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mKRB-egg yolk medium containing 11.12 mM glucose, 1 mM
pyruvate, and 43.16 mM lactate (control); glucose-free control
(containing pyruvate and lactate); pyruvate-free control (con-
taining glucose and lactate); lactate-free control (containing
glucoseand pyruvate); and substrate-free raffinose-mKRB-egg
yolkmedium. The final concentrations of the various substrates
in medium containing sperm were 556 mM glucose, 0.5 mM
pyruvate, and 21.58 mM lactate. The osmotic pressure of these
solutions was adjusted to 400 mOsm with sucrose and the pH
to 7.3 with HCI, The oxygen consumption rates of the sperm
were measured by using Clark-type oxygen electrodes (Rank
Brothers, Cambridge, UK) maintained at 37 °C for 10 min and
calibrated with air-saturated water at 37 °C, which was as-
sumed to contain 406 nmol oxygen/mL.% A sperm sample in
a volume of 1 mL was suspended in the reaction chamber by
stirring carefully to prevent the addition of any external air.
The final concentration of sperm in the incubation chamber
was approximately 1 x 107 sperm/mL. Data were acquired by
using a commercial software program (LabChart version 5.2,
AD Instruments, Castle Hill, Australia). The oxygen consumed
by the sperm was calculated as:2¢

Oxygen concentration (nmol oxygen/mL) =
oxygen (U) x oxygen concentration of air-sat-
urated water (that is, 406 nmol oxygen/mL) =
oxygen full-chart span (U)

The rate of oxygen consumption by sperm was expressed as
nmol/min/1 x 107 sperm.

Experiment 2b. The effect of various concentrations of lactate
in the raffinose-mKRB-egg yolk extender on the oxygen uptake
of sperm was analyzed. Sperm were collected from the caudae
epididymides of 5 rats and suspended in lactate-free raffinose-
mKRB-eggyolk medium and then incubated for 5 min at 37°C.
Equal volumes of maffinose-mKRB-egg yolk medium contain-
ing 0, 21.58, 43.16, 64.74, and 86.32 mM lactate were diluted
with lactate-free raffinose-mKRB-egg yolk medium, resulting
in solutions with final lactate concentrations of 0, 10.79, 21.58,
32.37, and 43.16 mM, respectively. The osmotic pressure and
the pH of ail these solutions were adjusted to 400 mOsm and
7.3, respectively, except the solution containing 43.16 mM lac-
tate (430 mOsm and pH 7.3). The axygen consumption of each
sperm suspension was determined in relation to air-saturated
medium as described for experiment 2b.

Experiment 2c. The effect of adding ATP to raffinose—mKRB-
egg yolk medium containing 32.37 mM lactate on the rate of
oxygen consumption of sperm was examined. Sperm from 5
rats were flushed the sperm out by using the medium, and
then the suspensions in ATP-free raffinose-mKRB-egg yolk
medium were incubated for 5 min at 37 °C. Each treated sample
was placed in raffinose-mKRB-egg yolk medium containing 0,
1.84,3.70,7.4, or 11.1 mM ATT. Subsequently, equal volumes of
extended sperm were added to these solutions, resulting in so-
lutions with final ATP concentrations of 0, 0.92, 1.85, 3.70, and
5.55 mM (400 mOsm and pH 7.3). The oxygen consumption

of the sperm was determined as described for experiment 2a, -

Statistical analysis. The data were subjected to ANOVA and
the Fisher protected least-significant difference post hoc test
(StatView, Abacus Concepts, Berkeley, CA). All data are ex-
pressed as mean + SEM. A P value of less than 0.05 indicated
statistical significance.

Results

Effect of various substrates in raffinose-mKRB—egg yolk ex-
tender on fresh and frozen—thawed sperm (experiment 1a), The
first experiment in this series was aimed at assessing the effect
of various energy-yielding substrates in the raffinose-mKRB-
egg yolk extender on the motility characteristics of fresh and
frozen-thawed sperm. The motility of sperm added to the
medium without the substrates glucose, pyruvate, and lactate
was significantly (P < 0.05) lower than that of sperm added to
the medium containing all 3 of these substrates (control; Table
1); this result was obtained from both fresh and frozen-thawed
spemn. In contrast, the sperm motility and motion parameters
did not differ significantly between fresh and frozen—thawed
sperm when glucose-free and pyruvate-free solutions were
used. The mediwn that contained glucose, pyruvate, and lac-
tate resulted in the highest motility of frozen-thawed sperm.
The percentage of intact acrosomes did not differ significantly
among sperm treated with the various extenders for both fresh
and frozen-thawed sperm (Table 1).

Effect of lactate in rafiinose-mKRB-egg yolk extender on fresh
and frozen-thawed sperm (experiment 1b). According to the
results of experiment 1a, lactate was the most effective agent
for increasing the motility of both fresh and frozen-thawed
sperm. We therefore investigated the effect of adding lactate at
0,10.79,21.58,32.37, and 43.16 mM to the raffinose-mKRB—egg
yolk medium on the motility of sperm. Sperm diluted in lactate-
free extender showed significantly (P < 0.05) lower motility

than did sperm diluted in extender containing 21.58 or 32.37
mM lactate (Table 2). The data revealed that sperm frozen in
the raffinose-mKRB-egg yolk extender containing 32.37 mM
lactate showed significantly (P < 0.05) higher motility after
thawing than did sperm frozen in substrate-free extender. The
proportion of sperm with intact acrosomes either before or after
thawing did not differ significantly among extenders containing
0,10.79, 21.58, 32.37, or 43.16 mM lactate.

Effect of ATP in raffinose-mKRB-egg yolk extender containing
32.37 mM lactate on fresh and frozen—thawed sperm ( iment
1¢). The effect of adding 0, 0.92, 1.85, 3.70, or 5.55 mM ATP to
raffinose-mKRB-egg yolk extender containing 32.37 mM lactate
on the cryosurvival of the sperm are summarized in Table 3.
Sperm frozen in extender containing 32.37 mM lactate and 1.85
mM ATP exhibited significantly (P < 0.05) higher motility than
that of sperm frozen in ATP-free extender. The sperm frozen
and thawed in extender supplemented with 1.85 mM ATP
maintained significantly (P < 0.05) higher motility throughout
the 3-h incubation at 37 °C than did sperm frozen and thawed
in the ATP-free extender (Figure 1). The addition of ATP to the
extender increased the proportion of intact acrosomes in after
collected sperm, and among all concentrations of ATP tested,
the percentage of intact acrosomes was highest at 1.85 mM
ATP. Similar results were obtained for the acrosome status of
frozen-thawed sperm.

Effect of glucose, pyruvate, and lactate in raffinose-mKRB-egg
yolk medium on the oxygen consumption of sperm (experiment
2a). In the next series of experiments, we examined the effect
of the substrates glucose, pyruvate, and lactate in the raffinose-
mKRB-egg yolk medium on the rate of oxygen consumption
of sperm. Incubation of the sperm suspension with lactate-free
medium resulted in a significant (P < 0.05) decline in the rate of
oxygen consumption during incubation as compared with the
incubation of the sperm suspension with medium containing
glucose, pyruvate, and lactate (Figure 2). The oxygen consump-
tion of sperm in medium lacking any added substrates tended
to be decreased compared with that of sperm in the complete
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Lactate and ATP enhance the cryosurvival of rat sperm

Table 1. Effect of the substrates glucose, pyruvate, and lactate in raffinose-mKRB-egg yolk extender on fresh and frozen-thawed sperm

Sperm characteristics Control —Glucose ~Pyruvate -Lactate Substrate-free
Fresh sperm Motility (%) 782180 70826 673180 549 %6.1 48139
VSL (um/s) 174£1.2 165433 ' 109114 154£1.0 11.1£19
VCL (um/s) 124213.1 115.1%86 109819 1083 £29 1024 £4.1
ALD {(um) 69 0.1 65£0.5 65102 65101 58103
BCF (Hz) 222+08 233%18 254116 4+10 2006
Acrosomal integrity (%) 845+29 762+19 79649 771424 8l.4+t44
Frozen—thawed sperm  Motility (%) 215+1.4 232+09 19813 138124 137115
* VSL (um/s) 39+04 32405 39104 39403 44108
VCL (um/s) 854187 71847 89.21132 778+55 6.3+t74
ALD (um) 42105 33+02 412105 38102 32+05
BCF (H2) 322437 313%16 362+18 341109 31.7£25
Acrosomal integrity (%) 681140 713458 70020 641153 706+23

ALD, amplitude of lateral head displacement; BCE, beat cross frequency; VCL, curvilinear velocity; VSL, straight-line velocity.

Data are presented as mean £ SEM (n = 3).
“Value significantly (P < 0.05) different from control value,

Table 2. Effect of lactate in raffinose-mKRB-egg yolk extender on fresh and frozen~thawed sperm

Lactate concentration (mM)
Sperm characteristics 0 10.79 21.58 3237 43.16
Fresh sperm Motility (%) 474+49 463 +£13.2 613+21 675136 551137
VSL (um/s) 12517 38+1.0 16.5t26 123+1.2 98+3.0
VCL (um/s) 983 £6.3 860127 94.6 £10.0 929+3.1 959465
ALD (um) 5304 53103 48106 47103 51103
BCF (Hz) 264t14 247 £13 225108 245108 256+13 .
Acrosomal integrity (%) 759+0.5 71740 73.6£59 75105 718118
Frozen-thawed sperm  Motility (%) N3+£22 175135 19.7+28 223 +4.00 126143
VSL (um/s) 35106 28+03 36102 38101 49105
VCL (um/s) 786182 750135 785+4.2 95.0+ 141 1269 £5.1°
ALD (pm) 34+06 33101 35102 45106 55+04°
BCP (Hz) 48+15 367118 398308 365+23 429%2.1
Acrosomal integrity (%) 693429 716104 6.0102 692102 61.5£18

ALD, amplitude of Jateral head displacement; BCF, beat cross frequency; VCL, cﬁn'ilinear velocity; VSL, straight-line velocity.

Data are presented as mean + SEM (1 = 3).
*Value significantly (P < 0.05) different from control value.

medium. In contrast, oxygen consumption did not differ signifi-
cantly between sperm in glucose- or pyruvate-frec media and
those in the medium containing glucose, pyruvate, and lactate.

Effect of lactate in raffinose-mKRB-egg yolk medium on the
oxygen consumption of sperm (experiment 2b). The respira-
tion capacity of sperm was tested after their incubation in a
lactate-free raffinose-mKRB-egg yolk medium or in a medium
supplemented with 10.79, 21,58, 32.37, or 43.16 mM lactate
(Figure 3). Oxygen uptake was significantly (P < 0.05) higherin
sperm incubated in medium containing 32.37 mM lactate than
in sperm incubated in lactate-free medium.

Effect of ATP in the raffinose-mKRB-egg yolk extender con-
taining 32.37 mM lactate on the oxygen consumption of sperm
(experiment 2c). This experiment evaluated the influence of
supplementation of the raffinose-mKRB-egg yolk medium
containing 32.37 mM lactate with various concentrations of
ATP (0,0.92, 1.85, 3.70, and 5.55 mM) on the oxygen consump-
tion of sperm during incubation at 37 °C for 10 min (Figure 4).

When the medium was supplemented with 1.85 mM ATP, the

rate of oxygen consumption tended to be increased compared
with that in ATP-free medium, but difference is not significant.

Discussion

The present study demonstrated that an extender of raffinose-
mKRB-egg yolk containing 32.37 mM lactate enhanced the
metabolic capacity and survival of rat sperm after cryopreserva-
tion. The cryosurvival of rat sperm was further improved by the
addition of 1.85 mM exogenous ATP to the freezing extender.

When the oxidizable substrate lactate was not added to the
raffinose-mKRB-egg yolk extender, the motility, viability, and
rate of oxygen consumption decreased considerably in both
fresh and frozen—thawed sperm. In contrast, sperm frozen and
thawed in extender supplemented with 32.37 mM lactate exhib-
ited higher motility than those frozen and thawed in lactate-free
extender. This finding indicates that exogenous lactate in the
freezing extender is a potent inducer that enhances the oxygen
consumption of rat sperm and their motility after collection
and freezing-thawing.
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Table 3. Effect of ATP in raffinose-mKRB-egg yolk extender containing 32.37 mM lactate on fresh and frozen-thawed sperm

ATP concentration (mM)

0.92 1.85 3.70 5.55
Fresh sperm Motility (%) 74718 728+8.1 79.2+33 738+ 6.6 55.6+4.2°
VSL (um /s) 91117 10.1£05 147 £33 79+06 84+14
VCL (um/s) 110.2+99 1169 £8.5 1236£52 101.5+£8.8 1049 £7.9
ALD (um) 6.0+0.1 7.6+ 0.6 63+0.6 68+10 5.7+04
BCF (Hz) 299+28 340%1.7 297+27 329+26 31.2+15
Acrosomal integrity (%) 75.5+63 789 6.5 83.2+16 825472 77.1%7.1
Frozen-thawed sperm Motility (%) 206103 246409 353+13* 269+14 257472
VSL (um/s) 60+12 50£0.2 41+06 44+06 30104
VCL (um/s) 99.0+83 © 893445 84.5+4.1 858+27 809+£39
ALD (um) 5208 44%04 43+0.1 43101 3401
BCF (Hz) 371120 34406 35016 346+5.0 37.2+22
Acrosomal integrity (%) 67.7+23 68.4+8.8 70.6 £ 4.6 617 +3.5 66.5+3.8

ALD, amplitude of lateral head displacement; BCF, beat cross frequency; VCL, curvilinear velocity; VSL, straight-line velocity.

Data are presented as mean +SEM (1 = 3).
*Value significantly (P < 0.05) different from control value.
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Figure 1. Effect of ATP in raffinose-mKRB-egg yolk medium contain-
ing 32.37 mM lactate on the (A) motility, (B) straight line velocity, (C)
curvilinear velocity, and (D) amplitude of lateral head displacement
of frozen-thawed sperm during incubation at 37 °C for 3 h. Data are
presented as mean x SEM (i = 3). *, Value significantly (P < 0.05) dif-
ferent from control value.

The sperm-specific enzyme lactate dehydrogenase isozyme C,
islocated in the cytosol and the matrix of the mitochondria in the
midpiece of rat sperm. Further, a study” has revealed that both a
shuttle involving the redox couple lactate-pyruvate and lactate
dehydrogenase isozyme C, are active in rat sperm mitochondria.
In another study, the lactate concentration in oviductal fluids
was 10-fold higher than the glucose concentration, and the
lactate concentration in the uterine fluids was 15-fold higher
than the glucose concentration during the murine estrous cycle.
Therefore, it is very likely that lactate is used by ratspermasan
essential substrate to maintain highly regulated ATP production
and dissipation: lactate in the cytosol and mitochondrial matrix
is oxidized to pyruvate by mitochondrial lactate dehydrogenase
isozyme C,, and pyruvate is oxidized through the Krebs cycle
and electron transport chain.**2*2 To our knowledge, our
findings are the first evidence showing that rat sperm can use
exogenous lactate in the cryodiluent as an essential substrate
to maintain highly regulated metabolic capacity and that this
lactate acts as an energy substrate for mitochondria to the mo-
bilization of fresh and frozen-thawed sperm.
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Figure 2. Effect of glucose, pyruvate, and lactate in raffinose-mKRB-
egg yolk medium on the oxygen consumption of fresh sperm during
incubation at 37 °C for 10 min. Data are presented as mean + SEM (n =
5). *, Value significantly (P < 0.05) different from control value.

0, cansumption (nmol/min/1x 107 sperm)

Mitochondria, the site of ATP generation due to oxidative

- phosphorylation, are localized solely in the midpiece of sperm.2

The oxidative production of ATP through the Krebs cycle is
an essential function of the midpiece mitochondria for motil-
ity3! The mitochondrial biochemical pathways of oxidative
phosphorylation are 15 times more efficient than is anaerobic
glycolysis for ATP production.”?® These findings also support
our arguments that the energy production and dissipation in
rat sperm are highly dependent on the mitochondria.

The present study showed that supplementation of raffi-
nose-mKRB-egg yolk extender with 32.37 mM lactate and
1.85 mM exogenous ATP considerably increases sperm motil-
ity before freezing, thus improving the survivability of sperm
after cryopreservation. Exogenous ATP in the freezing medium
may be responsible for the generation of multiple metabolic
signals that appear to be related to the sperm motility through
a rise in calcium levels;! 01718202527 this reaction increases de
novo ATP synthesis before freezing and may contribute to the
remobilization of sperm after freezing-thawing. The motility of
ram sperm was restored by exogenous ATP that crossed plasma
membrane when the membrane was damaged by cryopreser-
vation.!? In light of that finding,'* we cannot discount that our
result is caused by the facultative transport of ATP across plasma
membrane because of damage during freezing, thereby allow-
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Figure 3. Effect of lactate in raffinose-mKRB-egg yolk medium on
oxygen consumption of fresh sperm during incubation at 37 °C for

10 min. Data are presented as mean + SEM (1 = 5). *, Value signifi-
cantly (P < 0.05) different from control value.
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Figure 4. Effect of ATP in raffinose-mKRB-egg yolk medium contain-
ing 32.37 mM lactate on oxygen consumption of fresh sperm during
incubation at 37 °C for 10 min. Data are presented as mean 1 SEM (n =
5). *, Value significantly (P < 0.05) different from control value.

0, consumption (nmol/min/1x10’ sperm)

ing substrates to directly access ATP and allowing adenosine

triphosphatase to use ATP directly to generate energy for the -

mobilization of rat sperm.

In conclusion, the current study demonstrated that the addi-
tion of lactate and ATP to the raffinose-mKRB-egg yolk extender
before freezing increases the number of motile sperm and medi-
ates the energy-dependent synthetic processes of rat epididymal
sperm. In turn, these effects may increase the cryosurvival of rat
sperm. Further investigation of species-specific differences in
the energy-dependent synthetic processes in sperm may prove
valuable in defining the ideal components of a cryodiluent,
which interact to regulate the cryosurvival of rat sperm, and
in clarifying the adaptations needed for cryopreservation of
sperm from other species.
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Evaluating the Safety and Quality of Human Embryos with Measurement of Oxygen
Consumption by Scanning Electrochemical Microscopy

% &0 AN ! RS
FHEEREL' RA A Wi o

Kaort Goto', Mecust Kotke!, Yoko Kumasaxko!,
Taxkarum UTsuNomiya', Yasuisa Araki®, HiRovuk! Aps®

iSI—[.Mk(! Clinic, 3. Toumori Tomioka, Oita City, Oita 870-0947, Japan
“The Institute for ARMT, 909-21, Qouza Ishii, Setagun Fjimi. Gurnma 391-0103, Japan
Graduwe School of Science and Engineering, Yamagatu University, 4-3-16, Jyonan, Yonezawa City, Yamagat 992-8510, Japan

BRE : /0-/HHE BOALARSET RN (SECM) 1, RIFHURIC B 3 AW EUS & BRILEMCES 2 1)
YYTE D AT, TARSPGHISREEH Lo MEZ 40 7 ¢ —HRiE 0% 1% L IO
WAR L 7ze tROMENE - BRI S 7R B MR 61T L 2 B DR BIBEICH L. T4 QRSO ASRET < {2 1
WCELLEOBEFNRELZIEL 2. MWRFORLARER H270, DRI INERTVIRR YL — OBRK
COVTHGS L de FRURIRBIER & JENIE IR TREO TR A R b b2 L iee INSEIEIE 51.8% ¢H O SEMsER L
57.0% L AHBO kd o 220 WEEFD Day 31285 D501 4 MIHE~ 10 BRELITH o 2285, PGP 125 5%
WMTERNEAGIT, 27 Vecck DI U ISHMO R G IPREIEER L 1o WS IRORE RIS 5 LAY, 10 )4 A0
0.26-0.56 X 10"/mol-s™" T - 2 IEDREMATTEA: 4HE 65.8% Th D . 0.26 el F /213 0.56 £ 9K 2V 1S oI GH
TEEHUL 39% L HEGES RO O N, SECM 2BV CIOIITHEERFIT 5 5 L2 2 ). 4.0 Veeck MUTIE
MY L ad o LMOTRRSICE VREHICHET 2 2 L AT 5 DB ASRIE S 1L,

F—U—F D UMORR, EERIMAWRN, T TREHE, © R

ABSTRACT: Respiration is a useful parameter for evalualing embryo quality as it provides important information
aboul metabolic activily. A scanning electrochemical microscopy (SECM) measuement system provides a non-
invasive, simple, accurate, and consisten! measurement of the respiration aclivity of single human embryos. In this
study, we describe an accurate method for assessing the quality of individual buman embryos. We measured oxygen
consumption rites of human embryos at various cleavage stages. We monitored the temperature of the hot plawe
which was installed in the microscope Lo keep the most suitable state a1 the time of the measurement. We compared
the blastocyst development of embryos in the measurement group wilh those of the no-measurement group. The
messured embryos (51.8%) showed the samne developmental rate to the blastocyst as the no-measurement group
embryos (57.0%). There were no significant differences in the mean rates of oxygen consumption al cach ¢leavage
stage. Embryos with moderate respiration rates (0.26-0.56 x 10"/mol-s ') showed a high devclopmental rate
(65.8%) to the blastocyst. The developmental rate of embryos with lower and higher respiration rates (<0.26 x 10"/
mol-s™ and >0.56 x 10"/mol-s™') wus 39.0%. These resulls support the suggestion thal mcasuring embryonic
respiration provides safety and valuable information about embryo quality.

Key words: Respiration, scanning electrochemical microscopy, safety, evaluation of embryos, human embryo
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ABSTRACT: Oxidative stress characterized by elevated reactive oxygen species Is a well-knawn cause of developmental arrest and cellular
fragmentation in the development of in vitro-produced embryos. To investigate the effects of intrinsic oxidative stress on the early develop-
ment of embryos, cocytes from superoxide dismutase | (SOD)-deficient mice resulting from in vitro fertilization, followed by culture for
4 days, were examined. Development of all embryos from SOD |-deficient cocytes was arrested at the 2-cell stage under conventional
culture conditions with atmospheric oxygen (20% O,). Significantly higher levels of superoxide were detected in SOD |-deficinet
embryos cultured under 20% O, using dihydroethidium. Among treatments with antioxidants, only hypoxic culture with 1% O, negated
the 2-cell arrest and advanced the development of the embryos with efficacy similar to that in wild-type embryos. Mitochondrial function
was investigated because its malfunction was a suspected cause of 2-cell arrest. However, respiratory activity, ATP content and mitochon-
drial membrane potentlal in the 2-cell embryos were not markedly affected by culture with 20% O;. When embryos from SOD | -deficient
oocytes were first developed to the 4-cell stage under 1% O; culture and were then transferred to 20% O,, most of them developed to the
morula stage but underwent total degeneration thereafter. Thus, oxidative stress was found to damage embryos differentially, depending on
the developmental stage. These results suggest that embryos derived from SCD! -deficient mouse oocytes are an ideal model to investigate

intrinsic oxidative stress-induced developmental abnormafity.

Key words: SODI| deficiency / oxidative stress / 2-cell arrest / mitochondria

Introduction

It is universally accepted that mammalian preimplantation embryos are
sensitive- to their environment and that culture conditions, including
collection and manipulation, have a momentous impact on the devel-
opmental potential of the embryos (Loutradis et al.. 2000; Summers
and Biggers, 2003). In vitro fertiized (IVF) embryos in most mouse
strains often show developmental arrest, e.g. 2-cell arrest or celfular
fragmentation before the blastocyst stage, due to various deterioration
factors during culture (Chatot et al,, 1990; Jurisicova and Acton,
2004). Among factors that have a deteriorating effect on fertilizability
and subsequent developmental competence, oxidative stress, a con-
dition with an overabundance of oxidants refative to antioxidants, is
a well-known cause of developmental arrest, cell death' by necrosis

or by apoptosis, suppression of sperm motility and sperm—oocyte
fusion (Noda et al., 1991; Feugang et al, 2004; Aitken and Baker,
2006). During culture under atmospheric conditions (approximately
20% O,), embryos are exposed to a higher oxygen concentration
than is physiologically normal in the oviduct and uterus (2% to 8%
Oy Fischer and Bavister, 1993). Elevated oxygen concentration
advances the generation of cytotoxic reactive oxygen species (ROS),

. which can induce lipid peroxidation and functionally alter proteins

and DNA (Nasr-Esfahani et al., 1990; Takahashi et al., 2000; Aitken
and Baker, 2006). Hence, oxidative stress must be kept at a low
level. Moreover, oxidative stress is augmented by various stimuli and
maternal aging and exerts deteriorating effects on oocytes, conse-
quently impairing reproductive ability (Fujii et al., 2005; Agarwal
et al., 2008; Ruder et al., 2008).
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Transient metal ions, such as iron and copper, in the presence of .
superoxide and hydrogen peroxide, result in the generation of !

hydroxyl radicals, the most harmful reactive ROS, via the Fenton reac-
tion (Halliwell and Gutteridge, 1999). The mechanism by which ethy-
lenediamine tetraacetic acid (EDTA) supports embryo development in
vitro (Suzuki et al., 1988; Jinno et al., 1989) is, at least in part, based on

elimination of the free transition metal ions. ROS are also produced”

during the consumption of respired oxygeq and other biological reac-
tions involving reduction-oxidation reactions. In fact, the mitochondrial
electron transfer system is a major source of ROS because it con-
sumes more than 90% of the oxygen molecules respired by ordinary
cells (Halliwell and Gurteridge, [999).

The body has multiple antioxidative systems to suppress oxidative :

stress. Among the known antioxidative proteins, superoxide dismu-
tase (SOD) is thought to play a central role because of its ability to
scavenge superoxide anions, the primary ROS generated from mol-
ecular oxygen in cells, at the initial stage of the radical chain reaction
(Fridovich, 1995). There are three kinds of mammalian SOD genes
{Valentine et al., 2005): the SODI product is localized in the
cytosol and the intermembrane space of mitochondria; the SOD2
product is exclusively located in the mitochondrial matrix and the

SOD3 product circulates in plasma. Regardlass of the pivotal role of -

SODI, SOD1-deficient mice show relatively mild phenotypes and
grow normally (Ho et al., 1998, Matzuk et of., 1998), compared
with mice lacking SOD2 protein, which die due to dilated cardio-
myopathy during the neonatal stage {Li et al.,, 1995). The prominent
phenotype of SODI-deficient mice is female infertility (Ho et dl.,
1998; Matzuk et al:, 1998). Matzuk et al. (1998) have found a decrease
in serum follicle stimulating hormone and luteinizing hormone levels
and have proposed that ovary dysfunction may be secondary to
decreased gonadotrophins and/or decreased responsiveness of the
ovaries to physiological concentrations of gonadotrophins. On the
other hand, Ho et al. (1998) showed that the number of 4 embryos
in uteri of SOD/-deficient mice were not significantly different from
those in wild-type mice and concluded that embryonic lethality was
a cause of infertility. Thus, there are conflicting data, and it is yet
unclear what actually causes female infertility in SOD|I-deficient mice.

The authors are attempting to elucidate the underlying mechanism
of female infertility in SOD|-deficient mice. This communication
reports that intrinsic oxidative stress-injured embryos from SODI-
deficient mice respond differentially, in a development stage-specific
marner.

Materials and Methods

Experimental animals

Threepairs of C57BL/6 SOD! */ ~ mice, originally established by Matzuk etal.
(1998), were purchased through jackson Laboratories (Bar Harbor, ME, USA)
and bred at our institute, giving rise to SODI *** and SODI ~/~ fittermates.
They were genotyped by PCR ampiification as described previously (luchi
et al., 2007). Mice backcrossed to C57BL/6 mice more than eight tmes
were used in this study. Four- to 6-week-old female mice were used to maxi-
mize the yield of oocytes in response to hormone stimulation, and 8- to
16~week-old male mice were used to collect epididymal spermatozoa, The
animal room dimate was kept under specific pathogen-free conditions at a
constant temperature of 20-22°C with a 12-h alternating tight—dark cycle,
with food and water available adlibitum. Animal experiments were performed

in accordance with the Declaration of Helsinki under the protacal approved
by the Animal Research Committee of Yamagata University.

Oocyte collection, IVF and embryo culture

SOD|-deficient (SODI /) female mice and C57BL/6 background
genetic controls (SOD 1 *+/*) were superovulated with 5 IU of equine chor-
ionic gonadotrophin (Sankyo-elu, Tokyo, Japan). followed 48 h later with
51U of human chorionic gonadotrophin (Asuka-seiyaku, Tokyo, Japan)
administered intra-peritoneally. Human tubal fluid (HTF) medium was
used for IVF (Quinn et ol 1985), and potassium simplex optimization
medium (KSOM) was used for mouse oocCytes/embryos cultures
(Erbach et al., 1994). For IVF, spermatozoa from SOD/*/* male mice
were collected by squeezing the epididymal cauda and were pooled into
a drop of HTF, supplemented with 0.5% bovine serum albumin (BSA frac-
tion V, Sigma-Aldrich, St Louis, MO, USA). They were adjusted to a final
concentration of 1-2 x 10° sperm/ml with the same medium and were
then pre-incubated for | h. Owulated cumulus-oocyte complexes
(COCs) were collected by tearing the oviductal ampulla at 14-15h
after hCG injection and were pooled into the droplet with sperm.
COCs were co-incubated with spermatozoa for 5 h. After iVF, presump-
tive zygotes were stripped of cumulus and sperm cells in KSOM sup-
plemented with 0.5% BSA for embryo culture. Cleavage rates were
assessed at 24 h after the start of embryo culture. Normally deaved
embryos remained in culture for 4 days (up to the blastocyst stage).

Each culture was kept in 200 pl droplets (groups of 10-20 oocytes/
embryos) of medium overlaid with mineral oll in plastic dishes. Incubation
was conducted at 37°C under a humidified atmosphere of either 20% O,
(5% COy in air) or 1% O, (1% O;/5% CO,/94% Ny). The effects of anti-
oxidants, culturing under  supplementaton with 100 uM
f-mercaptoethanol (Wako Pure Chemical Industries, Osaka, Japan) or
500 pg/ml human SODI protein, on fertilization and embryo develop-
ment were zlso investigated in normoxic conditions.

Western blot analysis

To detect SOD1 and SOD?2 protein expression, ovulated COCs derived
from each genotype (SOD!™/", SODI**", SODI*'*) of mice were
denuded by hyaluronidase treatment (300 pg/ml in KSOM, type IVs,
Sigma-Aldrich) and presumptive metaphase Il (M Il) ococytes with the
first polar body were collected. Each genotype sample of 60 oocytes
was washed in PBS containing 3 mg/m! polyvinylalicohol (PVA,
Sigrma-Aldrich), sonicated for I's, and then lysed in 2% SDS and 60 mM
Tris—HCl-based sampling buffer (pH 6.8). The lysates were separated
by electrophoresis in 15% SDS—PAGE and electrically transferred onto
PVDF membranes (Millipore, Billerica, MA, USA). After blocking with
5% (w/v) skim milk in 0.1% (v/v) Tween-20-tris-buffered saline (T-TBS)
for 1 h, the membrane was incubated overnight at 4°C with a goat antihu-
man SOD polyclonal antibody (Ishii et al.. 2005) diluted §:1000 in Can
Get Signal® soluton | (Toyobo, Oosaka, Japan). Following three washes
of 5 min each in T-TBS, the membrane was incubated for | h at room
temperature with a horseradish peroxidase (HRP)-conjugated ant-goat
second antlbody (Zymed Laboratories, South San Frandisco, CA, USA)
diluted 1:20 000 in Can Get Signal® solution II. After three washes in
T-TBS, the blots were visualized using an ECL detection kit (Amersham
Pharmacia Biosciences, Piscataway, NJ, USA). The membrane was then
incubated for 30 m at SO°C in stripping buffer (2% SDS, 100 M
$-mercaptoethanol and 60 mM Tris—HCl) to remove the antibodies. In
the same manner described above, SOD2 (Suzuki et al, 1993) and
glyceraldehydes-3-phosphate dehydrogenase (G3PDH, Sara Cruz Bio-
technology, Santa Cruz, CA, LISA)} proteins were detected by rabbit anti-
human SOD2 polydonal antibody dilted 1:1200 or by rabbit antihuman
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G3PDH diluted 1:1000, as the first antibody, and HRP-conjugated anti-
rabbit diluted 1:40 000, as the second antibody.

Chromosome labeling of zygotes/embryos

To successively compare the transition from zygote to 2-cell stage embryo
in SODI-deficient mice and wild-type mice, at 5, 18, 20, 36 and 42 h
after IVF under 20% O,, the zygotes/embryos were fixed with 2% formal-
dehyde in PBS-PVA for 30 min and stained with 10 ug/ml Hoechst33342
(Sigma-Aldrich) in PBS-PVA for |5 min at room temperature. After three
washes in PBS-PVA, the embryos were observed under a fluorescence
microscope (Olympus, Tokyo, Japan).

Detection of superoxide in 2-cell stage
embryos

The level of intracellular superoxide in 2-cell stage embryo was determined
using dihydroethidium (Molecular Probes, Eugene, OR, USA), a specificindi-
cator of superoxide. At 36 h after IVF, the embryos were incubated with
2.5 pM dihydroethidium in KSOM for 10 min at 37°C in the dark, then
washed and continuously cultured in KSOM for 30 min. Superoxide-specific
fluorescence was detected using a fluorescent microscope (Leica
DMI3000B, Leica Microsystems, Wetzlar, Germany) at fluorescence
maximum 515/590 nm (excitation/emission). An image was obtained for
the optical section of each embryo when two divided cellslined a plane. Indi-
vidual images were analyzed using Image ] software ver.|.38 (developed by
NIH), which allows for quantification of signal intensity of dihydroethidium
staining. Signal intensity was expressed by the integration of average pixels
in each embryo. Relative values of signal intensity were calculated by the
mean value of a wild-type embryo to the individual value of wild-type or
SOD | -deficient embryos under the same oxygen conditions.

Respiration assay of 2-cell stage embryos

At 36 h after IVF, the oxygen consumption of individual 2-cell embryos
was quantified non-invasively by a modified scanning electrochemical
microscope (SECM) measuring system (Shiku et af.. 2001; Abe, 2007).
The oxygen consumption of the embryos was indicated by the oxygen
concentration difference between the bulk solution and the sample
surface, using voltammetry of the Pt-microdisc electrode (Shiku et al.
2004). The tip potential was held at —0.6 V versus Ag/AgCl with a poten-
tiostat to monitor the local oxygen concentration in the solution. Moedified
HTF medium was employed for the measurement of oxygen consumption.
its composition includes only salt electrolyte, glucose, sodium pyruvate,
sodium lactate, HEPES and gentamicin sulfate. Voltammetry of the
Pt-microdisc electrode in the modified HTF medium showed a
steady-state oxygen reduction wave. No response from other electroche-
mically active species was observed near the embryo surface. The single
embryo was transferred into a cone-shaped microwell filled with modified
HTF medium at 37°C on a warming plate (MATSS02NLR; Tokai Hit, Shi-
zuoka, Japan) where it fell to the bottom of the well and remained at the
lowest point. The microelectrode was scanned according to the
z-direction from the side point of the sample. The motor-driven XYZ
stage was located on the microscope stage for electrode tip scanning.
The XYZ stage and potentiostat were controlled by a computer. The
oxygen consumption rate of each embryo was calculated by software
based on the spherical diffusion theory (Shiku et )., 2004). Each
embryo was scanned three times,

Measurement of ATP content of 2-cell stage
embryos

At 36 h after IVF, the ATP content of individual embryos was measured
using a commercial assay based on the luciferin—luciferase reaction,

using a BacTiter-GloTM Microbial Cell Viability Assay Kit (Promega,
Madison, WI, USA). Briefly, samples were rinsed three times in
PBS-PVA, suspended in 50 ! PBS, and stored at —80°C until use. After
the addition of a 50-pul reaction mixture followed by incubation at 25°C
for 5 min, chemiluminescence of the sample was measured by a lumin-
ometer (Berthold Lumat LB9507, Bad Wildbad, Germany). A 5-point
standard curve (0-100 pmol/tube) was routinely included in each assay.
The ATP content was determined from the formula for a standard
curve (linear regression). The linear refationship was observed berween
luciferin luminescence and ATP content from a 0.01-10 pmol/assay,
which fully covered ATP contents in each embryo.

Measurement of mitochondrial membrane
potential in 2-cell stage embryos

Mitochondrial membrane potential (AWm) was determined by staining
2-cell stage embryos with the mitochondrial stain C-I
(5.5',6,6"-tetrachloro-1,1",3,3"-tetraethylbenzimidazolyl carbocynanine
iodide, Mitochondrial Membrane Potential Assay Kit, Cayman Chemical
Company, Ann Arbor, M, USA). At 36 h after IVF under 20% O,, the
embryos were incubated in JC-1 at half the manufacturer's recommended
concentration (1:200 in KSOM) for 15 min at 37°C in the dark, then
washed and immediately examined using a fluorescent microscope
(Leica DMI3000B, Leica Microsystems). One optical section was imaged
for each embryo, in the plane where both cleaved cells could be visualized.
Individual images of fluorescently labeled embryos were analyzed using
Image ) software ver.|.38 (developed by NIH), which allows for quantifi-
cation of signal intensity of JC-I staining. A¥m was estimated by the
representing integration of average red pixels ( }-aggregate, high membrane
potential) as a ratio of average green pixels ( J-monomer, low membrane
potential) in the same area for each embryo.

Analysis of degenerated embryos

To characterize cellular damage, at Day 4 after IVF, embryos were reacted
with 10 pg/ml Hoechst33 342, 5 pg/ml! propidium iodide (Pl) or
FITC-labeled annexin V using a MEBCYTO® Apoptosis Kit (Medical
and Blological Laboratories, Wobum, MA, USA) and 5 pg/ml
Hoechst33342 for 15 min at room temperature. After washing three
times with PBS-PVA, samples were examined with a fluorescent micro-
scope (Leica DMI3000B, Leica Microsystems).

Statistical analysis

Data showing embryo development in normoxic and hypoxic culture consist
of atleast three independent replicates. A Fisher's exact test was performed
to evaluate the developmental ability among individual groups. Statistical
analyses of signal intensity by dihydroethidium staining or JC- | staining, res-
piration assay and ATP content were carried out using the Bonferroni test. A
P-value of <0.05 was considered statistically significant.

Results

Two-cell arrest of embryos from
SOD|-deficient mouse oocytes and

rescue under hypoxic culture

Western blot analysis indicated that SODI protein was present in
oocytes from wild- and hetero-type mice, but was totally absent in
oocytes from SODI-deficient mice, whereas a similar amount of
SOD2 protein was present in both (Fig. I). The developmental
ability of fertilized oocytes from SOD|-deficient mice after IVF was



