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ABSTRACT Culture of mammalian zygotes
individually and in small groups results in lower develop-
mental rates than culture of large groups. Zona-free
zygotes also have impaired developmental potential in
current culture systems. This paper describes a new
approach to resolve the problems, the Well of the Well
(WOW) system. Small wells (WOWs) were formed in
four-well dishes by melting the bottom with heated steel
rods. The WOWs were then rinsed, the wells were filled
with medium, and the embryos were placed into the
WOWs. To test the value of the WOW system a 3 3 3
factorial experiment was performed. Bovine presump-
tive zygotes were cultured from day 1 to day 7 (day 0:
day of insemination) using three modules (single em-
bryos, embryo groups of five, or single zona-digested
embryos) and three different culture systems (400 ml
medium, 200 ml drops, or WOWs). An additional control
group consisted of 40 to 50 embryos cultured in 400 ml
medium. The WOW system resulted in higher blastocyst/
oocyte rates for all three modules (single: 59%; group
of five: 61%; single zona-digested: 53%) than the
culture in drops or in wells (P , 0.05 for all). The
developmental rate was independent of the number of
WOWs per well. The cell number of blastocysts cultured
in the WOW system did not differ from that of the
controls. Apart from its theoretical value in revealing the
role of different factors influencing embryo develop-
ment in vitro, the WOW system may have immediate
practical consequences in certain areas of mammalian
embryo production. Mol Reprod Dev 55:256–264,
2000. r 2000 Wiley-Liss, Inc.
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INTRODUCTION
In vitro culture of mammalian embryos may be

remarkably successful when the embryos are kept in
relatively large groups during the whole culture period.
However, apart from the large-scale production of em-
bryos for experimental purposes, most commercial and

human embryo culture systems require culturing indi-
vidually or in small groups. The reason for this need is
the small number of available oocytes (OPU technology,
single slaughtered valuable oocyte donors, human IVF)
or the required identification after genotyping. The
general opinion, supported by a number of scientific
publications, is that embryo development in this situa-
tion is handicapped. A similar problem occurs in some
recent, highly productive nuclear transfer methods,
where the zona is removed before the manipulation
(Peura et al., 1998) and the fused pairs must be
cultured in isolation from each other to prevent conglom-
eration. In the past decade, most research has focused
on optimizing the culture media, the embryo/medium
volume rates, and the medium exchange during the
culture. Modifications of the substrate (i.e., coating the
bottom of the dish, modification of the shape of the
bottom, etc.) have been rather disregarded so far.

New media and incubation systems have resulted in
considerable advances in the field of embryo production
(Gardner et al., 1992, 1994; Takahashi and First, 1992;
Lane and Gardner; 1994; Trounson et al., 1994; Holm et
al., 1997). Culturing 40 to 50 bovine in vitro matured
and fertilized embryos together in 400 µl medium from
day 1 to 7 (day 0: day of insemination), the blastocyst/
oocyte rates were close to or above 50% (Vajta et al.,
1997a; Holm et al., 1999). The purpose of our present
work was to investigate whether differences related to
the number of embryos cultured together and related to
the presence of the zona pellucida were also detectable
in this system, and what the possibilities were of
eliminating these differences. Based on our preliminary
experiments, a new culture technique called the Well of
the Well (WOW) system was introduced. In a 3 3 3
factorial experiment, three modules (single embryos,
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groups of five embryos and zona-digested single em-
bryos) were tested in three culture systems: 20 µl
medium in droplets, 400 µl medium in four-well dishes,
and the WOW system. A highly productive mass em-
bryo culture system was used as control, where 40 to 50
embryos were cultured together in 400 µl medium
(Holm et al., 1997, 1999). Additionally, in a separate
experiment the effect of single vs. multiple WOWs per
well on the blastocyst rate and the cell number of
embryos cultured in the WOW system and in the
control group was also determined.

MATERIALS AND METHODS
Unless otherwise indicated, all chemicals were ob-

tained from Sigma Chemical Co. (St. Louis, MO).

Production of the WOW
Two kinds of WOWs were produced for the experi-

ments. The small one used for single embryos with
intact or digested zona was V-shaped but with a rounded
bottom with approximately 250-µm depth (Fig. 1a, b).
An important feature of this well was that no circular

scratches on the walls were present, as the tip of the rod
used for its production was ground parallel with the
longitudinal axis (like pencils sharpened with a knife,
not a circular sharpener). The large well was used for
culture of five embryos together; it had almost perfect
cylindrical shape and flat bottom, with approximately
300-µm depth (Fig. 1c, d). Appropriately ground com-
mon steel sewing needles were heated on a gas flame for
3 to 6 sec, then pressed slightly by hand to the bottom of
the well of a polystyrene, radiation sterilized four-well
dish (176740, Nunc, Life Technologies AS, Roskilde,
Denmark). The plastic melted immediately, and the rod
was slightly immersed. After 15 to 20 seconds, the
plastic became solidified and the rod was removed. In
one well, 10 to 15 small or 6 to 9 large wells were
inserted. The wells were then filled with phosphate
buffered saline (PBS) 1 5% calf serum (CS; National
Veterinary Laboratory, Frederiksberg, Denmark) and
rigorously flushed by pipetting to remove air bubbles
and possible toxic material arising from the melting
process. PBS was subsequently replaced with synthetic
oviduct fluid medium (SOF; Tervit et al., 1972) supple-

Fig. 1. Polished steel rods used for WOW production (a and c), and the WOWs used for embryo culture
(b and d). See detailed description in Materials and Methods. Scale 5 100 µm. Stereomicroscopic picture,
magnification 5 253.
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mented essential and non-essential amino-acids
(SOFaa), 0.34 mM tri-sodium citrate (Merck 1.06448,
Darmstadt, Germany), 2.77 mM myo-inositol (Sigma I
7508; medium referred hereafter as SOFaaci) and 5%
CS (Holm et al., 1997, 1999) and incubated overnight at
39°C. After another rigorous flushing of the wells, the
medium was replaced by a new 500 µl of SOFaaci and
5% CS, covered by 400 µl paraffin oil (Uvasol, Merck
1.07161–0500; no previous equilibration with the me-
dium) and used for culture.

In Vitro Embryo Production
In vitro maturation and fertilization of oocytes were

performed as described earlier (Vajta et al., 1996a).
Briefly, oocytes derived from ovaries of slaughtered
cows were matured in TCM-bicarbonate (TCM-199
medium; Gibco BRL, Paisley, UK; containing 25 mM
sodium bicarbonate, 0.2 mM sodium pyruvate, 0.4 mM
L-glutamine, 50 mg/ml gentamycin, adjusted to pH 7.4
and 280 mOsm) supplemented with 15% CS under
paraffin oil at 39°C in 5% in humidified air. At day 0
(i.e., 24 hr later), oocytes were fertilized in TALP
medium using frozen-thawed, Percoll-selected sperm.
Twenty hours after insemination, all presumptive zy-
gotes were vortexed to remove cumulus cells, and
approximately 50 embryos were transferred into each
well of a four-well dish containing 400 µl of SOFaaci
supplemented with 5% calf serum per well (Holm et al.,
1997, 1999; Vajta et al., 1998). Dishes were incubated
under 400 µl paraffin oil at 39°C in 5% CO2, 5% O2, 90%
N2, and maximum humidity. No selection based on any
criteria after the start of maturation was made, there-
fore the number of presumptive zygotes was identical
(except for the negligible losses during the procedure)
with the number of oocytes subjected initially to matu-
ration.

Test of the Culture Systems
Twenty-four hours after insemination, putative em-

bryos (hereafter: embryos) were randomly distributed
(using low magnification of a stereomicroscope) in
groups of 16 to 50. Subsequently, the embryos were
subjected to one or more of the following nine treat-
ments: one of the three modules (A, B, or C) was
cultured in one of the three systems (1, 2, and 3) from
day 1 to day 7.

The three modules were as follows: A, single embryos;
B, groups of 5 embryos; C, single zona digested em-
bryos. Zona digestion was performed 2–3 hr after
vortexing by immersing embryos for 2–3 min into 5
mg/ml pronase (Peura et al., 1998) in Hepes-buffered
TCM-199 medium at 35–37°C. Embryos were then
incubated for 5 min in Hepes-buffered TCM -199 me-
dium and 10% calf serum to eliminate further pronase
effect.

The three systems were as follows: (1) 400 µl medium
covered by 400 µl paraffin oil in Nunc four-well dishes;
(2) 20 µl medium droplets covered by paraffin oil; and
(3) the WOW system (see previous description).

Control embryos were remained in groups of 40 to 50
in the original wells. The number of replicates and the
total number of cultured embryos is shown in Table 1.

Medium and gas atmosphere for all the three systems
and controls was SOFaaci with 5% calf serum and 5%
CO2, 5% O2, 90% N2 with maximum humidity, respec-
tively. The embryos were incubated until day 7 using
the Submarine Incubation System (Vajta et al., 1997a).
No medium change in any of the systems was applied
during the whole culture period.

The blastocyst per oocyte rates were determined
using a stereomicroscope on day 7. Data were analyzed
by logistic regression using a generalized linear model
(SAS Genmod procedure, 1993). Only main effects (i.e.,
treatment and replicate) were included in the first
analysis, as there was no significant interaction. Differ-
ences between individual treatments were compared by
the contrast function of the Genmod procedure.

Effect of the Number of WOWs per Well
In a separate experiment, the developmental rates of

embryos were determined in the three modules using
the WOW system and applying single versus multiple
(5–10) WOWs per well. The number of replicates and
the total number of cultured embryos is shown in Table
2. Day 7 blastocyst/zygote rates were compared with
the Chi-square test, where P , 0.05 was regarded as
the level of significance.

Total Cell Number Determination
The total cell number of day 7 blastocysts of the three

modules (single embryos, groups of five embryos, single
zona-digested embryos) cultured in the WOW system
using a single WOW per well was determined. In three
replicates, a total of 24 blastocysts were fixed from each
group as well as from the control. The blastocysts were
first placed in 0.9% sodium citrate for 15 min, then fixed
in 3:2:1 mixture of ethanol : acetic acid : water, air
dried, and stained with 1% acetic orcein. The cell
numbers were determined under a light microscope.
Cell numbers of individual groups were compared using

TABLE 1. Comparison of Day 7 Blastocyst/Zygote
Rates of One Treatment Group vs. the Control Group*

Module System
No. of

replicates

Blastocysts/
zygotes

(%)

Single zona intact embryo Well 5 37/114 (32)a

Drop 5 42/125 (34)a

WOW 6 102/168 (60)b

Five zona intact embryos Well 6 162/332 (49)a

Drop 7 158/319 (50)a

WOW 9 213/347 (61)b

Single zona-digested Well 4 17/69 (25)a

embryo Drop 4 26/91 (29)a

WOW 8 136/256 (53)b

Control: 40–50 embryos Well 24 973/1775 (55)

*See detailed description of modules and systems in Materials
and Methods. Different superscripts within the same module
mean significant difference (P , 0.05).
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the general linear model (SAS Genmod procedure),
where P , 0.05 was regarded as the level of signifi-
cance.

RESULTS
Test of the Culture Systems

As shown in Table 1, the well and drop culture
systems resulted in identical results within the three
modules. However, the WOW system improved embryo
development significantly in all three modules com-
pared both to wells and drops.

When compared to the development of control em-
bryos, the following differences were detected (not
shown in Table 1): at single embryo culture, the well
and drop system resulted in lower and the WOW
system resulted in higher blastocyst/oocyte rates than
that of the controls. When five embryos were cultured
together, the developmental rate in wells was lower and
in the WOWs higher than in the control groups. Culture
of five embryos together in drops did not result in
significant differences compared to the controls. Indi-
vidual culture of zona-digested embryos resulted in
lower developmental rates in drops and wells than that
of the control groups, but the difference was not signifi-
cant when zona-digested embryos were cultured in
WOWs.

Effect of the Number of WOWs per Well
The effect of multiple versus single WOW per well on

embryo development in the three modules is shown in
Table 2. No differences in the developmental rates were
found when multiple versus single WOW per well
systems were compared in the three modules.

Total Cell Number Determination
The average total cell number (6standard deviation)

of embryos cultured in WOW was 175 (631), 175 (630),
180 (643) for single zona intact embryos, five zona
intact embryos, and single zona-digested embryos, re-
spectively (n 5 24 in each group). The average total cell
number of control embryos was 178 (631; n 5 24). The
differences were not significant (P . 0.5).

DISCUSSION
A number of previous investigations proved that in

vitro development of preimplantation stage mamma-
lian embryos is facilitated by culturing them in groups
(Wiley et al., 1986; Goto et al., 1990; Canseco et al.,
1992; Gardner et al., 1992, 1994; Palma et al, 1992;
Ferry et al., 1994; Kato and Tsunoda, 1994; Keefer et
al., 1994; Blondin and Sirard, 1995; Moessner and
Dodson, 1995; Thibodeaux et al., 1995; Thompson,
1996; Donnay et al., 1997; O’Doherty et al., 1997; Ahern
and Gardner, 1998; Nagao et al., 1998; Palasz and
Thundathil, 1998; Hendriksen et al., 1999), although
there are a few contradicting reports, too (Paria and
Dey, 1990; Hazelegar et al., 1995; Lee and Fukui, 1995).
The mutual stimulation of development of embryos
cultured in groups is frequently attributed to factors
produced by the embryos such as insulin, insulin-like
growth factor I and II (IGF-I and IGF-II), platelet
activating factor (PAF), platelet-derived growth factor
(PGDF), transforming growth factor alpha and beta
(TGF-alpha and TGF-beta), basic fibroblast growth
factor (bFGF), leukemia inhibiting factor (LIF), and
epidermal growth factor (EGF) (Watson et al., 1992;
Schultz and Heyner, 1993; Palma and Brem, 1995;
Thibodeaux et al., 1995; Donnay et al., 1997; Walker et
al., 1998). In vivo, these factors are secreted by the
reproductive tract or by the embryo itself and remain
highly concentrated in the minuscule fluid volume
surrounding the embryo (Kane et al, 1992; Moessner
and Dodson 1993; Gandolfi, 1994). However, the addi-
tion of certain growth factors (EGF and TGF-b1) to the
culture media, although regarded as a possible way to
overcome the problem, failed to result in improvement
in bovine embryo cultures (Keefer, 1992; Keefer et al.,
1994). As emphasized by Bavister (1995) the group
effect may also be the result of a simple depletion of
embryotoxic substances in the medium, reduction of the
concentration of naturally occurring inhibitors, or reduc-
tion or loss of important endogenous compounds like
amino acids.

The group culture, using the appropriate media and
incubation methods, may result in high in vitro develop-
ment in bovine (up to about 50% or more blastocyst/
oocyte rates), and the biological value of embryos
(tested by pregnancy and calving rates as well as low
occurrence of developmental disorders) seems to be
satisfactory (Schmidt et al, 1998; Walker et al., 1998;
Lewis et al., 1999; Jacobsen et al., 2000). However, in
most practical applications (both in domestic animal
and human embryology) culture of embryos individu-
ally or in small groups is required. Other disadvantages
of group culture are the possible detrimental effect of
unfertilized oocytes and dead embryos (Salahuddin et
al., 1995; Jones et al., 1998), and the loss of the ability
to track individual embryos throughout the culture
period (Moessner and Dodson, 1995).

Co-culture systems offer a possibility to mimic the
supposed in vivo stimulation or to eliminate some toxic
factors (recently reviewed by Bavister, 1996; Donnay et

TABLE 2. Comparison of Day 7 Blastocyst/Zygote
Rates in Different Modules Using Multiple Versus

Single WOW per Well*

Module System
Replicate

no.

Blastocysts/
zygotes

(%)

Single zona intact Multiple WOW 5 65/114 (57)
embryo Single WOW 5 58/104 (56)

Five zona intact Multiple WOW 5 90/155 (61)
embryos Single WOW 5 85/141 (60)

Single zona-di- Multiple WOW 5 57/103 (55)
gested embryo Single WOW 5 46/90 (51)

*See detailed description of modules and systems in Materials
and Methods. Differences within the same module are not
significant (P . 0.5).
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al., 1997). Although co-culture may improve quantita-
tive and qualitative parameters of embryo production,
there is a strong tendency to exclude these systems
from the embryo production technology, because of the
technical problems, risk of contamination, and the
unidentifiable, probably inconsistent factors involved.
Furthermore, with the development of new, simple
culture media (Bavister and McKiernan, 1993; Gardner
and Lane, 1993, Lane and Gardner, 1994, 1997a,b;
Holm et al., 1997; Holm and Callesen, 1998) the
positive effect of the helper cells has become regarded
as uncertain or negligible.

The most commonly used method when culturing few
embryos to decrease the embryo/volume rates is to
place the embryos in small droplets. However, culturing
embryos in small medium volume may lead to technical
problems. Uncovered droplets are impractical for this
purpose because of the rapid concentration resulting
from evaporation and also their sensitivity to tempera-
ture changes. The commonly used oil overlay may
minimize these problems, but the high contacting sur-
face/volume ratio may result in high diffusion of lipid
solvable materials necessary for the embryos (Xu,
1987). In droplets with less than 10 µl medium, develop-
ment is compromised (Lane and Gardner, 1992; Caro-
lan et al., 1996). Another problem is the possible
accumulation of toxic substances such as ammonia
(Gardner and Lane, 1993; Sinclair et al., 1997, 1998)
and oxygen-derived free radicals (Johnson and Nasr-
Esfahani, 1994), which may be harmful for embryos or
is suspected to lead to late developmental anomalies. To
avoid these problems, a frequently applied solution is to
culture embryos in medium-size (10- to 20-µl) drops and
perform medium changes every 48 hr. However, this
manipulation may also have harmful effect on embryo
development (Fukui et al., 1996). The highest bovine
embryo developmental rate achieved after individual
maturation, fertilization, and culture in 10-µl droplets
was 39% (Hagemann et al., 1998). The WOW system
seems to be a good compromise between the controver-
sial needs of large and small volume.Although modifica-
tion of the shape of the dish is an obvious possibility,
very limited efforts were performed in this field so far.
Commercially available tools, such as multiwell plates,
were tested for this purpose, but were not found practi-
cal and productive. The darning needle depression,
which has been developed for chimera production (Wood
et al., 1993), was also applied for isolated culture of
biopsied bovine embryos between day 4 and 7 (Vajta et
al., 1997c). However, its application for embryo culture
was not quite practical because of factors described in
Table 3.

The supposed damage of the plastic and the possible
occurrence of toxic materials during the melting proce-
dure hampered us long to use heated metal rods to
produce small wells for embryo culture. However, later
experiments proved that this effect is low and might be
compensated by rigorous flushing of the wells and
prolonged pre-incubation of the dishes. Large-scale
industrial production of these dishes might eliminate

this effect and may lead to even higher embryo develop-
mental rates. The selection of the appropriate size and
shape of the WOW for the three different modules was
based on a considerable amount of previous experi-
ments (unpublished data).

The caliber of the WOW is surprisingly low: approxi-
mately 0.15 and 0.04 µl for the cylindrical and the
V-shaped well, respectively. However, the insertion of
zygotes into the wells or removal of blastocysts from the
wells did not require special skills, could be rapidly
performed, and no special care was needed to keep the
embryos in the WOW during movement or storage of
the dishes.

TABLE 3. Differences Between the Darning Needle
Depression System* and the WOW

Characteristics
Darning needle

depression WOW

Production Special needles are
pressed by hand
to the bottom of
dishes filled with
medium

Variously polished
iron sticks are
heated over
flame, then
pressed to the
bottom of the
empty well of a
four-well dish

Depth Limited, as high
mechanical force
may break the
plastic dish

Deep (determined
only by the thick-
ness of the
bottom)

Shape Rather limited to
versions of V
shape

From cylindrical to
V shaped

Walls Scratches are
hardly avoidable

Smooth

Stereomicroscopic
view

Not clear Clear, suitable for
evaluation

Purpose Chimera produc-
tion using mixed
blastomers

Culture of embryos
singly or in small
groups, culture of
biopsied, nuclear
transferred
or/and zona-free
embryos

Safety Poor, as small
sudden
mechanical
impacts (e.g.,
closing the door
of incubator) may
force embryos to
float out of the
depression

Satisfactory: toler-
ance to
mechanical
impacts is
similar to that of
the drop cultures
covered with oil

Commercial possi-
bilities

Needles are pro-
duced and avail-
able, no dishes
available

Dishes with WOWs
designed for the
special purpose
should be pro-
duced industri-
ally

Perspectives Rather limited to
experimental
purposes, chi-
mera production

Nearly all areas of
experimental,
domestic animal
and human
embryo culture
(see in detail in
the Discussion)

*Wood et al. (1993).
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In our comparative experiment, the amount of the
medium in the well system was determined by our
established embryo production system (Holm et al.,
1997, 1999; Vajta et al., 1998). The size of the droplet
was selected according to the calculations of Gardner et
al. (1993), who determined the nutrient uptakes of
individual ovine embryos and calculated that 20 µl of
SOF medium contains the minimum energy supply
over a 6-day period. Although this volume was more
than the 10 µl suggested by Carolan et al. (1996) for
individual bovine embryos, we regarded it a good
compromise to use a uniform system for the three
modules (single embryos, groups of five embryos, and
single zona-free embryos). The amount of the medium
in the WOW system was slightly more than in the
original wells, as the WOW production procedure re-
sulted in slightly elevated ramps on the sides of the
small wells. Both free movement of medium and easy
insertion and removal of embryos required 500 µl
medium instead of the standard 400 µl.

The bovine embryo production system used in these
experiment has the capacity to produce consistently
approximately 50% day 7 blastocyst/oocyte rates, when
high number of embryos are cultured together (Holm
and Callesen, 1998; Vajta et al., 1998; Holm et al.,
1999). In the present series of experiments, these rates
were between 51–58%. This efficiency is among the
highest described so far (Brackett and Zuelke, 1993;
Hasler et al., 1995; Hernandez-Lendezma et al.,
1995; Lazzari and Galli, 1996; Sirard and Blondin,
1996; Trounson et al., 1994; Elhassan and Westhusin,
1997; Krausslich et al., 1997; Holm and Callesen, 1998;
Marquant-Le Guienne and Humblot, 1998).

Culture of zona-intact embryos individually in the
original system or in drops markedly decreased the
developmental rates, which correlated well with the
data in the literature reviewed earlier. However, using
the WOW system, this decline was not only eliminated,
but a significant increase of blastocyst rates of individu-
ally cultured embryos vs. mass-cultured controls was
detected. No detailed description of any systems ca-
pable of this phenomenon has been published so far.

When five embryos were cultured together in the
original well system, a slight decrease of efficiency
compared to that of the control was detected. When the
drop culture was applied for five embryos, the differ-
ence was not significant, However, the WOW system
proved significantly more efficient for culturing five
embryos together than the well system, the drop sys-
tem, or even the mass-cultured control.

Although successful in vitro culture of zona-free
mouse and bovine zygotes, or bovine nuclear transfer
embryos has already been reported (Xu et al., 1990;
Suzuki et al., 1995; Geshi et al., 1997; Peura et al.,
1998), blastocysts produced this way are suspected to
be handicapped. To prevent conglomeration, these em-
bryos must be cultured individually (Peura, personal
communication). It was, however, demonstrated long
ago that the zona pellucida was not essential for
continued normal development in vitro once compac-

tion had ocurred (Bronson and McLaren, 1970; Modlin-
sky, 1970; Trounson and Moore, 1974). On the other
hand, the impaired hatching of mammalian embryos
produced in vitro is a well-known phenomenon and may
be the consequence of the different composition of the
zona and/or the possible weakness of the embryos
developing in vitro (Cohen et al., 1990; Alikani and
Cohen, 1992; Antinori et al., 1996). Assisted hatching
procedures based on mechanical, chemical, or laser
intervention have been reported to increase in vitro and
in vivo survival rates for both human and bovine
embryos (Cohen et al., 1990, 1992; Tucker et al., 1991;
Loskutoff et al., 1993; Stein et al., 1995; Krüger et al.,
1996; Pokorny and Pokorny, 1996; Vajta et al., 1997b).
Recently, total enzymatic removal of the zona pellucida
of human blastocysts also resulted in pregnancies and
is a promising alternative of the previous assisted
hatching methods (Fong et al., 1997; Jones et al., 1998).
Cryopreservation of zona-free blastocysts results in
high survival rates (Vajta et al., 1996b, 1998).

In our system, developmental rates of zona-free
embryos in the WOW system were significantly higher
than those of the zona-free counterparts cultured in
drops, and were identical with the control, zona-
included embryos cultured in large groups together.
The remarkable development rates achieved in the
WOW system suggest that the total removal of the zona
after fertilization may become an alternative to the
present methods, preventing in vitro produced embryos
from the hard and probably useless struggle to hatch or
from the aggressive assisted hatching procedures that
may cause damage at the preimplantation stages.

The developmental rate was independent of the
number of WOWs per well, which may be important
when not only identification but total isolation of indi-
vidual embryos and small groups of embryos is re-
quired. The cell number of blastocyst cultured in the
WOW system did not differ from that of the controls.
The subjective stereomicroscopic estimation (of cell
number, degree of expansion, size of the inner cell mass,
hatching ability) did not reveal marked differences
between the embryos cultured in the WOW or in the
other systems. If such differences were detected, they
were in favor of the WOW system (especially at culture
of zona-free embryos in the different systems).

Although in the present stage of the experiments no
direct evidence is available, some mechanisms may
explain the promoting effect of the WOW on embryo
development.

1. The amount of medium surrounding the embryo is
very low (0.15 and 0.04 µl for the cylindrical and
V-shaped WOW, respectively). In a quiet environ-
ment, such as the undisturbed incubation from day 1
to day 7 in the Submarine incubation System (Vajta
et al., 1997a), the dilution of certain factors in the
WOW (especially those with higher density than the
medium) may be rather limited. This way the sup-
posed autocrine factors may establish a more con-
stant and suitable microenvironment for the embryo
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than in the large caliber of the original well and the
20-µl drop.

2. At the same time, the openness of the WOW might
provide the appropriate nutrient supplementation
and the dilution of certain toxic metabolic products
like ammonia and free radicals.

3. The culture of zona-included or zona-free embryos
individually in the WOW may protect them from the
harmful effect of co-culture with unfertilized oocytes
or degenerated embryos.

4. For the zona-free pre-compaction stage embryos, the
V-shaped WOW may offer a special advantage, me-
chanically keeping the blastomeres together.

For better understanding the role of supposed fac-
tors, future investigations are planned to measure
certain parameters (pH, oxygen, and ammonia concen-
tration, etc.) in the WOWs and in the overlying me-
dium. Additionally, apart from the blastocyst rates,
quantitative investigation of certain parameters such
as hatching rates (Greve et al., 1993) or follow-up of
more advanced stages of in vitro development, cell
count, and differential staining of the inner cell mass
versus trophectodermal cells (Van Soom, 1996), and
eventually embryo transfers, are needed to reveal the
value of the WOW. However, even at the present stage
of knowledge, several areas of potential application of
WOW can be outlined:

1. The culture of single embryos and small groups of
embryos in areas of significant commercial impact in
domestic animal embryology as bovine transvaginal
ovum pick-up (Pieterse et al., 1991), and embryo
production from single valuable cows (Lazzari and
Galli, 1993; Stringfellow et al., 1993); and also for
the embryology of endangered species (Loskutoff,
1998; Trounson et al., 1998).

2. Human in vitro fertilization, where the prolonged in
vitro embryo culture and transfer in the blastocyst
stage offers many advantages (Jones et al., 1998).

3. The culture of embryos with incomplete or damaged
zona, as after intracytoplasmic sperm injection (Iri-
tani et al., 1998), biopsy (Bondioli et al., 1989; Peura
et al., 1991), and common nuclear transfer proce-
dures (Willadsen, 1986).

4. The culture of zona-free embryos, first of all for the
recently published new nuclear transfer method
(Peura et al., 1998). Further improvement of the
WOW and generally the embryo culture technology
may lead also to the application of zona-free embryo
culture in broader fields.

5. The WOW system offers a unique possibility to
monitor individual embryo development, providing
a new perspective for embryo evaluation. As empha-
sized by Gardner (1998) the morphological investiga-
tion of the pre-implantation stage embryos is not
properly correlated with subsequent development
after embryo transfer. The suggested ways of a more
reliable assessment are (1) the quantification of the
rate of embryo development in culture, and (2) the
monitoring of the nutrient uptake and utilization.

Both suggestions require individual culture of the
embryos, and the WOW system may be regarded as
a good basis for them.

6. Finally, the potential application areas of the WOW
system are not restricted to the culture of embryos.
The system may offer some advantages also for
certain forms of oocyte maturation and fertilization,
although individual maturation and fertilization of
oocytes does not decrease their further developmen-
tal ability (Holm, unpublished). Other application
fields outside the areas of reproductive biology are
also conceivable.

CONCLUSION
The WOW system, a simple modification of the shape

of the bottom of the Nunc four-well dish resulted in
remarkable improvement in culture of zona-included
embryos in small groups, or either zona-included or
zona-free embryos individually. The system is simple,
safe, and easy to work with. Its application may offer
considerable advantages for commercial, experimental
and human embryology.
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Krüger E, Schmoll F, Schernthaner W, Brem G, Schellander K. 1996.
Increased in vitro hatching rate following partial zona dissection of
in vitro produced bovine embryos. Proc 13th Int Congr Anim Reprod.
Sydney, Australia. p 21–23.

Lane M, Gardner DK. 1992. Effect of incubation volume and embryo
density on the development and viability of mouse embryos in vitro.
Hum Reprod 7:558–562.

Lane M, Gardner DK. 1994. Amino acids increase mouse embryo
viability. Theriogenology 41:233.

Lane M, Gardner DK. 1997a. Differential regualtion of mouse embryo
development and viability by amino acids. J Reprod Fertil 109:153–
164.

Lane M, Gardner DK. 1997b. Non-essential amino acids and gluta-
mine decrease the time of the first three cleavage divisions and
increase compaction of mouse zygote culture in vitro. J Assist
Reprod Genet 14:398–403.

Lazzari G, Galli C. 1993. In vitro embryo production from valuable
cows slaughtered for reproductive failure or terminal illness. Theri-
ogenology 39:256.

Lazzari G, Galli C. 1996. In vitro embryo production and its applica-
tion to cattle breeding. Proc 12th Sci Meet Eur Embryo Trans Assoc.
Lyon, France. p 73–82.

Lee ES, Fukui Y. 1995. Effect of various growth factors in a defined
culture medium on in vitro development of bovine embryos matured
and fertilized in vitro. Theriogenology 44:71–83.

Lewis IM, Lane MW, Vajta G. 1999. Pregnancy rates following transfer
of in vitro produced bovine embryos vitrified by the Open Pulled
Straw (OPS) method. Theriogenology 51:168.

Loskutoff NM. 1998. Biology, technology and strategy of genetic
resource banking in conservation programs for wildlife. Gametes:
development and function. In: Lauria A, Gandolfi F, Enne G,
Gianaroli L, editors. Serono Symposia. Rome. p 275–286.

Loskutoff NM, Greve T, Betteridge KJ, Leibo SP. 1993. Co-culture
conditions and partial zona dissection affect hatching rates of
thawed bovine blastocysts produced in vitro: a preliminary report.
Theriogenology 39:263.

WELL OF THE WELL (WOW) EMBRYO CULTURE 263



Marquant-LeGuienne B, Humblot P. 1998. Practical measures to
improve in vitro blastocyst production in the bovine. Theriogenology
49:3–11.

Modlinsky JA. 1970. The role of zona pellucida in the development of
mouse eggs in vitro. J Embryol Exp Morphol 23:539–551.

Moessner J, Dodson WC. 1993. The role of growth factors and proteins
in media for in vitro fertilization. Assist Reprod Rev 3:63–67.

Moessner J, Dodson WC. 1995. The quality of human embryo growth is
improved when embryos are cultured in groups rather than sepa-
rately. Fertil Steril 64:1034–1035.

Nagao Y, Saeki K, Nagai M. 1998. Effects of embryo density, oxygen
concentration and medium composition on in vitro development of
bovine early embryos. Theriogenology 49:210.

O’Doherty EM, Wade MG, Hill JL, Boland MP. 1997. The role of oocyte
numbers in culture on development of bovine oocytes in an in vitro
system. Theriogenology 47:296.

Palasz AT, Thundathil J. 1998. The effect of volume of culture medium
and embryo density on in vitro development of bovine embryos.
Theriogenology 49:210.

Palma GA, Brem G. 1995. Effect of growth factors IGFI, TGF-a, EGF
and GDGF on development of in vitro produced bovine blastocysts.
Theriogenology 43:291.

Palma GA, Clement-Sengewald A, Berg U, Brem G. 1992. Role of the
embryo number in the development of in vitro produced bovine
embryos. Theriogenology 37:271.

Paria BC, Dey SK. 1990. Preimplantation embryo development in
vitro: cooperative interactions among embryos and role of growth
factors. Proc Natl Acad Sci USA 87:4756–4760.

Peura T, Hyttinen JM, Turunen M, Janne J. 1991. A reliable sex
determination assay for bovine preimplantation embryos using the
polymerase chain reaction. Theriogenology 35:547–555.

Peura TT, Lewis IM, Trounson AO. 1998. The effect of recipient oocyte
volume on nuclear transfer in cattle. Mol Reprod Dev 50:185–191.

Pieterse MC, Vos PLAM, Kruip TAM, Wurth YA, van Beneden TH,
Willemse AH, Taverne MAM. 1991. Transvaginal ultrasound guided
follicular aspiration of bovine oocytes. Theriogenology 35:19–24.

Pokorny R, Pokorny B. 1996. Puncture of the zona pellucida—a
method for successful use of poor quality embryos in bovine. Proc
12th Sci Meet Eur Embryo Trans Assoc. Lyon, France. p 186.

Salahuddin S, Ookutsu S, Goto K, Nakanishi Y, Nagata Y. 1995.
Effects of embryo density and co-culture of unfertilized oocytes on
embryonic development of in-vitro fertilized mouse embryos. Hum
Reprod 10:2382–2385.

SAS Institute Inc. 1993. SAS technical report P-243, SAS/STAT
software: the Genmod procedure, release 6.09. Cary, NC.

Schmidt M, Sangild PT, Jacobsen H, Avery B, Greve T. 1998. No effect
of in vitro production of embryos on size and organ weights in
premature newborn calves. Proc 14th Sci Meet Eur Embryo Trans
Assoc. Venice, Italy. p 244.

Schultz GA, Heyner S. 1993. Growth factors in preimplantation
mammalian embryos. In: Milligan SR, editor. Oxford reviews of
reproductive biology. Vol. 15. Oxford: Oxford University Press. p
43–81.

Sinclair KD, Maxfield EK, Robinson JJ, Maltin CA, McEvoy TG,
Dunne LD Young LE, Broadbent PJ. 1997. Culture of sheep zygotes
can alter fetal growth and development. Theriogenology 47:380.

Sinclair KD, McEvoy TG, Carolan C, Maxfield EK Maltin CA, Young
LE, Wilmut I, Robinson JJ, Broadbent PJ. 1998. Conceptus growth
and development following in vitro culture of ovine embryos in
media supplemented with bovine sera. Theriogenology 49:218.

Sirard MA, Blondin P. 1996. Oocyte maturation and IVF in cattle.
Anim Reprod Sci 42:417–426.

Stein A, Rufas O, Shoshana A, Avrech O, Pinkas H, Ovaida J, Fish B.
1995. Assisted hatching by partial dissection of human pre-embryos
in patients with recurrent implantation failure after in vitro fertil-
ization. Fertil Steril 63:838–841.

Stringfellow D, Riddel M, Riddel K, Carson R, Smith R, Gray B. 1993.
Use of in vitro fertilization for production of calves from involuntary
cull cows. Theriogenology 39:320.

Suzuki H, Togashi M, Adachi J, Toyoda Y. 1995. Developmental ability
of zona-free mouse embryos is influenced by cell association at the
4-cell stage. Biol Reprod 53:78–83.

Takahashi Y, First NL. 1992. In vitro development of bovine one-cell
embryos; influence of glucose, lactate, pyruvate, amino acids and
vitamins. Theriogenology 37:963–972.

Tervit HR, Whittingham DG, Rowson LEA. 1972. Successful culture of
sheep and cattle ova. J Reprod Fertil 30:177–179.

Thibodeaux JK, Myers MW, Hansel W. 1995. The beneficial effects of
incubating bovine embryos in groups are due to pateled-derived
growth factor. Theriogenology 43:336.

Thompson JG. 1996. Defining the requirements for bovine embryo
culture. Theriogenology 45:27–40.

Trounson A, Gunn I, Lacham-Kaplan O, Lewis I, McKinnon A, Peura
T, Shaw J. 1998. Manipulation of development: opportunities for
animal breeding. In: Lauria A, Gandolfi F, Enne G, Gianaroli L,
editors. Gametes: development and function. Serono Symposia,
Rome. p 485–499.

Trounson AO, Moore NW. 1974. The survival and development of
sheep eggs following complete or partial removal of the zona
pellucida. J Reprod Fertil 41:97–108.

Trounson AO, Pushett D, Maclellan LJ, Lewis I, Gardner DK. 1994.
Current status of IVM/IVF and embryo culture in humans and farm
animals. Theriogenology 41:57–66.

Tucker MJ, Cohen J, Massey JB, Mayer MP, Wiker S, Wright G. 1991.
Partial zona dissection of the zona pellucida of frozen-thawed
human embryos may enhance blastocyst hatching, implantation
and pregnancy rates. Am J Obstet Gynecol 165:341–345.

Vajta G, Holm P, Greve T, Callesen H. 1996a. Overall efficiency of in
vitro embryo production and vitrification in cattle. Theriogenology
45:683–689.

Vajta G, Holm P, Greve T, Callesen H. 1996b. Factors affecting survival
rates of in vitro produced bovine embryos after vitrification and
direct in-straw rehydration. Anim Reprod Sci 45:191–200.

Vajta G, Holm P, Greve T, Callesen H. 1997a. The submarine incuba-
tion system, a new tool for in vitro embryo culture: a technique
report. Theriogenology 48:1379–1385.

Vajta G, Holm P, Greve T, Callesen H. 1997b. Survival and develop-
ment of bovine blastocysts produced in vitro after assisted hatching,
vitrification and in-straw direct rehydration. J Reprod Fertil 111:
65–70.

Vajta G, Holm P, Greve T, Callesen H. 1997c. Comparison of two
manipulation methods to produce in vitro fertilized, biopsied and
vitrified bovine embryos. Theriogenology 47:501–509.

Vajta G, Holm P, Kuwayama M, Booth PJ, Jacobsen H, Greve T,
Callesen H. 1998. Open pulled straw (OPS) vitrification: a new way
to reduce cryoinjuries of bovine ova and embryos. Mol Reprod Dev
51:53–58.

Van Soom A. 1996. Bovine embryo quality: timing of development,
morphological differentiation and cell allocation. PhD thesis. Univer-
sity of Ghent, Ghent, Belgium.

Walker SK, Hartwich KM, Robinson JS, Seamark RF. 1998. Influence
of in vitro culture of embryos on the normality of development. In:
Lauria A, Gandolfi F, Enne G, Gianaroli L, editors. Gametes:
development and function. Serono Symposia, Rome. p 457–484.

Watson AJ, Hogan A, Hahnel A, Wiemer KE, Schultz GA. 1992.
Expression of growth factor ligand and receptor genes in the
preimplantation bovine embryo. Mol Reprod Dev 31:87–95.

Wiley LM, Yamani S, Van Muyden D. 1986. Effect of potassium
concentration, type of protein supplement, and embryo density on
mouse preimplantation development in vitro. Fertil Steril 45:111–
119.

Willadsen SM. 1986. Nuclear transplantation in sheep embryos.
Nature 320:63–65.

Wood SA, Allen ND, Rossant J, Auerbach A, Nagy A. 1993. Non-
injection methods for the production of embryonic stem cell-embryo
chimaeras. Nature 365:87–89.

Xu KP. 1987. Studies on the bovine follicular oocyte maturation and
fertilization in vitro. PhD thesis, Copenhagen.

Xu KP, Loskutoff NM, Betteridge KJ, King WA. 1990. Immature
zona-free bovine oocytes can be matured, fertilized and cultured to
the blastocyst stage in vitro. J Reprod Fertil Abs 5:57.

264 G. VAJTA ET AL.


	INTRODUCTION  
	MATERIALS AND METHODS  
	Fig. 1. 
	TABLE 1. 
	TABLE 2. 

	RESULTS  
	DISCUSSION  
	TABLE 3. 

	CONCLUSION  
	ACKNOWLEDGMENTS  
	REFERENCES  

