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Abstract:  Cloning by somatic cell nuclear transfer
(SCNT) can be used for the conservation of endangered
and extinct animals and elite livestock, and their somatic
cel ls have often been cryopreserved as genetic
resources.  However, viable cells are not always
available when individuals are already dead or when
their species have extinct.  If the intact genome could be
retrieved from such animals, cloned animals could be
produced by SCNT technology.  Recently, we have
demonstrated that viable somatic cells can be obtained
from certain bovine organs frozen without cryoprotectant
for a decade and that viable cloned animals can be
produced from the retrieved cells by SCNT technology.
In this mini-review, we discuss recent attempts to rescue
animal genetic resources from tissues, organs or bodies
frozen without cryoprotectant for a long time.
Key words:  Animal cloning, Somatic cell nuclear
Transfer, Cryopreservation, Conservation of animal
resources

Introduction

Successful animal cloning by somatic cell nuclear
t ransfer  (SCNT) has been achieved in severa l
mammalian species, such as sheep, mice, cattle, goats,
and pigs [1–7].  The cloning technique is used to breed
“elite” domestic animals in the livestock industry, and for
the conservation of genetic resources of endangered
wild animals.  In the USA, cloned animals of elite
livestock, such as beef bulls, breeding boars and top-
performing horses, have been produced commercially
(http://www.viagen.com/).  It has been suggested that
genome resource banks should be established for the

cryopreservation of gametes, embryos and somatic
cells of endangered animals [8], and clones have
already been produced from several endangered
mammalian species to maintain biodiversity [9–11].

For the cryopreservation of animal somatic cells,
tissues are collected from live or postmortem animals
within several hours after death, then they are cultured
with appropriate culture media in an incubator to obtain
cell cultures.  In cases in which donor individuals are
already dead or their species extinct, genetic resources
such as viable cryopreserved cells are not always
available.  We have demonstrated that live and healthy
cloned cattle can be produced from an organ frozen
without any cryoprotectant for more than a decade [12].
In this review, we will discuss recent attempts to rescue
animal genetic resources from non-viable cells or
animal bodies, organs and tissues that have been
frozen without cryoprotectant for a long time.

Cloning Animals from Non-frozen Dead Cells

There are two major methods of SCNT.  One is a cell
fusion method in which a somatic cell is fused with an
enucleated oocyte by electro-stimulation.  This fusion
method was used for production of the first cloned
sheep “Dolly” [1], and it is usually used for cattle [3] and
sheep cloning.  Theother method is the nuclear injection
method in which a single denuded donor nucleus is
directly injected into an enucleated oocyte.  The nuclear
injection method was used in the production of the first
cloned mouse “Cumulina” [2], and it has also been
applied to pigs [5] and goats [13].  For the fusion
method, viable cells are generally needed as donor
cells.  However, previous reports of the successful
production of cloned animals by the injection method
clearly indicate that the genomic integrity of donor
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nuclei rather than the viability of donor cells is essential
for the success of animal cloning.  For example, Loi et
al. produced live cloned animals from granulosa cells
recovered from ovaries of two endangered sheep
(mouflon) that were dead for 18 to 24 h.  Trypan blue
staining indicated that the granulose cells were dead,
but cloned embryos produced by injection of their nuclei
into enucleated goat oocytes developed to term [11].
Their report indicated that the genome of somatic cells
recovered from dead animals is intact, at least shortly
after death.  Furthermore, Loi et al. also demonstrated
that heat-denatured non-viable somatic cells that were
subjected to temperatures of 55 to 75ºC for 15 min
retain the potential to generate normal offspring
following SCNT [14], suggesting that the structural
integrity of nuclear and cytoplasmic proteins is not
necessary for the development of SCNT embryos.
Thus, these results indicate that cell death and/or cell
denaturation does not always result in the loss of
genomic integrity, and that cloned animals can be
produced from non-viable cells if the genome is intact.

Intracytoplasmic Sperm Injection of 
Frozen Dead Sperm

Freezing organisms or cells without cryoprotectant
results in a variety of harmful physical and chemical
changes.  When an organism is cooled to a temperature
below the equilibrium freezing point of its own tissue
fluids, the cells are damaged by the direct physical
effects of ice crystals formed in the tissues and by the
indirect chemical effects of salt [15].  The activity of
DNase is largely influenced by divalent cations [16], and
it is possible that the destruction of the cell membrane
and sub-cellular compartments by ice-crystal formation
alters intracellular ionic homeostasis, resulting in the
activation of endogenous DNases, and subsequently
DNA fragmentation.

Unlike somatic cells which are vulnerable to freezing
damage, spermatozoa are tolerant to freezing because
of their small size and low degree of hydration, and
because their transcriptionally inactive DNA is tightly
packed wi th  protamines .   Up to  now,  ar t i f ic ia l
insemination using frozen semen has played an
important role in animal breeding.  In addition, there
have been many attempts to obtain offspring with
microinjection of sperm frozen without cryoprotectant
into oocytes, because simple freezing is easier and less
costly method for sperm preservation.

There are several reports that mouse spermatozoa
after freezing without cryoprotectant, and even after

f reeze-dry ing which severely  damages p lasma
membranes making them dead in the conventional
sense, were successfully used to ferti l ize mouse
oocytes in intracytoplasmic sperm injection and that the
resultant embryos developed to healthy mice [17, 18]. 

Ogonuk i  e t  a l .  have  ob ta ined  l i ve  pups  by
intracytoplasmic injection of dead spermatozoa and
spermatids from mouse testes which were recovered
from dead mouse bodies stored at –20ºC in a freezer for
15 years without any cryoprotectant [19].  To avoid the
activation of endogenous DNases which causes DNA
damage, they used potassium-rich Ca2+ and Mg2+ free
nuclear isolation medium (NIM) [20] for the suspension
of the defrosted spermatozoa and spermatids.  Although
almost all spermatozoa and spermatids from the frozen
mouse testes had extensively disintegrated cytoplasm,
normal pups were produced after they were injected into
oocytes, indicating that the genomes of the spermatozoa
and spermatids can survive storage at –20ºC in a
freezer for 15 years.

Cloning Animals from Frozen Dead Cells

I f  the  in tegr i t y  o f  the  who le  genome can  be
maintained in the nuclei of frozen dead somatic cells,
cloned animals can be produced by SCNT technology.
Can the genome of somatic cells withstand freezing
under severe frozen conditions?

Loi et al. demonstrated that SCNT embryos produced
from the nuclei of freeze-dried sheep granulosa cells
develop to the blastocyst stage [21].  The granulosa
cells were freeze-dried after adding trehalose as a
cryoprotectant, and stored for three years at room
temperature.  Although these granulosa cells were dead
and 60% of the nuclei showed obvious DNA damage,
16% of the SCNT embryos from the freeze-dried cells
deve loped  to  the  b las tocys t  s tage ,  wh i l e  t he
developmental rate of control SCNT embryos from fresh
granulosa cells was 21%.  This result suggests that
damaged DNA in the donor nucleus is repaired by one
or more unknown factors in the oocyte cytoplasm after
introduction of freeze-dried cells into oocytes.

Li et al. established mouse embryonic stem (ES) cells
from SCNT embryos, called nuclear transfer ES (ntES)
cells.  They were derived from the nuclei of mouse
keratinocyte stem cells that were stored at –80ºC
without cryoprotectant for 342 days.  Although Li et al.
failed to produce cloned mice from these NT embryos,
they did produce germ-line chimeric mice using these
ntES cells, and also produced clonal mice by injecting
the ntES ce l ls  into  te t rap lo id  b lastocysts  [22] .
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Establishment of ntES cells might be a more efficient
way of rescuing genomes from frozen-dead cells than
direct generation of live cloned animals using frozen
cells [23].

Interestingly, Wakayama et al. produced healthy
cloned mice from somatic cell nuclei from a mouse body
that had been frozen and kept at –20ºC [24].  They
collected denuded nuclei from eleven organs of a
mouse that had been stored at –20ºC for one week by
homogenizing the organ tissues in NIM, and produced
SCNT embryos by the direct injection of each nucleus
into enucleated mouse oocytes.  SCNT embryos
produced using brain t issue showed the highest
developmental competence and developed to cloned
mice after embryo transfer.  Cloned mice were also
produced using cells recovered from brain tissues that
had been kept at –20ºC for 1 month and 16 years [24].
In the latter case, a two-step nuclear transfer method
was used for the production of SCNT embryos, which
were produced from nuclei of ntES cells established
using SCNT embryos produced from frozen mouse
brain.   However ,  f resh mouse brain cel ls  were
considered to be inappropriate as donor cells for mouse
cloning [2].

These results indicate that some genomic integrity is
maintained in certain organs or tissues even after 16
years at –20ºC.  Different organs and cell types have
different levels of cold tolerance [25], which might
explain why some tissues maintain genomic integrity
be t te r  t han  o the rs  a f te r  be ing  f rozen  w i thou t
cryoprotectant.

Resurrection of an Elite Bull from 
a Frozen Organ

The above-mentioned reports indicate that cloned
animals can be produced from frozen and dead cells if
the genomic integri ty of the cel ls is maintained.
However, it is almost impossible to examine whether the
genomes of such cells are intact or not before nuclear
transfer.  If viable and proliferative cells can be obtained
after being frozen without a cryoprotectant,  the
genomes of these cells should be intact.  Our group
demonstrated that viable cells can be obtained from
animal organs frozen without cryoprotectant for more
than a decade. 

Yasufuku was a legendary bull of Japanese Black
cattle (Wagyu).  The beef of Yasufuku’s offspring was
valued for its very fine marbling and rich flavor.  Today,
it is estimated that 26% of Japanese Black cattle are
progeny of Yasufuku.  Yasufuku died of senility at 13.5

years of age in September 1993.  His testicles were
collected 12 hours after his death, then wrapped in
aluminum foil and placed in a –80ºC freezer without
cryoprotectant for 10 years.  The testicles were then
transferred to liquid nitrogen without cryoprotectant for
another 3 years.  It was expected that the somatic cells
in these f rozen test ic les would be dead due to
cryoinjury.  In bovine cloning, live-cultured donor cells
are commonly used to produce SCNT embryos.  Thus, it
was thought that cloning Yasufuku with dead cells from
a frozen organ would be extremely difficult.  However,
we considered that if viable and culturable somatic cells
from Yasufuku’s frozen testicles could be retrived, it
might be possible to produce cloned animals by SCNT
technology.

Before experimenting with Yasufuku’s testicles, we
conducted preliminary experiments with fresh bovine
castrated testicles.  Testicles were collected from three
12- to 15-month-old bulls and were frozen at –80ºC
without any special treatment in a freezer for 1 to 4
months.  The frozen testicles were then dissected into
different parts, caput epididymis, cauda epididymis,
spermatic cords and testes.  These were thawed quickly
by putting them into saline at 42ºC.  The thawed tissue
was minced (5-mm in diameter) and incubated at 39ºC
for 2 h in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 0.1% collagenase (Invitrogen,
Carlsbad, CA, USA) and 0.2% dispase (Invitrogen,
Carlsbad, CA, USA).  After filtration of the resultant
suspension through a 250-mm nylon mesh, the filtrate
was centrifuged at 250 × g for 5 min.  In our preliminary
experiments, we used several kinds of culture media,
such as DMEM or -minimum essential medium (-
MEM) to obtain primary cultures for the frozen testicles.
However, no cells grew from the thawed tissue.  We
conjectured that cells in the thawed tissue might have
quite low proliferating activity.  Therefore, we next
selected MF-start™ medium (Toyobo, Osaka, Japan)
that was developed to grow cells with low proliferating
activ i ty in pr imary culture.  The precipi tate was
resuspended in MF-start™ medium and incubated at
38.5ºC in an atmosphere of 5% CO2 in air with high
humidity.  After five days of culture, surprisingly, we
found a number of attached cells from both the caput
epididymis and the spermatic cords.  Then medium was
replaced wi th AmnioMAX™II  complete medium
(Invitrogen, Carlsbad, CA, USA) to induce the rapid
proliferation of cells.  Ten days after incubation,
outgrowths had formed and the medium was replaced
with MF-medium® (Toyobo, Osaka Japan).  We found
that active proliferated cells could be obtained from
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testicles frozen without cryoprotectant, suggesting that
most of the genomes in these cells had not been
severely damaged and that the plasma membranes of
these cells were intact. 

Next, we examined whether viable cells could be
obtained from Yasufuku’s frozen testicles (Fig. 1A).
The caput epididymis (Fig. 1B) and the spermatic cords
(Fig. 1C) of Yasufuku’s testicle were isolated.  They
were cut into several small pieces thawed ane minced.
Then, the pieces of tissue were digested as described
above, and the precipitates were cultured.  In the
culture, a small number of cells were found attached to
the bottom of the culture dishes, and they were allowed
to proliferate (Fig. 2) until there were enough to use as
donor cells for SCNT.

We produced SCNT embryos from Yasufuku’s cells
by the conventional cell fusion method.  The SCNT
blastocysts were transferred to 16 recipient females.
Five of the recipients became pregnant and four of them
delivered viable cloned calves (Fig. 3).  One calf died of
large offspring syndrome two days after birth and
another died from peritonitis at age 5 months.  The
other two calves were healthy and remain healthy
today, more than 2 years after birth (Fig. 4) [12].  The
production efficiency of bovine clones (defined as the
number of live calves over 6 months old / the number of

Fig. 1. (A) A frozen testicle after storage in a freezer for 10
years and in liquid nitrogen for 3 years.  (B) A
dissected part of the caput epididymis (arrow).  (C)
Spermatic cords that had been cut into three pieces.
Scale bars represent 2 cm.

Fig. 2. Differential interference-contrast micrograph of cell populations established from
Yasufuku’s frozen testicles.  A and C, fibroblast-like cells; B and D, epithelial-like
cells.  A and B were used for NT after primary culture, and C and D were
cryopreserved and then subcultured with five passages.  Scale bars represent 100 m.
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transferred embryos) in our experiment was 12.5%,
which is higher than the values given in a recent report
on cloning efficiency [26].

These results suggest that viable somatic cells can be
obtained from mammalian organs or tissues that have
been f rozen  w i thou t  c ryopro tec tan t ,  bu t  have
maintained the genomic integrity of cells.

 Recovering Viable Cells from 
Frozen Adipose Tissues

The cloning of Yasufuku raises the possibility that a
mammalian genetic resource can be maintained by
simply freezing organs or tissues.  We demonstrated
that viable cells can be retrieved from frozen bovine
testicles, although testicles are not the best source of
an animal’s genome because they can be obtained only
from male animals.  We recently proposed that adipose
tissue may be more suitable for obtaining viable somatic
cells after freezing without cryoprotectant [27].

Pieces of subcutaneous adipose tissue from twenty
Japanese Black catt le were col lected at a local
slaughterhouse, individually packed in plastic sample
bags, frozen in liquid nitrogen vapor and stored at –80ºC
for over 4 months (Fig. 5A).  The frozen adipose tissue
was thawed at 39ºC (Fig. 5B).  One gram of each
sample was put into 5 ml of DMEM containing 0.1%
collagenase and 0.2% dispase, and incubated in a
water bath at 39ºC for 1 hour with agitation (Fig. 5C).
After centrifugation, most of the cell debris and lipid
floated to the top and cells were pelleted at the bottom
(Fig. 5D).  These cells were re-suspended with 500 l of
MF-start™ medium, and cultured in the wells of a 24-
well dish.  Many of the cells were in clumps (Fig. 6, d0).

Fig. 3. Calves cloned from Yasufuku’s frozen testicles.  (A) A male calf derived from Yasufuku’s testicles was
born on 30 November 2007.  The calf’s birth weight was 18.5 kg and he remains healthy at the time
of writing.  (B) A male calf that was delivered by Caesarean section on 5 March 2008.  The calf’s birth
weight was 47.5 kg; he died two days after birth.  (C) The calf with ear tag “c95” was born on 22 July
2008.  His birth weight was 32 kg.  He died of peritonitis 169 days after birth.  The calf with ear tag
“c66” was born on 31 July 2008.  His birth weight was 30 kg and remains healthy at the time of writing.

Fig. 4. Healthy cloned calves from Yasufuku’s frozen
testicles.  (A) The first cloned calf of Yasufuku
(30 months).  We have collected its semen to
produce the clone’s progeny.  (B) The fourth
cloned calf of Yasufuku was castrated and is
being fattened to examine the beef quality (22
months).



98 J. Mamm. Ova Res. Vol. 27, 2010

Fig. 5. (A) A piece of bovine adipose tissue packed in a plastic sample bag
and stored at –80ºC.  (B) Frozen adipose tissue was thawed by putting
the plastic bags in saline at 39ºC.  (C) One gram of thawed adipose
tissue was put into 5 ml of digestion medium, and incubated in a water
bath at 39ºC for 1 hour with agitation.  (D) After centrifugation,
culturable cells were collected from the bottom of tube.

Fig. 6. A clump of cells that was collected from frozen bovine adipose tissue on
day 0 (d0) and cells proliferating from the clump on days 2, 3 and 4 of
culture (d2, d3 and d4, respectively).
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These cells did not appear to be adipocytes because no
lipid droplets were observed in the cytoplasm.  After
seven days of culture, cells proliferated from the clumps
in all samples, although the number of cells differed
among samples (Table 1).  We think these differences
were caused by various factors.  For example, the
differences in the freezing and thawing speeds of
adipose tissue might have affected the viability of the
cells.  Alternatively, there is a possibility that freeze-
tolerant cells are located randomly in bovine adipose
tissue.  Finally, a sufficient number of cells for donor
cells for cloning was obtained from all cultures after 14
days of culture.

We do not know why cells in adipose tissue are able
to  w i ths tand  c ryo in ju ry  i n  t he  abs ence  o f  a
cryoprotectant.  Frozen, morselized human bone has
also been found to contain live cells [28].  Further
studies are needed to clarify the mechanisms by which
smal l  numbers of cel ls from adipose t issue can
withstand or evade cryoinjury from ice crystals and/or
osmotic stress.

Conclusion

The ability to clone animals from frozen animal bodies

and organs indicates that intact nuclei can be stored
after simple freezing.  Our previous study [12] showed
that when viable cells are retrieved from frozen organs
or tissues, they can be used to clone animals by
conventional SCNT.  Wakayama et al. [24] showed that
even if all cells are dead in frozen animals, cloned
animals can be produced by injection of nuclei from
dead cells into enucleated oocytes.  Moreover, if cloned
embryos fai l  to develop to term, it is possible to
establish ntES cells from the cloned blastocysts, and to
produce chimeric animals by injecting the ntES cells
into tetraploid blastocysts, or to produce cloned animals
by two-step SCNT.

Further studies are needed to determine the best
organs or tissues for obtaining either viable somatic cells
or intact nuclei after freezing without cryoprotectant.
Freezing could be used for the conservation of threatened
species.  When the appropriate facilities for culture and
cryopreservation of somatic cells are not available, we
propose that storing adipose tissues at –80ºC without
c ryop ro tec tan t  wou ld  be  the  s imp les t  way  to
cryopreserve animal genomes as viable somatic cells.
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