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Cloning animals by nuclear transfer provides an opportunity to
preserve endangered mammalian species. However, it has been
suggested that the ‘‘resurrection’’ of frozen extinct species (such as
the woolly mammoth) is impracticable, as no live cells are available,
and the genomic material that remains is inevitably degraded. Here
we report production of cloned mice from bodies kept frozen at
ⴚ20 °C for up to 16 years without any cryoprotection. As all of the
cells were ruptured after thawing, we used a modified cloning
method and examined nuclei from several organs for use in nuclear
transfer attempts. Using brain nuclei as nuclear donors, we established embryonic stem cell lines from the cloned embryos. Healthy
cloned mice were then produced from these nuclear transferred
embryonic stem cells by serial nuclear transfer. Thus, nuclear
transfer techniques could be used to ‘‘resurrect’’ animals or maintain valuable genomic stocks from tissues frozen for prolonged
periods without any cryopreservation.
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C

urrent animal cloning techniques using nuclear transfer (1)
can reconstruct animals from donor cells; clones so produced differ only in their mitochondrial DNA (2). This technology has produced a variety of cloned animals for scientific and
commercial purposes. However, it is not known whether this
method could be applied to the recovery of animals from frozen
extinct species. Although most, if not all, mammalian cells lose
their functional integrity if frozen without cryoprotective reagents, it is conceivable that some aspects of genomic information remain intact even in such dead bodies. By contrast, the
genomes of spermatozoa are resistant to freezing (3), and even
freeze-drying (4) without cryoprotectants. However, it has been
difficult to demonstrate this in somatic cells, due to technical
difficulties in assessing genomic integrity.
One recent paper has reported on the nuclear integrity of dead
cells after freeze-thawing by improved techniques (5). This study
successfully produced cloned mouse embryos and generated
germ line chimerae via nuclear transferred embryonic stem cell
(ntES) cells. However, although all donor cells were dead after
thawing, the donor cells were frozen in a medium including
polyvinylpyrrolidone, which is known to exhibit cryoprotectant
effect (6). Freeze-dried cells were also used for these nuclear
transfer attempt, and all cells were dead after rehydration (7, 8).
Although cloned embryos were obtained from those dead cells
following nuclear transfer, no cloned offspring were obtained.
Moreover, so far all studies of nuclear transfer using ‘‘dead’’
material have used isolated single cells frozen in the laboratory
using special media. In dead specimens frozen in natural conditions such as permafrost tundra, the cells of tissue will presumably bind strongly to each other and freeze gradually after
death due to the large body size. It remains to be shown whether
nuclei can be collected from whole bodies frozen without
cryoprotectants and whether they will be viable for use in
generating offspring following nuclear transfer. This is an important question with potential application in the cloning of
extinct animals frozen in permafrost, or specimens collected
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opportunistically from endangered species in the field without
access to sophisticated laboratory facilities.
In this study, we first attempted to determine the conditions
needed to restore nuclei from frozen bodies and to assess their
viability for use in cloning by nuclear transfer. In one typical
cloning procedure, live donor cells are fused with enucleated
oocytes, which requires the donors to have viable cell membranes. Thus, obtaining suitable cells for nuclear transfer from
naturally frozen tissues is extremely difficult, if not impossible.
We have developed an alternative nuclear transfer method in
which we inject denuded donor nuclei into oocytes directly (9).
We hypothesized that this method might allow us to produce
cloned embryos using nuclear transfer from frozen bodies or
tissues
Results
Adaptation of the Nuclear Transfer Technique for Frozen Dead Donor
Mice. To apply our nuclear transfer methods for production of

cloned mice from frozen tissues, we tested the efficiency of
producing cloned embryo development in vitro from different
organs of mice frozen at ⫺20 °C for one week. We collected
denuded nuclei (Fig. 1 D and E) by homogenizing the organs in
nuclear isolation medium (NIM) (10) instead of making single
cell suspensions by enzyme digestion. Blood was also collected
from the tail vein and diluted simply with NIM. To minimize
nuclear damage and improve the survival rate of oocytes after
injection, nuclear transfer into enucleated oocytes was carried
out using a large diameter injection pipette in modified NIM
[supporting information (SI) Fig. S1 a and b]. The rate of
development to morula/blastocyst stage embryos using the nuclei from cells taken from most organs of the frozen mice was
very low (Table 1 and Fig. S1c) and not as efficient as when using
live cumulus or fibroblast cell nuclei (11–13). However, cloned
embryos derived from brain tissue nuclei developed into morulae/blastocysts (39%) at a rate similar to or even better (Fig. S1d)
than a previous report (9). Moreover, nuclei from tail blood cells
also supported morula/blastocyst development (18%), albeit at
a lower efficiency (Table 1). To determine if this success was
attributable to the presence of surviving whole cells, or only
subcellular components that still included the genome, we
assessed the extent to which functional cells were present in these
frozen body tissues. No live cells could be detected from blood
samples using flow cytometry and vital staining, (Fig. S2 and Fig.
S3). Likewise, for brain tissues, no live cells were detectable after
gentle homogenization (Fig. S4), suggesting that our success was
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due to the preservation of subcellular components rather than
living cells. Accordingly, despite the absence of viable cells, we
concentrated on these two organs (brain and blood) as potential
sources of nuclei for the production of cloned mice from frozen
tissues.
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cloned mice by nuclear transfer, brain tissues Fig. 1 B and C
from two different frozen mouse strains were collected (BDF1
females and males frozen for one week or one month and two
C3H/He male mice frozen for 16 years at ⫺20 °C; Fig. 1A and
nuclei were transferred to enucleated oocytes Fig. S1 a and b.
The resulting 2-cell embryos were transferred into recipient
pseudopregnant females. From the BDF1 nuclei, we obtained
three and five live cloned mice from male samples frozen for
one week and one month, respectively (Table 2). These cloned
mice did not show any abnormalities and grew to adulthood.
However, no cloned mouse was produced using donor nuclei
from the brain from C3H strain mice frozen for 16 years. It
should be noted that these mice were from an inbred strain and
that cloning has never been achieved from inbred mice, even
when using fresh donor cells (14, 15). Thus, the failure of
cloning in this instance was probably an effect of the mouse
strain, rather than because of freezing damage. Because the
genetic background inevitably affects experimental outcomes
in cloning, results should ideally be compared within the same
strain to exclude strain effects. However, as mentioned above,
inbred mice cannot be used to set up a control study using
nuclear transfer, and we could obtain only C3H strain mice as
donor samples frozen for prolonged periods. Thus, in the
following experiments we were limited to making indirect
comparisons of the BDF1 and C3H results.

F

Establishment of Nuclear Transfer Embryonic Stem (ntES) Cells from
Frozen Mice. In parallel experiments, we tried to establish ntES
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cell lines (16) using frozen tissues as a nuclear donor source. As
shown in Tables 1 and 3 and Table S1, we established 46 ntES
cell lines from all brain samples including both two C3H/He mice
frozen for 16 years, 42 ntES cell lines from tail blood samples,
and 11 ntES cell lines from several organs, such as pancreas or
kidney. The rate of establishment decreased with the duration of
freezing (Fig. 1H), but all established ntES cell lines were
positive for the ES cell-specific pluripotency markers, Oct3/4
(Fig. S1 e, and f), Nanog (data not shown), and alkaline
phosphatase (Fig. S1g). Ten randomly selected ntES cell lines
had normal karyotypes (Fig. S1h). To test the normality of these
ntES cell lines, we injected them into diploid albino strain mouse
blastocysts Table S2. These chimeric mice had a high rate of ntES
cell contribution (Fig. S5a), including to the germline (Fig. S5b),
demonstrating the pluripotency of the ntES cells.
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Production of Cloned and Chimeric Clonal Mice from ntES Cell Nuclei.
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Fig. 1. Mouse frozen for 16 years and its clone. (A) C3H/He strain male mouse
frozen at ⫺20 °C for 16 years. (B and C), Frozen brain tissues were collected on dry
ice. (D and E) Donor nuclei were collected from a brain fragment by gentle
homogenization. (E) Nuclei were stained with Hoechst 33342. (F) A cloned mouse
derived from C3H/He strain male mouse frozen at ⫺20 °C for 16 years via secondary nuclear transfer from an ntES cell. One clone died from respiratory failure
just after birth and one clone showed open eyelids at birth but was cannibalized
the next day by the foster mother. However, the remaining two clones grew to
adulthood. (G) The first C3H/He strain cloned mouse (agouti) has demonstrated
normal fertility (all offspring were agouti) when mated with a female (black). The
female clone was derived from BDF1 frozen brain via ntES cell nuclear transfer. (H)
Although the rate of establishment of ntES cell lines decreased with the increased
storage period, the sample frozen for 16 years retained the potential to establish
ntES cell lines after nuclear transfer. Blue bar, derived from brain nuclei; green
bar, derived from tail blood; red bar, derived from C3H strain brain nuclei.
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Using these ntES cells, we attempted to produce cloned or
chimeric clonal mice by a second round of nuclear transfer and
tetraploid complementation. In this procedure, ntES cells are
aggregated with tetraploid embryos, and the resulting chimeric
offspring are nearly completely of ntES cell origin (17, 18). As
shown in Table 4, we obtained cloned mice from all experimental
groups by secondary transfer of ntES cell nuclei into enucleated
oocytes, irrespective of donor sex or storage duration. Importantly, we produced a total of 4 cloned mice (Fig. 1F and 9
chimeric clonal mice (Fig. S5c) via ntES cells from both C3H/He
mice frozen for 16 years. Two of these clones showed normal
fertility after being mated with a BDF1 female clone (Fig. 1G).
These C3H/He cloned and chimeric clonal mice show the agouti
coat color of the donor strain (Fig. 1F ), whereas the oocyte
donors and surrogate mothers do not carry the agouti gene. The
coat color, sex and microsatellite analysis of the genotypes
PNAS 兩 November 11, 2008 兩 vol. 105 兩 no. 45 兩 17319
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Production of Cloned Mice Directly from Frozen Mice. To produce

Table 1. Attempts at generating cloned embryos and establishment of ntES cell lines by
nuclear transfer from several organs of frozen mice stored at ⴚ20°C for one week
without cryoprotectants

Tissue

No.
enucleated
oocytes

No. surviving
oocytes after
nuclear
injection

No.
activated
oocytes

No. embryos
developing to
morula/
blastocyst, %*

No.
established
ntES cell
lines, %**

133
447
111
117
116
115
110
136
110
111
100
1606

110
409
90
84
83
85
84
83
89
75
65
1257

109
326
85
76
71
75
77
78
82
66
55
1100

43 (39.4)a
58 (17.8)b
13 (15.3)c
11 (14.5)c
9 (12.7)d
9 (12.0)d
5 (6.5)e
5 (6.4)e
5 (6.1)e
0f
0f
158

11 (10.1)g
19 (5.8)
1 (1.2)h
3 (3.9)
2 (2.8)
3 (4.0)
1 (1.3)h
1 (1.3)
0h
0h
0h
34

Brain
Tail blood
Pancreas
Kidney
Bone M
Spleen
Thymus
Lung
Heart
Liver
Intestine
Total

All experiments were repeated more than four times; percentages are based on the numbers of activated
oocytes. *a vs b, c, d, e, f and b, c vs f: P ⬍ 0.01; b vs e and d vs f: P ⬍ 0.05. **g vs h: P ⬍ 0.05.

showed that all of the ntES cell lines as well as the cloned and
chimeric clonal mice were indeed derived from the donor mice
(Fig. S6a). In addition, no gene rearrangement was found in any
ntES cell line (Fig. S6b), which demonstrated that donor nuclei
were not T- or B-lymphocytes and that the complete genomes of
the donor mice had been recovered successfully, as in the ntES
cells. Thus, we could obtain cloned mice by nuclear transfer from
frozen brain tissue either directly or via ntES cell nuclei.
Although, as with all cloning technology, the success rate was
low, we also obtained cloned or chimeric clonal mice from frozen
tail blood cells via ntES cell nuclei (Tables S3 and S4).
Discussion
We have demonstrated here that healthy cloned mice and
chimeric clonal mice could be obtained by nuclear transfer using
donor nuclei from cells obtained from bodies frozen without
cryoprotectants for up to 16 years. None of the cells in animals
frozen in this manner remain intact. However, as the cloning
efficiency from the frozen tissues was similar to that using live
normal tissues, it is evident that some genomic integrity was
preserved even after such extended storage. Unexpectedly, the
best organ for source of donor nuclei was the brain, although the
specific cell type (or types) of the donor cells has not been
determined. Cloned mice have been obtained using the nuclei of
embryonic or newborn neural cells (19–21). However, to our
knowledge, no cloned mice have been generated from adult
brain cells, and we have also failed to generate cloned mice from
fresh adult brain tissues.

Why did frozen-thawed brain nuclei show such good developmental potential after nuclear transfer? One possibility is that
this outcome may reflect differential cold tolerance dependent
on the organ or cell type (22). It is known that polysaccharides,
such as sucrose or trehalose, can be used as cryoprotectants and
brain function is heavily dependent on glucose. One testable
possibility is that endogenous glucose improved the ability of the
brain to withstand freezing without cryoprotection. Paradoxically, freeze-thawing might even have allowed the brain cells to
show better reprogrammable potential than live cell nuclei. It has
been suggested that the use of denatured somatic cells for
cloning might permit enhanced access of oocyte reprogramming
factors into the nuclei and thereby increase the cloning success
rate (23, 24). These frozen-thawed brain nuclei also had denatured genomes, which may have permitted the accessibility of
reprogramming factors from the oocyte cytoplasm.
Most of our success in generating cloned or chimeric clonal
mice from frozen samples was dependent on a secondary round
of nuclear transfer from established ntES cells. This indirect
route is simpler than the direct production of cloned mice (25,
26). Such ntES cells are functionally indistinguishable from ES
cells derived by fertilization (27, 28). For any attempts at the
resurrection of extinct animals or preservation of endangered
species, the establishment of ntES cells should be attempted first
rather than the direct production of clones (26). Once ntES cell
lines are established, sufficient numbers of cells with intact
genomic DNA can be obtained easily. Although we failed to
produce cloned mice directly from C3H/He strain brain nuclei

Table 2. Production of cloned mice from brain cell nuclei recovered from mice frozen
without cryoprotectants
Freezing
duration
Fresh
1 week

Donor
strain
BDF1
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1 month
16 years

C3H

Sex

No.
enucleated
oocytes

No.
activated
oocytes

No. embryos
developing to the
2-cell stage, %

No.
offspring,
%*

M
F
M
F
M
M

273
108
162
142
208
489

172
77
116
101
182
266

163 (94.8)
67 (87)
103 (88.8)
75 (74)
160 (87.9)
126 (47.4)

0
0
3 (2.6)
0
5 (2.7)
0

*Percentages based on the numbers of 2-cell embryos.
17320 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0806166105
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Table 3. Establishment of ntES cell lines from brain cell nuclei of mice frozen
without cryoprotectants
Freezing
duration

Donor
strain

Fresh
1 week**

BDF1

1 month
16 years

C3H

Sex

No.
enucleated
oocytes

No.
activated
oocytes

No. embryos
developing to
morula/blastocyst, %

M
F
M
F
M
M

88
66
67
203
192
560

57
57
52
172
170
412

7 (13)
24 (14)
19 (21)
40 (15.7)
49 (28.8)
81 (19.7)

No. established
ntES cell
lines, %*
2 (4)a
8 (14)b,c
3 (6)
13 (7.6)c
10 (5.9)c
10 (2.4)d

frozen for 16 years, this could be an effect of the strain rather
than the storage period, because we were able to produce
C3H/He cloned mice from ntES cells by a second round of
nuclear transfer. Using such ntES cells as a genomic resource
would allow us to carry out a variety of experiments, such as
whole genome sequencing or establishment of an animal genome
repository similar to those developed for plant seeds. Although
many of the techniques in this study have succeeded only in the
mouse and, so far, ES cell lines have been established only from
mice, primates, and humans, ES-like cell lines have been derived
from many other species (29–32). Such cell lines could be used
to prepare sufficient numbers of donor cells for serial nuclear
transfer studies, as demonstrated in experiments with cattle (29).
Thus, the combination of cloning and ntES cell techniques offers
a distinct chance to resurrect extinct animals or preserve endangered species with appropriate frozen tissues.
Recently, our group and others have demonstrated that live
mice could be obtained using intracytoplasmic injections of dead
sperm (4, 33) or even using sperm from bodies kept frozen for
15 years (3). However, it is not possible to clone complete
animals from spermatozoa alone. Nuclear transfer techniques, in
contrast, allow us in effect to ‘‘resurrect’’ entire genomes,
irrespective of the donor sex. Although brain tissues proved the
most effective for producing cloned mice in this study, it is
possible that other organs or tissues, such as frozen leukocytes,
could be used as sources of donor nuclei. This would increase the
chances of finding tissues in good condition. At present, the lack
of suitable species for recipient oocytes and for surrogate
mothers is one of the major problems that needs to be solved for
the method to be applied in extinct or endangered animals.
However, the use of interspecies nuclear transfer techniques (34,
35) could solve this problem and provide a possibility of reconstituting genomes or animals from samples frozen without access
to sophisticated laboratory facilities.
Methods
Preparation of Donor Cells. To identify cells resistant against freezing, 11
mouse organs were stored in cryotubes at ⫺20 °C for one week without any

cryoprotection. For prolonged preservation experiments, whole mouse bodies were kept at ⫺20 °C for up to 3 months without defrosting (BDF1 strain,
healthy males and females, 2–3 months old, euthanized by vertebral dislocation and placed into a plastic bag), or at ⫺20 °C for 16 years (C3H/He strain,
healthy males, 3 months old, euthanized by an overdose of pentobarbital
sodium and placed into a paper box before freezing). Frozen brain tissues
were extracted from the heads on dry ice just before nuclear transfer. Tissues
were thawed by adding 400 L of NIM (10) and then homogenized gently to
collect denuded nuclei. The exception was blood cells, which were collected by
squeezing 1–2 L of blood from the tail; these were simply washed and diluted
in NIM. Those nuclei were kept at 4 °C until use, and fresh donor nuclei were
added to the micromanipulation chamber every hour from this stock.
Nuclear Transfer and Production of Cloned Mice. Nuclear transfer and oocyte
activation was performed as described (36, 37). However, in this experiment,
to avoid damage to denuded nuclei we performed nuclear transfer into
enucleated oocytes using a large injection pipette and used modified NIM for
nuclear injection instead of polyvinylpyrrolidone-containing medium. When
any cloned embryos developed to the 2-cell stage, they were transferred into
pseudopregnant ICR females at 0.5 days post copulation (dpc), and live
offspring were collected by Caesarean section at 19.5 dpc.
ntES Cell Derivation. When embryos had developed to the morula or blastocyst
stage, they were used to establish ntES cell lines as described (16). Briefly,
embryos were treated with acid Tyrode’s solution to remove the zona pellucida and placed in 96-well dishes with mouse embryonic fibroblasts (ICR strain
origin) for more than 10 days. Proliferating outgrowths were dissociated using
trypsin digestion and replated on fibroblasts until stable cell lines grew out. All
established ntES cells were evaluated for signs of pluripotency by alkaline
phosphatase staining, immunostaining for Oct3/4 and Nanog, and by karyotyping 10 randomly selected ntES cell lines using SKY-FISH staining according
to the manufacturer’s protocol (Spectral Imaging Ltd.).
Production of Diploid and Tetraploid Chimeras. Diploid and tetraploid embryos
were obtained from ICR strain females mated with ICR males. Tetraploid
embryos were produced by the electrofusion of 2-cell embryos (18). To make
diploid chimeras, ntES cells were injected into the blastocoels of blastocysts. To
construct tetraploid chimeras— clonal embryos—3 tetraploid embryos at the
8-cell stage and a small block of ntES cells were aggregated (38). Next day, the
chimeric blastocysts were transferred into pseudopregnant females.

Table 4. Production of cloned or clonal mice from ntES cells derived from mice frozen without cryoprotectants
Freezing
duration
Fresh
1 week

Donor

Sex

Type

BDF1

M
F
M
F
M
M

Clone

1 month
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16 years

C3H

Clone
Clonal

No.
enucleated
oocytes

No.
activated
oocytes

No. embryos
developing to
2-cell, %*

No.
chimeric
embryos

No.
offspring,
%**

162
208
151
144
167
453
—

117
130
92
103
116
274
—

59 (50.4)
41 (31.5)
34 (37)
64 (62.1)
69 (59.5)
95 (34.7)
—

—
—
—
—
—
—
171

1 (1.7)
4 (9.8)
1 (2.9)
1 (1.6)
2 (2.9)
4 (4.2)
9 (5.3)

*Percentages based on the numbers of activated oocytes. **Percentages based on the numbers of 2-cell embryos.
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*a vs b and c vs d: P ⬍ 0.05. **These data and those on the brain in Table 1 are the same but given in more detail.

Genotyping of Cloned Mice and Examination of Gene Rearrangements. The
microsatellite markers D1Mit26, D3Mit18, and D3Mit21 were amplified using
primer pair sequences obtained from the National Center for Biotechnology
Information (NCBI, http://www.ncbi.nlm.nih.gov/). DNA was extracted from
ntES cells and tail tips of cloned and clonal mice. Thirty cycles of PCR amplification were performed and the products were separated on 3% agarose gel
before visualization.
DNA samples from T and B cell-derived ntES cell lines 1–10 and from cell
lines established from frozen C3H strain mice were analyzed for any rearrangements of the gene sequences for the T cell receptor and Ig  light chain.
The primer pairs used for PCR amplify a gene segment upstream of the Db
chain, and 40% of the ES cell lines derived from T cells showed a deletion of
the segment. For Ig rearrangements, the primer pairs used amplify a region
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