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 Background: This study aimed to investigate the effects of vitrification and slow freezing on actin, tubulin, and nuclei of in vivo 
preimplantation murine embryos at various developmental stages using a Confocal Laser Scanning Microscope 
(CLSM).

 Material/Methods: Fifty female mice, aged 4–6 weeks, were used in this study. Animals were superovulated, cohabitated overnight, 
and sacrificed. Fallopian tubes were excised and flushed. Embryos at the 2-cell stage were collected and cul-
tured to obtain 4- and 8-cell stages before being cryopreserved using vitrification and slow freezing. Fixed em-
bryos were stained with fluorescence-labelled antibodies against actin and tubulin, as well as DAPI for staining 
the nucleus. Labelled embryos were scanned using CLSM and images were analyzed with Q-Win software V3.

 Results: The fluorescence intensity of both vitrified and slow-frozen embryos was significantly lower for tubulin, actin, 
and nucleus as compared to non-cryopreserved embryos (p<0.001). Intensities of tubulin, actin, and nucleus in 
each stage were also decreased in vitrified and slow-frozen groups as compared to non-cryopreserved embryos.

 Conclusions: Cryopreservation of mouse embryos by slow freezing had a more detrimental effect on the actin, tubulin, and 
nucleus structure of the embryos compared to vitrification. Vitrification is therefore superior to slow freezing 
in terms of embryonic cryotolerance.
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Background

A normal cytoskeleton, composed of microfilaments, interme-
diate filaments, and microtubules, is critical for cell functions 
and embryo development [1]. As dramatic as cell death, dam-
age to the cytoskeleton renders the affected cell non-viable 
and the cell will not completely develop and survive [2,3]. This 
is because the cytoskeleton gives strong support to the cell 
plasma membrane and maintains intracellular organelle orga-
nization [4,5]. Due to its interaction with the cell membrane, 
the cytoskeleton may also have a significant role in determin-
ing post-dehydration and post-thaw viability.

The cytoskeleton is linked almost continuously to the cell mem-
brane [6]. It is capable of modifying membrane structure [7], al-
tering shape or morphology of the membrane [8,9], changing the 
mechanical properties of the cell [10], and influencing the mem-
brane water transport [11,12]. Cytoskeletal alterations in cryo-
preserved embryos are attributed to many confounding factors 
such as developmental stage during cryopreservation, the origin 
of embryos (in vivo or in vitro), the type of cryoprotectant, selec-
tion of cryopreservation methods, and degree of zona absence 
[13]. Therefore, any alterations and disruptions in cytoskeleton 
may explain most of the detrimental effects in cell morphology 
and organelle distributions of any freezing-induced methods [14].

The storage of gametes could provide a powerful tool in re-
search and contributes to advances in mammalian infertility 
treatment, the conservation of endangered species, and re-
productive biology, as well as increasing the availability of oo-
cytes for research applications such as genetic engineering or 
embryo cloning [15]. Therefore, cryopreservation of oocytes 
and embryos is an integral part of assisted reproductive tech-
nology (ART). During the past few decades, various methods 
of oocyte and embryo cryopreservation have been standard-
ized. Among these, vitrification is considered a viable method 
to preserve oocytes and embryos [16]. The success of embryo 
cryopreservation is normally gauged by morphological obser-
vation and developmental capacity [17,18].

It is important to study the ultrastructural damage of the em-
bryos during cryopreservation because the ultrastructural com-
ponents of mouse embryos undergo dramatic architectural 
changes, considerable stress [19], and morphological and func-
tional damage during cryopreservation. In many cases, the dam-
age can reduce embryo viability due to destabilization and dis-
ruption of cell organelles [20,21] and the cytoskeleton [22,23]. 
Cryopreservation may also cause injuries to the cell, such as mi-
tochondria and endoplasmic reticulum alterations, poorly devel-
oped desmosomes, and lack of tight junctions [24,25]. Therefore, 
by understanding the type of cytoskeletal damage from vitrifica-
tion and slow freezing, new strategies might be developed and 
implemented to improve cryopreservation techniques.

Embryos can be damaged during cryopreservation and thaw-
ing, either by the formation of large intracellular ice crystals or 
by increased intracellular concentration of solutes and accom-
panying changes that result from dehydration of cells during 
cryopreservation [19]. Damage may occur to embryos when 
they pass through a range of temperatures during cryopreser-
vation. Early injuries may start at between +15°C to –5°C when 
the meiotic spindles, microtubules, and cytoplasmic lipid will 
be destroyed by the chilling effects. When the temperatures 
goes down to –5°C to –80°C, the formation of extracellular and 
intracellular ice crystals are the major cause of embryo dam-
age. When the temperature goes to –150°C, fracture of the 
zona pellucida cannot be avoided [26].

Actin fibers provide a fundamental cytoskeletal framework in 
all cells [27]. Actin treadmilling provides a signal modulating 
nuclear gene expression and provides an additional regulato-
ry twist to cell motility. Actin has been recently proposed to 
be an important factor throughout the entire RNA biogenesis 
pathway as a component of chromatin remodeling complex-
es [28]. During morphogenesis, actin plays a major role in cel-
lular movements, including ingression, epiboly, invagination, 
involution, and delamination. All of these cell movements in-
volve remodeling of the actin cytoskeleton [29]. Therefore, 
any changes and disruption in actin structures will jeopardize 
the survival of embryos, perhaps because the cryopreserva-
tion process may cause actin depolymerization that complete-
ly blocks chromosome migration [30,31].

Recent improvements of florescence dyes and microscopy tech-
niques allow detailed examination of specific cellular structures 
as microfilaments, microtubules, mitochondria, zona mem-
branes, and nuclei. A confocal laser scanning microscope can 
be used to improve the selection of the most viable embry-
os by detecting the degree of cytoskeletal and ultrastructural 
damage of the embryos following cryopreservation. Therefore, 
the aim of this study was to document cellular damage after 
cryopreservation of embryos using slow freezing and vitrifi-
cation and to evaluate the cellular sensitivity to cryopreserva-
tion. Information on cytoskeletal damage may provide a good 
indication of cryotolerance and enhances the efficiency of em-
bryonic cryopreservation.

Material and Methods

Experimental animals

Fifty female ICR mice aged 4–6 weeks and weighing 25–30 
grams were used in this study. All animals were kept in stan-
dard laboratory conditions at 27°C with 12-h light-dark periods 
and they were given food pellets and water ad libitum. Ethics 
approval from the university Animal Care and Use Committee 
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(Code: ACUC-7/11) was obtained and all procedures used fol-
lowed strictly the Malaysian animal ethics guidelines.

Origin, culture and harvest of embryos

Female mice were superovulated using pregnant mare’s serum 
gonadotropin (PMSG) (5 IU/kg b.w.) and human chorionic go-
nadotropin (hCG) (5 IU/kg b.w.) hormones [Intervet, Holland] 
intraperitoneally 48 h later before being mated with the fertile 
male mice with a ratio of 1:1. Female mice with the presence of 
vaginal plugs were considered to be pregnant and were select-
ed as embryo donors. The mice were then sacrificed by cervi-
cal dislocation 48 h post-copulation. Ovaries from each animal 
were placed into the petri dishes containing M2 medium [Sigma, 
USA], fallopian tubes were excised, and embryos were flushed 
under a dissecting microscope [Leica Zoom 2000, Japan]. Only 
good quality 2-cell stage embryos with an intact zona pelluci-
da and symmetrical blastomeres were selected for the exper-
iments. The selected 2-cell embryos were rinsed with M2 me-
dium and cultured in vitro in 24-well plates [Orange Scientific, 
Belgium] filled with 100 µl of M16 media [Sigma, USA] over-
laid with mineral oil [Sigma, USA] to further develop to 4- and 
8-cell stages. Embryo culture was equilibrated in a water-jacket-
ed 37°C CO2 incubator (5% CO2; 95% air) [Memmert, Germany] 
and the development of embryos was observed daily under the 
inverted microscope [Olympus 1X81 SF-3, Japan].

Vitrification	and	warming

The method of vitrification in this experiment was adopted 
from Nagy et al. (2003). Embryos were cryopreserved at the 
2-, 4-, and 8-cell stages of development. In this experiment, 
a polymer called EFS40 was used as a cryoprotectant [18,32–
34]. A boat made from a Styrofoam box with 1-cm thickness 
and grooves were used to place the straw during cooling pro-
cedures. At least 5 cm height of liquid nitrogen was filled in 
the Styrofoam box 30 min before the start of the experiment. 
Embryos were collected using M2 media and kept at room tem-
perature. A 1-ml syringe fitted with a white pipette tip was used 
to load the EFS40 solution into the straw. Thirty microliters of 
EFS40, corresponding to 15 ml of solution, was pulled in, fol-
lowed by a 5-mm air space. Then an additional 5 mm of solu-
tion was pulled in just after the air bubble near the opening. 
The straw was laid down carefully and a total of 10 embryos 
were aspirated in a minimal volume of M2 using a transfer pi-
pette. The straw was then placed in a horizontal position at 
eye level. The transfer pipette was inserted into the horizon-
tally held straw and the embryos were expelled into the EFS40, 
while smoothly withdrawing the pipette. The timer was set at 1 
min when the embryos were in place. After that, the straw was 
sealed at the open end by using polyvinyl alcohol (PVA) pow-
der and was wiped clean. Once the embryos were equilibrat-
ed with the cryoprotectant for 1 min at room temperature, the 

straw was placed on the groove in the Styrofoam boat floating 
on liquid nitrogen vapor. After that, it was immersed in liquid 
nitrogen and stored in a liquid nitrogen tank until use. During 
the warming procedure, the straw was removed from the liq-
uid nitrogen and then placed on the Styrofoam boat. After be-
ing held in air, it was immersed in a 20°C water bath for 60 s. 
The straws were then removed from the water bath and wiped 
dry. The seal was cut and the contents expelled into a dish con-
taining 0.5M sucrose. The embryos were then transferred into 
M2 media, rinsed twice in fresh M2 media, and placed in a M16 
droplet overlaid with mineral oil for culture.

Slow	freezing	and	thawing

The methods of slow freezing by Nagy et al. (2003) were used 
with some modifications. The embryos were also cryopre-
served at 2-, 4-, and 8-cell stages of development. In this ex-
periment, liquid nitrogen and a boat made from a 1-cm – thick 
Styrofoam box were used during the cooling and thawing pro-
cedures. Embryos were collected using M2 media and kept at 
room temperature. Embryos were then aspirated into the straw 
containing D-PBS and DMSO before being transferred into an 
ice bath for 30 min. The straw was then transferred to a –20°C 
freezer for 30 min before being placed in a –80°C freezer for 1 
h. After that, the straw was placed on a Styrofoam boat in liq-
uid nitrogen vapor. After 30 min, the straw was immersed and 
stored in liquid nitrogen until use. To thaw the embryos follow-
ing slow freezing procedures, the straws containing embryos 
were removed from the liquid nitrogen tank and then placed 
on a Styrofoam boat for 15 min. When completely thawed, the 
seal was cut and the contents expelled into a dish containing 
D-PBS for washing. The embryos were then transferred into M2 
media, rinsed twice with fresh M2 media and finally placed in 
M16 droplets covered with mineral oil for culture.

Immunofluorescent staining

A total of 300 mouse embryos at different stages of develop-
ment were used. The cytoskeletal structures were stained by 
immunofluorescence staining. The embryos were fixed with 
4% paraformaldehyde for 24 h and the nuclei were stained 
with 4’,6-diamino-2-phenylindole dihydrochloride (DAPI) for 40 
min before being permeabilized with 1% Triton-X in Phosphate 
Buffer Saline (PBS). After 10 min incubation in 1% Triton-X, ac-
tin structures were labelled with Alexa Fluor 635 and tubulin 
structures were labelled with Anti-a-tubulin for 1 h, the em-
bryos were washed with PBS twice for 10 min and counter-
stained with DAPI for 40 min. The embryos were mounted on 
slides, sealed, stored in the dark at 4°C overnight and finally 
viewed under a Confocal Laser Scanning Microscope (CLSM) 
[Leica TCS SP5 AOBS, Germany]. Images taken from CLSM 
were converted to JPEG format before being analyzed using 
QWin Software V.3.
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Statistical analysis

These experiments consisted of 50 samples for each stages of 
development. Assessment of cytoskeletal quality and cellular 
damage are based on the intensity of fluorescent probes after 
immunofluorescence staining and the morphology of the em-
bryos. The percentage of embryo development until the hatched 
blastocyst indicates the survivability of the embryos. Intensities 
of fluorescent probes in each stage of embryos were compared 
between experimental groups using one-way ANOVAs with a 
Bonferroni correction. In all cases, statistics were performed us-
ing Statistical Package for Social Sciences version 16 (SPSS Inc, 
USA), and differences were considered significant when p<0.05.

Results

Confocal imaging studies of cryopreserved embryos

Effect of vitrification and slow freezing on actin, tubulin, and 
nucleus

The changes in actin and tubulin integrity in preimplantation 
embryos with and without prior cryopreservation were observed 
by using CLSM. Three different developmental stages – 2-, 4-, 
and 8-cell stage embryos – were chosen for the comparison 
between vitrification, slow freezing, and non-cryopreserved 

embryos. Confocal images of embryos were analyzed by using 
QWin Software V3 and the images are shown in Figure 1A–1I.

Figure 1A–1C shows the controls (non-cryopreserved) embry-
os in 2-, 4-, and 8-cell stages. The vitrified embryos are shown 
in Figure 1D–1F and Figure 1G–1I shows the slow-frozen em-
bryos in various developmental stages. Red color represents 
the actin structures of embryos stained with Alexa Fluor 635 
phalloidin, green stain of anti-a-tubulin represents the tubu-
lin structures, and the nucleus of embryos appeared blue in 
color when it stained with DAPI.

Fluorescence micrographs from Figure 1A–1I show the distri-
bution of tubulin, actin, and nucleus clustering in controls, vit-
rified and slow-frozen, of 2-, 4-, and 8-cell stage embryos. The 
nuclei of individual cells were located in the center region of 
the cytoplasm of controls 2- and 4-cell (Figure 1A, 1B), as well 
as in vitrified 2- and 4-cell embryos (Figure 1D, 1E). Outward 
migration of the nucleus of the blastomere is observed in the 
control 8-cell embryos (Figure 1C). However, major disruption 
of the nucleus occurred in vitrified 8-cell embryos (Figure 1F) 
and all slow-frozen embryos (Figure 1G–1I).

Complete perinuclear clustering of tubulin with a thin green 
stain were observed in control embryos (Figure 1A–1C). In 8-cell 
embryos, the cortex area became strongly stained with anti-
a-tubulin and perinuclear clustering was still observed. In the 
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Figure 1.  Cytoskeletal organizations of 2-, 4-, 
and 8-cell in vivo murine embryos. 
Fixed control (A–C), vitrified (D–F), and 
slow-frozen (G–I) embryos stained 
with Alexa Fluor 635 phalloidin; actin 
(red), Anti-a-tubulin (green), and DAPI; 
nucleus (blue) were observed under a 
confocal laser scanning microscope.
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vitrified groups (Figure 1D, 1E), the embryos display partial mi-
gration of tubulin into the subcortical region because of the 
deleterious effect of vitrification. However, more damage in 
tubulin was observed in the 8-cell stage (Figure 1F). Sizes of 
the perivitelline space were also increased in vitrified 2-and 
4-cell embryos (Figure 1D, 1E) as well as in slow-frozen 2-cell 
embryos (Figure 1G).

The actin distributions were observed clearly in controls embry-
os (Figure 1A–1C). However, the fluorescent intensity seemed 
to decline slightly in all cryopreserved embryos (Figure 1D–1I) 
and the most damage were observed in vitrified and slow-fro-
zen 8-cell stage embryos (Figure 1F and 1I).

Intensity of tubulin, actin, and nucleus of cryopreserved 
embryos

Percentage of probes intensities in each confocal image of 
control and cryopreserved embryos were calculated using 
QWin Software and the results are summarized in Table 1 
and Figures 2–4.

Table 1 shows percentage of fluorescent intensities (%) of tu-
bulin, actin, and nucleus in 2-, 4-, and 8-cell stages of the pre-
implantation embryos following different cryopreservation (vit-
rification or slow freezing). In all cryopreserved groups, as the 
number of the cells increased, fluorescent intensities of tubu-
lin, actin, and nucleus were decreased slightly as compared 
to non-vitrified (control) groups. The results clearly show that 
both cryopreservation methods caused highly significant chang-
es in cytoskeletal structures of embryos, especially in tubu-
lin, actin, and nucleus as compared to non-vitrified embryos 
(p<0.001). However, intensity comparisons showed that ac-
tin, tubulin, and nucleus intensities of vitrified embryos were 
slightly higher than in slow-frozen embryos.

Percentage of tubulin, actin, and nucleus were also compared 
between each developmental stage and freezing techniques. 
Results show that vitrification methods caused highly signif-
icant changes in tubulin structures between 2-, 4-, and 8-cell 
stages (p<0.001). The percentages of intensities were also 
having significant difference between stages of development. 
However, the results were not significant between 4-cell and 
8-cell stages in terms of nucleus intensities.

Figure 2 shows the percentage of tubulin intensities in con-
trol, vitrified, and slow-frozen groups. In the control (non-vitri-
fied) group, the distributions of tubulin were increased as the 
number of the cells increased. The percentage of tubulin in-
tensities in 2-, 4-, and 8-cell stage embryos were 49.5±1.5%, 

Developmental 
stage

Cytoskeletal 
structure

No. of 
embryos

Percentage of fluorescent intensity

Non-vitrified	(control) Vitrification Slow	freezing

2-cell
Actin

Tubulin
Nucleus

50
50
50

 28.1±1.6bc

 49.5±1.5bc

 50.0±1.7bc

 6.3±0.3a

 21.8±1.0ac

 6.6±0.4a

 6.2±0.2a

 11.4±0.5ab

 3.6±0.3a

4-cell
Actin

Tubulin
Nucleus

50
50
50

 32.5±1.0bc

 69.4±2.4bc

 52.0±1.4bc

 16.0±1.0ac

 34.8±1.0ac

 14.0±0.7ac

 4.2±0.3ab

 11.2±0.6ab

 3.8±0.3ab

8-cell
Actin

Tubulin
Nucleus

50
50
50

 37.2±0.9bc

 76.5±2.0bc

 49.1±2.1bc

 13.7±0.5ac

 42.9±1.2ac

 14.6±0.6a

 9.1±0.3ab

 19.9±0.9ab

 9.3±0.3a

Table 1.  Fluorescence intensity of tubulin, actin, and nucleus in 2-, 4-, and 8-cell stages of mouse embryos (Mean ±SEM). Values with 
different superscripts are significantly different as compared to controls (p<0.001).

a – p<0.001, compared to control; b – p<0.001, compared to vitrification; c – p<0.001 compared to slow freezing.

Figure 2.  Comparison of tubulin intensity (%) between all 
treatment groups. Values with different superscripts 
are significantly different.
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69.4±2.4%, and 76.5±2.0%, respectively. This pattern also 
was seen in the vitrified and slow-frozen embryos but the in-
crement was less than in the control embryos. In the vitrified 
group, the percentage of tubulin intensities were 21.8±1.0%, 
34.8±1.0%, and 42.9±1.2%, respectively. The lowest intensi-
ties of tubulin were in the slow freezing group – 11.3±0.5%, 
11.2±0.6%, and 19.9±0.9%, respectively.

Figure 3 shows the percentage of actin intensities in control, 
vitrified, and slow-freezing groups. As shown in the graph, the 
percentage of actin intensities in 2-, 4-, and 8-cell stages were 
28.1±1.6%, 32.5±1.1%, and 37.2±0.9%, respectively. As seen 
in tubulin, the pattern of the actin intensity increased from 2- 
to 8-cell stage but there was more damage in the 4-cell stage 
in all treatment groups. However, during the 8-cell stage, the 
actin intensity continued to increase. In the vitrified group, 
the actin intensities in 2-, 4-, and 8-cell stages were 6.3±0.3%, 
16.0±1.0%, and 13.7±0.5%, respectively. For the slow-freez-
ing group, the intensity of actin was 6.2±0.2% in 2-cell stage 
and it decreased to 4.2±0.3% in the 4-cell stage, and then in-
creased again in the 8-cell stage to 9.1±0.3%.

Figure 4 shows the percentage of nucleus intensities in control, 
vitrified, and slow-frozen groups. From the results of this study 
it can be concluded that the most damage is seen in the nucle-
us after vitrification and slow freezing. As the number of the 
cells increased, nuclear intensity increased, as observed with 
the intensities of tubulin and actin. Intensities of nuclei in the 
control group were 50.0±1.7%, 52.0±1.4%, and 49.1±2.1%, re-
spectively. The intensities were decreased in the vitrified group 
– 6.6±0.4%, 14.0±0.7%, and 14.6±0.6%. However, the lowest 
intensities were in the slow-frozen embryos as compared to 

the normal and vitrified embryos – 3.6±0.3%, 3.8±0.3%, and 
9.3±0.3%, respectively.

Discussion

In this study, the cytoskeletal organizations of the preimplan-
tation murine embryos following different types of cryopreser-
vation were observed. The results from confocal images clear-
ly showed that cryopreservation by using vitrification and slow 
freezing methods caused significant percentage changes in fluo-
rescent intensity of tubulin, actin, and nucleus integrity as com-
pared to non-vitrified embryos (p<0.001). However, intensity 
comparisons showed vitrified embryos have higher fluorescent 
intensity in cytoskeletal organization as compared to slow-fro-
zen embryos. The prominent changes in cytoskeletal organiza-
tions seen in slow freezing and vitrification may be due to the 
changes in metabolic function, developmental capacity, phys-
iological necessities, and requirements of the embryos [35,36].

The cytoskeleton of a mammalian embryo is made of a unique 
and fragile intracellular network of microfilaments and micro-
tubules that play major roles in normal function and develop-
ment of the cells [20]. The cytoskeleton also plays a significant 
role in determining the cell’s response to freeze/thaw and de-
hydration stresses, and cell survival. An intact cytoskeleton is 
also essential for cytokinesis and karyokinesis; therefore, if the 
cytoskeleton is irreversibly damaged, the mitotic cell cycle will 
end, rendering the affected cell non-viable. Moreover, mitotic 
arrest would result in a non-viable embryo [37].

Results from this study demonstrate that cryopreservation us-
ing vitrification and slow freezing methods caused deleterious 
damage in the embryo cytoskeleton, such as actin, tubulin, and 

Figure 4.  Comparison of nucleus intensity (%) within all 
treatment groups. Values with different superscripts 
are significantly different.
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Figure 3.  Comparison of actin intensity (%) between all 
treatment groups. Values with different superscripts 
are significantly different.
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nucleus at various developmental stages of preimplantation 
embryos as compared to non-cryopreserved embryos. This re-
sult is in agreement with the earlier report by Skidmore et al. 
(2008), who found that the quality and distribution of the cy-
toskeleton was affected by the freezing technique employed 
and the embryo age/size. They also found that the effect was 
significantly lower in vitrified and conventionally frozen/thawed 
embryos, as compared to controls [37].

Microfilaments and microtubules are very sensitive to the cool-
ing process [38–40], and their integrity is essential for proper 
progression through meiosis [41,42]. In fact, tubulin is respon-
sible for the constitution of the meiotic spindle and drives the 
proper alignment of chromosomes on the metaphase plate, 
and microfilaments are necessary for cortical granule migra-
tion and polar body expulsion. The degree of repolymeriza-
tion was critically dependent on the method used to dilute or 
remove the CPA, and failure to completely rehydrate result-
ed in an embryo with pyknotic nuclei and both a diminished 
magnitude and altered cellular distribution of microfilaments 
and microtubules [43].

In the present study, embryos at various developmental stag-
es were cryopreserved with EFS40 at room temperature. EFS40 
were used as a CPAs. EFS40 consists of both permeating and 
non-permeating cryoprotectant and it is used to cause a shift 
in the isotonic state between the intracellular and extracellu-
lar spaces, driving water out of the cell. Permeating cryopro-
tectant produces large-volume changes during freezing and 
thawing processes. Therefore, less damage occurred in vitri-
fied embryos compared to slow-frozen embryos as the results 
of cryoprotective effect of EFS40.

Cells are protected by permeating agents such as EG and DMSO, 
which are organic solutes, during cooling and warming proce-
dures prior to and after storage in liquid nitrogen [44]. Our find-
ings shows that vitrification by using EFS40 as CPAs enhanced 
and gave better protection to 2- and 4-cell embryos in terms of 
cytoskeletal damage and embryo quality as compared to slow 
freezing. These findings confirmed that low toxicity of EFS40 is 
suitable to vitrify embryos, as reported by Chen et al. (2008). 
This finding also agrees with Nowshari and Brem (2001), who 
reported that EG-based solutions were the best cryoprotectant 
for embryo cryopreservation. Kuleshova et al. (2001) also found 
that inclusion of polymers such as Ficoll and sucrose improved 
embryo survivability after freezing. This may be because the 
amount of toxic cryoprotectants may be decreased by replac-
ing some cryoprotectants with polymers and sugars. Ficoll has 
been used successfully with EFS40 solutions during cryopreser-
vation and researchers found that it is suitable for cryopreser-
vation of 8-cell and morula stage mouse embryos [45–47] and 
hatched blastocysts [48]. Vitrification leads to an extreme in-
crease in viscosity in the presence of high concentration of 

CPAs, permitting the transition of aqueous solutions into a 
glassy state, bypassing the crystalline state [49]. The concen-
tration of CPAs required for vitrification has been calculated 
as being 4–7 times higher than that required in slow freezing, 
and may result in either osmotic or chemical toxicity [50,51].

Embryo cryopreservation depends critically on embryo size and 
developmental stage [52,53]. This stage-dependant sensitivi-
ty of embryos to damage during cryopreservation, and differ-
ences between species and freezing techniques, are major ob-
stacles to the widespread application of cryopreservation in 
commercial practice [37]. Our study focused on the effect of 
vitrification and slow freezing in early preimplantation stag-
es (2-, 4-, and 8-cell) of mouse embryos, as other researchers 
have demonstrated that early stage embryos can be vitrified 
[54–56]. However, Cseh et al. (1999) claimed that the most 
suitable developmental stage for vitrification was the com-
pacted morulae. In this case, the present study is limited be-
cause cytoskeletal images of embryos at morulae and blasto-
cyst stages cannot be analyzed by CLSM due to overlapping 
of the fluorescent signals. This limitation was also found in a 
previous study in which researchers had difficulty identifying 
the distribution of the cytoskeleton within each blastomere 
because the fluorescence signals overlapped [69].

Our results show that cryopreservation using slow freezing 
methods have more deleterious effects on the cytoskeletal 
structures. Our finding is in agreement with that of others who 
demonstrated that conventional slow freezing methods lead 
to moderate cytoskeleton disruption and cell death [43,58]. 
Dobrinsky et al. (2000) reported that vitrifying pig embry-
os caused considerable microfilament disruption and signifi-
cantly reduced developmental competence. However, our re-
sults disagree with that of Luciano et al. (2009) who showed 
that the slow freezing method used on feline embryos pre-
serves the cytoskeleton organization better than vitrification.

Other factors such as physical injuries by intracellular and ex-
tracellular ice formation, cryoprotectant toxicity, osmotic stress, 
and chilling injuries have been proposed to contribute to em-
bryo damage after cryopreservation [37,59]. The formation of 
ice crystals that occurs in slow freezing methods disrupts the 
structure of the embryos during cryopreservation. During cryo-
preservation, ice crystals can develop within the cytoplasm of 
a cell and damage the cellular architecture or lyse the plasma 
membrane [37]. Studies performed on animal models as well 
as in humans have shown that exposure to low temperatures 
[60–63] and to CPAs [29,63] results in depolymerization of the 
microtubules, sometimes with attendant dispersal of chromo-
somes [64]. Previous studies have shown that changes in cul-
ture conditions can alter the organization or structure of mi-
tochondria in the oocytes or embryos of mice [65]. Freezing 
can also denature or damage critical cellular organelles and 
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enzymes, thereby compromising the ability of the embryo to 
repair structural damage and continue development [14,21].

The actin structure also plays an important role in cells. Actin 
gives mechanical strength to the cell and plays a major role dur-
ing cytokinesis, anchoring the centrosomes during mitosis and 
generating the cell shape. According to Skidmore et al. (2008), 
slow freezing and thawing of camel embryos resulted in a mod-
est level of cell death but more widespread disruption of the 
actin cytoskeleton. Their findings agree with our results, which 
showed that slow freezing cause more disruption of actin struc-
tures of embryos as compared to controls and vitrified embryos.

The nucleus coordinates all cellular activities, contains the 
genetic material, and is crucial in the production of proteins. 
The present results show that the reduction of nucleus inten-
sities is seen in vitrification and slow freezing. As the number 
of the cells increased, nuclear intensity increased, as observed 
with the intensities of tubulin and actin. Slow-frozen embryos 
showed the lowest intensity as compared to the normal and 
vitrified embryos. In this case, most of the chromatin struc-
ture may be disrupted in the embryos cryopreserved by the 
slow freezing method. Any disruption that occurs in chroma-
tin distributions will then affect the formation of actin and tu-
bulin and may be blocked the chromosome migration [30,31].

In addition, the extracellular space became hypertonic due 
to the increase in solutes compared with that of the intra-
cellular spaces, resulting in water leaving the cell and subse-
quent cell shrinkage. During warming, a rapid influx of water 
into the cell occurred due to the increased concentration of 
solutes within the cell, before the permeating cryoprotectant 
can be removed. This resulted in osmotic shock and cell lysis. 
The entry of water is faster than the exit of solutes, thus the 
cell volume is increased beyond its lytic volume. Contraction 
of the cell membranes during cryopreservation caused a rear-
rangement of the cell organelles, including the cytoskeleton 
and the meiotic spindles, which may be a contributing fac-
tor to the decrease of tubulin intensities in the vitrified and 
slow-frozen embryos.

Conclusions

Based on confocal studies, the slow freezing method showed 
worse cryopreservation effects compared to vitrification in 
terms of cytoskeletal damage, which strongly suggests that 
vitrification is the better procedure for cryopreservation. Our 
study also found that cryopreservation of 2-cell-stage embry-
os causes the least cytoskeletal injury as compared with 4- 
and 8-cell stages.

References:

 1. Barnett DK, Clayton MK, Kimura J, Bavister BD: Glucose and phosphate tox-
icity in hamster preimplantation embryos involves disruption of cellular or-
ganization, including distribution of active mitochondria. Mol Reprod Dev, 
1997; 48: 227–37

 2. Matsumoto H, Shoji N, Umezu M, Sato E: Microtubule and microfilament 
dynamics in rat embryos during the two-cell block in vitro. J Exp Zool, 1998; 
281: 149–53

 3. Wang WH, Abaydeera LR, Prather RS, Day BN: Actin filament distribution 
in blocked and developing pig embryos. Zygote, 2000; 8: 353–58

 4. Boldogh I, Vojtov N, Karmon S, Pon LA: Interaction between mitochon-
dria and the actin cytoskeleton in budding yeast requires two integral mi-
tochondrial outer membrane proteins, Mmm1p and Mdm10p. J Cell Biol, 
1998; 141: 1371–81

 5. Valderrama F, Babia T, Ayala I et al: Actin microfilaments are essential for 
the cytological position and morphology of the golgi complex. Eu J Cell Biol, 
1998; 76: 9–17

 6. Sheetz MP, Sable JE, Dobereiner HG: Continuous membrane-cytoskeleton 
adhesion requires continuous accommodation to lipid and cytoskeleton 
dynamics. Annu Rev Biophys Biomol Struct, 2006; 35: 417–34

 7. Bihan TL, Pelletier D, Tancrede P et al: Effect of polar headgroup of phos-
pholipids on their interaction with actin. J. Colloid and Interface Sci, 2005; 
288: 88–96

 8. Charras GT, Yarrow JC, Horton MA et al: Non-equilibration of hydrostatic 
pressure in blebbing cells. Nature, 2005; 435: 365–69

 9. Doherty GJ, McMahon HT: Mediation, modulation and consequences of 
membrane-cytoskeleton interactions. Annu Rev Biophys, 2008; 37: 65–95

 10. Takamatsu H, Takeya R, Naito H, Sumimoto H: On the mechanism of cell 
lysis by deformation. J Biomechanics, 2005; 38: 117–24

 11. Muldrew K, Schachar J, Cheng P et al: The possible influence of osmotic po-
ration on cell membrane water permeability. Cryobiology, 1994; 58: 62–68

 12. Noiles EE, Thompson KA, Storey BT: Water permeability of the mouse sperm 
plasma membrane and its activation energy are strongly dependent on in-
teraction of the plasma membrane with sperm cytoskeleton. Cryobiology, 
1997; 35: 79–92

 13. Baranyai B, Bodo SZ, Dinnyes A, Gocza E: Vitrification of biopsied mouse 
embryos. Acta Veterinaria Hungarica, 2005l; 53(1): 103–12

 14. Ferreira JCP, Meira C, Papa FO et al: Cryopreservation of equine embryos 
with glycerol plus sucrose and glycerol plus 1,2-propanediol. Equine Vet J 
Suppl, 1997; 25: 88–93

 15. Luciano AM, Chigioni S, Lodde V et al: Effect of different cryopreservation 
on cytoskeleton and gap junction mediated communication integrity in fe-
line germinal vesicle stage oocytes. Cryobiology, 2009; 59: 90–95

 16. Dhali A, Anchamparuthy VM, Buttler SP et al: Gene expression and devel-
opment of mouse zygotes following droplet vitrification. Theriogenology, 
2007; 68(9): 1292–98

 17. Han MS, Niwa K, Kasai M: Vitrification of rat embryos at various develop-
mental stages. Theriogenology, 2003; 59(8): 1851–63

 18. Kuleshova LL, Shaw JM, Trounson AO: Studies on replacing most of the 
penetrating cryoprotectants by polymers for embryo cryopreservation. 
Cryobiology, 2001; 43: 21–31

 19. Mukesh KG, Hoon TL: Cryopreservation of oocytes and embryos by vitrifi-
cation. Korean J Reprod Med, 2010; 37(4): 267–91

 20. Dobrinsky JR: Cellular approach to cryopreservation of embryos. 
Theriogenology, 1996; 45: 17–26

 21. Wilson JM, Caceci T, Potter GD, Kraemer DC: Ultrastructure of cryopreserved 
horse embryos. J Reprod Fertil, 1987; 35: 405–17

 22. Gupta MK, Uhm SJ, Lee HT: Cryopreservation of immature and in vitro ma-
tured porcine oocytes by solid surface vitrification. Theriogenology, 2007; 
67: 238–48

 23. Tucker MJ, Morton PC, Wright G et al: Clinical application of human egg 
cryopreservation. Hum Reprod, 1998; 13: 3156–59

265
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS] [Index Copernicus]

Dasiman R et al: 
Cytoskeletal alterations in different developmental stages of in vivo…
© Med Sci Monit Basic Res, 2013; 19: 258-266

ANIMAL STUDIES

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License



 24. Fair T, Lonergan P, Dinnyes A et al: Ultrastructure of bovine blastocysts fol-
lowing cryopreservation: effect of method of blastocyst production. Mol 
Reprod Dev, 2001; 58: 186–95

 25. Vajta G, Hyttel P, Callensen H: Morphological changes of in vitro-produced 
bovine blastocysts after vitrification, in straw direct rehydration and cul-
ture. Mol Reprod Dev, 1997; 48: 9–17

 26. Rall WF, Meyer TK: Zona fracture damage and its avoidance during the cryo-
preservation of mammalian embryos. Theriogenology, 1989; 31: 683–92

 27. Knoll B, Beck H: The cytoskeleton and nucleus: the role of actin as a mod-
ulator of neuronal gene expression. E-Neuroforum, 2011; 2(1): 1–5

 28. Percipalle P, Raju CS, Fukuda N: Actin-associated hnRNP proteins as trans-
acting factors in the control of mRNA transport and localization. RNA Biology, 
2009; 6: 171–74

 29. Johnson MH, Pickering SJ: The effect of DMSO on the microtubular system 
of the mouse oocyte. Development, 1987; 100: 313–24

 30. Dumont J, Million K, Sunderland K: Formin-2 is required for spindle migra-
tion and for the late steps of cytokinesis in mouse oocytes. Dev Biol, 2007; 
301: 254–65

 31. Li H, Guo F, Rubinstein B, Li R: Actin-driven chromosomal motility leads to 
symmetry breaking in mammalian meiotic oocytes. Nat Cell Biol, 2008; 10: 
1301–8

 32. Chen A, Zhang R, Yu S: Comparative results of survival of vitrified biopsied 
goat embryos and mouse morulae. Turk J Vet Anim Sci, 2008; 32(2): 93–97

 33. Nagy A, Marina G, Kristina V, Behringer R: Manipulating the mouse embryo. 
A laboratory manual. 3rd edition. CSHL Press, 2003

 34. Nowshari MA, Brem G: Effect of freezing rate and exposure time to cryo-
protectant on the development of mouse pronuclear stage embryos. Hum 
Reprod, 2001; 16: 2368–73

 35. Ozmen B, Askan SM, Mohammed Y, Klaus D et al: Current data on the vit-
rification of human embryos: Which one is the best; zygote, cleavage or 
blastocyst stage? J Turkish-German Gynecol Assoc, 2007; 8(2): 218–26

 36. Pereira MR, Marques C: Animal oocyte and embryo cryopreservation. Cell 
Tissue Banking. Review paper, 2008

 37. Skidmore JA, Schoevers E, Stout TAE: Effect of different methods of cryo-
preservation on the cytoskeletal integrity of dromedary camel embryos. 
Anim Reprod Sci, 2008; 113(1–4): 196–204

 38. Comizzoli P, Wildt DE, Pukazhenthi BS: Effect of 1,2-propanediol versus 
1,2-etahnediol on subsequent oocyte maturation, spindle integrity, fertil-
ization, and embryo development in vitro in the domestic cat. Biol Reprod, 
2004; 71: 598–604

 39. Martino A, Pollard JW, Leibo SP: Effect of chilling bovine oocytes on their 
developmental competence. Mol Reprod Dev, 1996; 45: 503–12

 40. Park SE, Son,WY, Lee HS et al: Chromosome and spindle configurations of 
human oocytes matured in vitro after cryopreservation at the germinal ves-
icle stage. Fertil Steril, 1997; 68: 920–26

 41. Raz T, Skutelsky E, Amihai D et al: Mechanisms leading to cortical reaction 
in mammalian egg. Mol Reprod Dev, 1998; 51: 295–303

 42. Sun QY, Lai L, Park KW et al: Dynamic events are differently mediated by 
microfilaments, microtubules, and mitogen-activated protein kinase dur-
ing porcine oocyte maturation and fertilization in vitro. Biol. Reprod, 2001; 
64: 879–89

 43. Roche JF, Boland MP: Cytoskeletal damage in vitrified and frozen embry-
os. Theriogenology, 1993; 39: 293 (Abs)

 44. Bagis H, Mercan OH, Kumtepe Y: Effect of three different cryoprotectant so-
lutions in solid surface vitrification (SSV) techniques on the development 
rate of vitrified pronuclear stage mouse embryos. Turk J Vet Anim Sci, 2005; 
29: 621–27

 45. Kasai M, Komi JH, Takamoto A et al: A simple method for mouse embryo 
cryopreservation in low toxicity vitrification solution, without appreacia-
ble loss of viability. J Reprod Fertil, 1990; 89: 91–97

 46. Mozdarani H, Moradi SZ: Effect of vitrification on viability and chromosome 
abnormalities in 8-cell mouse embryos at various storage durations. Biol 
Res, 2007; 40: 299–306

 47. Shaw JM, Kasai M: Embryo cryopreservation for transgenic mouse lines. 
Methods Mol Biol, 2001; 158: 397–419

 48. Zhu SE, Sakurai K, Edashige K et al: Cryopreservation of zona-hatched 
mouse blastocysts. J Reprod Fertil, 1996; 107(1): 37–42

 49. Vajta G: Vitrification of the oocytes and embryos of domestic animals. Anim 
Reprod Sci, 2000; 60: 879–89

 50. Agca Y, Liu J, Critser ES, Critser JK: Fundamental cryobiology in mature and 
immature oocytes: hydraulic conductivity in the presence of Me2SO, Me2SO 
permeability, and their activation energies. J Exp Zool, 2000; 286: 523–33

 51. Fahy GM: Theoretical considerations for oocyte cryopreservation by freez-
ing. Reprd Biomed Online, 2007; 14: 709–14

 52. Slade NP, Takeda T, Squires EL, Elsden RP, Seidel GEJ: A new procedure for 
the cryopreservation of equine embryos. Theriogenology, 1985; 24: 45–58

 53. Skidmore JA, Boyle MS, Allen WR: A comparison of two different methods 
of freezing horse embryos. J Reprod Fertil, 1991; 44: 714–16

 54. Begin I, Bhatia B, Baldasarre H et al: Cryopreservation of goat oocytes and 
in vivo derived 2- to 4-cell embryos using the cryoloop and solid surface 
methods. Theriogenology, 2003; 59: 1839–50

 55. Gayar M, Holtz W: Technical note: vitrification of goat embryos by the open-
pulled straw method. J Anim Sci, 2001; 79: 2436–38

 56. Naitana S, Loi P, Ledda S et al: Effect of biopsy and vitrification on in vitro 
survival of ovine embryos at different stages of development. Theriogenology, 
1996; 46: 813–24

 57. Tharasanit T, Colebrander B, Stout TAE: Effect of cryopreservation on the 
cellular integrity of equine embryos. Reproduction, 2005; 129: 789–98

 58. Leibo SP: Cryobiology: preservation of mammalian embryos. In: Evans JW, 
Hollander A (eds.), Genetic Engineering of Animals. Plenum Press, New York, 
USA, 1986; 251–72

 59. Almeida P, Bolton V: The effect of temperature fluctuations on the cyto-
skeletal organization and chromosomal constitution of the human oocyte. 
Zygote, 1995; 3: 357–65

 60. Pickering SJ, Johnson MH: The influence of cooling on the organization of 
the meiotic spindle of the mouse oocyte. Hum Reprod, 1987; 2: 207–16

 61. Pickering SJ, Braude PR, Johnson MH: Transient cooling to room tempera-
ture can cause irreversible disruption to the meiotic spindle in huma oo-
cytes. Fertil Steril, 1990; 54: 102–8

 62. Van der Elst J, Van der Abbeel E, Jacob R et al: Effect of 1,2-propanediol and 
DMSO on the meiotic spindle of the mouse oocyte. Hum Reprod, 1998; 3: 
960–67

 63. Boiso I, Marti M, Santalo J et al: A confocal analysis of the spindle and chro-
mosome configurations of human oocytes cryopreserved at the germinal 
vesicle and metaphase II stage. Hum Rep, 2002; 17: 1885–91

 64. Tokura T, Noda Y, Goto Y, Mori T: Sequential observation of mitochondrial 
distribution in mouse oocytes and embryos. J Assisted Reprod Gen, 1993; 
10: 417–26

 65. Cseh S, Horlacher W, Brem G et al: Vitrification of mouse embryos in two 
cryoprotectant solutions. Theriogenology, 1999; 52: 103–13

 66. Dobrinsky JR, Pursel VG, Long CR, Johnson LA: Birth of piglets after trans-
fer of embryos cryopreserved by cytoskeletal stabilization and vitrification. 
Biol Reprod, 2000; 62: 564–70

 67. Johnson MR, Jessica SB, Goldstein B: Roles for actin dynamics in cell move-
ments during development. Actin-Based Motility, 2010; 8: 187–209

 68. Suzuki H, Satoh M, Kabashima K: Distributions of mitochondria and the 
cytoskeleton in hamster embryos developed in vivo and in vitro. J Mamm 
Ova Res, 2006; 23: 128–34

266
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS] [Index Copernicus]

Dasiman R et al: 
Cytoskeletal alterations in different developmental stages of in vivo…

© Med Sci Monit Basic Res, 2013; 19: 258-266
ANIMAL STUDIES

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License


