system examined 2-cell 3-to4-cell  5-to8-cell  9-to 16-cell Morula Blastocyst bl
astocyst
Droplet 5 14 25.8+1.5 36.3+2.5 442 £2.8 742 +15.1 103.9+7.6 146.5+12.5 158.8+10.9
15 22 26.7+2.4 36.4+£42 443+39 77.8+£19.2 112.8+7.1 148.4+10.7 1649+4.6
25 36 27.0+£42 36.5+£4.0 43.0+35 67.3+£20.6 110.7+10.7 148.8+10.5 162.7+10.2
WOW 5 14 255+2.4 352+29 426+26 70.0+18.5 111.8+9.6 143.1+10.1 161.9+10.3
15 25 25.0+2.3 349+3.3 41.8+2.7 73.6+19.8 111.0+£10.8 1458+13.4 156.3+10.0
25 45 254+4.1 345+29 42.6+3.7 68.9+209 1083+10.6 1434+13.5 15524172

* Values were created with embryos from 5 replicate trials. * Values are in hours and indicate the mean + SD.

Cell numbers

Numbers of ICM, TE, and total cells and the percentage of ICM
cells relative to total cells were examined by differential staining
(Table 4). In both droplet and WOW cultures, there was no significant
difference between embryo densities in terms of cell numbers or the
percentage of ICM cells.

Relative gene expression

The expression levels of ten genes (CDX2, IFN-tau, PLACS,
NANOG, OCT4, SOX2, AKRIBI, ATP541, GLUTI, and IGF2R)
in day 7 blastocysts derived from droplet (Fig. 2A) and WOW
(Fig. 2B) cultures were examined by real-time RT-PCR. In droplet
culture, the relative expression of /F'N-tau was significantly higher
in the 25-embryo group than in the 15-embryo group and Al-derived
blastocysts (Fig. 2A). Moreover, in droplet culture, /GF2R expression
was significantly lower in the 25-embryo group than in the 5-embryo
group and Al-derived blastocysts (Fig. 2A). On the other hand,
in WOW cultures, no significant difference in /FN-tau or IGF2R
expression was found between embryo densities (Fig. 2B) and on
comparison with Al-derived blastocysts (Fig. 2B). No differences
in expression for the other eight genes were found among embryo
density in either culture system (Fig. 2A and 2B).

Discussion

In the present study, we examined the effect of embryo density

(the number of embryos per volume of medium) on the rate of in
vitro development and gene expression in bovine embryos cultured in
conventional droplets or WOW dishes. WOW cultures did not show
the same effects from embryo density on the in vitro development
rate or gene expression as observed in conventional droplet cultures.
These findings indicate that blastocyst formation and transcription
may not be affected by embryo density in this microwell culture
system in the way they are affected by embryo density in conventional
droplet culture.

In conventional group culture within a droplet, paracrine factors
released by early embryos promote growth of neighboring embryos
[12, 13]. On the other hand, WOW culture could allow autocrine
factors to accumulate in the microwell, resulting in improvement of in
vitro development by the factors [10]. In the present study, embryos
cultured at 5 embryos per group (i.e., 1 per 25 pl) had lower rates of
>4-cell stage and blastocyst formation as compared with embryos
cultured in groups of 15 (1 per 8.3 ul) and 25 embryos (1 per 5
ul) in droplet culture. This is supported by a previous observation
that bovine blastocyst formation is higher at an embryo density of
1 per 10 pl as compared with 1 per 35 pl [15]. Gopichandran and
Leese showed that blastocyst formation in group culture declines
significantly when the distance between the embryos is increased,
reaching zero blastocysts when the distance is >540 um; this result
demonstrates that embryo development is influenced by a decrease
in the availability of autocrine/paracrine factors [12]. In WOW
cultures, increasing the distance between embryos from 300 pm
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Table 4. Effect of embryo density on the number of cells in blastocysts in droplet or WOW cultures*

a
Culture system Embryos/dish Total err}bryos Number of cellsblastocyst ICM% (ICM/total)*
examined Total ICM TE

Droplet 5 19 97.7+53.6 32.5+18.9 65.3+37.2 34.0+9.5

15 25 91.3+40.0 36.4+153 54.8+26.9 40.8+8.2

25 33 107.1 £37.0 39.4+17.9 67.7+29.2 37.5+13.1
WOwW 5 19 109.2 +£33.2 364+133 72.8+27.4 33.8+£9.9

15 30 122.1+37.8 46.1+18.3 75.9+25.3 37.5+7.7

25 43 107.1 £38.2 37.2+20.6 70.8 +25.7 33.1+12.2

* Values were created with embryos from 5 replicate trials. * Values indicate the mean + SD. ICM, inner cell mass; TE, trophectoderm.
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Fig. 2.  Effect of embryo density on gene expression in bovine blastocysts from droplet (D) or WOW
cultures (W). Expression of ten genes was measured by real-time RT-PCR in blastocysts
derived at densities of 5, 15 or 25 embryos in droplet (A) and WOW (B) cultures and in
artificial insemination (Al)-derived embryos. Relative expression was presented as the fold
change from the mean value of seven Al-derived blastocysts, which was set at 1. Each value
was created with 12 individual blastocysts produced from 5 replicate trials. Eleven genes
including H2AFZ were analyzed in a single blastocyst. Values indicate the mean + SD. &P
Different superscripts are significantly different among embryo density groups at P<0.05.

to 1260 pm (Suppl Fig. 1: online only) had no impact on the rate paracine factors from neighbors. This also suggests that WOW culture
of blastocyst formation (Suppl Table 1: online only). Thus, WOW provides a suitable concentration of autocrine factors surrounding
dishes could promote in vitro development of embryos via autocrine each embryo to support blastocyst formation, while it may be difficult
factors from the embryos themselves without the participation of  to provide the autocrine factors in conventional droplet culture.
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To our knowledge, this is the first report to examine the effect of
embryo density on developmental kinetics. Previous studies have
evaluated how developmental kinetics are affected by other culture
conditions. For instance, decreasing the oxygen tension from 20% to
5% improved developmental kinetics [26, 27], and platelet-derived
growth factors (PDGFs), which regulate mitogenesis and act in an
autocrine/paracrine fashion to stimulate embryonic development
in vitro, may stimulate cell proliferation during the fourth cell
cycle in bovine [28]. From these observations, we speculated that
a difference in embryo density might alter oxygen tension and
autocrine/paracrine factors surrounding each embryo and thus might
affect developmental kinetics. However, we observed no significant
differences in developmental kinetics among embryo densities in
either droplet or WOW culture. One possible explanation for this
is that potential differences in developmental kinetics were masked
because embryos were cultured in both the droplet and WOW format
at a hypoxic oxygen tension (5%). In droplet cultures, the rate of
>4-cell formation at day 2 was significantly lower at 5 embryos/
droplet than at 15 and 25 embryos/droplet, but there was no such
difference in WOW cultures, suggesting that inferior >4-cell formation
was affected by deficient autocrine/paracrine function only at the
lowest density and only in droplet culture. In both droplet and WOW
culture, embryo density had no significant effect on cell numbers or
the percentage of ICM cells.

Gene expression of bovine blastocysts is sensitive to the culture
environment [29-31], which includes the embryo density [14, 32].
In present study, the examined metabolism-related genes, ATP5A1
and GLUT1, were unaffected by embryo density in both droplet and
WOW culture, suggesting that embryo density had no impact on
embryo metabolism such as oxidative phosphorylation and glucose
consumption. Also, we observed no difference of pluripotency related
genes, NANOG, OCT4 and SOX2. This is complimentary to the
present data that showed that there was no difference in the number
and percentage of ICM cells between embryo densities. However,
expression of NANOG was downregulated in in vitro-cultured
blastocysts compared with in vivo-derived blastocysts in both droplet
and WOW culture. This suggests a problem of in vitro culture that
cannot overcome by WOW system and thar NANOG is a potent
marker for optimizing in vitro culture systems.

On the other hand, in droplet culture, gene expression levels of
both [FN-tau and IGF2R depended on embryo density. Upregulated
IFN-tau expression and downregulated /GF2R expression were
observed in embryos cultured at 25 embryos per group. In contrast,
no difference was observed in WOW culture. One speculation for
the effect of embryo density on /FN-tau and /IGF2R may be the
paracrine actions of neighboring embryos rather that the autocrine
actions of the embryos themselves. Alternatively, aberrant expression
of IFN-tau and IGF2R may have resulted from increased by-products
of toxic metabolites. Increased embryo density appears to enhance
the accumulation of some toxic by-products of embryo metabolism,
such as ammonium [33]. Ammonium induces aberrant expression
of the imprinting gene H/9 in mice blastocysts, but not affects the
rate of blastocyst formation [33]. In contrast, the fact that the WOW
dish did not allow participation of neighboring embryos may explain
why aberrant gene expression did not occur even at the highest
embryo density in droplet culture. Fujita et al. reported that an

embryo density of one per 5 pl is most beneficial [ 14]. However, this
density may be harmful to embryos in conventional droplet culture,
as such a high density may lead to aberrant gene expression. This is
supported by another study in which an embryo density of one per 5
ul had a negative effect on gene expression in bovine embryos [4].
Upregulated /FN-tau, which is key for pregnancy reorganization,
could be an indicator of poor embryo quality; the expression of
IFN-tau is significantly higher in in vitro-derived blastocysts than
in in vivo-derived blastocysts [34]. Epigenetic changes such as
downregulation of /GF2R are associated with fetal overgrowth in
sheep embryos [35]. Therefore, when using higher embryo densities,
use of the WOW dish could prevent epigenetic aberrations that may
affect subsequent development after embryo transfer or even neonatal
growth. In fact, blastocysts derived from a WOW dish had higher
viability after transfer compared with droplet culture when embryos
were cultured at 25 embryos per dish [7].

In conclusion, the WOW dish may be useful for improving embryo
homogeneity by allowing comparable rates of blastocyst formation
and gene expression regardless of embryo density. This microwell
system could prove to be a suitable culture environment for 5 to 25
embryos without the negative side effects on in vitro development and
expression of /FN-tau and IGF2R that are observed in conventional
droplet culture at low and high embryo densities.
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