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Darvelid, U., H. Gustafsson, M. Shamsuddin, B. Larsson and H. Rodriguez Martinez:
Survival rate and ultrastructure of vitrified bovine in vitro and in vivo developed em-
bryos. Acta vet. scand. 1994, 35, 417-426. — The capacity of different vitrification media
and methods was tested onto in vivo and in vitro produced bovine morula/blastocysts
and their ultrastructure and survival studied post-thawing. Two vitrification solutions
were finally selected, named 40 ES (40% ethylene glycol in PBS containing 0.5 M su-
crose) and 35 EFS (composed of 35% (v/v) ethylene glycol in PBS containing 0.5 M/l
sucrose and 30% (w/v) Ficoll 70). The straws were either precooled or not precooled in
nitrogen vapour, plunged and stored in LN, for 10-25 days, and then thawed in a 20°C
waterbath. The content of the straws was rediluted in 1M sucrose solution in PBS and
later cocultured with BOEC for 48 h. The overall survival rates for in vitro and in vivo
embryos were 36% (12 of 33) and 20% (3 of 15) after 24 h and 21% (7 of 33) and 33%
(5 of 15 ) after 48 h. The survival rates for precooled embryos were significantly higher
than for not precooled (48% vs 13% after 24 h and 44% vs 4% after 48 h) when tested
across vitrification media. The in vitro-produced embryos presented an ultrastructure
similar to the pre-freeze state, irrespective of the vitrification media used. The in vivo
developed embryos showed a rather modified post-thaw ultrastructure, with clear signs
of osmotic changes at both the trophoblastic and embryonic cells. The results indicated
that in vitro and in vivo developed bovine embryos can survive vitrification using eth-
ylene glycol as a cryoprotectant.

cryopreservation; vitrification; morphology.

Introduction

The first report on successful vitrification of
mouse embryos (Rall & Fahy 1985) indicated
a possible alternative to freezing of livestock
embryos. Shortly thereafter, Massip et al
(1986) established pregnancies following the
transfer of vitrified bovine embryos. Since
then, vitrification has also been applied to em-
bryos from other farm species such as sheep
and pig (Schiewe et al. 1991, Dobrinski 1993).
Vitrification is defined as the physical process
by which a highly concentrated solution of
cryoprotectants solidifies during cooling with-
out formation of ice crystals. The solution be-

comes increasingly viscous and turn to an
amorphous state called “glass”, and retains
the normal molecular and ionic distributions
of the liquid state (Rall 1987). Several factors
such as cooling rate, type of cryoprotectant,
osmotic stress and sample volume seem to af-
fect the survival rate of embryos following vit-
rification (Arav 1993). These factors are only
to a minor extent analysed for in vivo-devel-
oped bovine embryos (Ishimori et al. 1993,
Mahmoudzadeh et al 1993).

An advantage with vitrification is that me-
chanical damage to the embryo due to intra-
and extracellular ice formation does not oc-
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cur. An additional advantage is that freezing is
accomplished by plunging the embryos into
liquid nitrogen, thus eliminating the need for
expensive controlled-rate cooling devices.
Recently, pregnancies have been achieved by
direct transfer to the recipient of bovine in
vivo embryos which have been vitrified and
where the cryoprotectant has been diluted
within the straw (de Leeuw et al. 1991, de
Leeuw et al. 1994, Ishimori et al. 1993). Vitrifi-
cation in combination with one-step dilution
simplifies and reduces the costs of freezing
and thawing bovine embryos.

Data concerning survival following the vitrifi-
cation of embryos produced by in vitro cul-
ture of oocytes matured and fertilized in vitro
(in the following text referred to as IVMFC-
embryos) are very sparse. In one study, using
a mixture of glycerol and 1,2-propandiol, high
survival rates were obtained provided equili-
bration to cryoprotectants was made in at
least 4 steps (Kuwayama et al. 1992). In an-
other study, ethylene glycol and glycerol ap-
peared less toxic than propyleneglycol follow-
ing a 2 min exposure to IVMFC-embryos
(Tachikawa et al. 1993). Dinnyés et al. (1994)
achevied higher survival rates when blasto-
cysts were vitrified in glycerol than in a mix-
ture of ethylene glycol and Ficoll. The study
also indicated that embryo age and quality af-
fect post thaw survival.

In the present study, the vitrifying capacity of
different vitrification media and the behavi-
our using different plunging methods was
tested onto both in vivo and IVFMC bovine
embryos. Furthermore, the fine structure and
the postthaw-survival of IVMFC-blastocysts
exposed to 2 different vitrification solutions
were studied.

Material and methods

Production of blastocysts in vitro
Cumulus-oocyte complexes (COC) were col-
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lected from small ovarian follicles (<7 mm) at
slaughter and cultured for maturation in TCM
199 (Earle’s salt with glutamine and sodium
bicarbonate, Bichrom, Berlin, Germany) sup-
plemented with 10% (v/v) oestrous cow
serum (ECS) and 0.25 mmol/l sodium pyru-
vate (ECS medium; pH 7.4, 280-290 mOsm)
according to the procedure described by
Shamsuddin et al. (1993b). Following 24 to 25
h of culture, the expanded COC were insemi-
nated with spermatozoa selected by a modi-
fied swim-up through a hyaluronic acid (HA;
1 mg/ml) preparation (Shamsuddin & Rodri-
guez-Martinez 1993). About 50000 selected
spermatozoa were co-incubated with 10 to 15
COCs in a 50-ul droplet of Fert-TALP me-
dium (Parrish et al. 1988). After 20 to 22 h of
co-incubation, the cumulus cells were re-
moved from the presumptive zygotes by re-
peatedly passing them trough a small glass pi-
pette. The zygotes were then transferred
either to culture in a serum-free medium or to
co-culture with bovine oviduct epithelial cells
(BOEC).

A serum-free medium (SFM) was formulated
by supplementing TCM 199 with BSA (10
mg/ml), insulin (5pg/ml), transferrin (Spg/ml),
sodium selenite (5 ng/ml) and sodium pyru-
vate (0.25 mM)(pH 7.4, 280-290 mOsm,
Shamsuddin et al. 1994). Bovine oviduct cells
(BOEC) were prepared according to the pro-
cedure described by Shamsuddin et al
(1993a). Briefly, BOEC were collected by
squeezing out the epithelial lining of an ovi-
duct, washed 5 times in low bicarbonate
TALP (Parrish et al. 1988), and cultured in
ECS medium. After 24 to 48 h of culture, the
cells were washed twice with the culture-me-
dium by repeated centrifugation at 200 g for
10 min, and the cell pellet was resuspended
with the same medium at a ratio of 1:400.
Droplets of the cell suspension were prepared
under prewarmed (30°C) paraffin oil and in-
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cubated overnight. Embryos were cultured in
50-pl droplets at 39°C and 5% CO2 in humid-
ified air. In cases where co-culture was done
together with BOEC, an additional 50-ul ECS
medium was added after 24 h, to each drop.
Embryos that had developed to blastocysts af-
ter 7 or 8 days of culture and with a good mor-
phology were allocated for vitrification and
test of survival after thawing. IVFMC-em-
bryos of poorer quality were used to study
overpressure in straws after thawing.

Production of in vivo embryos

Cows were superovulated with follicle stimu-
lating hormone (Ovagen, Immuno-Chemical
Products LTD, Auckland, New Zealand) and
embryos were collected by methods as de-
scribed previously (Albihn et al. 1989). Late
morula- and blastocyst-stages of excellent-
good quality (Lindner & Wright 1983) were
used in the experiment.

Vitrification assay

The basic medium for the vitrification solu-
tions was PBS (Phosphate Buffered Saline,
Swedish Veterinary Institute, Uppsala, Swe-
den) supplemented with 10% (v/v) FCS (Fetal
Calf Serum, Swedish Veterinary Institute,
Uppsala, Sweden), 0.5M sucrose (The Royal
Veterinary and Agricultural University, Co-
penhagen, Denmark) and Kanamycin (25
mg/l, Sigma, St. Louis, USA). Decreasing (60-
30%, v/v) concentrations of ethylene glycol
(EG) were tested to find the lowest concen-
tration that allowed vitrification under cool-
ing and thawing. Different macromolecules
were thereafter added to the medium to study
the possibility to decrease the EG concentra-
tion allowing vitrification. The macromole-
cules tested were Dextran T500, Ficoll 400, Fi-
coll 70 at 15 and 30% (w/v) and Hyaluronic
acid (Mw=4.10°) at 0.4% (v/v) (Pharmacia,
Uppsala, Sweden). The vitrification solutions

were loaded in 0.25 ml plastic straws (LM.V.,,
L’ Aigle, France) in 2 columns separated by air
bubbles. The straws were heat-sealed in the
open end and closed with a plastic rod behind
the factory plug in the other end. Within 20
sec the straws were progressively plunged into
liquid nitrogen during approximatly 5 sec-
onds. After storing in liquid nitrogen (LN,)
for 0.5 to 3 h, the straws were thawed in a 20°C
waterbath for aproximatly 15 sec while visu-
ally inspected. Devitrification occuring during
thawing was evident as whitening of the vit-
rification solution. A straw that appeared
transparent both during vitrification and
thawing was judged as successfully vitrified.
Ten to 30 straws were tested for each solution.
In preliminary trials, a high proportion
(around 50%) of vitrified straws exploded
when thawed. Therefore, 2 methods of plung-
ing the straws into LN, were tested. Dis-
carded IVMFC-embryos were equilibrated
and loaded in straws as described below. Im-
mediately after sealing, the straws were either
directly but progressively plunged into LN, or
precooled for 1 min over the surface of LN, in
a thermos flask before plunging. The straws
were thawed as described above. The number
of exploded straws (high overpressure) and of
straws from which the medium leaked out
when opened (moderate overpressure) was
also recorded.

Vitrification and thawing

Based on preliminary experiments, 2 vitrifica-
tion solutions were selected for the present
study. The solution named 40 ES was com-
posed of 40% (v/v) ethylene glycol in PBS
containing 0.5 M sucrose. The solution named
35 EFS consisted of 35% (v/v) ethylene glycol
in PBS containing 0.5 M sucrose and 30%
(w/v) Ficoll 70, in the final concentration
19.3% Ficoll and 0.33 M sucrose.
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Figures 1-4: Transmission electron micrographs of in vivo (Fig. 1-2) and in vitro-developed (Fig. 3-4) bovine
blastocysts thawed after vitrification in either 35 EFS (Fig. 1-3) or 40 ES (Fig. 2-4)(x7800). Note the few micro-
villi (arrows) towards the zona pellucida (ZP) in the in vivo embryos (1-2). Most mitochondria (m) appear
spherical, with few cristae and with an electron-lucent area (arrowhead). Figures 3 and 4 show a much better
preserved ultrastructure of the trophoblast, with numerous microvilli (arrows), mitochondria (m), short cell-to-
cell contacts (empty arrows, d: desmosome), and organelles (*: vesicle, er: endoplasmic reticalum, L: Lipid), N:
nucleus, n: nucleolus, ZP: zona pellucida.
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In order to minimize the osmotic stress em-
bryos to be vitrified in 40 ES (20 and 28 in vivo
and IVFMC embryos respectively) were equi-
librated in PBS with increasing concentra-
tions of ethylene glycol as follows; 10% for 3
min, 20% for 3 min, 30% for 2 min and 40%
for 2 min. Embryos to be vitrified in 35 EFS
(11 and 28 in vivo and IVFMC embryos re-
spectively) were equilibrated in the solution
in 1 step for 3 min. During the equilibration in
the final solution the embryos were placed
into the straws by first aspirating a column (50
mm) of medium 1 M sucrose solution in PBS,
a column (30 mm) with vitrification medium,
a column ( 3 mm) with the embryo and of vit-
rification medium and a last column (10 mm)
with vitrification medium. The columns were
separated by air bubbles. The equilibration
was carried out in petri dishes placed on ice
blocks. The straws were sealed and plunged
into LN, as described above.

The straws were stored in LN, for 10-25 days
before thawing. Thawing was performed in a
20° C waterbath and the content of the straw
was expelled into a petri dish containing 2 ml
1 M sucrose solution in PBS. After 5 min the
embryo was transferred to pure PBS.

Culture of thawed embryos

After thawing, the embryos were washed
twice in PBS, once in ECS medium and then
cocultured with BOEC in 50-p! droplets of
ECS medium. The developmental stage of
each embryo was considered and scored after
24 h and 48 h, as 1 = degenerated, collapsed
with no signs of reexpansion, 2 = blastocysts, 3
= expanded blastocyst, 4 = hatched blastocyst.

Electron microscopy

Both in vivo embryos and IVMFC-embryos
were also processed for transmission electron
microscopy following vitrification-thawing in
the 2 vitrification media. The embryos (n= 2-

3/group, total 20) were fixed in a 3% solution
of glutaraldehyde in 0.067 M cacodylate buf-
fer (pH 7.2-7.4, 480-500 mOsm) at 4°C at least
overnight, postfixed with osmium tetroxide
(1%), dehydrated and embedded in Agar
100® plastic resin (Agar Aids, Essex, Eng-
land). Serial semithin (1 pm) and ultrathin
sections (60 nm) were cut with an Ultrotome®
(LKB, Stockholm, Sweden). The semithin
sections were stained with buffered toluidine
blue and examined under a light microscope
for selection of further sectioning. Ultrathin
sections were picked-up on copper grids,
counterstained with uranyl acetate and lead
citrate, and examined on a Philips EM 420
electron microscope at 60-80 Kv.

Statistics

Data were analysed by X* test or by Fishers
test when the number of observations was less
than 5.

Results

Vitrification assay

A solution with 40% (v/v) of ethylene glycol
in PBS allowed vitrification while a solution
with 37.5% (v/v) did not. After addition of the
macromolecules Dextran T500, Ficoll 70 or
Ficoll 400 at 15% (w/v), a solution with 37.5%
(v/v) of ethylene glycol allowed vitrification.
When the concentration of macromolecules
was increased to 30% (w/v) it was possible to
decrease the concentration of ethylene glycol
to 35% (v/v). The solution with Dextran T500
had a high viscosity and was therefore less
suitable. The addition of Hyaluronic acid de-
creased the vitrification ability.

All embryos showed signs of heavy shrinkage
when equilibration in 35 EFS medium was
made in 1 step. Such osmotic effects occurred
as well onto embryos equilibrated in 40-ES
medium, although less pronounced.
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Table 1. Number of straws (% ) with overpressure during thawing.

Treatment n Overpressure

High' Moderate? No
Precooled 52 5(10%) 10 (19%) 37(711%)
Not Precooled 73 20 27%) 19 (26%) 34 (47%)°
® p<0.05

! Straws exploding when thawing.
,* Content leaking out when opening the straw.

The effect of precooling of the straws upon
the occurrence of overpressure in the straws
during thawing is shown in Table 1. The pro-
portion of straws with overpressure was sig-
nificantly reduced (p<0.05) when the straws
were precooled before plunging into LN,

Post-thaw survival

The post-thaw survival rates for in vitro and in
vivo embryos in the different treatment
groups are shown in Table 2. Both IVMFC
and in vivo embryos survived vitrification es-
sentially in the same manner. However, any
comparison between the 2 groups could not
be made due to the low number of embryos
and therefore, for the statistical analysis, the
in vivo and IVFMC embryos were pooled.
When comparing both vitrification media
across plunging methods there were no signif-
icant differences in survival rates. The survi-
val rates for precooled embryos were signifi-
cantly higher than for not precooled (48% vs
13% after 24 h and 44% vs 4% after 48 h,
p<0.01) when tested across vitrification me-
dia.

Electron microscopy

The post-thaw ultrastructure of the in vivo
embryos vitrified in either 35 EFS or 40ES ap-
peared rather modified (Fig. 1 and 2). They
presented signs of osmotic changes at both the
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trophoblastic and embryonic cells, with en-
larged, spherical cells. The trophoblast pre-
sented fewer short microvilli than what is seen
in the precool state. The nuclei, centrally-lo-
cated, were homogeneous with mostly euch-
romatin and distorted nucleoli. Few orga-
nelles were visible. Of these, mitochondria
were the most numerous, although they were
spherical, with few or no cristae, and many of
them presenting an empty or electron-lucent
vesicle-like space inside. Cell-to-cell contacts
were present, anchoring the cells together.
Few lipid droplets were seen. No major differ-
ences were seen between the vitrification me-
dia used.

The IVFMC embryos, following vitrification
and thawing, presented a much better ultra-
structure, irrespective of the vitrification me-
dia used (Fig. 3-4). The trophoblast consisted
of somewhat flattened, though well polarized
cells which surrounded the blastocoele. The
nuclei were also flattened and showed well
developed nucleoli. The amount of microvilli
at the apical membrane was conspicuous (Fig.
3-4). The cytoplasm was more electrondense
than the in vivo embryos and presented a very
well-developed cytoskeleton. Mitochondria
were abundant, round to elongated and with
transverse cristae (Fig. 4). Many membrane
profiles of endoplasmic reticulum and vesicles
of various sizes were commonly seen in the cy-
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Table 2. Survival rates after in vitro culture of thawed IVMFC — and in vivo embryos vitrified
in 2 different solutions and according to 2 plunging methods.

Treatment No of No of Numbers (%) of No (%) of embr.
straws embryos embryos in perihatching
thawed Tecov. survived 24 h. stage 48 h.

IVMFC-embryos

40 ES 15 9 1(11) 1(11)

35 EFS 13 2 (29) 0

Precool 40 ES 9 7 3(43) 3(43)

Precool 35 EFS 11 10 6 (60) 3 (30)

In-vivo embryos

40 ES 7 6 0 0

35 EFS 1 1 0 0

Precool 40 ES 7 5 2 (40) 4 (80)

Precool 35 EFS 4 3 1 (33) 1(33)

Treatments are defined in material and methods.

toplasm. Lipid droplets were also present.
The trophoblastic cells were anchored to each
other by cell-to-cell contacts at the lateral
plasmalemmae (Fig. 3). Large intercellular
spaces were common among the cells. The
embryonic cells were polyhedral and separ-
ated by wide intercellular spaces. They had a
spherical nucleus with well developed nucle-
oli and a cytoplasm which was somewhat
more electron-dense and homogeneous than
the trophoblast.

Discussion

In spite of the limited number of embryos
tested, our results clearly indicate that bovine
embryos can survive vitrification using ethy-
lene glycol as a cryoprotectant. The survival
rate after vitrification was higher than the sur-
vival rates around 30% obtained in our labor-
atory after freezing of IVFMC embryos with
standard methods (Gustafsson et al., unpub-
lished data). This is an interesting indication

since in vitro produced embryos are generally
regarded to be more sensitive to freezing-
thawing than in vivo embryos (Larsson et al.
1992, Greve et al. 1993, Leibo & Loskutoff
1993).

The large amount of lipidic deposits in the cy-
toplasm (Skamsuddin et al. 1992, Leibo &
Loskutoff 1993), the shortage of trophoblast
microvilli and the poorly developed cell-to-
cell contacts between trophoblast cells and/or
cells of the inner cell mass (Shamsuddin et al.
1992) are among the causes for increased sen-
sitivity to conventional cryopreservation pro-
cedures (i.e.using glycerol as coprotectant) by
in vitro-developed embryos (Mohr & Troun-
son 1981).

Whether or not the use of other cryoprotec-
tants and/or different (i.e. ultrarapid) cooling
rates is responsible for the improvement in
the results when vitrifying in vitro-developed
embryos is yet unknown. Neither is it easy to
explain the differences obtained in the
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present study between in vitro and in vivo em-
bryos. One might speculate that the fact that
the in vivo embryos beeing most morula
stages and the IVFMC embryos beeing blas-
tocyst stages affected the post thaw survival
rates. Effects of embryo age and developing
stage on post-thaw survival after vitrification
have been suggested by Dinnyés et al. (1994).
In our earlier studies, up to 50% of the straws
exploded when thawed, thus leading im most
cases to loss of embryos. The preecooling of
the straws in nitrogen vapour before plunging
into LN, significantly reduced fracturing of
the straws, confirming previous reports (Rall
et al. 1987). On the other hand, preecooling
changes the cooling rate during vitrification
and might in itself be harmful to the cells.
However, in our study significantly more em-
bryos survived when precooling was applied,
thus indicating this was more harmless as a
vitrification process.

In agreement with MacFarlane (1987), our
vitrification assay showed that a concentra-
tion of >40% of the cryoprotectant allows vit-
rification. Addition of a non-penetrating
agent such as Ficoll is known to increase the
probability of vitrification, allowing a reduc-
tion in concentration of the cryoprotectant
(ethylene glycol), as shown in the present
study. This would in turn reduce both toxic
and osmotic effects of the vitrification solu-
tion. However, the viscosity of the solution in-
creases by addition of these macromolecules,
which impairs handling of the embryos.
Ethylene glycol is a highly permeable cryo-
protectant to embryos which in turn causes
less osmotic effects. Nevertheless osmotic dis-
tortion of the blastocysts was observed when
equilibration in 35 EFS medium was made in
1 step. An osmotic effect onto embryos equi-
librated in 40-ES medium occurred as well, al-
though it appeared to be less pronounced.
The osmotic effect observed however, seemed
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not to affect the embryo survival since no sig-
nificant differences in survival rates were ob-
served between the 2 vitrification media. On
the other hand, Kuwayama et al. (1992) used a
mixture of glycerol and 1.2-propanediol as
cryoprotectant and obtained higher survival
rates when the embryos were equilibrated in 4
steps or more compared to less than 4 steps,
clearly indicating that osmotic injury is lethal
to embryos.

In summary, the present preliminary results
clearly indicate that vitrification is possible
onto in vitro-developed bovine embryos, al-
lowing a certain degree of smrvival and further
development. However, the discrepancies
seen between the in vitro and in vivo-devel-
oped embryos in their degree of ultrastructu-
ral damage and survival ability after thawing
remain unexplained and motivate farther
studies in these matters.
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Sammanfattning
Overlevnadsprocent och ultrastruktur hos vitrifierade
in vitro och in vivo embryon frin notkreatur.

Olika mediers formaga till vitrifiering testades pa in
vivo och in vitro producerde embryon och ultra-
struktur och overlevnadsforméga studerades efter
tining. Baserat pé inledande forsok valdes 2 vitrifie-
ringsmedier for fortsatta studier; 40 ES (40% v/v
ethylene glycoli PBS mad 0.5 M sucrose) och 35 EFS
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(35% v/v ethylene glycol i PBS med 0.5 M sucrose
och 30% (w/v) Ficoll 70). Embryon equilibrerades i
respektive medium och aspirerades i strdn vilka
kyldes eller ej kyldes under en minut i kvéivednga in-
nan de fordes ned i flytande kvéve. Strdna tinades i
vattenbad (+20°) och vitrifieringsmediet spdddes
bort i PBS med 1M sackaros. Embryona odlades in
vitro med BOEC varefter utvecklingsgraden ut-
virderades efter 24 och 48 timmar. Bade in vivo och
in vitro embryon 6verlevde vitrifiering i huvudsak i
samma omfattning. Overlevnadgraden hos embryon

som kyldes 6ver kvdvednga innan de fordes ned i fly-
tande kvive var hogre dn hos embryon som direkt
fordes ned i kvive (48% jamfort med 13% efter 24
timmar och 44% jamfort med 4% efter 48 timmar)
oavsett medium. Efter frysning och tining hade in vi-
tro producerade embryon en bittre ultrastruktur dn
in vivo embryon. De senare uppvisade klara tecken
pa osmotiska forindringar hos bdde trofoblast- och
embryonalceller. Resultaten visar klart att in vitro
embryon kan overleva vitrifiering med ethylengly-
kol som vitrifieringsmedium.
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