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ABSTRACT

In cryopreserved rat embryos, survival rates obtained in vitro
are not always consistent with the rates obtained in vivo. To
determine the optimal conditions for in vivo development to
term, rat embryos at the 4.cell, 8-cell, and morula stages were
vitrified in EFS40 by a one-step method and transferred into
oviducts or uterine horns of recipients at various times during
pseudopregnancy. Vitrified and fresh 4-cell embryos only devel-
oped after transfer into oviducts of asynchronous recipients on
Days —1 to —2 of synchrony (i.e., at a point in pseudopregnancy
1-2 days earlier than the embryos). Approximately half the vit-
rified embryos transferred into oviducts on Day —1 developed
to term, but only a minority of embryos, whether vitrified
(10%-34%) or fresh (24%-33%), transferred at later {imes did
so, suggesting that this may not be the most suitable stage for
cryopreservation. Very few 8-cell embryos, either vitrified or
fresh, developed when transferred into oviducts on Day 0 to
—0.5. However, when transferred into uterine horns, high pro-

portions of vitrified 8-cell embryos (~63%) developed to term °

in reasonably synchronous recipients (Day ¢ to —0.5) but not
in more asynchronous ones (6%; Day —1). A majority of vitri-
fied morulae also developed to term (52%-68%) in a wider
range of recipients (Days ¢ to —1), the greatest success occur-
ring in recipients on Day —0.5. Similar proportions of vitrified
and fresh 4-cell embryos, 8-cell embryos, and morulae devel-
oped to term when appropriate synchronization existed be-
tween embrye and recipient. Thus, vitrification of preimplanta-
tion-stage rat embryos does not appear to impair their devel-
opmental potential in vivo.

early development, embryo, oviduct, pregnancy, uterus

INTRODUCTION

Transfer of embryos to recipient females has become a
valuable experimental tool, particularly in the fields of em-
bryology and genetics [1]. Since Heape [2] performed the
first successful embryo transfer in the rabbit, many studies
have been carried out on the transfer of mammalian em-
bryos. In rats, the first transfer experiment constituted an
embryo viability test and established the importance of syn-
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chrony between donors and recipients [3]. Later studies
demonstrated that the development of transferred embryos
is dependent on close synchronization between embryonic
development and endometrial preparation in a number of
mammalian species, such as rabbits [4, 5], mice [6], sheep
[7], rats [8], cattle [9], and ferrets [10]. It has also been
shown that asynchrony is more tolerated when embryos are
at a more progressed stage than the recipient uteri [6, 8,
i0]. :
Rat embryos have been successfully cryopreserved at
various developmental stages, such as the 1-cell [11, 12],
2-cell [13-15], 4-cell [13], 8-cell [13, 16-18], morula [19},
and late-morula to early blastocyst [14] stages. In many
cases, survival of the embryos was assessed by transfer to
recipients, probably because the in vitro culture system for
rat embryos was not as effective as that for mouse embryos.
Consequently, reported survival rates have been variable
but generally low.

In a recent study [20], we compared the survival of vit-
rified rat embryos, ranging from the 1-cell to the blastocyst
stage, using an efficient culture system (in vitro) and a suc-
cessful embryo-transfer technique (in vivo). Because very
high proportions (94%-100%) of vitrified embryos devel-
oped in vitro, we concluded that the 4-cell, 8-cell, and mor-
ula stages are suitable for embryo cryopreservation; fur-
thermore, the good developmental potential in vitro of these
embryos led us to expect they would develop equally well
in vivo. However, the in vivo survival rate of vitrified 4-
cell embryos was relatively low (40%) and that of 8-cell
embryos extremely low (4%), although similar poor results
were obtained with fresh embryos (29% and 5%, respec-
tively). In contrast, the in vive survival rate of vitrified
morulae (61%) was high and very similar to that of fresh
embryos (70%}). In that study, both fresh and vitrified 4-
and 8-cell embryos were transferred into oviducts of pseu-
dopregnant recipients that were at a point in pseudopreg-
nancy 1 day earlier than the embryos (Day —1 of synchro-
ny), whereas morulae were transferred to uterine homns of
synchronous recipients (Day 0}.

We hypothesized that it might be possible to improve
the in vivo survival of vitrified embryos at all stages by
adjusting the synchrony/asynchrony with respect to the re-
cipient females and by altering the site of transfer. The pre-
sent study was undertaken to test this hypothesis using rat
embryos vitrified at the 4-cell, 8-cell, and morula stages.

MATERIALS AND METHODS

All experiments were conducted in accordance with the International
Guiding Principles for Biomedical Research Involving Animals as pro-
mulgated by the Society for the Study of Reproduction.
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TABLE 1. In vivo development of vitrified 4-cell rat embryos transferred into oviducts of recipients at various times during pseudopregnancy.
Time of transfer
Day of No. of
pseudo- Day of No. of recipients embryos No. (%} of
Embryo pregnancy Time (h) synchrony (pregnant/total) transferred implantation sites ~ No. (%) of young
Vitrified 1 0900 =25 0/7 98 15 {13) 0
2100 -2.0 4/6 83 56 (67 82 {10}
2 0900 -1.5 5/5 70 32 (46)¢ 243k (34)d
2100 -1.0 33 42 23 (55)° 222 (52)¢
3 0900 -0.5 0/5 61 1) 0
2100 0 0/5 67 0 0
Fresh 1 2100 -2.0 6/6 83 62 (75) 20 (24
2100 -1.0 4/4 48 20 (42)9 16 (33)8
3 2100 0 0/5 68 0 0

2 Including one dead neonate.
b Including one dead fetus on Day 25.

< Values with different superscripts within each column in each group of embryos differ significantly (P < 0.05).
g Values differ significantly from those in vitrified embryos at the same time of transfer (P < 0.03).

Collection of Embryos

Outbred Wistar rats were bred in-house and kept in a room under a
14L:10D photoperiod (lights-on, 0600—2000 h; lights-off, 20000600 h).
Mature female rats (age, 2-3 mo) at proestrus, as assessed from vaginal
smears, were placed overnight with mature males. On the following morn-
ing (Day 1 of pregnancy), the females were examined for mating by the
presence of a vaginal plug or spermatozoa in the vagina. Mated females
were humanely killed by cervical dislocation at 2100-2200 h on Day 3
of pregnancy for 4-cell embryos, at 0800-0900 h on Day 4 for B-cell
embryos, and at 1800-2000 h on Day 4 for morulae. Embryos were re-
covered by flushing the excised oviducts and/or uterine horns with mod-
ified phosphate-buffered saline (PB1) [21].

Vitrification of Embryos

For vitrification, EFS40 was used [22]; this solution was 40% (v/v)
ethylene glycol and 60% (v/v) PB1 medium containing 30% (w/v) Ficoll
70 (average molecular weight, 70000; Amersham Pharmacia Biotech,
Buckinghamshire, U.K.} and 0.5 M sucrose. Thus, the final concentrations
of Ficoll 70 and sucrose in EFS40 were 18% (w/v) and 0.3 M, respec-
tively.

Embryos were vitrified in EFS40 in 0.25-ml Cassou straws (IMV,
L' Aigle, France) following the procedure described by Kasai et al. [22].
All the procedures were conducted in a room at 25°C. Before freezing,
PB1 medium containing 0.5 M sucrose (S-PB1) was drawn up into a straw
to a depth of ~60 mm, followed by air (25-30 mm), EFS540 (~5 mm),
another volume of air (~5 mm), and finally, more EFS40 (~12 mm),
Twelve to 14 embryos were transferred directly from PB1 medium into
the targer volume of EFS40 in the straw, and the straw was sealed. After
exposure of embryos to EFS40 for 30 sec, the straw was positioned in the
liquid nitrogen vapor phase by placing it horizontally on a styrofoam boat
(thickness, ~1 c¢m) floating on the surface of the liquid nitrogen for at
least 3 min in a Dewar vessel (inner diameter, 140 mm). The straw was
then immersed in liquid nitrogen.

After being stored in liquid nitrogen for at least 1 day, each straw was
kept in air for 10 sec and then immersed in water at 25°C. When the
crystallized S-PB1 medium in the straw began to melt (after ~7 sec), the
straw was removed from the water and quickly wiped dry, and the contents
of the straw were then expelled into a watch glass by flushing the straw
with 0.8 ml of S-PB1 medium. After gently agitating the watch glass to
promote mixing of the contents, the embryos were pipetted into fresh S-
PB1 medium, Approximately 5 min after being flushed out, the embryos
were transferred to fresh PB1 medium.

Embryo Transfer

The females were stimulated by inserting a glass rod connected to an
electric vibrator into the vagina at 1930-2000 h on the day of proestrus
(Day 0 of pregnancy) 1o induce pseudopregnancy. Transfers were then
carried out on specified days of pseudopregnancy. Because we did not
have access to animal rooms with different lighting schedules, it was only
possible to adjust the synchrony by intervals of 24 h for investigations
using fresh embryos, However, with vitrified embryos (the focus of the
present study), it was possible to adjust the synchrony by smaller intervals.

Morphologically normal vitrified embryos were recovered in PB1 medium
as described above and transferred to pseudopregnant females without fur-
ther culture.

Vitrified 4-cell embryos were transferred into oviducts at 0900 and
2100 h on Day 1, 2, or 3 of pseudopregnancy. The time of 2100 h on Day
3 of pseudopregnancy was designated as Day O of synchrony, because 4-
cell embryos were collected at the same hour on Day 3 of pregnancy. As
a control, uncultured fresh 4-cell embryos were transferred inte oviducts
at 2100 h on Day 1, 2, or 3 of pseudopregnancy. Vitrified 8-cell embryos
were transferred into oviducts or uterine horns at 0800 and 2000 h on Day
3 or at 0800 h on Day 4 of pseudopregnancy (the latter time was Day 0
of synchrony for 8-cell embryos). As a control, uncultured fresh 8-cell
embryos were transferred into oviducts or uterine horns at 0800 h on Day
3 or 4 of pseudopregnancy. Because the results in our previous study [20]
were poor when either fresh or vitrified 8-cell embryos were transferred
into oviducts on Day —1 of synchrony, those treatment conditions were
not repeated in the present study. Vitrified morulae were transferred into
uterine horns at 0600 and 1800 h on Day 3 or 4 of pseudopregnancy; the
time of 1800 h on Day 4 of pseudopregnancy was designated as Day 0
of synchrony. As a control, uncultured fresh morulae were transferred into
uterine horns at 1800 h on Day 3 or 4 of pseudopregnancy.

Six to seven embryos were transferred to each oviduct or uterine horn.
Transfer of embryos into oviducts was conducted as described by Toyoda
and Chang [23], except that a small drop of 0.1% epinephrine solution
was put on the surface of the bursal membrane before cutting the mem-
brane to prevent bleeding. Transfer into uterine horns was conducted as
described by Miyoshi et al. [24]. After transfer, vaginal smears from the
recipients were examined daily. Recipients showing proestrus or estrus
were killed, and their uterine horns were examined for implantation sites.
However, recipients that showed proestrus or estrus on the fourth or fifth
day were considered to be nonpseudopregnant and were exciuded from
the present study. Pregnant females were allowed to give birth and were
then killed. Females that had not delivered by Day 25 of pregnancy were
killed, and their uterine horns were examined for resorption sites, implan-
tation sites, and fetuses.

Statistical Analyses

The data were analyzed using chi-square tests unless the expected fre-
quency was less than five, in which case the Fisher exact probability test
was used.

RESULTS
in Vivo Development of 4-Cell Embryos

As shown in Table 1, when 4-cell embryos were trans-
ferred into oviducts of synchronous recipients (Day 0 of
synchrony), none of the females became pregnant. Similar-
ly, no recipients became pregnant after receiving vitrified
embryos either on Day —0.5 (nearly synchronous) or on
Day —2.5 (extremely asynchronous). However, when 4-cell
embryos were transferred on Days —1 to —2 of synchrony,
most females became pregnant. Although implantation rates

= 100 -
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TABLE 2. In vivo development of vitrified 8-cell rat embryos transferred into either oviducts or uterine hoins of recipients at various times during

pseudopregnancy.
Time of transfer
Day of No. of
pseudo- Day of No. of recipients embryos No. (%) of
Embryo pregnancy Time (h) synchrony Transfer site {pregnant/total) transferred  implantation sites No. (%) of young
Vitrified 3 0800 -1.0 Uterus 1/6 79 10 (13) 5 (6)c
2000 -0.5 Oviduct 2/5 68 3 4 32 (4)¢
Uterus 77 98 79 (819 62 (63)d
4 0800 0 Qviduct 2/5 67 4 (b 3b (4)c
Uterus 6/6 77 70 (91)¢ 48 (62)d
Fresh 3 0800 -1.0 Uterus 4/6 84 26 31 18ab (21)<f
4 0800 0 Oviduct 1/5 66 3 (59 2 (3¢
Uterus 6/6 80 68 (85 53b (66)e

2 Including one to three dead fetuses on Day 25.
b Including one to two dead neorates.

<= Values with different superscripts within each column in each group of embryos differ significantly (P < 0.05).
fValues differ significantly from those in vitrified embryos at the same time of transfer (P < 0.05).

in recipients on Day —2 were relatively high with both
vitrified and fresh embryos, less than a quarter of the trans-
ferred embryos developed to term, and of these, signifi-
cantly more (P < 0.03) fresh embryos than vitrified em-
bryos completed development. In contrast, when transferred
on Day —1, significantly more (P < 0.05) vitrified embryos
than fresh embryos developed to term. Although more vit-
rified embryos developed to term when transferred on Day
—1 to —1.5 than on Day —2, fresh embryos developed to
term equally well when iransferred on either Day —1 or
Day -2.

In Vivo Development of 8-Cell Embryos

As shown in Table 2, when 8-cell embryos were trans-
ferred to oviducts of recipients on Day 0 or Day —0.5, the
pregnancy rates were low with both vitrified and fresh em-
bryos. In contrast, when embryos were transferred to uter-
ine horns on either Day 0 or Day —0.5, all the recipients
became pregnant; in more asynchronous females (Day —1),
fewer pregnancies occurred irrespective of embryo type.

Thus, transfers to recipients on Day 0 to —0.5 were
much more successful when vitrified embryos were trans-
ferred into uterine horns than into oviducts; transfers into
more asynchronous recipients (Day —1) gave very poor
results. Similarly, when fresh embryos were transferred into
uterine horns of asynchronous recipients (Day —1), less
than a third implanted and developed to term. In synchro-
nous recipients, most embryos implanted, and approxi-
mately two thirds developed to term. Transfer into oviducts
of synchronous recipients resulted in poor development,

In Vivo Development of Morufae

As shown in Table 3, when morulae were transferred
into uterine horns on Days 0 to —1 of synchrony, all recip-
ients became pregnant, and high rates of implantation and
full-term development were obtained with both vitrified and
fresh embryos. The highest rate of full-term development
with vitrified embryos was obtained with transfer to slightly
asynchronous females (Day —0.5); those results were sig-
nificantly (P < 0.05) higher than those obtained after syn-
chronous transfer and equivalent to those obtained from
transfer of fresh embryos on Day —1. In contrast, when
vitrified embryos were transferred to females on Day — 1.5,
two females falled to get pregnant, and implantation and
full-term development was very poor in the remaining five
females.

DISCUSSION

Several decades ago, Noyes and Dickmann [1] reported
that fresh rat embryos obtained 3 days after mating (pos-
sibly at the 2- to 4-cell stage} developed poorly after trans-
fer into uterine horns of synchronous recipients. Greater
success was obtained when such embryos were transferred
into oviducts of recipients on Day —1 or Day —2 of syn-
chrony. Although there has been general interest regarding
cryopreservation of mammalian embryos, very few studies
using cryopreserved rat embryos at similar developmental
stages have been published, In the first such study, Whit-
tingham [13] transferred frozen-thawed 4-cell embryos into
oviducts of recipients on Day —2 of synchrony but obtained

TABLE 3. In vitro development of vitrified rat morulae transferred into uterine horns of recipients at various times during pseudopregnancy.

Time of transfer

Day of No. of
pseudo- Day of No. of recipients embryos No. (%) of
Embryo pregnancy Time (h) synchrony (pregnant/total) transferred implantation sites ~ No. (%) of young
Vitrified 3 0600 —1.5 577 93 17 (18)¢ 92 {1000
1800 -1.0 6/6 80 54 (68)° 462 (58)<d
4 0600 -0.5 8/8 110 81 (74)¢ 75 (68}
1800 0 8/8 112 78 (70) 58 (52
Fresh 3 1800 -1.0 6/6 73 67 (89 53 (71}
4 1800 0 5/5 (%4 33 (79 42 (63}

2 Including one dead neonate.

b-d Values with different superscripts within each column in each group of embryos differ significantly (P < 0.05).
© Values differ significantly from those in vitrified embryos at the same time of transfer (P < 0.001).
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no live fetuses. Subsequently, rat embryos ranging from the
1-cell to the blastocyst stage, but not at the 4-cell stage,
have been cryopreserved. To our knowledge, our investi-
gations are the first to obtain live young from cryopre-
served 4-cell rat embryos [20; present study].

In the present study, when we varied the degree of syn-
chrony between embryo and pseudopregnant recipient, rea-
sonable results with vitrified 4-cell embryos were obtained
only with asynchronous recipients (Day —1), with 52% de-
veloping to term. However, we think that this result may
be slightly misleading, because only three recipients on Day
—1 were used in the present study. In our earlier study [20],
six recipients at this stage were used. Of those, five got
pregnant, and 40% of embryos developed to term. Taken
together, these results suggest that vitrified 4-cell embryos
are only moderately able to develop to term. Surprisingly,
the best results with fresh embryos (24%-33%) were either
lower than or only just comparable to those obtained with
vitrified embryos. This may reflect the fact that we could
not adjust lighting condittons in the animal unit to vary the
degree of synchrony for recipients of fresh embryos; thus,
we could only adjust the synchrony by intervals of 24 h
(Days —1 and —2) in experiments using fresh embryos. In
contrast, with vitrified embryos we were able to assess de-
velopmental potential following transfer to recipients on
Days —0.5, —1.5, and —2.5, as well as —1 and -2, of
synchrony. Thus, survival of 4-cell rat embryos does not
decrease significantly after vitrification, which is consistent
with our recent demonstration that as much as 94% of 4-
cell embryos vitrified by our method could develop into
blastocysts in culture [20].

The proportion of vitrified 4-cell embryos that developed
to term (34%—52%) (Table 1) may be adequate for practical
use, but even higher success rates were obtained with vit-
rified 8-cell embryos (62%—-63%) (Table 2) and morulae
(58%—68%) (Table 3). For 8-cell embryos, transfer into ovi-
ducts was not effective, but transfer into uterine horns (es-
pecially of more synchronous recipients) was very effec-
tive. These results led us to evaluate transfer of vitrified 4-
cell embryos into uterine horns of recipients on Day 0 to
—0.5, but the in vivo survival rate was very low (unpub-
lished observations). Therefore, we conclude that the lower
in vivo survival of 4-cell embryos, whether cryopreserved
or fresh, reflects something unusual about this developmen-
tal stage in the rat.

Higher proportions of transferred embryos can develop
in vivo when recipients are either synchronous with or at
a slightly earlier stage than the embryos. In both the present
study and that of Han et al. [20], few (<15%) 8-cell em-
bryos, either vitrified or fresh, developed to term when
transferred into oviducts, regardless of the day of synchro-
ny, indicating that the site of transfer is very important,
Consistent with our results, Noyes and Dickmann [1] found
that in vivo development of fresh embryos obtained 4 days
after mating {possibly at the 8-cell to morula stage) was
well supported when transferred into uterine horns, but not
oviducts, of synchronous recipients. However, comparative-
ly low rates (0-38%) of in vivo development of cryopre-
served 8-cell rat embryos have been reported even after
synchronous transfer into uterine horns [16-18]. In contrast
to those earlier investigations, in the present study the ma-
jority (—63%) of vitrified 8-cell embryos developed to term
when transferred into uterine horns of recipients on Day 0
to —().5 (Table 2}, which is very similar to the results with
fresh embryos (66%). Thus, the in vivo developmental po-
tential of 8-cell embryos is not markedly reduced by vit-

rification using EFS40; indeed, 100% of vitrified and
thawed 8-cell embryos had normal morphology and, thus,
could be transferred [20]. When transferred into uterine
horns of more asynchronous recipients (Day —1), however,
only a minority of both vitrified and fresh 8-cell embryos
developed to term (6%—21%). This may indicate that earlier
in the cycle, the uterine environment is hostile to such em-
bryos; results in the various earlier studies cited above sug-
gest that in the uterine cycle, there are times when condi-
tions within the uterus can either kill or prevent implanta-
tion of early embryos. In contrast, the majority of morulae
(Table 3) developed to term following transfer to both syn-
chronous (Day 0 to —0.5) and asynchronous (Day —1) re-
cipients, suggesting that these older embryos are more flex-
ible in their requirements for implantation and subsequent
development.

Kasai et al. [19] reported that 09%—-50% of rat morulae
frozen-thawed in the presence of various cryoprotectants
developed to term after transfer to synchronous recipients.
In our previous study [20], when rat morulae were trans-
ferred to synchronous recipients, 61% of vitrified embryos
developed to term, which is very similar to the 70% rate
obtained with fresh embryos. In the present study, high pro-
portions of vitrified morulae developed to term when trans-
ferred to either asynchronous (Day —0.5 to —1) or syn-
chronous {Day 0) recipients, but the best results were ob-
tained following transfer into slightly asynchronous recip-
tents (Day —0.5). Thus, vitrified 8-cell embryos and
morulae appear to have similar developmental potential.
However, the morula may be a more convenient stage for
embryo cryopreservation, because the synchrony require-
ments of the recipients appear to be less exacting.

In conclusion, although approximately half the vitrified
4-cell rat embryos developed to term in asynchronous re-
cipients (Day —1), this does not appear to be the optimal
stage for cryopreservation; even fresh embryos had a sim-
ilarly modest developmental potential. On the other hand,
high propertions (>60%) of vitrified 8-cell embryos and
morulac developed to term when transferred into uterine
horns of more synchronous recipients (Day 0 to —(.5) or
slightly asynchronous recipients (Day —0.5 to — 1), respec-
tively. The proportions of vitrified 4-cell, 8-cell, and mor-
uia-stage embryos developing to term were all comparable
with the results for fresh embryos as long as the recipient
was at the appropriate stage of synchrony. We therefore
conclude that the full-term developmental potential of rat
embryos at these stages is not damaged by vitrification,
although further experiments are needed to determine
whether similar results can be obtained with other strains
of rats.

Because the rat is a very important mode! for the study
of human disease and a traditional experimental model sys-
tem, it is vital to have genetic integrity and transportability
of strains. The present data suggest that vitrified rat embry-
0s may provide a valuable experimental tool that will allow
investigators using the rat model system to achieve these
requirements.
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Abstract

Virification is a method in which not only cells but also the whole solution is solidified without the crystallization of ice,
For embryo cryopreservation, the vitrification method has advantages over the slow freezing method, For example, injurics
related to ice is less likely to occur, embryo survival is more likely if the embryo treatment is optimized, and embryos can
be cryopreserved by a simple methed in a short period without a programmed freezer, However, solutions for vitrification
must include a high concentration of permeating eryoprotectants, which may eause injury through the toxicity of the agents.
Since the development of the first vitrification solution, which contained dimethylsulphoxide, acetamide, and propylene
glycol, numerous solutions have been composed and reported to be effective. However, ethylene glycol is now most widely
used as the permeating component. As supplements, a macromolecule and/or a small saccharide are frequently added.
Embryos of various species, including humans, can be cryopreserved by conventional vitrification using insemination straws
or by ultrarapid vitrification using minute tools such as electron microscopic grids, thin capillaries, minute foops, or minute
sticks, or as microdrops. In the ultrarapid method, solutions with a lower concentration of permeating cryoprotectants, thus
having a lower toxicity, can be uscd, because ultrarapid cooling/warming helps to prevent ice formation.

Keywords: cryopreservation, embryo, ethylene glvcol, lnunan, vitrificarion

Introduction

In cryopreservation, cells are suspended in a suitable solution,
cooled, stored in liquid nitrogen, warmed to room temperature,
and returned to a physiological solution. During each step of
this process, cells are at risk for various types of injuries. The
primary injury is that caused by the formation of intracellular
ice during cooling and warming. To prevent this injury,
inclusion of a cryoprotectant is essential for large cells like
mammalian embryos. However, the cryoprotectant brings
other causes of injuries, i.e. chemical toxicity of the agent and
osmotic over-swelling of the cells during removal of the
permeated cryoprotectant. During the removal, embryos are
usually exposed to a hypertonic solution with sucrose, and
embryos can be injured by osmolic over-shrinkage in some
cases. In addition, embryos can be dissected physically by a

fracture plane if such a plane is formed in the medium and
traverses the embryos during passage through the glass
transition temperature. Furthermore, cenain types of embryos
are injured just by chilling at 20-0°C. In order for embryaos to
survive cryopreservation, the effect of each of these injuries
must be minimized (Kasai ef a/., 2002).

Vitrification is a reasonable and effective strategy for preventing
the primary cause of injury, that is, intracellular ice formation.
Fracture damage and chilling injury may also be minimized in
vitrification. Vitrification also has advantages over slow
freezing in that survival of embryos is more likely if the embryo
treatment is optimized, and embryos can be cryopreserved by a
simple method in a short period without a programmed freezer.
This study provides a brief outline of cryopreservation of animal
and human embryos by vitrification.
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Principle of vitrification
Vitrification in slowly frozen samples

Cryopreservation of mammalian embryos became possible in
1972, when Whittingham, Leibo, and Mazur reported the
successful deep freezing of mouse embryos, resulting in the
production of viable young. Their method was the slow
freezing method, in which embryos are loaded with
cryoprotectant by being suspended in a solution supplemented
with [-1.5 mol/l eryoprotectant, ice-seeded, and cooled very
slowly (0.3-0.5°C/min) so that the cellular contents become
concentrated by gradual dehydration in response to the
concentration of the extracellular unfrozen fraction during the
growth of extracellular ice, before the sample is placed in
liquid nitrogen. The slow cooling stage is necessary to prevent
the formation of intracellular ice in large cells.

When samples are cooled in liguid nitrogen after sufficient
dehydration, the cytoplasm of the embryos, together with the
extracellular concentrated fraction in which embryos are
suspended, will turn to a glassy solid without ice formation,
that is, they will vitrify (Figure 1). Viuification can be defined
as the solidification of a solution by an extreme elevation in
viscosity without crystallization. Therefore, in an aqueous
solution, vitrification means ice-free solidification, while
freezing means ice formation. Even in slow freezing,
therefore, embryos must be vitrified, because intracellular ice

is fatal. The cytoplasm is vitrified at the glass transition
temperature, which is around —130°C.

The slow freezing method was proven effective for embryos of
various mammalian species, and is routinely used for the
eryopreservation of mammalian embryos, mainly in mice,
cattle, and humans. The disadvantage of this method is that it
requires a long time for cooling and a programmed freezer to
control the cooling rate.

Vitrification method

If embryos arc suspended, at 0°C or above, in a highly
concentrated solution, similar to the extracellular unfrozen
fraction in the slowly cooled sample, and the cellular contents
are concentrated, embryos should be able to survive direct
cooling into liquid nitrogen, with both extracellular solution
and cytoplasm being vitrified. Based on this idea, Rall and
Fahy (1985) devised a vitrification method using motuse
embryos. With this method, embryos suspended in a
vitrification solution can be cooled in liquid nitrogen in a few
seconds (Figure 1). This approach eliminated the slow cooling
process and the use of elaborate equipment to control it.

An additional advantage of this approach is that a high level of
embryo viability may be maintained. This is primarily
auributed to the smaller chance of intracellular ice forming,
although intracellular ice can form even in vitrification if the

Slow freezing Vitrification
1 Physiological
N solution HE
Before -
cooling %”’//ﬁ Cryoprotectant % ~
. : O .
{%/}/% solution /{#@ v?;t;_la‘:r:t?;
Vitrification h 2%
1 solution - 'ﬁ,,,@j
During Ice seeding
cooling :
1 Siow cooling Rapid
cooling
I Rapid cooling
v k J
In liquid %/" 7 >,
nitrogen %,;@% ,’

Figure 1. Schematic presentation of an embryo (cirele) before cooling, during
cooling and in liquid nitrogen in slow freezing, conventional straw vitrification,
and ultrarapid vitrification. White hexagons represent ice crystals.
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concentration of eryoprotectant in the cell is not high enough.
The biggest obstacle to this approach is the toxicity of the
solution, because 4-8 mol/l of cryoprotectant is used to
prevent extracellular ice from forming. Various improvements
have been made 1o this approach, and it is now possible to
cryopreserve many types of embryos with a minimal loss of
viability, although more delicate handling of embryos is
required than with the slow freezing method.

Ultrarapid vitrification

Unfortunately, consistently high survival has not been
obtained after eryopreservation either by slow freezing or by
vitrification. The first reason for the low survival would be
the sensitivity of embryos to chilling; examples are bovine
embryos at early cleavage stages (Leibo er al., 1996) and pig
embryos before the peri-hatching stage (Hayashi er al.,
1989). The second reason would be lower permeability of the
cell membrane, which would lead to the formation of
intracellular ice and alse osmotic over-swelling. An example
is the human blastocyst. which must be dchydrated and
concentrated more slowly than earlier stage embryos
(Mukaida er ef., 2001). The third reason would be the toxicity
of the cryoprotectant during exposure of cells 1o the
concentrated vitrification solution. In blastocysts with a large
blastocoel, for instance, longer exposure would be necessary
to make this space concentrated. Furthermore, some types of
embryos (e.g. hamster embryos) are quite sensitive just to
exposure to an in-vitro environment.

In an mtempt to overcome these injurics, maodified
vitrification methods have been devised in which the cooling
and warming rate is markedly increased by minimizing the
volume of the solution and the container (Figure 1). The
modified methods employ electron microscope (EM} grids
(Martino et al., 1996), thin capillaries called open pulled
straws (QPS) (Vajta et al., 1998), minute nylon loops called
cryoloops (Lane er al., 1999ab), tiny plastic tools called
hemi-straws (Vanderzwalmen, 2003) or cryotops (Hiraoka et
al., 2004}, or containerless microdrops (Le Gal and Massip,
1999). By this approach, critical temperatures at which cells
are injured by chilling could be passed through quickly
enough to minimize the injury, intracellular ice might be
prevented from forming even in less concentrated cells, and
the use of a vitrification solution with a lower concentration
of the cryoprotectant, thus a less toxic solution, may be
possible. The cffectiveness of this approach has been
approved by many reports (Kasai, 2002).

Vitrification solutions

Permeating cryoprotectant, the essential
component

To prevent the injury caused by the formation of intracellular
ice in mammalian embryos, cryoprotectant must permeate
into the cell. Thercfore, a permeating agent is an essential
component in all vitrification selutions. In their pioncering
report, Rall and Fahy (1985) used a solution called VSI,
which contains dimethylsulphoxide (DMSQ), acctamide, and
propylene glycol as permeating components. Thereafter,
numerous vitrification solutions have been devised not only
with these three agents but also with glycerol and ethylene

glycol, in combination or as a single permeating compenent.
So far, these five agents have almost exclusively been used as
the permeating components for the vitrification of
mammalian embryos. The mechanism of the protective
properties of the agents is considered the same, but the
toxicity and the permeating properties of the agents are quite
different.

Among the five agents, ethylene glycol and glycerol are less
toxic than DMSQ and propylene glycol, and acetamide is the
most oxic, at least to mouse morulae (Kasai, 1994). Ethylene
glycol is the most permeating for mouse morulac, and
glycerol is the least permeating for ene-cell mouse embryos
{Kasai, 1996). However, the permeating properties of the
cryoprotectants are different in embryos at other stages.
Rapidly permeating agents are generally favourable, because
exposure time before cooling can be shortened, and because
they are more likely to diffuse out of the cell rapidly, which
helps prevent osmotic swelling.

Macromolecule, a supplementary
component

In addition 1o permeating cryoprotectants, a macromolecule
is frequently incorporated in the vitrification solution, though
not an essential component. The incorporation of a
macromolecule may promote vivification of a solution. If so,
it would be possible to reduce the toxicity of the solution by
decreasing the concentration of permeating ageats required
for vitrification of the solution. Rall and Fahy (I985) first
used polyethylene glycol. Although other macromolecules
such as polyvinylpyrrolidone (Leibo and Oda, 1993) and
bovine serum albumin (Rall, 1987} are used thereafter, Ficoll
70 seems to have advantages of lower toxicity, higher

solubility, and lower viscosity (Kasai ef al., 1990),

Macromolecules are non-permeating to the cell and much
less toxic than permeating agents.

Small saccharide, a supplmentary
component

Macromolecules contribute to the osmolality of the solution
only a litle, while mono- or disaccharides exert considerable
osmotic effects as smaller non-permeating molecules.
Incorporation of a small saccharide therefore promotes
dehydration and thus intracellular vitrification, and it reduces
the amount of intracellular cryoprotectant, which will help
reduce the toxic effect of the cryoprotectant. In fact, it was
found that incorporation of sucrose reduced the toxicity of a
vitrification solution significantly (Kasai er al., 1990).
Inclusion of a small saccharide will also help prevent over-
swelling of the cell during removal of the permeated
cryaprotectant,

As a small saccharide, sucrose is most commonly
incorporated in the vitrification solution, although other
saccharides such as trehalose, glucosc, and galactose have
also been shown to be effective (Kasai, 1997). It has been
shown that sucrose, and probably other saccharides, are
virtually non-toxic when used at a refrigerated temperature
(Kasai, 1986), although they can be harmful at higher
temperatures (Kasai er al., 1992a).
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Solutions for vitrification

Considering that the essential component is the permeating
agent, vitrification solutions can be classified into four
categories: those with only a permcating agents(s), those with
a permeating agent{s) plus a macromalecule, those with a
permeating agent{s) plus a small saccharide, and those with all
three compeonents. On the other hand, vitrification solutions
can also be classified by the permeating agent, which is the
primary component. Int the following sections, some major
solutions classified by this criterion are described.

Betore the sample is vitrified in liquid nitrogen, some types of
embryos are directly suspended in the vitrification solution in
onc step. Other types of embryo nced a two-step procedure for
the exposure: embryos are first suspended in a dilute solution
containing a lower concentration of a cryoprotectant at room
temperature for permeation without causing toxic injury, and
then they are exposed to a vitrification solution for a short
period or at low temperature. For the dilute solution, only a
permeating agent(s) is incorporated; ethylene glycol or DMSO
is most frequently used.

Vitrification of animal embryos

Vitrification with solutions containing
DMSQ, acetamide, and propylene glycol
(DAP)

The original vitrification solution of Rall and Fahy (VS[) was
composed of 2.6 mol/l DMSO, 2.6 mol/l acetamide, 1.3 mol/l
propylene glycol and 6% polyethylene glycol. However,
because the toxicity of this solution is quite high, embryos
were treated stepwise at a refrigerated temperature. The
efficacy of this solution (and of a slightly dilute solution, 90%
V81) was proven for mouse (Rall ¢t af., 1987) and bavine
(Lopez-Gatius and Camon-Urgel, 1989} embryos, but this
solution is not now used. Nakagata (1993) moditied VS1 and
created a solurion with 2 mold DMSO, | mol/l acetamide, and
3 mol/l propylene glycol. naming it DAP213. This solution is
used for the cryopreservation of mouse embryos (Nakao er al.,
1997), although embryos still have to be exposed to the
solution at 0°C. As the conainer of embryos, insemination
straws (0.25 ml) are most commonly used, but Nakagata's
group uses cryotubes.

Vitrification with a solution containing
ethylene glycol, Ficoll, and sucrose (EFS)

Considering the cryoprotective properties of the three
categories of agents, Kasai ez al. (1990) created a low-toxicity
vitrification solution named EFS40. This solution comprises
representatives of three different categories of agents, 40%
(7.2 mol/1) ethylene glycol as a low toxicity permeating agent,
18% Ficoll 70 as a highly soluble macromolecule, and 0.3
mol/l sucrose as a small saccharide. The soluion was first
composed for vitrifying mouse morutae: a2 quite high
proportion of them survived viurification after bricf exposure
to the solution at room temperature. Then it was confirmed that
EFS40 is effective not only for mouse embryos at other stages
(Miyake er al.. 1993) but also for rabbit morulae (Kasai er al.,
1992b), bovine blastocysts (Tachikawa et al., 1993), horse
blastocysts (Hochi et al., 1994), and sheep embryos (Martinez
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and Matkovic, 1998), if the embryo treatment is optimized.
Embryos of mastomys (Mochida er af., 1998) and Mongolian
gerbil (Mochida er al.. 1999) have been successlully
cryopreserved only by vitrification with EFS40. Recently, it
has been shown that high propartions of rat embryos at various
stages can develop after vitrification with this solution {Han e¢
al., 2003, 2004).

Vitrification with solutions containing
ethylene glycol and DMSO

Ishimori er al. (1992) reported that a solution with 25% (4.5
mol/l) ethylene glycol and 25% (3.5 mol/l) DMSO was
effective for vitrifying mouse embryos. This solution was also
proven effective for bovine embryos (Ishimori ez al., 1993). A
solution with 20% (3.6 mol/l) ethylene glycol and 20% (2.7
mol/l) DMSQ is reported effective for rabbit morulae (Vicente
and Garcia-Ximenez, 1996) and gom blastocysts (El-Gayar et
al., 2001).

More recently, a solution with 15-20% (2.7-3.6 mol/l)
cthylene glycol, 15-20% (2.1-2.8 mol/l) DMSQ, 1% Ficoll,
and 065 mol/l sucrose was used for an ultrarapid approach,
Like EFS40, this solution contains all three components,
permeating agents, a macromolecule, and a small saccharide.
Using cryoloops, hamster embryos were successfully
cryopreserved for the first time with this solution (Lanc er af.,
1999a). Porcine embryos, which are sensitive to chilling, are
also successfully vitrified using OPS with a similar solution
that does noet contain Ficoll (Berthelot ef al., 2000).

Vitrification with solutions containing
ethylene glycol and glycerol

In the study cited above, Ishimori et af. (1992} also created a
vitrification salution with 25% (4.5 mol/l) ethylene glycol and
25% (3.4 mol??) glycerol. Although this solution was not more
effective than a solution with ethylene glycol plus DMSO for
mouse embryos (Ishimori er al.,, 1992), with ethylene glyeol
plus glycerol, it has been shown (o be effective for vitrification
of sheep (Naitana er al., [995) and bovine (Agcaefal., 1998)
embryos with straws and monkey blastocysts with eryoloops
(Yeoman et al, 2001). A solution with 20% (3.6 mol/)
ethylene glycol and 20% (2.7 mol/l) glycerol, supplemented
with small saccharides and polyethylene glycol, was used for
vitrifying llama embryos (Aller e al., 2002).

Vitrification of human embryos

Vitrification of early stage embryos with
straws in DMSO-based solutions

Soon after the first report of Rall and Fahy (1985) on the
vitrification of mouse embryos with VS§1 (containing 6.6 mol/l
permeating cryoprotectants), Quinn and Kerin (1986) tried to
vitrify human embryos using the same protocol. Unfortunately,
however, only one of 11 embryos developed in culture after
warming. In a solution with a lower concentration of
cryoprotectant (4.5 molA DMSO with €.3 molA sucrose), 2- to
16-cell human embryos survived cryopreservation by direct
plunging into liquid nitrogen, resulting in four pregnancies out
of 38 transfers (Barg er al., 1990) and nine pregnancics out of
92 transfers (Feichtinger er al., 1991). Although they did not
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describe the method as vitrification, the solution containing
over 30% (4.2 mol/l), DMSO would actually vitnfy in liquid
nicrogen. Using a solution containing 4.5 mol/l cryoprotectant
(2.25 mol/l DMSO and 2.25 molA propylene glycol}, one-cell
zygotes were also successfully cryopreserved with four
pregnancies out of 54 transfers (Van den Abbeel er al., 1997).

Vitrification of early stage embryos with
straws in ethylene glycol-based solutions

In 1998, Mukaida er af, reported that the protocol for
vitrification of 8-cell mouse embryos using EFS40 is effective
for day 2-3 human embryos, resulting in a twin pregnancy.
Using a vitrification solution with 40% (7.2 mol/l) ethylene
glycol, 18% Ficoll, and 0.3 mol/l trehalose (EFT) (Yoshino er
al., 1993), which is quite similar to EFS40, Ohta ¢r al. (1996)
vitrified 8-cell human embryos, which resulted in the binh of
twin babies. Later, their group reported five pregnancics out of
31 transfers with 8- to 16-cell embryos vitrified by the same
protocol (Saito et al., 2000).

Vitrification of blastocysts in straws

Since sequential culture media enabled the production of
blastocysts, the need for cryopreservation of blastocysts has
increased. Yokota et al. (2001) used a vitrification solution
containing 25% (4.5 mol/l) ethylene glycol and 25% (3.5
mol/l) DMSO (50% in total) and succeeded in the
cryopreservation of human blastocysts (six pregnancies out of
18 transfers). However, vitrification of blastocysts with straws
in EFS540 (containing 40% ethylene glycol} did not result in
high survival (unpublished observation by Mukaida er al.).
This is probably because human blastocysts are less permeable
to water, and ice is more likely to form in the blastocoelic
cavity during cooling/warming. In 2002, Vanderzwalmen et al.
showed that straw vitrification with EFS40 is effective if the
blastocoelic cavity of blastocysts had been artificially
collapsed before vitrification; they reported eight pregnancies
out of 35 transfers.

Vitrification of embryos with minute tools

Lane et al. (1999b) suggested that the ultrarapid vitrification
method  using  cryoloops would be effective for
cryopreservation of human blastocysts, because the chance for
intracellular ice formation must be minimized. Then, Mukaida
el af. (2001) showed, using a solution with 15% (2.7 mol/l)
ethylene glycol, 15% (2.1 mol) DMSO, 1% Ficoll, and 0.65
mol/l sucrose. that the cryoloop method is actually effective;
they reported six pregnancies out of 19 transfers with vitrified
embryos. Later, Mukaida er al. (2003a) reported that this
method resulted in consistently high rates of pregnancy with
76 pregnancies of 207 transfer cycles (37%). Reed et al.
(2002) also reported the effectiveness of this method {two
pregnancies of four transfers). The precise procedure for the
cryoloop method has been described (Mukaida e al., 2003b).

At the same time, other minute tools for ultrarapid vitrification
have been shown to be effective for human embryos. Choi et
al. (2000) vitrified blastocysts with EM grids in a solution
containing 5.5 mol/l ethylene glycol and | mol/l sucrose, and
reported five pregnancies out of 20 wansfers, Cho and his
group also vitrified blastocysts with EM grids in EFS40, and

obtained a twin pregnancy (Son er al., 2002) and 14
pregnancies (of 41 transfers) (Cho er al., 2002). They also
reported that artificial reduction of the blastocoel may improve
the pregnancy rate (l12 pregnancies of 25 transfers) after
vitrification even with ultrarapid cooling/warming (Son er al.,
2003). As another minute tool, the OPS was proven effective
for zygotes (two pregnancies out of four transfers by Selman
and El-Danasouri, 2002; four pregnancics out of 10 transfers
by Isachenko er al., 2003) and embryos at early cleavage
stages (11 pregnancies out of 36 ransfers by El-Danasouri and
Selman, 2001).

Conclusion

Vitrification is an effective method for embryo
cryopreservation. Although 2 solution with DMSQ, acetamide,
and propylene glycol is still available, solutions with ethylene
glycol are more widely used, because ethylene glycol is less
toxic and more permeable to embryos (especially at later
stages). For chilling-sensitive embryos like pig embryos, and
for less permeating embryos like human blastocysts, ultrarapid
vitrification using minute tools would be useful.
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