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Although uterine fibroids, which occur in 20% to 50% of women,
are the most common type of solid pelvic tumor (1), the relation-
ship between fibroids and infertility is not well established (2, 3), It
has been reported that myomectomy can increase the pregnancy
rate for patients with infertility (4). However, the mechanisms
by which this occurs are not well understood. Several theories
have been proposed. First, it is possible that fibroids alter uterine
cavity contour, resulting in mechanical pressure. Alternatively,
the fibroids may induce abnormal uterine contractility (S, 6).
Finally, local inflammation associated with the presence of
fibroids may give rise to a hostile endometrial environment that
impairs sperm transport and embryo implantation (5). It has
been reported that excessive concentrations of inflammatory
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Myomectomy reduces endometrial T2

Magnetic resonance imaging was used to measure the endometrial T2 relaxation times of patients with infertility
with fibroma. Although the location of fibromas did not influence the T2 relaxation times, we did observe a signif-
icant decrease in endometrial T2 relaxation times after myomectomy. (Fertil Steril® 2011; l:l-H. ©2011 by
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cytokines have deleterious effects on embryonic development
and implantation (7, 8). Inagaki et al. (9) demonstrated that uterine
cavities containing fibroids exhibit a state of excess inflammation,
with up-regulation of matrix metalloproteinases and inflammatory
cytokines such as interleukin-1 and tumor necrosis factor .

Magnetic resonance imaging (MRI) is a high-resolution method
of differentiating soft tissues. In MRI, the nuclei of atoms in sam-
ples first are aligned along a static magnetic field, then are excited
to a higher-energy state by a radiofrequency signal, and then return
to a lower-encrgy equilibrium state. T2 relaxation time is a param-
eter that describes the relaxation to the equilibrium state once the
radiofrequency signal is turned off. As an assessment of inflamma-
tory status, T2 relaxation time is a useful way to detect the inflam-
matory status of rheumatoid disease (10, 11), dermatomyositis
(12), and Graves’ orbitopathy in Graves’ disease (13, 14). In the
present study, we investigated thc endometrial T2 relaxation
times of patients with infertility with fibroma. We compared T2
relaxation times before and after surgery to examine the effect
of myomectomy on the endometrium of patients with uterine
fibroids.

A total of 35 patients with uterine fibroids who desire pregnancy
were examined by MRI between September 2008 and October
2010 at Takinogawa Clinic. Inclusion criteria were as follows.
First, patients had intramural- or submucosal-type fibroid. Second,
in advance of MRI all patients underwent screening for ovulation
and corpus luteum function. Patients had regular menstrual cycles
of approximately 28 days. Basal levels of serum FSH, LH, and
PRL on menstrual cycle day 3 through 5 were within normal range
(criteria: FSH 3.5-12.5 mIU/mL, LH 2.4-12.6 mIU/mL, and PRL
4.9-29.3 ng/mL). Serum E; and P concentration in midluteal phase
were >100 pg/mL and 10 ng/mL, respectively. After the screening
test, ovarian functional status was monitored by basal body tem-
perature (BBT) chart. An analysis was performed of BBT graphs,
in which a rise in temperature of at least 0.2°C above that of the
preceding 6 days that was completed in <48 hours and sustained
for at least 11 days would indicate the occurrence of ovulation
(15). All patients included in this study showed unequivocal
biphasic cycles in their BBT chart. We designated the first day
showing elevated temperature of at least 0.2°C as luteal phase
day 1. Third, MRI was performed during the time of implantation
window (luteal phase day 5-day 9), judged retrospectively by BBT
chart (judged by gynecologists O.Y. and H.T.).
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By routine MRI study, the information retrieved included the
location, number, and size of fibroids. Magnetic resonance studies
were performed with use of a 1.5-T magnet unit (MRI machine
from Siemens Japan, Shinagawa, Japan). Subsequently,
conventional axial and sagittal T2-weighted images (repetition
time [TR)/echo time [TE] = 4560-4720/107-111 milliseconds)
and axial Tl-weighted images (TR/TE = 550/8.5 milliseconds)
were obtained with use of fast spin-echo techniques. T2 relaxation
times of endometrium were measured on the same slice (350-mm
field of view, 132 x 192 matrix, 3-mm slice thickness, bandwidth
362 Hz) with use of a spin-echo sequence. Eight images were
acquired at each of the following TEs: 1.7, 23.4, 35.1, 46.8,
58.5,70.2, 81.9, 93.6, 105.3, 117, and 128 milliseconds. The TR
was 3 seconds, giving a total of 509 seconds acquisition time.

Ten out of 35 patients underwent myomectomy at Teikyo Miz-
onokuchi hospital. Among these 10 patients, 9 patients underwent
laparoscopic-assisted myomectomy, and 1 patient underwent
transcervical resection of fibroma. Four to 6 months after surgery,
patients underwent a second MRI to evaluate T2 relaxation times
during the implantation window. For statistical analysis, the Mann-
Whitney U test was used for comparing between groups, and the
paired r-test was used for comparing results before and after
surgery.

T2 relaxation times in uterine endometrium obtained from
patients with infertility who had intramural-type (n = 24) and
submucosal-type (n = 12) fibroids were compared. We examined
data from the midluteal phase. As shown in Figure 1A, the median
value and minimum to maximum data of the two groups were 213
milliseconds (99-368 milliseconds) and 187 milliseconds
(111-455 milliseconds) in intramural fibroids and submucosal
fibroids, respectively. There was no statistical difference between
groups (P=.9).

Because T2 relaxation times in the endometrium were compara-
ble between intramural and submucosal fibroids (Fig. 1A), the data
from both groups were combined in the subsequent study. After
myomectomy, 10 patients: underwent MRI at midluteal phase,
and T2 relaxation times in the endometrium before and after
surgery were compared. Of the 10 patients, 7 underwent surgery
for intramural-type fibroids, and 3 underwent surgery for
submucosal-type fibroids. As shown in Figure 1B, T2 relaxation
times were dccreased significantly after surgery (P=.03).

In the present study, we investigated the endometrial T2 relax-
ation times of patients with infertility with fibroma. We found
that the endometrial T2 relaxation times were comparable regard-
less of the location of fibromas. Moreover, endometrial T2
relaxation times obtained after myomectomy were shortened
significantly compared with the results before surgery.

Management of fibroids continues to present difficulties when
used to treat infertility, because of a Jack of understanding of the
mechanisms by which fibroids impede pregnancy. Although myo-
mectomy is recognized as a method to increase the rate of preg-
nancy (4), the precise mechanism of its contribution to fertility
remains uncertain. It has been reported that the local inflammation
associated with the presence of fibroids may result in a hostile en-
dometrial environment that impairs fertility (7-9). Inagaki et al.
(9) proved that the uterine cavities of patients with fibroids ex-
hibited excessive inflammatory status. Accordingly, myomectomy
might increase the fertility rate by decreasing the inflammatory

FIGURE 1 '

(A) T2 relaxation times in uterine endometrium obtained from
patients with infertility who had intramural-type (n = 24) and
submucosal-type (n = 12) fibroids were compared. The data
from the midluteal phase were examined. (B) Ten patients
underwent myomectomy and received MRI examination at the
midluteal phase before and after surgery. T2 relaxation times in
the endometrium were compared P=0.03.
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status of the endometrium. In that study, 5 mL of saline solution
was injected into the uterine cavity, and matrix metalloproteinase
and cytokine levels of the fluid were measured to determine the in-
flammatory status directly (9). However, the volume of the uterine
cavity can be decreased after removal of fibroids, making it difficult
to compare precisely the inflammatory status before and after sur-
gery. Therefore, it is necessary to develop less-invasive techniques
that can estimate the inflammatory status of the uterine cavity. In
the present study, we focused on T2 relaxation times obtained by
MRI. This technique has proved useful in detecting the inflimma-
tory activity of rheumatoid disease (10, 11), dermatomyositis (12),
and Graves’ orbitopathy in Graves’ disease (13). Here, we observed
a significant decrease in T2 relaxation times in patients examined
after myomectomy. This suggests that myomectomy may suppress
inflammatory activity in the endometrium.
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T2 relaxation times in the human endometrium have been exam-
ined throughout the menstrual cycle. Varpula et al. (16) reported
that a rapid increase in T2 relaxation times occurred during the
proliferative phase, followed by little or no increase through the
middle of the secretory phase. Hoad et al. (17) also reported
that, during the periovulatory phase, T2 relaxation times were lon-
ger than in the other phases. They also observed that the variation
in uterine tissue relaxation times between subjects was greater than
the intrasubject cycle variation. Because of the large “normal”
range, it might be very difficult to compare subjects or determine
pathologic changes in the tissues from just a single measurement.
However, because individuals exhibited similar increases and de-
creases over the menstrual cycle, the changes in T2 relaxation
times within the same subject can be evaluated (17). Therefore,
by comparing T2 relaxation times at the same menstrual phase ob-
tained before and after myomectomy, the effect of surgery could be
estimated. In our experiment, T2 relaxation times were measured
during the “implantation window,” the luteal phase day 5 to 9. We
observed that there is no significant difference in T2 relaxation

-times between patients with fibroma and healthy volunteers

(data not shown). Thus, measurement of T2 relaxation times would
not be an effective way to detect uterine abnormalities, but it can be
used to assess the success of myomectomy and is valuable in
increasing our understanding of the pathophysiology of uterine fi-
broids in infertility. Other than inflammation (12, 14), iron content
(18) is also known to increase T2 relaxation times. Therefore, fur-
ther study is needed to confirm that T2 changes after myomectomy
actually represent the change of inflammatory status in endome-
trium. This work represents a first step toward better understanding
the relationship between T2 relaxation times and uterine fibroids in
patients with infertility.
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Abstract. The efficiency of a porcine embryo vitrification method that uses water-soluble films of pullulan, a naturally-
occurring polysaccharide polymer, was compared with two other types of vitrification methods using different devices
and solutions for vitrification and warming. Blastocysts collected in vivo and vitrified by the conventional straw (ST),
Cryotop® (MVC) or pullulan film vitrification (PFV) methods were stored in liquid nitrogen for a certain period of time,
after which the cryoprotective agents were removed by stepwise dilution. Fresh embryos were used as controls for the
non-vifrification group. The vitrified-warmed embryos were incubated in TCM199 with 0.1 mM PB-mercaptoethanol
and 20% fetal bovine serum for 24 h at 38.5 C in humidified air with 5% COz to evaluate their viability. The survival rate
of embryos in the ST group (48.3%) was significantly lower than that of those in the MVC (70.7%), PFV (79.0%) and non-
vitrification (94.4%) groups. The oxygen consumption rate after vitrification was significantly lower than that before
vitrification in the ST group, but was not significantly different in the MVC and PFV groups. Both the oxygen
consumption rates of embryos after warming and the live cell numbers in the ST group were lower than those in the
MVC group, while they did not differ significantly between the PFV and MVC groups. There was a correlation between
the oxygen consumption rate and the number of live cells in vitrified embryos after warming. Our results demonstrated

that in vivo-derived porcine embryos could be vitrified using pullulan films.
Key words: Oxygen consumption rate, Porcine embryo, Pullulan film, Vitrification

J. Reprod. Dev. 56: 279-284, 2010)

reservalion of porcine embryos is important for increasing the
effective use of high-quality genetic resources, preventing dis-
ease (ransmission via animals and allowing low-cost transporiation
of pigs. Due to the extremely high sensitivity of porcine embryos
to low temperature, il has been difficult with slow freezing methods
to achicve conception rates and litter sizes equivalent to those
achieved with artificial insemination [1, 2). However, it has
recently become possible to produce piglets from cryopreserved
embryos by using ultra-rapid vitrification methods, such as the
minimum volume cooling (MVC) [3, 4], open pulled straw [5],
microdroplet [6] and metal mesh vitrification [7] methods.
Pullulan, which is a neutral polysaccharide polymer also known
as a-1,4-; a-1,6-glucan, is made from starch and consists of maltot-
riose units linked in an orderly manner. It has been reported that
murine morulae placed on a pullulan film could be vitrified [8]. In
general, stepwise dilution is required afler warming of vitrified
embryos, since vitrification requires a high conceniration of cryo-
protective agents (CPAs), which makes it difficult, due to their
toxicity, to warm the embryos in a straw for direct transfer (o recip-
ients. As the pullulan film is soluble in warm water, the
vitrification solution can be diluted in a straw, and then the
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embryos can be dirccily transferred into a recipicnt using a straw-
altached intrauterine injector.

Several studies on non-surgical embryo transfer in pigs have
been reported [9-13], and we have also been working on the devel-
opment of a non-surgical transfer technique that uses a straw-
attached intrauterine injector [14]. Direct transfer via a straw con-
taining vitrified embryos with high viability may be applied to
piglet production by non-surgical embryo transfer in an ordinary
commercial farm.

Measuring the oxygen consumption rate using a scanning elec-
trochemical microscope may be effective as a non-invasive
evaluation of embryo quality [15]. We have previously reported
that bovine embryos having a high oxygen consumption rate
showed a high conception rate afier embryo transfer [16). In an
attempt at embryo cryopreservation using the slow-freezing
method, the oxygen consumplion rate in embryos significantly
decreased after freezing and thawing, indicating that the embryos
were damaged by the cryopreservation procedure [16]. However,
there are no reports available concerning the oxygen consumption
rate before and after cryopreservation with in vivo-derived porcine
embryos.

In the present study, to investigate the potential for application
of the pullulan film vitrification (PFV) method in a non-surgical
transfer technique for porcine embryos, we compared the survival
rate of porcine embryos preserved by the PFV method with those
attained by conventional vitrification methods. We also measured
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Fig, 1.
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Cotton plug
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A straw containing four liquid layers: (from the cotton-plug side) a dilution solution (PB1 + 1.7 M galactose + 0.5% BSA), a 45% EG vitrification

solution (PB1 + 45% EG + 7% PVP + 0.5% BSA) that prevents reduction in the concentration of the vitrification solution due to mixing with the
diluents of the first layers, a 45% EG vitrification solution containing embryos and a dilution solution. The straw was sealed after being filled with

the last dilution layer.

Stainleas gtoe] nad

Fig. 2.

025 ml straw 0.5 mlstraw

Pullulun film Embryos

A stainless steel rod for vitrification equipped with a pullulan film. A stainless steel rod was attached to a short 0.25-m] straw, and a pullulan film

was attached to the tip of the straw. The 0.25-ml straw and pullulan film were covered with a case made from a 0.5-ml straw. Embryos and
vitrification solution were placed on the pullulan film, and after the embryos were vitrified in liquid nitrogen, the case was slid across to cover the

film.

the oxygen consumption rate of embryos before and afler vitrifica-
tion to examine how the rate was influenced by these vitrification
methods.

Materials and Methods

Embryo collection from gilts

All animal-related procedures followed in this study were done
with the approval of the Institutional Animal Experiment Commit-
tee of Kanagawa Prefectural Agriculture Facilities. A total of 39
prepubertal gilts (Landrace and Large White, 5.5-7.3 months old)
were used for collection of embryos, as previously described with
some modifications [13]. Briefly, superovulation was induced by
intramuscular injection of 1500 IU eCG (Peamex, Sankyo, Tokyo,
Japan), followed 72 h later by 500 U hCG (Puberogen, Sankyo).
The gilts were artificially inseminated twice, in the aftemoon one
day after hCG injection and in the morning two days after hCG
injection.

In the morning on Day 6 (Day 0=the day of the first artificial
insemination), the embryos were recovered from the uterine horns
by laparotomy under general anesthesia (4-5% [v/v] halothanc) by
flushing with PB1 [17] with 0.5% (w/v) bovine serum albumin
(BSA; Fraction V, Sigma Chemical, St. Louis, MO, USA) or
TALP-Hepes [18]. The recovered embryos were morphologically
evaluated under an inverted microscope (x 100), and only blasto-
cysts were used for the experiments. The blastocysts were
preserved in PZM-5 [10] supplemented with 10% (v/v) fetal bovine
serum (FBS; Gibco, Life Technologies, Grand Island, NY, USA) at
38.5 C in humidified air with 5% CO until vitrification.

Vitrification and warming of embryos

The embryos were vitrified using the three different methods
and warmed 20-150 days later.

In Method 1, conventional vitrification using a mini-straw (ST)

was performed using 0.25-ml crystal straws (IMV Technologies,
L’Aigle, France) as described previously [19] with some modifica-
tions. Briefly, the embryos were placed in a drop (80 ul) of
equilibration solution consisting of PB1 medium with 11% (v/v)
ethylene glycol (EG) and 0.5% BSA (11% EG solution) for 5 min
at room temperature (2025 C). After equilibration in 11% EG
solution, the embryos were transferred to a vitrification solution
consisting of PB1 medium supplemented with 45% EG, 7% (w/v)
polyvinylpyrrolidone (MW 10,000, Sigma) and 0.5% BSA (45%
EG vitrification solution) preloaded into a straw. Within 40 sec of
the initial exposure of the embryos to the 45% EG vitrification
solution, the straw was loaded with the solutions, as shown in Fig.
1, heat sealed and placed on a styrene foam board (5 mm thick)
floating on liquid nitrogen (LN3), and the cotton-plug part of the
straw was dipped into LN; for a quick moment to create ice seeds in
the diluent. The straw was then placed on the styrene foam board
again for 3 min. Afler confirming that the 45% EG vitrification
solution was transparent and that ice crystals had not been formed,
the straw was plunged into LNz.

After storage in LN; for a certain period of time, the straw was
warmed in air (25 C) for 5 sec and then in a 40 C water bath for 6
sec. Immediately afier warming, the straw was shaken to mix the
solutions inside (i.e., first-step dilution). Two minutes after the
first-step dilution, the content of the straw was expelled into a dish,
and the embryos were subsequently washed by five serial transfer
steps of the warmed embryos in PB1 medium supplemented with
0.5% BSA and 6%, 3%, 1.4%, 0.7% or 0% EG for 2 min each.

In Method 2, the MVC method was conducted using a Cryotop®
and commercial vitrification and warming solutions (VT10! and
VT102, Kitazato BioPharma, Shizuoka, Japan) by the method pre-
viously reported [3, 4]. The embryos were contracted by
dehydration in an equilibration solution (ES of VT101, Kitazato
BioPharma) and kept at room temperature (25 C) for 5 to 10 min
until they regained their volume to some extent. The equilibrated
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embryos were transferred to a vitrification solution (VS of VT101,
Kitazato BioPharma) along with a minimal amount of the equili-
bration solution. The embryos contracted in the solution were
loaded onto the tip of a Cryotop® and directly plunged into LN,.
The length of time from exposure of the embryos to the vitrification
solution until storage in LN, was less than 60 sec.

After storage in LN2, the embryos were warmed by immersing
the Cryotop® tip into a warming solution (TS of VT102, Kitazato
BioPharma) at 38.5 C. After one min, the embryos were trans-
ferred to a diluent (DS of VT102, Kitazato BioPharma) at 38.5 C
for 3 min and then washed twice in a washing solution (WS of
VT102, Kitazato BioPharma) for 5 min each time.

In Method 3, the PFV method was conducted using a pullulan
film (1.5 mm wide, 15 mm long and 20 zm thick; Hayashibara
Shoji, Okayama, Japan) attached to a stainless steel rod (Fig. 2).
The embryos were kept in D-PBS with 20% FBS for 2 min, equili-
brated for 4 min in D-PBS with 20% FBS supplemented with 7.5%
EG, 7.5% DMSO and 0.3 M sucrose and then transferred to a vitri-
fication solution (EDS30; D-PBS with 15% EG, 15% DMSO, 0.6
M sucrose and 20% FBS). Within 60 sec after transfer to the vitri-
fication solution, the embryos were loaded onto the pullulan film
and plunged into LN,.

After storage in LN;, the embryos were warmed by submerging
the film successively into D-PBS supplemented with 20% FBS and
0.6 M sucrose for 2 min, D-PBS supplemented with 20% FBS and
0.3 M sucrose for 2 min and finally D-PBS with 20% FBS for 2
min.

Viability of embryos
Following warming, the embryos were cultured in TCM199 sup-

plemented with 0.1 mM S-mercaptoethanol and 20% FBS for 24 h
at 38.5 C in humidified air with 5% CO,. The embryos forming a
blastacoel were considered viable. As the non-vitrification control,
embryos just recovered were also cultured for 24 h in the same
medium.

Mensurement of the oxygen consumptmn rate

The oxygen consumpuon rale using an embryo respirometer
(HV-403, Research Institute for the Functional Peptides, Yama-
gata, Japan), a device developed based on a scanning
electrochemical microscope, was measured for some of the
embryos 30 min before vitrification and after warming by the
method of Abe et al. [15). Briefly, an embryo was placed into the
solution for the measurement (ERAM-2, Research Institute for the
Functional Peptides) on the flat bottom of a cone-shaped microwell
on the plate (RAP-1, Research Institute for the Functional Pep-
tides). A microelectrode (platinum microelectrode RAE-1,
Research Institute for the Functional Peptides) was moved close to
the embryo, and a voltage of -0.6 V was applied to reduce the oxy-
gen concentration in the solution surrounding the embryo and
measure the current generated as a result. The oxygen concentra-
tion gradients in the solution surrounding the embryo were
measured by scanning the z-axis (i.e., horizontal direction) at a
speed of 31.0 zm/sec. The average of two measurements (anterior
and posterior sides of the embryo) was considered to be the oxygen
consumption rate of the embryo.

Table 1. In vitro development of porcine embryos cryopreserved by

different vitrification methods
Vitrification method No. of embryos
Cultured Survived (%)
ST 89 43 (48.3)*
MVC 82 58 (70.7)°
PFV 81 64 (79.0)°
Non-vitrification 54 51 (94.4F

*=* Values with different superscripts within each column are signifi-
cantly different (P<0.05).

Classification of viable and dead cells in embryos

The method of Saha and Suzuki [20] was used to compare the
cell viability of the vitrified embryos. After washing with TCM199
coniaining 20% FBS, the embryos subjected to oxygen consump-
tion rate measurement were warmed to 38.5 C and cuitured in a
staining solution for 30 min for double staining of viable and dead
cells. TCM199 supplemented with 10 zp/ml bisbenzimide (Hoe-
chst 33342, Calbiochem, San Diego, CA, USA) and 10 ug/ml
propidium iodide (PI; Sigma) was used as the staining solution.
The stained embryos were washed with TCM199 containing 20%
FBS, placed on a slide with a small amount of TCM199 with 20%
FBS and covered with a cover glass. The embryos were observed
through a U-MWU filter (excitation wavelength of 365 nm, barrier
filter of 400 nm) under an inverted microscope equipped with a flu-
orescent light source, and embryos with blue nuclei were counted
as viable; those with pink nuclei were counted as dead.

Statistical analysis

The experiment was repeated three or four times for each group.
A chi-square test and Fisher’s exact probability test was used to
compare the viability of embryos. The numbers of cells were sub-
jected to logarithmic transformation before statistical analysis. An
analysis of variance (ANOVA) was performed using the General
Linear Model (GLM) procedure of SPSS (SPSS 11.5J, User's
Guide, SPSS, Tokyo, Japan) followed by the Scheffe test. Linear
relationships and correlation coefficients between oxygen con-
sumption rate and the number of live cells in vitrified-warmed
embryos were determined by simple regression analysis and Pear-
son correlation coefficient analysis, respectively. A P value of less
than 0.05 was considered statistically significant.

Resull;

Effect of vitrification procedures on morphological changes in
vitrified embryos after warming

The viabilities of embryos after vitrification and warming by the
different methods are shown in Table 1. The percentage of
embryos that survived in the ST group was significantly lower
(P<0.05) than those in the other two vitrification groups and in the
non-vitrification group. There was no significant difference in the
rates between the MVC and PFV groups. Moreover, the survival
rate in the non-vitrification group was significantly higher (P<0.05)
than those in the other groups.
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Table 2. Oxygen consumption rates of porcine embryos before and after vitrification

Vitrification No. of embryos Oxygen consumption rate (F x 10" /mol ™)
method examined Before vitrification After warming*
ST 10 129+0.174 0.82 +0.09*8
MVC 15 1.15+ 0.08 1.22+0.08%
PFV 11 0.99 + 0.08 1.02 £ 0.09%
Non-vitrification 10 1.32+0.14 -

Mean + SEM. * Values were measured 30 min after warming. *® Values with different superscripts
within each column are significantly different (P<0.05). A® Values with different superscripts
within each row are significantly different (P<0.05).

Table 3. Cell viability of porcine embryos after vitrification

Vitrification No. of embryos Mean cell no. in blastocyst Ratio of live
method examined Total Live ftotal (%)
ST , 10 70.0%25 64.4+3.2" 91.9+2.7*
MVC 13 862143 859+ 4.4° 99.5+ 0.3°
PFV 9 823435 80.2+4.3% 97.0+ 1.8
Non-vitrification 10 703+3.7 70343.7% 100 + 0°
Mean + SEM. ** Values with different superscripts within each column are significantly different
(P<0.05).
120 difference between these rates in the MVC and PFV groups.
100 Effect of vitrification procedures on cell viability in embryos
= Cell viability after vitrification by the different methods is
2 80 shown in Table 3. The ratio of live to total cell number was signif-
E icantly lower (P<0.05) in the ST groups than in the MVC and non-
3 60 vitrification groups. There was a positive correlation between the
2 oxygen consumption rale and the number of live cells (P<0.01, r=
3 40 st 0.496) in all vitrified-warmed embryos (Fig. 3).
=MV § "
20 & PRV Discussion
0 The present study demonstrated that porcine blastocysts can be
05 ) 1 15 2 vitrified using a pullulan film and that viability, oxygen consump-
Oxygen consumption rate

(Fx10" /mol 5™

Fig. 3. Correlation between the oxygen consumption rates of vitrified-

warmed embryos and number of live cells, There is a significant
positive correlation between the oxygen consumption rate and
the number of live cells (P<0.01 r=0.496). Regression lines are
drawn to show the relationship between the oxygen consumption
rates and numbers of live cells.

Effect of vitrification procedures on the oxygen consumption
rates of embryos

The oxygen consumption rate of the vitrified embryos after
warming was significantly higher in the MVC group (P<0.05) than
in the ST group, but in the PFV group, it did not differ significantly
from the rates in the other groups (Table 2). The oxygen consump-
tion rate after warming was significantly lower (P<0.05) than that
at pre-vitrification in the ST group, while there was no significant

tion rate and cell viability were not different from those of embryos
vitrified by the MVC method using a Cryotop®.

Since Vitrification uses CPAs at high concentrations to prevent
intracellular ice crystal formation, their toxicity causes damage to
embryos when the vitrification procedure takes a long time. To
avoid this problem, several vitrification methods, such as the open-
pulled straw [5], microdroplet [6] and metal mesh vitrification [7]
methods, have been reported to achieve high viability by making
porcine embryos very rapidly pass a critical temperature range at
which embryos are injured. The viability of embryos is increased
by these methods, as they have the advantages of minimizing the
required amounts of CPAs by using special devises and lowering
the concentration of CPAs by application of rapid cooling. The
present study compared the viability of embryos in the PFV method
using pullulan film with that in the MVC method, one of the ultra-
rapid vitrification methods, and demonstrated that the viability was
70% or more in the PFV method, which is similar to that in the
MVC method. On the other hand, the survival rate of embryos in



PULLULAN FILM VITRIFICATION OF PIG EMBRYOS 283

the ST group was significantly lower than that in the other groups.
The volume of vitrification solution was smaller in the MVC and
PFV groups (0.1 gi) than in the ST group (20 ul). Moreover,
whereas embryos were placed into LN; after exposing them to LN;
vapor in the ST group, they were directly plunged into LN; in the
MVC and PFV groups. Thus, the difference in survival may be due
to a more rapid temperature decrease in the MVC and PFV groups
than in the ST group.

The vitrification procedure for embryo storage does not require a
programmable freezer. However, it requires special devises and
strict control of temperature and time before plunging the embryos
into LN; because high concentrations of CPAs are used. Therefore,
the number of embryos that can be vitrified in one operation has
been limited. Ushijima et al. [4] reported that the MVC method
allows simultaneous vitrification of 8 to 12 embryos. In pigs, it is
desirable to cryopreserve larger numbers of embryos together
because 15 to 20 embryos should be transferred into a recipicnt at
one time. In the present study, 5 to 8 embryos could be simulta-
neously vitrified by using a sheet of pullulan film, ard the vitrified
embryos on 3 or 4 sheets of the film could be loaded togetker into a
straw. We suggest that the PFV method to cryopreserve porcine
embryos is a valuable tool for non-surgical embryo transfer in pigs,
since the vitrified embryos can be directly transferred into a recipi-
ent. We have obtained normal calves after transfer of bovine
blastocysts vitrified using pullulan films and warmed by one-step
dilution in straws (our unpublished data). The PFV method
appeared to have no adverse effect on porcine embryos in this
study. If porcine embryos vitrified using pullulan films can be con-
veniently diluted and warmed in a straw while maintaining their
viability, they may be applied to piglet production by non-surgical
embryo transfer under on-farm conditions. Furiher technical
improvements are required to enable one-step dilution in a straw.

In the present study, PFV was applied as an open method in
which the solution containing embryos directly contacts LN;. Stor-
age of embryos in open containers in LN, may represent an
increased potential for microbial contamination during long-term
banking and the risk of disease transmission by embryo transfer
[21]. To avoid contamination of pathogens, embryos collected
from the same donor should be separately vitrified by the PFV
method in its own sterile LN; and stored i1 its own closed contain-
ers. An in-straw dilution method after PFV may also enable
decrease of the risk of contamination because storage and dilution
of vitrified embryos is performed in a sealed straw.

The oxygen consumption rate of embryos vitrified by the three
different methods was measured in order to assess the quality of
embryos and their potential use in a non-invasive transfer method
[16, 22, 23). To our knowledge, the present study is the first to
measure the oxygen consumption rate before and after vitrification
of porcine embryos. The oxygen consumption rate after warming
was significantly lower than the pre-vitrification levels in the ST
group, while there was no significant difference between these
rates in the MVC and PFV groups, thus reflecting their respective
viabilities. These results were consistent with the viabilities of the
embryos after vitrification and warming in these groups, supporting
the validity of using the oxygen consumption rate as an index of
embryo quality after vitrification and warming.

Dobrinsky et al. [24) have reported that success of vitrification
depends on the influence of CPAs on morphological and molecular
properties of cellular organelles and membranes. In the present
study, cell damage of embryos was assessed by a double staining
method with Hoechst 33342 and PI, which can distinguish between
blue-stained live cells and pink-stained dead cells by the difference
in permeability for PI, depending on damage of the cell membrane.
The number of live cells in the ST group decreased significantly
compared with the MVC group (P<0.05), and the ratio of live to
total cells was reduced by 5 to 7% in the ST group compared with
the other groups. This result may reflect that the survival rate of
embryos after warming was markedly lower in the ST group
(48.3%) than in the MVC (70.7%), PFV (79.0%) and non-vitrified
groups (94.4%). Morcover, both the oxygen consumption rales of
embryos just afier warming and live cell numbers in the MVC
group were higher than those in the ST group. In addition, there
was a correlation between the oxygen consumption rate and the
number of live cells in vitrified embryos afler warming. Trimarchi
et al. [22] have demonstrated that maturation of mitochondria cor-
relates with an increase in metabolic activity, as reflected in the
oxygen consumplion rate, and that the oxygen consumption rate
reflects the number of cells measured and their mitochondrial activ-
ity. Thus, we assumed that the number of live cells could be
estimated by the oxygen consumpiion rate.

In the present study, no difference was found in viability and
oxygen consumption rate after warming between the porcine
embryos vitrified by the method using pullulan film and those
obtained by the previously reported MVC method, indicating that
porcine embryos can be vitrified using pullulan film. Non-surgical
direct transfer of ultra-rapidly vitrified porcine embryos without
using a microscope would be a useful transfer method applicable
by individual farmers in the field. Therefore, further studies are
desirable on the method for in-straw dilution of embryos.
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Lactate and Adenosine Triphosphate in the
Extender Enhance the Cryosurvival of Rat
Epididymal Sperm

Hideaki Yamashiro,'** Masaaki Toyomizu, Motoi Kikusato,2 Natsuki Toyama,! Satoshi Sugimura,! Yumi Hoshino,
Hiroyuki Abe,! Stefan Moisyadi,? and Eimei Sato?

We evaluated the cryosurvival of rat epididymal sperm preserved in raffinose-modified Krebs-Ringer bicarbonate—egg
yolk extender supplemented with vatious energy-yielding substrates (glucose, pyruvate, lactate, and ATP) and assessed the
effect on sperm oxygen consumption. The incubation of sperm at 37 °C for 10 min in lactate-free extender decreased sperm
motility and oxygen consumption before and after thawing compared with those of sperm in glucose- and pyruvate-free
mediums. We then focused on the effect of supplementing the extender with lactate (0, 10.79, 21.58, 32.37, and 43.16 mM)
and found that sperm frozen and thawed in extender supplemented with 32.37 mM lactate exhibited the highest motility.
When we supplemented extender containing 32.37 mM lactate with ATP (0, 0.92, 1.85, 3.70, and 5.55 mM), sperm frozen and
thawed in the extender supplemented with 1.85 mM ATP exhibited considerably higher motility and viability than those of
sperm frozen and thawed in ATP-free extender. These results provide the first evidence that supplementation of the raffinose-
modified Krebs-Ringerbicarbonate—egg yolk extender with 32.37 mM lactate and 1.85mM ATP increases of number of motile
sperm before freezing and enhances the crycsurvival of rat sperm. These supplements to the extender may enhance sperm

cryosurvival by improving the metabolic capacity of sperm before freezing.

Abbreviations: mKRB, modified Krebs-Ringer bicarbonate.

We previously showed that freezing rat epididymal sperm
in an extender of raffinose dissolved in modified Krebs-Ringer
bicarbonate (mKRB) solution containing egg yolk enhances their
cryosurvival of sperm as measured by viability and acrosomal
integrity; this finding suggested that a mKRB-based freezing
extender containing glucose, ;::‘?rruvate, and lactate can protect
sperm against freezing injury.® A possible reason for this find-
ing is that sperm in this extender retain high metabolic capacity
before freezing which, in turn, may enhance the cryosurvival of
rat sperm. However, the mechanism by which the mKRB-based
extender promotes the metabolic capacity and cryosurvival of
rat sperm is unclear.

The process of cryopreservation imposes numerous stresses
on not only the physical features of sperm but also the energy
production to support motility before and after freezing, and
improving energy production in frozen-thawed sperm is im-
portant for successful cryopreservation.!® Sugars play various
roles in sperm extender solution, including providing an energy
substrate for sperm during cooling and acting as a cryoprotect-
ant.! The beneficial effects of adding glucose to the extender on
the viability of frozen-thawed sperm have been reported for
various species? this nutritional effect may involve the synthesis
and provision of ATP through the glycolytic pathway to pro-
videthe energy required for sperm motility. Therefore, glucose
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may play a key role in generating energy in motile sperm and
preventing freezing damage. :

The addition of an exogenous substrate (such as lactate) im-
proved the sperm motility characteristics of cattle,!! boars, 42
and rabbits.? A previous study® showed thata shuttleinvolving
the redox couple lactate—pyruvate and Inctate dehydrogenase
isozyme C, is active in rat and rabbit mitochondria but not in
mouse mitochondria. This finding suggests that sperm from
various spucies, including rats, may find lactate a suitable sub-
strate for naintaining the encrgy production and consumption
as well as oxygen consumption. However, which of the major
biochemical pathways—glycolysis or oxidative phosphoryla-
tion—is involved in supplying energy to mobilize sperm has
been a long-lasting debate, because the pathway of energy
production is species-specific.5?%?2 Regardless of the identity
of the pathway involved in energy supply, the development
of an appropriate freezing extender likely would improve
sperm motility and survival during cryopreservation through
enhancement of the metabolic capacities of sperm. However,
no previous studies have reported on the optimal components,
especially the energy substrates, of a cryodiluent for the freez-
ing of rat sperm.

Sperm may attain access to eggs by mobilizing metabolic
energy production in the form of ATP to drive motility®® ATP
is hydrolyzed by the dynein adenosine triphosphatase, which
converts the chemical energy of ATP into mechanical energy
used for the movement of sperm.3'% ATP can have several
downstream effects leading to improvement in the motility of
sperm by means of an increase in the calcium level 101718202527
Moreover, the amount of ATP required for metabolic energy is
higher in the cytosol than the mitochondria.1é Therefore, sup-
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plementation of the freezing extender with exogenous ATP may
improve the cryosurviva!l of rat epididymal sperm.

Here we evaluated the cryosurvival and parameters of mito-
chondrial activity, including oxygen consumption, of rat sperm
diluted in raffinose-mKRB-egg yolk extender supplemented
with various energy-yielding substrates, including glucose,
pyruvate, lactate, and ATP. In addition, we identified theoptimal
encrgy substrates and other components of a cryodiluent for
the freezing of rat sperm.

Materials and Methods

Principles of laboratory animal care were followed during
this study, and all procedures were conducted in accordance
with guidelines of the Ethics Committee for Care and Use of
Laboratory Animals for Research of the Graduate School of
Agricultural Science (Tohoku University, Japan). Wistar rats
were used throughout the experiments. Animals were kept in
polycarbonate cages (25 x 40 x 20 em) under controlled condi-
tions with lights on at 0800 and off at 2000. They were given
food and tap water ad libitum.

Preparation of the raffinose-mKRB-egg yolk extender. The
basic extender used in this study was the raffinose-mKRB-egg
yolk freezing solution defined previously;® it comprised 0.1 M
raffinose (Sigma, St Louis, MO), 94.6 mM NaCl (Wako Pure
Chemical Industries, Osaka, Japan}, 4.78 mM KCl (Wako), 1.71
mM CaCl,2H,0 (Wako), 1.19mM MgSO, 7H,O (Wako) 1.19mM

PO, (Wako), 25.07 mM NaHCO, (Wako), 21.58 mM sodium
pL-lactate (Sigma), 0.5 mM sodium pyruvate (Wako), 5.56 mM
glucose (Wako), 50 ug/mL streptomycin (Sigma), and 75 ug/mL
penicillin (Sigma); egg yolk was separated from the albumin,
and 20% (v:v)egg yolk was added to the raffinose-mKRB solu-
tion. Egg yolk lipids were solubilized by adding 0.04% {w:v)
SDS {(Wako) to the solution. The solution was centrifuged twice
at 7000 x g for 30 min. The pH of the solution was adjusted to
7.3 with HCl and its osmotic pressure to 400 mOsm. The super-
natant was aspirated and filtered through a 0.45um membrane
filter (Sartorius, Goottingen, Germany).

Evaluation of sperm motilily parameters. Sperm motility
parameters were assessed by using a sperm motility analysis
system (version 1.0, Kashimura, Tokyo, Japan) and a 104tmdecp
Makler chamber (Sefi Medical Instruments, Haifa, Israel); the
protocol was described previously.® At least 100 sperm and 5
fields were assessed by the sperm motility analysis system for
each treatment group. The following parameters were assessed
in this study: motility (%), straight line velocity (am/s), curvi-
linear velocity (jim/s), amplitude of lateral head displacement
{1tm), and beat cross frequency (Hz).

Evaluation of sperm acrosome integrity. The acrosomal integ-
rity of fresh and frozen-thawed sperm was assessed by staining
with FITCconjugated peanut agglutinin (Wako) according to
the procedure described previously.®

Collection of rat epididymal sperm. Both caudae epididymides
were excised from 24 sexually mature male Wistar rats older
than 15 wk. The excised epididymis was rinsed and carefully
blotted free of blood and adipose tissues. A small part of the
caudae epididymides tract was excised with fine scissors. The
droplet of sperm that welled up was transferred to a 1.5-mL
microfuge tube coritaining 1 mL of freezing medium at 37 °C.
After 5 min, the solution was examined macroscopically to
verify that sperm were dispersed adequately.

Cryopreservation and thawing. Experiment Ta. In this ex-
periment, we investigated the effect of the substrates glucose,
pyruvate, and lactate in raffinose-mKRB-egg yolk freezing
extender on the motility characteristics of fresh sperm after

Lactate and ATP enhance the cryosurvival of rat sperm

collection and frozen—thawed sperm. Sperm from both the
caudae epididymides from 3 rats were used in this experiment.
Immediately after collection, aliquots of sperm were exposed to
the following 5 solutions: raffinose-mKRB-egg yolk extender
containing the substrates glucose, pyruvate, and lactate {con-
trol); glucose-free extender; pyruvate-free extender; lactate-free
extender; and substrate-free extender. The osmotic pressure of
these solutions was adjusted to 400 mOsm with sucrose (Wako)
and the pH to 7.3 with HC. Each sperm suspension was incu-
bated at 37 °C for 5 min to allow the sperm to disperse, and the
sperm concentration and motility parameters then were evalu-
ated by the sperm motility analysis system. The sperm were
processed and frozen by using a modification of a previously
published protocol® The diluted sperm samples were cooled
at 5 °C for 90 min. The sperm samples were further diluted 1:1
with each extender containing 1.5% of a commaercial cryopro-
tectant (Equex STM, Nova Chemical Sales, Scituate, MA) to
obtain a sperm concentration of 5 x 10* sperm/mL and then
were equilibrated at 5 °C for 30 min before freezing. Afterward,
the samples were loaded into standard 0.5-mL straws and the
straws were heat-sealed. The straws were placed in liquid ni-
trogen vapor for 10 min, plunged into liquid nitrogen (-196 °C),
and stored for 3 d at this temperature. The straws were thawed
rapidly by holding them in water (37 °C) for 10 s. The sperm
were transferred to a 1.5-mL microfuge tube and incubated at
37 °C for 5 min, after which motility parameters after thawing
were assessed by using the sperm motility analysis system.
The acrosome status of frozen-thawed sperm was assessed by
staining with FITC-conjugated peanut agglutinin.!

Experiment 7b. Building on the results of Experiment 1la,
this experiment was conducted to analyze the characteristics
of fresh and frozen-thawed sperm in the raffinose-mKRB-egg
yolk extender containing various concentrations of lactate.
Sperm from both caudae epididymides from 3 rats were used.
Aliquots of sperm were suspended in 1 mL raffinose-mKRB-
egg yolk extender containing 0, 10.79, 21.58, 32.37, or 43.16 mM
lactate; all of these solutions had an asmotic pressure of 400
mOsm and a pH of 7.3, except the solution containing 43.16
mM lactate (430 mOsm and pH 7.3). The procedures followed
for cryopreservation and evaluation of sperm were thesameas
described for experiment 1a.

Experiment Tc. This experiment was designed to comparethe
cryosurvival of rat sperm frozen in raffinose-mKRB-egg yolk
extender solution containing 32.37 mM lactate supplemented
with various concentrations of ATP. Both caudae epididymides
from 3 male rats were used in this experiment. After collection,
sperm was divided into 5 aliquots and suspended in 1 mL of
extender solution containing 32.37 mM lactateand 0, 0.92, 1.85,
3.70, or 5.55 mM ATP (400 mOsm and pH 7.3). The freezing
protocol and evaluation of sperm were the same as described
previously. For the evaluation of sperm viability, frozen—thawed
sperm samples were incubated in a water bath at 37 °C for 5
min. For each treatment, 3 samples were evaluated after 1,2,
and 3 h of incubation to determine sperm motility, straight-line
velocity, curvilinear velocity, and amplitude of lateral head
displacement.

Measurement of oxygen consumption of sperm. Experiment
2a. The aim of this experiment was to assess the effect of
substrates in the raffinose-mKRB-egg yolk medium on the
mitochondrial activity of sperm. Sperm was collected from
5 mature male rats and extended in substrate-free raffinose-
mKRB-egg yolk medium at 37 °C. The sample was incubated
for 5 min to allow the sperm to disperse and then equal volumes
wereresuspended in each of the following solutions: raffinose-
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