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General introduction

Gene banking by cryopreservation
Gene banking of animals is defined as the (preparation for) long term storage of
entire animal genomes in a way that allows for reviving animals from this stock
whenever needed. The technology is rather widely applied to conserve the gene pools
from wildlife, traditional and modern breeds of livestock, excellent breeding animals
from other domestic species, and genetically defined or altered laboratory animals.
Preserving genetic resources has become of high importance in laboratory animal
science because of the increasing numbers of new genotypes bringing phenotypes and
the subsequent lack of space in laboratory animal facilities. Cryopreservation is the
best approach to safeguard the genome included in sperm, embryo’s, ovarian tissue and
oocytes (Critser and Russell 2000). In addition, omnipotent embryonic stem cells are
considered an important resource for gene banking for specific mouse strains (Kashuba
et al. 2008). For many other species, the cryopreservation of somatic cells would allow
for cloning of an individual animal in the future, provided that suitable oocytes would
be available for nuclear transfer. This technology is emerging but inefficient and
therefore costly. Cryopreservation of sperm dates back to 1949 when Polge and
colleagues froze chicken semen accidently in a mixture of glycerol, albumen and water
at -79 ˚C and obtained live spermatoza after thawing. This discovery subsequently
facilitated artificial reproductive techniques in many species for example artificial
insemination (AI) in cattle. In 1953, the first genome resource bank was established by
Polge for domestic animal breeding programs. Since then, frozen of semen has been
used extensively in AI programs despite considerable loss of viability of frozen/thawed
sperm (Woods et al. 2004). Cryopreservation of sperm and embryo’s enabled
significant progress in animal breeding, also in banking scientifically important mouse
lines (Landel 2005), conserving endangered species and preserving germplasm from
man (Woods et al. 2004). Furthermore, immature sperm and testicular tissue have also
been frozen for assisted reproduction (Ehmcke and Schlatt 2008). The first successful
method of cryopreservation of embryo’s was published by Whittingham and colleagues
in 1972 who obtained viable mouse embryo’s following freeze-thawing. Since then,
frozen-thawed mammalian embryo’s have resulted in offspring in many species e.g.
man, mouse, rat, rabbit, dog, sheep, goat, cattle, horse, and several non-domesticated
mammalian species (Galli and Lazzari 2008). These results have rendered embryo
cryopreservation a standard procedure e.g. for laboratory animals (especially mutant
mice) and cattle. Preserving frozen embryo’s has also become an important procedure
in human fertility clinics and is used to conserve endangered species (Bagchi et al.
2008). Cryopreservation of mammalian oocytes, in contrast, still is a challenge due to
the complex subcellular structures being particularly sensitive to temperature and
osmotic changes (Stachecki et al. 1998). Disruption of cytoskeletal elements, cortical
2
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granules and the plasma membrane occurs when oocytes are cooled to low
temperatures, which usually leads to poor fertilization or cell death after thawing.
Many attempts have been made to acquire acceptable viability of cryopreserved
oocytes, but only relatively poor success rates have been reported for mouse, bovine,
porcine and man (Woods et al. 2004, Wallberg et al. 2009, Zhou and Li 2009).
Cryopreservation of ovarian tissue has been performed experimentally since decades
but significant improvements were obtained only in the recent years. Ovarian tissue
banking has been applied as an option for banking the mouse genome, particularly for
subfertile strains, when gametes and embryo freezing can not be utilized or is not
effective (Sztein et al. 1999). Furthermore, ovarian tissue banking in man is also
applied to preserve gametes from women who face infertility due to e.g. treatment of
cancer (Wallberg et al. 2009). However, for preservation of germplasm attention has
been mainly focused on sperm and embryo’s and hardly on ovarian tissue.
The mammalian ovary
The ovary is the source of oocytes and steroid hormones for regulating the
development of follicles and the reproductive tract, and also of secondary sex
characters. The general morphology and physiology of the mammalian ovary have
been well documented (Mossman and Duke 1973). In rodents, the ovaries are
approximately 2 (mouse) to 5 mm3 (rat) in volume. The perinatal ovary stores
thousands to millions (depending on the species) primordial follicles (Myers et al.
2004). This follicular store will be gradually depleted and cannot be replenished
afterwards, although recent findings suggest the presence of a rare population of germ
line stem cells that may give rise to new germ cells, later on (Tilly and Telfer 2009). In
the mouse, the total number of primordial follicles increases in the C57BL/6 mouse to
maximum at postnatal day 8 to 12 (Johnson et al. 2004). In the adult, the oocytes are
enclosed in ovarian follicles at different developmental stages, from primordial to
preovulatory, or become atretic (Fig. 1). The follicles, corpora lutea, and interstitial
tissue are located in the cortex of the ovary; the medulla mainly consists of blood,
lymph vessels, and connective tissue. Primordial follicles periodically develop from
primary, secondary and tertiary to preovulatory follicles. These various stages of
development are classified by the layers of granulose cells surrounding the oocyte and
the development of an antrum. A primordial follicle consists of an immature oocyte
surrounded by one layer of flattened pre-granulosa cells. As the flattened pre-granulose
cells develop into cuboidal granulosa cells, the primary follicle is formed. With the
proliferation of granulosa cells (at least two layers) and the development of theca cells,
the follicle turns into secondary stage. Primary and secondary follicles are considered
growing and developing follicles. As the oocyte maturation progresses, the oocyte is
3
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surrounded a zona pellucida and by cumulus cells, several layers of granulosa and
theca cells. The follicle turns into the tertiary stage when a small antrum develops. The
diameter of the follicle increases with the enlargement of the antrum and reaches the
final preovulatory follicle stage with a mature oocyte inside (Fig. 2). The time to
complete full folliculogenesis varies between species and is around 20 days in mice
(Eppig 1977). At the onset of puberty, ovarian tissue of mouse and rat contains
approximately 3000 and 5000 primary follicles, respectively (Peters and McNatty
1980). Although there is a vast follicular pool within the ovary, only 0.1% of the
primordial follicles reach the ovulatory stage while the remaining quiescent or
developing follicles become atretic (Nuttinck et al. 1993, Otala et al. 2002). The ovary
also releases steroid hormones such as progesterone and estrogens, produced by i.e.,
theca and granulosa cells. The levels of hormones in the peripheral circulation are
related to the stage of the estrous cycle. Metabolic and structural integrity of these
various ovarian tissues after freezing and thawing is crucial for retrieving normal
folliculogenesis after transplantation.

Figure 1. Life history of ovarian follicles: endowment and maintenance, initial recruitment,
maturation, atresia or cyclic recruitment, ovulation, and exhaustion. Adapted from McGee and Hsueh
(2000).
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Figure 2. Schematic representation of the different functional stages in ovarian activity (modified
from Dyce et al., 2002).

Cryopreservation of ovarian tissue
Ovarian cryopreservation and transplantation have basically been studied over two
time periods. In the fifties, Parkes and Smith (1954) cryopreserved rat ovarian tissue
slices in the presence of 15% glycerol with slow cooling to -79˚C and partial
restoration of cyclic function was achieved. Most other studies during the 1950s
focused on graft development, influence of various glycerol concentrations and
exposure times (without freezing) and various cooling rates. An important step forward
for successful transplantation of ovarian tissue was made by Robertson (1940) and
Krohn (1958), who obtained live offspring after orthotopic transplantation of fresh
mouse ovaries (C3H and CBA inbred strains). The delivery of first live offspring after
orthotopic transplantation of frozen mouse [CBA and G (inbred strains), TO and R
(hybrid strains)] and hamster ovaries using 15% glycerol as a CPA (cryoprotective
agent) was obtained by Parrott (1959, 1960). Until the 1990s, no further interest for
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cryopreservation of ovarian tissue was apparent. Most of the studies on ovarian tissue
cryopreservation in the ´90s used 1.5 M dimethyl sulfoxide (DMSO, also named
Me2SO) as the main CPA, slow cooling (0.3-0.5˚C /min) and plunging the tissue into
liquid nitrogen between -55 and -140˚C (Shaw et al. 2000). Other approaches included
e.g. freezing ovarian follicles, either to cryopreserve follicles isolated from fresh
ovaries or to grow follicles isolated from previously frozen ovaries. Carroll and Gosden
(1993) examined in vitro growth of fresh or frozen-thawed mouse ovarian follicles
(C57BL/6 Gpi-1sb strain) and live offspring were produced after the follicles were
orthotopically transplanted into ovariectomized mice by suspending the follicles in a
plasma clot. A significant step in ovarian tissue cryopreservation and transplantation
was the birth of a lamb after autotransplantation of frozen-thawed ovarian tissue slices
of ovarian cortex (Gosden et al. 1994a). Full-term development after orthotopic
transplantation from cryopreserved fetal mouse of BALB/c inbred strain (Cox et al.
1996), pubertal mouse of ICR outbred strain and rat ovaries (Gunasena et al. 1997,
Aubard et al. 1998) were also important achievements. Besides auto- and allografting
studies in mice and rats, substantial research has been directed toward in vivo follicle
growth in other species. Immunodeficient mice have been successfully used as animal
models for in vivo assessment of cryopreserved ovarian tissue xenografts of the sheep
and cat (Gosden et al. 1994b), marmoset (Candy et al. 1995), elephant (Gunasena et al.
1998), cattle (Semple et al. 2000) and man (Oktay et al. 2000). In the 2000s, the simple
and fast freezing method, vitrification, was applied more and more as the freezing
procedure for cryopreservation of ovarian tissue. Vitrified ovaries from transgenic
mouse lines resulted in live offspring after orthotopic allotransplantation (Migishima et
al. 2003, Hani et al. 2006, Migishima et al. 2006, Bagis et al. 2008). In recent years,
cryopreservation of human ovarian tissue has been applied and resulted in live birth
after orthotopic transplantation, and also resulted in embryo development after
heterotopic implantation and in vitro fertilization (Gosden 2008, Anderson et al. 2008).
To date, cryopreservation and transplantation of fresh and frozen-thawed ovarian tissue
have been used in several laboratory to restore reproductive function in domestic
species and resulted in offspring e.g. in mouse, rat, guinea pig (Castle and Phillips
1909), hamster (Kagabu and Umezu 2000), rabbit (Deng et al. 2007), wombat
(Wolvekamp et al. 2001), cat (Jewgenow and Paris 2006), dog (Ishijima et al. 2006),
sheep (Bordes et al. 2005), cattle (Kagawa et al. 2009), monkey (Kyono et al. 2008),
elephant (Gunasena et al. 1998) and man (Anderson 2008).
Cryodamage
For the improvement of a cryopreservation protocol, it is essential to understand the
damage to biological samples during freezing and thawing. The injury of cells during
6
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cryopreservation (cryodamage) mainly occurs in the intermediate temperature zone
(-15 to near 0˚C) respectively at cooling and warming (Mazur 1963). The cell's
contents remain unfrozen and supercooled between -5 and approximately -15˚C,
although ice already forms in the external medium. The supercooled water in the cells
then flows out of the cells (dehydration) and freezes externally (Fig. 3). If cells are
cooled too fast, intracellular water is not translocated quick enough to maintain an
osmotic equilibrium, then the water freezes inside the cell which results in intracellular
ice formation (IIF), lethal to the cell. However, if the cells are cooled too slowly, a
severe volume shrinkage and long-term exposure to extracellular high-solute
concentrations may also cause cell injury, termed “solution effects” (Fig. 3). Thus an
adequate cooling rate is crucial to survival of cells. The use of cryoprotective agent
(CPA) facilitates cell survival and guards the cell from IIF and solution effects (Polge
et al. 1949). Commonly used CPAs (glycerol, dimethylsulfoxide, ethylene glycol,
methanol, propylene glycol, and dimethylacetamide) readily permeate the cells and are
relatively nontoxic to cells in concentrations approaching 1 M or more. CPAs act to
decrease the concentration of electrolytes during freezing and decrease the extent of
osmotic shrinkage at a given low temperature to protect the cells (Mazur 1984). The
effectiveness of a given CPA for a given cell type depends on the permeability of that
cell to that CPA and on its toxicity. However, the osmotic volume changes with the
permeation of CPAs before freezing and removal after thawing can also impair the cell
(Schneider and Mazur 1988). Thus, impermeable solutes such as sugars and high
molecular weight compounds (polyvinylpyrrolidone, hydroxyethyl starch, polyethylene
glycols, and dextrans) are often added to prevent excessive osmotic swelling during
CPA removal, contribute to the stabilization of membranes and prevent progressive ice
formation (Fahy 1986). The warming rate can be as detrimental to cell survival as the
cooling rate, partly depending on whether the prior cooling rate has induced
intracellular freezing or cell dehydration. In the former case, rapid thawing is preferred
in order to prevent the growth of small intracellular ice crystals into harmful large ice
crystals (recrystallization). Although cells are cooled slowly enough to avoid
intracellular freezing, the response to warming rate is often highly dependent on the
previous cooling rate and on the cell type (Mazur 1984). In addition to IIF, solution
effects, osmotic shock and cooling/warming conditions, successful cryopreservation is
inversely correlated with the complexity of the frozen biological sample. The
multi-cellular system of testicular or ovarian tissue is much more complex than the
single cell system of sperm, oocyte or embryo. The more complex systems also lead to
enhanced chemical and thermodynamic gradients that cause cell damage (Woods et al.
2004). Furthermore, because of the multi-cellular structure within the ovary, the
dynamics of CPA permeation into and out of the tissue during cryopreservation is
important and this has been evaluated in the mouse ovary by rapid MRI analysis (Han
7
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et al. 2009). When the ovarian tissue is placed into hypertonic CPA solutions, water is
osmotically drawn out of the individual cells and accumulates in the extracellular
spaces and in the blood vessels. Eventually, the water forms large ice structures, which
can injure the tissue during freezing and subsequent warming (Mazur 1977). In this
regard, better survival may be expected from primordial follicles compared to more
mature stages because of their smaller size and lack of follicular fluid.

Figure 3. Schematic drawing of physical events in cells during different cooling rates. Adapted from
Gao and Critser (2000).

Cryopreservation procedures
Traditionally, there are two approaches to germplasm cryopreservation: slow
freezing (also called equilibrium freezing) and rapid freezing (vitrification). Slow
freezing was applied to freeze mouse embryo’s in 1972 (Whittingham et al. 1972) and
has become highly standardized for embryo’s of domestic animals and man.
Germplasm is gradually pre-equilibrated in a low concentration (1–1.5 mol/l) of CPAs
in a period of 20–60 minutes (Rodrigues et al. 2004, Candy et al. 1997), subsequently
cooled at a rate of 2 ˚C/min to -4 to -9 ˚C when the temperature is held for manual
seeding to decrease the variation in temperature induced by the exothermic reaction
from the formation of ice crystals. Seeding is a necessary process and is usually
performed at -7 ˚C (Gosden et al. 1994, Hovatta et al. 1996, Gunasena et al. 1997). The
seeding temperature is held for 10–15 minutes and the sample is then slowly cooled, to
8
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facilitate cellular dehydration, at a speed of 0.3 ˚C/min to -40 ˚C using a programmable
freezer. A further cooling rate of 10 ˚C/min, from -40 ˚C to -150 ˚C, is used to ensure
sufficient dehydration of the cells and to avoid deleterious formation of ice crystals
(Candy et al. 1997, Sauvat et al. 2008). After cooling, samples are stored in liquid
nitrogen (-196 ˚C). Rapid thawing is required to avoid re-growth of small ice crystals
into large ones (El-Nagger et al. 2006). The CPAs are removed either by successive
dilution of CPAs washing or by using a sucrose dilution technique which removes the
CPAs without excessive cellular water uptake. Before 2000, it was generally accepted
that slow freezing procedures were the optimal method for cryopreservation of
germplasm. Although slow freezing can provide optimal dehydration to avoid
intracellular ice formation and the low concentration of CPAs is much less toxic to
cells, the very long freezing process and the requirement of programmable freezers and
large amounts of liquid nitrogen are factors that reduced interest in this approach.
Vitrification is the thermodynamic process in which a liquid is transformed into
solid material without the formation of ice crystals (Luyet and Hodapp 1938). It
combines high concentrations of CPAs and rapid cooling and warming rates to prevent
ice formation. Vitrification was also firstly used in freezing mouse embryo’s that
yielded as good survival as those frozen by slow freezing (Rall and Fahy 1985).
Biological materials are exposed to CPAs for a very short period (seconds to minutes)
and then immediately immersed into liquid nitrogen for storage. The rapid cooling
partially or totally prevents cryodamage as the material passes through the dangerous
temperature zone so quickly that cryodamage is prevented. The warming of materials is
similar to the thawing procedures described with slow freezing. The CPAs used in
vitrification normally involve those used in slow freezing, only in much higher
concentrations (4–6 mol/l). The high concentrations of CPAs required are near the
maximum tolerated by cells, thus the chemical toxicity and osmotic injury are concerns
of the survival of frozen samples (Rall 1987, Fahy et al. 1990). Moreover, small
differences in cooling and warming rates could affect the success of the freezing
process (Mazur et al. 2008). Therefore, the conditions to achieve successful
vitrification can be very demanding although its execution is more simple and faster
than slow freezing. To achieve the increase in cooling and warming rate, several
approaches have been used such as, electron microscopic grids (Martino et al. 1996),
open pulled straws (OPS) (Vajta et al. 1997) and cryoloops (Lane et al. 1999). The uses
of different sample carriers were to minimize the vitrification volume and facilitate
submerging the sample into the liquid nitrogen. However, submerging causes the liquid
nitrogen to boil by the heat transfer from the sample to the liquid nitrogen and results in
a layer of nitrogen vapor around the sample. This vapor serves as an insulation layer
that slows down the heat transfer during the first phase of cooling, and thus, ice crystal
9

General introduction

formation can take place, especially in the center of the sample. Alternatives have been
developed to minimize the vapor formation by ultra rapid cooling such as, solid surface
vitrification (SSV) (Dinnyes et al. 2000), Cryotop method (Kuwayama and Kato, 2000)
and a patent apparatus VitMaster (IMT, Iserael) (Arav et al. 2002). The SSV method is
to make a shortcut to exclude the vapor formation entirely by cooling metal surfaces in
liquid nitrogen: the sample is put onto the deeply cooled metal surface and
instantaneously vitrified. This technique, mostly applied to embryo’s and oocytes,
requires dexterity to achieve desirable freezing results. The Cryotop method is to load
the sample by a glass capillary on the surface of a specially constructed fine
polypropylene strip attached to a plastic handle under the control of a stereomicroscope.
This approach removes almost all vitrification medium (<0.1 microl) around the
sample which is then covered by a very thin layer before submersion into the liquid
nitrogen. This method results in extremely high cooling rate in the vitrified sample and
is the most efficient cryopreservation of sensitive gametes including human oocytes
and embryo’s (Kuwayama 2007). Lowering the temperature of liquid nitrogen below
its boiling point (-196 ˚C) can minimize the vapor formation and increase the cooling
rates considerably. The VitMaster device provides negative pressure in the fortified
freezing chamber and results in partially solidification of the liquid nitrogen, thus
creating a nitrogen slush at the melting temperature of nitrogen at about -200 to -206
˚C. The conduction of heat transfer through the nitrogen slush is sufficiently rapid to
enable vitrification and the very high, constant cooling rates of up to
-135,000˚C/minute can reduce the risk of ice crystal formation, both intracellular and
extracellular. For vitrification of multi-compartmented tissue high concentrations of
CPAs are required to maximize the permeation of CPAs and exchange of water (Han et
al. 2009). The device has been applied to permit vitrification of large volume cells and
tissues, e.g. embryo’s and prostate tissue (Huang et al. 2005, van Weerden et al. 2006,
Papis et al. 2009), but has not yet been explored for ovarian tissue. Straws or grids,
even in sealed form, can be used with this method and achieve adequate vitrification
results. Consequently, the method of vitrification has already been successfully applied
for the cryopreservation of germplasm of mouse and man. This simple and quick
freezing method is considered to gain significance for the cryopreservation of
biological materials in the foreseeable future.
The increasing problem of maintaining laboratory mouse colonies
Based on the advantages of small body size, fast developmental rate and short
gestation period resulting in litters up to 12 pups, mice have become a preferred animal
model for scientific research over many other species. Important is also that the mouse
shares most of its genome with man. Therefore, the laboratory mouse has become the
10
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mammalian model for genetic studies such as gene regulation related to normal
development and physiology as well as human diseases. The sophisticated technology
for manipulating the mouse genome include the insertion of novel gene constructs and
targeted mutations, and random methods such as the implementation of large-scale
mutagenesis and gene trapping in mice. Numerous mutants (transgenic, knock-in,
knock-out) have been created in the last two decades. Specific mutations can be
introduced into mice that enables the generation of precise models for human
oncogenesis, immune system studies and genetic diseases research (Jaenisch, 1998).
The creation of new mutants and genetically engineered mouse lines provide rich and
valuable sources for scientific investigation, but the rapid increase of the numbers of
models in mouse colonies have brought new problems to animal facilities. The
expanding number of new mutant mouse lines (including the breeding to
homozygosity), inheritance testing and backcrossing for gene mapping, all require
space to maintain the live animals. This is aggravated by the introduction of
technologies for conditional and/or tissue specific expression of mutants that are
established by the crossing of mutant lines. Such models have the advantage of the
absence of expression of mutations in the breeders, which is beneficial to animal health
and welfare, but the disadvantage is the larger number of breeder animals needed to
produce a smaller number of experimental animals that express the phenotype. Since
expanding the animal facilities themselves is always far behind the expansion of mouse
colonies, lack of space has become a burden (Knight and Abbott, 2002). In addition,
maintaining live mutants faces the risks of losing the lines by genetic drift or
contamination, reproductive impairment, diseases, and large-scale disasters such as fire
or flooding. The created mutants are not always widely and continuously used for
research; many lines only have a short period of use. Additionally, some mutant lines
with homozygous genotype are often poor breeders perhaps due to the reproductive
impairments related to the genetic modification (Tsai et al. 2005). Therefore,
heterozygous genotype crossbred pairing with wild-type strains is often the breeding
model used to maintain the mutation but this increases the size of the colonies. Besides,
it is usually costly and labor intensive to maintain a line by breeding, even with a small
colony. It is expected that more than 30,000 mutants will soon be engineered and
thousands of new mouse disease models will become available (Hagn et al. 2007). Last
but not least, there are ethical restrictions to the breeding of laboratory animals if the
offspring are not directly intended for experimental use and more so if their health or
welfare is compromised. Therefore, alternatives to maintain mutant lines by continuous
breeding are in urgent demand. Cryopreservation of germplasm (embryo’s, sperm and
ovarian tissue) have been developed as it reduces the costs in longer term, and prevents
genetic drift and disease outbreaks that are associated with maintaining live animals. If
one considers the cost of long-term maintenance of a minimal colony of few cages of
11
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mice (2–3 breeding pairs plus weaned progeny) and per diem rates of 1–3
euro/cage/week are a regular price, cryopreservation of the mouse line seems
economically sound even at the cost of several thousands euro per line. In addition,
cryopreservation of germplasm also can be used to start a germ-free or SPF (specified
pathogen free)-colony by strain rederivation and facilitates exchange of mouse lines
between laboratories by transferring frozen germplasm instead of shipping live animals.
This approach avoids duplication of the same mutant and allows different laboratories
to use the same experimental models, and reduces the number of experimental animals
to be used. (“The sharing principle” Nature 459, 752 (11 June 2009)). The choice of
germplasm for cryopreservation varies considerably according to e.g. the availability of
the donors, the required cost and time span, the number of animals involved,
experience and complexity of the freezing and subsequent validation of the frozen
stocks. Although cryopreservation of mouse germplasm can be the solution for the
problem of increasing mutant mouse colonies, the choice for a specific cell type or
tissue (e.g. sperm, embryo’s, oocytes, or ovaries) still needs to be considered and
addressed.
Myth behind the scene – practicalities about cryopreservation of mouse lines
Cryopreservation of mouse embryo and sperm have been developed and used to
preserve mutant mouse lines for a long time. Services for cryopreservation of these two
germplasm are provided by many core facilities or repositories in universities, institutes,
and corporate organizations around the world. Cryopreservation of ovaries as a means
of archiving mouse lines is yet to be routinely utilized and only few facilities offer such
service although the technology has been already proven effective. Archiving mouse
lines could be a standard procedure but cost and reliability of reviving the genotype on
the same congenic background are still aspects that need to be explored when choosing
germplasm for cryopreservation.
Sperm and embryo’s are mainly used for gene banking. The embryo has the
advantage that it contains the whole genome of an individual though the mutation is
often preserved in a heterozygous state using wild type donor females that are readily
available and have a predictable response to superovulation procedures. This is not an
option for lines that resulted from complex crossbreeding of different mutant lines, as
extensive crossbreeding for homozygosity would be required. Then, donor females
from the mutant line are to be used and, in case these females respond poorly to
superovulation, embryo cryopreservation is not always an option. Ovarian tissue or
sperm collection are easier and faster than recruiting and preparing the embryo donors
followed by timed mating and flushing of embryo’s from oviducts or uterus. Therefore,
12
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the ability to store genomes from sperm or ovaries may provide greater overall
flexibility. However, when the mutations are located in multiple unlinked loci, embryo
cryopreservation should be used to preserve the mutation since the entire genome
(diploid) is conserved and thus multiple backcrossing of the heterozygous progeny
produced by cryopreserved sperm or ovarian tissue can be avoided. Contrary to the
difficulties of manipulating and freezing full size oocytes, immature oocytes in the
primordial follicles in ovarian tissue have physical and biological properties that make
them less sensitive to cryodamage because they are small, with few organelles, without
zona pellucida and peripheral cortical granules, metabolically quiescent and
undifferentiated (Oktay et al. 2000, Shaw et al. 2000). Therefore, cryopreservation of
ovarian tissue (particularly the cortex which is rich in primordial follicles) has been
suggested as an alternative to induction of ovulation and oocyte cryopreservation for
man (Gosden 2008, Anderson et al. 2008). Ovarian cryopreservation will only conserve
the haploid genome and in case a heterozygous donor is used, only half of the grafted
ovary derived offspring will carry the mutant gene. Similarly, to recover a line from
frozen-thawed sperm, wild type female mice need to be superovulated to generate a
sufficient number of oocytes for IVF procedures. Embryo’s, produced by IVF of these
oocytes, require synchronized fosters for successful embryo transfer. In contrast, both
superovulation and synchronization are not required for recipients used for
transplantation of frozen-thawed ovarian tissue. Since only half genome (haploid) can
be preserved, genotyping the progeny is necessary to differentiate offspring that are
derived from cryopreserved heterozygous sperm and ovarian tissue and heterozygous
offspring must be paired to establish homozygosity. Several protocols for
cryopreservation of mouse ovarian tissue have been reported. However, a robust and
repeatable protocol that allows oocytes to develop fully under in vivo or in vitro
conditions that could be applied to different mutant mouse lines is still not available.
Validation of the frozen stock is necessary for obtaining any assurance on the
outcome of the freezing procedure. However, based on a risk assessment by the users
of the line, this may be skipped in view of the empirical observation that most archived
mouse lines are yet to be revived or may not be revived at all in the future (Mazur et al.
2008). Unfortunately, validation often is not offered or even mentioned when
cryopreservation service is provided. In vitro evaluation of the morphology of thawed
embryo’s and their in vitro development to blastocyst stage is relatively simple and
inexpensive, but does not reliably predict live offspring. Transfer of thawed embryo’s
to a few pseudopregnant fosters to produce fetuses or live offspring is generally
considered as a confirmation of the quality of cryopreserved embryo’s. Also the
traditional in vitro evaluation of sperm via parameters such as motility and morphology
is unreliable to indicate fertilizing capacity of frozen-thawed sperm. The final proof of
13
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quality of cryopreserved sperm is the in vitro fertilization of oocytes of the
corresponding congenic strain, production of embryo’s and their subsequent transfer to
pseudopregnant fosters to produce offspring. However, such quality control is usually
not included in the standard procedures of sperm cryopreservation services, and adds to
the additional costs. The reliable validation of frozen ovary stock is to transplant the
thawed ovarian tissue to recipients of congenic strain and pair the recipients with a
male of the same congenic strain to produce offspring. Live offspring carrying the
mutation are the convincing proof of the archived materials to be suitable for recovery
of the line, some time in the future.
Costs of archiving mutant mouse lines often drive the choice of germplasm to
preserve the genetics. The well developed procedure for cryopreservation of embryo
has been utilized for archiving mouse mutant lines for over three decades. However,
the cost still remains a chill to researchers who wish to archive mutant lines using
embryo’s but who have limited budgets available. The major expenses are related to the
animals and the labor involved to generate sufficient embryo’s for freezing, either via
traditional breeding or via IVF. A substantial number of mice are usually involved and
more are required when breeding is inefficient, which commonly happens within
genetically modified lines (Tsai et al. 2005) or in case the oocyte donors respond
poorly to hormone induction in case of IVF (Vergara et al. 1997, Landel 2005, Byers et
al. 2006). To rely on the reconstitution of the line through frozen embryo’s, it is
necessary to validate the frozen embryo stock before sustained breeding can be
terminated. Thus, the cost of cryopreservation of embryo is high at the front-end but
modest when the line has to be recovered from the frozen stock. In contrast, freezing
sperm is inexpensive up front as very few males (even one) and a simple freezing
procedure are involved. However, the costs increase when IVF procedures are to be
performed to validate the fertilizing capacity of the sperm, in terms of animals (oocyte
donors), labor and expertise required. More IVF sessions are involved in some inbred
mouse strains with low fertilizing abilities after thawing (Sztein et al. 2000, Nishizono
et al. 2004, Landel 2005, Ostermeier et al. 2008). When assisted IVF techniques such
as partial zona pellucida incision by piezo-micromanipulator (ZIP) (Kawase et al.
2006), laser-assisted (Anzai et al. 2006), or intracytoplasmic sperm injection (ICSI)
(Ogonuki et al. 2006) are used to overcome very low fertilization rates, indeed the
recovery of the line ends up with high costs. Nonetheless, the high rederivation costs
are usually not mentioned in the information to researchers (Mazur et al. 2008). As for
ovary cryopreservation: it is as cost effective as sperm in the freezing process, but less
costly than sperm in the recovery program as costs for animals, equipments, expertise
and labor are less. However, this low-front end and low rederivation costs technology
is not yet commonly used in preserving the mutant mouse colonies.
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The ethics of animal using involved in the cryopreservation procedures remain a
concern due to the cost driven priority from the researchers and the available
technologies provided by the cryopreservation services. It is a moral obligation for
researchers to maximize refinement and reduction to meet the requirement of 3Rs for
animal use (Reduction, Refinement and Replacement; Russell and Burch, 1959) and
the cryopreservation of lines for conservation purposes helps to meet that obligation.
Although donor and recipient animals can not be replaced in archiving by
cryopreservation procedures and validation, the number of animals can be minimized
and animal welfare can be promoted, e.g. by decreasing procedures for superovulation
of donors and conditioning of embryo fosters. Therefore, robust, broadly applicable
methods and cost effective quality control procedures of frozen stock need to be
developed and implemented in the facilities that provide cryopreservation services.
Then researchers will (have to) offer their lines for cryopreservation and the breeding
animals just for maintenance of the line can be terminated. However, there is presently
no detailed information on the current cryopreservation technologies of mouse
germplasm comparing efficiency in terms of e.g. animals, cost, ethics, and time spent
(both to conduct the procedures and the time lapse between planning and result). Such
information should be available for managers and researchers to select the most
efficient and ethical approach to archive their mutant mouse lines. More important, the
animal facilities then can also manage their increasing mutant mouse colonies more
efficiently.
Influence of genotype on the performance of cryopreserved germplasm
Although much of the classic research on mouse germplasm cryopreservation has
been done in a variety of mouse strains and hybrids, the focus has nowadays shifted to
the common background strains of genetically modified animals. Some mutants are
maintained on a 129Sv background that used to be the main donor of omnipotent
embryonic stem cells used for targeted homologous recombination (e.g. to obtain
knock-out mice). Unfortunately, these animals are not very robust physiologically and
reproduce poorly, and so does their germplasm in vitro. C57BL/6 is a very well defined
mouse strain that allows the expression of many gene-dependent phenotypes.
Reproduction by breeding is quite uncomplicated, but, unfortunately, embryo and
sperm quality for cryopreservation are at the lower end of the scale. BALB/c performs
similarly poorly. Only FVB, a popular strain for transgenesis by microinjection of
multiple identical copies of a DNA construct in the pronucleus of a fertilized oocyte,
demonstrates more favorable characteristics for IVF procedures and embryo
cryopreservation. Thus, even in the absence of mutation-dependent reproductive
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impairments, the congenic strains used for genetically modified mouse models set
challenges in developing adequate archiving procedures.
To date, embryo cryopreservation has provided an alternative to the maintenance of
live animal colonies with unique genotypes. The efficiency of mouse embryo banking
depends greatly on the efficacy of collecting embryo’s for freezing. The proportion of
females that indeed yield embryo’s varies considerably as does the number of embryo’s
recovered from females yielding embryo’s, among genotypes (Rall et al. 2000). Such
variation may e.g. rely on the different response to superovulation protocols or on
altered reproduction characteristics due to the genetic modification. In the rederivation
of frozen embryo’s, the inherent genotype also influences the capacity of cryopreserved
embryo’s to survive freeze-thawing and to result in live offspring after transfer
(Schmidt et al. 1985, Yoshiki et al. 1987, Dinnyés et al. 1995, Rall et al. 2000). Thus,
the efficiency of a mouse embryo banking program is significantly influenced by and
markedly dependent upon genotypes. Sperm tolerance to cooling differs markedly
between species (Mazur et al. 2008) but also between strains or lines within a species
(Thurston et al. 2002, Holt et al. 2005). The viability and fertilizing capacity of
frozen-thawed mouse sperm differs significantly between genotypes from inbred
mouse strains (Nakagata 2000, Sztein et al. 2000, Landel 2005). Thus, performance of
frozen-thawed sperm in IVF programs varies considerably within strains but also
between strains (Songsasn and Leibo 1997, Sztein et al. 2000, Yildiz et al. 2007). The
long existing poor efficiency of IVF in some commonly used inbred strains has been
improved recently by modification of cryoprotectants and IVF procedures (Ostermeier
et al. 2008). However, significant and often critical variability of frozen sperm quality
still exists between mouse strains and between different genetically modified lines.
Thus, the genetic background strain of genetically modified lines influence
reproductive performance in assisted reproductive technologies (ARTs) (Byers et al.
2006). However, the strain-specific (or line-specific) performance of frozen-thawed
ovarian tissue is still not explored although cryopreservation of ovarian tissue has been
studied for a long time in mice, with a recently enhanced interest for the background
strains commonly used to express the effects of genetic modification.
Evaluation of cryopreservation of ovarian tissue
Validation or evaluation of cryopreserved tissue is necessary in order to improve
the cryopreservation protocols e.g. related to concentration of cryoprotectants,
equilibration time with cryoprotectants, cooling or thawing rate and thawing medium.
Histology of ovarian tissue has been applied to examine the tissue survival either
immediately after thawing or after transplantation and recovery of the graft. However,
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the absence of visible follicular atresia (nuclear pyknosis, cytoplasmic damage,
detachment of granulose cell layers and irregularity of basement membrane) or of
obvious damage of interstitial tissue is not a reliable indication of adequate viability of
the thawed ovarian tissue. Histological evaluation of graft tissue can also be hampered
due to the difficulty to discriminate graft from recipient’s ovarian tissue. In vitro
development (maturation) of the follicles collected from the thawed ovarian tissue is an
often applied method and is more successfully utilized in mice than in other
mammalian species. This may be due to the relatively short time required for follicular
growth (around 21 days) in this species and the small follicle size in mice compared to
those in other species (Fabbri et al. 2009). Mouse primordial follicles in culture can be
activated and develop to antral stages. The mature oocytes derived from cultured
follicles can successfully be fertilized in IVF procedures to produce viable embryo’s
(Liu et al. 2001&2002, Hasegawa et al. 2006, Xu et al. 2009) and subsequent embryo
transfer can be performed to obtain live young (Liu et al. 2001, Hasegawa et al. 2006).
However, this concerns quality of individual follicles, but not the viability of whole
ovarian tissue. In vitro culture of ovarian tissue has been studied in several species
(mouse, rat, goats, cattle, man), but the survival of entire ovary is yet to be successful
due to the failure of follicles reaching to full maturation (Fabbri et al. 2009). Thus, this
approach is still not an option to evaluate the viability of the thawed ovarian tissue.
Producing live offspring from recipients of frozen-thawed ovarian tissue is indeed the
ultimate proof of sustained graft reproductive performance (Candy et al. 2000,
Migishima et al. 2003&2006, Hani et al. 2006, Chen et al. 2006, Bagis et al. 2008,
Sauvat et al. 2008).
In vivo transplantation of ovarian tissue
The first attempts of transplantation of ovarian tissue in animals date back to the
19th century, but the potential of this technique was not fully appreciated until the end
of 20th century when both cryopreservation and cancer treatments became applicable
(Carroll and Gosden, 1993). Although ovarian tissue cryopreservation and
transplantation are still experimental procedures in human medicine, this approach has
great potential for preserving fertility in women at risk of losing ovarian function due
to e.g. premature menopause, chemotherapy or radiotherapy (Gosden 2008, Anderson
et al. 2008).
Ovarian tissue transplantation can be performed in various ways (Fig. 4).
Autotransplantation is grafting into the donor, which can be done in the ovarian bursa
(orthotopic) or at a different site. Xenotransplantation refers to transplanting the tissue
into another species, which can only sustain a viable graft when the immune response
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leading to rejection is suppressed or reduced, like into severe combined
immunodeficiency (SCID) and nude mice, which are sometimes used to test tissue
viability after e.g. cryopreservation. However, there is still some immune response
mediated by macrophages within the graft that would reduce its recovery (Wolverkamp
et al. 2001, Fassbender et al. 2007). In allotransplantation, the tissue is implanted to a
recipient of the same species as the donor. Suppression of the immune response by the
recipient is necessary before grafting, unless donor and recipient are histocompatible
because they share an identical genetic background, e.g. identical twins or different
genetically modified mouse lines derived from the same congenic strain. Thus,
allotransplantation is the most suitable and convenient method in mouse ovary grafting.
For man and non-inbred mammals, autotransplantation or xenotransplantation are
applied, especially for evaluation of cryopreservation procedures or for propagating
infertile females (Paris et al. 2004, Andrabi and Maxwell 2007, Anderson et al. 2008).
In addition to the choice of recipients, ovarian tissue can be grafted to its normal
anatomical position (orthotopic grafting), which may lead to natural conception with
successful transplantation or to sites other than its normal anatomical position
(heterotopic grafting). Locations in use are under the kidney capsule or subcutaneously.
However, oocytes recovered from heterotopic grafts must be harvested by an invasive
method (surgery or follicle puncture) and fertilized in vitro with subsequent embryo
transfer to obtain live young (Fig. 4).
Several animal models of ovarian tissue transplantation have been studied but
mouse ovarian tissue is the most utilized. A reproductive problem commonly occurring
in breeding mutant mouse lines is reduced fertility (Tsai et al. 2005). Thus, grafting
ovarian tissue from females with reproductive problems to healthy congenic females is
a strategy to improve the poor reproductive performance of genetically modified
females. This approach has been successfully used in propagating subfertile, infertile
and sterile mouse lines when the transgene compromises or interferes with
reproductive capability or shortens the animal’s lifespan (Brem et al. 1990, Cecim et al.
1995, Harari et al. 1997). Donor age is of less importance for ovary transplantation
than for embryo transfer that depends on superovulation of premature females, since
ovarian tissue from fetal, newborn, juvenile or adult mice can be collected and become
functional grafts after transplantation (Cox et al. 1996, Candy et al. 2000, Liu et al.
2002, Hani et al. 2006). Furthermore, viable ovarian tissue can be rescued from
recently deceased animals (up to 48 hrs), and reproductive performance restored by
transplanting tissue into another histocompatible mouse, even after cryopreservation of
the rescued ovarian tissue (Takahashi et al. 2001, Snow et al. 2001). Therefore, ovarian
tissue grafting in mice can be highly effective and has the potential to rescue the
last-of-line, even from the dead animal. Furthermore, through orthotopic
18

Chapter 1

transplantation between histocompatible females, exchanged grafted ovarian tissue
from females with normal and affected fertility can be used for detection of the origin
of reproductive disturbance. Such an approach may be used to evaluate whether the
reproductive defect is driven by the ovary or at another level, e.g. the brain (impaired
function of the central or peripheral part of the hypothalamic-pituitary-gonadal axis).
Tissue regeneration and transplantation of solid organs involve complex processes
that can only be studied in the context of a living organism. Nevertheless, in such
procedures, the recovery process of an ovarian graft cannot be continuously monitored
and the survival of the graft remains unknown until the offspring are produced. Thus, a
method to analyze the graft development in live animals would provide an early
indication of graft survival and would be helpful for the improvement of more effective
transplantation and regeneration procedures. However, in vivo evaluation procedures of
the recovery process and development of ovarian tissue transplants in live animals,
which may provide an early indication of graft survival and thus help to develop more
effective transplantation protocols, are still lacking. Moreover, discrimination between
host and graft tissue at autopsy may be difficult following transplantation, especially as
graft tissue may form a “new ovary” by blending with the host’s ovarian remnants. For
discrimination of host versus genetically modified graft tissue, expression markers of
the transgene could be used, such as GFP which can be monitored in live animals
(Fujiki et al. 2008) and thus enables evaluation of graft recovery over time.

Figure 4. Potential strategies by which fresh and cryopreserved ovarian tissue can be used to restore
fertility (IVMFC: in vitro maturation, fertilization and culture; ET: embryo transfer).
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The age effect in ovarian function
A limited number of oocytes (approximately 4000 to 8000) is present in the ovary
of neonatal mice (Johnson et al. 2004, Myers et al. 2004). More than half of the
primordial follicles present in the mouse ovary at birth degenerate before 3–5 weeks of
age (Faddy et al. 1983). When laboratory female mice reach puberty at approximately
6 weeks of age, depending on the strain and environmental conditions, each ovary only
contains approximately 104 oocytes at different developmental stages. Then, the ovary
will respond to gonadotropins produced by the pituitary and a surge of luteinizing
hormone (LH) apparent once every 4 days is a driving force in the estrous cycle and
induces ovulation. Each cycle, the number of oocytes in the ovary decreases due to
apoptosis and development towards ovulation. Indeed, the majority of follicles is lost
due to atresia (Fig. 1). Laboratory female mice can be normally bred from 8 weeks to
40 weeks of age and their ovarian follicular reserve declines during aging (Faddy et al.
1992, Johnson 2003). At some point, during aging, there appears to be an insufficient
number of developing follicles to induce the hormonal support necessary for adequate
release of hypothalamic gonadotropin-releasing hormone (GnRH) and the subsequent
preovulatory LH surge (Wu et al. 2005). A diminished responsiveness and coincident
decline in ovarian function leads to gradual reproductive failure which is characterized
by a progressive decline in fertility attributed to the loss of follicles from the ovary,
decreased oocyte quality, age-related defects in the uterus, and changes in
neuroendocrine axis (Faddy et al. 1983, vom Saal et al. 1994, Wise et al. 1999).
Neuroendocrine changes common to middle aged female rodents include elevated
follicular stimulating hormone (FSH), altered LH release (generally increased duration
and decreased frequency of pulses) and increased variability in estrous cycle length
(Wise et al. 2002). The decline in ovarian function is thought to be influenced by the
progressive deterioration in hypothalamic-pituitary-gonadal (HPG) axis function and is
accompanied by an acceleration of follicle depletion (Wu et al. 2005, Danilovich and
Ram Sairam 2006). The decline of ovarian function and of oocyte quality also renders
the efficient breeding age of laboratory female mice to be limited to around 6 months.
Thus, the reproductive senescence is in part caused by the depletion of the follicular
pool in the aging female, meaning ovaries of young donors shall have a better
reproductive performance after transplantation than those of older donors. Therefore,
the age of ovary donor may also exert a significant effect on the cryopreservation
process of ovarian tissue. However, the age effect on the functionality of frozen-thawed
ovarian tissue and the optimal age of the ovary donor are yet to be evaluated.
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Scope of the thesis
The major aim of the research presented in this thesis is to develop an efficient,
economic and ethically sound cryopreservation and validation protocol for archiving
the progressively expanding number of mutant mouse lines. In chapter 2, a
comparison is made of the currently used technologies for cryopreservation of
germplasm in mice and the subsequent retrieval of these mutant lines. Detailed
managerial information concerning animal use, and time and cost related to these
technologies is evaluated. In chapter 3, a cryopreservation protocol for mouse ovaries
using high concentrations of cryoprotectants and instrumented ultra-rapid freezing for
vitrification is developed and validated by ovary transplantation and subsequent
breeding. To investigate the robustness of cryopreservation of ovarian tissue applied in
archiving mutant mouse lines, the newly developed freezing protocol is utilized for
cryopreserving ovaries from various genetically modified lines with different genetic
backgrounds (chapter 4). As successful breeders may be repeatedly used, the over-time
functionality of the transplanted ovaries is investigated with regard to efficiency in
delivering mutant offspring. In chapter 5, the in vivo development of cryopreserved
ovarian tissue is investigated by in vivo imaging after allotransplantation. As females
of various ages might be available as donors for ovary cryopreservation, the optimal
donor age is also evaluated in this model. The use of a spontaneous albino mutant of
the (black) C57BL/6 as a recipient is also evaluated as a rapid method for identifying
the parentage of each puppy, donor or graft recipient. In chapter 6, the application of
transplantation of fresh grafts is evaluated in propagating a subfertile mutant mouse
line and the reduced reproduction efficiency related to a particular genetic modification
is investigated. Specific attention is focused on the origin of the abnormality; either
centrally and hypothalamo-pituitary based or peripherally and based in the ovary.
Finally, an overview of the results presented in these studies and their possible
implications for future practice and researches are summarized and discussed in
chapter 7.
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Introduction
Mice are the most commonly used mammalian laboratory animals nowadays, and
their numbers are on the increase. A wealth of scientific information is available on the
mouse genome and physiology as well as developmental and biochemical pathways
and spontaneous and experimental pathology. Mice are also relatively easy to keep and
there are many, well defined, inbred and isogenic lines available. Since transgenic
technology in mice was introduced in the early ’80s, genetically modified mice have
been used extensively in a wide range of scientific disciplines (Jaenisch 1988, Bedell et
al. 1997). By the turn of the millennium, more than 3,000 mutant mouse lines existed.
Since then, the number of genetically modified mouse lines has rapidly expanded
(European Commission 2001, National Institutes of Health 2006, Hagn et al. 2007).
Worldwide, the maintenance of the established and foreseeable coming genetically
modified mouse lines has become an increasing problem due to the high cost of
maintaining live animals and the housing space required (Knight and Abbott 2002,
Hagn et al. 2007). There are also technical risks inherent to maintaining mutant mouse
lines by continuous small-scale breeding, including losing the line due to impaired
reproductive performance, genetic drift, microbiological or genetic contamination,
disease, or a large-scale environmental disaster such as fire or flood (Heath 2000,
Landel 2005). Therefore, it is recommended and even necessary to archive the original
genetically modified line in case of unexpected mishap occurring to the existing live
mutants. In addition, most mutant lines become of limited use once a particular project
is completed. As it is sound academic practice to preserve such lines for further
scientific use and verification of scientific data, archiving the mutant line also avoids
the uncertainty of success in re-recreating the genetic modification once the line is
unexpectedly lost or terminated. Nevertheless, breeding live animals only to maintain
the mutation is still a common strategy used in animal facilities. This is ethically
disputable, especially when the phenotype compromises the health or well-being of the
animals (Rose 2009). Hence, efficient alternatives to continuous breeding to maintain
mutant mouse lines are in urgent demand for the benefit of animals, researchers, and
animal facilities alike.
Techniques for archiving mouse lines by cryopreservation should especially be
applied to meet the ethical requirements of alternatives to animal testing (the 3Rs:
Reduction, Refinement and Replacement). The commonly used germplasm for
cryopreservation of mouse lines are embryo and sperm, while archiving ovaries is
applied to a much lesser extent (Thornton et al. 1999, Glenister and Thornton 2000,
Landel 2005, Mazur et al. 2008). Various factors influence the choice of the specific
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germplasm to be archived; costs related to time, space, labor and equipment then play
an important role. Staging of costs, before storage or afterwards at re-derivation e.g.
related to extensive backcrossing for obtaining homozygosity for combined mutations
or the specific background strain, is of importance. Validation of the frozen stock prior
to euthanizing the breeding animals, also implying costs, is recommended as
frozen-thawed sperm from some strains have poor fertilizing capacity and embryo’s
from some lines have poor viability after thawing (Glenister and Thornton 2000,
Landel 2005, Mazur et al. 2008). When adequate infrastructure and experienced
personnel are available in the laboratory, cryopreservation of embryo, sperm and
ovarian tissue can all be considered as archiving methods within the laboratory animal
facility. Commercial services for archiving are also available (Glenister and Thornton
2000, Landel 2005), but costly and often involve long distance transport of animals
which might impede animal welfare and is inappropriate when that is anticipated.
Mouse repositories serve the research community by archiving and cataloguing lines of
general interest, but this is not always the best choice when an institutional line is to be
archived awaiting any future interest. In fact, many lines that have been cryopreserved
are never revived (Mazur et al. 2008), as the developments in research interests and
transgenic technology are rapid.
In this study, we evaluated the efficiency and efficacy of currently used
technologies on cryopreservation of embryo and sperm and of an improved ovary
cryopreservation/transplantation procedure developed in our laboratory for archiving
and recovery of mutant mouse lines. Data were obtained by analysis from our own in
house practices with the three technologies of cryopreservation. Additionally,
information from peer reviewed literature and from dozens of websites from
institutions, core facilities and large mouse repositories that offer mouse archiving (or
retrieving) services to inside or outside parties was evaluated in order to provide
guidance for an amenable choice when selecting either sperm, ovaries or embryo’s for
cryopreservation.
Materials and Methods
The chemicals and solution used in this study were from Sigma-Aldrich
(Zwijndrecht, The Netherlands) unless stated otherwise. The mice were derived from
our own mutant mouse colonies or purchased from a commercial breeder (wild-type
studs and fosters) and all details for each animal were registered in our Animal
Management System (Tsai et al. 2005). Animals were kept and used in compliance
with the European Convention ETS 123, EU directive 86/609 (1986) and The
Netherlands legislation for the protection of animals used for research, including
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ethical review, as well as the Animal Health and Welfare Act. Mice were housed in
individually ventilated cages, with wood chips as bedding and paper tissue as nesting
material. Conditions of the room were 19–22 °C and 53–63 % relative humidity, and
artificial illumination provided for a 12 h light /12 h dark cycle. Irradiated laboratory
pellet diet (CRM(P), Special Diets Service, Witham, UK) and acidified water were
provided ad libitum.
Cryopreservation of embryo’s
Embryo production for collection
Embryo’s from 22 mutant lines were cryopreserved, obtained by mating
heterozygous mutant males to congenic wild-type females (14 lines), or using
homozygous mutant males (8 lines). Ten prepubertal wild-type females (4 to 5 weeks
of age, at least 14g of body weight) per freezing session were superovulated by
injection of pregnant mare's serum gonadotropin (PMSG) followed after 48 hours by
human chorionic gonadotropin (hCG), and subsequently mated to a mutant male (up to
3 females to a male) and inspected for a copulation plug the next morning. The doses
were 5.0 IU/animal, both with PMSG and hCG, for C57BL/6 females and 7.5
IU/animal for FVB females. The day to collect embryo’s (2nd to 4th after pairing)
depended on which embryo stage (2-cell to blastocyst) was scheduled for freezing.
Embryo collection and freezing
In this study, we applied vitrification as the freezing method described by Mello et
al. (2001) with some modifications. Medium covered with mineral oil was pre-warmed
at 37˚C in the incubator supplied with 5% CO2 over night before use. The embryo’s
were flushed out from the oviduct and attached uterus segment isolated from the
females by M2 medium and collected in the wash medium: phosphate buffered solution
(PBS) containing 0.4% bovine serum albumin (BSA) and 10% fetal calf serum. All
morphologically normal embryo’s (Nagy et al. 2003) were then transferred to PBS
supplemented with 20% ethylene glycol (EG) and 0.4% BSA for 3 minutes.
Subsequently the embryo’s were transferred to EFS medium (PBS supplemented with
40% EG, 18% Ficoll, 10.26% sucrose and 0.4% BSA) and were loaded into a 0.5 ml
Fresh type straw (IMV, L'Aigle, France) with one end sealed (OPS method, Vajta et al.
1998) by capillary force within 40 seconds. The straw was immediately immersed into
liquid nitrogen (LN2) and loaded in a strip and stored within a canister. The collection
and freezing of embryo’s from one female required approximately 20 minutes.

32

Chapter 2

Embryo thawing
The sealed end of the straw was cut off and the embryos were released into the
thawing medium [EFS medium supplemented with 2/3 (v/v) sucrose] at 37˚C for 8–10
minutes. The embryo’s were then transferred into the wash medium, and then
transferred to KSOM medium (Millipore BV, Amsterdam, The Netherlands) at 37˚C
before embryo transfer or for further in vitro development and evaluation.
Validation of frozen embryo’s by embryo transfer
Up to 3 embryo foster females (BCBA strain, 8–24 weeks of age) were set up with
one vasectomized male for synchronization and obtaining pseudopregnancy, to a total
of at least 10 candidate fosters. One copulation plug can normally be found each day by
setting up a total of 10 foster females. A recipient was used on the same day when a
copulation plug was found and the thawed 1 to 2-cell embryo’s were transferred into
the foster’s oviduct. If the embryo’s were at more advanced developmental stage
(morula to blastocyst), transfer into the uterus was performed 2 days after the
copulation plug was found. Subsequently, 10 to 35 thawed embryo’s of fair to good
quality were transferred per foster. The embryo transfer procedures were similar to
those as previously described by Nagy et al. (2003) and each transfer was completed
within 15 minutes. The numbers of transferred embryo’s, used fosters and live born
were recorded.
Cryopreservation of sperm
Sperm collection and freezing
The cryopreservation procedures were applied as described by Ostermeier et al.
(2008). To enhance the quality of collected sperm, two mutant donor male (aged 2–5
months) were each paired with a female for one week and then individually housed for
4 days before sperm collection. After humane killing by cervical dislocation, the caput
epididymides and the vas deferens were collected in 1.5 ml of prewarmed (37˚C)
cryoprotectant medium [CPM: 18% w/v raffinose, 3% w/v skim milk (BD Diagnostics,
Breda, The Netherlands), 477 µM monothioglycerol, water (Invitrogen, Breda, The
Netherlands)]. Sperm were allowed to disperse from the tissues for 10 minutes at 37˚C
in the incubator supplemented with 5% O2 and 5% CO2. Then approximately 10 µl of
sperm with CPM were loaded into 0.25 ml French straws (IMV, L'Aigle, France).
Straws were sealed with an impulse heat sealer and placed onto a raft (polystyrene 15.5
cm wide×20 cm long×2.5 cm deep) floating in LN2 for about 10 minutes. The straws 33
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ten packed in a goblet - (Zanders Medical Supplies, Vero Beach, FL) were plunged into
LN2 for storage. The collecting and freezing of sperm from one mouse line required
about 30 minutes.
Sperm thawing
To thaw the sperm, a straw was removed from the LN2 and placed in a 37˚C water
bath for about 30 seconds. The thawed sperm with CPM was pushed out of the straw
into an IVF drop and incubated for 1 hour at 37˚C supplemented with 5% O2 and 5%
CO2.
Validation of frozen sperm by IVF and subsequent embryo transfer
Mouse Vitro Fert (MVF: Cook Medical, Brisbane, Australia) was used for thawed
sperm incubation, IVF and embryo culture. The IVF dish contained one 500 µL
fertilization drop covered with mineral oil. Normally, 1–4 prepubertal females (4–5
weeks old), congenic with the sperm donor, were used as oocyte donors after
superovulation as described for the embryo donors. For traditional IVF, the
cumulus-oocyte-complexes were collected and placed in IVF drops for incubation with
pre-incubated thawed sperm. Apart from intact oocytes, we also used laser treated
oocytes for IVF procedures for 5 mutant lines in C57BL/6 genetic backgrounds in this
study. The collected oocytes were firstly treated with 0.25 mg/ml hyaluronidase
supplemented in M2 medium to remove cumulus cells. A laser system, XYClone™
(Hamilton Thorne, Beverly, MA) was then applied to create an opening in the zona
pellucida of the oocyte (Anzai et al. 2006). For both methods, the oocytes were washed
with MVF and incubated for 4–5 hours with the pre-incubated thawed sperm at 37˚C,
with 5% O2 and 5% CO2 supplemented. The presumptive zygotes were then washed
with MVF after 4–5 hours of co-incubation in the IVF drop. Only those zygotes
appearing normal were cultured overnight in a 150 µL MVF drop. Approximately 18
hours after washing, fertilized oocytes were ready for embryo transfer (polyspermy and
parthenogenesis were negligible in mouse IVF systems and assumed consistent across
treatments). For embryo transfer, up to 3 embryo foster females (BCBA strain, 8–10
weeks of age) were co-housed with a vasectomized male for synchronization and
obtaining pseudopregnancy, to a total of at least 10 candidate fosters. A female with a
copulation plug was used on the same day for transferring 2-cell stage embryo’s with
fair to good quality into the foster’s oviduct (10–25 embryo’s per foster). If the
embryo’s had developed to further stages (8-cell to blastocyst), embryo fosters were
used 2 days after the copulation plug was found and the embryo’s were transferred into
the uterus. The embryo transfer procedures were similar to those as previously
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described by Nagy et al. (2003) and each transfer was completed within 15 minutes.
The numbers of transferred embryos, used fosters and live born were recorded and the
born offspring were genotyped by polymerase chain reaction (PCR).
Cryopreservation of ovarian tissue
Collection of ovarian tissue
The ovaries were obtained from 10-day-old pups from the breeding colonies of
genetically modified mouse lines. Candidate ovary donors of the desired genotype were
identified shortly after birth and scheduled for harvesting the ovaries. A tissue biopsy
for genotyping was collected before or during the collection of the ovaries, and only
ovaries positive for the genotype of interest were kept in store.
Freezing ovarian tissue
The ovaries were removed aseptically and transferred pair-wise to 0.5 ml phosphate
buffered medium (PBI) (Whittingham 1974) kept at 37˚C. The tissue was then allowed
to equilibrate to room temperature, followed by transfer to 0.5 ml PBI medium
containing 1M dimethyl sulfoxide (DMSO) and 1M EG. After 10 minutes at room
temperature, the ovaries were transferred to another 0.5 ml PBI medium containing 3M
DMSO and 3M EG, and again incubated for 10 minutes. The ovary with the
cryoprotectant medium was loaded into a shortened 0.25 ml French type straw (IMV,
L'Aigle, France) with one end sealed. The straws were frozen ultra rapidly in liquid
nitrogen slush, using a VitMaster® apparatus (IMT Ltd, Ness Ziona, Israel) (Arav 2002).
The frozen straws were transferred to a dry 2.0 ml cryovial for storage in liquid
nitrogen.
Thawing ovarian tissue
The frozen straw was directly immersed into a water bath at 37˚C and the ovary
was immediately transferred to 0.5 ml PBI medium supplemented with 0.25M sucrose
and kept at 37˚C for 15 minutes. The ovary was washed twice (10 minutes per step)
with PBI medium at room temperature before transplantation.
Validation of frozen ovaries by transplantation and subsequent breeding
Thawed ovaries were orthotopically transplanted to recipients of wild-type females
that were congenic with the ovary donor. Basically 4, to a maximum 10, ovary
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recipients (aged 6–10 weeks) were used to validate the frozen ovaries of each mutant
line. The transplantation procedures were similar to those described by Migishima et al.
(2003) with minor modifications. The recipient female was nearly completely
ovariectomized except for approximately 10% of the recipient’s ovarian tissue left
unilaterally. The thawed ovary was applied onto the remaining recipient’s ovarian
tissue and the bursa was closed by applying gentle pressure. The contralateral ovary
was radically removed. Ovarian recipients were housed individually for recovery for
1–2 weeks and then a proven fertile wild-type male, congenic with the ovary donor was
used for breeding. The numbers of born offspring were recorded and the offspring were
genotyped by PCR to discriminate host or graft derived offspring.
Analysis of commercially available services for germplasm preservation
As mouse germplasm cryopreservation services were advertised by institutions,
core facilities and large mouse repositories, 23 websites were reviewed for the types of
services for freezing and/or reviving genetically modified mouse lines using sperm,
embryos and/or ovaries. Parameters evaluated were: contract conditions, required
number of customer supplied animals, cost and time for archiving, and options for
validation and retrieving.

Results
Cryopreservation and validation of embryo’s
Embryo’s were collected and frozen from 22 mutant mouse lines, with homozygous
males provided from 8 lines and heterozygous males from 14 lines. In average, it took
8 (4–15) freezing sessions and 2.5 months (2 weeks to 4.5 months) to freeze 337
(102–544) embryo’s from a mutant line. Each freezing session involved approximately
10 animals for breeding and embryo collection. For validation of the embryo stocks,
we thawed an average of 75 (24–210) embryo’s for each line and an average of 42
(10–127) thawed embryo’s with fair to good quality (after thawing) were subsequently
transferred to 4 (1–14) embryo fosters in average and resulted in an average litter size
of 8 (2–20) born offspring as the end point of validation of 20 archived lines (90.9%,
20/22). The total 143 offspring were delivered from 803 transferred embryo’s (17.8%,
143/803) with 75 embryo transfers. The validation of the remaining 2 mutant lines, in
both cases based on the breeding of heterozygous mutants to wild-type females, did not
produce any offspring although the quality of thawed embryo’s was fair at the time of
transfer. The live offspring were typically delivered 3–4 weeks after thawing of frozen
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embryo’s.
Cryopreservation and validation of sperm
Sperm were collected from caput epididymides and vas deferentia of two males
from each line. In total, 80 mutant healthy males from 40 mutant lines were collected
for cryopreservation with 800 straws storage (20 straws/line). For validation of the
sperm stock, one straw of sperm for each line was thawed and sperm motility was
inspected prior to IVF. For traditional IVF, an average of 3 oocyte donor females were
superovulated (congenics for C57BL/6, while FVB donor females were used for IVF
with frozen sperm of mixed genetic backgrounds or FVB) and 50 (7–120) oocytes were
collected for co-incubation with thawed sperm for 4–5 hours. The average fertilization
rate was 46.9% (3–100%). The yield of 2-cell embryo’s was 1 to 20% for the majority
of C57BL/6 (12 of 16 lines tested) while most sperm donors of FVB or mixed genetic
background gave 40 to 100% embryo’s (22 of 24 lines tested). From 40 lines, an
average of 15 (2–28) 2-cell embryo’s with fair to good quality were transferred to 1 or
2 embryo fosters which resulted in 3 (1–8) pups born as the end point of validation in
25 archived lines (62.5%, 25/40). The total 112 offspring were delivered from 588
transferred embryo’s (19.0%, 122/588) with 31 embryo transfers (68.9%, 31/45) of the
entire 45 completed transfers. The validation of the remaining 15 mutant lines did not
result in any offspring after embryo transfer. Five of the improductive C57BL/6 lines
were retested using the laser assisted fertilization procedure, which resulted in strongly
improved in vitro fertilization results in 3 out of five lines, but only one more
successfully preserved line as assessed by live offspring.
Cryopreservation and validation of ovarian tissue
Ovaries were collected and frozen from 22 mutant mouse lines, with homozygous
females provided from 6 lines and heterozygous ones from 16 lines. In total, 248
females were collected as ovary donor (around 11 females per line on average). Ovary
donors were collected from 3 litters (in average), from the breeding colonies. For
validation of the ovarian stocks, 111 thawed mutant ovaries were transplanted into 111
ovarian recipients, in average with 5 (4–10) recipients per line. With subsequent
breeding with the wild-type congenic males, 45 recipients delivered genetically
modified offspring within their 1st – 4th litters (45/111, 40.5%) as the end points of
validation of the 20 archived lines (90.9%, 20/22). Notably, 17 of these successfully
frozen lines were mutants on a C57BL/6 background, from a total of 18 tested. The
frozen-thawed ovary recipients delivered 114 genetically modified pups (15.1% in
average, ranging between 2–71%) on a total of 755 offspring born in 208 litters of
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which 64 litters (30.8%, 64/208) contained mutant offspring. These overall data
covered donors that were homozygous or heterozygous for the genetic modification,
where the heterozygous ovarian tissue would result in 50% wild-type offspring derived
from the grafts. The average litter size was 3.6, which is less than the common litter
size (6–9) in routine mutant breeding. Frozen-thawed ovaries from the remaining 2
mutant lines (with 8 recipients) failed to produce any genetically modified offspring
after 4 months of breeding, while fresh ovaries from the same lines gave mutant
offspring after transplantation. By intercross breeding of the heterozygous progeny, we
retrieved the homozygous genetically modified mice within 4–5 months after grafting
the thawed ovaries. The live offspring of 1st litter were delivered 5–7 weeks after
thawing of frozen ovaries.
Equipment and skills required for cryopreservation
Specific equipments are required to establish a cryopreservation laboratory for
archiving mutant mouse lines (summarized in Table 1). A dissecting microscope is
necessary for collecting all three kinds of germplasm, embryo transfer and ovary
transplantation. A stereo microscope or normal light microscope is used for handling
and evaluating the quality of embryo, oocyte and sperm respectively. A CO2 incubator
is necessary for in vitro culture of embryo’s and sperm, and in IVF procedures. We
observed better survival of thawed sperm and yield of embryo’s of IVF when an
incubator with 5% O2 and 5% CO2 was used. A water bath is required to thaw the
germplasm that is frozen by vitrification. In order to reduce the risk of losing the frozen
stock, at least two LN2 tanks are required for storage. We additionally applied a laser
assisted operating system (XYClone™) to incise the zona pellucida of the oocyte to
enhance the fertilization rates by the frozen-thawed sperm. For other advanced IVF, for
example, intracytoplasmic sperm injection (ICSI), Piezo microinjector and
micromanipulator systems may be used. These techniques require an advanced
microscope with micromanipulators to handle individual oocytes. To increase the
viability of frozen-thawed ovarian tissue, we applied the ultra rapid cooling system
(VitMaster®) to provide nitrogen slush for better vitrification results. However, the
slow cooling method is still commonly used for cryopreservation of embryo’s and
ovarian tissue. This requires a programmable freezer, but alternatively, vitrification
methods are available that provide instant freezing in the absence of special
instruments or equipment. We also evaluated the expertise and training required for
performing cryopreservation. The collection, freezing, and thawing of sperm and
ovarian tissue can be accomplished by trained animal technicians, as well as
standardized superovulation procedures to obtain oocytes or embryo’s (after mating)
and synchronization of embryo fosters. However, embryo evaluation, embryo transfer
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and ovarian transplantation require a higher training level of the personnel. Laboratory
technicians can basically perform all the cryopreservation and validation procedures
after proper training. However, additional special advanced training is required when
advanced IVF procedures (ICSI, Laser assisted IVF system, Piezo micromanipulator)
are involved and it also requires more time and concentration to perform the more
complicated procedures. We calculated the essential cost (except for the investments on
equipment), including those of the purchase of animals and of housing, chemicals and
carriers, techniques and labor (based on our cost analyses for our own service charges),
and the running costs of performing these technologies (summarized in Table 1). The
cost will be higher for incidental cryopreservation procedures, as the populations of
donors for embryo’s and oocytes (for IVF procedures) cannot be shared, nor the
population of embryo recipients and the infertile males for their conditioning.
Furthermore, the acquisition of embryo’s for freezing, and the validation procedures
using embryo’s or IVF need to be carefully planned to claim laboratory capacity for the
days when the procedures can be performed, and rely on the availability of qualified
donors and recipients on those subsequent days. Notably, IVF from frozen sperm needs
to be done some time past midnight to adept to the developmental stage of the oocytes
and conditioning of the foster females. Only ovary cryopreservation and transplantation
procedures allow more flexibility, as neither the donors nor the recipients need any
pretreatment.
Cryopreservation services provided by institutions, core facilities or mouse repositories
We reviewed 23 websites from institutions, core facilities and large mouse
repositories that provide cryopreservation services (latest accessed in July 2009). All
institutions offer embryo cryopreservation and 15 institutions (65.2%, 15/23) mention
validation or recovery services. Services of cryopreservation of sperm are provided
from 13 institutions (56.5%, 13/23), and 9 institutions (69.2%, 9/13) mention
validation or recovery services. Only 2 institutions provide services of cryopreservation
of ovary and its recovery. Conditions of applied procedures, required animals, charged
cost and preceded time are different among these services. The peer reviewed literature
related to cryopreservation were mostly research articles about the technologies. We
analyzed the numbers of animals involved, the cost and the time required with the
aspects of archiving, validation and retrieving based on all reviewed information and
the outcome was summarized in Figure 1. Cryopreservation of ovarian tissue showed
to consume the least in cost, animals and time among the three technologies.
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Table 1. Laboratory investments, animal work and running cost for cryopreservation procedures by different germplasm used in this study.
Expertise required by
basic education level

Main equipments required
Procedures for Overnight
LN2
tanks/water Particular
Animal Laboratory conditioning of pre-warmed
medium Microscope Incubator bath
animals
device
Germplasm
Techniques involved
Technician Technician
Embryo Embryo (generated by breeding)
(X)
X
Superovulation**
O
Dis/Ste
CO2
O
collection, evaluation, freezing
Vasectomy and
CO2
Validation with microsurgery of
(X)
X
O
Dis/Ste
synchronization*
embryo transfer
X
X
Conditioning of
O
Dis/Ste CO2/O2
O
Sperm Sperm collection, evaluation,
freezing
inactive breeder
O
Dis/Ste CO2/O2
Validation with traditional IVF
X
Superovulation**

Ovary

Validation with IVF by Laser
assisted system
Subsequent microsurgery of
embryo transfer
Ovary collection, freezing

(X)
X

Additional Superovulation**
training
X
Vasectomy and
synchronization*
X

(X)
X
Validation with microsurgery of
ovary transplantation
X: level of expertise required. (X): better level of expertise required.
O: equipment required. (O): equipment not necessarily required.
Dis: dissecting. Ste: stereo.
* vasectomized males and pseudopregnant fosters. ** superovulated oocyte donors.
IVF: in vitro fertilization.

O

Dis/Ste

CO2/O2

O

Dis/Ste

CO2/O2

Dis

(O)

Dis

(O)

XYClone™

Running cost
of procedures
(euro)
350/session
120/transfer
60/session
200/session
300/session
120/transfer

O

50/session
VitMaster®

70/transplant

€ 2,000–3,000

€ 1,000–1,500

Running cost

€ 500–1,000
# of animals

5

20–50
2
6 wks

4–20 wks

Time span

10 wks(＊ )

4 wks
€ 500–1,000

€ 1,500–3,000

Running cost

€ 500–1,000
# of animals

15–25

2–5
5–10
2 hrs

Time span

10 wks

6 wks

4 wks
€ 500–1,000

€ 1,000–1,500

Running cost

€ 500
# of animals

5

7–10
5
2 hrs

8 wks

10 wks

Time span

6 wks

Archiving

Validation

Retrieving

Reaching homozygosity

Figure 1. The efficiency of cryopreservation of germplasm for mutant mouse archiving from
advertised services.
Model calculations were verified by comparison with practical data from advertised services and the
outcome is presented as typical examples and at the maximum. Besides the essential germplasm
donors, the number of animals also includes the oocyte donor female, embryo foster, vasectomized
male, ovarian tissue recipients as necessarily required in the procedures. Besides the essential cost of
technology performance, the running cost also includes the cost of purchasing and housing animals.
The time span on archiving embryo depends on the way of generating embryo by in vitro fertilization
(4–6 weeks) or breeding (16–20 weeks) and on the number of female provided for those procedures
(the more animals, the shorter time span).
Left hand panels show the generation of frozen stock: Archiving is the process to generate a sufficient
frozen stock. Validation is the process of qualifying frozen stock for recovery of the line.
Right hand panels show the procedures for recovery of the mutant line from frozen stock: Retrieving
is defined as reviving a line by obtaining at least one live offspring carrying the mutation until weaned.
The higher number of animals (25) and cost (€3,000) of retrieving frozen sperm are required when
advanced IVF techniques (e.g. ICIS) are used. Reaching homozygosity is defined as obtaining
homozygous mutant animals with a congenic genetic background, which is not required when
homozygous embryo’s are archived (＊).
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Discussion
Cryotechnology has been used to preserve mouse mutants for decades. Embryo and
sperm are the most commonly used germplasm for cryopreservation, in contrast to
ovarian tissue. The success rate in recovering the mutant line by frozen materials still
varies among procedures and laboratories (Glenister and Thornton 2000, Landel 2005).
An analysis of practical aspects of these technologies will facilitate the choice of the
technique to be used and endorse animal welfare. In this study, the in-house practice at
our laboratory provided the data for such an evaluation. As archiving was the aim, and
maintaining live animals for continuous breeding abolished, the frozen stock should be
adequate for future recovery.
Embryo freezing has been generally used to preserve mouse strains since the 1970s.
Many core facilities and large-scale mouse repositories such as, European Mouse
Mutant Archive (EMMA), MRC Mammalian Genetics Unit (Harwell, UK), The
Jackson Laboratory (Bar Harbor, Maine, USA), and the National Institute of Health
(Bethesda, Maryland, USA) have employed this technology to archive mutant mouse
lines. The major advantage of embryo cryopreservation is that the entire diploid
genome is conserved and thus it can avoid the multiple backcrossing of the
heterozygous progeny produced by cryopreserved gametes or ovarian tissue. Therefore,
when it is important to preserve the genomic structure that is homozygous for multiple
unlinked mutant loci, embryo cryopreservation should be used to preserve the mutation
(Landel 2005). Typically, 200–500 embryo’s with fair to good quality would be
considered sufficient to ensure reliable reestablishment of a breeding colony retrieved
from frozen embryos (European Commission 2001, Glenister and Thornton 2000, Rall
et al. 2000, Hagn et al. 2007). When the mutant line can be frozen in the homozygous
state, 200 embryo’s would be considered sufficient to safeguard the line (Glenister and
Thornton 2000). These required numbers also apply to inbred strains, isogenic strains
and recombinant-inbred strains since all surviving embryo’s would be of the required
genotype. Costs charged range between 2,000–3,000 euro and the procedure takes 1–4
months. Production and collection of embryo’s by breeding (in vivo) requires a
relatively high number of animals, approximately 80 females (8 freezing sessions), and
high costs for archiving one line in our laboratory. For our validation procedures, 4
fosters with 1–2 vasectomized males were used for reviving germplasm to live
offspring. At the commercial services, the validation of frozen embryo’s by the
assessment of producing live offspring is usually an additional cost ranging from 500
to 1,000 euro (Figure 1). Superovulation and mating (or IVF) have to be planned before
freezing sessions and the multiple freezing sessions required contribute substantially to
the high cost of this technology. Furthermore, the time-consuming preparation also
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disqualifies embryo cryopreservation for crisis intervention or rescuing a “last-of-line”
when a large-scale disaster occurs in the animal colony. In addition, this technology is
also unsuitable for archiving mutant mouse libraries obtained by randomized methods
for genetic modification, e.g. by chemical induction or the application of transposon
technology (Dupuy et al. 2006).
Cryopreservation of mouse sperm was first achieved in the 1990s and various
modified protocols claiming acceptable results have been published (Thornton et al.
1999, Glenister and Thornton 2000, Nakagata 2000, Sztein et al. 2000, Landel 2005).
The advantages of sperm cryopreservation is that large numbers of spermatozoa can be
collected from a single male and the relatively simple collection and freezing
procedures, for which specific and expensive equipment is not required (unless a
slow-freezing method is applied). The quick and simple freezing procedure renders
sperm cryopreservation a suitable method for rescuing “the last of line” in case natural
breeding fails or disasters occur to a mutant colony. However, the cost of validating or
retrieving the frozen sperm is higher than archiving simply because of the substantial
and labor intensive IVF is involved. In addition, the response of females of some
inbred strains to hormone treatment for superovulation is poor, and thus results in using
more female donors (Vergara et al. 1997, Byers et al. 2006). Genotyping of the born
offspring is necessary in case heterozygous sperm donors are archived. By intercross
breeding of the heterozygous progeny delivered by foster females, homozygous
animals for both the mutation and genetic background can be obtained around 16
weeks after thawing the sperm (Figure 1). The success rates of IVF resulting in live
offspring after embryo transfer still vary considerably among different laboratories
(Thornton et al. 1999, Glenister and Thornton 2000, Nakagata 2000, Sztein et al. 2000,
Landel 2005, Ostermeier et al. 2008). The fertilizing abilities of frozen-thawed sperm
are poor in commonly used inbred strains such as C57BL/6, BALB/c and 129
(Nakagata 2000, Sztein et al. 2000, Ostermeier et al. 2008). Because susceptibility to
cellular damage by freezing and thawing may result in a significant decrease in ability
to penetrate the zona pellucida of oocyte (Nishizono et al. 2004), assisted IVF
techniques such as partial zona pellucida dissection (PZD) (Nakagata et al. 1997),
partial zona pellucida incision by piezo-micromanipulator (ZIP) (Kawase et al. 2002),
laser-assisted (Anzai et al. 2006), or intracytoplasmic sperm injection (ICSI) (Szczygiel
et al. 2002, Ogonuki et al. 2006) have been investigated to facilitate fertilization by
frozen sperm. However, these assisted techniques are very laborious and have low
success rates in obtaining live offspring which was also observed with the laser assisted
oocytes in this study (a 10% success rate), because the subsequent development of
C57BL/6 oocytes fertilized by these approaches is often impaired (Kawase et al. 2001,
Ogonuki et al. 2006). In addition, the rather unpredictable outcome, if not bleak
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perspective, of IVF procedures enforces the need to check the fertilizing capacity of
frozen sperm stock before the live animals can be terminated. Advanced IVF
techniques require highly trained technicians (Table 1) and an expensive setup of
piezoelectric pipette injection system (at a cost around 25,000 euro assuming a
microinjection setup is already in place). The investments in equipment, time and
expertise render services using these techniques expensive, with a charge of
2,500–3,500 euro with only one session (Figure 1).
Cryopreservation of ovarian tissue is as quick and simple as collecting and freezing
of sperm. To ensure a reliable frozen stock, 7–10 juvenile females or even fewer can
provide sufficient ovarian tissue for cryopreservation. The surgical procedures for
ovary transplantation are at the same skills level as embryo transfer to the oviduct as
used in recovery of frozen-thawed embryo’s, or after IVF using frozen-thawed sperm
of the line of interest. Thus, the surgery can be performed by animal technicians who
have been trained for microsurgical procedures (Table 1). Tissue rejection is
successfully avoided when the ovary recipient matches the congenic background of the
grafted ovary. Neither ovary collection, nor preparation of the graft recipient requires
hormonal treatments or synchronization, meaning less work and less discomfort to the
animals. More importantly, this method saves on the number of animals to be involved,
as no extra animals are needed to acquire sufficient synchronized donors or recipients.
The offspring obtained after breeding the recipients can be used for other (unrelated)
procedures. Estrous activity of the transplant recipients is typically reestablished within
10 days after transplantation (Harp et al. 1994, Gunasena et al. 1997, Candy et al. 1997,
Sztein et al. 1998, Candy et al. 2000), thus, breeding the recipients can start 2 weeks
after transplantation. Genotyping of newborns is necessary to identify the wild-type
offspring that is derived from heterozygous grafts or from the residual of recipients’
ovarian tissue. By intercross breeding of the heterozygous progeny delivered by ovary
recipients, homozygous animals for both the mutation and genetic background can be
obtained around 16–18 weeks after transplantation (Figure 1). Successfully
transplanted recipients can be repeatedly bred to deliver desired mutant offspring and is
more efficient and ethical sound than the only one-time use of oocyte donors and
embryo fosters when retrieving cryopreserved sperm and embryo. However, the
proportion of mutant offspring tends to decline over time and the litters tend to be
smaller than normal in the breeding colony. Considering laboratory infrastructure and
required expertise, cryopreservation of ovaries is favored over sperm and embryo
preservation (Table 1). In addition, ovarian tissue could be frozen from recently
deceased juvenile or young animals used in other experiments as long as the viable
primordial follicles are still present in the ovarian tissue (Takahashi et al. 2001) or to
rescue valuable mutant lines as a means of crisis intervention (Sztein et al. 1999,
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Takahashi et al. 2001). If critical, the transplantation of fresh ovarian tissue is preferred
because better yields of mutant offspring can be expected.
The potential risk of pathogen transmission is a concern with cryopreservation of
germplasm since many microorganisms survive freezing/thawing. Furthermore, mutant
lines are frequently exchanged through cryopreserved embryo’s or sperm between
laboratories nowadays. Thus, it is necessary to validate the health status of incoming
frozen germplasm to avoid contamination via cryopreserved samples. Cryopreserved
embryo’s can be freed of specific agents by repeatedly embryo washing (Bielanski
2007). Risks of pathogen transmission via cryopreserved sperm or ovarian tissue are
higher than via embryo’s as sperm samples and ovarian tissue are more prone to
transmit viruses and bacteria to the recipient (Mahabir et al. 2008). Thus, sperm
samples should be handled under sufficient hygienic precautions up to the stage of
embryo’s obtained by IVF. Although not all pathogens would vertically transmit to
offspring through ovaries or sperm (Scavizzi and Raspa 2006), the risks should be
taken into account when preserving such germplasm from (potentially) infected
animals. To minimize the risks of archiving contaminated samples, it is essential to
establish and document the SPF status of the donors before starting the freezing session.
Since ovarian tissue cannot be decontaminated by simple washing procedures,
examination of the health status of the first progeny can provide further insurances of
the biosafety of the archived material. The same can be done for the recipients of
cryopreserved embryo’s or IVF derived embryo’s from frozen sperm.
To perform a reliable validation (quality control) of the frozen germplasm before
entirely terminating the live mouse colonies is of importance to ensure future
reestablishment of the mutant model (Mazur et al. 2008). Live offspring carrying the
mutation is the final and convincing end points of validation. Reliable validation of
frozen sperm can only be done by IVF and subsequent embryo transfer to obtain live
offspring. However, it is known that females of various strains response differently to
induced hormone and different superovulation protocols (Vergara et al. 1997, Byers et
al. 2006). Furthermore, even within the same strain, a different dosage and time of
injection can also result in different response to superovulation treatments (Vergara et
al. 1997, Ozgunen et al. 2001). The response to superovulation treatment of prepubertal
females is also age dependent, and embryo yield is typically lower but of better quality
when the donors are older. Therefore, to obtain the optimal and greatest numbers of
oocytes in order to minimize using female animals, it requires pre-validation of the
suitable superovulation protocols in different laboratories. For example, we performed
the injection in the afternoon and harvest oocytes in the early morning to optimize the
response to the superovulation treatment of the oocyte donors. In addition, to perform
45

Mice–on–ice

IVF requires adequate training and experiences to monitor the fertilization, and the
timing of thawing frozen sperm surely has to be scheduled in accordance with the IVF
schedule. Validation of frozen embryo’s is easier than that of sperm requiring IVF and
subsequent embryo transfer. It also requires synchronization of embryo fosters for
optimal embryo transfer. In contrast, the validation (also recovery) procedures of
ovarian tissue do not involve any in vitro culture procedures. Thus, an incubator is not
required in cryopreservation of ovaries (Table 1).
To date, most laboratories or animal facilities can only rely on core facilities or
large mouse repositories that provide cryopreservation services, which are usually
expensive and distant, to archive their rapidly expanding mutant animals. Therefore, it
is practically recommended for animal facilities or research institutes to have skilled
personnel to perform cryopreservation and validation of all germplasm when needed.
This also enables exchange of frozen germplasm between laboratories (“The sharing
principle” Nature 459, 752 (11 June 2009)) which is meant to avoid duplication of the
same mutant and allows different laboratories to use the same experimental models.
Cryopreservation of embryo’s is well developed and widely used. However, the high
front-end cost is not attractive and the number of animals involved is disputable with
ethical concerns. Freezing sperm is simple and recommended to researchers with low
budgets. However, the subsequent expensive, labor intensive and higher expertise
required IVF makes cryopreservation of sperm a low front-end but high rederivation
costs method. Considering the animal usage, expertise and investment involved in
archiving and retrieving procedures, cryopreservation of ovary with low front-end and
low rederivation costs is an attractive approach for animal facilities to start with setting
up their own repositories or services of archiving mutant mouse lines. Apart from
laboratory infrastructure and expertise available, the choice of the cryopreservation
approach may also depend on the strain and genotype of the line to be frozen. Notably,
IVF procedures give a much better outcome for mutant mouse lines of FVB genetic
background than of C57BL/6. In contrast, mutants of C57BL/6 genetic background
performed best in ovary cryopreservation procedures. Thus, although some
standardization of the approach is attractive for routine procedures, we recommend
diversification dependent on the mouse line.
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Summary
The rapid expansion of mutant mouse colonies for biomedical research prompts the
development of alternative archiving methods, because current preservation methods
are expensive (embryos) or unreliable for retrieving the strain in the proper congenic
background (sperm). Ovary cryopreservation using high concentrations of
cryoprotectants and instrumented ultra-rapid freezing for vitrification was effective to
retrieve the genetic modification in 8/8 genetically modified mutant mouse models on a
C57BL/6 or FVB background. The method requires a very limited number of animals
as donors and for validation by orthotopic allotransplant and does not require
preparative treatments of donors or recipients, thus providing an efficient, affordable,
and ethically sound 3Rs alternative.

Key words: mouse; archiving; ovary; cryopreservation; 3Rs alternatives
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Introduction
The maintenance of the increasing numbers of exiting and novel genetically
modified mouse models for biomedical research enforces research institutions to
expand laboratory animal facilities, world-wide, and many face the problems of
insufficient space (Knight & Abbott 2002). Continuous breeding to maintain mutant
strains in absence of direct scientific use is ethically disputable and sustains the risk of
losing a strain due to impaired reproductive performance, genetic drift and
contamination. Even worse, complete mouse colonies can be lost in case of diseases or
other large-scale disasters. Ideally, all strains that are essential to ongoing or future
research should be archived to be prepared for such scenarios and strains that are out of
use should not be continued by breeding, although it is good academic practice to
archive the entire genotype (genetic background and mutation) for future use.
Cryopreservation of embryos is now state of the art. However, quite a large number of
animals, typically 20 – 50 donor females and 5 – 10 stud males, are required to provide
embryos. Obtaining desired quantity and quality of embryos to be frozen may take
several weeks to months, depending on the genotype (in case of mutant strains) and
pairing scheme. In conclusion, archiving a genetically modified strain by embryo
cryopreservation is very expensive, time consuming and labour intensive, and the
method is not suitable for crisis intervention or rescuing a “last-of-line” (Glenister &
Thornton 2000, Landel 2005). An apparently more suitable approach would be to
cryopreserve spermatozoa, as the freezing procedures are quite simple and specific
preparative breeding is not required. However, obstacles remain in obtaining offspring
from frozen mouse sperm of common background strains such as C57BL/6, BALB/c or
129 by in vitro fertilization (IVF) (Nakagata 2000, Sztein et al. 2000b, Landel 2005).
IVF by co-incubation of sperm with oocytes of the same inbred strain is very open to
total failure (2-cell developmental block). Advanced techniques for IVF, such as
intracytoplasmic sperm injection (ICSI) or partial zona pellucida incision (ZIP) require
advanced equipment and much laboratory training (Glenister & Thornton 2000, Landel
2005). To validate the frozen sperm stock by these methods is complicated and costly.
IVF using more robust oocytes of other strains or hybrids leads to offspring of mixed
genetic background. Then, to reconstitute the original congenic genetic background
would require extensive subsequent backcrossing involving many animals.
Investigators have to wait 1.5 to 2.5 years for their reconstituted strain (depending on
the use of DNA analysis to select the best male in each generation – ‘speed congenics’)
(Wong 2002). Such a time span is totally unacceptable, as research has to proceed. All
these drawbacks with respect to animals, time and cost have made reconstituting
genetically modified strains from frozen sperm most unattractive, notwithstanding the
ease and cost-effectiveness of archiving mutant strains by freezing sperm at first sight.
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Cryopreservation of ovarian tissue as an upcoming technology promises to be
highly efficient because the ovary contains a large number of female germ cells and
can be collected and frozen much easier than embryos and spermatozoa. The
production of live offspring after orthotopic transplantation of sliced frozen mouse
ovarian tissue was first reported in 1960 (Parrott 1960). Mature mouse ovaries from
outbred strains have been frozen and their fecundity was restored by autologous
transplantation as live offspring was obtained (Harp et al. 1994, Gunasena et al. 1997,
Salehnia 2002). Cryopreserved juvenile ovarian tissue from C57BL/6 inbred and some
hybrid strains yielded restoration of fertility after grafting to the ovarian bursa of
mature recipients (Candy et al.1997, Sztein et al. 1998, Sztein et al. 2000a, Candy et al.
2000). In recent studies, vitrification, which had earlier shown to be a relatively simple
and effective cryopreservation procedure, was also successfully applied to freeze
juvenile mouse ovaries and effectively preserving their fecundity by obtaining live
offspring (Salehnia 2002, Migishima et al. 2003). Cryopreserved juvenile and adult
ovaries from a mutant strain (in C57BL/6 background) had resulted in obtaining live
offspring after orthotopic transplantation (Migishima et al. 2003, Hani et al. 2006).
These reports provide very interesting perspectives for fast and feasible archiving of
mutant mice.
Based on managerial and ethical considerations, archiving and retrieving of mutant
mouse strains should be inexpensive and robust to provide for rational managing of
mutant mouse colonies. Here, initial experiments on cryopreservation of mutant mouse
ovarian tissue are reported, resulting in a protocol that meets the defined efficiency
requirements and 3Rs objectives for the development of alternative methods as well.

Material and methods
Animal care and husbandry
Animals were kept and used in compliance with the draft revised Appendix A of the
European Convention ETS 123, EU directive 86/609 (1986) and The Netherlands
legislation for the protection of animals used for research, including ethical review.
Mice were housed in sterilized 435 cm2 type I cages, with wood chips (Lignocel®, J.
RETTENMAIER & SÖHNE GmbH, Rosenberg, Germany) as bedding and paper
tissue as nesting material. Room conditions were 19–22 °C and 53–63 % relative
humidity, and artificial illumination provided for a 12 h light /12 h dark cycle.
Irradiated laboratory pellet diet (CRM(P), Special Diets Service, Witham, UK) and
acidified water were provided ad libitum. Animals were housed socially (as prospective
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graft recipients, or a breeding pair with or without a litter), except for breeding males
between breeding episodes and graft recipients during recovery from surgery.
Animals, and collection, freezing, and thawing of ovaries
Ovary donors were collected from the breeding stock of different research groups at
our institute, aiming for archiving mutant lines that are of importance to ongoing
research. Eight strains that were modified by targeted homologous recombination
(knock-out, knock-in or transgenesis on a C57BL/6 or FVB background) were used for
cryopreservation experiments (Table 1). The ovaries (Figure 1) were obtained from
10-day-old pups, after humane killing by cervical dislocation. A tissue biopsy for
genotyping was collected simultaneously.

Figure 1. Juvenile mouse ovary morphology. The morphology of a juvenile (10 days postnatal)
mouse ovary demonstrated by a bouin-fixed, paraffin-embedded and haematoxylin and eosin stained
microsection (A) (magnification x40) and in a fresh state (B) (magnification x50).

Both ovaries were removed aseptically and transferred pair-wise to a 1.5 ml safe-lock
tube containing 0.5 ml phosphate buffered medium (PBI) (Whittingham, 1974) kept at
37˚C. The tissue was then allowed to equilibrate to room temperature, followed by
transfer to 0.5 ml PBI medium containing 1M dimethyl sulfoxide (DMSO) and 1M
ethylene glycol (EG) (both from Sigma-Aldrich, Zwijndrecht, The Netherlands). After
10 minutes at room temperature, the ovaries were transferred to medium containing 3M
DMSO and 3M EG, and again incubated for 10 minutes. The ovaries with the
cryoprotectant medium were then transferred each to a shortened 0.25 ml French type
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straw (IMV, L'Aigle, France) with one end sealed (Figure 2). The straws were frozen
ultra rapidly in liquid nitrogen slush, using a Vit Master® apparatus (IMT Ltd, Ness
Ziona, Israel) (Arav et al. 2002). The two deep frozen straws from one donor were
transferred to a dry 2.0 ml cryovial for storage in liquid nitrogen. A freezing batch
represented one freezing session of the ovaries collected from one or more litters.
Mutant ovaries were identified by genotyping the biopsy.

Figure 2. The freezing straw. A juvenile mouse ovary (indicated by an arrow) contained in a
shortened 0.25 ml French type straw with one end sealed (length of straw is 3.5 cm).

Thawing was performed by direct immersion of a frozen straw in water at 37˚C.
The content was collected in a Petri dish and the ovary was immediately transferred to
0.5 ml of PBI medium supplemented with 0.25M sucrose and kept at 37˚C for 15
minutes. Subsequently, the ovary was washed twice with PBI medium (room
temperature) before transplantation.
Validation by allotransplantation of thawed ovaries
Frozen mutant ovary stock was validated by selecting ovaries from different
freezing batches for orthotopic transplantation to recipients aged 8–12 weeks using the
transplantation procedure of Migishima (Migishima et al, 2003), with minor
modifications. The recipient female (wild-type of the same congenic line as the donor)
was anaesthetized by intraperitoneal injection of 120 mg Ketamine (Alfasan
56

Chapter 3

Woerden-Holland) and 7.5 mg Xylazine (Rompun®, Bayer) per kg body weight. A
small dorsal transverse skin incision in the lumbar region was followed by another
small incision in the abdominal muscle layer, giving access to the ovarian bursa, which
was torn carefully to expose recipient’s ovary. The first ovary was totally removed and
the second ovary was removed saving about 10% of the tissue to serve as a
vascularized bed for the graft. One thawed ovary was then applied onto the bed and the
bursa was closed by applying gentle pressure with a microsurgical forceps. The muscle
and skin incisions were closed routinely by interrupted sutures (Safil® Quick, metric 1,
USP 5/0, B. Braun). Surgery was completed within 40 minutes after thawing the ovary
and a single subcutaneous dose of flunixin (Finadyne®, Schering-Plough, 2.5 mg/kg)
was administered to control post-operative pain. The onset of oestrous was monitored
by vaginal cytology starting 1 week after surgery.
Mating and recording
A wild-type male with proven fertility was co-housed with the graft recipient
starting 2 weeks after surgery. Pregnancy was noted by abdominal distension and
numbers of born offspring were registered. Pups were genotyped at 10 days of age and
tissues from dead offspring were also collected for genotyping. The recipients were
bred to give one, two or three litters. When both male and female heterozygous
genetically modified offspring were obtained from one mutant strain, they were
cross-bred to retrieve homozygous offspring. The outcome of the procedures was
evaluated by descriptive statistics on technical performance.

Results
A total of 154 ovaries (77 donors) were frozen for this study. The validation was
carried out by transplanting thawed mutant ovaries to a total of 53 recipients, ranging
from 4–10 recipients in different strains (Table 1). All recipients demonstrated ovarian
activity within 2 weeks after grafting and 45 recipients (45/53, 84.9%) delivered at
least one litter. We evaluated all offspring born from these 45 recipients up to their first
three litters. For every mutant strain, there was at least one recipient that delivered
mutant offspring. In total, 20 recipients (20/53, 37.7%) had delivered genetically
modified offspring within 1–3 litters. The mean of overall genetically modified
offspring against total born offspring was 12.8% (50/391), ranging from 2.7–48.6% in
different strains. The average litter size was 3.8 (391 pups/103 litters). Both male and
female heterozygous mutant pups were obtained from 4 mutant strains and gave
homozygous pups by cross breeding starting 16–20 weeks after ovary transplantation.
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Table 1. Fecundity of frozen-thawed genetically modified (GM) ovary recipients
Construct description of ovary donor
Genetic background
Zygosity of ovary donor
Number of recipients
Recipients that delivered GM pups/ total
recipients
GM pups/ total pups

GFP-CLIP-1701 mHR6B2
KI
KO

mNth13
KO

mCry1/mCry24
double KO

mOGG15
KO

BC16/Fmr17 PSA-Cre8 mHR6A9
double KO
Tg
KO

C57BL/6

C57BL/6

C57BL/6

C57BL/6

C57BL/6

C57BL/6

FVB

FVB

Homo

Hetero

Homo/Hetero

Homo

Homo/Hetero

Homo

Hetero

Hetero

5

5

10

6

9

4

4

10

80%

60%

50%

17%

33.3%

25%

25%

20%

48.6%

24.5%

15%

9%

5.8%

2.7%

3.8%

2.8%

Juvenile ovaries from eight mouse strains, genetically modified by homologous recombination (KI for ‘knock-in’, KO for ‘knock-out’, Tg for ‘transgenic’)
on a C57BL/6 or FVB background, were used for cryopreservation, either as a homozygous (‘Homo’) or heterozygous (‘Hetero’) genotype for the mutant
gene. The orthotopic graft recipients of a frozen-thawed ovary were wild-type for the congenic background and mated to wild-type males for repeated
breeding. Heterozygous tissue might give 50% mutant offspring in a heterozygous state, whereas homozygous tissue might give 100%. Clearly, the pups
were in part derived from the small remnant of the host ovary, but 8/8 strains were successfully archived. (References on the strains: 1. Akhmanova A et al.
2. Roest HP et al. 3. Takao M et al. 4. van der Horst GTJ et al. 5. Klungland A et al. 6. Skryabin BV et al. 7. Bakker CE et al. 8. Ma X et al. 9. Roest HP et
al.)
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Discussion
The cryopreservation of mutant mouse lines serves at least two purposes: to archive
strains that are essential to ongoing research (risk management), and to avoid continued
small-scale breeding to keep a line for future use. As we experienced that the costs of
embryo cryopreservation were often outside the research budget, we have considered
and tested alternative methods for archiving. Candidate alternative methods should be
quick or even immediate (no complicated planning of colony management required,
opportunity to save the ‘last of line’), technically feasible and relatively cheap. Ideally,
the number of live animals to be used as donors or for validation of the frozen stock
should be minimal, both for ethical reasons and to avoid exacerbation of the space
problems. Although sperm cryopreservation seemed to be the method of choice and
sperm survival after freezing was not unsatisfactory in our laboratory, we discarded this
approach for the reasons specified in the introductory section of this paper.
In consequence, we shifted our attention and efforts to the potential of
cryopreservation of ovarian tissue. Several recent publications on the method were
available, demonstrating satisfactory success rates after allotransplant. The freezing
methods published were less successful in our hands, preserving the somatic gonadal
cells but not the germ cells (data not shown). We decided to focus our efforts on the
juvenile ovary (standardized at a rather arbitrarily chosen postnatal day 10) and set out
to improve the cryopreservation method. Cryoprotectants were tested in vitro by
stepwise incubation from low to high concentrations and with different concentrations
as an endpoint. Dehydration of the tissue to minimize the formation of ice crystals
during freezing was assessed indirectly by studying shrinkage of the tissue (data not
shown). Secondly, we introduced the use of the ultra rapid cooling device, Vit Master®
for mouse ovary cryopreservation. The high concentrations of cryoprotectants and the
ultra-rapid cooling rate combined apparently protected sufficient numbers of the germ
cells in the 10-day-old mouse ovary, containing many primordial follicles located
superficially in the cortex. We tested the method on 8 mutant strains (Table 1). The
results apply to a variety of mutant genotypes and genetic backgrounds, as the
technique of ovary cryopreservation was first approached as an explorative experiment
rather than a systematic assessment to be analyzed by variations in the procedure (such
as freezing protocol), biomaterials (i.e. genetic background, donor age and genotype
for the genetic modification), et cetera. Nevertheless, we can draw some preliminary
conclusions about the efficacy, feasibility and efficiency of the procedure when applied
to juvenile ovaries obtained from 10-day-old mouse pups.
It was predicted that part of the offspring would be wild-type since there was
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around 10% of recipients’ own ovary left in place to facilitate vascularization of the
grafts. Also, heterozygous donors would typically give 50% wild-type pups, as
wild-type males were used for breeding the graft recipients. An overall total of 47.2%
of the graft recipients delivered only wild-type pups. In those cases, the graft survival
may have been poor, or the development of follicles in the graft may have been
inhibited by dominant follicles that could have been present in the remaining ovarian
tissue of the recipient (Spears et al, 1996). Further study would be needed to verify
these hypotheses. As in principle, only one genetically modified pup is already
sufficient to start retrieving the congenic strain, this is our criterion of successful
cryopreservation justifying expansion of the stock to compensate for putative low
efficiency. Based on these results, we developed a standard protocol for archiving
mutant mouse strains, in which a stock of 14 ovaries (from 7 genotyped donors) per
mutant strain will be produced. For evaluating the result, four ovaries (preferably from
different freezing batches) are to be thawed and transplanted to young adult recipients
of the same genetic background. In case these test transplantations result in genetically
modified offspring, the frozen stock is considered valid for future recovery of the
genotype from the archive. If not, allotransplantation will be repeated, but using fresh
rather than frozen ovarian tissue, in order to test whether the freezing ability or
cryopreservation procedures may have been the limiting factors in the case of that
particular mutant strain. We aim to extrapolate the method to mature or even old donor
animals, because we could obtain more grafts per donor animal and could potentially
save “the last of line” by that approach.
The results indicate that archiving and retrieval of genetically modified mouse
strains by cryopreservation of ovarian tissue is effective and efficient. It requires only
few donors and recipients for validation and the procedures are relatively simple as
compared to validated freezing of embryos or sperm. Neither extensive breeding nor
timely planning ahead is required, in contrast to embryo cryopreservation. The method
requires no superovulation procedures in donors or induction of timed
pseudopregnancy in recipients. Thus, ovary cryopreservation offers the desired “instant
method” for cryopreservation of mutant mouse strains, being effective and affordable.
It is ethically superior to the other current methods (embryo and sperm
cryopreservation) for archiving mouse strains, as all 3 Rs (Reduction, Refinement and
Replacement) are provided for.
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Abstract
The rapid expansion of mutant mouse colonies for biomedical research has resulted
in lack of space at laboratory animal facilities and increasing risks of losing precious
lines. These challenges require cheap and effective methods in addition to freezing
embryos and sperm to archive the expanding mutant mouse lines. Cryopreservation of
mouse ovarian tissue has been reported, but the application in the diverse mutant lines
and genetic backgrounds has not yet been studied. In this study, juvenile ovaries (10day-old) collected from genetically modified mouse lines were cryopreserved using
high concentrations of cryoprotectants (dimethyl sulfoxide (Me2SO) and ethylene
glycol (EG)) and instrumented ultra-rapid freezing. The validation of the frozen ovary
batches was assessed by orthotopically transplanting a thawed ovary into a nearly
completely ovariectomized mature female (congenic with the ovary donor). After 2
weeks of recovery, the ovary recipient was continuously paired with a male (congenic
with the ovary donor) to evaluate the fertility of the recipient and delivered offspring
were genotyped to evaluate the continued functionality of the grafted ovary. The
recipient females delivered genetically modified offspring starting 6 weeks after ovary
transplantation and lasting up to 6 months. The presented cryopreservation and
transplantation protocols enabled retrieval of the genetic modification in 20 (from 22)
genetically modified mutant mouse models on a C57BL/6 (17), FVB (2), or BALB/c
(1) background. The thawed ovaries functioned after successful orthotopic
allotransplantation to congenic wild-type recipients and produced mutant offspring,
which allowed recreation of the desired genotype as a heterozygote on the proper
genetic background. The results indicate that cryopreservation of mouse ovaries is a
promising method to preserve genetic modification of the increasing number of mutant
mouse models and can be used as a model for ovary cryopreservation using a variety of
mouse mutants.

Keywords
Mutant mouse, Ovary transplant, Cryopreservation, Vitrification, Fertility
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Introduction
The number of genetically modified mouse lines has rapidly expanded in the last
decade and has become a challenge to mouse facilities in terms of cost and space to
maintain the lines by breeding. Lines that have been published should be available for
other researchers, so they cannot be terminated shortly after completion of a project.
Moreover, important lines can be lost due to disease, genetic drift, microbiological or
genetic contamination, impaired reproductive performance, or a large-scale
environmental disaster such as fire or flood [49]. Therefore, preservation of germ cells
has been applied more and more to maintain or propagate these increasing mutant
mouse lines.
Cryopreservation of mouse embryos is now state of the art and thousands of mouse
lines have been banked as frozen embryos, in centralized repositories or research
institutes around the world [14, 18, 29]. However, quite a large number of animals and
a substantial amount of labour are required to provide sufficient embryos to safeguard a
line, rendering cryopreservation of mouse embryos an expensive and time consuming
method to preserve lines. Superovulation and fertilization, either in vivo or in vitro, are
mandatory steps prior to starting freezing sessions, and multiple freezing sessions are
needed to acquire a frozen stock of sufficient size (particularly when also storage at
other institutions is considered). Therefore, the method is not suitable for crisis
intervention or rescuing a “last-of-line” mouse [14, 29]. Cryopreservation of sperm
would be a suitable approach, as the freezing procedures are rather simple and do not
require prior breeding of animals. Large numbers of sperm cells can be collected from
even one male, which makes this an attractive preservation approach, even to rescue a
line. Although cryopreservation of sperm has been applied to preserve many mutant
mouse lines, obstacles remained for years in retrieving genetically modified offspring
from frozen sperm of common genetic background strains such as C57BL/6, BALB/c
or 129 by in vitro fertilization [29, 37, 54, 57]. In vitro fertilization (IVF) by coincubation of frozen-thawed mutant sperm with congenic oocytes was very susceptible
to failure until recently improved sperm cryopreservation and IVF procedures provided
acceptable IVF results [41]. However, the intricate logistics for superovulating oocyte
donors and synchronizing recipients make recovering offspring using frozen sperm
more expensive and time consuming than recovering frozen embryos. Ovary
cryopreservation could be a valid alternative for sperm or embryo preservation. Mouse
ovarian tissue is easily collected from pre-selected donors and the freezing requires
much less preparative work than embryo freezing. Only basic laboratory facilities and
few animals are needed for archiving and retrieving a line by ovary cryopreservation
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since no IVF procedure is required. In addition, validation of frozen ovarian tissue is
relatively cheap and simple.
Mouse ovary cryopreservation was first reported by Parrott in 1960 [42], who has
obtained live offspring after orthotopic transplantation of sliced frozen mouse ovarian
tissue. Fecundity of frozen mature mouse ovaries from different outbred strains was
restored by autologous transplantation as live offspring were obtained [17, 20, 47].
Cryopreserved juvenile ovarian tissue from C57BL/6 and few hybrid strains yielded
restoration of fertility after grafting thawed ovaries to the ovarian bursa of mature
recipients [6, 7, 56, 58]. However, genetic modification is typically done in a limited
number of inbred strains (C57BL/6, FVB, 129, BALB/c) that require further
development of the method for practical application. Similarly, the study of ovary
cryopreservation as a biomedical model depends on these strains to benefit from the
wide choice of genetically modified mouse models. Vitrification, avoiding crystal
formation by extreme elevation in viscosity of a fluid during rapid cooling, was applied
as a method of cryopreservation in preserving biological material [12]. This relatively
simple and effective cryopreservation procedure was also successfully applied to
mouse ovarian tissue and preserving their fecundity by obtaining live offspring [3, 8,
19, 21, 26, 35, 36, 63]. Cryopreserved juvenile and adult ovaries from two mutant lines
have resulted in live offspring after orthotopic transplantation [3, 19, 35, 36]. These
reports indicate that cryopreservation of ovarian tissue is a potentially useful
technology to preserve mutant mouse lines. However, in most published studies that
evaluate freezing methods and the viability of post-thaw ovaries, inbred or hybrid mice
were used as ovary donors and recipients. Reports on the application of this technology
in different genetically modified mouse lines on congenic backgrounds are lacking. As
genotype and genetic background affect the ability of thawed embryos to develop in
vivo [9, 14, 29, 43, 48] as well as the viability of thawed sperm [29, 37, 41, 57], the
performance of frozen-thawed ovarian tissue may also be hampered. An advantage of
cryopreservation of ovaries is that recipient animals that produce mutant offspring may
be repeatedly bred. However, the long-term functionality of the grafted thawed ovaries
is still unknown.
In the present study, we investigated the application of cryopreservation of juvenile
ovarian tissue to different genetically modified mouse lines in three genetic
backgrounds, using modified high concentrations of cryoprotectants with an
instrumented ultra-rapid freezing method. To confirm the quality of the cryopreserved
mutant ovaries, we investigated the fertility of thawed ovary recipients, wild-type but
congenic with the ovary donor, which had undergone orthotopic transplantation
following natural mating by congenic wild-type males. The recipients were maintained
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under breeding conditions for several months to evaluate the functionality of the
cryopreserved ovaries as a function of time after transplantation.

Material and methods
Animal care and husbandry
Animals were kept and used in compliance with the European guidelines [11] and
The Netherlands legislation for the protection of animals used for research, including
ethical review. Mice were housed in sterilized 435 cm2 cages (TECNIPLAST
Sealsafe™ Individually Ventilated Cage, Italy), with wood chips (Lignocel®, J.
RETTENMAIER & SÖHNE GmbH, Rosenberg, Germany) as bedding and paper
tissue as nesting material. Room conditions were 19–22 °C and 53–63% relative
humidity, and artificial illumination provided for a 12 h light /12 h dark cycle.
Irradiated laboratory pellet diet [CRM(P), Special Diets Service, Witham, UK] and
acidified water were provided ad libitum. Animals were housed socially (as prospective
graft recipients, or a breeding pair with or without a litter), except for breeding males
between breeding episodes and graft recipients during recovery from ovary
transplantation.
Animals, and collection, freezing, and thawing of ovaries
Ovary donors were obtained from the breeding stock of a number of research
groups at Erasmus University Medical Centre, to archive mutant lines that are of
importance to ongoing and future research. Twenty-two mutant lines that had been
generated via targeted homologous recombination in embryonic stem (ES) cells
(knock-out, knock-in) or random integration of DNA in fertilized oocytes
(transgenesis) and were maintained on a C57BL/6 (18 lines), FVB (3 lines) or BALB/c
(1 line) background were used for cryopreservation experiments. The zygosity and the
type of genetic modification are listed in Table 1 and Table 2. The ovaries were
obtained from 10-day-old pups after humane killing by cervical dislocation. A tissue
biopsy for genotyping was collected simultaneously. Both ovaries were removed
aseptically and transferred pair-wise to a 1.5 ml safe-lock tube containing 0.5 ml
phosphate buffered medium (PBI) [62] kept at 37˚C. The tissue was then allowed to
equilibrate to room temperature, followed by transfer to 0.5 ml PBI medium containing
1M dimethyl sulfoxide (Me2SO) and 1M ethylene glycol (EG) (both from SigmaAldrich, Zwijndrecht, The Netherlands). After 10 minutes at room temperature, the
ovaries were transferred to another 0.5 ml PBI medium containing 3M Me2SO and 3M
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EG, and again incubated for 10 minutes. The ovaries with the cryoprotectant medium
were then transferred each to a shortened 0.25 ml French type straw (IMV, L'Aigle,
France) with one end sealed. The straws were frozen ultra rapidly in liquid nitrogen
slush, using a Vit Master® apparatus (IMT Ltd, Ness Ziona, Israel) [2]. Straws were
subsequently transferred to a dry 2.0 ml cryovial (one per donor) for storage in liquid
nitrogen. A freezing batch represented one freezing session of the ovaries collected
from one or more litters. Mutant ovaries were identified by genotyping the biopsy.
Thawing was performed by direct immersion of a frozen straw in a water bath at
37˚C. The content was collected in a Petri dish and the ovary was immediately
transferred to 0.5 ml PBI medium supplemented with 0.25M sucrose and kept at 37˚C
for 15 minutes. Subsequently, the ovary was washed twice (10 minutes per step) with
PBI medium at room temperature before transplantation.
Validation by transplantation of thawed ovaries
Frozen mutant ovary stock was validated by selecting ovaries from different
freezing batches for orthotopic transplantation to recipients of wild-type females
sharing the congenic background with the ovary donor. At least four up to a maximum
of ten ovary recipients were used to validate the frozen ovaries of each genetically
modified line. The transplantation procedure was performed according to Migishima et
al. [35] with minor modifications. The recipient female (aged 6–10 weeks) was
anaesthetized by intraperitoneal injection of 120 mg Ketamine (Alfasan WoerdenHolland) and 7.5 mg Xylazine (Rompun®, Bayer) per kg body weight. A small dorsal
transverse skin incision in the lumbar region was followed by another small incision in
the abdominal muscle layer, giving access to the ovarian bursa, which was torn
carefully to expose the recipient’s ovary. The first ovary was removed, but leaving
approximately 10% of the recipient’s ovarian tissue to serve as a vascularized bed for
the graft. One thawed ovary was then applied onto the bed and the bursa was closed by
applying gentle pressure with microsurgical forceps. The second ovary of the recipient
was completely removed by the same surgical approach as the first recipient’s ovary
immediately after the grafting was completed. The muscle and skin incisions for both
sides were closed by interrupted sutures (Safil® Quick, metric 1, USP 5/0, B. Braun).
Recipients were housed individually for recovery for at least 2 weeks. The onset of
estrogenic activity as an indication of ovarian function was monitored by vaginal
cytology (vaginal smears were stained with Giemsa stain) starting 1 week after
transplantation.
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Evaluation of graft survival and functionality
A proven fertile wild-type male, congenic with the ovary donor, was co-housed
with the graft recipient starting 2–3 weeks after transplantation. Pregnancy was noted
by abdominal distension and numbers of offspring born were recorded. All pups from
the same litter were genotyped by polymerase chain reaction (PCR) on DNA from a
tail biopsy taken at 10 days of age and tissues from dead offspring were also collected
(if possible) for genotyping. The genotype of all pups was recorded. The recipients
were bred and allowed to give birth to a maximum of five litters or till no litter was
born. When a recipient failed to produce a litter within 2 months after the initial mating
or 6 weeks after the last pregnancy, the co-housed wild-type male was replaced by
another fertility proven male. When no litter or visible signs of pregnancy were
observed 6 weeks after the replacement, the recipient was humanely killed and
autopsied. The integrity of the bursal membrane and gross morphology of the ovarian
tissue were observed and the tissue remaining inside the bursal cavity at the site of
transplantation was collected for genotyping by PCR. The outcome of the
transplantation procedures was evaluated by descriptive statistics on reproductive
performance.
Validation of transplantation procedure using fresh ovaries
For specific genetically modified lines from which no genetically modified pups
were obtained following the freeze/thaw and transplantation procedure and subsequent
mating, fresh ovaries were collected to perform validation of the allotransplantation
procedure. Surgery and mating procedures were similar to those described above.
Statistical analysis
Statistical analyses were carried out in SPSS 15.0 for comparison of the fertility of
recipients received thawed ovaries from different mutant lines and genetic backgrounds.
An ANOVA test was used to compare the means in different parameters and Post Hoc
Tests were used to compare differences between genetic backgrounds. Statistical
significance levels for all parameters were set at p ≤ 0.05.
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Results
Fertility of recipients transplanted with frozen-thawed ovaries from different mutant
lines
Validation of the frozen ovary stocks was carried out by transplanting thawed
mutant ovaries to a total of 111 recipients; four to ten recipients were used for each
mutant line. Among the recipients, 96 recipients delivered at least one litter (96/111,
86.5%) and 45 recipients delivered genetically modified offspring within their first to
fourth litters (45/111, 40.5%). In total, 53 ovary recipients (53/111, 47.7%) delivered
only wild-type pups. Table 1 summarizes the reproduction capacity (fecundity) of
frozen-thawed ovary recipients of the 20 genotypes that produced genetically modified
offspring (out of 22 mutant lines tested). The frozen-thawed ovary recipients delivered
114 genetically modified pups (15.1% mutants, ranging from 2–71% per line) of a total
of 755 offspring born in 208 litters of which 64 (30.8%) contained mutant pups. These
overall data cover donors that are homozygous for the mutation or heterozygous which
would result in 50% wild type graft derived offspring. The average litter size was 3.6,
which is less than the mean litter size in routine mutant breeding (6.2 for C57BL/6, 8.2
for FVB, and 6.7 for BALB/c in our colony).
Frozen-thawed ovaries from the two remaining mutant lines (one in a C57BL/6 and
a FVB genetic background each) failed to produce any genetically modified offspring
after 4 months of breeding. To obtain an insight whether the cryopreservation or the
allotransplantation was the most failure-sensitive procedure, fresh juvenile ovaries of
these two lines were transplanted; this was done selectively to avoid ethically
disputable use of animals. The fecundity of frozen-thawed and fresh ovary recipients of
these 2 lines is summarized in Table 2.
Recipients that were grafted with fresh ovaries of both lines have delivered
genetically modified offspring. Furthermore, earlier results indicated that
transplantation after complete removal of both host ovaries could be done, with low
efficiency but with a high yield of mutant puppies in case of success (Table 3).
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Table 1
Fecundity of frozen-thawed genetically modified (GM) ovary recipients.
Recipients
that
Recipients that
delivered delivered GM Total
pups
pups
pups
Genetic
Recipients
(n)
(n) (%)
(n) (%)
background Mutation of donor
(n)
C57BL/6 Clip1Gfp/Gfp** (KI)1

5

5 (100)

4 (80)

37

18 (49)

3.4

6

5 (83)

1 (17)

36

3 (8)

3.0

4

4 (100)

1 (25)

49

1 (2)

4.9

FMR-Q203** (KO)5

4

4 (100)

1 (25)

31

1 (3)

3.1

Fmr1ko(2)73**
(KO)6

4

3 (75)

3 (75)

14

10 (71)

2.8

FMR-Inb** (KO)7

4

3 (75)

1 (25)

32

3 (9)

3.6

5

4 (80)

3 (60)

53

12 (23)

4.8

8

7 (83)

3 (38)

87

5 (6)

4.4

10

8 (80)

5 (50)

61

8 (13)

3.4

Myh ex8-15* (KO)11

4

3 (75)

2 (50)

24

7 (29)

3.4

Smad4 E6sad*
(KO)12

4

4 (100)

2 (50)

29

2 (7)

3.2

P53 P275S A* (KI)13

4

2 (50)

1 (25)

15

1 (7)

3.0

Apc1638T* (KO)14

4

4 (100)

1 (25)

24

7 (29)

3.4

Clip1−/+Clip2−/+*
(DKO)15

4

2 (50)

1 (25)

9

1 (11)

2.3

Clip1−/+* (KO)16

4

4 (100)

4 (100)

27

5 (19)

3.4

Transgenic tOVA
line2* (Tg)17

4

4 (100)

2 (50)

33

2 (6)

3.7

act-EGFP* (Tg)18

7

7 (100)

6 (86)

60

21 (35)

3.3

mHR6A* (KO)19

10

8 (80)

2 (20)

71

2 (3)

4.2

4

3 (75)

1 (25)

37

1 (3)

5.3

mCry1/mCry2**
(DKO)2
BC13/Fmr1**
(DKO)4

mHR6B* (KO)

8

mOgg1* (KO)9
mNth1* (KO)

FVB

Mutant
pups born
among all Average
litter
pups
size
(n) (%)

10

PSA-Cre-tg* (Tg)

20

BALB/c CD2-GATA3#b X
4
4 (100)
1 (25)
26
4 (15)
2.4
DO11.10* (Tg)21
** Ovary donors were homozygous; * Ovary donors were heterozygous.
KI: knock-in; DKO: double knock-out; KO: knock-out, Tg: transgenic.
References on the lines: 1 [1] 2 [23] 3 [52] 4 [5] 5 [13] 6 [34] 7 [5] 8 [44] 9 [28] 10 [59] 11 [46] 12 [22] 13
[61] 14 [53] 15, 16 Galjart et al.(unpublished) 17 Nikolic et al.(unpublished) 18 [39] 19 [45] 20 [33] 21 [30].
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Table 2
Fecundity of recipients of fresh genetically modified (GM) ovary when frozen-thawed ovary
recipients failed to produce genetically modified pups.
Mutant
pups born
Status of
Recipients Recipients
ovary
that delivered that delivered Total among all Average
litter
pups
donor and
Recipients
pups
GM pups pups
(n) (n) (%)
size
(n)
background Mutation of donor
(n) (%)
(n) (%)
Frozentransgenic tOVA line4*
4
4 (100)
0
32
0
3.2
thawed
(Tg)1
(C57BL/6)
Fresh
transgenic tOVA line4*
4
2 (50)
2 (50)
15
5 (33)
3.0
(C57BL/6)
(Tg)1
Frozen4
4 (100)
0
38
0
3.2
PSA-Cre-tgd* (Tg)2
thawed
(FVB)
Fresh
4
2 (50)
2 (50)
34
8 (24)
4.9
PSA-Cre-tgd* (Tg)2
(FVB)
* Ovary donors were heterozygous.
Tg: transgenic.
References on the lines: 1 Nikolic et al.(unpublished) 2 [33].

Table 3
Fecundity of frozen-thawed genetically modified (GM) ovary recipients with complete removal of
both ovaries.
Recipients
Recipients
Mutant pups
that delivered that delivered Total born among Average
litter
pups
all pups
Genetic
Recipients
pups
GM pups
(n) (%)
size
background Mutation of donor
(n)
(n) (%)
(n) (%)
(n)
C57BL/6 Clip1Gfp/Gfp (KI)1

FVB

6

2 (33)

2 (33)

3

3 (100)

1.5

mCry1/mCry2
(DKO)2

6

1 (17)

1 (17)

1

1 (100)

1.0

mHR6A (KO)3

4

1 (25)

0

2

0*

2.0

* The wild-type gene of the pup may be contributed by the graft since ovary donors were
heterozygous.
KI: knock-in; DKO: double knock-out; KO: knock-out.
References on the lines: 1 [1] 2 [23] 3 [45].
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Fertility of recipients transplanted with frozen-thawed ovaries from different genetic
backgrounds
The breeding records of each recipient that delivered offspring (either wild-type or
genetically modified) from the three different genetic backgrounds (C57BL/6, FVB,
BALB/c) were analyzed for their fertility performance. The percentage of recipients
that delivered offspring, total number of litter born, total number of pups born, and
litter size were not significantly different (p> 0.05) between genetic backgrounds.
Although the percentage of genetically modified pups born was lower in FVB
(0.3/recipient) compared to C57BL/6 (1.3/recipient) and BALB/c (1/recipient) the
difference was not significant (p=0.219). However, when the total number of pups born
was taken into consideration for reproduction efficiency, genetically modified pups
among total pups was found to be significantly lower in the three mutant lines in FVB
background (2.8%), compared to the 17 mutant lines in C57BL/6 (16.7%), background
and the one mutant line in BALB/c background (15.4%) (p < 0.05). The percentage of
genetically modified pups was significantly lower in FVB than in C57BL/6 and
BALB/c (p < 0.05). In addition, ovaries from heterozygous donors would typically give
50% wild-type pups within the litter, as wild-type males were used for breeding the
graft recipients. Validation results of ten lines (mCry1/mCry2, BC1/Fmr1, FMR-Q203,
FMR-Inb, mOgg1, Smad4 E6sad, P53 P275S A, Transgenic tOVA line2, mHR6A, PSACre-tg) had lower percentage yield of genetically modified offspring than other lines.
However, heterozygous donors were provided from six lines among those ten lines
mentioned (Table 1).
Continued functionality of grafted thawed ovarian tissue
All thawed ovary recipients were maintained under breeding conditions with wildtype males for several months to evaluate the functionality of the cryopreserved ovaries
as a function of time after transplantation. The period from the day of ovary
transplantation until the last litter containing genetically modified offspring was
evaluated among those 45 recipients that had delivered genetically modified offspring.
The average period of the recipients that delivered genetically modified offspring was
2.9 months in C57BL/6 (ranging from 1.3–5.5 months), 1.8 months in FVB (ranging
from 1.0–2.5 months), 3.1 months in BALB/c genetic backgrounds.
The recipients were bred and allowed to give birth to a maximum of five litters, or
until no more litter was born, ranging from 4–7 months after ovary transplantation.
After breeding, the tissue remaining inside the bursal cavity at the site of
transplantation was collected for genotyping to evaluate any grafted ovarian tissue left
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inside the recipient. The bursal membrane was found to be intact in most recipients,
except in 5 females that did not deliver any litter after breeding. Well-recovered
ovarian tissue, discovered within bursal cavity, contained distinct corpora lutea but
fewer developing follicles, and the size was smaller when compared to a normal ovary
at the same age (Fig. 1).

Fig. 1. Well-recovered ovarian tissue within bursal cavity containing distinct corpora lutea (t) and
developing follicles (*) 6 months after transplantation. Bar = 0.2 mm.

Well-developed ovarian tissue was also found in those 5 recipients that had a
broken bursal membrane. Regressed ovarian tissue, without luteal tissue or developing
follicles (or with only one or two), was also observed in some recipients (Fig. 2). In 10
recipients, ovarian tissue could not be detected inside the bursal cavity (Fig. 3).
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Fig. 2. Regressed residual ovarian tissue 6 months after transplantation. Absence of corpora lutea and
follicles. Bar = 0.1 mm.

Fig. 3. Absence of ovarian tissue inside the bursal cavity (t) 6 months after transplantation (ventral
aspect). The oviduct is visible as a convoluted tube (*). Bar = 0.5 mm.
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Ovarian tissue, genetically consistent with the ovary donor, was recovered in 59.0%
of all recipients of frozen-thawed ovarian tissue. Wild-type tissue (congenic for the
genetic background of the ovary donor) was found in 32.0% of the recipients. Those 10
recipients (9.0% of all recipients) without any ovarian tissue remaining inside their
bursal cavities also did not deliver any litter after 4 months of breeding. The
distribution over the different genetic backgrounds of these observations is summarized
in Fig. 4.

Fig. 4. Genotype of the tissue recovered at the site of transplantation (bursal cavity) in all recipients
of frozen-thawed ovarian tissue. (Mutant: genetic modification congenic with ovary donor, Wildtype: congenic for the genetic background of the ovary donor and recipient, No tissue: no tissue was
recovered inside the bursal cavity).

There were more wild-type tissue samples recovered from FVB recipients than
from C57BL/6 and BALB/c recipients. There was in fact no genetically modified tissue
recovered in the FVB recipients a few months after ovary transplantation (Fig. 5).
When only data from the 45 recipients that had delivered genetically modified
offspring were analyzed, the distribution over the genetic backgrounds was similar.
There were no indications that wild-type male infertility caused any lack of
reproduction in graft recipient females (breeding success with the second male after the
first one did not impregnate the female).
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Fig. 5. Genotype of the tissue recovered at the site of transplantation (bursal cavity) in recipients that
delivered genetically modified offspring derived from frozen-thawed ovarian tissue. (GM: genetically
modified, Mutant: genetic modification congenic with ovary donor, Wild-type: congenic for the
genetic background of the ovary donor and recipient, No tissue: no tissue was recovered inside the
bursal cavity).

To evaluate the frequency of producing genetically modified offspring following
ovary transplantation, 64 litters that contained genetically modified offspring were
analyzed. The results showed that a recipient would have the highest chance (43.1%) to
deliver genetically modified pups in the first litter. The frequency of a genetically
modified pup appearing in the second, third, fourth litter was 29.3%, 20.7%, and 6.9%
respectively. When considering the litter sequence, the overall frequency of obtaining
genetically modified offspring decreased with increasing litter number (Fig. 6). There
was no significant difference between different genetic backgrounds in the frequency
of obtaining genetically modified pups related to litter sequence (p>0.05). The
continuity of grafted ovary to function was analyzed within those recipients that had
yielded genetically modified offspring. Mostly, genetically modified offspring were
obtained started in the first or second litter (94.5%). When a recipient had produced
genetically modified offspring in the first litter, the chance that its second litter also
obtained genetically modified offspring was 28% and then 16% both in the following
third and fourth litter respectively. When genetically modified offspring started to
appear in the second litter, the chance that the recipient also obtained genetically
modified offspring in the third litter was 44%, but 0% in its fourth litter. The chance of
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a recipient producing genetically modified offspring starting with the third litter was
only 5.5% and no genetically modified offspring was obtained in the fourth litter of
those recipients.

Fig. 6. Frequency of genetically modified offspring according to litter sequence. The distribution was
calculated from total 64 litters containing genetically modified offspring. (GM: genetically modified).

Discussion
Cryopreservation of ovarian tissue has proven to be a feasible and useful
technology to preserve germ cells from mice while preserving the genetic background;
its use for genetically modified lines was developed and evaluated only in recent years.
The method is easy to plan and manage, and can be done using relatively simple
research infrastructure and skills. The collection of tissue from donors can be planned
at the time of birth, any material from non-modified donors can be selected later by
genotyping and discarded, and experimental transplantation does not require any pretreatment of the recipients. Thus, ovary cryopreservation can be a useful method in
view of cost and management characteristics, and is therefore worthy of further
development. However, the practical application of ovarian cryopreservation in
archiving genetically modified mouse lines had not been explored in full. Typically,
wild-type inbred or hybrid mice were used as ovary donors to evaluate freezing
methods and viability of post-thaw ovaries. Only few reports have used genetically
modified mouse lines as ovary donors, green fluorescent protein (GFP) transgenic in
C57BL/6 [19, 35, 36] and anti-freeze protein (AFP) transgenic in CB6F1 [3]. In this
study, we validated mutant ovary cryopreservation by the use of modified
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cryoprotectants and instrumented ultra-rapid freezing, and by applying the technology
to 22 different genetically modified mouse lines (in three genetic backgrounds). We
investigated the fertility of ovary grafted recipients by obtaining offspring as a
criterion, rather than by evaluation of in vitro culture of follicle development.
Genetically modified pups were obtained from 20 out of a total of 22 lines (most in a
C57BL/6 background). Although the successful results in FVB were lower compared
to C57BL/6 and BALB/c, the overall results showed that cryopreservation of
genetically modified ovarian tissue from FVB is feasible, although the procedures may
need further improvement. Ovary cryopreservation is attractive for the archiving of a
genetically modified mouse line after completion of a project, but in the absence of a
budget for embryo cryopreservation or in the absence of embryo technology on site.
Since lack of space is a common problem in many mouse facilities nowadays, this
application also provides an instant and alternative method for archiving large numbers
of existing mutant mouse lines, especially for those on a C57BL/6 background.
Young animals (8 to 12 days of age) are the preferred ovary donors as their ovaries
contain the maximum number of primordial follicles in C57BL/6 [25]. These follicles
are less sensitive to cryodamage by intracellular ice formation than the more developed
stages due to their small size and, the absence of peripheral cortical granules and of a
zona pellucida allowing for better permeation of cryoprotectants. In addition, their low
metabolism facilitates better survival in an ischaemic environment [38, 40, 50, 51]. In
contrast, the larger follicles in the ovaries of older animals (secondary, tertiary and
preovulatory) are more sensitive to damage by the freezing procedure, resulting in poor
survival after thawing [32, 50, 51]. Moreover, pups produced in our regular breeding
program are typically sampled for genotyping at 8 to 10 days of age, and thus we used
10-day-old ovary donors.
Revascularization is important to the survival of grafted tissue and the host tissue
can provide angiogenic factors, vascular endothelial growth factor (VEGF),
transforming growth factor, and fibroblast growth factor that would help to build blood
supply to the graft [10, 15, 16, 24, 60]. For this reason, we left around 10% of
recipients’ own ovary in the bursal cavity serving as a grafting bed to facilitate
vascularization of the thawed ovarian grafts. Therefore, it was predicted that some of
the offspring originated from the recipients’ oocytes would be wild-type and render in
lower yield of genetically modified offspring in the litters. The yield of genetically
modified pups from heterozygous ovary donors theoretically could be double when
homozygous ovary donors are provided for cryopreservation. In principle, one
genetically modified pup is already sufficient to start retrieving the congenic line. This
is our criterion for successful cryopreservation justifying expansion of the stock to
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compensate for putative low efficiency in some lines used in this study. Ovary
recipients that delivered only wild-type pups in the litter(s) were mostly from those
lines with low percentage yield of genetically modified offspring after ovary
transplantation. In those cases, the survival of the mutant grafts may have been poor, or
the development of follicles in the graft may have been inhibited by dominant follicles
that could be present in the remaining ovarian tissue of the recipient [31, 32, 55]. This
effect may be reduced by complete removal of both recipients’ ovaries, leaving no
grafting bed for the transplanted ovary. Results of some reports showed that recovery
of ovarian function is possible with complete removal of recipient ovaries [3, 8, 36].
These outcomes show that recovery of full ovarian function is possible, even after
complete removal of recipient ovaries and we tested orthotopic grafting after complete
ovariectomy (Table 3). Based on our results, we suggest that the use of residual tissue
from the recipient’s ovary as a grafting bed enhances graft survival.
Obtaining genetically modified offspring from ovary recipients is the ultimate
criterion for validating the freezing and transplanting procedures. This indicates that
germ cells (oocytes) from thawed ovary grafts have survived the freezing–thawing
procedures and recovered well to be included in the recipients’ ovulating process. The
ovulated oocytes were fertilized with sperm from a wild-type male and then carried the
genetic modification into the offspring. Repeated breeding was applied to investigate
whether the transplant recipients could be used as breeder animals in the colony, and to
investigate any trends that may shed some light on the survival of the oocyte pool, both
directly after transplantation and over time. We found the average period of ovary
recipients that delivered genetically modified offspring was 1.8–3.1 months after ovary
transplantation. Ovary recipients in this study rarely delivered genetically modified
offspring 5 months after ovary transplantation or after their third litters (only 3 out of
22 recipients had delivered genetically modified offspring in their fourth litter). This
suggests that there is limited time for the grafted ovaries to produce viable oocytes to
be fertilized after recovery from transplantation. This may be due to the small pool of
surviving follicles as well as to a reduced viability of the remaining follicles in the
ovarian tissue after freezing-thawing and transplantation. The present results confirm
that the majority of follicles are lost after ovary transplantation [4, 6, 15, 17, 31, 32].
This is the first demonstration of continued functionality of transplanted ovarian tissue
from different mouse strains with a variety of genetic modifications after
cryopreservation by an ultra-rapid freezing method. Studies from other groups have
reported that frozen-thawed mouse ovarian tissue can restore long-term fertility after
transplantation [7, 50]. However, ovaries from a wild-type inbred strain, which is not
typically used for the study of genetic modifications, or recipients from a F1 hybrid
strain with higher breeding capability were used in those studies. Thus, a direct
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comparison with the present study is not feasible but apart from differences between
congenic mouse strains, there may be different effects on the long-term functionality of
grafted ovarian tissue cryopreserved by slow cooling or vitrification, or genetic
modification, or both. Further studies are necessary to investigate these effects in order
to select the best combination of procedures to be adapted in efficient ovarian
cryopreservation. To evaluate how frequent and how long the thawed ovary recipients
should be kept in breeding, we analyzed the frequency of genetically modified
offspring over all litters. The results indicate the recipient can be expected to produce
genetically modified offspring most efficiently in the first litter if the mutant ovarian
tissue recovers well from the freezing and transplantation procedure. Then the chances
to continuously produce genetically modified offspring in the following litters
gradually decreased. Thus, we conclude that the outcome of the first litter is an
important indication of successful recovery of the mouse lines from cryopreserved
mutant ovarian tissue. This criterion, combined with the average period of ovary
recipients to deliver genetically modified offspring, could provide a prediction of the
time frame to repeatedly breed the ovarian recipients in retrieving a mutant mouse line.
Histological examination is the most common method to evaluate the recovery of
grafted ovarian tissue to check the number and morphology of follicles after
transplantation. In this study, histology was not feasible to establish the origin of
ovarian tissue as the two parts of ovarian tissue, derived from graft or host, had fused.
A differentiation of the origin of the ovary (host versus donor) could be performed
when using selected mouse lines that have an expression marker that can be visualized,
but not in all lines. Thus, we collected the remaining tissue inside the bursal cavity
from the grafted site for PCR to evaluate the persistence of grafted ovarian tissue after
breeding. The results showed that when ovarian tissue with normal morphology was
collected from the recipients, it was smaller in size compared to that in control animals
at the same age. This confirms the previous study that cryopreserved ovarian tissue was
smaller in size after transplantation and the loss of follicles is the main reason [35].
Nearly 60% of the recipients carried the genetic modification in the remaining ovarian
tissue 6 months after transplantation, indicating that at least some of the tissues of the
ovarian grafts were still viable. However, there was a high proportion (37%) of
recipients carrying the genetic modification in the ovarian tissue that never delivered
genetically modified offspring within their litters. It indicates that either germ cells (or
follicles) from these ovarian grafts were not viable after transplantation, or their growth
was inhibited by dominant follicles from the wild-type recipient ovarian tissue [31, 32,
55]. This phenomenon was observed more distinctly in the recipients of FVB genetic
background since their production of genetically modified offspring was significantly
lower than those recipients of C57BL/6 and BALB/c genetic background. It suggests
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that perhaps the viability of cryopreserved ovarian tissue of FVB is more impaired after
grafting or that, alternatively, the mutant follicles have less competitive ability when
surrounded by wild-type follicles after grafting.
As indicated, the period during which ovarian recipients continued to deliver
genetically modified offspring was about 3 months after transplantation in this study.
This is indicative of a limited number of viable germs cells after freezing and grafting,
or limited fertile lifespan of germ cells. Putatively, graft tissue could be degraded by
the recipient’s immune system, but the congenic background strain was identical which
should allow for allotransplantation in the absence of graft rejection. Secondly, no
inflammation was detected histologically following transplantation, and we still found
genetic modification within the ovarian tissue 6 months after transplantation in those
recipients that had never delivered genetically modified offspring after the long-term
breeding. It is therefore likely that the genetic modification in those recipients not
producing genetically modified offspring is present in the stromal cells of the
interstitial tissue rather than in surviving germ cells of the genetically modified graft
and in the absence of graft rejection.
We observed that in five out of ten recipients that failed to produce any litter after 4
months breeding, the bursal membranes were not intact. However, ovarian tissue was
well developed and had normal morphology in these cases. The broken bursal
membrane was most likely the reason that those five recipients did not produce any
litter. All eight recipients of frozen ovarian tissue from two transgenic lines in this
study failed to produce genetically modified offspring, although they all delivered
litters. Therefore, we validated the transplantation procedures using fresh ovaries and
the results show adequate fertility including retrieving the genetic modification in the
offspring from both lines. This indicates that the problems in these two lines were not
caused by the grafting procedures. Instead, the results suggest that there may be critical
problems during the freezing of ovarian tissue from some particular lines, resulting in
less viable follicles after transplantation.
The results presented in this study apply to a variety of mutant genotypes and
congenic background strains. The successful application in mutant mice also provides
for cryopreservation of human ovarian tissue, which is a developing possible treatment
for patients whose gonadal function is threatened by premature menopause or by
treatments such as radiotherapy, chemotherapy or surgical castration [27]. Although the
validation of frozen-thawed human ovarian tissue is in favour of using
autotransplantation, the application presented in this study can be developed using
allotransplant within the same congenic background as a model for autotransplantation
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and studying graft/host interactions in a variety of models for human diseases. Thus,
more successful cryopreservation of ovaries from various genetically modified mouse
lines created for the study of functional genetics or human disease can provide mouse
models of gonadal function and the development of clinical cryopreservation protocols.
This study shows that genetically modified ovaries can be well preserved by
cryopreservation with ultra-rapid freezing and the genetic modification can be retrieved
in the mutant offspring by orthotopic allotransplantation. Although there is certain time
limitation for frozen-thawed ovarian recipients to produce genetically modified
offspring after orthotopic transplantation, these approaches are already sufficient to
retrieve the genetic modification back to live mice in one or two litters. Further studies
on the freezing ability of ovaries of those lines with lower mutant offspring yield and
limited fertile lifespan of thawed ovarian tissue after orthotopic grafting would be
necessary to uncover genotype dependent abnormalities or to improve the efficiency of
cryopreservation of mouse ovarian tissue. A wider choice of methods should
accommodate the successful cryopreservation of any mutant line either by conventional
vitrification [3, 19, 35, 36] or by the instrumented ultra-rapid freezing presented in this
study.
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Abstract
Cryopreservation of mouse ovaries has been successfully utilized in gamete
preservation. Transplantation of thawed ovaries and subsequent breeding with the
recipient females have resulted in live offspring. Many in vitro methods have been
developed to evaluate the viability of frozen-thawed ovaries, but the in vivo
development of the ovary graft after transplantation remained unexplored. To examine
the graft development over time without sacrificing cohorts of animals, we used
C57BL/6-Tg(CAG-EGFP)1Osb/J donor mice, expressing an "enhanced" GFP (EGFP)
cDNA under the control of a chicken beta-actin promoter, combined with an in vivo
animal imaging system (IVIS Spectrum®) to evaluate the post-surgical recovery of
fluorescent protein tagged ovarian tissue. Ovaries of 10-day, 4-week, 10-week and
20-week-old mice were cryopreserved by vitrification with high concentrations of
cryoprotectants and instrumented ultra-rapid freezing. Fresh or frozen-thawed ovarian
tissues were orthotopically transplanted to albino recipient mice (C57BL/6J-Tyrc-2J) and
fluorescence, revealing the graft recovery, was monitored by non-invasive IVIS live
imaging for up to 5 months. In vitro incubation of fresh and frozen-thawed ovarian
tissues were also performed for comparing with the in vivo recovery. Two weeks after
transplantation, the recipients were set up for breeding and transgenic offspring were
obtained and recorded for evaluation of age effect and of reproductive performance of
the graft. The main regeneration processes of grafted ovarian tissues occurred fast, in
the first 3 days after transplantation. The reproductive performance (production of
transgenic offspring) of frozen-thawed ovary was found significantly higher from
grafts of 10-day-old donors (59.6%) than from those of 4 weeks (16.3%), 10 weeks
(7.4%) and 20 weeks (5.9%) old animals. The reproductive performance was
significantly higher from fresh ovarian grafts from 4-week-old (76.0%), 10-week-old
(62.1%) and 20-week-old (39.3%) donors than from frozen-thawed ovarian tissue.
Hence, evaluation of in vivo development of ovarian grafts in live animals by
fluorescence imaging is feasible and the recovery process starts immediately after
transplantation. Ten-day-old mice are preferred as donors for ovarian cryopreservation
and transplantation.
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Introduction
The yearly creation of thousands of transgenic mouse lines makes it impossible in
terms of cost and space to maintain more than a fraction of them as breeding colonies
over time. Hence, a significant proportion of mouse lines have to be conserved by
cryopreservation of their germplasm (Mazur et al. 2008). Cryopreservation of embryo’s
and sperm have been used for this purpose for decades, with variable outcomes
depending on the background strain and the laboratory. However, cryopreservation of
ovarian tissue was introduced and developed in preserving mutant mouse gametes only
in recent years. A number of reports have indicated that cryopreservation of mouse
ovarian tissue is feasible and potentially useful to preserve genetic resources of
valuable mutant strains. Orthotopic allotransplantation of frozen-thawed transgenic
mouse ovaries can result in fertile recipients and the genetic modification can be found
back in the offspring (Migishima et al. 2003&2006, Hani et al. 2006, Bagis et al. 2008).
Ovary cryopreservation is still an upcoming technology and although it has certain
advantages over preservation of sperm and embryo (Shaw et al. 2000, Demirci et al.
2003, Huang et al. 2008), it is not a high priority yet for central repositories (Mazur et
al. 2008). Improvement of the freezing and evaluation procedures is essential to reduce
the number of animals required for archiving. We recently introduced instrumented
ultra rapid freezing, using high concentrations of cryoprotectants for vitrification,
which proved to be an ‘instant’ method for both effective and affordable
cryopreservation of ovarian tissue (Huang et al. 2008). Through vitrification, ice crystal
formation is avoided by extreme elevation in viscosity of fluid during ultra rapid
cooling.
Several in vitro methods have been used to evaluate the viability of frozen-thawed
mouse ovaries. An often applied strategy is collecting follicles from thawed ovarian
tissue and examining their developmental potency by in vitro culture (maturation),
sometimes followed by in vitro fertilization of these oocytes (Sztein et al. 2000,
Tokieda et al. 2002, Liu et al. 2002, Wang et al. 2008, Xu et al. 2009) and subsequent
embryo transfer (Liu et al. 2001, Hasegawa et al. 2006). Histological evaluation has
also been applied to examine the survival of frozen-thawed ovaries either immediately
after thawing or after transplantation and recovery of the graft. Discrimination of graft
versus host ovarian tissue may then be a challenge as both parts may fuse into one
organ. Finally, the reproductive capacity of the grafted ovary then still needs to be
proven. Indeed, live offspring from the recipient retrieved through the frozen-thawed
graft is the ultimate proof of succesful cryopreservation of the mutant genotype. Tissue
regeneration and transplantation of (part of) organs involve complex processes that can
only be studied in the context of a living organism. In such procedures, it is difficult to
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follow the recovery process of ovarian grafts over time, and functional survival of
grafts remains unknown until offspring are produced. To evaluate early graft
development by ovarian tissue analysis after autopsy of graft recipients at different
time points would require many animals and could only be related to the genotype of
the offspring by indirect approaches. Thus, a method to analyze the graft development
in live animals would provide an early indication of graft survival, would allow for
direct evaluation of offspring of the same recipient, and would provide a model for the
optimization of cryopreservation technologies and subsequent transplantation and
regeneration procedures. However, reports on evaluation of the process of in vivo graft
recovery and development of ovarian tissue in mice after transplantation are lacking.
Functional recovery of frozen-thawed ovarian grafts from young as well as from
older donors has been demonstrated by producing live offspring using transgenic green
fluorescent protein (GFP) mice (Migishima et al. 2003&2006, Hani et al. 2006).
Recently, a non-invasive and high resolution in vivo optical imaging system (IVIS
Spectrum®) has successfully been applied to monitor tissue development after
transplantation in living mice (Cao et al. 2005, Tanaka et al. 2005, Li et al. 2008, van
Amerongen et al. 2008). The system can also quantify the enhanced GFP (EGFP) gene
expression from both in vivo (whole body) and ex vivo (internal organs) imaging from
the “green mice” (Fujiki et al. 2008). Therefore, this system could be a potential
candidate for evaluating the development of grafted ovarian tissue by in vivo imaging.
For ovary cryopreservation, immature, juvenile females are mostly used as donors
since ovaries at that period contain the highest quantity of primordial follicles (Johnson
et al. 2004, Myers et al. 2004, Kerr et al. 2006). Follicles in the primordial stage are
less differentiated, possess fewer organelles, and lack the zona pellucida and cortical
granules characteristic of more developed stages. This renders them less sensitive to
cryodamage, and thus enhances survival through the freezing process (Candy et al.
1997, Sztein et al. 2000, Liu et al. 2002). In addition, in the immature stage a whole
intact ovary can be orthotopically transplanted and the ovary has the size suitable for
this microsurgery. Therefore, adult ovaries (over 8-week-old) are rarely used to
evaluate the effectiveness of freezing protocols or comparison of procedures in ovary
cryopreservation. Ovaries from six to ten-week-old donors have been used to evaluate
preantral follicle survival and growth after cryopreservation of ovarian tissue by
vitrification or slow-rate freezing (Aerts et al. 2008). Live offspring were obtained after
autologous transplant of 10 to 20-week-old ovaries cryopreserved by slow-rate freezing
(Gunasena et al. 1997). Ovaries of various ages (including 10-week-old and
28-week-old) were used to investigate the fertility of vitrified-warmed ovaries after
transplantation (Hani et al. 2006). Since many valuable mutant mice are kept until they
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reach old ages with increasing risks of death, it would be practically ideal to also
cryopreserve adult ovaries when needed (retired breeders, combined with experimental
use, or the last of a mutant line). The older ovary donors provide more tissue for
freezing, and thus may theoretically increase the chances of retrieving live animals
after thawing. However, the larger volumes of relatively rigid ovarian tissues from old
donors require more nutrition and increased blood supply compared to the small jelly
like ovaries from young donors after transplantation. Nevertheless, the optimal age of
ovary donors for cryopreservation still has to be established.
In the present study, we investigated post-surgical development of fresh and
frozen-thawed ovarian tissues by monitoring GFP expression from the grafted tissue in
living mice over time, using actin-EGFP transgenic mice as a model. Ovaries of donors
of various ages were used for evaluation of post-surgical development and their
viability after transplantation, with or without cryopreservation. The ovary recipients
were kept in breeding to evaluate the over time functionality of ovarian transplants by
obtaining GFP offspring, using an autosomal recessive albino co-isogenic strain
(C57BL/6J-Tyrc-2J) as ovarian tissue recipient to facilitate the detection of the
fluorescent signal which would be difficult in a black-coated mouse. These recipients
were bred to C57BL/6J-Tyrc-2J males for easy recognition of graft derived offspring
(black-coated, pigmented eyes) as opposed to host-derived offspring (white-coated,
unpigmented eyes). Ovarian tissues were also incubated in vitro for comparison with in
vivo imaging.

Material and methods
Animal care and husbandry
Animals were kept and used in compliance with the European guidelines (European
Community 1986) and The Netherlands legislation for the protection of animals used
for research, including ethical review. Mice were housed in sterilized 435 cm2 cages
(TECNIPLAST Sealsafe™ Individually Ventilated Cage, Italy), with wood chips
(Lignocel®, J. RETTENMAIER & SÖHNE GmbH, Rosenberg, Germany) as bedding
and paper tissue as nesting material in Erasmus Laboratory Animal Science Centre.
Room conditions were 19–22 °C and 53–63% relative humidity, and artificial
illumination provided for a 12 h light /12 h dark cycle. Irradiated laboratory pellet diet
(CRM(P)), Special Diets Service, Witham, UK) and acidified water were provided ad
libitum. Animals were housed socially (as prospective graft recipients, or a breeding
pair with or without a litter), except for breeding males between breeding episodes and
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graft recipients during recovery from ovary transplantation.
Ovary donors and recipients
Ovary donors were heterozygous β-actin enhanced green fluorescent protein
(EGFP)-transgenic mice in a C57BL/6 genetic background (black-coated),
C57BL/6-Tg(CAG-EGFP)1Osb/J (Okabe et al. 1997). The donors were 10 days, 4
weeks, 10 weeks and 20 weeks of age. Ovarian tissue, from ten 10-day-old donors and
from 5 individual donors of the other age groups, was collected for both in vitro
incubation and transplantation of fresh or cryopreserved tissue. Animals from the
co-isogenic natural mutant strain, C57BL/6J-Tyrc-2J (autosomal recessive albino, in
C57BL/6 genetic background), were used as ovarian tissue recipients and as breeding
males for these recipients, for easy recognition of graft derived (black) puppies.
Recipients (n = 10/age group) received either fresh or frozen-thawed ovarian tissue for
evaluation of both post-surgical development and over time functionality.
Collection, freezing and thawing of ovarian tissue
Donor animals were humanely killed by cervical dislocation. Ovaries were
removed aseptically from the bursal cavities and were dissected into 4 quarters
immediately after isolation (except for 10-day-old ovaries that were used as a whole
organ). For cryopreservation, ovarian tissue from one donor was transferred to a 1.5 ml
safe-lock tube containing 0.5 ml phosphate buffered medium (PBI) (Whittingham,
1974) kept at 37˚C. The tissues were then allowed to equilibrate to room temperature,
followed by transfer to 0.5 ml PBI medium containing 1 M dimethyl sulfoxide (DMSO)
and 1 M ethylene glycol (EG) (both from Sigma-Aldrich, Zwijndrecht, The
Netherlands). After 10 minutes at room temperature, the ovarian tissue was transferred
to PBI medium containing 3 M DMSO and 3 M EG, and again incubated for 10
minutes. The ovarian tissue was then transferred with cryoprotectant medium to a
shortened 0.25 ml French type straw (IMV, L'Aigle, France) with one end sealed. The
straws were frozen ultra rapidly in liquid nitrogen slush, using a VitMaster® apparatus
(IMT Ltd, Ness Ziona, Israel) (Arav et al. 2002) and subsequently transferred to a dry
2.0 ml cryovial for storage in liquid nitrogen. A freezing batch represented one freezing
session of the ovarian tissue collected from one or more litters.
Thawing was performed by direct immersion of a frozen straw in water at 37˚C.
The content was collected in a Petri dish and the ovary was immediately transferred to
0.5 ml of PBI medium supplemented with 0.25 M sucrose and kept at 37˚C for 15
minutes. Subsequently, the ovary was washed twice (10 minutes of each) with PBI
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medium at room temperature before in vitro incubation or transplantation.
Transplantation of fresh and frozen-thawed ovarian tissue
Ovarian grafts (freshly collected or frozen-thawed) from different age donors were
orthotopically transplanted to allogenic C57BL/6J-Tyrc-2J recipients (8 to 10-week-old).
The transplantation procedure was performed according to Migishima et al. (2003)
with minor modifications. The recipient female was anaesthetized by intraperitoneal
injection of 120 mg Ketamine (Alfasan Woerden-Holland) and 7.5 mg Xylazine
(Rompun®, Bayer) per kg body weight. A small dorsal transverse skin incision in the
lumbar region was followed by another small incision in the abdominal muscle layer,
giving access to the ovarian bursa, which was torn prudently to expose the recipient’s
ovary. The first ovary was removed, but leaving approximately 10% of the recipient’s
ovarian tissue to serve as a vascularized bed for the graft. One ovary (10-day-old) or
quarter piece of ovary (4-week-old, 10-week-old and 20-week-old) was then applied
onto the bed and the bursa was closed by applying gentle pressure with microsurgical
forceps. The second ovary of the recipient was totally removed. The muscle and skin
incisions were closed by interrupted sutures (Safil® Quick, metric 1, USP 5/0, B.
Braun). Surgery was completed within 40 minutes after thawing the ovarian tissue or
20 minutes after collecting the fresh ovaries. The recipient was housed individually for
recovery for 2 weeks. The onset of estrogen activity was monitored by vaginal
cytology starting 1 week after transplantation.
In vivo evaluation of graft development
In vivo fluorescent imaging of the graft was taken to represent the post-surgical
development of grafted ovarian tissue. Ovarian tissue recipients were imaged by the In
Vivo Imaging System (IVIS Spectrum®, Caliper Life Sciences, USA) from the day
after transplantation (defined as Day 1). The animal was sedated (lightly anesthetized)
by inhalational administration of 2% Isoflurane vapour in oxygen and placed onto a
warmed stage during imaging which lasted less than a minute. The fluorescence of
β-actin EGFP ovarian tissue (emission wavelength of 510 nm) was determined using
an excitation wavelength of 488 nm (filter range 460–520 nm) by a one-second
trans-illumination model (illumination power originating from the bottom of the
specimen chamber) and the photons emitted were detected and captured by a cooled
CCD camera mounted in the specimen chamber. Because the location of the graft and
the depth of abdomen varied between animals, different trans-illumination spots
covering the area of grafted ovarian tissue were measured. Transmission images were
collected and processed with the “overview” function to make an average of all
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detected signals to represent the final measurement. All ovarian tissue recipients were
imaged once per day for 2 weeks, weekly for four weeks and four-weekly three times
thereafter. Age-matched C57BL/6J-Tyrc-2J females which did not undergo surgery were
imaged as controls for the determination of autofluorescent levels. Image data were
presented as photons/sec and analyzed by Living Image software v3.1 (Caliper Life
Sciences).
Functionality of graft and ex vivo evaluation of graft after breeding
A mature homozygous C57BL/6J-Tyrc-2J male was co-housed with the graft
recipient starting 2 weeks after transplantation. Pregnancy was noted by abdominal
distension and numbers of born offspring and their eye and coat colour (black or
non-black) were recorded. The non-black offspring were derived from the residual
recipient’s ovarian tissue and the black offspring were derived from the grafted ovarian
tissue. Due to the heterozygosity of the ovary donor, the black offspring carried either
the transgene (C57BL/6-Tg(CAG-EGFP)1Osb/J) or only wild-type alleles (C57BL/6).
An ultraviolet radiation lamp (LF-206LS, λex = 365 nm; Vilber Lourmat) was used to
differentiate GFP pups (with green fluorescent reflex, originating from ubiquitous
expression of the transgene) from wild-type pups. Although excitation of GFP requires
light with a wavelength of 488 nm, the light source used allowed visualization of
fluorescence by the naked eye. When a recipient failed to produce a litter within 2
months of the initial mating or 6 weeks after the last pregnancy, the co-housed
wild-type male was replaced with another fertile proven male to serve the recipient.
The recipients were bred and allowed to give litters for a maximum of 6 months and
were humanely killed and autopsied thereafter. The integrity of the bursal membrane
and gross morphology of the ovarian tissue were evaluated. The tissue remaining inside
the bursal cavity at the site of transplantation was collected for ex vivo imaging by the
IVIS Spectrum® to evaluate the presence of green fluorescent tissue remaining in the
graft. The collected tissue was imaged together with freshly collected
(C57BL/6-Tg(CAG-EGFP)1Osb/J) and wild-type (C57BL/6J-Tyrc-2J) ovaries as
controls. The tissue was excited with excitation wavelength of 488 nm and emission
wavelength ranged from 500–600 nm by a one-second epi-illumination model
(illumination power is from the top of the specimen chamber). Images from all grafts
were collected and analysed by Living Image software (v3.1). The collected tissue was
processed for genotyping by polymerase chain reaction (PCR) after imaging.
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Evaluation of in vitro incubated ovarian tissue
Ovarian tissue was incubated for imaging as a reference for evaluation of
persistence of fluorescence of the tissue per se and as a control for unsuccessful
grafting, as sustained viability by in vitro organ culture is not feasible. Intact ovaries of
10-day-old and dissected ovarian tissue of 4-week-old, 10-week-old and 20-week-old
ovary donors, either freshly collected or frozen-thawed (from the same donor) were
collected for in vitro incubation. Ovarian tissue was placed into advanced minimum
essential medium (MEM) (GIBCO®, Invitrogen) in an eppendorf tube and washed 2
times before incubation. The fresh and frozen-thawed ovarian tissue was incubated in a
4-well culture dish (Nunc, Roskilde, Denmark), with 0.5 ml incubation medium in each
well, at 37˚C in a humidified atmosphere of 5% CO2 in air. Freshly collected and
dissected ovarian tissue (similar size as incubated β-actin EGFP ovarian tissue) from
C57BL/6 (wild-type) female was also incubated in one of the wells as a control. The
medium was replaced with fresh medium every 48 hours and consisted of advanced
MEM supplemented with 1.25 mg/ml Bovine Serum Albumin, 2 mM Glutamin,
100 μg/ml penicillin/streptomycin and 0.01 IU/ml hFSH (human follicle stimulating
hormone) recombinant (Organon, Oss, The Netherlands). Unless otherwise indicated,
the reagents were obtained from Sigma (St. Louis, MO, USA). Ovarian tissues were
incubated for 7 days and were imaged every day by the IVIS Spectrum®. The
fluorescence of β-actin EGFP ovarian tissue was excited with excitation wavelength of
488 nm (filter range 460–520 nm) by a one-second epi-illumination model. Regions of
interest (ROI) from displayed images were drawn around the ovarian sites and
quantified as photons/sec using Living Image software (v3.1).
Statistical analysis
Data presented in this study were analyzed by the Pearson chi-square test for
proportional comparisons. An ANOVA test was used to compare the means in different
parameters and Post Hoc Tests were used to compare age groups. In all statistical tests,
a difference was considered significant when the two-tailed p value was < 0.05.

Results
In vivo imaging of post-surgical ovarian graft
Freshly collected and frozen-thawed ovaries of 10-day-old, 4-week-old,
10-week-old and 20-week-old heterozygous β-actin EGFP donors (5 animals/age group)
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were transplanted to C57BL/6J-Tyrc-2J recipient females. The degree of fluorescence
was measured and calibrated according to the photons captured in the overview image.
The localization of the fluorescent source was determined by 3D diffuse fluorescence
tomography (Fig. 1).

Fig. 1. Representative image of GFP signal detected by trans-illumination (left) and 3D diffuse
fluorescence tomography (right).

The average of signals (total flux) collected from the recipients over the evaluation
period was 7.32×109 ± 2.55×109 photons/sec (mean±SD), compared to 1.73 ×109 ±
0.732×109 photons/sec (mean±SD) from wild-type C57BL/6J-Tyrc-2J females (control
groups), which was considered to be non-specific fluorescence background. The
fluorescence signal detected from recipients grafted with fresh ovaries (8.85×109 ±
2.39×109 photons/sec; mean±SD) was higher than from recipients grafted with
frozen-thawed ovaries (5.80×109 ± 1.44×109 photons/sec; mean±SD) through the entire
22 weeks of evaluation. The fluorescent signals from all groups (except for fresh
10-week-old group) were low (3.75-6.66×109 photons/sec) on the 1st day after
transplantations (Fig. 2).
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Fig. 2. GFP signal quantification in recipients after grafting with fresh (–■–), or frozen-thawed (–▲–)
ovaries from 4 age groups, or in the wild-type control (–♦–).
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The signals had increased 1.8–3.3 fold (6.88×109 to 22.08×109 photons/sec) on the
2 day. From the 4th day onward, the signals remained stable (10-day-old,
frozen-thawed 10-week-old and 20-week-old groups) or gradually decreased until 14
days after transplantation. About one month after transplantation, the signal intensity
gradually decreased within all groups (except for 10-day-old and fresh 4-week-old
groups) gradually decreased. The signals collected from recipients of 10-day-old and
20-week-old groups were not significantly different between fresh and frozen-thawed
graft groups throughout the whole evaluation period (p ＞ 0.05). However, the
differences between fresh and frozen-thawed graft groups from the 2nd until the 8th day
in the 4-week-old group and from the 2nd until the 14th day in the 10-week-old group
were found to exceed those in the remaining part of the evaluation periods.
nd

Donor-age dependent functionality of grafted ovarian tissue over time
Two weeks after transplantation, all 40 coisogenic C57BL/6J-Tyrc-2J ovarian
recipients were individually paired with homozygous C57BL/6J-Tyrc-2J males.
Non-graft derived offspring in a litter were easily differentiated by their eyes (albino)
or coat colour (no pigmentation), even on the day of birth by the colour of the
pigmented eye that can be recognized prior to opening of the eyelids. Transgenic GFP
pups were identified by exposure to UV light within few days after birth (Fig. 3).

Fig. 3. Easy and fast differentiation of graft derived offspring (black skin, two in the middle with GFP
expression) and non-graft derived offspring (white skin).
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Table 1. Fecundity of recipients grafted with GFP ovarian tissues of different ages
Recipients that delivered
EGFP
Donor Recipients pups
pups
age
(n)
(n) (%) (n) (%)*

Total

EGFP pups

Black pups

pups

Average

pups

among all

among all

(n) (%)*

litter size

(n)

10 days

5

5 (100)

5 (100)

5 (100)

5.0

90

39 (43)

70 (78)

4 weeks

5

5 (100)

5 (100)

5 (100)

4.2

104

34 (33)

79 (76)

10 weeks

5

5 (100)

5 (100)

5 (100)

4.3

95

25 (26)

59 (62)

20 weeks

5

5 (100)

5 (100)

5 (100)

3.1

56

8 (14)

22 (39)

Frozen-thawed 10 days

5

5 (100)

4 (80)

5 (100)

3.3

52

15 (29)

31 (60)

4 weeks

5

5 (100)

2 (40)

3 (60)

4.5

49

5 (10)

8 (16)

10 weeks

5

5 (100)

1 (20)

2 (40)

3.6

68

3 (4)

5 (7)

20 weeks

5

3 (60)

1 (33)

1 (33)

4.3

34

1 (3)

2 (6)

Ovary status
Fresh

black

pups (n) (%) pups (n) (%)

* Calculated from the number of recipients that have delivered pups.

For each of the 4 groups, all ovary recipients have delivered 2–6 litters in a 5–6
months period, except for one recipient (delivered one litter only) in the frozen-thawed
4-week-old group and two recipients in the frozen-thawed 20-week-old group (no
litter). Since the black offspring without the GFP transgene were also derived from
grafted ovarian tissue, the overall “graft” fertility of the recipients is represented by the
number of black pups (including GFP offspring). All recipients grafted with fresh
ovarian tissues (20/20, 100%) and 11 recipients (11/20, 55%) grafted with
frozen-thawed ovarian tissues from 4 age groups have delivered black pups. The
percentage of graft derived offspring (Table 1) from recipients of fresh grafts, grouped
by donor age, was found to be similar between the 10-day-old (77.8%), 4-week-old
(76.0%) and 10-week-old (62.1%) groups, but it was lower in 20-week-old group
(39.3%)(p＜0.05). In frozen-thawed ovary donor groups, the percentage yield of graft
derived puppies was significantly higher in the 10-day-old group (59.6%) than the
other three donor age groups (p＜0.05) and decreased with increasing donor age,
although the difference was not significant between 4-week-old (16.3%), 10-week-old
(7.4%) and 20-week-old groups (5.9%)(p＞0.05) (Table 1). Average litter size ranged
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from 3.1 to 5.0 per group and there was no significant difference between groups,
neither between donor age groups nor between fresh and frozen-thawed donor groups.
The overall fecundity of recipients is summarized in Table 1. The fertility performance
of the recipients grafted with fresh ovarian tissue was generally better than of those
recipients grafted with frozen-thawed ovarian tissue, as well as the yield of graft
derived pups.

Total flux (photons/sec X109)

The average fluorescent signal was highest in those recipients with fresh ovarian
grafts that delivered black offspring, lower in recipients with frozen-thawed ovarian
grafts that delivered black offspring, and lowest in recipients with frozen-thawed
ovarian grafts that never delivered any black offspring (Fig. 4). In recipients with
frozen-thawed ovarian grafts that never delivered any black offspring, the signal
decreased on the 3rd day after transplantation and reached almost the same level as in
wild-type control by 4 weeks after transplantation.
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Fig. 4. GFP signal quantification in recipients delivering black offspring from fresh (–■–) or
frozen-thawed (–▲–) grafts, of those without delivering black offspring (–●–) and of wild-type
controls (–♦–).

The period from onset of breeding until the last litter containing black offspring,
was evaluated among those 31 recipients that delivered black offspring. That period
averaged 4.0 months, 4.8 months, 4.2 months, 3.0 months for the 10-day-old,
4-week-old, 10-week-old and 20-week-old fresh ovary recipients respectively, and 3.7
months, 1.7 months, 1.5 months, 1.5 months for the frozen-thawed ovary recipients.
Ex vivo evaluation of grafts after over time breeding
All recipients were humanely euthanized by cervical dislocation 5–6 months after
ovary transplantation. The tissue remaining inside the bursal cavity at the site of
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transplantation was collected to evaluate any grafted ovarian tissue left inside the
recipient. The bursal membranes of all recipients were intact at autopsy. The ovarian
tissue recovered from inside the bursal cavity contained few corpora lutea and
developing follicles. Such tissue was found in most recipients that had delivered more
than 3 litters (fresh ovarian tissue 16/20, 80%; frozen-thawed 10/20, 50 %), however
the size was smaller in those recipients grafted with frozen-thawed than in those with
fresh tissue. Regressed ovarian tissue, with one (or no) corpus luteum and hardly any
developing follicles, were generally recovered from those recipients that only delivered
1 or 2 litters. The uterus of one recipient from the frozen-thawed 20-week-old donor
group that failed to deliver was swollen and full of fluid at autopsy. Recovered ovarian
tissue of the recipients was imaged by the IVIS Spectrum® and showed GFP signals
(Fig. 5A). Fresh-graft ovarian tissue (16/20, 80%) was more often obtained than
frozen-thawed tissue (8/20, 40 %), and more from recipients grafted that received
“young” ovaries than with older ovaries (80% in 10-day-old, 70% in 4-week-old, 60%
in 10-week-old and 30% in 20-week-old group).
Evaluation of ovarian tissue through in vitro incubation
During 7 days of in vitro incubation, fresh or frozen-thawed ovarian tissues from 4
age donor groups were imaged daily by the IVIS Spectrum®. The image of ovarian
tissue was taken without the culture well lid, in order to prevent signal obstruction that
decrease signal capture by the camera (Fig. 5B).

Fig. 5. Epi-illumination of GFP signal in ovarian tissue obtained in vivo (A: Wild-type control, EGFP
graft, fresh EGFP control) or at incubation (B: Fresh EGFP (2X), Frozen-thawed EGFP, Fresh
wild-type control).
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Fig. 6. Light emission patterns after excitation (excitation wavelength: 488 nm, emission wavelength:
510 nm) of in vitro incubation of fresh (–■–) or frozen-thawed (–▲–) actin-EGFP transgenic or
wild-type ovarian tissues (–♦–) from 4 different age groups as well as the background signals (–●–).
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The initial fluorescence was consistent within the age/treatment groups; however,
the absolute photon count cannot be compared directly to the in vivo data because of
the differential imaging methods used (epi-illumination versus trans-illumination).
Background in vitro fluorescence was 0.754–0.789×107 photons/sec for control area’s
at non-ovary sites in the culture well. The overall measurements for 7 days incubation
was higher in fresh ovarian tissue (13.7×107 ± 4.95×107 photons/sec; mean±SD) than in
frozen-thawed ovarian tissue (7.03×107 ± 2.17×107 photons/sec; mean±SD) and in
wild-type control (3.00×107 ± 0.52×107 photons/sec; mean±SD) of all 4 age groups.
The GFP signals had decreased in the 2nd day (except for the frozen-thawed 10-day-old
group), and some decreased further in the 3rd day of incubation (Fig. 6). In the
following days of incubation, the signals decreased gradually or remained stable. The
GFP signals of 10-day-old ovaries were similar for fresh and frozen-thawed organs (p
＞ 0.05) except for the 1st day (significantly higher for fresh). The signals of
frozen-thawed ovarian tissue from 20-week-old donors were reduced to the level of
that of the wild-type ovarian control group from the 2nd day onward.

Discussion
Cryopreservation of mouse ovaries proved to be a valid approach for gamete
preservation (Huang et al. 2008). Various freezing protocols have been developed and
subsequent transplantation and breeding have produced live offspring which originated
from the ovarian grafts. In vivo transplantation has been applied to study the viability
of frozen-thawed ovaries, but final evaluation of oocyte viability and follicles quality
was often done via in vitro methods following autopsy of the recipient. Graft survival
was studied in vivo by magnetic resonance imaging (MRI) of vascular remodeling,
angiogenesis and follicular development in ovary grafts. However, fresh ovaries of
Wistar rats were ectopically xenotransplanted into CD-1 nude mice in those
experiments (Israely et al. 2003&2004&2006). Evaluating the in vivo development of
grafts without sacrificing the animal would be helpful to obtain insight in the early
stages of graft recovery and to gain more information for improving cryopreservation
procedures. In this study, we applied a transgenic mouse model, ubiquitously
expressing an enhanced GFP marker protein to evaluate the regeneration and
development of the fluorescent ovarian tissue graft in non-fluorescent recipient mice.
The fluorescent signal emitted by the transplanted ovary was quantified using an IVIS
Spectrum® live animal imager, which was developed for non-invasive longitudinal
monitoring of disease progression, cell trafficking and gene expression patterns. Over
time measurements collected from the same ovarian graft (same individual) reduces
variation compared to in vitro measurements in cohorts of animals sacrificed at
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different time points, which also require more animals. Moreover, the recipients could
additionally be used for breeding to validate viability and functionality of the same
grafts, which maximized the use of animals.
Revascularization is crucial to graft survival since the oxygenation, reperfusion
with nutrients, the discharge of products of the grafted tissue, as well as availability of
inflammatory cells heavily depend on this process (Dissen et al. 1994, Gosden 2000,
Torrents et al. 2003, Israely et al. 2006). The restoration of adequate blood perfusion
requires the growth of new blood vessels, which rely on the angiogenic factors,
vascular endothelial growth factor (VEGF), transforming growth factor, and fibroblast
growth factor provided by the host blood supply (Dissen et al. 1994). Reanastomosis of
transplanted organs in large animals can be achieved surgically, which is not an option
for the tiny mouse ovarian tissue particles. To facilitate revascularization of the ovarian
grafts, we maintained 10% of recipients’ own ovarian in the bursal cavity serving as a
grafting bed. The GFP signal emitted by the graft had a low intensity on the first day
after transplantation when blood supply of the graft still was marginal. At this stage, the
grafts are vulnerable to ischemia-reperfusion injury, which is the main obstacle to the
initial survival of a tissue after transplantation in the absence of immune-mediated graft
rejection. Twenty four hours later, the signals had increased in all groups, which
indicate that ovarian grafts had received sufficient blood supply for recovery of their
bioactivities. The signals increased from 24 hours to 72 hours after transplantation.
These observations are consistent with several previous studies, showing
revascularization within 3 to 4 days of ovary grafting (Krohn, 1977) and
autotransplantation of juvenile rat ovaries to ectopic sites (Dissen et al. 1994). When
evaluated by mitotic activity, frozen-thawed ovaries obtained after orthotopic
transplantation had overcome the freezing injuries by the third day after grafting
(Sztein et al. 1998) and functional blood vessels were detected in ovarian xenografts
transplanted into granulation tissues as early as 2 days after surgery (Israely et al. 2006).
These results, as well as our data, indicate that the grafted tissues had regenerated
significantly within the first 3 days after transplantation. Beside the effects of
revascularization, endocrine stimulation from the recipient also plays an essential role
in graft recovery. Since the ovarian tissues from the recipient were bilaterally removed
(only around 10% left at one site), an immediate lack of negative feedback in the
hypothalamus-pituitary-ovary axis occurs after grafting. This can facilitate the
production of gonadotropin-releasing hormone (GnRH), follicular stimulating hormone
(FSH) and luteinizing hormone (LH), which enhances the survival of grafted ovarian
tissue by stimulating granulosa cell mitosis, follicle maturation and by inhibiting
granulosa cell apotosis. The smaller follicles may benefit more than larger follicles
from this endocrine stimulation (Liu et al. 2008). The elevated levels of serum
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gonadotropins also have positive effects on the revascularization of the grafted ovaries
after transplantation (Dissen et al. 1994). On the 4th day after transplantation, the
fluorescent signals remained stable, or started to gradually decline for the following
2–3 weeks. This decline may be due to degeneration (necrosis) of tissues in the central
area of the grafts and a major transplantation-induced loss of especially the follicular
compartment of the ovarian tissue (Candy et al. 1997, Gunasena et al. 1997, Baird et al.
1999, Gosden et al. 2000, Liu et al. 2002, Liu et al. 2008). In addition, developing
dominant follicles from the remaining recipient’s ovarian tissue will have an inhibitory
effect on the follicular growth in the grafted ovarian tissues, especially when
frozen-thawed grafts are used (Spears et al. 1996, Liu et al. 2002, Liu et al. 2008).
Based on the intensity of the fluorescent signals, a steady state in the regeneration
process has been reached around 2–3 weeks post-grafting. However, the subsequent
decline in fluorescent signals may be due to ovarian grafts that failed to survive
(especially from the frozen-thawed ovary groups) or to compete with the recipient’s
ovarian tissues. In addition, recipients’ weight gain and pregnancy, which both increase
body circumference, may also exert a negative effect on fluorescence imaging. The
reason for the relatively strong signals from the fresh 10-week-old ovary grafts remains
to be elucidated, although the quarter ovary of this age group indeed is a bit larger than
those of other groups. Moreover, the mature endocrine system within the fresh grafted
tissue may positively influence the regeneration process (Liu et al. 2008).
The breeding capacity of the ovarian recipients underlined the observed trends of in
vivo development as evaluated by GFP signaling. The significantly higher yield of graft
derived pups from recipients of fresh ovarian tissues paralleled the higher signals in
this group when compared to the reduced fluorescence and reduced fertility in the
frozen-thawed groups. It also demonstrates the transplantation procedure per se to be
highly effective, as 20/20 fresh graft recipients delivered graft-derived pups. The
fertility performance of females with fresh GFP ovary transplants in this study was
better than frozen-thawed graft recipients, but litter size was consistently less than in
routine breeding of intact GFP and Tyr females (without transplantation) at our facility
(litter size in those lines ranges from 5.7 to 6.4 in our colony, data not shown).
Therefore, this finding indicates that the transplantation procedure results in smaller
litters, putatively because there is only one ovary present, but that freezing-thawing
procedures are the main cause of reduced fertility after transplantation, and more
markedly when the donor is mature. Many follicles (especially large and mature ones)
are impaired during the freezing-thawing procedures and do not survive after thawing
and transplantation, resulting in a lower number of viable follicles in frozen-thawed
than in fresh ovarian tissues (Liu et al. 2008). This also explains the observation that
grafted cryopreserved ovaries were smaller in size than the fresh grafts, as observed at
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autopsy after breeding (Migishima et al. 2003). Monitoring of the estrous cyclicity by
vaginal cytology in our present study indicated that the onset of estrogen activity
started in all recipients just after transplantation and the time between the first litter and
the transplantation was also comparable between juvenile and mature ovary donor
groups. This indicates that the follicular recruitment and development from juvenile
ovary grafts were not retarded by their immature developmental stage, but in contrast,
were accelerated following transplantation. Thus, it can be concluded that juvenile
ovaries grafted into adult recipients start functioning prematurely as they are stimulated
by levels of gonadotropins that may exceed normal adult levels due to the almost
radical ovariectomy. The level of GFP signaling was also low in those recipients that
never delivered (black) offspring originating from the graft. In vivo, the GFP signal in
these recipients only increased until the 2nd day and subsequently diminished to the
level of autofluorescence in non-operated C57BL/6J-Tyrc-2J females within 4 weeks
after transplantation. The rapid decline in fluorescence emitted by frozen-thawed
ovarian grafts is indicative for unsuccessful recovery from the transplantation (or
freezing-thawing) procedure or for failure to compete with recipient’s own residual
ovarian tissue. Thus, evaluation of the GFP signal in vivo does provide an early
indication of graft survival and subsequent development.
Nowadays, most mutant mouse lines are created in, or backcrossed to a C57BL/6
genetic background (Landel 2005). To facilitate fluorescence imaging, we introduced
in the present study the C57BL/6J-Tyrc-2J mouse strain (an albino C57BL/6 mutant
strain carrying a natural mutation in the tyrosinase gene) as a suitable recipient of ovary
grafts. The white fur (originating from a complete absence of pigments) of Tyrc-2J
mice reduces the fluorescence scattering and, thus allows the optimal detection of GFP
signals inside the mouse body. An additional and even more important advantage of the
use of C57BL/6J-Tyrc-2J recipient females in ovary cryopreservation programs is that,
when mated with a C57BL/6J-Tyrc-2J male, it provides easy and fast recognition of
graft-derived offspring by coat color, thus shortening the time span of the validation
process. In this study, using heterozygous ovary donors, half of the pigmented graft
derived offspring would be expected to carry the transgene, which was confirmed by
the data obtained from expression of fluorescence and genotyping of the pups.
Ultimately, reconstitution of the cryopreserved transgenic mouse line shall be
performed with wild-type inbred C57BL/6 males to obtain transgenic offspring in the
regular C57BL/6 genetic background.
The effect of age of the ovary donor for graft survival was studied by in vivo graft
evaluation and post-graft breeding. In vivo GFP signals from ovarian grafts of
10-day-old donors, both fresh and frozen-thawed groups, were averagely the strongest
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over the entire observation period when compared to the other age groups. This may be
indicative of a better survival and regeneration ability of 10-day-old ovaries than of the
older ovarian tissue after transplantation. The breeding results further confirmed this
observation. Such an age difference was not observed in the younger fresh transplanted
groups. However, both GFP signal intensity and fertility performance were lower in the
fresh 20-week-old ovary donor group than in the 10-day-old, 4-week-old, 10-week-old
fresh ovary groups. The actin-GFP-expression is expected to be present in both somatic
and germ cells. Interestingly, in younger ovaries more than 90% of the follicle
population are primordial follicles, which have more tolerance to freezing and thawing
than larger follicles, due to their small size (around 20–30 μm) resulting in less ice
crystallization. In addition, a relatively low metabolic rate and absence of a zona
pellucida and peripheral cortical granules of the immature oocytes contained in
primordial follicles also contribute to a lesser effect of ice crystallization (Oktay et al.
2000, Shaw et al. 2000). The lower metabolic rate of primordial follicles also makes
them more resistant to ischaemia than the growing follicles. In addition, primordial
follicles are located in the periphery (cortex) of the ovarian tissue, exposing them more
directly to the freezing medium containing the cryoprotectant agents and allowing them
to first benefit from revascularization of the ovarian graft (Nugent et al. 1997). Taken
together, these properties make younger ovaries better candidates for cryopreservation
and retrieving live offspring, although older ovaries can provide more tissue for
freezing and/or grafting after subsectioning. A one-day-old ovary contains the highest
number of primordial follicles (around 8000) in the life span of the ovary. The number
of primordial follicles in an ovary is also influenced by genetic background. Primordial
follicles number around 2500, 2000, 1900 and 800, respectively, in one ovary of a
10-day-old, 4-week-old, 10-week-old and 20-week-old C57BL/6 mouse (Johnson et al.
2004, Myers et al. 2004, Kerr et al. 2006). Although the numbers of primordial follicles
are approximately similar up to 10 weeks of age, the breeding results in this study
showed a significant difference in the frozen-thawed 10-day-old donor groups from 4
and 10-week-old groups. This is partly due to the fact that a whole 10-day old ovary
was grafted and only a quarter of the ovary at the other age groups, implicating that a
significant higher number of primordial follicles was transplanted from the youngest
group compared to the older ones. In addition, larger follicles within older ovarian
tissue are known to have rare chance to survive after thawing and thus become necrotic
after transplantation (Oktay et al. 2000, Shaw et al. 2000). Such necrotic tissue and
subsequent developing scar tissue might retard revascularization and thus impair the
development of the graft. Therefore, it is recommended to selectively freeze and
transplant the cortex (rather than the medulla) of older ovarian tissue as more
primordial follicles are located in this region of the ovary. Obviously, in addition to
primordial follicle number, there might still be other, yet unexplored age effects
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involved in the recovery process, for example, regenerative capacity of the ovarian
tissue or an age dependent quality difference within the primordial oocyte population.
Although the small size of the juvenile ovary depends on dexterity for adequate
handling during cryopreservation and transplantation, we nevertheless conclude from
our data that the optimal age of the ovary donor for cryopreservation is 10 days.
In vitro culture of entire ovaries has been reported for one-day-old mouse ovaries
for 5 and 8 days followed by acquirement of primordial follicles from the cultured
ovaries for further analysis (Eppig and O’Brien 1996, Choi et al. 2007). In our present
study, the fluorescent signal of whole ovaries or ovarian fragments was assessed
following in vitro incubation and in vivo recovery after grafting. As we did not expect
the ovaries to remain viable during in vitro incubation, GFP signals persevered
surprisingly well when ovarian tissue was incubated in vitro and from the second day
of the incubation onwards, the signals remained rather steady. We intentionally
eliminated viability in some control organs by repeated unprotected freezing and still
observed fluorescence after several days of incubation (results not shown). This
indicated that the green fluorescent protein was rather stable under these conditions,
but in the absence of adequate controls, fluorescence might be misinterpreted as a sign
of viability, which presents a pitfall in fluorescent GFP imaging. Our results were not
affected by this phenomenon as the changes in GFP signaling in vitro differed
compared to the in vivo situation where the GFP signal increased in the first two days
indicating successful grafting with in vivo tissue recovery and subsequent development.
The effect of freezing and thawing caused decreased signal intensity during in vitro
incubation in the older age groups compared to the fresh counterparts. However, such a
negative effect was not observed in the youngest (10-day-old) age group. This may be
due to a better penetration of nutrients in vitro in the younger tissue (less connective
tissue containing organ) than in the tissue from older animals. This underlines our
preference for the use of 10-day-old ovaries for grafting procedures.
In conclusion, the fluorescent mouse model and in vivo imaging system combined
provided an in vivo method to monitor the recovery of ovarian tissues after
allotransplantation and provided a model to study effects of donor age and
cryopreservation procedures. Furthermore, the study demonstrated the feasibility of the
albino mouse model (C57BL/6J-Tyrc-2J) for the rapid and efficient evaluation of
allografted ovarian tissue by identification of graft derived offspring from mutant lines
on a C57BL/6 genetic background, which is of particular significance for the validation
of cryopreserved stock. The major regeneration processes of grafted ovarian tissues
occur shortly after transplantation and lead to premature development and function of
juvenile ovaries. As fresh ovarian grafts yielded more graft-derived offspring than
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frozen-thawed grafts after breeding of the ovarian recipients, in a donor age dependent
pattern, it was concluded that ovaries from ten-day-old donors were optimal for
cryopreservation. Further studies are required to improve the putative low yield of
offspring originated from frozen-thawed older ovarian tissue.
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Recovery of reproductive performance by transplantation of ovarian tissue

Abstract
The circadian rhythmicity plays an important role in the control of reproductive
functions in animals and man. The major molecular mechanism which underlies
circadian rhythmicity consists of well characterized core clock genes (Bmal1, Clock
Per1/2, Cry1/2). Mouse models deficient in these clock genes are indispensible tools to
further investigate the role of the circadian system in reproductive processes. In this
study, for the first time, we demonstrate that only females but not males, lacking Cry1
and Cry2 genes, are subfertile (fertility rate of 20%). Cryptochrome deficient
Cry1–/–Cry2–/– females display an irregular estrous cycle with prolonged estrous.
Histological analyses of ovaries revealed a relatively low number of healthy
preovulatory follicles and absence of corpora lutea, suggesting a failure to ovulate. To
assess whether a defect in the central (hypothalamo-pituitary) or rather peripheral
(gonadal) part of the hypothalamo-pituitary-gonadal axis (HPG) is involved in the
subfertility of Crys’ deficient females, ovaries of 10 days old Cry1–/–Cry2–/– females
were transplanted orthotopically to wild-type C57BL/6 females. The recovery of
fertility after transplantation acceded 64%. In contrast, transplantation of ovaries from
juvenile C57BL/6 females into a Cry deficient background decreased fertility
performance to 30%. These results strongly suggest a predominantly insufficient
functioning of the central part of the HPG-axis in Cry deficient females but not in
males.
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Introduction
The circadian system integrates and synchronizes animal’s physiology with daily
changes of external light conditions. The suprachiasmatic nucleus (SCN) receives light
signals from the retina and through both neural and humoral pathways synchronize
other parts of central and peripheral parts of the organism (Yamazaki et al., 2000; Guo
et al., 2005; Yoshikawa et al., 2009). At the same time, peripheral tissues are capable of
self-sustained circadian oscillation with an appropriate phase relationship with the SCN
(Yoo et al., 2004). At the base of the circadian rhythm is the molecular clock, which
mechanism consists of oscillatory feedback loops of clock genes expression including
Clock, Bmal1, Per1/2, and Cry1/2 (Ko and Takahashi, 2006). Additionally, a large
number of downstream genes (so called “clock controlled genes”) have been shown to
be directly or indirectly controlled by oscillatory activity of these canonical genes,
thereby imparting rhythmicity to tissues (Akhtar et al., 2002; Panda et al., 2002).
The importance of the circadian clock control on reproduction has been studied
extensively (Barbacka-Surowiak et al., 2003; Kriegsfeld and Silver, 2006; de la Iglesi
and Schwartz, 2006). A disruption of the circadian clock in rodents leads to aberrant
reproductive phenotypes, for example, in female rats, ablation of the SCN leads to
irregular estrous cyclicity, absence of the preovulatory luteinizing hormone (LH) surge
and of ovulation (Mosko and Moore, 1979; Brown-Grant and Raisman, 1977; Palm et
al., 1999). In addition, the phenotypes of genetically altered mice with clock
deficiencies indicate a role for rhythm generating genes in reproduction. To this day,
reproduction in clock gene deficient mice has been studied most extensively in Clock
gene deletion mutant (ClockΔ19) and Bmal1 knockout (Bmal1–/–) mice. ClockΔ19
mutants females display irregular estrous cycles (Dolatshad et al., 2006; Chappell et al.,
2003), lack of a coordinated LH-surge on the proestrous day, a low progesterone level
at midgestation with higher incidences of fetal absorption (Miller et al., 2004).
Bmal1–/– mice display a complete loss of rhythmicity in the constant darkness
(Bunger et al., 2000) and both males and females are infertile (Alvarez et al., 2008;
Ratajczak et al., 2009). Bmal1–/– males are deficient in the production of testosterone,
suggesting a role for Bmal1 in normal steroidogenesis (Alvarez et al., 2008). Female
Bmal1–/– mice have delayed puberty, irregular estrous cycle, smaller ovaries and uteri
but they are able to ovulate. The infertility in Bmal–/– females is a consequence of
impaired steroidogenesis since exogenous administration of progesterone is able to
reinstitute implantation of embryos (Ratajczak et al., 2009).
Cryptochrome 1 and 2 (Cry1 and Cry2) are the core clock genes from the negative
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feedback loop which together with Period genes (Per1 and Per2) repress the
transcriptional activity of the CLOCK/BMAL1 complex (Takahashi et al., 2008).
Double knockout mice for both Cry genes (Cry1–/–Cry2–/–) display nearly normal wheel
running in Light/Dark conditioning (LD) with running mostly concentrated in the dark
phase of LD cycle. However, in constant darkness, Cry1–/–Cry2–/– mice are completely
arrhythmic in circadian behaviors and in the circadian gene expression in various
tissues (van der Horst et al., 1999; Oishi et al., 2003).
In this report, we characterized, to our knowledge for the first time, the
reproductive performance of Cry1/Cry2 deficient mice. Through analysis of the
breeding colony data base, we have found that males are fertile and their reproductive
performance is similar to that of wild-type mice. In contrast, Cry1–/–Cry2–/– females
display a low fertility. Ovarian function and cyclicity were evaluated and reciprocal
ovarian transplantation experiments were done to assess the principal site of
reproductive malfunction.

Materials and Methods
Mice and housing conditions
Cry1 and Cry2 knockout mice were generated previously (van der Horst et al.,
1999) and backcrossed to isogenic C57BL/6 background for far more than 10
generations. Animals were kept and used in compliance with the European Convention
ETS 123, EU directive 86/609 (1986) and The Netherlands legislation for the
protection of animals used for research, including ethical review. Mice were housed in
individually ventilated cages, with wood chips as bedding and paper tissue as nesting
material. Conditions of the room were 19–22 °C and 53–63% relative humidity, and
artificial illumination provided for a 12 h light /12 h dark cycle. Irradiated laboratory
pellet diet (CRM(P), Special Diets Service, Witham, UK) and acidified water were
provided ad libitum. Animals were housed socially except for graft recipients during
recovery from the ovarian transplantation and during evaluation of estrous cyclicity.
The analysis of reproductive parameters
Data from the Animal Management System (AMS) were analyzed for breeding data
from the colony of Cry1 and Cry2 deficient mice. AMS was designed in house for
animal management and supports the registration of clinical observations, the
management of health and animals welfare, as well as of reproductive performance
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(Tsai et al., 2005). The individual records extracted from the AMS database included
mice with nine combinations of genotypes (wild-type, Cry1 and Cry2 knockout alleles).
Reproductive parameters such as litter size and fertility rate (number of females which
delivered a viable litter within 8 weeks after pairing, relative to number of females
paired) were analyzed separately for males and females. Only the first pairing of each
male was analyzed and only nulliparous females were selected. A total of 610 breeding
pairs of mice were evaluated from a period from January 2002 until September 2006.
Estrous cycle
Daily vaginal smears for cytological evaluation were taken from Cry1+/+/Cry2+/+
and Cry1–/–Cry2–/– females mice for a continuous period of 12 days, beginning at 4–6
months of age (n=7 and n=8, respectively), to assess the cycle length and its regularity.
Dried smears were stained with Giemsa stain. The stage of the estrous cycle was
determined according to the criteria of Allen (1922). All females were housed
individually during estrous cycle evaluation.
Ovarian histology and follicle counting
Seven Cry1+/+/Cry2+/+ and eight Cry1–/–Cry2–/– nulliparous females (aged between
4–6 months) were sacrificed at proestrous day, and uteri and ovaries were dissected and
weighed. Ovaries were fixed in Bouin’s fluid overnight at room temperature, embedded
in paraffin and after routine histological procedures stained with hematoxylin and eosin.
Follicle counts were performed using serial 8µm sections of both ovaries as described
previously (Visser et al., 2007). In every fifth section, all preovulatory follicles were
registered. Based on the mean diameter of the follicle, which was determined by
measuring two perpendicular diameters in the section in which the nucleolus of the
oocyte was present, the growing preovulatory follicles with a diameter ≥370µm were
scored. Healthy (nonatretic) and atretic preovulatory follicles were registered separately.
The criteria for atresia were the presence of pyknotic nuclei in the granulosa cells
and/or degeneration of the nucleus of the oocyte (Byskov, 1974; Osman, 1985). The
number of fresh corpora lutea, i.e. corpora lutea formed during the last ovarian cycle,
was counted in serial sections of ovaries collected on the day of proestrus. Newly
formed corpora lutea could be distinguished from the older ones by their smaller size of
luteal cells.
Orthotopic ovary transplantation and subsequent breeding
Ovaries were obtained from 10-day-old pups after humane killing by cervical
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dislocation. Both ovaries were removed aseptically and transferred pair-wise to a 1.5
ml safe-lock tube containing 0.5 ml phosphate buffered medium (PBI) kept at 37˚C.
One ovary was then transplanted to a recipient by orthotopic transplantation using the
procedures of Migishima et al. (2003) with minor modifications. Ovaries collected
from Cry1–/–Cry2–/– females were transplanted to wild-type C57BL/6 recipients, and
ovaries collected from wild-type C57BL/6 females were transplanted to Cry1–/–Cry2–/–
recipients. The recipient female (aged between 8–12 weeks) was anaesthetized by
intraperitoneal injection of 120 mg/kg Ketamine (Alfasan Woerden-Holland) and 7.5
mg/kg Xylazine (Rompun®, Bayer). A small dorsal transverse skin incision in the
lumbar region was followed by another small incision in the abdominal muscle layer,
giving access to the ovarian bursa, which was torn carefully to expose the recipient’s
ovary. The fresh transplantable ovary was then grafted at the site where the recipient’s
ovary was totally removed. The bursa was closed by applying gentle pressure with a
microsurgical forceps. The muscle and skin incisions were closed by interrupted
sutures (Safil® Quick, metric 1, USP 5/0, B. Braun). The other recipient’s ovary was
also totally removed without grafting any tissue. Surgery was completed within 30
minutes after collection of the donor ovary. The onset of estrous activity of the ovary
recipients was monitored by vaginal cytology starting one week after transplantation. A
male of proven fertility (arbitrarily C57BL/6 or Cry1–/–Cry2–/–) was co-housed with a
graft recipient starting 2–3 weeks after transplantation. Pregnancy was noted by
abdominal distension and numbers of born offspring were registered. The pups were
genotyped by PCR to confirm consistency with the graft genotype.
Statistical analysis
All data were presented as mean ± s.e.m. unless stated otherwise. The Mann
Whitney test was used for two group comparison and Kruskal-Wallis One Way
Analysis on Ranks was done for data analysis for more than two groups, rejection level
in post hoc comparison was set to 0.05.

Results
Low fertility of Cry1–/–Cry2–/– females but not males
Systematic evaluation of data from the breeding colony of Crys’ deficient mice
allowed us to establish whether reproduction parameters such as number of successful
pairing (the fertility rate) and litter size differed among mice with respect to number of
Cry1 and Cry2 alleles present. We first analyzed the database to evaluate a putative
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effect of male genotype on the fertility rate. Cry1+/+/Cry2+/+ males paired with
Cry1+/+/Cry2+/+ females had an average of 87% successful pairings, and Cry1–/–Cry2–/–
males paired with Cry1+/+/Cry2+/+ females had a slight, non-significant, decrease in
number of born litters (Table 1; p=0.5). Also, the litter size did not differ significantly
between wild-type and double knockout males (Table 1; p=0.2). Overall, successful
pairing depended significantly on the female genotype (p<0.0001) with females
deficient in both Cry genes being significantly different from all other genotypes.
Evaluation of male fertility excluding the pairings with double knockout females
revealed 69% versus 81% successful first pairings for Cry1–/–Cry2–/– and
Cry1+/+/Cry2+/+ males, respectively (p=0.08) resulting in average litter sizes of 6.7 and
6.3, correspondingly (p=0.3).

Table 1. Male fertility based on the success of first pairing of Cry1+/+Cry2+/+ and Cry1–/–Cry2–/– males
to different female genotypes.
Male
genotype

+/+ +/+

–/– –/–

Female
genotype

No. of 1st
parings

No. of
successful
parings

% of
successful
parings

Mean litter size
±s.e.m.

+/+ +/+

23

20

87%

7.5±0.5

–/– –/–

9

0

0%

—

other

47

37

79%

6.3±0.3

total

79

57

72%

6.7±0.3

+/+ +/+

14

11

79%

6.5±0.7

–/– –/–

17

4

23%

5.0±0.3

other

74

50

68%

6.3±0.3

total

105

65

62%

6.2±0.3

Since only the female genotype had a significant effect on fertility in our Crys’
breeding colony, we analyzed the pairing success of females independent of male
genotype. In this analysis, we divided females into six groups with respect to the
number of Cry1 and Cry2 alleles present (Table 2). Heterozygous females for one of
the Cry alleles (Cry1+/+Cry2+/– and Cry1+/–Cry2+/+) were the most successful breeders
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even when compared with wild-type genotype (93% and 80% of successful pairing,
respectively; Table 2). Females with more than one Cry allele absent showed a reduced
percentage of successful pairings (Table 2; groups 3–6). The Cry1–/–Cry2–/– females
(Table 2; group 7) only had 18% of successful pairings. Size of litters produced by
females of different genotypes was significantly different (p=0.02), but in the post-hoc
comparison, there was no single genotype which differed significantly from another
one (rejection value of p=0.05). However, in average, Cry1+/+Cry2+/+ females had the
larger litter size and Cry1–/–Cry2–/– females had the smallest litter size, with the
remaining genotypes in between (Table 2). To confirm the low fertility rate in double
knockout females as revealed by the database analysis, we mated Cry1+/+Cry2+/+ and
Cry1–/–Cry2–/– females of younger age (18.1±3 weeks) with wild-type C57BL/6 males.
Five out of six Cry1+/+Cry2+/+ females produced litters with an average of 7.8 pups per
litter. None of seven Cry1–/–Cry2–/– females delivered a litter within eight weeks of the
mating period.

Table 2. Percentage of successful pairings and litter size in different genotypes of Cry1 and Cry2
females.
Group

Female genotype

No. of
pairings

No. of successful
pairings

% of successful
pairings

Litter size
(±s.e.m.)

1

+/+ +/+

46

37

80%

7.0 (0.4)

151

140

93%

5.8 (0.2)

2

+/+ +/–

+/– +/+

3

+/– +/–

50

42

84%

6.6 (0.3)

4

–/– +/+

53

39

74%

6.4 (0.3)

5

+/+ –/–

73

49

67%

5.8 (0.3)

177

124

70%

5.7 (0.2)

34

6

18%

5.3 (0.7)

6
7

–/– +/–

+/– –/–

–/– –/–

Cry1–/–Cry2–/– females have irregular estrous cycle
To establish whether Cry1–/–Cry2–/– females follow a regular estrous cycle, the
stages of the estrous cycle were monitored in sexually mature females for 12
consecutive days through cytological analysis of vaginal smears. Seven out of seven
Cry1+/+Cry2+/+ females displayed a regular estrous cycle (Figure 1A). Cry1–/–Cry2–/–
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females displayed irregular estrous cyclicity which included a prolonged estrous (3/8),
a prolonged diestrous (3/8), or absence of estrous (2/8) (examples in Figure 1B).
Additionally, we noted that typical large cornified cells at the estrous stage were
nucleated in Cry1–/–Cry2–/– females as opposed to the normal pattern of cornified cells
with degenerated nuclei in the Cry1+/+Cry2+/+ females (Figure 1C).
A
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Proestrous

Proestrous

Diestrus 1/2

Diestrus 1/2
0
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B
Estrous
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Diestrus 1/2

Diestrus 1/2
0
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4

6

8

10

12

0

2
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0

2

4

6
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12

14

days

C

Cry1+/+Cry2+/+

Cry1–/–Cry2–/–
+/+

Figure 1. Typical examples of estrous cyclicity in three Cry1 Cry2+/+ (A) and three Cry1–/–Cry2–/–
mice (B) as assessed by vaginal cytology. (C) Photographs of cells from the vaginal smears during a
typical estrous stage in Cry1+/+Cry2+/+ (left panel) and Cry1–/–Cry2–/– (right panel), showing the
nucleated vaginal epithelial cells of mutants.
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Weight of ovaries and uterus
Uterine and ovarian weights were determined to obtain an indication whether Crys’
genes have some additional effect on the development of uterus and ovaries. Moreover,
uterine weight is an estrogen sensitive parameter and may reflect changes in ovarian
estrogen production. Eight Cry1+/+Cry2+/+ females and ten Cry1–/–Cry2–/– females were
sacrificed at proestrous and body weight, ovarian, and uterine weight were recorded.
Cry1–/–Cry2–/– females have a reduced body weight compared to Cry1+/+Cry2+/+
females (11%; 19.3 ±0.7 g and 21.7±0.6 g, respectively; p=0.04). However, neither
weight of ovaries nor of uterus significantly differ between the two genotypes; p>0.05;
Figure 2).

10

Uterine weight (mg)

Ovarian weight (mg)

n.s.

n.s.

12

8
6
4
2
0

(n=7)
+/+

(n=8)
+/+

Cry1 Cry2

-/-

-/-

Cry1 Cry2

160
120
80
40
0

(n=6)

(n=7)
+/+

+/+

Cry1 Cry2

Cry1-/-Cry2-/-

Figure 2. Weight of ovaries and uteri in adult Cry1+/+Cry2+/+ and Cry1–/–Cry2–/– mice.

Histological analysis of ovaries in Cry1–/–Cry2–/– females
Since there was no significant difference in gross anatomy or weight of ovaries and
uteri, reduced fertility observed in Cry1–/–Cry2–/– females could be partly explained by
impaired folliculogenesis. To examine this, proestrous ovaries from 4–6 months
females were histometrically analyzed for the presence and quantity of preovulatory
follicles and fresh corpora lutea. Cry1–/–Cry2–/– had on average significantly fewer
healthy preovalutory follicles than Cry1+/+Cry2+/+ (p=0.001) and more atretic follicles
(p=0.04) (Figure 3 and 4). The number of fresh corpora lutea in both ovaries which
reflected the number of ovulations during the previous estrous was counted. In all
Cry1+/+Cry2+/+ ovaries and only in 3/10 Cry1–/–Cry2–/– ovaries corpora lutea were
present (Figure 3A, 3B).
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A

preovulatory
follicles

B

atretic
preovulatory
follicle

corpus
luteum

C

D

growing
follicle

primordial
follicle

Figure 3. Morphology of ovaries of Cry1+/+Cry2+/+ (A, D) and Cry1–/–Cry2–/– (B, C) mice. Corpora
lutea and follicles at different stages of development are present in the adult ovary of the
Cry1+/+Cry2+/+ mouse (A). There are no corpora lutea or healthy preovulatory follicles in the ovary of
an adult Cry1–/–Cry2–/– mouse (B, C). In (D), a higher magnification of Cry1+/+Cry2+/+ ovary, an
arrow indicates a primordial follicle.
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number of preovulatory follicles

p=0.001
10
8
6
p=0.04

4
2
0

healthy follicle

atretic follicle

Figure 4. Number of healthy and atretic follicles in both ovaries of Cry1+/+Cry2+/+ (■) and
Cry1–/–Cry2–/– mice (■).

Transplantation of ovaries from Cry1–/–Cry2–/– females into wild type females and vice
versa
To determine whether a low reproductive performance of Crys’ deficient ovaries is
a consequence of malfunction of the central or peripheral part of the
hypothalamo-pituitary-gonadal axis, we transplanted ovaries from 10-day-old
Cry1–/–Cry2–/– females into bilateral ovariectomized wild-type C57BL/6 females.
Knockout ovaries transplanted into wild-type C57BL/6 females increased the
reproductive performance from a typical 20% to a 64% pregnancy rate (Table 3). In the
reciprocal transplantation experiment, with wild-type ovaries transplanted into
Cry1–/–Cry2–/– females, the fertility rate of wild-type females decreased to 30%, a
similar performance as observed in intact double-knockout females. On average, the
size of the litters produced in both groups did not differ (Table 3), but was smaller than
the litter size obtained in intact females (Table 2) that have two ovaries rather than one
engrafted ovary.
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Table 3. The fertility of recipient females with ovary graft at first mating.
Group 1

Group2

Wild-type

Cry1–/–Cry2–/–

Genotype of recipient female

Cry1–/–Cry2–/–

Wild-type

Number of recipient females

10

11

Fertility rate

30%

64%

Mean litter size

3.3

3.9

Ovary donor

Discussion
In the present study we have demonstrated that only females not males, lacking the
functional circadian clock due to deficiency of CRY1 and CRY2 proteins, have a
strongly reduced fertility. The ovaries of females deficient in Cry genes display fewer
healthy preovulatory follicles and absence of fresh corpora lutea in 70% of the
pro-oestrous animals. These findings and the irregular estrous cyclicity clearly suggest
the impaired follicular development and ovulation patterns of the ovaries of the
knockout mice. Furthermore, as the cornification of vaginal epithelial cells is estrogen
dependent, the observation of nucleated cornified cells during ‘estrous’ in the Cry’s
deficient animals, may also reflect defective follicular maturation by lack of
gonadotrophic stimulation. In rodents, ovulation occurs in a narrow ‘time window’ in
the afternoon of the proestrous day and requires an elevated level of peripheral LH
produced by the anterior pituitary. The LH-surge is coordinated through
gonadotrophin-releasing hormone (GnRH) release from the hypothalamus, which
involves both a daily timing signal from the SCN and permissive levels of ovarian
steroids (estrogen from mature follicles and progesterone from corpora lutea) (Levine,
1997; Barbacka-Surowiak et al., 2003). Since the transplantation of juvenile
Cry1–/–Cry2–/– ovaries into wild-type females results in rapid maturation and attainment
of reproductive function, evidence is obtained that these subfunctional ovaries, when
under normal hypothalamo-pituitary hormonal stimulation, are capable of producing
and adequately timing of necessary levels of estrogen/progesterone essential for
ovulation and sustenance of pregnancy. Moreover, we have not found any differences
in uterine weight between knockouts and wild-types, which indicates ovarian estrogen
secretion to be erratic rather than absent in knockouts. The fertility data of
Cry1–/–Cry2–/– females are surprisingly consistent as a typical 20 to 30% of the animals
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do ovulate or can breed as assessed by all different parameters evaluated and even after
transplantation of a wild-type ovary to a Cry’s deficient recipient. This suggests that
follicular development is sometimes, by chance, followed by an adequately timed
LH-surge rather than through an estrogen-dependent positive feedback to the
hypothalamo-pituitary system. Hence, ovulation in these animals would occur as a
more or less random event subject to stochastic variations in gonadotrophic hormone
secretion. Altogether, these data suggest that the central part of the
hypothalamo-pituitary-gonadal axis is affected in knockout females and that the levels
of GnRH/LH/FSH (follicular stimulating hormone) are not accurately coordinated over
time. We have tried to measure the LH level in the afternoon of proestrous day by
spot-sampling in both genotype females. Five of six Cry1–/–Cry2–/– mice had
undetectable LH levels, while wild-type animals revealed very low but detectable
levels. Our data of LH concentration at least indicate a low level of LH in
Cry1–/–Cry2–/– females on the proestrous day, which is consistent with the observations
of Miller et al. (2004), indicating an absence of an LH-surge in Clock knockout
females, and variable timing of the surge in controls. Further investigations on LH
secretion patterns should be done by serial sampling, which is limited by the required
sample size and putative interference with animal welfare and normal physiology.
Other clock-deficient mice also display impaired female fertility. In contrast to
Cry’s deficient females, Bmal1 knockout females are infertile altogether (Ratajczak et
al., 2009; Alvarez et al., 2008). The estrous cycle of Bmal1 deficient mice was
similarly irregular as in Crys knockout females. However, histological analysis of
Bmal1–/– ovaries revealed normal, healthy follicles in all stages of development and
normal corpora lutea were observed. Moreover, there was no difference in abundance
of follicles in any stage of development (Ratajczak et al., 2009). The data indicated that
stimulation by pituitary gonadoptrophins is sufficient for follicle development,
ovulation, and fertilization resulting in preimplantation embryo’s. The infertility in
Bmal1 knockout females results from deficient levels of serum progesterone, resulting
in the inability to maintain pregnancy which was successfully corrected by
progesterone administration. Thus, the deficit in these animals occurs at the level of
steroidogenesis (progesterone secretion) in the ovary.
The fertility of knockout males compared to that of controls based on nearly four
years of breeding records did not reveal any significant reduction of number of
successful pairings or average litter size. This suggest an overall adequate secretion of
gonadotrophins in the knockout animals that would not lead to a subfertile phenotype
in males, as male fertility does not depend on a precisely timed LH-surge, in contrast to
female fertility. This finding is different from the defective fertility in the Bmal1
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knockout, another mouse model with complete deficiency in the circadian oscillation.
Bmal1 knockout males are infertile due to defective steroidogenesis (Alvarez et al.,
2008). Reproductive deficiency in male Bmal1–/– mice is characterized by high levels
of LH but low levels of testosterone, and small testis and a low sperm count. However,
the sperm cells of Bmal1 knockout mice are functional when tested in vitro. In addition,
a behavioral component has been suggested as an explanation for the Bmal1–/–
infertility since copulation behavior was not observed in those mutant mice (Alvarez et
al., 2008). Previous studies have shown that Per1, Per2, Bmal1, Clock and Cry1 are
expressed in selected cells of the testis, but their expression is not temporally variant
(Morse et al., 2003; Alvarez et al., 2003; Alvarez and Sehgal, 2005). Despite the lack of
oscillations of Bmal1 mRNA from whole testis extract, BMAL1 protein did show daily
fluctuations in Leydig cells (Alvarez et al., 2008). Since Leydig cells secrete
testosterone, this would suggest a circadian control of testosterone production.
Additionally, expression of the StAR (steroidogenic acute regulatory protein) gene and
protein, which regulates the rate-limiting step of steroidogenesis, was decreased in
testis of Bmal1 knockout mice (Alvarez et al., 2008). Moreover, the same authors have
shown in vitro experiments that BMAL1 can directly activate transcription activity of
StAR gene. It would be of interest to test whether in Cry1–/–Cry2–/– testis the expression
level of StAR is up-regulated and whether these mice have a higher level of testosterone
as a consequence of a high Bmal1 expression level in Cry’s knockout mice.
The circadian clock has been shown to regulate reproduction processes, however,
the exact mechanisms of this control are still under debate (Boden and Kennaway, 2006;
Chappell et al., 2009). Our data indicate that absence of the molecular circadian
oscillations, due to Cry genes deficiency, does affect the timing of the gonadotrophic
hormone release from the hypothalamo-pituitary system, but that functional Cry genes
are dispensable for male fertility. Since the reproductive phenotypes in the clock genes
knockout mice is not uniform, further studies are necessary for the additional
evaluation of the precise role of the circadian clock in the control of reproduction and
fertility.
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Mouse colony management by cryopreservation of germplasm
Since the introduction of transgenic technologies in the 1980’s, the use of
genetically modified (GM) mice for biomedical research has tremendously increased.
Consequently, colonies of genetically modified mice have fast filled up available space,
especially as many lines can only be successfully bred using male and/or female
animals in a hemizygous state to overcome male or female subfertility or disease
phenotypes inherent to homozygosity for the modified gene. Also, backcrossing for
multiple generations has to be performed to acquire homozygosity for a desired genetic
background. Housing the rapidly expanding number of mouse lines has become a
problem and specific lines even were accidentally lost due to the lack of space or loss
of fertility during small scale breeding for maintenance. Cryopreservation is a strongly
recommended approach to solve these problems, also from an ethical point of view,
both for lines in use as well as for lines preserved through small scale breeding.
Moreover, there are also technical risks inherent to maintaining mutant mouse lines by
breeding, including the risk of genetic drift, microbiological or genetic contamination,
disease, or a large-scale environmental disaster such as fire or flood (Landel 2005,
Mazur et al. 2008). Specific congenic strains used for genetic modification are e.g.
C57BL/6, FVB, BALB/c and 129, each having their own specific characteristics.
Experimental cryopreservation using the mouse as a model was often done using other
strains of mice or even hybrids, and compared to these, both C57BL/6 and 129 have
very poor yields after cryopreservation. The investigations in this thesis focus on
cryopreservation of the mouse ovary to maintain the expanding populations of
GM-mice for biomedical research, and the target strains utilized are those commonly
used as the genetic background.
It is an academic obligation to preserve a line after characterization and publication,
since other researchers may be interested to use the same model and scientific results
should be open to independent evaluation or follow-up by other research groups. In a
short-term perspective, a line can be maintained by small scale breeding, however, for
longer maintenance or safe archiving, cryopreservation is the preferred approach. This
also enables exchange of frozen germplasm between laboratories (“The sharing
principle” Nature 459, 752 (11 June 2009)), without shipping live animals in case the
receiving laboratory can revive the line from germplasm. Such a sharing approach is
meant to avoid duplication of the same mutant and allows different laboratories to use
the same experimental models. Commercial services for archiving are usually costly
and often at a distance from the client’s laboratory animal facility, implying long
distance transport of live animals for cryopreservation and after reviving. Indeed,
services of the large mice repositories or special core facilities may provide
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cryopreservation of sperm and embryo’s for cataloguing, archiving and distributing
mutant mice but, often, researchers prefer to archive their mutant lines at their own
animal facility on campus. Cryopreservation of embryo’s and sperm has been routinely
applied but only recently the prohibitive problems with sperm cryopreservation and
reviving strains from frozen sperm were overcome for most strains (Ostermeier et al.
2008). In contrast, cryopreservation of ovarian tissue was not widely used as an
archiving method (Landel 2005, Hagn et al. 2007, Mazur et al. 2008). Validation of the
frozen germplasm is of high importance before terminating the live mouse colony as
embryo’s of some strains have a very low post-thaw survival rate and IVF procedures
using post-thaw sperm may be unsuccessful in some strains and lines (Dinnyés et al.
1995, Nakagata 2000, Glenister and Thornton 2000). It is essential that the line is
revived on the isogenic genetic background as any crossbreeding at this stage would
require 6 to 10 generations of additional backcrossing to recreate homozygosity for the
background strain. The choice of the most optimal cryopreservation technology is also
influenced by a number of other factors such as budget, availability of equipment and
skills of technicians performing the procedures. Additionally, it is important to consider
the future use of the frozen stock e.g. is the strain preserved as "insurance" with,
putatively, only one or two successful recoveries required, or is the strain being
"managed" from the cryopreserved storage, so that a larger number of animals need to
be recovered from frozen stock? The management of mutant mouse facilities should
design a strategy for the archiving of unique mouse lines, to safeguard the mutant lines
that are considered essential for the research program and to avoid extended small scale
breeding of lines just for maintenance. Much will depend on the infrastructure
available, e.g. facilities and expertise for the generation of mutant mice and related
animal and embryo technologies. Typical user facilities can outsource the archiving of
lines, at considerable cost, or acquire expertise in the simple and fast cryopreservation
procedures available, specifically sperm or ovary cryopreservation. For validation of
frozen embryo’s or embryo’s generated by IVF from frozen sperm, an operational
embryo laboratory is required. For the validation of frozen ovaries, only equipment and
skills for microsurgical techniques are indispensable. Either way, there should be a
budget for the archiving of unique mouse lines (those essential to the research program
and not available from other sources) locally or via outsourcing. As incidental
cryopreservation procedures tend to be less efficient and less effective, only specialized
mutant mouse laboratories will be able to maintain and use high-tech infrastructure and
use minimal numbers of animals for successful and validated cryopreservation
procedures.
In chapter 2, we compared the efficiency of cryopreservation of embryo’s, sperm
and ovarian tissue respectively, with different mutant mouse lines from our transgenic
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laboratory, in view of the cost and investment in e.g. number of animals and equipment
required, the time spent on the procedure and the training of staff. This evaluation is
based on open sources and our own experience, as all three technologies are currently
in use in our laboratory. To ensure that frozen stocks can be adequately revived, we
validated each set of frozen germplasm through production of live mutant offspring as
end point. Our results combined with the information collected from advertised
services showed the complexity and practicalities of applying these technologies for
archiving and retrieving mutant mouse lines.
Freezing embryos is costly (around 3,000 euro/line) due to many animals
(50–80/line) and multiple freezing sessions (8/line in average) required to produce a
reliable stock of embryos (about 350) for reviving purposes. Moreover, this method is
also not suitable for rescuing lines when disasters happen (Glenister and Thornton 2000,
Rall et al. 2000, Hagn et al. 2007). The number of animals and the time spent can be
somewhat reduced by employing successful in vitro fertilization (IVF) instead of
breeding superovulated females to obtain embryos, but a poor response to hormone
induction for superovulation of females of some mutant lines has to be considered (Rall
et al. 2000). In practice, often GM-males are paired to superovulated wild-type (WT)
females to obtain the large number of embryo’s desired. These will be heterozygous for
the mutation or even 50% wild type in case a heterozygous male was used (or possibly
>50% in case of a male subfertile phenotype). The heterozygous state of the embryo’s
leads to complex breeding schemes for the recovery of lines that combine several
mutations, e.g. double and triple knock-outs. Then, cryopreservation of embryo’s
obtained from mutant males and females is the only way to preserve the entire genome
and the best option to preserve mutations from multiple unlinked loci since the
mutations can be immediately retrieved without multiple backcross breeding (Mazur et
al. 2008), which is required when using WT embryo donors or frozen sperm or ovarian
tissue.
Freezing sperm is relatively easy and fast, as only a few males need to be recruited
from the breeding colony, and no specialized equipment is required. Thus, the cost is
low when there is no attempt made for confirmation of successful revival. Large
numbers of spermatozoa can easily be collected and the simplicity of collection make
the technology the very suitable method for rescuing “the last of line”, provided that
one or two fertile males are available. However, the validation or retrieving of
offspring from frozen sperm is more complicated as it involves IVF. Oocyte donors
require hormonal induction of superovulation to supply an adequate number of oocytes
and the IVF procedures require more skilled and experienced personnel to achieve
acceptable results, especially when it is necessary to apply advanced IVF techniques
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such as intracytoplasmic sperm injection or laser assisted incision of zona pellucida
(Glenister and Thornton 2000, Landel 2005, Anzai et al. 2006). Furthermore, the
complexity of IVF procedures and the number of animals required also make reviving
a mutant line through frozen sperm more costly than via frozen embryos or ovarian
tissue. The validation endpoint should be the successful pregnancy after transplantation
of the in vitro produced embryos and subsequent fetal development and the birth of
mutant puppies. In vitro production of two cell embryos is not an adequate parameter
as a two cell developmental block is often observed and can be caused by autonomous
cleavage of a non-fertilized oocyte. Also, further in vitro development of embryo’s is
not highly predictive of developmental success after transplantation. In vitro and in
vivo embryo development studies cannot be combined using the same embryo’s, as the
transplantation of embryo’s after extended development in vitro is less successful than
transfer of early embryonic stages. Similarly, in vitro evaluation of sperm via post-thaw
motility and dye exclusion (as a marker for cell viability) only poorly predict the
fertilizing potential of mouse sperm. Finally, in contrast to embryo freezing, this
technology can only conserve half of the original genome. Thus, subsequent cross
breeding of the delivered mutant progeny is necessary to retrieve homozygosity of the
archived line. An additional disadvantage of sperm is the risk of contamination with
infectious agents that is higher than when using embryos (Bielanski 2007).
Freezing ovarian tissue is also an easy and fast procedure. Offspring can be
recovered after orthotopic allotransplantation and mating within the congenic
background, in the absence of graft rejection. For validation and retrieving the frozen
stocks, no hormone induction or synchronization are required for ovarian tissue
recipients, and the grafted recipients can be repeatedly bred to produce mutant
offspring. The candidate ovary donors can be identified timely (upon birth) and
genotyped to define the genetics of the ovaries before or after the cryopreservation
procedure, thus providing for easy planning of the laboratory procedures. This efficient
approach saves on the number of animals and procedures and is therefore more
accountable from an ethical point of view than the one time usage of oocyte donors and
embryo fosters. In addition, hormonal treatment of the donors is neither required nor
premature mating. Only the haploid genome can be preserved by cryopreserving
oocytes or ovary, similar to the use frozen sperm. The potential risk of pathogen
transmission via ovarian tissue transplantation is also a concern, thus, extra
microbiological screening may need to be performed regarding the offspring derived
from potentially contaminated donors and, in case of contamination, subsequent
re-derivation by embryo transfer may be necessary. This is not an issue in case the
microbiological status is consistent with the SPF-status of the in-house colony.
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Embryonic stem cells are typically archived as an end point of the procedure for
genetic modification by homologous recombination. However, most lines in use
(biomedical models) have been derived from such stem cells by backcrossing founder
animals to a different inbred strain (different from the strain that provided the stem
cells) and thus, the repetition of this procedure might take up to two years. This can
only be avoided in case the GM line is stocked as modified stem cells from the same
isogenic mouse strain. Practically, this is seldom the case, and therefore we focused on
cryopreservation of embryo’s, sperm and ovaries.
According to the experiences of many facilities (including our laboratory), most
archived mutant lines have never been requested to be revived (Mazur et al. 2008).
Nevertheless, recovery of mutant fetuses or pups from the newly frozen samples
(validation) should still be successful to safeguard the archived line. In this respect, it is
feasible to employ cryopreservation of ovarian tissue as a suitable alternative to
freezing embryo’s or sperm since the technology is simple, less costly and less labor
intensive both in archiving and retrieving. For validation and recovery, only
microsurgical facilities and skills need to be in place. Moreover, the ovary donors can
be obtained from the regular breeding stock without expansion of the colonies and the
ovary recipients can be repeatedly bred to produce the desired mutant offspring which
may optimize the use of animals and reduce the number of animals involved.

Establishment of a protocol for cryopreservation of ovarian tissue
A cryopreservation protocol for germplasm shall ideally require neither much time
to perform nor extensive preparation in advance (e.g. not require complicated planning
or prior expansion of the breeding colony). Moreover, it should be relatively cheap,
technically feasible and only involve a restricted number of animals (as donors as well
as for validation) for ethical and economical reasons. Ovary cryopreservation might
meet these criteria; hence, we further developed and evaluated this technique. We did a
thorough literature survey and tested several published technologies for ovary
cryopreservation (Candy et al. 2000, Salehnia 2002, Migishima et al. 2003). Ovaries
from juvenile animals were considered the best source of tissues because these have an
abundance of primordial follicles close to the surface, in the absence of larger follicles
or corpora lutea that would not contribute to the preservation of the genotype.
Furthermore, the organ is small and has rather loose connective tissue in contrast to the
more solid structure of ovaries from older animals that contain, in addition, scar tissue
that remains after regression of follicles or corpora lutea. Key factors in the procedure
are e.g. the cryoprotective agent (CPA), the concentrations of CPAs, the equilibration
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time with CPAs, the freezing and thawing rate. We tested a number of cryoprotectants
in vitro by a stepwise incubation from low to high concentrations and with different
CPAs and equilibration time as endpoints. We used juvenile (10-day-old) ovaries from
C57BL/6 as a model, as the number of primordial follicles is at a maximum at that time
(Johnson et al. 2004) and the size is still small enough for freezing in straws. We also
investigated an improved method for freezing biological material via the cooling
device VitMaster, which has been applied in tissue vitrification for ultra rapid cooling
during the freezing procedure (Huang et al. 2005, van Weerden et al. 2006, Papis et al.
2009). The device provides negative pressure by vacuuming the liquid nitrogen
container resulting in partial solidification of the liquid nitrogen, which creates a
nitrogen slush at the melting temperature of nitrogen at about -206 to -210 ˚C. The
conduction of heat transfer through the nitrogen slush is sufficiently rapid to enable
vitrification and the very high constant cooling rates of up to 135,000˚C/minute and
does reduce the chance for ice crystal formation, both intracellular and extracellular.
With ultra rapid cooling, the tissue required high concentration of CPAs to maximize
the permeation of water and CPAs. We used straws to package ovarian tissue in order
to promote rapid temperature transduction during freezing and thawing. The
combination of high concentrations of cryoprotectants (dimethyl sulfoxide (DMSO,
also named Me2SO) and ethylene glycol (EG)), an ultra-rapid cooling rate (up to
135,000 ˚C/min) and straws for packaging resulted in adequate survival of germ cells
in a 10-day-old mouse ovary after freezing and thawing and thus provided a successful
protocol for ovary cryopreservation (Chapter 3). Live offspring were obtained from 8
mutant mouse lines after thawing and subsequent transplantation illustrated the
efficiency of our protocol in different mutant lines while other published methods
(Migishima et al. 2003, Migishima et al. 2006, Hani et al. 2006) were less successful in
our hands. The application of a simple one step procedure of vitrification has greatly
reduced the time for freezing compared to traditional slow cooling. Although slow
cooling was generally agreed to be the optimal method to cryopreserve ovarian tissues
from a wide range of species (Shaw et al. 2000), our results show that cryopreservation
of mouse ovaries by vitrification is practical and efficient. It is recommended to use
small size ovaries that allow better penetration of CPAs than larger ovaries from older
animals and allow the use of thin (0.25 ml) cryopreservation straws for rapid
temperature transduction. In addition, because the dynamics of CPAs permeation and
CPAs/cellular water exchange is strongly affected by the quantity of the tissue (Agca
2000), it has been suggested that high concentrations of CPAs enable optimal efflux of
water and influx of CPAs into the oocytes enclosed in the tissue (Han et al. 2009). One
can suggest that the concentrations of CPAs should be reduced under such a high
cooling rate in view of putative toxicity at the level of the tissue or, systemically, to the
graft recipient. However, this consideration is especially significant for the freezing of
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single or few cells (sperm, oocyte, embryo) that are in direct contact with CPAs but less
for multi-compartmented tissue (ovarian tissue), which requires high concentrations of
CPAs for any permeation into the tissue but is instrumental to extract water and prevent
crystal formation. Furthermore, DMSO and EG proved to be the most effective
cryoprotectants for 10-day-old mouse ovaries (Candy et al. 1997) and toxicity of EG is
known to be low to ovarian tissue when used in cryopreservation procedures (Santos et
al. 2006). Indeed, our cryopreservation results indicate that high cooling rates are
compatible with high concentrations of DMSO and EG for the cryopreservation of
ovarian tissue.

Application and validation of a new protocol for cryopreservation of ovarian
tissue
Genotype has been recognized to influence the viability of cryopreserved embryos
as assessed by subsequent in vitro culture or transplantation to produce live offspring
(Dinnyés et al. 1995, Rall et al. 2000). The impaired fertilizing capacity and subsequent
embryo development related to cryopreserved sperm has also been found to greatly
differ between (inbred) mouse strains and F1 hybrids (Sztein et al. 2000, Landel 2005,
Yildiz et al. 2007, Ostermeier et al. 2008), with C57BL/6, 129 and BALB/c in the
lower end of the scale. Differences in reproductive performance of cryopreserved
ovarian tissue over genotypes and genetic backgrounds remained to be investigated and
could be of significant importance for the practice of archiving mutant mouse lines
through ovarian tissue. For this purpose and to test the robustness of our ovary
cryopreservation protocol, 22 genetically modified mouse lines over three genetic
backgrounds were evaluated using our developed protocol (Chapter 4). The recovered
fertility of frozen-thawed ovary recipients by producing mutant offspring from 20
mutant lines did vary among different genotypes and genetic backgrounds. A total of 45
(40.5%) of all ovarian recipients (111) had delivered genetically modified offspring
within their 1st – 4th litters. Among all born pups, 15.1% of the progeny were
genetically modified offspring, ranging from 2–71% per line. The average litter size
was 3.6 from all recipients. The production of genetically modified pups was
significantly lower from ovary donors of FVB backgrounds than from C57BL/6 and
BALB/c. The average period of ovarian recipients to deliver genetically modified
offspring was 2.9 months in C57BL/6, 1.8 months in FVB and 3.1 months in BALB/c.
The results showed that a recipient would have the highest chance (43.1%) to deliver
genetically modified pup in its 1st litter. The successful application of the protocol in
lines of C57BL/6 background, from which most mutant mice are derived, provides a
robust and instant alternative method to archive the great number of mouse lines rather
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than cryopreservation of embryo’s or sperm. This is of special importance as sperm
from C57BL/6 donors gives a low embryo yield in IVF procedures and proves to be
very sensitive to damage by freeze/thaw procedures (Thornton et al. 1999, Nakagata
2000, Landel 2005, Ostermeier et al. 2008).
The acceptance and functional development of the ovary following transplantation
depend on the responses of the recipient. Locally, host tissue will provide angiogenic
factors, vascular endothelial growth factor (VEGF), transforming growth factor (TGF),
and fibroblast growth factor that help to restore blood supply to the ovarian graft
(Dissen et al. 1994, Gosden 2000, Torrents et al. 2003, Israely et al. 2006). These
factors are up-regulated during the revascularization process of the ovarian graft and
up-regulation is mediated by high concentrations of the pituitary gonadotropins as
prominent in the bilaterally ovariectomized recipients (Dissen et al. 1994, Cox et al.
2000, Liu et al. 2008). To optimize host conditions for graft development, we
performed bilateral ovariectomy in the wild-type recipients but left 10% of recipients’
own ovary serving as a grafting bed to facilitate vascularization of the frozen-thawed
ovarian grafts. Thus, part of the offspring that derived from the recipients’ oocytes
would be wild-type and lower the yield of mutant offspring in the litter. For the purpose
of archiving, a recipient of frozen-thawed ovarian tissue will be mated to a wild-type
male of the same genetic background, in the absence of males of the same mutant line.
When heterozygous ovary donors are used, half of the offspring originating from the
graft will be wild-type, hence, the yield of genetically modified pups from
heterozygous ovary donors can theoretically be doubled to calculate the number of
graft-derived offspring. In case homozygous ovary donors are used for
cryopreservation and transplantation, all graft-derived offspring will be heterozygous
for the modified gene. The viability of frozen-thawed ovarian tissue of donors with a
FVB background proved to be reduced compared to those with a C57BL/6 background.
However, the competence of fresh and frozen-thawed FVB ovary recipients to produce
offspring after transplantation was not significantly lower than that of frozen-thawed
C57BL/6 and BALB/c ovary recipients. Therefore, the ability of grafted FVB ovary to
compete with recipient’s left ovary ovarian tissue may be hampered and that will be a
topic for further study.
Ovarian transplantation may have the advantage that recipients, once grafted, may
be repeatedly used for breeding over a longer period and thus could provide more
mutant offspring than in case of embryo transfer. However, it remained to be
investigated whether over time functionality of the frozen-thawed graft would be
affected due to the procedure and if the proportion of mutants within the litter would
decrease over time. Our studies on over time functionality of ovarian tissue from
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different mutant mouse lines indicate that the transplant recipients are suitable for
retrieving mouse line over an extended period after transplantation. We found the
average period of delivering mutant offspring from transplant recipients to be 1.8–3.1
months between different lines and genetic backgrounds. The limited production of
viable oocytes by the grafted ovarian tissue may be due to the small pool of surviving
follicles as well as due to a reduced viability of the remaining follicles in the ovarian
tissue after freezing-thawing and transplantation (Candy et al. 1997, Gunasena et al.
1997, Liu et al. 2002, Liu et al. 2008). We also observed that the transplant recipient
most efficiently delivered mutant offspring in the 1st litter. The mutant offspring were
mostly delivered in the first 3 litters and then less can be expected from the 4th litter
onward. If the ovarian recipient does not deliver mutant offspring in the 1st litter and
2nd litter, the procedure can be considered to have failed. Thus, it is not recommended
from a practical point of view to use transplant recipients as long term breeders.
Despite the varying reproductive efficiency of the cryopreserved ovarian tissue among
lines and genetic backgrounds, we can conclude that our developed protocol is feasible
and robust for archiving and retrieving mutant mouse lines by cryopreservation of
ovaries. Also, the procedures for freezing and validation involve relatively few animals,
which addresses both the ethical and economical concern of animal use. Nevertheless,
it is still necessary to further investigate the causes of the markedly reduced
reproductive capacity of cryopreserved ovarian tissues from some specific mutant
lines.

In vivo evaluation of recovery of transplanted frozen-thawed ovarian tissue of
various ages
In vivo evaluation of graft
Information on cryodamage to tissues is commonly obtained through histological
evaluation which can reveal damage to tissue and cellular architecture but is, however,
not highly predictive of viability or functionality of ovarian tissue. In vivo
transplantation has been applied to study the viability of frozen-thawed ovaries, but
evaluation of oocyte viability and follicles quality was more often done via in vitro
methods following autopsy of the recipient than through breeding. However, in our
model, it was difficult if not impossible to discriminate graft from host tissue using
standard histological techniques, as these tissues blend together after successful graft
take. Only specific expression markers for the mutant might allow for histochemical
evaluation, but only if the marker is expressed in early follicular stages. In addition, not
all the lines of interest express such markers. Anecdotically, in a preliminary
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experiment, we obtained 50% mutant offspring after fresh organ transplant, but 0%
mutants after cryopreservation although histological evaluation showed normal ovarian
tissue in a time series from day 1 to 12 post grafting. Thus, to obtain insight in the
recovery of frozen-thawed graft, it is important to monitor this process in vivo, ideally
by following individual graft recipients rather than timed sacrifice of cohorts of
recipients. Indeed, evaluating the in vivo development of grafts without sacrificing the
animal would be helpful to obtain insight in the early stages of graft recovery and end
stages. For this regard, we aimed to use an optical imaging technique, in vivo imaging
system (IVIS Spectrum), which was routinely used to localize and quantify
luminescent signals through activation of luciferase markers from live animals. This
was not feasible because we had no mutant strain that would consistently express a
luciferase marker in the ovary, and we wished to avoid repeated injections of the
luciferase substrate for animal welfare considerations. Meanwhile, the optical device
was upgraded to allow for the analyses of fluorescent markers and this enabled us to
follow up on the cryopreservation/transplantation experiments with an Actin-transgenic
mouse with green fluorescent protein (GFP) as an expression marker. This model was
applied to evaluate the regeneration and development of the ovarian tissue graft
(Chapter 5). The autosomal recessive albino co-isogenic strain (C57BL/6J-Tyrc-2J) was
used as ovarian tissue recipient to facilitate the detection of the fluorescent signal
which would be difficult in a black-coated mouse. The complete absence of pigment
for the skin, hair and eyes of the albino ovarian recipient does reduce the fluorescence
scattering and, thus allows the optimal detection of GFP signals inside the mouse body.
c-2J
These recipients were bred to C57BL/6J-Tyr
males for easy recognition of graft
derived offspring (black-coated, pigmented eyes) as opposed to host-derived offspring
(white-coated, unpigmented eyes). Transgenic GFP pups were identified by UV light
within few days after birth, even as early as on the day of birth, which is dependent on
a fluorescent expression marker. The albino or pigmented phenotype can be detected
early on, as well, as even on the day of birth by the color of the pigmented eye that can
be recognized prior to opening of their eyelids. The easy and precise identification of
graft derived offspring greatly saves the time and procedures for genotyping which
may provide an ideal model for the validation of cryopreserved ovary stock from
mutants on a C57BL/6 isogenic background in which most mutant lines are created
(Landel 2005, Ostermeier et al. 2008). With the fluorescent signals detected by IVIS
Spectrum, we observed that the grafted ovarian tissue already had regenerated
significantly within the first 3 days after transplantation. From the 4th day after
transplantation, the signals remained stable or started to decline, gradually for the
following 2–3 weeks and then a steady state in the regeneration process was reached
around 2–3 weeks post grafting. These serial in vivo observations are consistent with
previous histological studies that revascularization and regeneration process occur
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within 3 days after ovarian tissue transplantation (Krohn, 1977, Dissen et al. 1994,
Sztein et al. 1998, Israely et al. 2006) and thus proved to be reliable for the evaluation
of post-thaw grafts development.
The ovarian graft recipient provides high concentrations of circulating
gonadotropins due to the immediate lack of negative feedback in the
hypothalamus-pituitary-ovary axis caused by ovariectomy of the host. This triggers the
production of gonadotropin-releasing hormone (GnRH), and the release of FSH and
Luteinizing hormone (LH) which enhance the survival of grafted ovarian tissue by
stimulating granulosa cell mitosis, follicle maturation and inhibiting granulosa cell
apotosis and resulting in rapid maturation of the juvenile graft (Cox et al. 1996, Gosden
2008). The smaller follicles may benefit more than larger follicles from this endocrine
stimulation (Liu et al. 2008). The elevated levels of serum gonadotropins also promote
the revascularization process of the grafted ovarian tissues (Dissen et al. 1994).
Degenerated tissues and major loss of follicular compartment occurring acutely after
transplantation (Candy et al. 1997, Gunasena et al. 1997, Liu et al. 2002, Liu et al.
2008) seem to contribute to the decline of the fluorescent signal in a significant way.
The development of dominant follicles from the remaining recipient’s ovarian tissue
might have an inhibitory effect on the follicular growth of the grafted ovarian tissues,
especially on the follicles of frozen-thawed grafts (Spears et al. 1996, Liu et al. 2002,
Liu et al. 2008). However, our approach is not suitable as a single method for the
observation of graft survival, since the fluorescent dye is highly stable and does not
immediately disappear when the cells die. On the other hand, the decline of the signal
is in part explained by the formation of scar tissue and other structures covering the
graft, most notably the increase of adipose tissue in the recipient females as they grow
older. Combined with the follow up breeding results of the ovarian recipients, we
conclude that the fluorescent mouse model and in vivo imaging system combined is a
good in vivo model to evaluate the recovery of ovarian tissues after allotransplantation.
This approach can provide an early indication of the survival of grafted tissue and
could be used for the evaluation of other physiological factors in graft survival and
functionality, such as donor age.
Effect of donor age on viability of frozen-thawed transplanted ovarian tissue
Ovaries for transplantation might be obtained from donors of all ages. In fact, in
case of unexpected death or other incidents, the donors will be probably older animals
and not juveniles. Although ovaries from very young donors will be small in size and
difficult to handle, they do contain a large number of early staged follicles (Johnson et
al. 2004) that are less sensitive to cryodamage. In chapter 5, we evaluated the age
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effect of ovary donor on their performance after transplantation. The fluorescent
signals of ovarian grafts from both fresh and frozen-thawed 10-day-old donors were the
strongest and longest lasting over the observation period when compared to those of
grafts from older donors. It indicates better survival and regeneration ability from
10-day-old ovaries rather than from older ones. The breeding results also underlined
this observation showing that frozen-thawed 10-day-old ovaries have the best
reproductive performance after transplantation. All recipients grafted with fresh ovarian
tissues and 55% recipients grafted with frozen-thawed ovarian tissues from 4 age
groups have delivered black pups (graft derived). With fresh ovary donor groups, the
fertility of recipients (production of black pups) was similar between 10-day-old
(77.8%), 4-week-old (76.0%) and 10-week-old (62.1%) groups, but higher than of the
20-week-old group (39.3%). However, with frozen-thawed ovary donor groups, the
fertility was significantly higher in 10-day-old group (59.6%) than the other three
donor age groups (13.6% in 4-week-old, 7.4% in 10-week-old and 5.9% in
20-week-old groups) and the fertility decreased with increasing donor age. There was
no significant difference in average litter size of the recipients, neither between donor
age groups nor between fresh and frozen-thawed donor groups. Interestingly, there
was no significant difference of regeneration capacity between fresh ovarian tissues of
ages younger than 10-weeks-old. Thus, when using fresh ovaries, for example, to
propagate a subfertile mouse line by ovary transplantation, a wider range in age of
donors can be used than when using frozen-thawed transplants.
The ovary is endowed with a store of primordial follicles around birth, which will
and cannot be replenished afterwards, and the number of primordial follicles is at a
maximum at 8 to 12 days of age in C57BL/6 mouse (Johnson et al. 2004). Female
fertility is dependent on the regular recruitment of cohorts from these follicles. As the
follicles do not increase in number after the juvenile period, the follicular recruitment
results in a steady decline in oocyte number with increasing age (vom Saal et al. 1994).
Therefore, ovaries from younger animals are superior to those from older females as
sources for grafts. Moreover, ovaries from young animals have a relatively high
percentage of primordial follicles compared to those from older ones. Primordial
follicles have several advantages over larger follicles considering cryodamage. They
encounter less intracellular ice formation (IIF) due to their smaller size and the absence
of a zona pellucida and peripheral cortical granules, allowing for better permeation of
CPAs (Oktay et al. 2000, Shaw et al. 2000). Their lower metabolic rates also make
them more resistant to ischaemia than the growing follicles. In addition, abundant
primordial follicles are present in the periphery (cortex) of the ovarian tissue, so that
they may be relatively easily reached by CPA’s and would be the first to benefit from
revascularization of the ovarian graft (Nugent et al. 1997). In contrast, the degraded
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corpora lutea and damaged larger follicles from older grafted ovaries may have a
detrimental effect on the revascularization process. Moreover, prepubertal donor
ovaries provide longer functional service since they start to function prematurely and
still have the maximal pool of early staged follicles when they become stimulated by
the increased levels of gonodotropins from the adult ovariectomized recipients (Gosden
2008). Indeed, ovaries from donors younger than 10 days contain more primordial
follicles than those from older animals, but they are quite difficult to handle due to their
very tiny size. In addition, the pups are usually not sampled and genotyped before
approximately 10 days of age. Thus, we conclude that ten-day-old is the optimal age of
mouse ovary donor for cryopreservation and transplantation. When utilizing aged
ovary donors for archiving or transplantation purposes, use of the cortical tissues is
strongly recommended as that specifically contains the primordial follicles. We assume
there might be other age effects that influence the recovery of frozen-thawed ovarian
tissue after transplantation which could be further investigated. For example, a
declining oocyte quality and tissue regeneration capacity with increasing age
(senescence) and an age dependent declining response to the recipient’s gonadotropic
stimulation.
A major loss of follicles due to ovarian transplantation rather than freeze-thawing
itself has been considered most significant in the freeze-thaw-transplantation procedure
(Candy et al. 1997, Gunasena et al. 1997, Liu et al. 2002, Yang et al. 2006, Liu et al.
2008). However, we observed that the freezing and thawing procedures also have
considerable negative effects on the survival of ovarian graft when comparing fresh
and frozen-thawed ovarian tissue transplants. In chapter 4, we validated the
transplantation procedures using fresh ovaries from two transgenic lines that failed to
produce mutant offspring and the results showed adequate fertility including retrieving
the genetic modification in the offspring. This indicates that the major problems in
these two lines were not caused by the grafting procedures. The reproductive
performance (offspring derived from grafted ovaries) of grafted fresh ovarian tissues
was good and significantly better than that of grafted frozen-thawed ovarian tissues in
the donors of age older than 4 weeks (chapter 5). In addition, the fluorescent signals
observed from recipients with fresh ovarian grafts were on average stronger than those
from frozen-thawed ovarian grafts. Therefore, we conclude that indeed the
cryopreservation procedure has critically detrimental effects on functionality of ovarian
tissue after transplantation.
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Recovery of reproductive performance by transplantation of ovarian tissue of
subfertile females
The reproductive capacity of genetically modified laboratory animals is often
impaired, subfertility or infertility is a common problem when breeding mutant mouse
lines (Agca 2000, Tsai et al. 2005). Thus, transplantation of fresh ovarian tissue has
been used to propagate subfertile, infertile and sterile mouse lines in the cases that the
transgene compromised or interfered with reproductive capacity or did significantly
shorten the animal’s lifespan (Brem et al. 1990, Cecim et al. 1995, Harari et al. 1997).
Especially as in this species, ovary transplantation is relatively easy to perform because
of the small ovary size and no vascular anastomosis procedure is required as when
grafting an ovary from large animals or human. This approach may also become a
potential technique to overcome the specific reproductive problems from some mutant
mouse lines with female subfertility or infertility. Such a procedure will be ethically
justified in case required crossbreds can only be obtained by complex heterozygous
breeding schemes resulting in many undesired heterozygous offspring. In Chapter 6,
we applied transplantation of ovarian tissue to successfully restore female fertility in a
subfertile mutant mouse line with of cryptochromes deficiency with disrupted circadian
rhythm. The mutant line was deficient for both cryptochromes 1 and 2 (Cry1, Cry2),
which are the core clock genes that are essential components of normal circadian
rhythm. The single knockout animals for either mCry1 or mCry2 are fertile with
normal litter size, and the subfertility is restricted to females as Crys deficient males
are fertile. However, the double knockout females (mCry1–/–/mCry2–/–) rarely gave
birth and, if so, to a small litter. In addition, histological evaluation also indicated the
failure of the mutant female to ovulate. Fresh ovaries of cryptochromes deficient
females were orthotopically transplanted to ovariectomized congenic wild-type females
(C57BL/6) and desired and healthy offspring were produced with subsequent breeding.
The reproductive performance based on the pregnancy rate was increased from a
typical 18% (breeding with mCry1–/–/mCry2–/– females) to 64%. However, in the
reciprocal transplantation, with healthy wild type ovaries transplanted to
mCry1–/–/mCry2–/– females, the subsequent fertility rate decreased to 30%, which was a
similar observation in intact double-knockout females. The litter sizes did not differ
between the two transplantation approaches, but were fewer than the size from
breeding with normal mCry1–/–/mCry2–/– females. These results strongly suggest an
insufficient function of hypothalamic-pituitary-gonadal (HPG) axis related to a
GnRH/LH hormone dysfunction is the main problem that caused the subfertility in the
cryptochromes deficient females. Further studies are required to evaluate other possible
causes that may also hamper the fertility of the cryptochromes deficient mice. However,
we conclude that transplantation of fresh ovarian tissue is a useful technology to
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investigate whether a defect involved in the subfertility of particular mouse lines, is
located either in the central (hypothalamic-pituitary) or in the peripheral (gonadal) part
of the HPG-axis.

Concluding remarks and perspectives
“There is really no limit to the number of mutant mouse strains that could be
generated, you can expand to infinity” is practically true and known in the research
field of mouse genetics (Knight and Abbott 2002). Thus, how to manage the mouse
colonies in a responsible way is an urgent issue to mutant mouse facilities and is an
obligated responsibility of those researchers who want to use or create more mutant
mouse lines. Cryopreservation of germplasm is mandatory for both ethical and
economical reasons as it can simultaneously reduce the number of animals involved,
the space demands, the costs, the risk of genetic drift and of disease and disaster that
are inherently associated with maintaining live animals. This is specifically important
to propagate animal welfare in case of pathological phenotypes. The researcher can
choose the optimal cryopreservation technology according to the size of their mouse
colonies, their purpose of archiving, their ability to revive the cryopreserved materials
and their budget. In this thesis, we present the practical information about
cryopreservation of germplasm for the management of mutant mouse colonies for
biomedical research. The developed protocol of cryopreservation of ovarian tissue of
10 day old donors presented in this thesis has been proven effective while the
application of using elder donors is open for improvement. Future advancements in
sustenance of the viable follicle pool in frozen-thawed ovarian tissue will enable to
prolong the longevity of cryopreserved mouse ovaries in the recipients to be used for
breeding. Further studies are required to ameliorate freezing and transplantation of the
ovarian tissues from elder donors after dissection of the cortex to isolate the fraction
that specifically contains follicles at younger stages. In addition, optimizing
equilibration time or concentration of cryoprotectants may be needed to permeate
tissues of elder ovaries that have a higher content of connective tissue and other
inhibitive structures. Nevertheless, the successful application on cryopreservation of
juvenile ovaries provides an instant solution to those animal facilities that are facing a
space problem of housing mouse colonies. In our facilities, breeding of a number of
mutant lines used in this study has already been terminated after their frozen ovaries
stocks were validated and secured. In addition, specific combinations of evaluation
procedures and techniques of ovary functionality after freezing and transplantation in
mice will contribute to better understanding of the physiology of potentially
dysfunctional ovaries in a normal recipient animal. It is not recommended to keep
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ovary recipients for extended breeding, first because the number of mutant offspring
declines over time, and secondly because litter size is consistently smaller than
obtained from breeding of intact females. This may be due to the limited follicle pool
in the only one ovary grafted, or to other physiological boundaries limiting the number
of ovulations of one ovary. The successful application of the technology in variant
mutant mice may also provide useful information to cryopreservation of human ovarian
tissue, serving as a model for autotransplantation and studying graft/host interactions in
a variety of models for human diseases.
In conclusion, the potential of cryopreservation ovarian tissue might help to control
the rapid expansion of mutant mice, and thus promote the progress of science in a
durable way, as research resources could be used for science rather than stock keeping.
It is recommended as a relatively simple approach for cryopreservation with notably
good results in mutant lines of C57BL/6 background, which is remarkable because this
strain performs inferior to other relevant strains in sperm cryopreservation and IVF
procedures.
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Samenvatting
Het gebruik van genetisch gemodificeerde muizenlijnen voor biomedisch
onderzoek heeft een enorme vlucht genomen. In de 80-er jaren van de vorige eeuw
kwamen de eerste mogelijkheden beschikbaar om een extra gen in een muizenembryo
in te brengen om de functie ervan te onderzoeken bij de nakomelingen van de muis die
zich uit dit embryo ontwikkelde. Inmiddels bestaan er wereldwijd duizenden lijnen met
zeer specifieke genetische modificaties, in een goed gedefinieerde genetische
achtergrond, die zich tot enkele sterk ingeteelde muizenstammen beperkt. Dergelijke
muizenlijnen zijn onmisbaar voor het onderzoek naar de oorzaken en de ontwikkeling
van ziekten en voor het begrip van de functie van de vele duizenden genen in het
menselijk erfelijk materiaal (genoom). Deze ontwikkeling brengt ook met zich mee dat
het aanhouden van al deze verschillende lijnen door middel van fokken technisch en
ethisch problematisch is. Bij kleinschalige fok van een lijn bestaat bijvoorbeeld het
risico van verlies van vruchtbaarheid waarbij uiteindelijk de lijn geheel verloren gaat.
Het is dan ook raadzaam om lijnen te bewaren door het invriezen van geslachtscellen
of embryo’s. Dat geldt niet alleen voor lijnen die door kleinschalige fok worden
aangehouden, want ook wanneer de lijn grootschaliger wordt gefokt zijn er risico’s die
het voorbestaan ervan bedreigen, zoals spontane erfelijke mutaties, microbiologische
besmetting of ziekte, of een ramp die de gehele kolonie bedreigt zoals brand of
overstroming. Het onderzoek in dit proefschrift richt zich op de cryopreservatie (vitaal
invriezen) van ovaria (eierstokken) van genetisch gemodificeerde muizen in de
hiervoor algemeen gebruikte inteeltlijnen C57BL/6, FVB en BALB/c.
Het is, om wetenschappelijke en ethische redenen, goed academisch gebruik om
een nieuwe muizenlijn, na karakterisering en publicatie, gedurende een redelijke
termijn beschikbaar te houden voor andere onderzoekers die deze voor hun onderzoek
zouden willen gebruiken. Het archiveren van muizenlijnen door het invriezen van
embryo’s werd al op veel instituten gedaan, maar het verkrijgen van voldoende
embryo’s hiervoor is kostbaar. Het invriezen van sperma is goedkoper maar het
materiaal bleek zeer vaak ongeschikt om nageslacht te verwekken. De methoden voor
sperma cryopreservatie zijn pas recent verbeterd maar de toepassing vergt nog steeds
een uitgebreide laboratorium infrastructuur om nageslacht te verkrijgen. Om de fok van
een lijn te kunnen beëindigen is de kostbare en complexe validatie van het ingevroren
materiaal door middel van in vitro fertilisatie (IVF) en embryotransplantatie essentieel.

Samenvatting

Daarom was het zinvol om het invriezen van ovaria verder te ontwikkelen omdat deze
techniek technisch goed uitvoerbaar is, ook op incidentele basis, en relatief weinig
specialistische infrastructuur vergt, namelijk alleen voor microchirurgie.
In hoofdstuk 2 werd de efficiëntie van het vitaal invriezen van embryo’s, sperma
en ovaria vergeleken, op basis van wetenschappelijke literatuur en andere open
bronnen, en op grond van onze eigen ervaring. De analyse richtte zich op het aantal
benodigde dieren en de behandelingen die ze moeten ondergaan, op de vereiste
competenties en tijdsbesteding van het personeel, en de noodzakelijke technische
voorzieningen. Bij de toepassing van de verschillende mogelijkheden voor
cryopreservatie in het Erasmus MC werd telkens de kwaliteit van het ingevroren
materiaal (sperma, embryo, ovarium) gevalideerd door te onderzoeken of er mutant
nageslacht verkregen kon worden. Ook de kosten hiervoor werden in het model
meegenomen. Deze analyse werd getoetst aan de werkwijze en contractcondities
(prijsstelling, validatie opties, ‘garanties’) van andere instituten die op dit terrein
diensten aan derden verlenen.
Het invriezen van embryo’s is kostbaar vanwege het grote aantal donordieren dat
daarvoor nodig is, en de meerdere invries sessies (met wisselende opbrengsten van
geschikte embryo’s) die noodzakelijk zijn om een voldoende grote voorraad te
verkrijgen. Dit is wel de enige manier om het gehele genoom van de mutant in
homozygote vorm te bewaren en met name van belang wanneer verschillende mutanten
zijn gecombineerd in een ingewikkeld kruisingsproduct. In dat geval moet eerst de fok
worden opgeschaald om voldoende donoren te verkrijgen hetgeen veel tijd vergt.
Wanneer de embryo’s worden gekregen door een jong wild-type donor (van de
gewenste genetische achtergrond) na superovulatie te paren met een mutant mannelijk
individu kan de procedure sneller verlopen maar moet later worden teruggekruist om
homozygotie te verkrijgen. Wanneer het mannetje heterozygoot is voor de genetische
modificatie zal de helft van de bruikbare embryo’s wildtype zijn, of meer dan de helft
indien de modificatie negatief inwerkt op de embryokwaliteit. De embryokwaliteit
werd onderzocht door embryo’s te transplanteren naar ontvangsters die eerst
schijnzwanger werden gemaakt door paring met een steriel mannetje. Bij het invriezen
van sperma of ovaria geldt altijd dat bij voor het verkrijgen van nakomelingen
uitgaande van ingevroren materiaal, de muis van het andere geslacht dat voor deze fok
wordt gebruikt wild-type is. Het nageslacht is dan heterozygoot bij gebruik van een
homozygote donor. Wanneer de donor heterozygoot is zal maximaal 50% van de
nakomelingen de gewenste modificatie hebben.
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Het invriezen van ovaria en sperma kost weinig tijd. Het winnen van ovaria vergt
geen speciale voorbehandeling van de donor en het verkrijgen van nageslacht is relatief
eenvoudig: transplantatie naar wild-type ontvanger (van dezelfde inteeltlijn als de
genetische achtergrond van de mutant, dit om afstoting te voorkomen) wordt gevolgd
door paring van de transplantaatontvangster met een wild-type mannetje. Muizen
sperma, vooral van sommige inteeltlijnen die veel gebruikt worden voor genetische
modificatie, is uitermate gevoelig voor schadelijke invloeden. Het wordt gewonnen uit
de bijbal van een mannetje na euthanasie. Voor validatie van het ingevroren sperma
middels IVF, worden eicellen gewonnen van prepuberale vrouwtjes die eerst door twee
hormoonbehandelingen tot superovulatie zijn gebracht. De winning gebeurt op een
nauwkeurig bepaald moment, vaak ‘s nachts. IVF door co-incubatie met het sperma
kan succes hebben maar het gebruik van technieken om de buitenste schaal van de eicel
te openen of te doorboren kan ook nodig zijn, bijvoorbeeld door intra-cytoplasmatische
sperma injectie (ICSI), of het maken van een opening met microinjectienaalden of een
laserbundel. Dit vereist specialistische apparatuur en veel bekwaamheid van de
uitvoerders zoals deze alleen beschikbaar zijn in een functionerend
muizenembryolaboratorium. Validatie vindt plaats door transplantatie van de IVF
embryo’s naar enkele schijnzwangere ontvangsters. Samenvattend kan gesteld worden
dat het invriezen van embryo’s in veel instellingen met succes wordt gebruikt maar
relatief hoge kosten met zich meebrengt, er zijn veel donoren voor nodig en de
techniek is tijdrovend en tijdgebonden. Sperma invriezen is snel en goedkoop maar de
noodzakelijke validatie met behulp van IVF kost een aantal eiceldonoren, is sterk
tijdgebonden en de benodigde laboratoriumtechieken zijn tijdrovend. Het invriezen van
ovaria is, net als invriezen van sperma, snel en goedkoop. De validatie door middel van
transplantatie is technisch relatief eenvoudig. Daarmee is het invriezen van ovaria
mogelijk een aantrekkelijk alternatief naast de andere methoden en werd derhalve
verder ontwikkeld.
De ideale methode voor het vitaal invriezen van de genetische informatie van een
muislijn zou weinig arbeidsintensief moeten zijn en ook weinig voorbereidende
werkzaamheden en planning vergen. Om ethische en economische redenen moet de
techniek goed en eenvoudig uitvoerbaar zijn, tegen redelijk lage kosten en met zo min
mogelijk dieren benodigd voor invriezen en validatie van het ingevroren materiaal.
Omdat het invriezen van ovaria aan deze eisen zou kunnen voldoen werd deze techniek
verder ontwikkeld en gevalideerd (hoofdstuk 3). Ovaria van juveniele dieren leken het
meest geschikt omdat ze dicht bij het oppervlak een groot aantal follikels van het
vroegste ontwikkelingsstadium (primordiale follikels) hebben, het stadium dat naar
verwachting het beste overlevingskans voor de eicellen biedt. Bovendien zijn er op
deze leeftijd nog geen grote follikels waarvan de eicellen het invriesproces niet zullen
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overleven of andere structuren die mogelijk door hun aanwezigheid het proces van
invriezen verstoren. Om de vorming ijskristallen in de cellen te voorkomen werden
hoge concentraties aan beschermende stoffen (dimethyl sulfoxide (DMSO) en
ethyleenglycol (EG)) toegevoegd die in het weefselmateriaal kunnen diffunderen. Om
vitrificatie (stolling zonder kristalvorming) te bevorderen werd gebruik gemaakt van
een nieuw apparaat (VitMaster) voor blootstelling aan vloeibaar stikstof onder vacuüm
hetgeen ultrasnelle koeling tot 135,000˚C/minuut mogelijk maakt omdat er hierbij geen
isolerende damplaag tussen het weefsel en de vloeibare stikstof ontstaat. Deze
combinatie leidde tot een goede cryopreservatiemethode van ovaria van 10-dagen oude
muizen. De ovaria van genetisch gemodificeerde dieren werden getransplanteerd naar
een ontvangsters. Bij de recipiënt werd één ovarium geheel verwijderd en het andere
ovarium grotendeels, om een geschikt en goed doorbloed transplantatiebed te creëren.
Op deze wijze kon het transplantaat verder op fysiologische wijze functioneren.
Aangezien zowel de achtergrondlijn als de genetische modificatie invloed kunnen
hebben op de latere functionaliteit van ingevroren embryo’s en sperma, en dus
mogelijk ook op die van ingevroren ovaria, zijn van 22 genetisch gemodificeerde
lijnen, verdeeld over 3 achtergrondlijnen, ovaria ingevroren en gevalideerd (hoofdstuk
4). Op deze wijze werden van 20 lijnen nakomelingen verkregen die de mutatie
droegen, maar de efficiëntie verschilde afhankelijk van genotype en achtergrondlijn.
Van alle ontvangsters van een ovariumtransplantaat gaf 40.5% genetisch gemodificeerd
nageslacht in het eerste tot vierde nest (bij gemiddelde nestgrootte van 3.6). Van alle
geboren pups was 15.1% genetisch gemodificeerd, met een spreiding van 2 tot 71% per
muizenlijn. De efficiëntie was minder bij FVB dan bij C57BL/6 en BALB/c. De kans
voor een bepaalde ontvangster om genetisch gemodificeerd nageslacht te produceren
was het grootst bij het eerste nest (gemiddeld 43.1%). Nakomelingen werden geboren
na gemiddeld 2.9 maanden bij C57BL/6, 1.8 maanden bij FVB en 3.1 maanden bij
BALB/c. De geboren mutante muizen zijn met zekerheid afkomstig van het
transplantaat maar heterozygote donoren leveren daarnaast nog wild-type
nakomelingen die niet onderscheiden kunnen worden van pups afgeleid van restanten
van het ovarium van de ontvangster. De goede resultaten bij de veelgebruikte C57BL/6
achtergrond verschaffen een uitstekend alternatief voor het invriezen van sperma dat
juist bij deze lijn uiterst gevoelig is voor schade bij invriezen en ontdooien en bij IVF
procedures lage percentages goede embryo’s geeft. Aangezien transplantaatonvangsters
de meeste mutante pups leverden in het eerste nest is het niet aan te raden om een
dergelijk vrouwtje langdurig voor de fok in te zetten.
De weefselschade in het ovarium die ontstaat door invriezen en ontdooien wordt
vaak geëvalueerd door middel van histologisch onderzoek. Dit voorspelt echter niet
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betrouwbaar de functionaliteit en was in ons model niet bruikbaar omdat het weefsel
van de ontvangster en van het transplantaat samensmelten en dan histologisch niet
meer van elkaar te onderscheiden is. Om na te gaan hoe het transplantaat overleeft en
zich in het levende dier ontwikkelt zou het denkbaar zijn om op verschillende tijden na
transplantatie ontvangsters te doden voor evaluatie. Wij gaven er echter de voorkeur
aan om deze ontwikkeling in de tijd te vervolgen in individuele dieren door middel van
optische imaging aan de hand van een actine-transgene muis met Green fluorescent
protein als een expressiemarker, in een C57BL/6 achtergrond (hoofdstuk 5). De
technologie om fluorescente optische signalen in vivo in beeld te brengen is relatief
nieuw en het signaal is minder sterk dan luminescentie onder invloed van luciferase als
expressiemarker. Anderzijds is het niet nodig om voor elke beeldopname het substraat
voor luciferase te injecteren. Om te komen tot een optimale beeldkwaliteit en ook de
niet-transgene pups afkomstig van het transplantaat te kunnen herkennen is gebruik
gemaakt van een autosomaal recessieve albino C57BL/6 (C57BL/6J-Tyrc-2J) als
ontvangster. Na paring met een C57BL/6J-Tyrc-2J man zijn de pups afkomstig van het
ovarium van de ontvangster albino en die afkomstig van het transplantaat
gepigmenteerd, en al of niet transgeen. Dit verschaft tevens een model voor de snelle
validatie van gecryopreserveerd ovarium van elke genetisch gemodificeerde lijn met
een C57BL/6 genetische achtergrond. De ontwikkeling van het transplantaat was al
duidelijk waarneembaar in de eerste 3 dagen na transplantatie door toename van het
fluorescentie signaal. Vanaf dag 4 stabiliseerde het optische signaal of begon af te
nemen, om te stabiliseren in week 2 of 3 na transplantatie. Deze bevindingen, in
combinatie met de fokresultaten, gaven aan dat dit een betrouwbare methode is voor de
evaluatie van transplantaatontwikkeling. Daarom werd dit model vervolgens gebruikt
om het effect van de leeftijd van de donor te evalueren, zowel na transplantatie van
vers ovariumweefsel als van dat na invriezen. Immers, wanneer het invriezen van ouder
ovariumweefsel goed mogelijk zou zijn zouden ook oudere dieren, zoals oude
fokdieren, als donor in aanmerking kunnen komen. Er zouden dan geen additionele
jonge dieren nodig zijn als donor en bovendien kan ook meer materiaal per donor
worden verkregen. De resultaten bevestigden echter de hypothese dat transplantaten
van 10 dagen oude juveniele donoren de beste fokresultaten geven en dat met
toenemende donorleeftijd deze resultaten afnemen.
Veel genetisch gemodificeerde muislijnen zijn verminderd vruchtbaar. Derhalve
worden vaak ingewikkelde fokschema’s opgezet met gebruikmaking van heterozygote
fokdieren welke dan in lage percentages homozygote nakomelingen geven. Om grote
aantallen onbruikbare nakomelingen te vermijden zou ovariumtransplantatie een
uitweg kunnen zijn als daarmee de vrouwelijke subfertiliteit wordt omzeild (hoofdstuk
6). Dit kan alleen slagen als het transplantaat van de genetisch gemodificeerde donor in
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principe normaal kan functioneren in een wild-type ontvangster. Dit werd onderzocht
in cryptochroom-deficiënte dubbel knock-out muis met een verstoorde circadiane
ritmiek die bij mannetjes geen effect heeft op de fertiliteit maar bij de vrouwtjes
resulteerde in sterk verminderde vruchtbaarheid (zelden een nestje, en dan klein),
waarschijnlijk ten gevolge van het niet optreden van de ovulatie. Juveniele ovaria van
dubbel-knock-out donoren werden getransplanteerd naar wildtype ontvangsters met als
uiteindelijk resultaat de geboorte van gezonde dubbel-knock-out pups. De reciproke
transplantatie (wild-type ovaria naar dubbel-knock-out ontvangsters) resulteerde in
subfertiliteit door een slecht functionerende hypothalamus-hypofyse-gonade as. Het
bleek inderdaad mogelijk om de subfertiliteit van het dubbel-knockout ovarium op te
heffen in een fysiologisch normale ontvangster. Aldus werd inzicht verkregen in het
mechanisme van deze vorm van subfertiliteit.
Het aantal genetisch gemodificeerde muislijnen dat gecreëerd kan worden is in
principe oneindig groot en in de praktijk neemt dit aantal nog steeds in hoog tempo toe.
Dit schept verplichtingen voor onderzoekers en kolonie managers om hier verantwoord
mee om te gaan, een noodzaak vanuit zowel ethisch als economisch perspectief. De
cryopreservatie van muizenlijnen biedt mogelijkheden om het aantal dieren in de
kolonie te reduceren en het beslag op ruimte en andere middelen te beheersen. Het
verschaft tevens continuïteit in het licht van risico’s zoals genetische drift, ziekten en
rampen die verbonden kunnen zijn aan het houden van levende dieren. De gebruiker
kan kiezen voor de meest optimale cryopreservatie technologie, afhankelijk van de
grootte van het fokbestand, het doel van de cryopreservatie, de mogelijkheden om de
lijn weer op te starten vanuit het ingevroren archief, en het beschikbare budget. De
succesvolle ontwikkeling van ovarium cryopreservatie biedt een snelle oplossing voor
muizenfaciliteiten met ruimtenood. Ook kan ovariumtransplantatie bij de muis een
goed onderzoeksmodel bieden voor de cryopreservatie en autotransplantatie van
ovariumweefsel bij de mens, mede gezien de achtergrond van de vele ziektemodellen
die genetisch gemodificeerde muizen bieden.
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Chapter 2 - page 41
Figure 1. The efficiency of cryopreservation of germplasm for mutant mouse archiving from
advertised services.
Model calculations were verified by comparison with practical data from advertised services and the
outcome is presented as typical examples and at the maximum. Besides the essential germplasm
donors, the number of animals also includes the oocyte donor female, embryo foster, vasectomized
male, ovarian tissue recipients as necessarily required in the procedures. Besides the essential cost of
technology performance, the running cost also includes the cost of purchasing and housing animals.
The time span on archiving embryo depends on the way of generating embryo by in vitro fertilization
(4–6 weeks) or breeding (16–20 weeks) and on the number of female provided for those procedures
(the more animals, the shorter time span).
Left hand panels show the generation of frozen stock: Archiving is the process to generate a sufficient
frozen stock. Validation is the process of qualifying frozen stock for recovery of the line.
Right hand panels show the procedures for recovery of the mutant line from frozen stock: Retrieving
is defined as reviving a line by obtaining at least one live offspring carrying the mutation until
weaned. The higher number of animals (25) and cost (€3,000) of retrieving frozen sperm are required
when advanced IVF techniques (e.g. ICIS) are used. Reaching homozygosity is defined as obtaining
homozygous mutant animals with a congenic genetic background, which is not required when
homozygous embryo’s are archived (＊).
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Chapter 3 - page 55
Figure 1. Juvenile mouse ovary morphology. The morphology of a juvenile (10 days postnatal)
mouse ovary demonstrated by a bouin-fixed, paraffin-embedded and haematoxylin and eosin stained
microsection (A) (magnification x40) and in a fresh state (B) (magnification x50).

Chapter 3 - page 56
Figure 2. The freezing straw. A juvenile mouse ovary (indicated by an arrow) contained in a
shortened 0.25 ml French type straw with one end sealed (length of straw is 3.5 cm).
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Chapter 4 - page 74
Figure 1. Well-recovered ovarian tissue within bursal cavity containing distinct corpora lutea (t) and
developing follicles (*) 6 months after transplantation. Bar = 0.2 mm.

Chapter 4 - page 75
Fig. 2. Regressed residual ovarian tissue 6 months after transplantation. Absence of corpora lutea and
follicles. Bar = 0.1 mm.
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Chapter 4 - page 75
Fig. 3. Absence of ovarian tissue inside the bursal cavity (t) 6 months after transplantation (ventral
aspect). The oviduct is visible as a convoluted tube (*). Bar = 0.5 mm.

Chpater 5 - page 98
Figure 1. Representative image of GFP signal detected by trans-illumination (left) and 3D diffuse
fluorescence tomography (right).
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Chapter 5 - page100
Figure 3. Easy and fast differentiation of graft derived offspring (black skin, two in the middle with
GFP expression) and non-graft derived offspring (white skin).

Chapter 5 - page 103
Figure 5. Epi-illumination of GFP signal in ovarian tissue obtained in vivo (A: Wild-type control,
EGFP graft, fresh EGFP control) or at incubation (B: Fresh EGFP (2X), Frozen-thawed EGFP, Fresh
wild-type control).
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Chapter 6 - page 123
Figure 1. Typical examples of estrous cyclicity in three Cry1+/+Cry2+/+ (A) and three Cry1–/–Cry2–/–
mice (B) as assessed by vaginal cytology. (C) Photographs of cells from the vaginal smears during a
typical estrous stage in Cry1+/+Cry2+/+ (left panel) and Cry1–/–Cry2–/– (right panel), showing the
nucleated vaginal epithelial cells of mutants.
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Chapter 6 - page 125
Figure 3. Morphology of ovaries of Cry1+/+Cry2+/+ (A, D) and Cry1–/–Cry2–/– (B, C) mice. Corpora
lutea and follicles at different stages of development are present in the adult ovary of the
Cry1+/+Cry2+/+ mouse (A). There are no corpora lutea or healthy preovulatory follicles in the ovary of
an adult Cry1–/–Cry2–/– mouse (B, C). In (D), a higher magnification of Cry1+/+Cry2+/+ ovary, an
arrow indicates a primordial follicle.
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