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normal, because we could not recover live offspring in
tetraploid complementation experiments, which indi-
cates that mGS cells alone cannot produce a normal
whole embryo, The failure is most likely related to the
imprint status of mGS cells, since altered imprinted gene
methylation causes fetal abnormalities with ES cells
{Dean et al., 1998; Surani, 2001). Nevertheless, the im-
print status of mGS cells did not influence the germline
competence, and normal offspring were obtained from
the chimeric animal. This agrees with the previous re-
ports that both ES and EG cells can produce germline
chimera (Robertson and Bradley, 1986; Labosky et al.,
1894; Stewart et al., 1994}, even with androgenetic im-
print patterns (Narasimha et al., 1997).

The derivation of multipotent stem cells from the neo-
natal testis may have practical value for medicine and
biotechnology. These cells are different from other re-
ported multipotent cells in terms of morphology, marker
expression, and capacity for differentiation (Verfaillie,
2002; Wagers and Weissman, 2004). While it isimportant
to study the biology of individual cell types and assess
their potential for clinical application, 2 major advantage
of mGS cells is that techniques currently used to derive
specific lineages of cells from ES cells are applicable
directly. Clearly, the derivation of mGS cells has fewer
ethical concerns than does the derivation of ES cells,
because mGS cells can be obtained without sacrificing
the conceptus or embryos. Furthermore, the availability
of histocompatible, multipotent tissue for autotrans-
plantation would circumvent immunological problems
associated with ES cell-based technology. Although we
failed to obtain mGS cells from mature wild-type ani-
mals, this was likely due to the low success rate of
GS cell establishment. The results of the p53 knockout
mouse experiment suggest that mGS cells can arise
from mature testis. Development of more efficient sys-
tems to derive GS cells from mature testis is necessary
at this stage of research, and suppression of p53 expres-
sion in GS cells, such as by RNA interference, may be
useful for enhancing the frequency of derivation. Future
studies should also be directed toward examining the
effect of imprinting on the range and efficiency of differ-
entiation. Such studies will provide important informa-
tion for potential clinical applications.

Experimental Procedures

Cell Culture

Testis cells wera collected from newborn (0-2 days cld) ddY or
DBA/2 mice (Japan SLC, Shizuoka, Japan). For some experiments,
testis cells were collected from a newborn Green mause {Kanatsu-
Shinohara et al., 20033} or p53 knockout mouse in ICR background
(Tsukada et al,, 1993). Testis cell culture was performed according to
the previously published protocol (Kanatsu-Shinohara et al,, 2003a},
with slight modifications. In brief, testis cells were allocated to a
gelatin-coated tissue culture plate (2 X 10° cells/3.8 cm?), The next
day, floating cells were recovered and passed to secondary culture
plates, After 7 days in culture, the cells were passed to a fresh
culture plate at a 1:2 dilution, When the cells were confluant (~7 days
after the second passage), they were passed again {1:1 dilution). At
the third or fourth passage, the cells were maintained on mitomycin
C-inactivated MEF, ES-like cells were cultured in Dulbecco's modi-
fied Eagle's medium supplemented with 15% FCS, 5 X 107* M
2-mercaptoethancl, and 10° units/ml ESGRO (Invitrogen, Carlsbad,
CA). To induce EG cells from neonatal testis, the same medium was
also supplemented with 20 ng/ml human bFGF {Invitrogen), and

cells were cultured on SI-m220 (gift from Dr. T, Nakano, Osaka Uni-
versity),

For adult testis culture, 2 X 10’ cells from 3- to 8-week-old wild-
type and p53 knockout mice were used to recover spermatogonial
stem cells with antj-CD9 antibody as described elsewhere (Kanatsu-
Shinohara et al,, 2004), and selected cells were plated on gelatin-
coated plate {3 x 10° cells/9.5 cm?). GS cell colonies were picked
by micromanipulation and transferred to MEF for expansion,

Standard ES cell medium was used to culture D3 ES cells that
ubiquitously express the EGFP gene under the CAG promoter (pro-
vided by Dr. M. Okabe, Osaka University; Niwa et al,, 1991).

Antibodies and Staining

~ The tollowing primary antibodies were used: rat anti-EpCAM (G8.8),

mouse anti-SSEA-1 (MC-480), mouse anti-sarcomeric protein {MF20;
Developmental Studies Hybridoma Bank, University of lowa), rat anti-
mouse Forssman antigen (M1/87), rat anti-human of-integrin
{GoH3), biotinylated hamster anti-rat §1-integrin (Ha2/5), biotinyl-
ated rat anti-mouse CD9 (KMC8), allophycocyanin (APC)-conju-
gated rat anti-mouse c-kit (2B8), rat anti-mouse CD31 (MEC 13.3),
phycoerythrin {PE}-conjugated rat anti-mouse Ter119 (TER-119),
biotinylated rat anti-mouse Mac1 (M1/70), biotinylated rat anti-
mouse Grl {RB6-8C5), rat anti-mouse VE-cadherin (1104.1), APC-
conjugated rat anti-mouse CD45 (30-F11; BD Biosciences), rat anti-
TDA (EEZ; provided by Dr. Y. Nishimune, Osaka University}, APC-
conjugated rat anti-mouse Flk-1 {Avas 12a1; provided by Dr. S.
Nishikawa, RIKEN), goat anti-mouse cardiac troponin-l (cTn-1}
{Santa Cruz Biotechnology, Santa Cruz, CA}, mouse anti-human
myosin light chain 2v (MLC2v) (Alexis Biochemicals Inc, Mentreal,
Canada), rabbit antismouse atrial natriuretic peptide (ANP) (Protos
Biotech Corporation, NY), mouse anti-human myelin basic protein
(MBP} (Pm43), rabbit anti-glial fibrillary acidic protein (GFAP}, rabbit
anti-mouse tyrosine hydroxylase (TH), and mouse anti-human
B-tubulin Nl {Tuj) (SDL.3D10} (Sigma, $t. Louis, MO). APC-conjugated
goat anti-rat-1gG {Cedarlane Laboratories, ON, Canada}, APC-conju~-
gated streptavidin (BD Biosciences), Alexa Fluor 483-conjugated goat
anti-mouse IgG, Alexa Fluor 847-conjugated goat anti-rat Igh, Alexa
Fluor 633-conjugated goat anti-mcuse IgM {Molecular Probes, Eu-
gene, OR), Cy3-conjugated donkey anti-mouse IgG, Cy3-conjugated
dornkey anti-rabbit 1gG, ALP or peroxidase-conjugated donkey anti-
mouse 1gG, ALP-conjugated donkey anti-rabbit IgG {Jackson Immu-
noresearch, West Grove, PA}, ALP-canjugated rabbit anti-goat 1gG
(Vector Laboratories, Burlingame, CA)}, or ALP-conjugated goat anti-
rat IgG (Chemicon} were used as secondary antibodies. The cell
staining and analysis was carried out with a FACSCalibur system
{BD Biosciences) {(Kanatsu-Shinohara et al., 2003a). ALP or DAB
staining was carried cut using a VECTOR alkaline phosphatase sub-
strate kit or DAB substrate kit (Vector Laboratories}, respectively,
according to manufacturer's protocol.

Differentiation into Specific Lineages In Vitro

For differentiation inte mesodermal lineages, ES-like cells were cul-
tured on OP9 feeder layers, and cell differentiation was induced as
described (Nishikawa et al., 1998; Schroeder et al,, 2003, Hirashima
et al., 1999). Vascular cells were identified by the uptake of Dil-
acetylated low-density lipoprotein (Molecular Probes). Methylcellu-
lose culture was performed as described previously (Nishikawa et
al,, 1998), All cytokines were provided by Kirin Brewery (Tokyo,
Japan). Neural cell differentiation was induced as previously de-
scribed (Ying et al,, 2003),

Analysis of Marker Gene Expression

RAT-PCR for Nanog, Rex-1, ERas, Esg-1, Cripto, and ZFP57 were
carried out using specific primers, as described (Mitsui et al,, 2003;
Goolsby et al.,, 2003; Takahashi et al.,, 2043; Tanaka et al., 2002;
Kimura et al., 2001; Ahn et al,, 2004}, PCR amplifications for Oct-4,
UTF1, and HPRT were caried out by using specific primers {5'-
AGCTGCGTGAAGCAGAAGAGG-3' and 5'-GGTTCTCATTGTTGTCG
GCT-3 for Oct-4, 5'-GATGTCCCGGTGACTACGTCT-3  and 5°'-TCG
GGGAGCATTCGAAGGTAT-3' for UTF1, and 5'-GCTGGTGAAAAG
GACCTCT -3' and 5'- CACAGGACTAGAACACCTGC-3' for HPRT).
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Analysis of Imprinted Genes

Bisulfite genomic sequencing of DMRAs of imprinted genes was car-
ried out as described (Lee et al., 2002). PCR amplifications of each
DMR region from bisulfite-treated genomic DNAs was camied out
by using specific primers {§'-GGAATATTTIGTGTTTTTGGAGGG-3'
and 5'-AATTTGGGTTGGAGATGAAAATATTG-3' for H19, 5'-GGTTT
GGTATATATGGATGTATTGTAATATAGG-3' and 5'-ATAAAACACCA
AATCTATACCAAAATATACC-3' for Meg3 IG, 5'-GTGTAGAATATG
GGGTTGTTTTATATTG-3" and 5'-ATAATACAACAACAACAATAACA
ATC-3' for Rasgrf1, 5'-TTAGTGGGGTATTTTTATTTGTATGG-3" and
5'-AAATATCCTAAAAATACAAACTACACAA-3 forigfer, 5 -GTAAAG
TGATTGGTTTTGTATTTTTAAGTG-3' and 5'-TTAATTACTCTCCTAC
AACTTITCCAAATT-3 for Pegl, and 5'- GGTTTTTTAGAG GATGGT
TGAGTG-3' and 5'- TCCAACCCTACTAACCCATCACC-3' for Oct-4).
The DNA sequences were determined in both directions. For CO-
BRA, PCR products were digasted with restriction enzymes with a
recegnition sequence ¢ontaining CpG in the original unconverted
DNA (Xiong and Laird, 1997). Intensity of digested DNA bands was
quantified with ImageGauge software (Fuji Photo Film, Tokyo,
Japan).

Transplantation

For subcutaneous injections, approximately 2 X 10° cells were in-
jected into KSN nude mice {Japan SLC). For microinjections into
the seminiferous tubules, approximately 3 X 10° cells were injected
into the seminiferous tubules of an immune-suppressed W mouse
(Japan 5LC) recipient through the efferent duct {(Kanatsu-Shinohara
et al., 2003b).

Chimera Formation and Microinsemination

Cells ware injected into the blastocoel of 3.5 dpc blastocysts of
C57BL/6 mice using a Piezo-driven micromanipulator {Kimura and
Yanagimachi, 1995). The blastocysts were returned to the oviducts
or uteri of 2.5 dpc pseudopregnant [CR faster mothers on the day
of microinjection. Tetraploid embryo aggregation chimeras were
produced using the method developed by Nagy et al, {1993), except
that two-cell blastomeres were electrofused by applying an electric
pulse (2500 V/cm, 10 psec) in 300 mM mannitol solution. Mi-
croinsemination was carried out as described using EDF1 oocytes
(Kimura and Yanagimachi, 1995). The embryos were transferred on
the next day after culture.

Histology

Tissues were fixed in 10% formalin and processed for paraffin sec-
tioning. Chimeric embryos were fixed in 4% paraformaldehyde and
frozen in Tissue-Tek OCT compound {Sakura Finetechnical, Tokyo,
Japan} for cryosectioning. Slides were analyzed with an Clympus
confocal laser scanning microscope.
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Original Article

Fertilization and preimplantation development of mouse
oocytes after prolonged incubation with caffeine

PERIYASAMY MANONMANI,' HIRONORI OKADA,' NARUMI OGONUKI,?
AKIHIKO UDA,' ATSUO OGURA,? TAKASHI YOSHIDA' and TADASHI SANKATI**

"Tsukuba Primate Center for Medical Science, National Institute of Infectious Diseases, Ibaraki, and *Bioresource
Engineering Division, Bioresource Center, RIKEN Tsukuba Institute, Ibaraki, Japan

Background and Aims: Previous studies have shown that
caffeine might cause artificial dephosphorylation at threonine-
14 and tyrosine-15 of the p34cdc2? catalytic subunit of
maturation-promoting factor {MPF), elevate MPF activity in
metaphase Il oocytes cultured for a prolonged period, and
that caffeine decreases fragmentation in cocytes cultured for
up to 96 h.

Metheds: Studies were carried out on; (i) the effect of caffeine
on the morphological status of oocytes cultured for 96 h; (i)
the parthenogenetic activation and the fertilization of cocytes
incubated in a medium that contained caffeine, and (iii) the
fertilization and preimplantation development ability of
zona-intact and zona-free oocytes by in vitro fertilization (IVF)
and by intracytoplasmic sperm injection.

Results: In parthenogenetic activation, the incidence of diploid
parthenotes in 24-h caffeine-treated cocytes was significantly
higher than 24-h non-treated oocytes. For fertilizability of

these oocytes, a significant increase in the fertilization rate
resulted from IVF after 12-h caffeine incubation. Although no
fentilized eggs were observed after intracytoplasmic sperm injec-
tion in 24-h non-treated cocytes, fertilized eggs were observed
in caffeine-treated oocytes. MPF activation occurs in relation
to nuclear/spindle position, and mitotic spindles and actin
filaments determine the site of cleavage during cytokinesis.
Spindle disruption does not cause cytofragmentation, but
does induce cell ¢cycle arrest.

Conclusion: Based on our results, although caffeine might
increase MPF activity, prolonged time in any incubation
causes some disruption of cytoskeletal filaments, which might
be responsible for the poor development of caffeine-treated
oocytes. (Reprod Med Biol 2004; 3: 245-251)

Key words: caffeine, in vitro fentilization, intracytaplasmic
sperm injections, maturation promoting factor,
parthenogenesis.

INTRODUCTION

OCYTES OF MOST mammals are ovulated at

metaphase II, and remain at this stage until activation
by penetration of spermatozoon or by artificial means
such as parthenogenetic activation.? Investigations using
amphibian oocytes and cytoplasmic transfer revealed that
mature cocytes contain a large amount of maturation-
promoting factor (MPF) in their cytoplasm that maintains
the meiotic arrest of these oocytes.*> MPF is a serine/
threcnine protein kinase composed of a catalytic subunit,
p34cde2, and a regulatory subunit, ¢yclin B,*® and is a
universal cell cycle regulator of both mitosis and meiosis.
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Cytoplasmic changes affecting the quality of the oocyte,
such as decreased ability for normal fertilization and
embryonic development, occur when the arrest period
is prolonged.”’ Spontaneous oocyte activation™'? and
subsequent fragmentation, and abnormal cleavage after
activation characterized by unequal blastomeres,'*!?
have been observed in cocytes cultured for a prolonged
period. Low MPF activity might be one cause of these
changes. In general, p34cdc2? is phosphorylated at
threonine-14 (T14) and tyrosine-15 {Y15) by the Mytl
and Weel kinases after association with cyclin B, and
this inactive form, called pre-MPE accumulates during
G, phase. Therefore, activation of MPF at the G, to M
transition depends on dephosphorylation at T14 and
Y15 by Cdc25 phosphatase.' Kikuchi et al.** suggested
that, in addition to the gradual decrease in cyclin B,
this phosphorylation contributes to the decrease in
MPF activities, and that artificial dephosphorylation of
pre-MPF might increase MPF activity.

— 221 —



246 P. Manonmani et al.

Control of cocyte aging could have many advantages
for in vitro fertilization (IVF), sperm injection and
cloning by nuclear transfer. Kikuchi et al.’® found a
significant elevation of MPF activity in aged oocytes
after artificial dephosphorylation at T14 and Y15 of
p34cdc2 as a result of caffeine treatment. Caffeine
reportedly induces the T14 and Y15 dephosphorylated
form of p34cdc2, resulting in elevation of MPF activity
in mammalian cultured cells'** and Xenopus oocytes."

We examined the effect of caffeine on the morphological
status of oocytes cultured for a prolonged period. Then,
we studied the fertilization of oocytes incubated in
medium that contained caffeine. Because age-dependent
alterations in zonae pellucidae might reduce the ferti-
lizability of an oocyte'® and because no studies on the
effect of caffeine on zonae pellucidae have been reported,
we examined the fertilization and preimplantation
development abilities of zona-intact and zona-free oocytes
by IVF and by intracytoplasmic sperm injection (1CSI).

MATERIALS AND METHODS

Collection of metaphase Il-arrested oocytes
and treatment with caffeine

EMALE BDF1 MICE, 2-3 months old, were maintained

on a 10-h light cycle at the Tsukuba Primate Center
for Medical Science, National Institute of Infectious
Diseases, Ibaraki, Japan. Females were induced to sup-
erovulate by intraperitoneal injections of 7.5IU of
equine chorionic gonadotropin followed 48 h later
by 7.5 IU of human chorionic gonadotropin {hCG).
Ovulated oocytes were collected from oviducts 14-
16 h after the hCG injection. Oocytes were treated with
hyaluronidase (1500 U/mL; Sigma, St. Louis, MO, USA)
in TYH medium'? for a few minutes to completely dis-
perse cumulus cells. After being rinsed in TYH medium,
oocytes were incubated at 37°C under 5% CQ, for 0-
96 h in 50 pL of TYH medium with and without 5 mum
caffeine under mineral oil.

Observation of morphological changes in
oocytes

At 0, 6,12, 24, 48, 72 and 96 h incubation in the medium
with caffeine (hereafter called 0, 6, 12, 24, 48, 72 and 96 h-
caffeine group, respectively), the morphological status
of metaphase [l-arrested oocytes was observed and com-
pared with that of oocytes incubated in the medium
without caffeine at the same times (hereafter called 0,
6, 12, 24, 48, 72, and 96 h-no-caffeine group, respectively).
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Parthenogenetic activation of oocytes

Oocytes were collected from BDF1 mice and incubated
in TYH medium with 5 mum caffeine for 24 h or in TYH
medium without caffeine for 0 or 24 h. Oocytes were
activated by culturing for 6 h in Ca*-free TYH medium
with 10 mum strontium (57} and 6.6 ug/mL cytochalasin
B (Sigma, St. Louis, MO, USA). Parthenotes with two
pronuclei were washed with Whitten’s medium?® and
then cultured for 96 h in 50-pL drops of Whitten’s
medium, covered with mineral oil, at 37°C under 5%
CQ, in air. The parthenotes were observed every 24 h
after parthenogenetic stimulus.

In vitro fertilization and development

In vitro fertilization of zona-intact and zona-free oocytes
was accomplished as follows. Zona-free cocytes were
obtained by treating oocytes in acidic Ringer’s solution
(137 mm NaCl, 26.8 mm KCl, 1.6 mm CaCl,, 0.49 mu
MgSO,, 5.55 mm glucose, 4 mg/mL 40-kDa polyvinyl-
pyrrolidone [PVP], pH 2.5) for a few seconds to dissolve
the zona pellucida.” Zona-intact and zona-free cocytes
were incubated for 0, 6, 12 or 24 h in 50 uL of TYH
medium (covered with mineral oil) with and without
5 mm caffeine. Before insemination, all ococytes were
placed in TYH medium for 15-30 min,

The spermatozoa used for insemination were collected
from the cauda epididymis of mature BDF1 male mice
and placed in TYH medium. After 2 h incubation at
37°C under 5% CQ, in air, the sperm suspension was
introduced into 50-pL drops of TYH medium containing
10-20 cocytes each. The final sperm concentration was
600 cells/uL for the zona-intact oocytes and 5 cells/uL
for the zona-free cocytes. After 6 h insemination, eggs
were washed in Whitten’s medium. A Terasaki plate
(SUMITOMO BAKELITE Co. Ltd, Tokyo, Japan) was
used to culture the individual eggs. The eggs were
then transferred individually into 10 uL of Whitten's
medium at 37 C under 5% CO, in air, and then
observed for formation of pronuclei. The embryonic
development was observed at 24-h intervals up to 96 h
after insemination.

Intracytoplasmic sperm injection and
development

Oocytes cultured for 24 h in TYH medium, with and
without 5 mm caffeine, were fertilized by ICS!. Microinjec-
tion was carried out using a micromanipulation system
equipped with a piezo micropipette-drive unit (Prime
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Tech, Ibaraki, Japan). The cover of a plastic dish (Falcon
no. 1006; Becton Dickinson, Franklin Lakes, NJ, USA)
was used as a microinjection chamber. Several small
drops, each containing either HEPES-CZB medium for
oocytes or 12% PVP for spermatozoa, were placed on
the bottom of the dish and covered with mineral oil. A
tail of spermatozoon showing apparently normal
morphology was inserted tail first into an injection
pipette. After the sperm head was separated from the
tail by applying a few piezo pulses, it was injected into
an oocyte.”? After 6 h incubation at 37°C under 5% CO,
in air, oocytes were washed in Whitten's medium and
then cultured in Whitten's medium at 37°C under 5%
CO, in air. The embryonic development was observed
at 24-h intervals up to 96 h after sperm injection.

Statistical analysis

A y*-test was used for statistical evaluation of the results,
as required. Differences giving a probability of P < 0.05
were considered to be significant.

RESULTS

ABLE 1 SHOWS the morphological status of meta-
phase H-arrested vocytes incubated for 0, 6, 12, 24,
48, 72 or 96 h in TYH medium, with and without
caffeine. Up to 12 h, all oocytes showed normal mor-
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phology. At 24 h, although the rate of morphologically
normal oocytes in the caffeine-treated group (100%)
was higher than that in the non-treated group (89%),
the difference was not statistically significant. At 48 and
72 h, the number of morphologically normal oocytes
was significantly higher in the caffeine-treated group.
At 96 h, neither group showed any morphologically
normal oocytes.

Table 2 shows the observed parthenogenetic activation
of non-kept (0 h) oocytes and oocytes incubated for
24 h in TYH medium with and without caffeine. In the
0 h-group, all oocytes showed two pronuclei, and 71%
of these cocytes developed to blastocysts. The percentage
of diploid parthenotes after 24 h in the caffeine-treated
group was significantly higher than that in the non-treated
group. In the caffeine-treated group, only 22% of the
parthenotes developed to the two-cell stage, and no
further development occurred. The diploid parthenotes
in the non-treated group, however, did not develop even
to the two-cell stage.

Table 3 shows the results of IVF and the pre-implantation
development of cumulus-free or zona-free oocytes
kept for 6, 12, or 24 h in TYH medium with or without
caffeine, In the case of 0 h-groups involving curnulus-
free and zona-intact oocytes and involving cumulus- and
zona-free oocytes, fertilization rate was 35% and 82%,
respectively. No significant difference in either the ferti-
lization rate or development rate was evident between the

Table 1 Morphological status of metaphase Il-arrested cocytes incubated in medium with and without caffeine

Number of morphologically normal ococytes at different incubation times (%)

Medium with (+) or ~ Number of -

without (-) caffeine  oocytes examined Oh 6h

- 47 47 (100) 47 (100) 47 (100) 42 (89.4)
+ 52 52(100) 52(100) 52 (100)

12h 24 h 48 h 72h 96 h

14298 242§ 0(0)
50 (96.2) 25 (48.1)§ 0 (0)

52 (100)

t. $. §, 1Percentage of cocytes significantly differed between t and #(P < 0.05) and between § and {(P < 0.01).

Table 2 Parthenogenetic activation of cocytes incubated in medium with and without caffeine

Medium with

Number of eggs (%)

Number of parthenotes developed
to different stages (%)

(+) orwithout  Incubation  Number of Without PN or

(-} caffeine time (h) oocytes examined ~ With 2PNt fragmentation 2-cell Morula Blastocyst

- 0 34 34 (100) 0 (0) 34 (100)  33(97.1) 24 (70.6)
24 22 11 (50.0)f  9(40.9) 0 (0) 0 (0) 0 (0)

+ 24 23 19 (82.6)§ 4 (17.4) 5(21.7) 0 (0) 0 (0)

1PN, pronucleus observed; 2PN, two pronuclei observed. $, §Percentage of diploid parthenotes significantly differed between

% and §(P < 0.05).
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Table 4 Intracytoplasmic sperm injection and development of oocytes incubated in medium with and without caffeine

Medium with Incubation Numberof Numberof Numberof

(+) orwithout time (h)  oocytes oocytes eggs (%)

(-) caffeine injected surviving  {%)

- 0 31 26 (83.9) 26 (100)
24 31 28 (90.3)  0(0)

+ 24 30 29(96.7) 11(37.9)

fertilizedt unactivatedt fragmented 2-cell

Number of embryos developed
to stage (%

eggs (%0} e g( )_ e e
Morula  Blastocyst

Number of ' Number of
eggs (%)

0(0) 00  26(100) 21(808) 16(615)

22(786)  6(21.4) 0 {0) 0 (0} 0 (0)
12 (414)  6(207) 6(207) 0(0) 0 (0)

1Eggs showed two pronuclei, and released a 2nd polar body; eggs did not fragment and did not release a 2nd polar body. -

groups kept for 6 h in medium with and without caffeine.
In contrast, both the fertilization and development rates
to the two-cell stage significantly differed between the
12 h-caffeine and 12 h-no-caffeine groups of zona-free
embryos. No development to blastocyst was observed in
any 12 h or 24 h group, regardless of caffeine addition.

Table 4 shows the results of ICSI and the pre-
implantation development of cocytes kept for 24 h in
medium with or without caffeine. The fertilization rate
in the caffeine group (38%) was significantly lower
than that in the 0 h-group (100%]). Although the
caffeine group had a higher fertilization rate than the
no-caffeine group (0%), the two-cell stage embryos of
the caffeine group showed no further development.

DISCUSSION

N THIS STUDY, using IVF and ICSI examination

methods, we examined the fertilization and pre-
implantation development abilities of oocytes incubated
with caffeine for a prolonged period.

In IVE the 6 h-caffeine and 6 h-no-caffeine groups
showed similar fertilization rates, indicating that the
cocytes in both groups had identical fertilizability. The
fertilization rate of 12 h-caffeine oocytes was higher
than that of 12 h-no-caffeine group, but further develop-
ment beyond two-cell stage was poor. The percentage
of morphologically normal oocytes in the 24 h-caffeine
group was similar to that in the non-kept {0 h) group.
The fertilization rates of these oocytes were lower than
that in the 0 h-group, indicating identical morphology,
although the quality was quite different. After accounting
for the age-related changes observed in zonae pellucidae
and plasmalemmae by ICSI, the percentage of fertilized
eggs in the 24 h-caffeine group was higher than that in
the 24 h-no-caffeine group, although their embryonic
development was poor.

Within the cytoplasm, Cdc2 and cyclin B associate
with microtubules and centrosomes, particularly during

late interphase and M phase.”* Observations of locally
regulated microtubule dynamics in maturing starfish
oocytes’® and in mitotic ctenophore eggs” indicate
that regionalized MPF activation occurs in relation to
nuclear/spindle position. Nuclei and microtubule asters
have independent but additive effects on MPF activa-
tion, and cooperate to trigger MPF activation within the
egg.?® Although MPF can be activated in the absence
of nuclei, centrosomes and microtubules in Xenopus
eggs, these structural components are not merely effec-
tors but are active protagonists in controlling cell cycle
progression.®®

Mitotic spindles determine the site of cleavage.”
The positions of microtubule asters also determine the
location for formation of the cleavage furrow.*
Microtubule asters signal the cell cortex to initiate a
cleavage furrow, for which actin filament organization
is involved. Depolymerization of actin filament inhibits
both cleavage and cytofragmentation.*

The IVF experiments carried out in our study revealed
no significant difference in the zona-intact oocytes
between caffeine and no-caffeine treatments, suggesting
that caffeine has no discemible effect on zonae pellucidae
and plasmalemmae.

Our results suggest that disruption of the meiotic
spindle and disorganization of the actin filament might
be responsible for the poor preimplantation development.
Disruption in the cytoskeleton might be responsible for
the abnormal shapes of embryos derived from oocytes
treated with caffeine. Spindle disruption does not cause
cytofragmentation, but does induce cell cycle arrest
during mitosis.*® Therefore, in our parthenogenetic
activation experiments and ICSI experiments, 17% and
41% of the eggs, respectively, remained at the one-cell
stage without fragmentation, possibly due to a defect in
the entry to mitosis. :

Kikuchi et al.'* added caffeine to the culture medium
of aged oocytes, which have a high pre-MPF level,
whereas we added caffeine to the medium of non-aged

Reproductive Medicine and Biology 2004, 3: 245-251
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oocytes. In our experiments, we did not determine the
exact time when the MPF level became low or when the
caffeine elevated the MPF level in the caffeine-treated
oocytes. Future study should include measurement of
the MPF level and examination of chromosomes and
cytoskeletal filaments in cocytes and embryos treated
with caffeine.
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ABSTRACT

Unlike the cocytes of most other animal species, unfertilized
murine oocytes contain cytoplasmic asters, which act as micro-
tubule-organizing centers following fertilization. This study ex-
amined the role of asters during the first cell cycle of mouse
nuclear iransfer (NT) embryos. NT was performed by intracy-
toplasmic injection of cumulus cells. Cytoplasmic asters were
localized by staining with an anti-a-tubulin antibody. Enucle-
ation of MIl oocytes caused no significant change in the number
of cytoplasmic asters. The number of asters decreased after
transfer of the donor nuclei into these enucleated oocytes, prob-
ably because some of the asters participated in the formation of
the spindle that anchors the donor chromosomes. The cytoplas-
mic asters became undetectable within 2 h of cocyte activation,
irrespective of the presence or absence of the donor chromo-
somes. After the standard NT protacol, a spindle-like structure
persisted between the pseudopronuclei of these oocytes
throughout the pronuclear stage. The asters reappeared shortly
before the first mitosis and formed the mitotic spindle, When
the donor nucleus was fransferred into preactivated oocytes (de-
layed NT) that were devoid of free asters, the microtubules and
microfilaments were distributed irregularly in the ooplasm and
formed dense bundles within the cytoplasm. Thereaiter, all of
the delayed NT oocytes underwent fragmentation and arrested
development. Treatment of these delayed NT oocytes with Taxol,
which is a microtubule-assembling agent, resulted in the for-
mation of several aster-like structures and reduced fragmenta-
tion. Some Taxol-treated oocytes completed the first cell cycle
and developed further. This study demonstrates that cytoplasmic
asters play a crucial role during the first cell cycle of murine NT
embryos. Therefore, in mouse NT, the use of MIl oocytes as re-
cipients is essential, not only for chromatin reprogramming as
previously reported, but also for normal cytoskeletal organiza-
tion in reconstructed oocytes.

developmental biology, early development, embryo, gamete bi-
clogy, ovum

INTRODUCTION

Although somatic cell cloning has been performed suc-
cessfully in several mammalian species, it has emerged
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from recent studies that the biological factors and technical
issues that affect the efficiency of cloning differ from spe-
cies to species. For example, the timing of nuclear transfer
{NT) and oocyte activation has a major impact on the out-
come of the cloning procedure, In livestock (cattle, sheep,
swine, and goats) animals, this timing seems to be relatively
flexible as compared with mice. In goats and sheep, preac-
tivated oocytes have been used for NT, leading to the pro-
duction of normal offspring [1, 2]. In cattle, although the
use of MIl oocytes as recipients is known to support the
optimal in vitro development of reconstructed embryos, at
least some of the embryos that are derived from preacti-
vated oocytes undergo preimplantation development [3]. In
contrast, In mice the use of MII cocytes is critical for re-
constructed embryos to complete the first cell cycle {4].
Even oocytes that receive the donor nucleus 1-2 h after
activation inevitably arrest their development during the S
phase of the pronuclear stage and undergo severe fragmen-
tation [5). This is one of the major obstacles to mouse clon-
ing, since murine oocytes may be activated accidentally
during handling in vitro {e.g., during enucleation) before
NT. Previously, it has been demonstrated that the use of
MII oocytes in NT is critical for the transferred donor nu-
clei to be able to reprogram their chromatin structures and
initiate zygotic gene activation (ZGA) according to the nor-
mal schedule [6]. However, the major round of ZGA occurs
during the second cell cycle (two-cell stage) in the mouse
[7], which makes it very unlikely that incomplete genomic
reprogramming causes the severe fragmentation seen in de-
layed NT oocytes during the first cell cycle.

In unfertilized murine oocytes, the microtubule-organiz-
ing centers (MTOCs), which comprise the so-called cyto-
plasmic asters (cytoasters), play central roles in the appo-
sition of the male and female pronuclei and in centrosomal
inheritance of cleavage stage—embryos [8]. In most animals
other than the mouse, the centrosomes are inherited mainly
from the fertilizing spermatozoa, from which the MTOC is
organized (reviewed in [9]). Therefore, it is possible that
the interactions that occur between microtubules and chro-
mosomes during the reconstruction and first cell cycle of
cloned embryos differ between mice and other animals, The
present study was undertaken to determine 1) the roles of
cytoplasmic asters during the first cell cycle of cloned mu-
rine embryos; and 2) the effects of NT timing on aster
behavior, which may be related to the embryo fragmenta-
tion that is observed specifically in delayed NT murine oo-

cytes,
MATERIALS AND METHODS

Culture Media

The cocytes were cultured in bicarbonate-buffered potassium simplex
optimized medium (KSOM) that was supplemented with 0.1 mg/ml poly-
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vinyl alcohol and 3 mg/m] bovine serum albumin (BSA) [10]. Drops of
the culture medium were covered with mineral oil (Nacalai, Tokyo, Japan)
and maintained under 5% CO, in air at 37°C. Oocyte handling and mi-
cromanipulation were carried out in BSA-free Hepes-buffered KSOM me-
dium (Hepes-KSOM: pH 7.4} in air.

Preparation of Oocytes and Cuniulus Cells

B6D2F1(C57BL/6 X DBA/2) female mice (SLC. Shizuoka, Japan). 8-
12 weeks of age. were used for the collection of recipient cocytes and
donor cumulus cells. The mice were superovulated by the injection of 7.5
1U eCG, followed by 7.5 1U hCG about 48 h later. Oocytes were collected
from the oviducts about 15 h after hCG injection and released from the
cumulus cells by treatment with 0.1% bovine testicular hyaluronidase in
KSOM medium. These oocytes and cumulus cells were incubated in
KSOM unti! use. All procedures described within were reviewed and ap-
proved by the Animal Experimental Committee at the RIKEN Institute
and were performed in accordance with the Guiding Principles for the
Care and Use of Laboratory Animals.

Nuclear Transfer and Qocyte Activation

Muclear transfer and oocyte activation were carried out according to
the method reported previously [L1, 12]. The timing of NT and oocyte
activation differed according to the experimental groups, as described be-
low. The recipient MII ococytes were enucleated, together with a small
amount of the surrounding cytoplasm in Hepes-buffered KSOM that con-
tained 7.5 pg/ml cytochalasin B (Calbiochem, Darmstadt, Germany) on a
heated manipulation stage (37°C). Enucleation was performed using a Pie-
zo-driven micromanipulator (Prime Tech, Ibaraki, Japan). The oocytes
were allowed to regenerate their membranes in KSOM medium for 1-2
h. For NT, the cumulus cells were placed in 6% polyvinylpyrrolidone
solution, and their nuclei were injected into enucleated oocytes in Hepes-
buffered KSOM at room temperature using the Piezo-driven micromanip-
wator. The oocytes were activated by treatment with 3 mM SrCl, in Cal*-
free KSOM medium for 1 h. When NT was carried out before oocyte
activation (standard protocol, Group A), the cocytes were cultured for an
additional 5 h in the presence of 5 pg/ml cytochalasin B to prevent the
extrusion of a polar body that contained some of the donor chromosomes.

Experimental Design

This study involved five experimental groups (Fig. 1): Group A, stan-
dard NT protocol, in which the cocytes were activated 2 h afler NT. Group
B, simultaneous NT, in which the oocytes were activated within 5 min
after NT. Group C. delayed NT, whereby NT was performed 2 h after
activation; Group D. diploid parthenotes, in which the cocytes were acti-
vated without enucleation and NT, and Group E. enucleated ococytes,
whereby the cocytes were enucleated and activated without NT. The dis-
tribution patterns of the microtubules, microfilaments, and chromosomes
were observed at 2, 8-12, and 15 h after activation using the indirect
immunofluorescence method described below,

Some of the delayed NT occytes were treated with Taxol, which pro-
motes microtubule assembly. to investigate whether microtubule network
reformation improved the abnormal cellular kinetics of delayed NT oo-
cytes. In a preliminary experiment using parthenogenetic embryos. we
found that Taxol treatment itself induced abmormal. uneven cleavage or
mild fragmentation {consisting of two 1o eight fragments) of embryos.
Therefore, we employed two protocols in which embryos were subjected
to long- or short-term exposure to Taxol-containing medium. In the first
protocol, enucleated oocytes were activated for 1 h with $rCl; in Ca’*-
free KSOM medium that contained 1.5 pM Taxol. After 1 h of treatment
with Taxol in normal KSOM medium and nuclear transfer. the reconstruct-
ed oocytes were treated with Taxol for a further 1-2 h (total of 3-4 h
exposure to Taxol). In the second protocol, delayed NT cocytes. which
were prepared as described above (Group (), were exposed to 0.2 pM
Taxol for only 10 min after nuclear transfer. In both protocols. the recon-
structed ococytes were cultured in Taxol-free KSOM for 72 h. and their
developmental stages were recorded.

Immunofiuorescence Staining

Oocytes were fixed and immunostained for microtubules. microfila-
ments, and DNA using a modification of the method described by Navara
et al. [9]. Briefly, zona pellucidae were removed with acidified M2 tne-
dium (pH 2.5) at 37°C. After a 30-min period of recovery at 37°C, the
zona-free oocytes were attached to MAS-coated slide glasses (Matsunami
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A (Standard NT)

Nuclear Transher

E

Scheme showing the experimental groups. Nuclear transfer was

fIG. 1.
undlertaken with three different time schedules (Groups A-C}. Groups D
and E are non-NT groups. The characters A,~t , correspond to those used
in Figure 3.

Glass. Tokyo. Japan) and extracted for 2--3 min with buffer M (25% [v/
v] glycerol, 50 mM KCI. 0.5 mM MgCl,. 0.1 mM EDTA. 1 mM EGTA,
50 mM imidazole hvdrockloride, and 1 mM 2-mercaptoethanol:. pH 6.8)
that contained 0.01%-0.2% Triton X-100. The permeabilized oocytes were
transferred to dry slide glasses and fixed in 3% formaldehyde for 20 min
at room temperature. Permeabilization and fixation were performed at
37-°C to maintain the original microtubule configuration. Fixed oocytes
were then blocked overnight with 0.1 M PBS that contained 0.1% Triton
X-100 and 3 mg/ml BSA (PBS-TX-BSA} at 4°C. The cocytes were in-
cubated with a murine monoclonal antibody against a-tubulin (clone DM
1A, diluted 1:500, Sigma Chemical Co., St. Louis, MO) for 40 min at
37°C. After washing in PBS-TX-BSA, the samples were stained with
FITC-conjugated goat anti-mouse 1gG antibody {diluted 1:100; Sigma).
They were then nuclear stained for DNA with DAPI (4,6-diamiding-2-
phenylindole} or propidium iodide. For the staining of actin filaments, the
oocytes were cultured with rhodamine-conjugated phalloidin (50 wg/ml;
Sigma) before DNA staining. The slide glasses were mounted in antitade
medium (Vectashield; Vector Labs, Burlingame, CA) and examined using
a TE2000 epifluorescence microscope (Nikon, Tokyo, Japan).

RESULTS

In this study, 5-30 oocytes were observed immunohis-
tochemically for each group at each time point. The results
from at least two replicate experiments are summarized.
The localization patterns of the microtubules and chromo-
somes were essentially the same within a set of ococytes,
except for those observed at 8-12 h in Groups C and E,
which consisted of various misshapen forms before frag-
mentation.

Behavior of Cytoplasmic Asters in Nuclear-transferred mMil
Cocytes

We examined the behavioral patterns of the cytoplasmic
asters in Mll-arrested oocytes, both before and after NT.
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FIG. 2. Cytoplasmic asters in Mil oocytes A
before and afler NT. A} Intact Mli oocyles,
which contain an average of approximate-
ly 15 asters per oocyte (arrowheads; see
text for details). B) Ml vacytes alter enu-
cleation. No change is found in the num-
ber or distribution of asters (arrowheads)
as compared with intact vocytes, €) &nu-
cleated oocytes 1 h after NT. The number
of cytoplasmic asters (arrowhead) is de-
creased significantly, whereas a newly
formed spindle encloses the condensed
donor chromosomes (white arrow}. The
area proximal to the spindle contains few-
er asters (black arrow) than the area distal
to the spindle. Bar = 20 pm,

Removal of the meiotic spindles from MII cocytes did not
change the number or distribution of cytoplasmic asters
(149 + 3.0 vs. 15.1 * 3.8 (mean * SD asters per oocyte;
P > 0.05; Fig. 2, A and B). However, 1-2 h after transfer
of the donor nucleus, the number of cytoplasmic asters de-
creased significantly (8.9 * 2.9; P < 0.01), whereas a new-
ly formed spindle enclosed the condensed donor chromo-
somes (Fig. 2C). The area proximal to the spindle had few-
er asters than the area distal to the spindle (Fig. 2C). These
findings suggest that cytoplasmic asters participate in the
reformation of the metaphase spindle that anchors the donor
chromosomes.

Behavior of Microtubules in Nuclear-transferred Oocytes
After Activation

To gain a better understanding of the postactivation be-
havior of microtubules in nuclear-transferred cocytes, we
observed the temporal and spatial changes in microtubule
distribution in the oocytes from three groups with different
NT and activation timings (see Fig. 1 for experimental de-
sign). At 1-2 h after activation (Fig. 3, A, B;, and C;), the
cocytes proceeded to the anaphase-telophase transition. At
this stage, cytoplasmic asters were undetectable in Groups
A and C, whereas some asters were detected in Group B.
Although the asters that had exhibited intense fluorescence
disappeared, the fine microtubule network remained and
was evenly distributed throughout the cytoplasm. Intense
flucrescence for tubulin was restricted to the spindle be-
tween the segregating donor chromosomes in Group A
(standard NT; Fig. 3A,). When the chromosomes segregat-
ed into three masses, a tridirectional spindle was formed
(Fig. 3A,, inset). In Group B (simultaneous NT), dense
bundles of microtubules (or assemblies of asters) often sur-
rounded the introduced donor nucleus (Fig. 3B;)}.

At 8-12 h after activation (Fig. 3, As, By, and ), the
oocytes were at the midpronuclear stage and formed two
pseudopronuclei (Group A) or one large pseudonucleus
(Group B). The spindle-shaped dense microtubule arrays
were stil] found between the two pseudopronuclei in Group
A. In Group C oocytes (delayed NT), the donor nucleus
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retained its original size or was slightly larger, and strong
fluorescence was absent in the cytoplasm or around the nu-
cleus. The fine microtubule network was present in the cy-
toplasm, although its distribution was very irregular. Many
of these delayed NT oocytes had bumpy surfaces and
showed irregular distributions of microfilaments and micro-
tubules within the ooplasm (Fig. 4B). This finding is in
marked contrast to the observations of cocytes from Group
A, in which the microfilaments were evenly distributed only
on the surface area of the cortex (Fig. 4A).

At 15 h after activation (Fig. 3, A, and Bs), most of the
oocytes in Groups A and B entered the prometaphase or
metaphase, as evidenced by nuclear membrane breakdown.
All of the oocytes in Group C showed complete fragmen-
tation at this stage (see also Fig. 5). During the early pro-
metaphase, the condensing chromosomes were surrounded
by dense microtubule arrays without nucleation sites,
whereas several asters reappeared in the cytoplasm (Fig.
3A;). As this stage proceeded, the asters migrated to the
condensed chromosomes and gradually formed the mitotic
spindle. This type of microtubule behavior was commen to
Groups A and B.

In the non-NT oocytes (Groups D and E), the chromo-
somes and microtubules behaved as those in the NT groups
(Groups A and C, respectively). The parthenogenetically
activated oocytes in Group D (Fig. 3D) showed the same
microtubule distribution pattern as those in Group A (Fig.
3A), although the chromosome composition of the (pscu-
do)pronuclei was different (in parthenogenetic oocytes,
each pronucleus contained a haploid set of chromosomes).
The oocytes in Group E were enucleated, but not nuclear-
transferred (Fig. 3E). Afier activation, they underwent frag-
mentation within 15 h, in a similar fashion to the delayed
NT oocytes in Group C (Fig. 3C).

In Groups A and D, the microfilament-disrupting agent
cytochalasin was included in the medium for the first 6 h
postactivation to prevent polar body extrusion. In prelimi-
nary experiments, we confirmed that this treatment had no
significant effects on the behavioral patterns of the micro-
tubules or cytoplasmic asters (data not shown).

TABLE 1. Effect of Taxol treatment on in vitro development of embryos reconstructed by delayed NT with cumulus cells.

NG, No. (%) MNo. (%} No. (%) No. (%) No, (%) No. (%) abnormal
observed fragmentation 1-cell 2-cell 4-cell morula blasts. cleavage®
Taxol 3-4 h 110 0{0.m 0 (0.0) 0{0.0) 0 {0.0) 0{0.0) 110 {100.0)
Taxol 10 min 149 124 (83.2) 7 (4.7 11 {7.4} 2(1.3) 5{3.4) 0 0.0
No treatment 78 78 (100.0) 0 (0.0) 0 {0.0} 0 0.0) 0 {0.0) 0 (0.0)

* Including mild fragmentation induced by toxicity of taxol.
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15h

8-12 h

Effect of Taxol Treatment on the Behavior of Delayed NT
Qocytes

The behavior of microtubules and microfilaments, as de-
scribed above, indicates that cytoplasmic fragmentation in
delayed NT oocytes (Group C) may be attributed to the
absence of cytoplasmic asters at the time of NT. To obtain
further experimental evidence to support this hypothesis,

2025

FIG. 3. Distribution of microtubules
{green) and chromosomes {red or blue} in
NT and parthenogenetic embryos after ac-
tivation. A} Group A (standard NT), At 2 h
after activation (A,), the vocyte is in telo-
phase {l, and the donor chromosomes are
segregated into twa caompact masses (recl).
The chromosomes rarely segregated into
three masses (inset). Cytoplasmic asters are
not visible. At 8-12 h (A,) after activation,
the pseudopronuclei (blue) are fully swol-
len. Intense staining for microtubules is
seen in the remnant of the spindle (arrow),
whereas a fine microtubule network is
formed in the entire cytoplasm (see also
Fig. 4A). A1 15 h {A,) postactivation, the
nuclei show the prometaphase configura-
lion with condensing chromosomes. Sever-
al asters (arrowheads) appear in the cyto-
plasm. B} Group B (simultaneous NT). At
the stage corresponding to tefophase I {2
h; B,), the donor chromosomes are not
segregated hut are condensed in a single
mass (recl). Cytoplasmic asters persist in
the cytoplasm (arrows) and around the do-
nor nucleus (arrowheads). At 8-12 h (B,),
a large pseudopronucleus develops and
aslers are not present. The ovcyles enter
mitosis by 15 h (B;) postactivation, as in
Group A. This oocyte is already in the mi-
totic telophase, Microtubules are distribut-
ed mainly to the spindle and around the
sister chromosomes. C) Group C (delayed
NT). The doner nuclei are introduced into
recipient oocytes 1-2 h after activation,
The photo shows an enucleated oocyte
before NT. t has no cytoplasmic asters
{C,). At 8-12 h (C}}, the donor nucleus re-
tains its original size. Uneven distribution
of the fine microtubule network is noted
in the cytoplasm {see also Fig. 48). By 15
h, all of the NT oocytes have undergone
fragmentation (see Fig. 5C). D) Group D
(diploid parthenote). The behavioral pat-
terns of the microtubules and chromo-
somes are very similar to those in the
standard NT group (A). The oocyte at 15 h
(D,) is in late prometaphase, showing
completely condensed chromosomes {red)
and dense microtubules tgreen) shortly he-
fore spindle formation, E} Group E {enu-
cleated oocytes). The oocytes lack nuclei
and have undergone fragmentation, as is
seen for the cocytes in Group C. The irrep-
ular distribution pattern of fine microtu-
bules {E,) is very similar to that in Group
C(C,). Bar = 20 pm.

we treated recipient oocytes with Taxol, which is a micro-
tubule-assembling agent, and examined whether the en-
hancement of microtubule assembly improved the cellular
kinetics of these delayed NT oocytes. In the first protocol,
numerous aster-like structures were found in the cytoplasm
2 h after Taxol treatment (shortly before NT), irrespective
of the presence or absence of oocyte chromosomes (Fig.
5A). Taxol-treated oocytes were then reconstructed with the
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FIG. 4. Qocytes after standard NT or de-
layed NT, 8 h after activation. The oocytes
were stained for the localization of nuclei
{blue), microtubules {green), and microfila- A
ments (red). An oucyte after standard NT
in {A) has a regular round shape and
shows even distributions of fine microty-
Lules in the cytoplasm and of microfila-
ments in the cortex area. The arrow indi-
cates the remnant of the spindle. In con-
trast, an oocyte that was subjected to de-
layed NT (B) has a bumpy surface and
irregular distributions of microtubules and
microfilaments. The dense yellow bundles
in the merged photomicrograph indicate
colocalization of microtubules and micro-
fitaments in the cytoplasm (arrows). Bar =
20 pm.

DNA

donor nucleus that was produced by delayed NT and cul-
tured for 15 h. As expected, the reconstructed oocytes did
not show severe fragmentation that was specific for delayed
NT, but did show uneven cleavage or mild fragmentation
with two to eight karyoplasts/cytoplast (Fig. 5B). These
oocytes showed arrested development thereafter (Table 1).
In the second protocol, the oocytes were exposed to Taxol
for only 10 min, immediately after nuclear transfer, to min-
imize the cytotoxic effect of Taxol. Although delayed NT-
specific severe fragmentation was induced in some cocytes,
the remaining oocytes (n = 25) survived the first cell cycle.
Of the latter 25 ococytes, five (20%) developed to the mor-
ula’blastocyst stage (two morulae and three blastocysts;
Fig. 5B, inset; Table 1). In contrast, all of the oocytes in
the nontreated group underwent complete fragmentation
(Fig. 5C).

DISCUSSION

It is generally accepted that the coordinated behavior of
microtubules and donor chromosomes in nuclear-trans-
ferred oocytes is a prerequisite for the subsequent normal
development of cloned embryos [13-15]. Murine MIT oo~
cytes contain two microtubule-containing structures: the
meiotic spindles and a dozen cytoplasmic microtubules (as-
ters). The meiotic spindles are crucial for the proper align-

FIGC. 5. Effect of Taxol on fragmentation A
induced in oocytes aiter delayed NT
(Group C). A) Aster-like structures are
formed in the cytoplasm 2 h aiter activa-
tion {arrows). B) Oocyles in the delayed
NT group at 15 h after activation. These
oocytes were treated with Taxol for 2 h
before and after NT. Some of them retain
normal appearance, but gradually undergo
uneven cleavage (arrows) or mild fragmen-
tation {arrowheads; compare with the se-
vere fragmentation in C). Some of the co-
cytes that were treated with Taxol for 10
min after nuclear transfer cleaved and de-
veloped into blastocysts {inset). C) Oocytes
in the delayed NT group without Taxof
treatment. All of the oocytes have under-
gone complete fragmentation by 15 h after
activation. Bar = 50 pm,

MIKI ET AL.

tubulin actin

merged

ment and separation of the chromosomes during meiosis,
whereas the cytoplasmic asters are responsible for pronu-
clear apposition following sperm incorporation [9]. The
meiotic spindles are removed from MII oocytes before NT.
In this report, we show that in the mouse, the cytoplasmic
asters play key roles in pronuclear movement following co-
cyte activation and in donor chromosome alignment during
spindle formation in recipient MII oocytes, The cytoplas-
mic asters in nuclear-transferred oocytes are probably as-
sembled in the spindle poles, thereby stabilizing the spindle
microtubules.

The situation described above is in sharp contrast to that
pertaining to NT cloning in domestic animal species, since
the MII cocytes of the latter lack cytoplasmic asters. Recent
studies of microtubule configuration following somatic cell
NT in cattle and pigs suggest a major contribution on the
part of the donor cell centrosome (or centrosomal material,
v-tubulins) to the formation of the spindle that encloses the
donor chromosomes, although newly appearing cytoplas-
mic asters are involved to a lesser extent {16, 17]. Inter-
estingly, even when preactivated oocytes were used as re-
cipients, these donor-derived centrosomes participated in
the formation of spindles that were associated with the do-
nor pronuclear-like structure and played a role in the po-
sitioning of this structure. These patterns are essentially
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similar to that resulting from NT using blastomere nuclei
[18]. Therefore, in domestic animal species the preactivated
ooplasm that receives the donor nucleus develops through
several cleavages, although very few of these ooplasts
reach the blastocyst stage [3, 16]. Activated bovine oocytes
that are enucleated at the telophase Il stage have also prov-
en to be suitable for NT [19], which indicates a certain
amount of flexibility in the timing of NT and oocyte acti-
vation in the cloning of domestic species. In contrast, mu-
rine nuclear-transferred embryos from preactivated oocytes
are never cleaved, and all of them undergo severe frag-
mentation during the first cell cycle [4, 5]. To date, only
one cloned pup has been born from embryonic stem cells
using preactivated oocytes that were chemically enucleated
by demecolcine [20]. It would be interesting to know
whether cytoplasmic asters persisted in these experiments,
since as many as 36% of the reconstructed oocytes were
cleaved [20]. An interval of 1 h between cocyte activation
and NT is sufficient for fragmentation, as shown in this and
previous studies {5]. Thus, murine somatic cell NT appears
to be relatively inflexible in terms of the timing of oocyte
activation and NT, although the reason for this is unclear.

The cytoskeletal dynamics observed during NT in this
study indicate that the inability of murine preactivated oo-
cytes to behave as appropriate recipients may be because
of the lack of asters (or microtubule-nucleating activity) in
the coplasm at the time of NT. The cytoplasmic asters dis-
appeared rapidly (within 2 h) after oocyte activation in all
of the experimental groups, except for Group B, in which
some asters remained for reasons unknown. Aster disap-
pearance occurred irrespective of the presence or absence
of the MII spindle (i.e., the oocytes in all the experimental
groups, including the parthenogenetic group, had exactly
the same pattern of aster disappearance). This phenomenon
has also been noted with normally fertilized oocytes that
were activated by spermatozoa [21, 22]. The disappearance
of cytoplasmic asters from activated murine oocytes may
reflect the loss of microtubule-nucleating activity. In the
fertilized oocytes at S phase, a few y-tubulin spots re-
mained in the vicinity of the pronuclei, although well-de-
veloped cytoplasmic asters were not discernible.

The patterns of distribution of the fine microtubule net-
works in the cytoplasm, from which asters disappeared fol-
lowing activation, differed significantly among the experi-
mental groups. The networks in the oocytes of the standard
NT group (delayed activation) were distributed uniformly
throughout the cytoplasm, whereas those in the delayed NT
group showed irregular, patchy, or band distributions. The
latter situation was also cobserved for enucleated oocytes
that were activated without NT (Group E). In addition to
these abnormal distributions of microtubules, we detected
phalloidin-reactive actin filaments, which normally show a
distinctive intense cortical band. It is known that contractile
ring formation by actin filaments promotes cell division
[23]. It seems unlikely that apoptosis is involved in this
cascade, since there was no morphological evidence for ap-
optotic changes, such as nuclear splitting and chromatin
aggregation, in the nuclei (data not shown), Therefore, the
abnormal recruitment of actin filaments in delayed NT oo-
cytes may lead directly to cytoplasmic fragmentation. How-
ever, the reason why abnormal distributions of microtubules
and actin filaments occur in delayed NT oocytes remains
unclear. To address this question, we treated delayed-NT
oocytes with Taxol. This drug induces the formation of as-
ter-like structures in activated oocytes. Therefore, the donor
nucleus was introduced into ococyte cytoplasm that con-
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tained asters, as in standard NT. Interestingly, severe cyto-
plasmic fragmentation, which is inevitable in delayed NT
oocytes, was not found in oocytes that were treated with
Taxol for 3—4 h. However, Taxol induced abnormal cleav-
age or mild fragmentation (two to eight fragments) of ¢o-
cytes, and we could not assess the developmental ability of
the delayed-NT oocytes that were rescued by Taxol treat-
ment. Therefore, in the second protocol, we treated the co-
cytes with Taxol for only 10 min to minimize the cytotox-
icity of Taxol. As expected, fragmentation occurred in some
oocytes owing to delayed NT, whereas the remaining oo-
cytes escaped both fragmentation and Taxol toxicity and
developed further. These findings clearly indicate that the
presence of asters, or related microtubule nucleation activ-
ity, in the recipient ooplasm at the time of NT is crucial
for the establishment of the normal nuclear-cytoskeletal
configuration in nuclear-transferred cocytes. Thus, the use
of MII oocytes is essential for successful mouse somatic
cell cloning by NT, at least with regard to cytoskeletal dy-
namics.

Previously, it was reported that in the case of murine
nuclear-transferred oocytes, normal chromatin reprogram-
ming events, which include the silencing of donor nucleus
transcription, the accumulation of TATA box-binding pro-
teins, and increased DNase [ sensitivity, occur only when
the donor nucleus is introduced into MII-arrested recipient
oocytes [6]. Chromatin reprogramming leads to zygotic
gene activation at the appropriate time point after cocyte
activation, and thereafter to normal embryo development.
Taken together, our results and those of previous studies
suggest that the use of MII oocytes as recipients in mouse
cloning experiments is critical, not only for chromatin re-
programming but also for normal cytoskeletal organization
in the reconstructed ococytes. This strict requirement is
unique to murine somatic cell cloning.
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The Sall3 locus is an epigenetic hotspot of aberrant DNA
methylation associated with placentomegaly of cloned mice
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DNA methylation controls various developmental processes by silencing, switching and stabilizing
genes as well as remodeling chromatin. Among various symptoms in cloned animals, placental
hypertrophy is comumnonly observed. We identified the Spalt-like gene3 (Sall3) locus as a hypermethyl-
ated region in the placental genome of cloned mice. The SallF locus has a CpG island containing
a tissne-dependent differentially methylated region (T-DMR) specific to the trophoblast cell
lineage. The T-DMR sequence is also conserved in the human genome at the SALLJ locus of
chromosome 18q23, which has been suggested to be involved in the 18q deletion syndrome.
Intriguingly, larger placentas were more heavily methylated at the Salf3 locus in cloned mice.This
epigenetic error was found in all cloned mice examined regardless of sex, mouse strain and the
type of donor cells. In contrast, the placentas of in vifro fertilized (IVF) and intracytoplasmic
sperm injected {ICSI) mice did not show such hypermethylation, suggesting that aberrant
hypermethylation at the Sall3 locus is associated with abnormal placental development caused by
nuclear transfer of somatic cells, We concluded that the Sall3 locus is the area with frequent
epigenetic errors in cloned mice. These data suggest that there exists at least genetic locus that is

highly susceptible to epigenetic error caused by nuclear transfer.

Introduction

Most cells of higher eukaryotes differentiate without
changing DDNA sequence. Cells differentiate into specific
types by activation and inactivation of particular sets of
genes. DNA methylation is involved in various biological
phenomena (Bird 2002; Li 2002) such as cell differenti-
ation (Takizawa et al. 2001), X chromosome inactivation
(Norris et al. 1991), genomic imprinting (Stoger et al.
1993), heterochromatin formation (Jones et al. 1998) and
tumorgenesis (Issa of al. 1994).

Mammalian cloning using adult somatic cells has been
successful in several species (Renard et al. 2002; Wilmut
et al. 2002), Cloned offspring develop a variety of abnor-
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mal phenotypes such as increased body weight {larpe
fetus syndrome), pulmonary hypertension, placental
overgrowth, respiratory problems and early death (Lanza
ct al. 2000: Hill ef al. 2000; Tamashiro et al. 2000;
Tanaka et al. 2001; Ogonuki et al. 2002), This suggests
a disruption of the normal developmental program. On
this basis we cxpected and have identified several aber-
rantly methylated loci in the tissues of full-term cloned
fetuses (Ohgane et al. 2001). Interestingly, each cloned
animal has a different DNA methylation pattern and
the extent of hyper- or hypo-methylation varies among
the individuals. Cloned embryos at blastocyst or earlier
developmental stages were reported to have unusval
DNA methylation patterns at both repetitive and single
copy gene regions (Santos ef al. 2002; Bourc'his ef al. 2001;
Kang et al. 2001, 2002), Cloned feruses of later develop-
mental stages also showed aberrant DINA methylation at
loct of imprinted and X-chromosomal genes compared
with control fetuses (Humpherys et al. 2001; Xue et al.
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Figure 1 Aberrant DNA hypermethylation at the Sall3 locus in placentas of cloned mice. (A) The genomic structure of the Sali3 locus
with the position of the probe and expected bands in Southern blotting, The Sall3 locus is at the telomeric E3 subregion of chromosome
18, Not1 is a methylation-sensitive restriction enzyme. The Not! site, aberrantly methylited in the placenta of the cloned mouse, is located
approximately 1.1 kb downstream of Sali3 exon 1. Closed boxes represent three exons of the Sall3 gene. Numbers below the hoxes are
nucleotide numbers, designating the translation-starting site as number 1. An open hox indicates the position of the probe. Methylation
status of the Salld locus was analysed by Southern blotting using Notl and Pzl The bands expected in Southern blotting in Figs 1 and 3
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2002). These findings suggest that cloned animals pro-
duced by somatic miclear transfer have different methyl-
ation patterns from norinal animals. At present, however,
it remains to be seen whether aberrant DNA methyla-
tion at certain lod is related to the phenotypes specific
to cloned animals.

Overgrowth of the placenta is one of the commonly
observed symptonis in all cloned mice regardless of the
sex and strain of animal and the type of doner cell
(Wakayama & Yanagimachi 2001; Ogura ef al. 2000a).
Abnormal gene expression has been detected in term
placentas of cloned mice (Humpherys et al. 2002; Sucmizn
ot al. 2003). Thus, there may be genoniic loci associated
with the abnormal placental development in cloned
mice. By using restriction landmark genomic scanning
(RLGS) method, we have previously investigated genome-
wide DNA methylation of CpG islands in mouse
embryonic stem (ES) cells, embryonic germ (EG) cells
and trophoblast stem (TS) cells before and after differen-
tiation (Shiota et al. 2002). We have also investigated
CpG islands of terminally differentiated germ cells and
several somatic tissucs using the same technique. There
are many CpG islands with tissue-dependent differen-
tially methylated regions (T-DMRs) (Imamnura et al.
2001; Shiota et al. 2002). Here, we report that a T-DMR
within the Sali3 locus at the telomeric E3 subregion of
mouse chromosome 18 is hypermethylated in the placentas
of all cloned mice examined.

Results

Hypermethylation of the Sall3 locus in placentas
of cloned mice

Based on our previous studies, we prepared a T-DMR
panel consisting of 247 loci detected by RLGS, one of

Aberrant DNA hypermethylation in cloned mice

which, locus #148, was methylated only in TS cells
(Shiota ef al. 2002). Intrigningly, locus #148 was matched
to one of the aberrantly methylated lodi in the placenta
of cloned mice reported in the previous paper (spot 8 in
Ohgane et al. 2001). It is also mapped to the Sall3 locus
at the telomeric E3 subregion of mouse chromosome 18
(Fig. 1A).

We first used fetuses cloned with adult cumnulus cells of
B&D2F1 mice (Fig. 1B). The degree of methylation at the
Sali3 locus was 54 + 7% in the naturally mated controls
{INM) as deduced from the previous report (Ohgane et al.
2001; Shiota et al. 2002}, Placentas of all 10 cloned fetuses,
with the exceptions of #2 and #8, showed over 60%
methylation (average 68 + 8%). Clone #15 showed the
highest DNA methylation (84%). These facts indicated
that the Salf3 locus is commonly hypermethylated in
these clones. In other words, cloning by somatic cell nuclear
transfer may consistently result in the epigenetic error at
this specific locus of the placental genome.

Mouse placenta consists of junctional and labyrinth
zones (Cross et al. 1994). Morphological examination of
placentas revealed that an expanded spongiotrophoblast
layer in the junctional zone is the major cause of placen-
tomegaly in cloned mice (Tanaka et al. 2001). DNA
methylation of the Sall3 locus was not different between
the labyrinth and junctional zones (52% and 50%,
respectively) (Fig. 1B). This implies that the hypernieth-
ylation of the Sall3 locus is not the result of change in the

" proportion of certain trophoblast subtypes in the placen-

tas of cloned mice.

Methylation status of the Sall3 locus in placentas
of cloned mice with various donor cells

Since placentomegaly is observed regardless of the
types of donor cell, we next investigated whether DNA

are depicted as unmethylated (U, 250 bp) or methylated (M, 910 bp). N, Nos[; £, Pl. (B) Aberrant hypermethylation of the Sall3 locus
in placentas of fetuses cloned with female cumulus cells of B6D2F1 mice. The methylation status of placentas of cloned fetuses (n = 10)
was compared with that of placentas of control BED2F1 fetuses produced by natural mating of C37BL/6 and DBA2 mice (NM, n = 4).
The value (%) under each lane denotes the methylation rate of the Nod site (M/M +17). The difference in methylation rate was statistically
significant between the cloned and control mice (68 * 8% and 54 7%, respectively, P < (.01). A NM placenta of B6D2F1 mouse was
dissected into the labyrinth zone {La) and the junctional zone (Ju), and their methylation status at the Sall3 locus was analysed. The
placental labyrinth zone and the junctional zone were methylated at almost the same rates (52% and 50%, respectively). (C) Aberrant
hypermethylation of the Salf3 locus in the placentas of fetuses cloned with fibroblast cells. #18, one B6D2F1 female cloned with a foetal
fbroblast. #19, one (B6 X JE1)F1 male cloned with a foetal fibroblast. #20, one (B6 x JF1)F1 fernale cloned with a tail tip fibroblast. Two
controls are fetuses obtained by IVF of C37BL/B6 and JF1 mice. {D) The methylation status of the Nod site in control placentas of
B6DI2F fetuses produced by ICSI and IVE Five placentas each of ICSI fetuses and IVF fetuses were subjected to Southern blotting vnder the
same conditions as in Fig. 1B. (E) The methyhtion degree of the Notl site evaluated by real time genornic PCR.The niethylation levels evaluated
by Southern blotting in Fig. 1B, were confirmed by real time PCR using three of the placentas of cloned (closed circle) and control
fetuses (open circle). For the controls (NM, IVF and ICSI), average methylation degrees of three placentas are shown. () Correlation between
placental weight and methylation rate of 10 BED2F! fetuses cloned with cumulus cells. The placental weight and methylation rate of each
cloned mouse are plotted. The methylation rate and placental weight show a positive correlation (coefficient r-value of 0.61, P < 0.1).
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