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a b s t r a c t

This study was designed to evaluate the effect of in vitro culture system on bovine blastocyst yield and
quality after vitrification. In Experiment 1, IVM/IVF zygotes were allocated to three culture conditions: (I)
Oviductal cells-SOF (OCM-SOF); (II) Oviductal cells-TCM (OCM-TCM); and (III) SOF for 8 days. There was
no significant difference between blastocyst rates among groups.

In Experiment 2, the IVP-blastocysts in three above culture conditions were vitrified within groups seg-
regated according to age (Day 7 and 8) and blastocoelic cavity size (early and expanded blastocysts). A
trend of higher survival rate was obtained in vitrified/warmed early blastocysts compared with expanded
ones, so that the difference in OCM-TCM group was significant (P < 0.001). Higher survival and hatching
rates (P < 0.001) were obtained in OCM-SOF and OCM-TCM groups (co-culture) compared with SOF group
and the age of blastocyst had no effect on post-thaw survival and hatching rates. In Experiment 3, after
staining of blastocysts, in fresh blastocysts the highest number of trophectoderm cells was observed in
OCM-TCM group and the number of inner cell mass (ICM) was higher in co-culture groups than SOF
group (P < 0.001). In vitrified/warmed blastocysts the number of ICM and trophectoderm cells in co-cul-
ture groups was higher than SOF group (P < 0.001) except for the ICM of expanded blastocysts. In conclu-
sion, in our culture conditions, the blastocyst yield is not influenced by culture system, while the
cryotolerance of IVP-blastocysts is positively influenced by the presence of somatic cells. Moreover,
the expanded blastocysts are more susceptible to cryoinjury than early blastocysts.

� 2009 Elsevier Inc. All rights reserved.
Introduction

The media, sera, and protocols used for in vitro production of
bovine embryos are the main sources of variation in IVF programs.
Irrespective of the origin and quality of the zygote, embryo devel-
opment in vitro is influenced by a number of factors, such as co-
culture with somatic cells [4], addition of anti-oxidants to the cul-
ture medium [1], oxygen tension [29], and the number of embryos
present in the culture drop [10].

It has been shown that, while the intrinsic quality of the oocyte
determines the proportion of oocytes developing to blastocysts, it
is the post-fertilization culture environment that has the biggest
influence on blastocyst quality especially on the timing of develop-
ment, hatchability, and total cell numbers [15,21]. All of these fac-
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tors might contribute considerably to their greater sensitivity to
cryoinjury, and to the reduced pregnancy rates following embryo
transfer [9]. In addition, it is known that the conditions of culture
in vitro can alter gene expression in the embryo [14,17].

Clearly, any modifications of the culture environment, which
could affect any or all of these processes, could have a major effect
on the quality of the embryo and its sensitivity to cryoinjury. In
this context, it has been shown that by culturing in vitro produced
bovine zygotes in ewe oviduct, it is possible to increase markedly
the quality of the resulting blastocysts, measured in terms of cryo-
tolerance, to a level similar to that of embryos produced entirely
in vivo [6,21]. As a result, any detrimental effects can be seen as
blastocysts incapable of withstanding cryopreservation.

Simplification of in vitro culture conditions offers the advantage
of limiting problems due to variation in composition of biological
fluids and co-culture with epithelial cells. There are also evidence
indicating embryo culture in synthetic oviductal fluid (SOF) has re-
sulted in a significantly higher blastocyst yield on both Day 7 and 8
than did culture in TCM199-GCM (TCM199-granulosa cells mono
layer) and SOF-GCM. Although, after vitrification significantly more
blastocysts produced in TCM199-GCM or SOF-GCM survived at
72 h of culture compared to those produced in SOF [22].
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From the above, it is clear that any improvement in the quality
of blastocysts produced in vitro is likely to derive from the modifi-
cation of the post-fertilization culture conditions. Thus, it would be
important to compare the efficacy of various successfully used
in vitro culture protocols for embryo competence and viability
after vitrification. Since the speed of early embryo development
is related to the quality of the embryo, in the current study beside
the evaluation of the effect of culture system on sensitivity of
in vitro produced (IVP) bovine embryos to cryoinjury, the effects
of age of blastocyst and its expansion on freezability of IVP-em-
bryos are assessed.
Materials and methods

Except where otherwise indicated, all chemicals were obtained
from the Sigma (St. Louis, MO, USA).

In vitro embryo production

The ovaries were collected at a local slaughterhouse and trans-
ported to the laboratory within 2–3 h in normal saline at temper-
ature between 30 and 35 �C. Ovaries were washed three times with
prewarmed fresh saline (37 �C), and all visible follicles with a
diameter of 2–8 mm were aspirated using gentle vacuum
(30 mm Hg) via a 18 gauge short beveled needle connected to a
10 ml syringe. The follicle content was released in preincubated
hepes-TCM, supplemented with penicillin and streptomycin and
50 IU/ml heparin.

The cumulus–oocyte complexes (COCs) with at least three lay-
ers of cumulus cells, oocytes with a uniform granulated cytoplasm,
homogenous distribution of lipid droplets in the cytoplasm were
selected for the experiments. The selected COCs were in vitro ma-
tured in TCM199 supplemented with 10% FBS (Fetal bovine serum,
Gibco 10270), 0.02 mg/ml cysteamine and 0.1 IU/ml FSH. Ten to 15
COCs were transferred in 50 ll of the maturation medium in a
60 mm Petri dish (Falcon 3004; Becton & Dickinson, Franklin Lakes,
NJ), layered with sterile mineral oil and cultured for 24 h in 5% CO2

in air at 39 �C. The matured oocytes were exposed to motile sper-
matozoa obtained by centrifugation of frozen–thawed semen on a
discontinuous Percoll density gradient (1 ml 40% Percoll over 1 ml
90% Percoll) at 700g for 20 min. Oocytes were cultured in TALP
medium supplemented with 6 mg/ml BSA and incubated with mo-
tile spermatozoa at 1 � 106 spermatozoa/ml concentration layered
with mineral oil, for 22–24 h at 39 �C in an atmosphere of 5% CO2 in
air. After fertilization, presumptive zygotes were mechanically de-
nuded of their cumulus cells and cultured in three different culture
systems: (I) Oviductal cells-monolayer (OCM)-synthetic oviductal
fluid supplemented with amino acid and bovine serum albumin
(SOFaaBSA) (OCM-SOF) under mineral oil in 5% CO2 in maximum
humidified atmosphere; (II) Oviductal cells-monolayer-TCM199
(OCM-TCM) under mineral oil in 5% CO2 in maximum humidified
atmosphere; and (III) SOFaaBSA (SOF) in 5% CO2, 7% O2, 88% N2
for 9 days.

Vitrification and warming procedures

Al1 vitrification solutions were prepared using PBS, antibiotics,
0.3 mM sodium pyruvate, 3.3 mM glucose, and 20% (v/v) FCS (Sig-
ma). The IVP-blastocysts were sequentially exposed to correspond-
ing equilibration and vitrification solutions at room temperature
(25 �C). For equilibration, the embryos (n = 5) were placed into
the first 100 ll drop of equilibration solution containing glycerol
1.4 M for 7 min, and then transferred into the second 100 ll drop
of equilibration solution (glycerol 1.4 M and ethylene glycol
3.6 M) for 3 min. The embryos were then transferred into a column
of vitrification solution (3.4 M glycerol and 4.6 M ethylene glycol)
at the center of 0.25 ml straws using a fine glass capillary pipette.
The column of vitrification solution in the straws was separated by
two air bubbles from two columns of 1 M sucrose solution. The
straws were sealed and then plunged immediately into LN2 and
maintained until use. The time limit for the exposure of embryos
to the vitrification solution and the immersion of straws into LN2
was 45 s. For evaluation of post vitrification embryo survival rate
the straws were warmed by being transferred from LN2 to the
air for 10 s and then immersed into a water bath at 25–30 �C for
8 s. The contents of each straw were then expelled into warming
solution containing 1 M sucrose, the medium was stirred gently
to facilitate mixing of the two solutions. The manipulated blasto-
cysts were then transferred into 100 ll drops of sucrose solution
(0.5 M) for 5 min to allow the removal of intracellular cryoprotec-
tants, and then washed in PBS. The vitrified/warmed blastocysts
were cultured in OCM-SOF in 5% CO2 until hatched blastocyst
stage. Post warming viability of blastocysts was assessed by their
re-expansion, resumption of cellular division and hatching.

Staining

Blastocysts were incubated for 15 min at 39 �C in the base med-
ium (Hepes-synthetic oviductal fluid; H-SOF containing 5 mg/ml
BSA) supplemented with 10 mg/ml propidium iodide (PI). They
were then transferred to a drop of base medium on a glass slide
and examined under an epifluorescent microscope (IX71 Olympus,
Tokyo, Japan). The trophectoderm (TE) cells with membrane lesion
(dead cells) were stained with PI. Indeed, PI only enters cells with
altered membrane integrity (red color following UV excitation).

For differential staining of ICM and TE cells compartments the
blastocysts which had been stained with PI were incubated in Tri-
ton X-100 prepared in the base medium for 20 s. The blastocysts
were then stained in the base medium containing 30 lg/ml PI for
1 min. After two washes in the base medium, the blastocysts were
transferred in ice-cold ethanol containing 10 lg/ml Hoechst 33342
for 15 min. The blastocysts were directly mounted into the small
droplet of glycerol on glass slide and examined under an epifluo-
rescent microscope.

For cell counting, the flattened blastocysts under coverslip com-
pression were visualized sequentially with moderate and high
magnification of an epifluorescent microscope. Moreover, the pho-
tograph of each blastocyst was then inspected and the number of
ICM and TE cells was determined. ICM nuclei appeared blue,
caused by DNA labeling with the membrane permeable Hoechst
33342, and TE cells appeared red due to staining of nuclear DNA
with the membrane impermeable PI.

Experimental design

Experiment 1: In vitro production of bovine blastocyst in different
culture systems

A total of 4718 IVM/IVF oocytes were used in at least eighteen
replicates. After fertilization, the presumptive zygotes were ran-
domly allocated (6 embryos/30 ll drop) into three different culture
systems as follows: (I) OCM-SOF; (II) OCM-TCM; and (III) SOF. For
all treatments embryo morphology was evaluated on Days 2, 5, 7, 8
and 9 to determine stage of development.

Experiment 2: Survival and hatchability rate of embryos cultured in
different culture systems after vitrification

The quality of blastocysts produced in three different culture
systems considering the blastocoelic cavity size (early and ex-
panded blasocysts) and age of early and expanded blastocysts
(Day 7 vs. Day 8) were evaluated. The in vitro produced blastocysts
based on blastocoelic cavity size and their age were randomly allo-
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cated into each experimental group and then vitrified. One week
after vitrification, the embryos were warmed and cultured in
OCM-SOF. Twenty four and 72 h after thawing the embryos were
morphologically evaluated, for assessment of survival and hatching
rates.

Experiment 3: Evaluation of ICM, TE, and dead cells of blastocysts
derived from embryos cultured in different culture systems before and
after vitrification

This experiment was design to evaluate the cumulative effect of
culture system, size of blastocoelic cavity, and age of blastocyst on
cryotolerance of IVP-blastocysts in term of cellular compartments.
The culture systems used and the number of experimental groups
were the same as those described for Experiment 2. In each exper-
imental group the cellular compartments of fresh blastocysts and
vitrified/warmed blastocysts after 48–72 h of culture were differ-
entially stained.

Statistical analysis

Data was collected over at least five replicates. All proportional
data (cleavage and blastocyst formation rates) were subjected to
an arc-sine transformation, and the transformed values were ana-
lyzed using one-way ANOVA. The blastocyst cell numbers in differ-
ent experimental groups were analyzed using ANOVA. When
ANOVA revealed a significant effect, comparison of means among
groups was performed using Tukey test. The Kolmogorov–Smirnov
test (with Lilliefors’ correction) was applied to test data for normal-
ity. When normality test was failed the Kruskal–Wallis One Way
Analysis of Variance on Ranks was applied. To isolate the group(s)
that was differed from the others, All Pairwise Multiple Compari-
son Procedures (Dunn’s Method) was applied. Comparisons of vit-
rified-warmed blastocyst survival and hatching rates between
groups were carried out by the Chi-squared test. A P < 0.05 level
was considered significant (Jandel SigmaStat soft ware, Version
2.0, 1995). Data was expressed as mean ± SEM.

Results

Embryo development

The proportion of oocytes that cleaved 48 h post-fertilization in
oocytes cultured in SOF was higher than those cultured in OCM-
TCM. There was, however, no effect of culture media on the overall
blastocyst yield at Day 9 (range 28.5–31.1%; Table 1) among three
groups.

Survival of vitrified/warmed IVP-embryos

The highest and lowest survival rates of vitrified/warmed blas-
tocysts (24 h after warming) were observed in embryos that had
Table 1
The effect of different culture systems on development of IVP bovine embryos.

Culture
conditions

Replicates Cultured
oocytes

Cleavage Blastocyst

n n n (mean ± SEM)

OCM-SOF 18 1222 898
(74.6 ± 0.01)a,b

379
(31.1 ± 0.01)

OCM-TCM 23 1429 1038
(71.4 ± 0.01)a

416
(28.5 ± 0.01)

SOF 38 2067 1551
(75.3 ± 0.01)b

656
(28.9 ± 0.01)

a,b Numbers with different superscripts in the same column differ significantly
(P < 0.05).
been developed and reached blastocyst in OCM-TCM and SOF,
respectively (Table 2). In all culture conditions there was a trend
of a lower survival and hatching rates in expanded blastocysts
compared with blastocysts. There was, however, no difference in
embryo survival and hatching rates between Day 7 and 8 of both
blastocysts and expanded blastocysts. The survival of vitrified/
warmed early and expanded blastocysts of those embryos devel-
oped in SOF as well as their hatching rates were the lowest among
all experimental groups (Table 2).

Blastocyst cell allocation to trophectoderm and inner cell mass

The numbers of TE cells and ICM of both fresh and vitrified/
warmed early and expanded blastocysts were affected by culturing
of zygotes in different culture conditions (Table 3).

Fresh embryos that developed and reached early and expanded
blastocyst stages in OCM-TCM had the greatest (P < 0.001) number
of TE cells compared with those cultured in OCM-SOF and SOF. The
ICM number of both blastocysts and expanded blastocysts devel-
oped in OCM-SOF and OCM-TCM was greater than those developed
in SOF. In vitrified/warmed embryos, except for the ICM of ex-
panded blastocysts, the numbers of TE cells and ICM were greater
for those early blastocysts and expanded blastocysts developed in
OCM-SOF and OCM-TCM than SOF (Table 3).

There was a trend of an increased number of TE cells in vitrified/
warmed Day 7 and 8 early blastocysts over 72 h culture compared
with corresponding values in fresh blastocysts for all culture con-
ditions except for Day 8 early blastocysts in SOF. In contrast, the
numbers of TE cells in vitrified/warmed Day 7 and 8 expanded
blastocysts developed in OCM-TCM and SOF was significantly low-
er than fresh counterparts. The difference, however, was insignifi-
cant for those expanded blastocysts developed in OCM-SOF. In all
culture conditions and for both vitrified/warmed early and ex-
panded blastocysts the numbers of ICM were lower than corre-
sponding values in fresh counterparts. The difference was more
obvious for Day 8 expanded blastocysts (Table 4).

The proportion of dead cells

The proportions of dead cells in vitrified/warmed early and ex-
panded blastocysts developed in different culture conditions, con-
sidering the age of embryos (Day 7 or Day 8), were significantly
higher than corresponding values in fresh counterparts. The differ-
ence, however, for the Day 8 early blastocyst developed on OCM-
SOF was insignificant. The greatest proportion of dead cells in fresh
and vitrified/warmed embryos was observed in Day 8 early blasto-
cysts developed on OCM-SOF and SOF, respectively (Table 5).
Discussion

Within in vitro systems, modifications of the embryo culture
environment after fertilization can have profound effects on gene
expression in the embryo [18,20,31] which, in turn, may have seri-
ous implications for the normality of the blastocyst and their cryo-
tolerance. In the current study the proportion of oocytes that
cleaved 48 h post-fertilization was influenced by the culture condi-
tion, so that the rate of cleavage was higher in oocytes cultured in
SOF compared with OCM-TCM. The blastocyst rate, however, was
not affected by culture conditions.

In this context, the culture of bovine embryos in SOF medium
resulted in a significantly higher blastocyst yield on both Day 7
(P < 0.001) and 8 (P < 0.001) than did culture in TCM199-GCM
(granulose cell monolayer) and SOF-GCM [22].

As known, co-culture with somatic cells improves embryo
development not only through secretion of growth factors but also



Table 2
The effect of different culture systems, blastocoelic cavity size, and age of blastocyst on survival rate of vitrified/warmed IVP bovine blastocysts.

Culture conditions Embryonic stage Age of blastocyst (days) No. of vitrified embryos Survived embryos Hatched embryos
n (%) n (%)

OCM-SOF Early blast. 7 68 52 (76.5)a,b,c 38 (73.1)a

8 72 55 (76.6)a,b,c 39 (70.9)a

Exp. blast. 7 73 51 (69.9)a,b,c 31 (60.8)a

8 63 40 (63.5)a,c 23 (57.5)a

OCM-TCM Early blast. 7 69 57 (82.6)b 41 (71.9)a

8 65 52 (80.0)b,a 36 (69.2)a

Exp. blast. 7 58 36 (62.1)c 22 (61.1)a

8 67 41 (61.2)c 25 (61.0)a

SOF Early blast. 7 82 25 (30.5)d 5 (20.0)b

8 57 16 (28.1)d 3 (18.8)b

Exp. blast. 7 63 14 (22.2)d 1 (17.1)b

8 49 10 (20.4)d 0 (0.0)b

a,b,c,d Numbers with different superscripts in the same column differ significantly (P < 0.001).

Table 3
The effect of different culture systems and blastocoelic cavity size on cell numbers (mean ± SEM) of fresh and vitrified/warmed IVP bovine blastocysts.

Culture conditions Fresh Vitrified-warmed

Early blast. Exp. blast. Early blast. Exp. blast.

TE ICM TE ICM TE ICM TE ICM

OCM-SOF 32.4 ± 2.8a 27.2 ± 2.7a 104.3 ± 9a 33.6 ± 3.1a 63.5 ± 10.4a 17.5 ± 3.2a 86.7 ± 9.1a 18.9 ± 2.7
OCM-TCM 49.3 ± 3.6b 26.3 ± 2.7a 130.5 ± 6.6b 35.7 ± 2.7a 54.4 ± 5.2a 20.4 ± 3.5a 82.6 ± 9a 21.4 ± 3.5
SOF 31.4 ± 3a 11.8 ± 1.2b 83.5 ± 5.3c 20.2 ± 1.9b 26.6 ± 3b 6.9 ± 1.8b 39.1 ± 3.2b 12.3 ± 1.7

a,b,c Numbers with different superscripts in the same column differ significantly (P < 0.001).

Table 4
The effect of different culture systems, blastocoelic cavity size (early vs. expanded blastocyst), and blastocyst age on cell numbers (mean ± SEM) of fresh and vitrified/warmed IVP
bovine blastocysts.

Culture conditions Embryonic stage Age of blastocyst (days) Trophectoderm cell Inner cell mass

Fresh Vitrified-warmed Fresh Vitrified-warmed

OCM-SOF Early blast. 7 27.7 ± 1.8a 74.4 ± 18b 27.2 ± 4.2 18.4 ± 4.7
8 38.4 ± 5.3 52.6 ± 10 27.1 ± 3.3 16.6 ± 4.9

Exp. blast. 7 89.6 ± 8.4 81.6 ± 8.5 32.9 ± 3.9A 20.2 ± 4.2B

8 125.4 ± 16.5 92.2 ± 17.1 34.7 ± 5.2A 17.4 ± 3.5B

OCM-TCM Early blast. 7 41.4 ± 4.4 53.1 ± 7.6 26.2 ± 2.9 23.8 ± 4.4
8 58.4 ± 3.6 56.8 ± 5.7 26.3 ± 5.1 14.2 ± 5.5

Exp. blast. 7 112.8 ± 6.3a 65.8 ± 6.3b 33.9 ± 3 24.8 ± 5.3
8 149.7 ± 9.2a 107 ± 17.5b 37.6 ± 4.7A 16.3 ± 3.4B

SOF Early blast. 7 24.4 ± 2.7 27.8 ± 4.7 13 ± 1.5 7 ± 2.9
8 39.5 ± 3.6a 24.7 ± 3.2b 10.5 ± 1.7 6.7 ± 1.7

Exp. blast. 7 62.5 ± 5.8a 44.9 ± 4.2b 17.1 ± 2.5 15.1 ± 2.3
8 96.1 ± 6.5a 30.4 ± 3.3b 22 ± 2.7A 8.1 ± 1.6B

a,b Numbers with different lowercase letters in the same row differ significantly (P < 0.05).
A,B Numbers with different uppercase letters in the same row differ significantly (P < 0.05).
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through glucose reduction caused by their metabolism [8,19].
Additionally, in bovine the embryo block at the 8- to 16-cell stage
can be overcome by culturing embryos with various somatic cells
such as bovine cumulus/granulosa or oviductal cells [5,7,24]. It
has also been reported that bovine co-culture derived blastocysts
at 72 h post vitrification have higher survival compared to those
developed and reached to blastocyst in SOF [22].

In the current study, the lower survival rate of vitrified/warmed
expanded blastocysts compared with early blastocysts in all three
culture conditions confirmed the results obtained in human blasto-
cysts indicating a decrease in survival rate of vitrified/warmed
blastocysts when the volume of the blastocoelic cavity was in-
creased [28]. In human, the efficiency of the vitrification method
was dependent on the stage of embryo development and was neg-
atively correlated with the expansion of the blastocoele. It seems in
expanded blastocysts because of the large blastocoele and the
short exposure time to the cryoprotectant solution, a low concen-
tration of permeable cryoprotectant is present inside the cavity,
probably not sufficient to protect the blastocysts against formation
of ice crystals inside the blastocoele [28]. This conclusion, however,
does not support what has been suggested by Vajta et al. [27] indi-
cating the easy permeation of cryoprotectant agents to both TE and
ICM of expanded or hatching blastocyst. Moreover, whereas in the
current study the vitrification procedure was carried out in step-
wise manner (2 steps in equilibration solutions and 1 step in vitri-
fication solution), it seems the exposure time to the cryoprotectant



Table 5
The effect of different culture systems, blastocoelic cavity size, and age of blastocyst on proportion of dead cells in fresh and vitrified/warmed IVP bovine blastocysts.

Culture conditions Embryonic stage Blastocyst age (days) Embryonic cells (mean ± SEM)

Fresh Vitrified-warmed

Dead Total Dead/total* Dead Total Dead/total*

OCM-SOF Early blast. 7 4 ± 0.7 52.8 ± 3.9 A,B0.09a (0.05–0.1) 15.5 ± 1.7 91.5 ± 8.2 A0.14b (0.12–0.26)
8 6.6 ± 1.6 51.4 ± 5.8 B0.14 (0.06–0.2) 17.3 ± 2.5 82.8 ± 10.1 A0.2 (0.19–0.24)

Exp. blast. 7 5 ± 0.9 109.9 ± 13.7 A0.05a (0.04–0.07) 15.5 ± 2.2 101.6 ± 8.2 A0.2b (0.1–0.23)
8 6.7 ± 1.3 118 ± 11.1 A0.05a (0.03–0.08) 19.9 ± 2.9 110.7 ± 9.4 A0.19b (0.12–0.21)

OCM-TCM Early blast. 7 4.4 ± 0.7 64.8 ± 4.1 A,B0.06a (0.05–0.08) 15.7 ± 1.6 65.5 ± 6 A,B0.24b (0.18–0.33)
8 6.8 ± 0.9 A,B0.1a (0.09–0.1) 70.3 ± 3.6 17.5 ± 1.8 68.8 ± 6.6 A,B0.24b (0.21–0.3)

Exp. blast. 7 5.7 ± 1.3 128.3 ± 7.8 A0.05a (0.02–0.07) 16.5 ± 2.9 93 ± 8.8 A0.18b (0.11–0.23)
8 8.3 ± 1.2 131.5 ± 10.3 A0.06a (0.05–0.08) 19 ± 2.2 105.7 ± 9.2 A0.17b (0.16–0.2)

SOF Early blast. 7 2.9 ± 0.6 55.4 ± 4 A0.05a (0.03–0.08) 14 ± 2.3 36.3 ± 3.7 A,B0.41b (0.2–0.6)
8 4.1 ± 0.9 52.1 ± 3.9 A,B0.08a (0.04–0.1) 15.7 ± 2.1 33.7 ± 3.9 B0.45b (0.32–0.67)

Exp. blast. 7 4.2 ± 0.6 93.4 ± 6.2 A0.05a (0.04–0.05) 18.3 ± 2.5 55.8 ± 9.6 A,B0.3b (0.24–0.46)
8 5.5 ± 1 97.7 ± 5.4 A0.06a (0.03–0.06) 15.5 ± 2 39.3 ± 3.7 A,B0.45b (0.28–0.52)

a,b Means ± SEM; different lowercase letters indicate statistical differences within rows (P < 0.05).
A,B Means ± SEM; different uppercase letters indicate statistical differences within columns (P < 0.05).
* Values represent median change expressed as percentage, with interquartile range (25th–75th percentile) in parentheses.
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solution has been sufficient to allow adequate concentration of
permeable cryoprotectant inside the blastocoele. It has also been
shown that microsuction of blastocoelic fluid before vitrification
increased the survival rates for mouse early (92% vs. 80%) and ex-
panded blastocysts (89% vs. 59%) [3]. In contrast, the vitrified/
warmed ovine early blastocysts were less viable than expanded
(P < 0.01), hatching or hatched blastocysts [16]. Meanwhile, the
viability of ovine and bovine embryos at the expanded blastocysts
stage has been found to be higher than at the morula stage because
the embryonic tolerance to cooling increases after formation of the
blastocoele [27]. Despite the above controversy, in the current
study the expanded blastocysts were more sensitive to cryoinjury
induced by vitrification/thawing procedure compared to the early
blastocysts (Table 2).

Despite our general knowledge indicating that at the same
embryonic age, a larger size implies a more advanced degree of
embryonic development, which could positively affect the effi-
ciency of the vitrification procedure [12,28], in the current study
there was no such a correlation among Day 7 and 8 of early and ex-
panded blastocysts. Instead, at the same embryonic age the cryo-
tolerance of more advanced embryos (expanded blastocysts), at
least in some groups, was less than embryos at the early blastocyst
stage.

In the current study the quality of in vitro produced early and
expanded blastocysts, assessed by their cryotolerance, hatchability
rate and the number of ICM and TE cells, was affected by culture
conditions. As shown, the lowest rates of survival and hatchability
in vitrified/warmed early and expanded blastocysts was observed
in SOF derived embryos among three different culture conditions
(Tables 2–4). Actually, the expanded blastocysts developed in
SOF and early blastocysts produced in OCM-TCM had the lowest
and highest rates of survival over 72 h after warming, respectively
(Table 2). The decrease in hatching rate might be related to the
lower cell numbers in SOF derived blastocysts by comparison with
those derived from co-culture system (Tables 2 and 3). Likewise,
the numbers of ICM and TE cells in fresh and vitrified/warmed
early and expanded blastocysts were lowest in SOF group except
for TE cells in fresh early blastocysts and ICM in vitrified/warmed
expanded blastocysts, compared with OCM-SOF and OCM-TCM
groups (Table 3).

The numbers of ICM and TE cells in vitrified/warmed early blas-
tocysts in OCM-TCM groups were comparable with the corre-
sponding numbers in vitrified/warmed bovine blastocysts
(20.4 ± 3.5 and 54.4 ± 5.2 vs. 22 ± 1 and 56 ± 6) in another study
[13].

Embryos that developed and reached to the blastocyst stage in
OCM-TCM had the highest (<0.001) TE numbers in both early and
expanded blastocysts compared with those cultured in either
OCM-SOF or SOF medium. In early blastocysts, following vitrifica-
tion/warming procedures the numbers of TE cells over 72 h after
warming were either unchanged or increased except for Day 8
early blastocysts which had been developed in SOF. In contrast,
the numbers of TE cells in expanded blastocysts were decreased
by vitrification/warming procedures, regardless of their respective
culture conditions. Indeed, despite re-expansion of vitrified/
warmed expanded blastocysts, the TE cells could not properly pro-
liferate by comparison with vitrified/warmed early blastocysts (Ta-
bles 3 and 4). The decrease in the number of TE cells in expanded
blastocysts and ICM in both early and expanded blastocysts after
cryopreservation was in agreement with other reports (2, 11). In
vitrified/warmed in vivo derived mouse blastocysts, however, the
numbers of ICM and TE cells have not been influenced by the cryo-
preservation procedure [23]. In feline, the cryopreservation proce-
dure had no negative effect on the number of ICM and TE cells in
vitrified blastocysts produced in vitro [26].

In the current study, the marked decrease in TE cell numbers in
expanded blastocysts could be correlated to their higher sensitivity
to necrosis and apoptosis induced by vitrification/warming proce-
dure compared to the early blastocysts as demonstrated by Baguisi
et al. [2]. This decrease, however, could also be due to a slowing in
embryonic cell proliferation after cryopreservation particularly in
expanded blastocysts [25].

The numbers of ICM in both vitrified/warmed early and ex-
panded blastocysts were decreased in all culture conditions, prob-
ably, due to the higher sensitivity of ICM to cellular degeneration
compared to the TE cells in early blastocysts, during the cryopres-
ervation procedure. The decrease was more prominent in ex-
panded blastocysts which once more showed the greater
sensitivity of expanded blastocysts to cryoinjury compared with
early blastocysts.

In the current study the higher sensitivity of ICM to cryopreser-
vation than TE cells in early blastocysts was contrary to the report
[11] indicating the greater sensitivity of TE cells to vitrification
compared with ICM. Whether at early blastocyst stage there is a
difference in plasma membrane Na/K ATPase activity in favor of
TE cells compared with ICM and, if so, the extent this difference
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could affect the active transport mechanisms of cryoprotectants
across cellular membrane, should be further investigated. As docu-
mented the increase in Na/K ATPase activity which occurs during
blastocoelic formation in trophoblastic cells [30] may determine
more active transport mechanisms of cryoprotectants leading to
decreased exposure time and low concentration of cryoprotectants
needed during freezing and thawing procedures [30].

The proportion of dead cells was negatively (P < 0.05) influ-
enced by cryopreservation procedure. As expected, not all of the
individual cells of blastocysts survive the cryopreservation process.

The greatest proportion of dead cells was observed in vitrified/
warmed early blastocysts in SOF group which once more con-
firmed the inferior quality of blastocysts produced in this culture
medium (Table 5).

In conclusion, the culture conditions have profound effect on
the quality of in vitro produced bovine embryos in terms of their
cryotolerance, hatchability rate, and blastocyst cell numbers. In
co-culture system, the quality of IVP-embryos is positively influ-
enced by the presence of somatic cells. Moreover, the expanded
blastocysts are more sensitive than early blastocysts to cryoinjury
induced by vitrification/warming procedure.
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