{lorescence, Bar= 60 um..

lafe MIT ootytes from which the PB has been extruded
(Simerly ef al: 2004). In thar study, Simerly ez dl,
(2004} indicared that preaMII melotic. spindle-

chromﬁsome complex ($CC), Ieavmg Some nuclear

mitotic apparatus, (NuMA), Eg5 and huinan spleen
embryonic tissue and testis. (HSET) mitotic molecular
motor protein, which are responsible for spindle pole
assembly, remammg  which in the oop}asm. The lack of
these protems resalts in the failure of normal mitotic
division in SCNT embryos of nomhﬂman primates
(Sm:xerly etal. 2003, 2004). Addmonaﬂv, in. mouse
SCNT embryos, the remaval of SCC dlonig with several
proteins such as polo-like kinase 1 (PEK1), waiislation-
ally controlled turnor protein (TCTP), and ¢almodulin
(CaM) hids been suggested fo indrease the usk of
mitoti¢ errors (Miyara etal. 2006). Hence, the
dbcAMP-uritreated oocytes at 36 h and dbcAMP-
treated oocytes at 40 h of IVM, in which blind enucle-
ation is possible by the removal of a smaller volume of
cytopiasm and a Iower amount of the main proteins
involved in miitotic progression, may hé beneficial for
the dévelopmentdl competerice of the SCNT embryos
{Leg¢ & Campbell 2006).

Interéstingly: although both the dbcAMP-untreated
vocytes at 36 h and dbcAMP-treated oocytes at 40hof
IVM have high competence of PCC and 2 pPN forma-
tion following SCNT, & significant difference was
Qbsez;ved in the blastecyst formation rate bBetwéén
SC\ﬂ‘ embryos [ormed using oocytes of these 2 types:
the raté was ‘higher for the latter group. Moreover, the
time taken for the maturation rate {o reach a plateau
differed i the dbcAMP-untreated and dbcAMP-
treated groups: the blastocyst formation rate was
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highest when oocytes at 40 h of IVM were used from
both. groups. Although more than 4'h had lapséd from
the time of MIL arfest in the dbcAMP-untreated
oocytes at 40 h of IVM; MII arrest had just occusred in
the dbecAMP-treated oocytes ar 40 h of IVM There-
fore, these observauons{suggest thar the synchromza-
tion between nuclear and cytoplasmic maturation rnay
be better.in the dbcAMP-treated cocytes than in the
dbcAMP-unireated oocytes, and such’ synchronization
is necessary Tor blastocyst formation in SCNT enibryos.

In order to gain further understanding. of the syn-
chronization between nuclear and qzmplasnnc matu~
tation, we evaluated the mitochondrial disuribution as
a marker for cvmplasmlc maturation. In a previous
study, Brevini efal. (2005) mdxcated Lhat most. cocyies
with high dev elopmental competence exhibited a
diffused - patterni of. mitockiondrial distribuition and
snggested that diffused mitochondria are-a marker of
cytoplasmic’ maruration and are strongly associated
with high developmental ability. In the present study,
we also observed that §2.9% of the oocytes in the
dbcAMP-treated oocytes at 40 h of VM with a high

'deVelopmcmal ability exliibited & diffused patiern of

mitochondrial distribution. On the other hand, only
54. 0% of the oocytes in the dbcAMP-untreated
oacytes at 36 of IVM éxhibited a diffised mitochon-
drial distribution. This observation indicdted that the
dbéAMP-treated oocyiés ai 40 h of VM have homo-
génous cytoplasm, which may indicate thar the
C\rmplasm is mature and can efficiently function as
recipient LY[GplBSE during production of miniature pig
SCNT embryos, whereas the dbcAMP-untreared
oucytes at 36 b of IVM have heterogénegous cytoplasm,
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which may indicate 1hat the cytoplasm is immature for
reasons fnr the xmprovement in the mnachondnal
distiibution by dbcAMP treatment are unclear, it'is
known that cAMP A-kinase anchoring proieins
(AKAPs), and the proteasome pathway play important
roles in ihc reguiamry mechanism of mitochondrial
dynarmcs (Carluca etal 2008) Moreover, Kim e al.
(2008) showed - that the mitochondrial membrane
potential is higher in SCNT blastocyst embryos derived
from oocytes ireated with dbcAMP than in SCNT
embryos derived froin thé dbéAMP-untreated oocytes.
Thus, these réporis confirm thar dbcAMP treatmeént
during f'VM may be beneficial 1o cytoplas;mc matuia-
don for supporiing deveiopment of miniature pig
SCN‘I’ embryos including mitochondrial distribution.
In concusion, the present study demonstrated that

the cytoplasm of dbcAMP-treated oocytes at 40 h of

IVM, which are defended as early MI oocytes
{Chéong ¢ral. 2000; Tkeda & Takahashi 2001}, is suii-
able for funciioning as the recipient cytoplast during
the. production of miniature pig SCNT embryos.
because .of the homogeneity of cytoplasm, high effi-
ciency of blind enucleation by the removal of a small
volumme of cytoplasny, and high developmental poten-
tial up to the blastocyst stage. Furthermore, thiese
observations will Melp improve the miniature pig
SCNT technique and cloning efficiency significantly.
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Extracellular ATP and Dibutyryl cAMP Enhance
the Freezability of Rat Epididymal Sperm

Hideaki Yamashiro,"4* Masaaki Toyomizu,? Natsuki Toyama,' Nobuya Aono,! Masahiro Sakurai,! Yuuki Hiradate,!
Masaki Yokoo,® Stefan Moisyadi,* and Eimei Sato?

We studied the effects of ATT, ionomycin, and dibutyryl cAMP (dbcAMP) on the motility, freezability, and oxygen consump-
tion of rat epididymal sperm. In vitro fertilization and intrauterine insemination were performed by using frozen-thawed rat
sperm. Frozen—thawed sperm diluted in raffinose-modified Krebs-Ringer bicarbonate solution-egg yolk extender containing
1.85 mM ATP and 100 pM dbcAMP exhibited considerably higher motility and viability than sperm diluted in dbcAMP-free
extender. Addition of ionomycin and dbcAMP to ATP-containing extenders did not alter the oxygen consumption rate of
sperm, suggesting that extracellular ionomycin and dbcAMP are not involved in the mobilization of mitochondrial energy
substrates in sperm. Further, high rates of pronucleus formation and progression to the blastocyst stage were observed in
embryos produced by the fertilization of oocytes with fresh sperm in an in vitro fertilization medium supplemented with ATP
and dbcAMP. Oocytes were not penetrated by frozen-thawed sperm when cocultured with cumulus-oocyte complexes in a
medium without ATP and dbcAMP. In contrast, cryopreserved sperm penetrated oocytes when the gametes were cultured in
an ATP- and dbcAMP-containing medium, and the resultant embryos formed blastocysts. Our results show that the dilution of
ratsperm in raffinose-modified Krebs-Ringer bicarbonate solution-egg yolk extender supplemented with ATP and dbcAMP
prior to sperm cryopreservation enhances the freezability of the cryopreserved sperm. Furthermore, the in vitro fertilization
medium we developed effectively supports the production of embryos from both fresh and cryopreserved rat sperm.

Abbreviations: BSA, bovine serum albumin; dbc AMP, dibutyryl cAMP; IVF, in vitro fertilization; mKRB, modified Krebs-Ringer

bicarbonate.

The basic mechanochemical event underlying sperm motility
is ATP-induced microtubule sliding.* Adenosine triphosphatase
associated with the dynein arms on outer-doublet microtubules
provides the energy required for this process.®?

ATP, calcium, and cAMP have received considerable at-
tention as potential primary regulators of sperm motility in
several species of animals.21%14 Extracellular ATP acts on sperm
by triggering a purinergic receptor-mediated increase in the
intracellular calcium level; this increase may produce several
downstream effects that enhance sperm motility.'%2¢ Increased
calcium levels presumably activate soluble adenylyl cyclase,
thereby increasing the cAMP concentration in sperm. 1?7 cAMP
induces protein phosphorylation by activating protein kinase
A%12 and mediates calcium influx into sperm via the CatSper
calcium ion channels.'0%® In addition, cAMP may elevate
mitochondrial calcium levels,® thereby activating the calcium-
dependent dehydrogenases involved in the Krebs cycle and
providing ATP required for sperm motility.

Previously, we showed that rat sperm become freezable when
diluted in ATP-containing raffinose-modified Krebs-Ringer
bicarbonate solution (mKRB)-egg yolk extender? This find-
ing indicates the existence of a unique pathway that utilizes
extracellular ATP in rat sperm and suggests that extracellular
ATP produces several downstream effects that improve sperm
motility by increasing calcium levels or by activating cAMP
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signal transduction pathways. Further elucidation of the role of
extracellular ATP in the energy-synthetic processes and motility-
regulation system of rat sperm could lead to improved motility,
freezability, and fertilizing ability of the sperm.

We, therefore, evaluated the freezability of rat epididymal
sperm preserved in raffinose-mKRB-egg yolk extender with
ATP, ionomyvcin (a calcium ionophore), and dibutyryl cAMP
(dbcAMP; a membrane-permeable cAMP analog) under various
conditions. We also determined the effects of these agents on
oxygen consumption by sperm. Sperm cryopreservation was
considered successful if frozen—thawed sperm fertilized ococytes.
To improve the effectiveness of in vitro fertilization (IVF), we
determined whether ATP-and dbcAMP-supplemented IVEme-
dia improve the fertilizing ability of sperm. We also attempted
artificial insemination with frozen-thawed 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 ¥ 20 cm) under controlled condi-
tions with lights on at 0800 and off at 2000 h. They were given
food and tap water ad libitum.

Raffinose-mKRB-egg yolk extender. We used raffinose~
mKRB-egg yolk freezing solution containing 0.1 M raffinose,
32.37 mM sodium pr-lactate, 50 pg/mL streptomycin, and
75 pg/mL penicillin (all from Sigma, S5t Lounis, MO) and 94.6
mM NaCl, 478 mM KCI, 1.71 mM CaCl,;2H,0, 1.19 mM
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MgSO,7H,0, 1.19 mM KH PO,, 25.07 mM NaHCO,, 0.5 mM
sodium pyruvate, and 5.56 mM glucose (all from Wako Pure
Chemical Industries, Osaka, Japan). Egg yolk (20% v/v) was
added to the solution. Egg-yolk lipids were solubilized by
adding 0.04% (w/v) SDS (Wako) as described previously.*!#?
Sperm motility. Sperm motility was assessed by using a sperm
motility analysis system (version 1.0, Kashimura, Tokyo, Japan)
and a previously described protocol **Acrosome integrity.
Acrosomes of fresh and frozen—thawed sperm were assessed
by staining with FITC-conjugated peanut agglutinin (Wako).*!
Rat epididymal sperm collection. Sexually mature Wistar male
rats older than 15 wk were euthanized by cervical dislocation.
Both caudae epididymides were excised, rinsed, and carefully
blotted free of blood and adipose tissues. A small part of the
cauda epididymis was excised with fine scissors, and the sperm
droplet that subsequently welled up was transferred to a 1.5-
mL microfuge tube containing 1 mL freezing medium at 37 °C.
After 5 min, the tube was assessed macroscopically to determine
whether the sperm were dispersed adequately.
Cryopreservation and thawing. We investigated the effect of
various concentrations of ionomycin (Sigma) in ATP-containing
raffinose-mKRB-egg yolk extenders on the motility of fresh and
frozen-thawed sperm. Sperm samples from both caudae epidi-
dymides of 3 rats were collected and immediately suspended in
1 mL raffinose-mKRB-egg yolk extender containing 1.85 mM
ATP and 0, 5,10, 15, or 20 uM ionomycin. Each suspension was
incubated at 37 °C for 5 min to ensure sperm dispersal, and the
sperm concentration and motility then were evaluated with
the sperm motility analysis system. Sperm were processed and
frozen by using a previously described method with modifica-
tions.® Diluted sperm samples were cooled to 5 °C for 90 min
and further diluted to a ratio of 1:1 with the previously men-
tioned extenders to which a commercial cryoprotectant (Equex
STM, Nova Chemical Sales, Scituate, MA) was added to 1.5%.
The sperm concentration after dilution was 5 x 10° sperm/mL.
The samples were equilibrated at 5 °C for 30 min before freez-
ing and loaded into standard 0.5-mL straws. Next, a tube rack
made from stainless steel was put into the polystyrene box (17 x
27 %17 em), and the box was filled with liquid nitrogen until 2
cm below the level of the tube rack. The heat-sealed straws were
placed in the tube rack, exposed to liquid nitrogen vapor for 10
min, plunged into liquid nitrogen (~196 °C), and stored for 3 d at
this temperature. The straws were thawed in water (37 °C) for 10
s, transferred to 1.5-mL microfuge tubes, and incubated at 37 °C
for 5 min. Thereafter, sperm motility parameters were assessed.
We next analyzed the characteristics of fresh and frozen—
thawed sperm stored in ATP-containing raffinose~-mKRB-egg
yolk extenders supplemented with dbc AMP (Sigma) at various
concentrations. Inbrief, sperm samples were collected from the
caudae epididymides of 3 male rats, divided into 5 aliquots,
and suspended in extender solution containing 1.85 mM ATP
and 0, 100, 200, 300, or 400 uM dbcAMP. The suspensions were
cooled to 5 °C for 90 min, and equal volumes of the previously
mentioned extender solutions containing 1.5% cryoprotectant
were added. The resultant solutions were equilibrated at 5 °C
for 30 min, frozen, and stored in liquid nitrogen. The straws
were thawed rapidly by holding them in water at 37 °C for
10 s. Sperm were transferred to a 1.5-mL microfuge tube and
incubated at 37 °C for 5 min. Sperm motility (%), straight-line
velocity (m/s), curvilinear velocity (um/s), and amplitude of
lateral head displacement (um) were evaluated after incubation
for 3 h. Acrosome integrity was evaluated by staining frozen—
thawed sperm with FITC-conjugated peanut agglutinin.

Oxygen consumption by sperm. We assessed the effects of
ionomycin and dbecAMP in ATP-containing raffinose~-m KRB~
egg yolk medium on sperm mitochondrial activity. Sperm
samples were collected from 5 mature male rats and diluted in
ATP-free raffinose-mKRB-egg yolk medium at 37 °C for 5 min
to permit sperm dispersal. Equal aliquots of the samples were
resuspended in raffinose-mKRB-egg yolk medium containing
3.7 mM ATP (control), 20 uM ionomyein, or 200 uM dbcAMP;
thus the final ATP, ionomycin, and dbcAMP concentrations
were halved. Oxygen-consumption rates were measured using
Clark-type oxygen electrodes (Rank Brothers, Cambridge, UK);
the electrodes were maintained at 37 °C for 10 min and calibrated
with air-saturated water (presumed oxygen concentration, 406
nmol/mL)at 37 °C. Sperm samples (1 mL each) were suspended
in a reaction chamber (final concentration, approximately 1 x
107 sperm /mL) and carefully stirred to avoid introduction of
externalair. Data were acquired by using a commercial software
program (LabChart version 5.2, AD Instruments, Castle Hill,
Australia). The oxygen consumed by the sperm were calculated
as described previously:?®

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 rates of oxygen consumption by sperm were expressed
as nmol/min/1 x 107 sperm.

IVF and embryo culture. After IVF and culture, embryo
development was examined as described previously.!* mKRB
medium containing 4 mg/mL bovine serum albumin (BSA, Sig-
ma) was used for fertilization. For subsequent culture, we used
modified rat 1-cell embryo culture medium (ARK Resource,
Kumamoto, Japan). The fertilization and culture media were
prepared in polystyrene culture dishes covered with paraffin oil
(Nacalai Tesque, Kyoto, Japan) and equilibrated overnight ina
CO, incubator (Hirasawa, Tokyo, Japan; 5% CO, inairat 37 °C).

Superovulation was induced in immature rats as described
previously.]9 In brief, female rats (age, 28 to 33 d) were injected
intraperitoneally with 10 IU pregnant mare serum gonadotropin
(Serotropin, Teikoku Zoki, Tokyo, Japan) and, after 48 h, with 10
U human chorionic gonadotropin (Puberogen, Sankyo, Tokyo,
Japan). After 13 to 15 h, the rats were euthanized by cervical
dislocation. Their oviducts were isolated, blotted with sterilized
filter paper to remove the liquid and blood on the external
surfaces, and added to dishes containing 100 uL. mKRB-BSA
medium. The cumulus-oocyte complexes in the oviducts were
collected by flushing excised oviducts with mKRB-BSA.

Freshsperm were obtained from male rats as described previ-
ously. Frozen—thawed sperm in dbcAMP- and ATP-containing
raffinose-mKRB~egg yolk extenders were used. In brief, fresh
epididymal sperm were suspended in 1 mL mKRB-BSA me-
dium with or without 1.85 mM ATP and 100 pM dbcAMP
(concentration, 1 % 107 sperm/mL). Both sperm suspensions
were warmed in an incubator for 5 min, and 10 puL of each was
transferred to fresh dishes containing drops of mKRB with 4
mg/mL BSA (90 uL; final concentration, 1 X 10 sperm /mL).
Frozen sperm were thawed in a water bath (37 °C) for 5 min and
suspended in the aforementioned media. Next, 10 pL. of each
suspension was transferred to a fresh dish containing drops of
mKRB-BSAmedium (final frozen-thawed sperm concentration,
2 to 3 ¥ 10% sperm /mL}). Immediately after sperm were added
to the insemination medium, cumulus-oocyte complexes col-
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lected from the oviducts of superovulated immature rats were
carefully released into the sperm suspensions and incubated
in the insemination medium at 37 °C in 5% CO, for 12 h. The
eggs were freed from the cumulus cells, washed thrice with
rat 1-cell embryo culture medium, and examined under phase-
contrast microscopy to detect penetration and fertilization. Eggs
containing sperm within the perivitelline space were defined
as penetrated eggs. Penetrated eggs that exhibited pronucleus
formation were considered to be undergoing fertilization. Eggs
(20 to 30) with both female and male pronuclei with correspond-
ing tails were cultured in 100 uL culture medium for 5d ina
CO, incubator. Embryos that progressed to the 2-cell, 4-cell, and
blastocyst stages were counted at 24, 72, and 120 h of culture,
respectively.

Intrauterine insemination of frozen-thawed sperm. Sperm
were frozen in dbcAMP- and ATP-containing raffinose~-mKRB~
egg yolk extenders, as described ealier. By using a previously
described method,? fresh sperm collected from 6 mature male
rats were injected into the uterine horns of 6 female Wistar rats,
and frozen-thawed sperm were injected into the uterine horns
of 27 female rats. In brief, sexually mature female rats were
maintained on a 12:12-h light:dark cycle (lights on, 0800 to 2000 h)
and introduced into cages containing sterile vasectomized male
rats. In the evening (2200 to 2300 h) of day 0 (day of pseudo-
pregnancy induction), fresh and thawed sperm (50 pL each; 20
to 30 x 10° sperm /mL) were injected into the oviductal ends of
the uterine horns of pseudopregnant rats.

Statistical analysis. The data were subjected to ANOVA
and Fisher protected least-significant difference posthoc test
(StatView, Abacus Concepts, Berkeley, CA). All data are ex-
pressed as the mean + SEM. A P level of less than 0.05 was
considered statistically significant.

Results

Effect of ionomycin in freezing extenders on cryopreserved rat

sperm. We first examined the effect of ionomycin (0, 5, 10, 15,

and 20 pM) in and ATP-containing raffinose-mKRB-egg yolk
freezing extenders on the motility of fresh and frozen-thawed
sperm. Sperm motility did not significantly differ between fresh
and frozen—thawed sperm that were extended in ATP with
raffinose-mKRB-egg yolk extenders containing 0, 5, 10,15 and
20 uM ionomycin (Table 1).

Effect of dbcAMP in freezing extenders on cryopreserved
rat sperm. This experiment aimed to determine whether the
addition of the sperm-motility regulator dbcAMP (0, 100, 200,
300, and 400 pM) to ATP-containing raffinose-mKRB-egg yolk
extenders improves postthaw sperm motility. Frozen sperm in
extender containing ATP and 100 uM dbc AMP were moremotile
than those in dbcAMP-free extender (Table 2). Frozen-thawed
sperm incubated for 3 hat 37 °C in the ATP-containing extender
supplemented with 100 uM dbcAMP exhibited significantly
(P <0.05) greater motility, straight-line velocity, and amplitude
of lateral head displacement than did those in dbcAMP-free
ATP-containing extender (Figure 1). Both before and after
thawing, the proportion of sperm with intact acrosomes did
not significantly differ among the sperm diluted in the various
dbcAMP-containing extenders (Table 2).

Effect of ionomycin and dbcAMP in ATP-containing media
on the oxygen consumption of sperm. Oxygen consumption by
sperm was evaluated by incubation of sperm at 37 °C for 10min
in ATP-raffinose-mKRB-egg yolk medium with or without
10 pM ionomycin and 100 uM dbcAMP. No significant dif-
ferences were noted in the oxygen-consumption rates among
sperm cultured in any of the tested media (Figure 2).

Extracellular ATF, dbcAMP, and rat sperm function

Effects of ATP and dbcAMP in fertilization medium on the fer-
tilizing ability of fresh and frozen-thawed sperm and on oocytes
in vitro. To determine the optimal conditions for successful IVF,
oocytes were fertilized with fresh and frozen-thawed sperm
in mKRB-BSA medium with or without ATP and dbcAMP
(Table 3). In medium without dbcAMP, 55% of oocytes were
penetrated by fresh sperm, 48% exhibited pronuclei, and 22 %
developed into blastocysts. However when ATP and dbc AMP
wereadded, these proportions were increased significantly (P <
0.05): 75% of oocytes were penetrated by fresh sperm, 67% had
pronuclei, and 33% developed into blastocysts. Oocytes werenot
penetrated after coculture of cumulus—oocyte complexes with
frozen—thawed sperm in mKRB-BSA medium. However, oocytes
were penetrated (3%) when cocultured with frozen-thawed
sperm in mKRB-BSA medium containing ATP and dbcAMP. Of
the penetrated oocytes, 3%, 3%, 0.9%, and 0.9% progressed to
the pronuclear, 2-cell, 4-cell, and blastocyst stages, respectively.

Fertilization after intrauterine insemination with frozen-
thawed sperm. The fertilizing ability of frozen-thawed sperm
after intrauterine insemination was assessed. After the injection
of fresh sperm into 6 rats, 3 became pregnant and delivered
17 live rat pups. In contrast, when cryopreserved sperm were
inseminated into the uteri of 27 rats, no live offspring were
obtained.

Discussion

Both intracellular and extracellular ATP molecules play key
roles in sperm function. Intracellular ATP is the main energy
source driving sperm motility.?¢ Extracellular ATP increases the
calcium and cAMP levels in sperm.’® Intra- and extracellular
calcium are crucial for functional sperm motility in several
animal species.”?"?2 cAMP is generated from ATP during an
adenylate-cyclase-mediated reaction in the protein kinase A
pathway."* Although cAMP also is associated with sperm
motility,*® its role in the freezability of rat sperm has not been
reported thus far.

We recently showed that rat sperm can be frozen successfully
after incubating them in ATP-containing raffinose~-mKRB-e
yolk extender.® This finding suggests that extracellular ATP has
several downstream effects that increase the caleium and cAMP
levels. These molecules may enhance sperm motility directly
before cryopreservation or may be used as oxidative substrates
in the mitochondria for ATP production and contribute to the
remobilization of frozen-thawed sperm. We hypothesized
that increasing the intracellular calcium and cAMP levels in
rat sperm before cryopreservation would increase the oxygen-
consumption rates of the sperm, enhance their motility, and
ensure the survival of the cryopreserved sperm. To test this
hypothesis, we first determined the effect of the calcium iono-
phore ionomycin in ATP-containing raffinose-mKRB-egg yolk
freezing extenders on the motility of fresh and frozen—thawed
sperm. The motility of fresh and frozen—thawed sperm diluted
in ATP-containing extender supplemented with ionomycin did
notsignificantly differ from that of sperm diluted in ionomycin-
free extender. This result suggests even in the presence of ATP,
ionomyecin did not enthance the freezability of rat sperm.

In the next experiment, we attempted to determine whether
addition of the sperm-muotility regulator dbc AMP to ATP-con-
taining extenders improves sperm motility after thawing.
Frozen-thawed sperm in ATP-containing extender supplement-
ed with 100 uM dbcAMP were significantly more motile than
those in dbcAMP-free extender. Moreover, the frozen-thawed
sperm incubated for 3 h at 37 °C exhibited greater motility,
straight-line velocity, and amplitude of lateral head displace-
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Table 1. Effect of ionomycin in ATP-containing raffinose-mKRB-¢gg yollk medium on various sperm characteristics after collection and thawing

Tonomycin (UM)
Sperm

characteristics 0 5 10 15 20
After collection  Motility (%) 739£8.0 789+24 81.4+04 71.2+99 76629

VSL (um/s) 145+1.2 142+£5.0 8.0%£29 10513 111£25

VCL (um/s) 1384+3.3 129.0+ 133 1034+ 144 102.6 £ 6.6 104.8+£16.0

ALD (um) 67+05 63103 6.1+05 58+04 55+07

BCF (Hz) 324+13 316%28 32122 301+£1.7 309+23
After Motility (%) 314+36 319+47 359+1.7 254+24 27.61+73
thawing

VSL (um/s) 35+05 59+1.0 45£02 59+1.1 39%04

VCL (um/s) 66.5+5.2 83.6+29 91712 77.3+7.3 1017 £222

ALD (um) 29+02 4.0+02 41+01 37105 58+20

BCF (Hz) 35.1+£27 337+28 378142 319+07 297+ 65

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

Values are expressed as the mean = SEM (n.= 3).
*Value significantly (P < 0.05) different from control value.

Table 2. Effect of dbcAMP in ATP-con faining raffinose-mKRB-egg yolk medium on sperm characteristics after collection and thawing

dbcAMP concentration (WM)

Sperm
characteristics 0 100 200 300 400
After collection  Motility (%) 63391 80.0+58 714107 525+15.1 29.6+9.9°
VSL (um/s) 125+0.8 135124 139£39 12.8+39 85+22
VCL (um./s) 1174£09 1009+£77 1168+ 14.7 93.4+%234 95.8+9.8
ALD (um) 67103 51042 5.6+£03 45+ 1.3 44+ 0.6°
BCF (Hz) 27.7+09 246125 234+1.1 262+ 13 284133
Acrosome integrity (%) 879+58 905+4.5 864+5.1 88.0+49 89.7+4.2
After thawing  Motility (%) 285+83 433+28 349+33 29.0+£3.8 14.1+£09°
VSL (um/s) 44105 51+08 43+02 43+02 49+1.9
VCL (um/s) 889+129 8931102 725+44 88.4+58 746195
ALD (um) 41104 39+05 39+06 44+ 03 41+05
BCF (Hz) 36.8+29 326122 35.6+29 36.0+1.0 362+23
Acrosome integrity (%) 760+78 77.7 82 769+4.6 714+80 69371

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

Values are expressed as the mean + SEM (n = 3).
aValue significantly (P < 0.05) different from control value.

ment than those incubated in dbcAMP-free ATP-containing
extender. Both before and after thawing, the proportion of sperm
with intact acrosomes did not differ among sperm diluted in
the various dbcAMP-containing extenders. Therefore, the ad-
dition of dbcAMP to ATP-containing extenders provided the
best results with regard to the postthaw sperm motility, ther-
mal resistance of sperm, and acrosome integrity. This finding
may be attributed to the activation of the cAMP-dependent
molecular signaling or signal-transduction systems in sperm
by extracellular ATP before sperm cryopreservation.’®2¢ This
activation may contribute to the remobilization of rat sperm
after freezing and thawing. Oxygen consumption by sperm
was evaluated after their incubation 37 °C for 10 min in ATP-
containing medium with or without 10 pM ionomycin and 100
uM dbcAMP. Oxygen-consumption rates did not differ among
sperm cultured in the media tested, suggesting that extracellular
ionomycin and dbcAMP are not involved in the mobilization
of mitochondrial energy substrates in sperm.

The role of cAMP in the enhancement of sperm motility is
well established; further, cAMP is an important regulator of
capacitation and the acrosome reaction. " We sought to deter-
mine the optimal conditions for successful IVE with fresh and
frozen-thawed rat sperm. Oocytes were fertilized with fresh and
frozen—thawed sperm in mKRB-BSA medium with or without
ATP and dbcAMP. When IVF was performed with fresh sperm,
the resultant fertilization rates and the percentage of embryos
that progressed to blastocysts were higher when mKRB-BSA
medium containing ATP and dbcAMP was used than when the
medium lacked ATP and dbc AMP. Frozen-thawed sperm failed
to penetrated oocytes after coculture with cumulus-oocyte
complexes in mKRB-BSA medium. In contrast, cryopreserved
sperm cultured in ATP- and dbcAMP-containing mKRB-BSA
medium successfully penetrated oocytes, and the resultant
embryos progressed to blastocysts. These results indicate ATP
and dbcAMP in the IVE medium may regulate intracellular
cAMP levels. An increase in intracellular cAMP levels may
mediate caleium influx into sperm through CatSper calcium
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Figure 1. Effect of dbcAMP in ATP-containing raffinose-mKRB-egg yollk medium on the (A) motility, (B) straight-line velocity, (C) curvilinear
velocity, and (D) amplitude of lateral head displacement of frozen-thawed sperm after incubation at 37 °C for 3 h. Values are presented as mean
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Figure 2. Effect of ionomycin and dbcAMP in raffinose-mKRB-egg
yolk medium. containing ATP on the oxygen consumption of fresh
sperm after incubation at 37 °C for 10 min. Values are presented as
mean * SEM (1 = 5). Supplementing ATP-containing medium with
jonomycin and dbeAMP did not alter the oxygen consumption of
fresh sperm.

ion chammels®02% or activate adenosine triphosphatase; sperm
then become hyperactive and undergo the acrosome reac-
tion.2?” These changes augment the fertilizing ability of fresh
and cryopreserved rat sperm. A recent article® also addressed
the importance of cAMP and reported increased fertilization
rates with frozen—thawed sperm that had been treated with
the phosphodiesterase inhibitor 3-isobutyl-1-methyl-xanthin.
We also assessed the fertilizing ability of frozen-thawed
sperm by using intrauterine insemination. Three of the six

Wistar rats injected with fresh sperm became pregnant and
delivered 17 live rat pups. In contrast, when cryopreserved
sperm were inseminated into the uteri of 27 rats, no live off-
spring were obtained. Successful artificial insemination by
using frozen-thawed rat sperm has been reported previously,?®
and a more recent publication by same group? confirmed that
cryopreserved rat sperm can be revitalized and result in the
birth of live offspring through embryo transfer after IVE. Al-
though the authors®® mentioned that intracytoplasmic sperm
injection is the only way to routinely obtain offspring routinely
derived from oocytes fertilized in vitro, the use of fresh and
cryopreserved sperm in an in vitro fertilization protocol is not
yet widespread.” Taken together, these findings indicate that
protocols for sperm cryopreservation and oocytes fertilized in
vitro by using cryopreserved sperm arestillunder development
for safe preservation of most rat strains.

In conclusion, the cryopreservation of rat epididymal sperm
in raffinose-mKRB-egg yolk extender supplemented with ATP
and dbcAMP rendered sperm from Wistar rats freezable. Cocyte
fertilization by fresh sperm and blastocyst formation from the
fertilized oocytes were enhanced when the fertilization medium
was supplemented with ATP and dbcAMP. Frozen—thawed
sperm incubated in mKRB-BSA medium containing ATP and
dbcAMP penetrated oocytes, and resultant embryos progressed
to the blastocyst stage. This finding indicates that ATP- and
dbcAMP-containing extenders improved the postthaw motility
and fertilizing ability of cryopreserved rat sperm. Moreover,
the IVF medium developed in the current study may be effec-
tive for the in vitro production of embryos from cryopreserved
rat sperm. Further experiments are required to develop more
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Table 3. Development of oocytes after IVF with fresh and cryopreserved rat sperm

No. (%) of total cocytes examined

ATP+ Pronuclear forma-
dbecAMP  Total Penetration tion? 2-cell embryos  4-cell embryos Blastocysts
Fresh sperm - 146 81 (55.5)° 71 (48.6)° 70 (48.0)" 57 (39.0)® 33 (22.6)°
+ 169 128 (75.7)¢ 113 (66.7)° 114 (67.5) 104 (61.5) 57 (33.7)
Frozen sperm - 132 0(0) 0O 0@ 0 0(0)
+ 102 4(3.9) 4 (3.9) 4(39) 1(0.9) 1(0.9)

*Two pronuclei with a sperm tail.

b<Values with different superseripts within the same column are s]gmﬁcantly (P < 0.05) different.

effective methods for artificial insemination and IVF using
cryopreserved rat sperm.
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Involvement of a novel preimplantation-specific
gene encoding the high mobility group box protein
Hmgpi in early embryonic development
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Mining gene-expression-profiling data identified a novel gene that is specifically expressed in preimplantation
embryos. Hmgpi, a putative chromosomal protein with two high-mobility-group boxes, is zygotically tran-
scribed during zygotic genome activation, but is not franscribed postimplantation. The Hmgpi-encoded
protein (HMGPI), first detected at the 4-cell stage, remains highly expressed in pre-implantation embryos.
Interestingly, HMGPI is expressed in both the inner cell mass (ICM) and the trophectoderm, and translocated
from cytoplasm to nuclei at the blastocyst stage, indicating differential spatial requirements before and after
the blastocyst stage. siRNA (siHmgpi)-induced reduction of Hmgpi transcript levels caused developmental
loss of preimplantation embryos and implantation failures. Furthermore, reduction of Hmgpi prevented
blastocyst outgrowth leading to generation of embryonic stem cells. The siHmgpi-injected embryos also
lost ICM and trophectoderm integrity, demarcated by reduced expressions of Oct4, Nanog and Cdx2. The
findings implicated an important role for Hmgpi at the earliest stages of mammalian embryonic development.

INTRODUCTION

Preimplantation development encompasses the period from
fertilization to implantation. Oocytes cease developing at
metaphase of the second meiotic division, when transcription
stops and translation is reduced. After fertilization, sperm
chromatin is reprogrammed into a functional pronucleus and
zygotic genome activation (ZGA) begins, whereby the
maternal genetic program govermned by matemnally stored
RNAs and proteins must be switched to the embryonic
genetic program govemed by de nove transcription (1,2).
Our previous gene expression profiling during preimplantation
development revealed distinctive patterns of maternal RNA
degradation and embryonic gene activation, including two
major transient ‘waves of de novo transcription’ (3). The
first wave during the 1- to 2-cell stage corresponds to ZGA.
The second wave during the 4- to 8-cell stage, known as

mid-preimplantation gene activation (MGA), induces dramatic
morphological changes to the zygote including compaction
and blastocele formation, particularly given that few genes
show large expression changes after the 8-cell stage. ZGA
and MGA together generate a novel gene expression profile
that delineates the totipotent state of each blastomere at the
cleavage stage of embryogenesis, and these steps are prerequi-
site for future cell lineage commitments and differentiation.
The first such differentiation gives rise to the inner cell mass
(ICM), from which embryonic stem (ES) cells are derived,
as well as the trophectoderm at the blastocyst stage.
However, the molecular regulatory mechanisms underlying
this preimplantation development and ES-cell generation
from the ICM remain unclear.

Induced pluripotent stem (iPS) cells are ES cell-like pluri-
potent cells, generated by the forced expression of defined
factors in somatic cells, ncluding Pou5f1/Oct4, Sox2, K1f4
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and Myc (4). These iPS factors arc thought to reprogram
somatic nuclei in a somewhat similar way as ooplasm does
in reconstructed oocytes by nuclear transfer (NT). However,
with the exception of QOct4, these factors are not highly
expressed matemally in oocytes, and only increased by
zygotic transcription during preimplantation, based on
expression sequence tag (EST) frequencies in Unigene
¢DNA libraries and microarray data from oogenesis to preim-
plantation development (5). Although pluripotency is achieved
within 2 days in NT embryos reconstructed with a somatic
nucleus, it takes approximately 2 weeks for the establishment
of iPS cells. Such immediate induction of pluripotency during
preimplantation development is attributed to well-organized
transcriptional  regulation, ie. waves of transcription
whereby maternal gene products trigger ZGA, which in turn
fuels MGA. On the other hand, the forced simultaneous tran-
scription of iPS factors in somatic cells does not efficiently
induce these waves of transcription, and it takes a long time
to activate the other genes necessary for pluripotency. Study-
ing transcriptional regulation during preimplantation develop-
ment would therefore also help unravel the establishment of
iPS cells as well as pluripotency in these cells.

Large-scale EST projects (6-8) and DNA microarray
studies (3,9~11) have revealed many novel genes zygotically
expressed during preimplantation development. Very few of
these genes, however, are exclusively expressed in preimplan-
tation embryos (12), and such genes ought to have important
roles during preimplantation development. For example,
Zscand, a novel transeription factor, is expressed specifically
in 2-cell stage embryos and a subset of ES cells (13).
Reduction of Zscand transcript levels by siRNAs delays pro-
gression from the 2-cell to the 4-cell stage, and produces blas-
tocysts that neither implant in vivo nor proliferate in blastocyst
outgrowth culture. Thus, a transcription factor expressed
exclusively in preimplantation embryos is potentially a key
regulator of global gene expression changes during preimplan-
tation development. On the other hand, reprogramming gene
expression during ZGA and MGA requires considerable
changes in chromatin structure (14--16), and modulation of
chromatin folding affects access of regulatory factors to
their cognate DNA-binding sites. This modulation can be
achieved by loosening the chromatin structure, by disrupting
the nucleosome structure, by DNA bending and unwinding,
and by affecting the strength of DNA-histone interactions
via postsynthetic modifications of histones (17,18). Many of
these structural changes are mediated by a large and diverse
superfamily of high-mobility-group (HMG) proteins, which
are the second most abundant chromosomal proteins after his-
tones (18).

This study identified a novel preimplantation-specific gene,
Hmgpi, which encodes a chromosomal protein containing
HMG box domains. It reports a detailed expression analysis
of Hmgpi and the Hmgpi-encoded protein (HMGPT), which
was translocated from the cytoplasm to nuclei at the blastocyst
stage. Loss-of-function studies were also conducted using
siRNA teclmology. The siRNA-induced reduction in Hmgpi
expression caused developmental loss at preimplantation
stages and hampered implantation through reduced prolifer-
ation of both ICM-derived cells and trophectodermal cells
during peri-implantation development.

Human Molecular Genetics, 2010, Vol. 19, No. 3 481

RESULTS

Gene structure of a preimplantation-stage-specific gene,
Hmgpi

In silico analysis identified Hmgpi (an HMG-box protein,
preimplantation-embryo-specific) as a preimplantation-stage-
specific gene encoding a chromosomal protein containing
HMG box domains., The Hmgpi transcript levels are probably
upregulated during ZGA (1- to 2-cell stages) to peak at the
4-cell stage, based on gene expression profiling (3,9)
(Fig. 1A). Using the public expressed-sequence tag (EST)
database, 16 cDNA clones were found exclusively in
preimplantation-embryo  libraries (2- to  8-cell stages)
(Fig. 1B). One of these contained the full Hmgpi gene
coding sequence (AK163257) (Fig. 1C), spanning 2579 bp
and split into two exons, which encode a protein of 394
amino acids (aa) (NP_001028965) harboring a SANT
domain (‘SWI3, ADA2, N-CoR, and TFIIIB’ DNA-binding
domain) and two HMG-box domains, based on SMART
domain prediction analysis (19) (Fig. 1C). In the NCBI
Gene database, the Hmgpi gene is called Ubtf-like 1 (Ubtfl)
based on aa sequence similarity (36% identity and 58% posi-
tives by BLAST) to Ubtf-encoded protein ‘upstream binding
transcription factor’, which contains a SANT domain and six
HMG-box domains, Two rtat homologs (Ub#il and
RGDI304745) and three human homologs (UBTFLI-3) of
the mouse Hmgpi were identified by BLASTing of
NP_001028965 against the NCBI nucleotide database. Pair-
wise alignment scores by BLAST of amino acid sequences
for rat and human homologs are 72.3-72.5% and 53.8-
54.1%, respectively (Fig. 1D and Supplementary Material,
Table S1), while those for nucleotide sequences are 83.7 and
66.8-67.0%, respectively., All these human homologs were
predicted by in silico genome-based analysis, and have no
ESTs in the Unigene database. The absence of human ESTs
may reflect the paucity of ¢cDNA libraries of human preim-
plantation embryos in the Unigene database, despite specific
expression of the Hmgpi gene in human preimplantation
embryos. Based on the number and the type of HMG-box
domains, this novel protein could also be categorized into
the HMG-box family (HMGB). A dendrogram of aa sequence
similarity in HMG family proteins indicates two HMG sub-
groups (Fig. 1E). One includes the HMG-nucleosome
binding family (HMGN) and the HMG-AT-hook family
(HMGA), and the other is HMGB that includes HMGPI. All
members of HMGB contain two HMG-box domains
(‘HMG-box’ or “HMG-UBF_HMG-box’).

Expression of the Hmgpi gene and protein

First, we experimentally confirmed the preimplantaion-stage-
specific expression pattern of Hmgpi suggested by the
in silico analysis. Northem blot analysis using a mouse mul-
tiple tissue poly(A)RNA panel (FirstChoice®™ Mouse Blot 1
from Ambion, Austin, TX, USA) failed to detect expression
of the Hmgpi gene (data not shown). While RT~PCR analysis
using cDNA isolated from mouse adult tissues and fetuses (E7,
E11, E15 and E17) also failed to show Hmgpi expression,
RT--PCR analysis for preimplantation embryos indicated
Hmgpi expression from the 2-cell embryo to the blastocyst
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Tigure 1. In silico analysis of Himgpi expression. (A) Previous microarray analysis of Hmgpi expression. Hmgpi expression appeared at the 2-cell stage, peaked at
the 4-cell'stage and then decreased (3). (B) Expression sequence tag (EST) frequencies in Unigene cDNA libraries. Out of 4.7 million mouse ESTs, 16 Kingpi
clones were exclusively detected at the cleavage stages: 9, 2 and 5 ESTs from 2-cell, 4-cell and 8-cell libraries, respectively, (C) Exon—intron structures and a
putative protein stracture of Hngpi. Hmgpi has three exon--intron models and one protein model. Predicted protein domains are also shown. (D) Conserved
domains of Hmgpi/Ubtfll gene in mouse, rat and human. Pairwise alignment scores of conserved domains between species were shown. (E) Phylogenetic
tree of gene nucleotide acid sequences containing HMG domains determined by a sequence distance method and the neighbour-joining (NJ) algorithm (41)

using Vector NTT software (Invitrogen, Carlsbad, CA, USA).

stage (Fig. 2A). Furthermore, significant expression of Hmgpi
was detected in ES cells, although not in embryonic carcinoma
(EC) cells nor in mesenchymal stem cells (Fig. 2B). The rela-
tive abundance of Hmgpi transcripts in preimplantation
embryos was measured by real-time quantitative RT-PCR.
(qRT~PCR) analysis (Fig. 2C). Four independent experiments
were conducted with four replicates of 10 embryos each. To

normalize the qRT~PCR reaction efficiency, H2afz was used
as an imternal standard (20). Hmgpi mRNA levels increased
during the 1- to 2-cell stage, peaked at the 4-cell stage, and
then gradually decreased during the 8-cell to blastocyst
stage (Fig. 2C). The in silico-predicted preimplantation-
stage-specific expression pattern of Hmgpi was therefore
validated.
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Figure 2. Expression of Amgpi in preimplantation embryos and other tissues. (A) RT--PCR analysis of Hmgpi expression daring preimplantation and postim-
plantation development (E7-F17). Three sets of 10 pooled embryos were collected from each stage (O: oocyte, F: fertilized egg, 2: 2-cell embryo, 4: 4-cell
embryo, 8: 8-cell embryo, M: morula, and B: blastocyst) and used for RT-~PCR analysis. The predicted sizes of the PCR products of Hmgpi and Gapdh are
406 and 373 bp, respectively. No PCR products were detected in the no-RT negative control (4-cell embiyo). (B) RT-PCR analysis of Hmgpi expression in
adult tissues, ES cells, EC cells and mesenchymal stem cells. mRNA was isolated from mouse tissues (H: heart, Bl: bladder, S: spleen, Lu: hung, Li: liver,
Mu: muscle, K: kidney, T: testis, ES: ES cells, EC: EC cells, and MSC: mesenchymal stem cells). No PCR products were detected in the no-RT negative
control (ES cells). (C) Real-time quantitative RT~PCR analysis of Hmgpi expression during preimplantation development. Fold differences in amounts of
Hmgpi mRNA from the same numbers of oocytes (0), fertilized eggs (F), 2-cell embryos (2), 4-cell embryos (4), 8-cell embryos (8). morulae (M) and blastocysts
(B) are shown after normalization to an internal reference gene (mouse H2afz). Values are means -- SE from four separate experiments. (D) De novo (zygotic)
transcription of the Fmgpi gene. c-Amanitin studies revealed that FHingpi is transcribed zygotically, but not maternally. Hmgpi expression was not observed
before the 2-cell stage and w-amanitin completely inhibited de novo transcription at the 2-cell stage (closed thombus: control group, open square:
a-amanitin-treated group). The expression levels were normalized using H2af% as a veference gene. Values are means + SE from four separate experiments,
(E) Immunocytochemical analysis of HMGP] expression. MIT oocytes and preimplantation embryos were immunostained with an anti-HMGPI antibody
(red) and an anti-Histone-H2B antibody as a positive control of nuclear staining (green). Nuclei are shown by DAPI staining (blue). HMGPI protein was detected
from 4-cell embryos to blastocysts. (F) Immaunoblot analysis of HMGP during preimplantation development. An amount of extracted protein corresponding to
100 cocytes or embryos was loaded per lane. Actin was used as a loading control. The representative resualt is shown from three independent experiments.
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