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Abstract

Background: In cryopreservation, oocytes are subjected to extreme hyperosmotic conditions, inducing large
volume changes that, along with an abrupt temperature drop, interfere with their developmental competence.
Our objectives in this work were to find conditions enabling an increase in oocyte cryosurvival and subsequent
development.

Methods: Abattoir-derived bovine oocytes were cultured without (Control group) or with trans-10,cis-12 conjugated
linoleic acid isomer (CLA group). Comparative observations were made for 1) the oocyte developmental competence
after exposure to cryoprotectants followed or not by vitrification/warming, 2) the oocyte membrane permeability to
water (using the non-permeant cryoprotectant sucrose) and 3) the oocyte membrane permeability to two
cryoprotectants (ethylene glycol, EG, and dimethyl sulfoxide, DMSO). Mature oocytes cultured with or without
CLA and vitrified/warmed or only exposed to cryoprotectants without vitrification were subjected to in vitro
fertilization; embryo culture proceeded until the blastocyst stage. The oocyte membrane permeabilities to
water and cryoprotectants were estimated using mature oocytes subjected to hyperosmotic challenges. For
water permeability, 200 mM sucrose was used, whereas for the cryoprotectant permeability, a 10 % solution
of both EG and DMSO was used. The data were analyzed using the MIXED procedure and Student's T-test.

Results: CLA supplementation improves the developmental competence of vitrified/warmed and cryoprotectants
exposed oocytes (p < 0.01) and reduces their membrane permeability to water (37 %, p < 0.001) and to cryoprotectants
(42 %, p < 0.001).

Conclusions: : By slowing the fluxes of water and of permeant cryoprotectants, CLA contributed to improved oocyte
cryosurvival and post-thawed viability. This isomer supplementation to the maturation media should be considered
when designing new protocols for oocyte cryopreservation.
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Background

Oocyte cryopreservation is increasingly in demand due
to the need for preserving gametes of both humans and
animals. Oocyte cryopreservation is imperative for pos-
terior viable reproduction in women in danger of losing
ovarian function, such as women suffering from cancer
who need to undergo radiotherapy or chemotherapy.
The value of oocyte cryopreservation is not restricted to
humans; it extends to highly valuable females of any spe-
cies, either for conservation or for commercial purposes.
However, oocytes are sensitive to cryopreservation, and
although progress has been made in the past few years,
the perfect protocol is far from established [1, 2].

Cryopreservation requires several steps in which cells
are subjected to extreme hyperosmotic conditions. The
cumulative osmotic stress upon the cell due to water and
cryoprotectant fluxes triggers abrupt cell volume changes
that may compromise cell viability and cryopreservation
success [3, 4]. In contrast to spermatozoa, the cryopreser-
vation of female gametes shows a lower success rate. This
problem may be partially due to the large oocyte size and
shape, with a low surface to volume ratio. In addition, the
permeability features of the plasma membrane directly
affect the rates of water and cryoprotectant flux and, con-
sequently, the cryopreservation process. Thus, membrane
permeability plays an important cryobiological role in cell
survival after vitrification [1, 3-5].

Emerging studies in the field of lipid metabolism re-
vealed that trans-10, cis-12 conjugated linoleic acid
(CLA), a dietary fatty acid frequently used as a body fat
reducing agent, reduces the permeability and fluidity of
adipose plasma membranes [6]. Conjugated linoleic acid
consists of a collection of positional and geometrical iso-
mers of octadecadienoic acid, with conjugated double
bonds ranging from 6 or 8 to 12 or 14. Milk and other
dairy products are good sources of conjugated linoleic
acid isomers. Rumen bacteria have the unique ability to
convert linoleic acid into CLA through an enzymatic
isomerase reaction [7]. Recent reports have shown that
the reproductive performance of dairy cows may be im-
proved by feeding CLA supplements during early lactation
[8]. The biological mechanisms underlying the beneficial
effects of CLA on reproductive performance are not
yet fully understood. We have previously stated that the
addition of CLA isomer to embryo culture medium more
than doubles embryo cryoresistance [9, 10]. Additionally,
the presence of CLA during bovine oocyte maturation im-
proves oocyte competence to develop into higher quality
embryos, interfering with lipid metabolism [11]. However,
the mechanisms resulting in these benefits remain to be
elucidated.

Most often, the design of new protocols for oocyte
cryopreservation is performed in an empirical way based
on the observation of outcomes in terms of oocyte
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survival, fertilization and embryo development. However,
this simple morphological analysis provides very little in-
formation on the mechanisms by which cryoprotectants
and cooling rates affect the normal physiology and func-
tion of the oocyte. The objective of this work is to con-
tribute to a better understanding of such mechanisms to
provide valuable insight into the action of cryopreserva-
tion protocols. Thus, we investigated the effect of CLA
on 1) oocyte developmental competence after exposure to
cryoprotectants following or not vitrification/warming;
2) oocyte membrane permeability to water (using the non-
permeant cryoprotectant sucrose) and to two permeant
cryoprotectants (EG and DMSO).

Methods
All chemicals used were purchased from Sigma Aldrich
Chemical Co. (St. Louis, USA) unless specified otherwise.

Oocyte collection and in vitro maturation

Young heifer oocytes aspirated from slaughterhouse ovar-
ies with at least three layers of compact cumulus cells and
an evenly granulated cytoplasm were selected for matur-
ation [11]. Control oocytes were matured in tissue culture
medium (TCM) 199 with 10 % serum, 10 pg mL™" follicle
stimulating hormone (FSH), 100 pM glutathione and anti-
biotics in an incubator at 39 °C with humidified air and
5 % CO2 during 22 h [11]. CLA oocytes were matured in
the same medium supplemented with 100 uM CLA.

Oocyte cryopreservation

Oocytes were vitrified using an open pulled straw (OPS)
method previously described by Vajta et al. [12]. Before
vitrification, mature oocytes with at least one layer of cu-
mulus cells (control vitrified 7 = 261, CLA vitrified 7 = 245)
were immersed for 30 s in holding medium [HM: TCM199
plus 20 % fetal calf serum (FCS)], supplemented with 10 %
EG and 10 % DMSO. Oocytes were then transferred to
vitrification solution (HM plus 20 % EG, 20 % DMSO and
0.5 M sucrose) for 25 s. Afterwards, COC were loaded into
a modified straw (OPS) by capillarity. Straws containing
the oocytes were immediately plunged into liquid nitrogen
(LN2). All media and all manipulations were performed at
an ambient temperature of 25 °C.

For warming, the oocytes were expelled and equili-
brated for 5 min in a warming solution (0.3 M sucrose
in HM) at 37 °C. Oocytes were then washed and main-
tained in HM. Only intact oocytes showing no signs of
degeneration and with at least one layer of cumulus cells
were considered viable by an expertise technician and
were selected for in vitro fertilization (IVF).

In a second experiment, mature oocytes supplemented
or not with CLA were exposed to cryoprotectants ac-
cording to the same process as above but without load-
ing of the oocytes in OPS and immersion in LN2.
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Oocyte fertilization and embryo culture

Oocyte fertilization was performed with frozen—thawed
semen following swim-up procedures, as in [9]. The in vitro
fertilization medium consisted of modified Tyrode’s medium
supplemented with 5.4 USP mL ™" heparin, 10 mM penicil-
lamine, 20 mM hypotaurine and 0.25 mM epinephrine.
The sperm concentration was adjusted to 10° spermato-
zoa mL ™", Sperm and oocytes were co-incubated for 22 h
(IVF =day 0). Presumptive zygotes were placed into
synthetic oviductal fluid (SOF) supplemented with BME
and MEM amino acids and bovine serum albumin (BSA)
and were cultured at 39 °C in a humidified atmos-
phere with 5 % 02, 5 % CO2 and 90 % N2. After
assessing cleavage at 48 h post insemination, embryo
development proceeded in SOF plus 10 % FCS. Cleav-
age and day 7/8 embryo rates were calculated consid-
ering only viable oocytes. Morphological scoring of day
7/8 embryos was performed based on morphological cri-
teria and the developmental stage. Briefly, following the
guidelines of the International Embryo Transfer Society
[13], embryos were classified into 3 categories: 1) Grade 1:
Good, no blemishes or only trivial imperfections; 2) Grade
2: Fair, with some extruded or degenerated cells and non-
uniform, darker appearance; and 3) Grade 3: Bad, poor
quality, lacking cohesion or with many extruded or degen-
erated cells.

Oocyte membrane permeability to water and to
cryoprotectants

Fresh mature oocytes were immobilized on glass slides
coated with poly-L-lysine and were mounted on the stage
of an inverted microscope and equilibrated in phosphate-
buffered saline (PBS). Dynamic oocyte volume changes
resulted from the application of an osmotic challenge by
replacing the initial PBS with a hyperosmotic PBS solu-
tion. For evaluation of water permeability, the hyperosmo-
tic solution contained 200 mM sucrose (a non-permeant
cryoprotectant). For evaluation of cryoprotectant perme-
ability, a PBS solution containing 10 % DMSO and 10 %
EG was used.

For water permeability, the relative cell volume change
(shrinking) was fitted to a single exponential, and the es-
timated exponential rate constant k was used to calcu-
late the osmotic permeability coefficient (P¢) using the
equation Pr=k (V,/A)(1/Vy (0smyye.) [14], where V., is
the molar volume of water, V,/A is the initial volume to
the area ratio and osmg.. is the final medium osmolar-
ity after the applied osmotic gradient. For the cryopro-
tectant permeability (P;), the relative volume change
after oocytes have reached their minimum value (reswel-
ling) was fitted to a single exponential, and the estimated
exponential rate constant k was used to calculate the
cryoprotectant permeability using the equation Pg=k
(Vo/A) [14].
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Oocyte volume measurements

Oocyte volumes (V) were measured from 2D images ob-
tained during the permeability assays (initial volume
prior to the osmotic challenge V, and final equilibrium
volume after the osmotic challenge V..). On a coverslip
with 2 to 5 adhered oocytes, several pictures were taken
at selected time points. For each experimental condition,
four to five coverslips from different oocyte collections
were measured (average of 20 oocytes analyzed per con-
dition). Oocytes were assumed to have a spherical shape
for the volume calculations.

Experimental design

This study was approved by the Animal Care Committee
of the National Veterinary Authority, following the ap-
propriate European Union guidelines. Three experiments
were designed.

Experiment 1 This experiment was performed to study
the effect of CLA (100 uM trans-10, cis-12 octadecadie-
noic acid, Matreya, Pleasant Gap, Pennsylvania, USA
[9]) on oocytes developmental competence after their
exposure to cryoprotectants (sucrose, EG and DMSO
[12]) and vitrification/warming (5 sessions). Four experi-
mental groups were designed: (1) Control: cumulus-
oocyte complexes (COC, n=320) were matured (22 h)
without supplementation; (2) CLA: COC (n = 350) were
matured with CLA; (3) Control vitrified: COC (n = 355)
were matured without supplementation and vitrified/
warmed; (4) CLA vitrified: COC (n = 335) were matured
with CLA and vitrified/warmed. Viable oocytes from all
groups were inseminated with frozen-thawed semen, and
embryo production was evaluated (cleavage and day 7/8
embryo rates).

Experiment 2 The effects of CLA and of the osmotic
stress induced by the cryoprotectants on oocyte develop-
mental competence (5 sessions) were studied. In this ex-
periment, the vitrification process was mimicked without
plunging the oocytes in liquid nitrogen (LN2). Thus, ma-
ture oocytes supplemented (CLA exposed, n = 247) or not
(Control exposed, 7 =240) with 100 pM CLA, were ex-
posed to cryoprotectants as in experiment 1 but without
freezing. Two non-exposed groups (Control 7 =260 and
CLA n=253) were also tested. In each group, the embryo
production rates and quality were evaluated.

Experiment 3 To investigate the effect of CLA on the
fresh mature oocyte membrane permeability to water
using sucrose (non-permeant cryoprotectant) and to EG
and DMSO (permeant cryoprotectants), two experimental
groups (CLA, n = 34; Control, n = 35) were constituted as
above (3 sessions). Oocyte volumes and membrane water
and cryoprotectant permeabilities were assessed.
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Statistical Analysis

Data representing 5 sessions of post-warming oocyte
viability and 5 sessions of embryo production rates
post-warming (experiment 1) or post-exposure to cryo-
protectants (experiment 2) were analyzed using a MIXED
procedure (proc mixed) of the Statistical Analysis Systems
Institute (SAS Inst., Inc., Cary, NC, USA). The mixed lin-
ear model included the treatment as the fixed effect and
the sessions as the random effect. In addition, the means
for each treatment were calculated as well as the differ-
ences between the means and the respective ¢-test. For the
oocyte membrane permeability data analysis, a Student’s
T-test (proc ttest) was used. Differences were considered
significant when p < 0.05.

Results

Oocyte maturation and embryo production

In experiment 1, supplementation of oocyte culture medium
with CLA improved the rate of viable COC that survived
the vitrification process (CLA vitrified: 80.4+5.6 % vs.
Control vitrified: 71.7 +5.5 %, p=0.01) and the cleavage
rate (CLA vitrified: 10.4 + 2.5 % vs. control vitrified: 4.5 +
2.5 %, p=0.01) (Fig. 1). As expected, the cleavage rate
was lower (p<0.0001) compared to fresh oocytes (CLA:
62.1 +3.0 % and Control: 62.2 + 3.1 %). After vitrification/
warming, no differences were identified between the CLA
vitrified and control vitrified groups for the D7/8 blasto-
cysts rate either considering viable oocytes or cleaved
embryos (p >0.05) for estimation (Table 1). This rate in
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vitrified oocytes was lower (p <0.0001) compared to fresh
groups when only taking into account the viable oocytes.
In experiment 2, CLA mature oocytes exposed to cryo-
protectants achieved a lower cleavage rate (p = 0.002) than
those not exposed (Table 2). The Control exposed group
presented the lowest D7/8 embryo rate (CLA group, p =
0.0004; Control group, p = 0.01; CLA exposed group, p =
0.07). Moreover, the Control exposed group had no grade
1 embryos (Table 3), showing lower rates than the Control
(p=0.01) and CLA (p =0.001) groups. In contrast, no dif-
ferences were identified between the CLA exposed group
and the other groups. No differences were identified in
the embryo grade 2 and 3 quality scores among groups.

Oocyte dimensions and membrane permeability

In experiment 3, the radius of Control bovine oocytes in
an isotonic solution was 53.3+3.7 pm (n = 34; mean +
SEM). The radius of oocytes matured in CLA in an iso-
tonic solution was not different from control oocytes and
was 54.8 £ 0.63 pm (n = 35; mean + SEM).

For evaluation of the osmotic water permeability coeffi-
cient Py, Control and CLA mature oocytes were subjected to
a hyperosmotic gradient of 200 mM of the non-permeant
cryoprotectant sucrose. Typical volume changes can be
observed from the pictures of oocytes before (initial vol-
ume V,) and after the hyperosmotic shock when oo-
cytes have reached their new final equilibrium volume V.,
(Fig. 2). As expected, in both groups of oocytes, a de-
crease in volume due to water outflow could be detected.
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Fig. 1 Effect of trans-10, cis-12 conjugated linoleic acid (CLA) on the cryosurvival of bovine oocytes. Viability was assessed by the integrity and
morphology of thawed oocytes. Cleavage rate expressed as the percentage of cleaved embryos/viable oocytes. ** indicates statistical significance
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Table 1 Effect of trans-10, cis-12 conjugated linoleic acid
(CLA) on the embryo production rates after vitrification/
warming of bovine oocytes

Treatment Viable D7/8 embryo/ D7/8 embryo/
oocytes (n)  viable oocytes (%)  cleaved embryos (%)

Control 235 21.2+/-2.0° 28.1+/-35

CLA 256 189+/-19° 2744/-39

Control vitrified 195 1.0+/-1.0° 144+/-158

CLA vitrified 207 3.0+/-1.0° 224+/-100

Data (mean * SEM of 5 sessions, experiment 1) within columns with different
superscripts are significantly different (p < 0.05)

However, observing the respective traces of relative vol-
ume change (V/V,) (Fig. 3a), the rate at which the oocyte
shrinks is visibly different (p < 0.001) between the Control
and CLA oocytes, where the estimated P¢ (x10® cm 577,
mean + SEM) values are 14.35 + 0.55 (# = 10) for the Con-
trol and 9.13 + 0.62 (n = 10) for the CLA group.

For evaluation of the cryoprotectant permeability,
Control and CLA mature oocytes were subjected to a
hyperosmotic gradient by the addition of a solution con-
taining 10 % DMSO and 10 % EG. Because these cryo-
protectants are permeable, the water flux (due to the
osmotic gradient) and cryoprotectant fluxes (due to their
concentration gradients) are expected to occur simultan-
eously and to induce cell volume changes. Typical rela-
tive volume changes can be observed in Fig. 3b, where a
first decrease in cell volume due to water outflow is ob-
served during the first 20-40 s, followed by a subsequent
increase due to the influx of cryoprotectant. These volume
changes are slower for CLA oocytes. The estimated Pg
(x107® cms ™!, mean + SEM) values are 11.39 + 0.84 (1 = 20)
for the Control and 6.62 +0.23 (7 =20) for the CLA
groups (Fig. 3b). Similar permeability values were reported
for control oocytes [15], despite using a different experi-
mental approach.

Thus, a significant slowing of the water and cryopro-
tectant flux rates was observed (p <0.001), correspond-
ing to a 37 % decrease in water permeability and a 42 %
decrease in cryoprotectant permeability due to CLA sup-
plementation (Fig. 3c).

Table 2 Effect of trans-10, cis-12 conjugated linoleic acid
(CLA) on the embryo production rates of bovine oocytes
exposed to osmotic stress by cryoprotectants without
vitrification

Treatment Inseminated Cleavage (%) D7/8 embryo (%)
oocytes (n)

Control 209 70.5+/5.12° 25.3+/-4.5°

CLA 194 78.9+/-5.2° 308+/—4.7°

Control exposed 207 718+4/-51%° 133+/-44°

CLA exposed 202 644+/-52° 215+/-47%°

Data (mean * SEM of 5 sessions, experiment 2) within columns with different
superscripts are significantly different (p < 0.05)
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Table 3 Distribution of embryo morphological quality
after oocyte culture with trans-10, cis-12 conjugated
linoleic acid isomer (CLA) and exposure to osmotic stress
by cryoprotectants without vitrification

Treatment Number  Grade 1 (%)  Grade 2 (%) Grade 3 (%)
Control 37 297+/-69"  108+/-54  57.14/-83
CLA 38 395+/-69%  524/-54 53.3+/-8.2
Control exposed 20 0+/-9.4° 200+/-74 79.24/-112
CLA exposed 26 192+/-83®  193+/-65  59.7+/-10.2

Data (mean + SEM of 5 sessions, experiment 2) within columns with different
superscripts are significantly different (p < 0.05)

Discussion

Cryopreservation technology of the female gamete re-
mains imperfect [1, 2], although the birth of live babies
[16] and calves [17] from cryopreserved oocytes has
been achieved. However, to date, only approximately 500
babies have been born from cryopreserved oocytes, as
opposed to tens of thousands that have developed from
frozen embryos [16]. Several critical points during oo-
cyte cryopreservation have been identified, specifically
the opposite effects of the cooling rate and the sample
volume achieved. Increasing the cooling rate improves the
survival rate, and the smaller the sample volume the
higher the probability of a successful vitrification. Further-
more, during cryopreservation, the survival rate can be
modified by varying the viscosity of the medium and/or
the cryoprotectants and other additives used [1, 2, 18].
The results presented in this study reflect the dimensions
of this multifaceted problem. The low blastocyst rates
achieved here after IVF of vitrified/warmed bovine oocytes
are near the range found by other authors [19-21]. How-
ever, recent reports claim higher and more promising
values, up to 54.4 % [22], thus opening new opportunities
for successful application of oocyte cryopreservation tech-
niques. The use of heifer oocytes and of OPS devices in
the present work contributed to the low embryo rates. Ac-
cording to recent data, improved cryosurvival is obtained

Fig. 2 Oocyte volumes during permeability assays. Representative
illustration of oocyte with initial equilibrium volume Vo (left panel)
and final equilibrium volume Veo (right panel) after an osmotic
challenge with sucrose to evaluate the membrane permeability
to water
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by using the cryotop technique and oocytes from older
cows [17, 18, 20].

The osmotic stress induced by cryopreservation has
been implicated in the alteration of the zona pellucida
and of the ooplasm [18, 23], causing a series of ultra-
structural and functional damage that might comprom-
ise oocyte developmental competence [24]. In this work,
CLA media supplementation improved the viability of
vitrified/warmed COC, helping to lessen this damage.
Moreover, the positive effect of CLA in oocyte develop-
mental competence was also recorded after the osmotic
stress induced by cryoprotectants without vitrification.
These oocytes (CLA exposed group) had similar D7/D8
embryo rates and quality to those not exposed to cryo-
protectant toxicity. Conversely, oocytes from the Control
exposed group presented the lowest D7/8 embryo rates
and produced no good quality embryos (Table 2 and 3).
These observations further support the assessment that
this CLA isomer improves the resistance of mature oo-
cytes to the osmotic stress during the cryopreservation
process. As previously reported [11, 25], during COC cul-
ture in CLA supplemented medium, this isomer was accu-
mulated by oocytes and by cumulus cells, changing their
fatty acid content and profiles and prostaglandins synthe-
sis during the maturation process. Although presenting
similar oocyte nuclear maturation rates, CLA oocytes
had smaller fat areas. The lipid content reduction and
the fatty acid profile modifications induced by CLA ei-
ther in the oocyte or in the cumulus cells during COC
maturation [11, 25, 26] contribute to the increased oocyte
resistance to cryopreservation. Others have reported that
this isomer reduced the lipid content of in vitro produced

bovine embryos through the reduction of the gene ex-
pression of 1l-acylglycerol 3-phosphate 0O-acyltransferase
enzyme [27]. Improved cryosurvival of CLA supple-
mented embryos both in cattle and in sheep was also
documented [9, 10, 28].

Furthermore, the plasma membrane permeability is
another important factor for the tolerance of cells to
cryopreservation because it may modulate several major
forms of cell injury caused by the cryopreservation process,
such as cryoprotectant toxicity and drastic volume changes
due to the induced osmotic stress [23]. Recent results
demonstrated that CLA interferes in the permeability and
fluidity of adipose cells plasma membranes [6]. The poten-
tial effect of another polyunsaturated fatty acid, linoleic acid
(LA), in membrane fluidity and cryosurvival of in vitro pro-
duced bovine embryos was also speculated [29]. Moreover,
in obese Zucker rats fed CLA, consistently low adipose
membrane permeability indicated that in these mem-
branes, permeation occurred mostly via the lipid bilayer
[6]. The observed decrease in membrane permeability was
correlated with the simultaneous decrease in membrane
fluidity caused by CLA incorporation into membrane
phospholipids. As presented for the first time in this study,
CLA supplementation during bovine oocytes matur-
ation also lowers their membrane permeability. Our
results show a CLA effect (p <0.001) on the water out-
flow rate induced by an osmotic challenge with sucrose, a
non-permeant cryoprotectant currently used in oocyte
cryopreservation media [17, 21]. Indeed, for CLA treated
oocytes, the slower shrinkage and lower water permeabil-
ity suggest that bovine oocytes matured in the presence of
CLA are more resistant to osmotic stress, which would
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help to minimize their damage during cryopreservation.
Furthermore, a slower influx of the 10 % EG and 10 %
DMSO cryoprotectant solutions is also observed for bo-
vine oocytes matured in the presence of CLA. These
results may be due to CLA incorporation in the oocyte
membrane, thus affecting membrane fluidity. Therefore,
the use of CLA should be considered for the improvement
of oocyte cryopreservation.

When crossing the plasma membrane, water and cryo-
protectants can follow two different pathways, depend-
ing on the developmental stage of the cell and on the
cryoprotectant used: diffusion through the lipid bilayer
and/or facilitated diffusion through channels [15]. On oo-
cyte membranes, water and cryoprotectants move mainly
through the lipid bilayer and, as expected, the flow rates
are highly dependent on temperature. Shrinkage and reswel-
ling of oocytes are much slower at 15 °C compared to 25 °C
due to the lower conductivity of water and cryoprotectants
in the lower temperature range [15, 18]. Improved results
can be obtained by loading cryoprotectant at a hypothermic
temperature, typically at room temperature [30]. At this
lower temperature, longer periods of exposure to the cryo-
preservation solution are necessary to dehydrate the cell
and allow the cryoprotectant to penetrate. We hypothesize
that CLA incorporation into the oocyte membrane and
the resulting delay of water and cryoprotectant fluxes,
mimics the process conducted at lower temperatures
known to improve cryopreservation.

On the other hand, unlike mouse oocytes, in bovine oo-
cytes, a smaller proportion of water moves via channels
[15]. In this case, CLA membrane incorporation alters the
channel/lipid environment, influencing channel activity.
Opverall, reducing channel and bilayer permeation modu-
lates the permeation rate of water and cryoprotectants
with a positive outcome on oocyte survival.

The extent of the cryoinjuries is highly variable, depend-
ing on the oocyte maturation stage and species [1, 3, 4, 19].
Higher membrane permeability improves cell dehydration,
namely, the influx of cryoprotectants before cooling and
their removal after warming. Reports showing that bovine
oocytes are less tolerant to cryopreservation than mouse
oocytes, although presenting higher membrane water and
cryoprotectant permeability, [27] contradict this theory.
Accordingly, our results indicate that it is the reduc-
tion of cryoprotectants and the water flux rates (os-
motic shrinking and re-swelling) that favors cell survival
after cryopreservation.

Conclusions

Our results show that CLA supplementation in the mat-
uration medium modulates oocyte membrane water and
cryoprotectant permeability. By slowing the fluxes of
water and of cryoprotectants, CLA contributes to im-
proved oocyte cryosurvival and post-thawed viability.
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These results provide a tool for minimizing damage during
the addition and removal of cryoprotectants, maintaining
oocyte normal physiology throughout the vitrification and
warming processes.

Abbreviations

BSA: Bovine serum albumin; CLA: Trans-10, cis-12 conjugated linoleic acid;
COC: Cumulus oocyte complexes; DMSO: Dimethy! sulfoxide; EG: Ethylene
glycol; FCS: Fetal calf serum; FCT: Portuguese Foundation for Science and
Technology; GSH: Glutathione; HM: Holding medium; IVF: in vitro fertilization;
LN2: Liquid nitrogen; 0SmMayt..: Final medium osmolarity after the applied
osmotic gradient; OPS: Open pulled straw; PBS: Phosphate-buffered saline;
P Osmotic water permeability coefficient; Ps: Cryoprotectant permeability;

SOCS: Superovulated estrus cow serum; SOF: Synthetic oviductal fluid; TCM

199: Tissue culture medium 199; V: Oocyte volume; V/A: Initial volume to area
ratio; V,,: Molar volume of water.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

Conceived and designed the experiments: JEM, CCM, TM, GS and RMLNP.
Performed the experiments: all authors. Analyzed the data: JEM, TM, GS and
RMLNP. Wrote and revised the paper: All authors. All authors read and
approved the final manuscript.

Acknowledgments

The authors gratefully acknowledge the Portuguese Foundation for Science
and Technology for funding this research through the project PTDC/CVT-
REP/2863/2012.

Author details

'Research Institute for Medicines (iMed.ULisboa), Faculty of Pharmacy,
Universidade de Lisboa, Av. Prof. Gama Pinto, Universidade de Lisboa,
1649-003 Lisbon, Portugal. “INIAV, Unidade de Biotecnologias e Recursos
Genéticos, Quinta da Fonte Boa, 2005-048 Vale de Santarém, Portugal.
3Departamento Bioguimica e Biologia Humana, Faculdade de Farmacia,
Universidade de Lisboa, Av. Prof. Gama Pinto, 1649-003 Lisbon, Portugal.
“Faculdade de Ciéncias e Tecnologia, Universidade Nova de Lisboa, Monte
de Caparica, 2829-516 Caparica, Portugal. °Escola Universitéria Vasco da
Gama, Campus Universitario de Lordemao, 3020-210 Coimbra, Portugal.
SCIISA, Faculdade de Medicina Veterinria da Universidade de Lisboa,
Avenida da Universidade Técnica, 1300-477 Lisbon, Portugal.

Received: 20 February 2015 Accepted: 3 June 2015
Published online: 12 June 2015

References

1. Pereira RM, Marques CC. Animal oocyte and embryo cryopreservation. Cell
Tissue Bank. 2008;,9:267-77.

2. Arav A Cryopreservation of oocytes and embryos. Theriogenology.
2014;81:96-102.

3. Agca, Liu J, McGrath JJ, Peter AT, Critser ES, Critser JK. Membrane
permeability characteristics of metaphase Il mouse oocytes at various
temperatures in the presence of Me2S0. Cryobiology. 1998;36:287-300.

4. Agca Y, Liu J, Peter AT, Critser ES, Critser JK. Effect of developmental stage
on bovine oocyte plasma membrane water and cryoprotectant permeability
characteristics. Mol Reprod Dev. 1998;49:408-15.

5. De Santis L, Coticchio G, Paynter S, Albertini D, Hutt K, Cino |, et al.
Permeability of human oocytes to ethylene glycol and their survival and
spindle configurations after slow cooling cryopreservation. Hum Reprod.
2007,22:2776-83.

6. Martins AP, Lopes PA, Martins SV, Madeira A, Santos NC, Prates JA, et al.
Conjugated linoleic acid reduces permeability and fluidity of adipose
plasma membranes from obese Zucker rats. Biochem Biophys Res Commun.
2010;398:199-204.

7. Banni S. Conjugated linoleic acid metabolism. Curr Opin Lipidol.
2002;13:261-6.



Matos et al. Reproductive Biology and Endocrinology (2015) 13:60

8. Veth MJ, Bauman DE, Koch W, Mann GE, Pfeiffer AM, Butler WR. Efficacy of
conjugated linoleic acid for improving reproduction: A multi-study analysis
in early-lactation dairy cows. J Dairy Sci. 2009,92:2662-9.

9.  Pereira RM, Baptista MC, Vasques MI, Horta AEM, Portugal PV, Bessa RJB,
et al. Cryosurvival of bovine blastocysts is enhanced by culture with trans-10,
cis-12 conjugated linoleic acid. Anim Reprod Sci. 2007,98:293-301.

10.  Pereira RM, Carvalhais |, Pimenta J, Baptista MC, Vasques MI, Horta AEM,
et al. Biopsied and vitrified bovine embryos viability is improved by trans-10,
cis-12 conjugated linoleic acid supplementation during in vitro embryo culture.
Anim Reprod Sci. 2008;106:322-32.

11, Lapa M, Marques CC, Alves SP, Vasques MI, Baptista MC, Carvalhais |, et al.
Effect of trans-10 cis-12 conjugated linoleic acid on bovine oocyte competence
and fatty acid composition. Reprod Dom Anim. 2011;46:904-10.

12. Vajta G, Holm P, Kuwayama M, Booth PJ, Jacobsen H, Greve T, et al. Open
Pulled Straw vitrification: a new way to reduce cryoinjuries of bovine ova
and embryos. Mol Reprod Dev. 1998,51:53-8.

13. Stringfellow DA, Seidel SM. Manual of the International Embryo Transfer
Society. Savoy II. USA: Inc: International Embryo Transfer Society; 1998.

14.  Campos E, Moura TF, Oliva A, Leandro P, Soveral G. Lack of Aquaporin 3 in
bovine erythrocyte membranes correlates with low glycerol permeation.
Biochem Biophys Res Commun. 2011;408:477-81.

15. Jin B, Kawai Y, Hara T, Takeda S, Seki S, Nakata Y, et al. Pathway for the
movement of water and cryoprotectants in bovine oocytes and embryos.
Biol Reprod. 2011,85:834-47.

16.  Kuwayama M, Vajta G, Kato O, Leibo SP. Highly efficient vitrification method for
cryopreservation of human oocytes. Reprod BioMed Online. 2005;11:300-8.

17.  Vieira AD, Forell F, Feltrin C, Rodrigues JL. Calves born after direct transfer of
vitrified bovine in vitro-produced blastocysts derived from vitrified
immature oocytes. Reprod Dom Anim. 2008;43:314-8.

18. Diez C, Munoz M, Caamano JN, Gomez E. Cryopreservation of the bovine
oocyte: current status and perspectives. Reprod Dom Anim. 2012;47:76-83.

19. Diez C, Dugue P, Gomez E, Hidalgo CO, Tamargo C, Rodriguez A, et al.
Bovine oocyte vitrification before or after meiotic arrest: effects on
ultrastructure and developmental ability. Theriogenology. 2005;64:317-33.

20. Moraté R, Izquierdo D, Paramio MT, Mogas T. Cryotops versus open pulled
straws as carriers for the cryopreservation of bovine oocytes: effects on
spindle and chromosome configuration and embryo development.
Cryobiology. 2008,57:137-41.

21. Prentice JR, Singh J, Dochi O, Anzar M. Factors affecting nuclear maturation,
cleavage and embryo development of vitrified bovine cumulus-oocyte complexes.
Theriogenology. 2011;75602-9.

22, Chankitisakul V, Somfai T, Inaba Y, Techakumphu M, Nagai T. Supplementation
of maturation medium with L-carnitine improves cryo-tolerance of bovine
in vitro matured oocytes. Theriogenology. 2013;79:590-8.

23. Kasai M, Ito K, Edashige K. Morphological appearance of the cryopreserved
mouse blastocyst as a tool to identify the type of cryoinjury. Hum Reprod.
2002;17:1863-74.

24.  Gualtieri R, laccarino M, Mollo V, Prisco M, laccarino S, Talevi R. Slow cooling
of human oocytes: ultrastructural injuries and apoptotic status. Fertil Steril.
2009;91:1023-34.

25. Marques CC, Galvdo A, Baptista MC, Prates EG, Horta AEM, Ferreira-Dias G,
et al. Effect of trans-10, cis-12 conjugated linoleic acid on bovine and porcine
oocyte prostaglandins and lipid content during maturation. Reprod Dom
Anim. 2013;48:106.

26. Prates EG, Alves S, Marques CC, Baptista MC, Horta AEM, Bessa RJB, et al.

Page 8 of 8

Fatty acid composition of porcine cumulus oocyte complexes (COC) during
maturation: effect of the lipid modulators trans-10, cis-12 conjugated linoleic
acid and forskolin. In Vitro Cell Dev Biol Animal. 2013;49:335-45.

27. Tavares Batista R, Raposo N, Campos P, Pereira M, Camargo L, Carvalho B,
et al. Trans-10, cis-12 conjugated linoleic acid reduces neutral lipid content
and may affect cryotolerance of in vitro-produced crossbred bovine embryos.
J Anim Sci Biotechnol. 2014;5:33.

28.  Romao R, Marques CC, Baptista MC, Barbas JP, Horta AEM, Bettencourt E, Carolino
N, Pereira RMLN.. Cryopreservation of in vitro produced sheep embryos: effect of
different protocols of lipid reduction. Theriogenology 2015, in press,1-9.

29. Hochi S, Kimura K, Hanada A. Effect of linoleic acid-albumin in the culture
medium on freezing sensivity of in vitro-produced bovine morulae.
Theriogenology. 1999,52:497-504.

30. Karlssona JOM, Szurekb EA, Higginsc AZ, Leeb SR, Eroglu A. Optimization of
cryoprotectant loading into murine and human oocytes. Cryobiology.
2014,68:18-28.

~

~
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
¢ Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
* Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central
J




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Oocyte collection and in�vitro maturation
	Oocyte cryopreservation
	Oocyte fertilization and embryo culture
	Oocyte membrane permeability to water and to cryoprotectants
	Oocyte volume measurements
	Experimental design
	Statistical Analysis
	Results
	Oocyte maturation and embryo production

	Oocyte dimensions and membrane permeability

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References



