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Abstract The aim of this study was to assess in vitro meiosis
resumption and nuclear maturation of Rattus norvegicus oo-
cytes after vitrification with different cryoprotective solutions.
Cumulus-oocyte complexes (COCs) were exposed to an
equilibration solution for 4 min placed in cryoprotective solu-
tions for 1 min and vitrified in open pulled straws.
Cryoprotective solutions were prepared with 15% ethylene
glycol + 15% dimethyl sulfoxide + 0.5 M sucrose and differ-
ent supplements, to form the following groups: G1, 20% fetal
bovine serum in modified phosphate-buffered saline (mPBS);
G2, 0.4% bovine serum albumine in mPBS; G3, 1%
hyaluronic acid in mPBS; and G4, 0.4% polyvinyl alcohol
in mPBS. Seven days after vitrification, the COCs from G1
to G4 were warmed and in vitro matured for 30 h along with
the control group. Hoechst staining was performed to assess
meiosis resumption and nuclear maturation rates. Control
group showed higher meiosis resumption (77.88%) and nu-
clear maturation rates (55.75%) compared to all vitrified

groups. Among the vitrified COCs, G3 showed the highest
meiosis resumption and nuclear maturation rates (G1, 26.5
and 15.38%; G2, 22.12 and 11.54%; G3, 34.55 and 20%;
G4, 20.17 and 9.24%). Supplementation of the vitrification
solution with 1% hyaluronic acid provided better results, com-
pared to the other supplements. Hyaluronic acid can be useful
to vitrify rat COCs associated with other cryoprotectant
agents.
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Introduction

Vitrification of embryos has been successfully applied in
many species, including humans. However, oocyte cryopres-
ervation still fails to meet expected results (Mahmoud, et al.
2010; Shahedi, et al. 2013; Wu, et al. 2013). This is mainly
due to adverse effects that damage ooplasmic structures and
are correlated with low meiosis resumption and nuclear mat-
uration rates, as well as low fertilization and developmental
rates (Mahmoud, et al. 2010; Shahedi, et al. 2013; Wu, et al.
2013). The main adverse effects caused by cryopreservation
of female gametes include cortical granule exocytosis, leading
to zona hardening; increased parthenogenetic activation; dam-
age to cytoskeletal elements; and disruption of the meiotic
spindle (Pornwiroon, et al. 2006).

The combination of different types of cryoprotectants, as
well as supplementation with macromolecules such as bovine
serum albumin (BSA) and fetal bovine serum (FBS), is often
used in vitrification solutions to increase viscosity and glass
transition temperature as well as to reduce toxicity (Saragusty
and Arav 2011). Hyaluronic acid (HA) is a linear high molar
mass glycosaminoglycan found in extracellular and
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pericellular matrix and soft connective tissues (Kogan, et al.
2007). In reproductive biotechnology, HA has been used as a
supplement for embryo culture media in bovines (Furnus,
et al. 1998; Franco and Hansen 2006; Block, et al. 2009)
and as sperm HA binding selection before intracytoplasmic
sperm injection in humans (Choe, et al. 2012; Parmegiani,
et al. 2012). Also, HA production by cumulus cell has been
correlated with cumulus expansion and oocyte nuclear matu-
ration in bovines (Marei, et al. 2012). Due to the vast array of
physiological properties and of viscoelastic characteristics of
HA, this molecule can be potentially beneficial as a supple-
ment for cryoprotective solutions.

In experimental embryology and assisted reproduction re-
search, the mouse is commonly used as a model, while the rat
(Rattus norvegicus) has been under-explored, although this
model is consistently used in several other areas (Hedrich
2000). Despite the fact that rats and mice are phenotypically
similar, it has been suggested that the rat genomemore closely
resembles the human than the mice genome (Downs 2011).
Furthermore, significant ultrastructure and meiotic differences
between mouse and rat oocytes have been reported, with spe-
cial regard to polar body formation and energy requirements
(Sotelo and Porter 1959; Weakley 1968; Zeilmaker and
Verhamme 1974).

To the best of our knowledge, there are no experi-
ments comparing different supplements added to vitrifi-
cation solutions and their effects on in vitro maturation
(IVM) of rat cumulus-oocyte complexes (COCs). Based
on these facts, in our experiments, we assessed the rates
of meiosis resumption and in vitro nuclear maturation of
R. norvegicus COCs cryopreserved with vitrification so-
lutions supplemented with FBS, BSA, HA, and polyvi-
nyl alcohol (PVA).

Animals

Seventy-four female Wistar rats obtained from the Animal
Facility of Universidade Federal de Ciências da Saúde de
Porto Alegre (UFCSPA, Porto Alegre, Brazil) were used for
the experiments. All rats were housed in groups (five rats per
cage) in polypropylene cages (38×32×16 cm) under standard
conditions (mean temperature 22±2°C, 50±10% relative hu-
midity, 12/12-h light-dark cycle) on wood shaving bedding
(VetSul Ltda., Porto Alegre, Brazil). They were given a com-
mercial pelletized diet (Nuvilab CR1, Nuvital Nutrientes S/A,
Colombo, Brazil) and tap water ad libitum. All animal exper-
imental protocols were performed with the approval of the
Animal Care Committee of UFCSPA, through the approval
113/12. Furthermore, all the experiments were conducted ac-
cording to the Brazilian law 11794/2008 for animal
experiments.

Materials and Methods

Media and reagents. All the reagents used in this study were
purchased on Sigma-Aldrich (St. Louis, MO), unless other-
wise indicated on the text. Modified phosphate-buffered saline
(mPBS) (Whittingham 1975) was used for transportation of
the ovaries and selection of COCs. Further manipulation and
washing of the COCs were performed in M2 medium (Quinn,
et al. 1982), and in vitro maturation was performed in M16
medium (Whittingham 1971).

Cumulus-oocyte complexes recovery. Female rats, 4 to 6 wk
old, were treated with intraperitoneal injection of 20 IU eCG
(Folligon, Intervet, Boxmeer, Netherlands). After 48 h, they
were killed by cervical displacement. Ovaries were then im-
mediately removed from the abdominal cavity and maintained
at 37°C in modified PBS supplemented with 1% (v/v) FBS,
upon ovarian slicing. The ovaries were transferred to a plastic
petri dish containing mPBS, and their cortexes were sliced
using a scalpel blade to release the COCs into the medium.
After this procedure, the dish containing the COCs was ana-
lyzed under stereomicroscope (Meiji EMZ 13TR, Meiji
Techno Co, Saitama, Japan) for further morphological selec-
tion. This selection took into consideration the homogeneity
of the ooplasm and the number of layers and degree of com-
paction of the surrounding cumulus cells. We classified the
COCs in four main groups: (I) COCs that presented homoge-
neous ooplasm and various layers of surrounding cumulus
cells which showed a high degree of compaction; (II) COCs
with homogeneous ooplasm, showing fewer layers and less
compacted cumulus cells; (III) COCs that might present more
heterogeneous ooplasm, with some degree of granulation,
very few or no layers of surrounding cumulus cells with no
degree of compaction; and (IV) COCs with unusual shapes
and very heterogeneous ooplasm, presenting no layers
of surrounding cumulus cells. COCs classified as I and
II were considered better suited for in vitro maturation
and, thus, were selected and placed in a dish containing
M2 medium.

Vitrification and warming. The selected COCs were random-
ly divided into five groups of 10 to 15 COCs. Groups 1 to 4
were exposed to the vitrification process, while group 5 was not
vitrified (control group). Groups 1 to 4 were exposed to an
equilibration solution composed of 7.5% ethylene glycol
(EG) + 7.5% dimethyl sulfoxide (DMSO) + 0.4% BSA in
mPBS for 4 min. After this period, the COCs were exposed
to different vitrification solutions, according to the experimen-
tal groups: G1, cryoprotective solution (CS) composed of 15%
EG + 15% DMSO+ 0.5 M sucrose supplemented with 20%
FBS diluted in mPBS; G2, CS supplemented with 0.4% BSA
diluted in mPBS; G3, CS supplemented with 1% HA (w/v;
10 mg/mL; Sigma 53747) diluted in mPBS; and G4, CS
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supplemented with 0.4% PVA diluted in mPBS. After 1 min of
exposure to the vitrification solutions, the COCs from groups
G1 to G4 were held at the tip of a short-diameter straw like an
Open Pulled Straw (OPS) by capillarity and immediately
plunged directly into liquid nitrogen. Five to ten COCs were
stored per straw, which were kept in the liquid nitrogen con-
tainer for 7 days before warming.
The doses of the cryoprotectants were decided based on pre-
vious studies using rats or other mammalian species. In our
experiments, we used the concentration of 15% EG, 15%
DMSO, and 0.5 M sucrose, since these doses were success-
fully applied for the vitrification of rat oocytes in a recent
study by Fujiwara et al. (2010). The dose of FBS used in
our experiments was 20% since this concentration is widely
applied in most of the vitrification protocols in several species
(Naitana et al. 1997; Asada et al. 2002; Fujiwara et al. 2010;
Sanchez-Osorio et al. 2010). Similarly, the concentration of
0.4% BSA is also well established for most species (Joly et al.
1992; Sharma and Purohit 2008; Succu et al. 2011; El-Shahat
and Hammam 2014). Regarding the concentration of PVA,
most of the authors use concentrations varying between 0.1
and 0.5% for vitrification of embryos and oocytes (Naitana
et al. 1997; Checura and Seidel 2007; Sanchez-Osorio et al.
2010; Villamil et al. 2011). When it comes to hyaluronic acid,
to the best of our knowledge, there are only two studies that
apply it as a supplement for cryoprotective solutions (Joly
et al. 1992; Palasz et al. 1993). Both of these studies were
performed in bovine embryos, and the authors applied
slow freezing or deep freezing techniques instead of
vitrification, which require lower concentrations of cryo-
protectants. The authors have used 0.1% hyaluronic ac-
id, whereas in our experiments, we decided to use 1%
hyaluronic acid, since the vitrification technique requires
higher concentrations of cryoprotectants in order to suc-
cessfully achieve the vitreous state and to avoid the
formation of intracellular ice crystals. Also, hyaluronic
acid has high viscosity and the concentration of 1% was
the maximum concentration that was suitable for ade-
quate manipulation of the solution.

To produce the OPS, 0.25-mL straws were elongated using
a warmed platform. The straws were warmed and pulled man-
ually until the internal diameter and the thickness of the central
wall decreased to half the initial size, so the diameter de-
creased from 1.7 mm to approximately 0.8 mm and the thick-
ness decreased from 0.15 mm to approximately 0.07 mm
(Vajta, et al. 1998).

For warming, the OPSs were removed from the liquid ni-
trogen container and kept in air for 5 s and the tip of the OPS
capillary was placed in a 400-μLmicrodrop containing mPBS
supplemented with 0.5M sucrose. This procedure released the
COCs in the medium. COCs were kept into the medium for
5 min before IVM. The G5 (control group) was maintained in
M2medium during vitrification and warming of the COCs, so

all the groups were placed in maturation medium at the same
time.

In vitro maturation and developmental competence
assessment. To perform IVM, COCs were initially removed
from 0.5 M sucrose solution, washed three times in M2 me-
dium, and transferred to microdrops containing 100 μL of
maturation medium (M16 supplemented with 10% FBS,
0.1 IU LH, and 5 μg/mL FSH) covered by mineral oil. Ten
to 15 COCs were placed in each microdrop, and the plates
were maintained in an incubator with 5% CO2 atmosphere,
100% humidity, and 37°C for 30 h. At the end, COCs were
placed in a 100-μL microdrop containing M2 supplemented
with 0.1% hyaluronidase and incubated for 5 min to detach
and remove cumulus cells. Cumulus cells were completely
removed by gentle pipetting, using an elongated glass
capillary.

Hoechst staining was performed by placing the oocytes for
3 min into a 100 μL microdrop containing M2 supplemented
with 5.0 μg/mL Hoechst 33342. After incubation, the oocytes
were observed in an inverted fluorescence microscope
(Olympus IX-51-I, Olympus Co., Tokyo, Japan), in a dark
room, to assess the disposal of genetic material. Nuclear mat-
uration criterion was the extrusion of the first polar body
which indicated the end of meiosis I, or further second meta-
phase plate formation (Alcoba, et al. 2013). Meiosis resump-
tion was assumed when the oocyte presented germinal vesicle
breakdown, metaphase plate, polar body, or both (Alcoba,
et al. 2013).

Statistical analysis. The influence of different supplementa-
tion (FBS, BSA, HA, and PVA) in the cryoprotective solution
on COCs meiosis resumption and nuclear maturation rates
was evaluated using the chi-square test, supplemented by ad-
justed residual calculation. Statistically significant differences
were considered as p≤0.05.

Results

The average age of the 74 female rats was 36.5±8.08 (mean±
SD) days old. The experiments were repeated 18 times, until
we obtained at least 100 COCs per group. Therefore, 563
COCs were used at the end of all experiments.

Regarding meiosis resumption, the control group presented
statistically higher rates, compared to the other groups
(77.88%, 88/113). Among the groups exposed to vitrification,
G3 had statistically higher results compared to the other vitri-
fied groups (34.55%, 38/110).

Also, the control group had statistically higher nuclear mat-
uration rates, compared to the other groups (55.75%, 63/113).
Again, among the groups exposed to vitrification, only G3
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had statistically higher results, compared to the other vitrified
groups (20.00%, 22/110).

We also compared the number of COCs that resumed mei-
osis with those that presented nuclear maturation, obtaining a
maturation/resumption ratio. There were no statistically sig-
nificant differences among any of the groups. The results of
meiosis resumption and nuclear maturation rates, as well as
maturation/resumption ratio, are summarized in Table 1.

We performed an observational evaluation regarding the
expansion of COCs after in vitro maturation for both control
and vitrified groups. The COCs from control group presented
normal expansion of cumulus cells, and we could observe that
in some cases, there was attachment of cumulus cells to the
culture plate after maturation. However, COCs from the vitri-
fied groups generally presented very few or no cumulus cells
attached to the oocyte after maturation.

Discussion

The present study was the first to compare meiosis resumption
and nuclear maturation of rat COCs after vitrification with the
supplements FBS, BSA, HA, and PVA added to cryoprotec-
tive solutions. Our results showed that the COCs vitrified with
1% HA presented meiosis resumption and nuclear maturation
rates after warming higher than the other groups vitrified with
FBS, BSA, and PVA.

It is known that HA solutions have pronounced viscoelastic
properties and that HA behaves as a stiffened random coil in
solution, due to hydrogen bonding between adjacent saccha-
rides, combined with some effect from the mutual electrostatic
repulsion between carboxyl groups and chains self-
association (Hardingham 2004). In the vitrification solution
supplemented with HA, we observed high viscosity, which
may be the main reason why this group showed better results,
compared to the other vitrified groups. Three factors can affect
the probability of successful vitrification: viscosity of the

sample, cooling and warming rates, and sample volume
(Yavin and Arav 2007). Therefore, increasing the viscosity
or the cooling/warming rates, or decreasing the volume will
each independently increase the probability of vitrification.
However, trying to influence the properties of a vitrification
solution by using very high concentrations of permeable cryo-
protectants is not advisable, because they tend to have both
toxic and hypertonic effects when used at concentrations that
are effective for successful vitrification; therefore, it is crucial
to restrict cryoprotectant concentration to a minimum (Yavin
and Arav 2007).In our experiments, we observed that HAwas
the main factor responsible for the higher viscosity of the
medium. Thus, this probably led to high vitrification rates
and minimum toxic effects, since HA is a natural molecule,
widely distributed in extracellular matrix (Hardingham 2004).

Some authors have usedHA to cryopreserve different types
of cells, and obtained promising results (Pena, et al. 2004;
Bucak, et al. 2007; Ujihira, et al. 2010; Turner, et al. 2012).
Pena et al. (2004) have used different concentrations of HA to
cryopreserve boar sperm and assessed spermmotility and lipid
membrane architecture after cryopreservation. They conclud-
ed that, compared to controls, sperm samples supplemented
with HA to 500 and 1000 mg/mL showed dose-dependent
increases in post-thaw motility and increases in linear motility
(Pena, et al. 2004). Ujihira et al. (2010) assessed the availabil-
ity of low molecular weight HA at concentrations of 0, 0.5,
and 5% as a protectant for human dermal fibroblast freezing
and found that cell survival increased with HA concentration.
Moreover, the membrane integrity of the cells after freeze-
thaw increased with higher concentrations of low molecular
weight HA (Ujihira, et al. 2010). Similarly, Turner, et al.
(2012) evaluated different isotonic media with and without
the presence of HAs as a cryoprotective agent and observed
improved survival of human endodermal stem cells and pro-
genitors after cryopreservation. Cells frozen in media supple-
mented with 0.05 or 0.1% hyaluronan exhibited the best via-
bilities after thawing.

Table 1 Evaluation of meiosis resumption, nuclear maturation, and
degeneration rates of Rattus norvegicus oocytes in vitro matured after
vitrification using cryoprotective solutions supplemented with FBS,
BSA, HA, and PVA. Meiosis resumption was considered from GVBD

to metaphase II, and nuclear maturation was considered from the end of
meiosis I (characterized by the extrusion of the first polar body) to
metaphase II.

Group Meiosis resumption Nuclear maturation Degeneration Maturation/resumption

N (%) N (%) N (%) N (%)

1 (20% FBS) 31/117c (26.50) 18/117c (15.38) 34/117b (29.00) 18/31 (58.06)

2 (0.4% BSA) 23/104c (22.12) 12/104c (11.54) 35/104b (33.60) 12/23 (52.17)

3 (1% HA) 38/110b (34.55) 22/110b (20.00) 39/110b (35.40) 22/38 (57.89)

4 (0.4% PVA) 24/119c (20.17) 11/119c (9.24) 43/119b (36.10) 11/24 (45.83)

Not vitrified 88/113a (77.88) 63/113a (55.75) 19/113a (16.81) 63/88 (71.59)

Different superscript letters differ statistically in the column (P≤0.05)
FBS fetal bovine serum, BSA bovine serum albumin, HA hyaluronic acid, PVA polyvinyl alcohol, GVBD germinal vesicle breakdown
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In our experiment, the control group (not exposed to vitri-
fication) presented statistically higher meiosis resumption and
nuclear maturation rates, compared to the vitrified groups.
Other authors observed similar results. Mahmoud et al
(2010) compared the application of different combinations
of cryoprotectants during vitrification of immature buffalo
COCs and found that the percentage of oocytes that reached
telophase and metaphase II was lower in cryopreserved
groups, compared to the control group. Diez et al. (2012)
suggest that the low maturation rates found after most of the
vitrification protocols are probably related to a compromised
developmental competence of the oocytes and functional and
morphological damages caused by the process of vitrification.

Currently, most solutions used for oocyte vitrification con-
tain a macromolecule plus FBS or BSA, or simply one of them
as the macromolecular component (Checura and Seidel 2007).
The advantage of using FBS as a supplement for vitrification
solutions is that this component prevents the conversion of the
zona pellucida proteins to a state known as zona hardening,
although it does not prevent premature release of cortical gran-
ules (Checura and Seidel 2007). Succu, et al(2011) reported
that replacement of FBS with BSA during sheep mature oo-
cyte cryopreservation, warming, and rehydration has a
negative influence on subsequent developmental
competence. Similarly, Tan, et al. (2009) reported that de-
crease of FBS concentration from 15 and 20% to 5 and 10%
in mouse mature oocyte vitrification medium also decreased
developmental competence after warming. In our experi-
ments, the group exposed to vitrification with cryoprotective
solution containing 20% FBS did not show significant differ-
ences in meiosis resumption and nuclear maturation rates,
compared to the other vitrified groups. We hypothesize that
the discrepancies found between our results and those from
other authors may be explained by twomain factors: (1) There
are morphological and metabolic differences between the rat
oocyte and those from other species used in those studies
(Sotelo and Porter 1959; Weakley 1968; Zeilmaker and
Verhamme 1974; Boja, et al. 2005), and (2) structural and
functional differences between mature and immature oocytes
cryopreserved with or without cumulus cells.

The addition of macromolecules to cryoprotective solu-
tions is commonly used in most vitrification protocols in sev-
eral species; however, there are no studies comparing these
additives on vitrification of R. norvegicus immature COCs.
Many cryoprotective solutions were tested in other species
(Mingoti, et al. 2011), although structural and metabolic dif-
ferences between the rat oocytes and those from other species
were reported by several authors (Downs 2011; Sotelo and
Porter 1959; Weakley 1968; Zeilmaker and Verhamme
1974; Boja, et al. 2005). Weakley (1968) analyzed ultrastruc-
tural characteristics of oocytes from hamsters, rats, mice, and
guinea pig and reported differences in the rat oocyte, such as
more clearly delineated lamellas, associated with ribosomes

and mitochondria; no concentric endoplasmic reticulum, and
presence of cisternae that encircle masses of ribosomes; and
round membrane-bound bodies. Moreover, the composition
of rat zona pellucida is different from that of other species,
mainly the mouse (Boja, et al. 2005). While mouse zona pel-
lucida is composed of only three glycoproteins (ZP1, ZP2, and
ZP3), the rat zona pellucida contains three homologous pro-
teins (ZP1–ZP3) and a fourth glycoprotein (ZP4/ZPB), simi-
larly to human zona (Boja, et al. 2005). Furthermore, the way
in which polar body is formed and metabolic requirements for
its formation are different in the rat and mouse oocytes
(Zeilmaker and Verhamme 1974). Downs (2011) reported
several differences in maintenance of meiotic arrest and re-
sponsiveness to hormones and other agents between rat and
mouse oocytes. In arrested mouse oocytes, raising pyruvate
concentration promoted higher maturation rates, whereas glu-
cose had an opposite, inhibitory influence when added to the
medium (Downs 2011). On the other hand, identical manipu-
lation produced opposite responses in rat oocytes (Downs
2011). These differences define the importance of studying
the rat as a model in reproductive biotechnology research
and indicate that results obtained with other species cannot
be applied to the rat, without in-depth investigation.

Bovine serum albumin has been used in several cryopres-
ervation solutions, due to its apparent ability to prevent chang-
es in zona pellucida, similarly to FBS (Carroll, et al. 1993).
However, this component has the same disadvantages as FBS,
such as variations between different batches and preparations
and risk of carrying infectious agents, due to its animal origin
(Carroll, et al. 1993). In our experiments, we did not obtain
expressive results using 0.4% BSA as an additive to cryopres-
ervation solutions. Our results showed that there were no sig-
nificant differences in meiosis resumption and nuclear matu-
ration rates of this group, compared to the other vitrified
groups. Several authors used concentrations of BSA ranging
from 0.4 to 6% (Carroll, et al. 1993; Dinnyes, et al. 1999;
Dobrinsky, et al. 2000) for vitrification of mouse, bovine,
and pig oocytes and embryos and obtained different results.
Vitrification solutions containing 3 or 6% fatty-acid-free BSA
(FAF-BSA) to cryopreserve bovine oocyte showed very low
rates of blastocyst when compared to other macromolecules,
such as FBS (Checura and Seidel 2007). However, lower con-
centrations of BSA, such as 0.3%, provided better results,
compared to the high concentrations (Checura and Seidel
2007). Similarly, cryopreservation of mouse oocytes with
cryoprotective solutions supplemented with crystalline or
Fraction V BSA provided lower fertilization rates than that
of oocytes cryopreserved in solutions containing FBS
(Carroll, et al. 1993). One possible explanation for these re-
sults is that an unknown interaction between BSA and other
cryoprotectant, or the existence of toxic effects related to res-
idues left during the process of purification of the BSAmay be
acting as well (Checura and Seidel 2007). Yet, more research

VITRIFICATION OF RAT COCS USING HA 999



is needed to determine the reasons for these controversial re-
sults obtained for different types of BSA (Checura and Seidel
2007).

In order to produce chemically defined medium, PVA and
polyvinylpirrollidone (PVP) have been used as substitutes for
serum in bovine oocytes and embryos culture media (Pugh,
et al. 2000; Asada, et al. 2002), but PVA has lower toxicity
than PVP (Fuku, et al. 1995; Asada, et al. 2002). Polyvinyl
alcohol is reported to protect cell membrane during cryopres-
ervation and, in blastocysts from domestic animals, it has been
used as a substitute for serum in vitrification and warming
solutions (Vajta, et al. 1998; Pugh, et al. 2000; Asada, et al.
2002). Checura and Seidel (2007) reported that 0.3% PVA
supplementation to vitrification solution was inappropriate
for vitrification of bovine oocytes, although the authors have
argued that the problem could be an insufficient concentration
of the macromolecule, because the results with 1% PVAwere
the highest in the experiment and did not differ from those of
non-vitrified oocytes. Our results show that addition of 0.4%
PVA to cryoprotective solution did not provide significant
differences in meiosis resumption and nuclear maturation
rates from the groups vitrified with FBS and BSA. This is an
interesting result, since PVA is a synthetic molecule and still
p rov ided comparab l e r e su l t s t o FBS and BSA
supplementation. Similarly, Asada, et al. (2002) reported no
significant differences in morula stage and blastocyst devel-
opment after bovine oocyte vitrification with cryoprotective
solution supplemented with 0.1% PVA or 20% FBS (Asada,
et al. 2002).Hence, the authors reported that PVA could sub-
stitute FBS in vitrification solution for bovine oocyte (Asada,
et al. 2002). However, more studies are necessary to elucidate
the efficiency of PVA as a substitute for FBS and BSA in rat
oocytes.

In order to evaluate if the maturation medium used in our
experiments was responsible for the lower maturation rates
between the groups, we performed the nuclear maturation/
resumption of meiosis ratio as an indication that morpholog-
ical damages caused by vitrification are probably the main
cause for the lower rates of maturation. Our results showed
that there were no statistical differences in this parameter be-
tween the experimental groups, indicating that, probably, the
maturation conditions provided to the COCs did not influence
the differences obtained among the experimental groups.
Therefore, it is possible to deduce that the morphological
and functional alterations in oocytes that led to decreased mat-
uration rates were caused by other factors, such as vitrifica-
tion, not by the maturation medium used.

In our experiments, we evaluated the rate of degeneration
among the COCs exposed to vitrification and the control
group. The control group presented statistically lower rates
of degeneration when compared to the vitrified groups,
although, among the vitrified groups, there were no
statistically significant differences. The degeneration rates of

oocytes after vitrification found on the literature are highly
variable due, mainly, to differences between species, the
stage of maturation of the oocytes, and the vitrification
protocol used. In rat mature oocytes, Fujiwara et al. (2010)
achieved 10.1% degeneration rate in their best protocol.
However, most of their protocols provided degeneration rates
as high as 40%, which was very similar to our results.
Similarly, Cocchia et al. (2010) evaluated the viability of
immature cat oocytes after vitrification using OPS and found that
36%of the oocytes were not viable after vitrification.With this in
mind, we can say that although we had significantly higher
degeneration rates among the groups exposed to vitrification
compared to the control group, our results were similar to those
found on the literature when it comes to vitrification of oocytes.

One way to evaluate influences of experimental conditions
on the viability of oocytes is determining their ability to re-
sume meiosis and reach nuclear maturation. Maturation of the
cumulus-oocyte complex is one of the most important factors
determining the progress to metaphase II followed by fertili-
zation and embryo development (Kempisty, et al. 2011). It has
been suggested that maturation of the COC is the most impor-
tant and critical stage for future embryo growth (Kempisty,
et al. 2011). Some authors have used nuclear maturation rate
as a marker of oocyte competence with no subsequent evalu-
ation of embryo development, such as Mahmoud et al. (2010)
who vitrified immature buffalo oocytes with different combi-
nations of cryoprotectants and evaluated the effects of these
conditions by in vitro maturation assessment. However, the
authors did not perform subsequent embryo development.
Besides, several other studies have evaluated the effects of
oocyte cryopreservation methods by assessing nuclear matu-
ration and meiosis resumption rates with no subsequent em-
bryo development, obtaining equally important results
(Mohsenzadeh, et al. 2012; Rao, et al. 2012; Yazdanpanah,
et al. 2013).

It is well known that cumulus cells play important roles on
oocyte maturation, fertilization, and subsequent embryo de-
velopment, mainly due to communications between oocytes
and cumulus cells through gap junctions (Li and Albertini
2013). Thus, the impairment of cell communication between
oocyte and cumulus cells may cause a negative impact on
paracrine activity and disturbance to biophysical properties
of the oocytes cortex, leading to decreased ability to use and
store factors required for later development (Li and Albertini
2013). With this in mind, it is very likely that one of the main
reasons why COCs exposed to vitrification presented signifi-
cantly lower meiosis resumption and nuclear maturation rates
is the loss of communication between cumulus cells and
oocyte.

Considering the results obtained in our experiments, it is
possible to conclude that vitrification of R. norvegicus
cumulus-oocyte complexes using the tested vitrification solu-
tion supplemented with 1% HA provides better meiosis
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resumption and nuclear maturation rates after warming, when
compared to 20% FBS, 0.4% BSA, and 0.4% PVA supple-
mentation. Besides, the addition of 0.4% PVA to the vitrifica-
tion solution provided similar meiosis resumption and nuclear
matura t ion ra tes tha t 20% FBS and 0.4% BSA
supplementation.

As stated above, the laboratory rat is widely applied as an
animal model in several research areas, allowing the develop-
ment of biotechnologies and providing essential scientific da-
ta. However, it has been increasingly accepted that studies
should be focused on the refinement of techniques, as well
as the reduction and replacement of these animals, in order
to preserve their welfare and allow ethical scientific develop-
ment. With this in mind, vitrification of immature COCs can
be used for maintaining the germplasm of this species,
allowing long-term storage for further use in experimentation.
Also, cryopreservation of COCs may lead to reduction of the
number of animals killed, since there would be more control
over the number of offspring generated for experimentation.

Hence, our study was able to demonstrate that the use of
hyaluronic acid as a supplement for cryoprotective solutions
provided better meiosis resumption and nuclear maturation
rates of R. norvegicus COCs in comparison to FBS, BSA,
and PVA. Although more studies are necessary to determine
ideal conditions for vitrification of rat COCs, our data were
essential in order to establish initial insights regarding cryo-
preservation of rat COCs.
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