Cryopreservation of gonadal tissue and cells
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With the advent of assisted reproductive technology and an improved
understanding of cryobiology, strategies have been developed which allow the
long-term storage of gametes and embryos. Furthermore, in the light of the
growing numbers of young adults and children who have been sterilised by
successful cancer treatment, the need to protect their fertile potential has
become more urgent. While semen cryopreservation is available for men, the
methods for preserving oocytes are unreliable and neither method is suitable
for prepubertal children. Research attention is, therefore, focusing on the low
temperature banking of immature germ cells with the aim to restore natural
fertility if possible or, alternatively, to use culture technology to produce ripe
gametes for assisted conception. While there is no universal method for fertility
conservation, gonadal tissue banking, in theory, is a practical alternative to
gamete storage which can be utilised by both adults and children.

The wide-spread use of in vitro fertilisation technology in reproductive
medicine has provided the impetus to develop strategies for the storage of
surplus gametes and embryos. Consequently, the routine freezing of
human embryos' and sperm? now provides the opportunity for repeated
attempts at embryo transfer and pregnancy without the costs and incon-
venience of repeated cycles of hormone stimulation and egg collection. In
light of a better understanding of the principles of cryobiology as well as
improved automation and instrumentation, we now have the potential to
store oocytes as well as embryos. Furthermore, these technological
advances together with long-term survival after high dose-chemotherapy
and bone marrow transplantation in cancer patients have generated a
surge of interest in gonadal tissue cryopreservation®. These methodologies
will allow us to preserve the fertility of both children and adults.
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malignancies and a marked increase in the chances of long-term survival®.
Estimates now suggest that by the beginning of the new millennium at
least 1:1000 adults will be survivors of childhood cancers’. However, the
price that is paid for aggressive chemotherapy and abdominal irradiation
is becoming increasingly unacceptable. The documented late effects of
these treatments, including reduced pregnancy rates and a high risk of
gonadal failure®, are of particular concern because of the young median
age of these patients. Furthermore, in young women, even if ovarian
failure does not occur immediately, there is a substantial risk of premature
menopause, particularly in those aged over 30 years’. Frozen banking of
gonadal tissues and cells before the start of cancer treatment, therefore,
represents an attractive strategy for conserving the fertility of children and
young adults of both sexes.

Frozen semen banking has been available for many years to safeguard
male fertility and is routinely offered to men before they undergo sterilising
chemotherapy. Despite the production of often poor quality semen in this
circumstance®, the use of intracytoplasmic sperm injection (ICSI) has
substantially improved the potential to use these stored cells. Furthermore,
some clinical and experimental studies have indicated that the sterilising
effects of cancer treatments can be reduced by hypogonadotrophism”'°,
and treatment with GnRH agonists has been advocated to protect the
gonads in both sexes. However, overall, the evidence for clinical benefit is
inconclusive and some experimental studies have revealed no protective
effect of hypogonadotrophism on radio sensitivity!!.

The options for preserving female fertility are unreliable and complex.
In theory, the only proven method for the conservation of the fertility of
young women is assisted reproductive technology which enables
collection and storage of mature metaphase II oocytes and, more practic-
ally, embryos. The storage of unfertilised human oocytes would avoid
many of the ethical issues related to human embryo storage and facilitate
egg donation programmes. Spare oocytes would be collected and stored
during IVF cycles so that patients could use them at a later time or donate
them to another person or for research. The opportunity to bank oocytes
at low temperatures would be welcomed by young women undergoing
sterilising chemotherapy as well by as others who wish to safeguard
fertility from an early menopause or from the deleterious effects of
ageing'?. There is little doubt that the freeze storage of human oocytes
would be a valuable technique in clinically-assisted reproduction, in
animal husbandry and in the conservation of endangered species.

Numerous attempts have been made to freeze-thaw human oocytes,
but success rates have been disappointing and can be attributed, in part,
to the biological properties of this cell type. Ovulated oocytes are
blocked at the metaphase of the second meiotic division with 23 bivalent
chromosomes bound to the microtubules of the meiotic spindle. In this
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state, the oocytes are extremely sensitive to both temperature and toxic
shocks. Cryoprotectant exposure and/or ice crystal formation during the
freeze-thaw process can lead to depolarisation of the spindle micro-
tubules, disruption of chromatid separation at the moment of fertilisation,
and the potential induction of aneuploidy after the extrusion of the second
polar body. Furthermore, zona hardening can occur as a result of the
premature release of cortical granules from the ooplasm'? or lesions can
be induced in the zona and plasma membrane by large ice crystals'*.
Finally, parthenogenetic activation can be induced by physical conditions
such as freezing®. It is not surprising, therefore, that the first attempts to
cryopreserve metaphase II oocytes resulted in poor cryosurvival with few
live births'®. However, since the introduction of different cryoprotective
agents and ICSI, as a means of bypassing the zona pellucida, fertilisation
and pregnancy rates of cryopreserved oocytes have improved'”!8,
However, the protocols that have been used in oocyte cryopreservation
are still not optimal for this cell and authors have argued both for!**° and
against!”*' the maintenance of the cumulus oophorus to optimise oocyte
survival rate. Despite this, cryopreservation of mature human oocytes has
resulted in the production of healthy offspring with normal karyotypes
suggesting that the process of freezing may select the most resistant
oocytes which are best able to survive different stresses.

An alternative strategy to the banking of mature oocytes is to cryo-
preserve mature oocytes before they resume nuclear maturation and
progress to metaphase II. At this stage of prophase I — the so-called
germinal vesicle (GV) stage — the chromosomes are not aligned along the
spindle, and there should, therefore, be a reduced risk of cytogenetic
errors at subsequent divisions. However, cytoskeleton damage may still
occur and the risk of zona hardening may be increased as the oocytes must
undergo an extended period of culture to enable nuclear maturation to
progress before fertilisation can occur in vitro. Using cryopreserved GV
oocytes, high survival rates and birth rates have been achieved in mice?’.
However immature human oocytes have low post-thaw survival (37%2%,
and 43%?*) and im vitro maturation rates (20%23 and 27%?%).
Furthermore, very few pregnancies have been achieved after the in vitro
maturation of fresh oocytes*?’ and none after cryopreservation. At
present, and until the efficiency of in vitro maturation improves,
cryopreservation of GV oocytes offers little advantage over freeze-storage
of metaphase II oocytes.

In contrast to cryopreservation of mature oocytes, freeze storage of
embryos is routinely used in assisted reproductive technology and has
occasionally proved successful before chemotherapy?s. While this
approach is relatively straight-forward, it hosts a number of inherent
disadvantages for the conservation of fertility of cancer patients. IVF
treatment and embryo storage is only suitable for patients of reproductive
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age and treatment is both costly and lengthy — in many cases taking 4-6
weeks?’. What is more, ovarian hyperstimulation, which is required if
several oocytes are to be collected, may be contra-indicated in the case of
steroid related cancers, and where there is no male partner, donor sperm is
required. More importantly, this strategy is clearly not an option for
prepubertal girls.

A radical, and perhaps more acceptable, approach which can be used by
both young girls as well as adults is the cryopreservation of ovarian tissue.
Ovarian tissue banking has the added potential of restoring normal
ovarian function and natural fertility. Gonadal cryopreservation is of
particular relevance to young women and girls who are diagnosed with
cancer when they are too young to have either started or completed their
families. In addition, high-dose chemotherapy is now being used for an
increasing number of non-malignant conditions, such as autoimmune
diseases and thalassaemias, for which tissue storage is also potentially
attractive. Furthermore, fertility conservation by ovarian tissue cryo-
preservation may be a viable option for women with a familial history of
premature ovarian failure as the methodology offers the potential to
restore natural fertility by autografting the thawed tissue at either an
orthotopic or heterotopic site.

The technique of ovarian cryopreservation involves freezing immature
primordial follicles in situ in slices of ovarian cortex. In comparison with
mature oocytes, primordial follicles are smaller and more tolerant to
freezing and thawing as they lack a zona pellucida and cortical granules,
are relatively metabolically quiescent and undifferentiated and have more
time to repair sublethal damage to organelles and other structures during
their prolonged growth phase. Above all, primordial follicles are the most
abundant stage of follicular development present at every age, and hundreds
of small follicles can be obtained using a simple biopsy procedure, or
thousands if an oophorectomy is performed. Primordial follicles from
humans®*3* and other species®** have successfully survived cryopreser-
vation to liquid nitrogen temperatures. Paradoxically, while primordial
follicles may be a more effective subject for tissue banking than mature
oocytes, animal studies have demonstrated that it is precisely this stage of
follicle development which is most susceptible to the effects of ionising
radiation and alkylating agents*®.

Cryopreservation and storage of testicular tissue slices may also be
effective, and could provide an opportunity to preserve germ cells for pre-
pubertal boys. Storage of spermatogonial stem cells or intact seminiferous
tubules may provide the possibility of restoring spermatogenesis in vivo
either by transferring stem cells back to the sterilised testes or by grafting
tubules heterotopically for spermatogenesis in vivo and recovery of
spermatozoa for an ICSI procedure®®*. In the longer term, it may even
be possible to produce enough spermatozoa for ICSI from cultured
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testicular tissue years after frozen banking testicular biopsies from
children. In contrast to the successful cryopreservation of small pieces of
gonadal tissue, at the present time, the freeze storage of whole gonads has
only been achieved with the ovaries of small animals*’ or fetuses*' and,
therefore, remains only a remote possibility for use in humans.

Cryobiology of gonadal cells

When cells are cooled to temperatures between —=5°C and —15°C, ice crystal
formation is induced in the extracellular medium. As the temperature
decreases further, the amount of ice increases, the solutes concentrate in the
extracellular medium creating an osmotic gradient, and there is net water
movement from the cytoplasm to the extracellular medium causing cellular
shrinkage and dehydration. Cells undergoing cryopreservation are,
therefore, liable to damage both from the formation of intracellular ice and
from the build-up of salts in the cells as they dehydrate.

Protection from damage during freezing and thawing can be achieved
through the use of a cryoprotective agent (CPA). The agents penetrate the
cell membranes and are thought to stabilise intracellular proteins, reduce
the temperature at which cells undergo lethal intracellular ice formation
and moderate the impact of concentrated intra- and extracellular
electrolytes*?. Historically, glycerol, by virtue of its relative non-toxicity,
has been extensively used as the CPA for sperm banking in animals and
humans. However, its use for tissue preservation has been limited by its
poor penetration qualities’®. Consequently, in recent years, its use has
been superseded by a number of new generation CPAs, namely, dimethyl-
sulphoxide (DMSO), 1,2-propanediol (PROH) and ethylene glycol®.
These cryoprotectants have high water-solubility, rapid penetrability and
produce less osmotic damage at the high concentrations normally used in
cryopreservation protocols; however, their effects on cellular viability are
still largely unknown. For example, CPA exposure in mature oocytes has
been implicated in alterations in the cytoskeleton*, microtubular
structure, and spindle organisation®. Such effects may disrupt the normal
organisation and traffic of molecules and organelles, impair embryonic
development and increase the incidence of aneuploidy and other chromo-
somal anomalies. More recently, CPA exposure has been shown to
promote the passive influx of Ca?* across the plasma membrane®,
possibly by stimulating the release of Ca®* from storage sites in the mito-
chondria and endoplasmic reticulum. Such increases in intracellular Ca*
can lead to parthenogenetic activation of mature oocytes and are known
to activate intracellular phospholipases, proteases, ATPases and endo-
nucleases, resulting in altered plasma membrane integrity, denaturation of
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cystolic proteins, and chromosomal fragmentation — all of which can lead
to irreversible cell injury and apoptosis.

In addition to the potential cytotoxic effects of CPA exposure, cryo-
preservation solutions are hyperosmotic and CPAs penetrate cells more
slowly than water. Video microscopy of human oocytes has revealed that
CPA exposure causes a 40% shrinkage of cellular volume as water is
withdrawn down the osmotic gradient, followed by a return to normal
volume as the CPA penetrates the cell*’. When the oocyte is returned to the
isotonic solution after thawing, there is an inward osmotic flux with the
possibility of excessive swelling to 140-150% of the physiological volume
(Fig. 1). These volumetric changes may contribute to the mechanism for
the induction of cytogenetic damage during cryopreservation of mature
oocytes and, in extreme cases, can cause cellular lysis.

Fig. 1 The morphological appearance of mature human oocytes during exposure to
isotonic and non-isotonic solutions at room temperature. (a) A morphologically normal
oocyte in isotonic Leibovitz medium; (b) a shrunken oocyte after 30 s of exposure to 1.5 M
DMSO; (c) a swollen oocyte after sequential exposure to 1.5 M DMSO, 1.5 M DMSO
supplemented with 0.1 M sucrose and re-introduced to isotonic Leibovitz medium; (d) an
oocyte exposed to 1.5 M DMSO at room temperature without prior incubation in 1 mM
EDTA I-1. Scale bar = 28 um. Reproduced from Newton et al” with permission of the
Journal of Reproduction and Fertility.
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Unlike cryopreservation of isolated cells, freeze-storage of tissue
presents new problems because of the complexity of tissue architecture
and protocols must strike a compromise between the optimal conditions
for each different cell type. For example, the cooling and warming rates
together with dehydration conditions which result in optimal survival of
one cell type may not be ideal for other cellular components of the same
piece of tissue. In addition, problems can arise when ice forms extra-
cellularly, because it can cleave tissues into fragments. Furthermore,
rapid solute penetration of highly compacted tissue is vital to ensure
high final concentrations of cryoprotectant at temperatures which will
minimise cytotoxicity*s. These requirements necessitate optimisation of
freeze/thaw protocols for each cell type, as post-thaw survival of
reproductive cells and tissues are profoundly affected by both the type
of cryoprotectant used® and the equilibration times required for
cryoprotectant uptake and removal*s.

Despite the apparent difficulties compared with single cells, the storage of
gonadal, and particularly ovarian, tissue has proved surprisingly successful.
The suitability of ovarian tissue for freezing is enhanced by the develop-
mental plasticity of the tissue as the ovary is capable of functioning even
when its complement of follicles has been severely reduced such as naturally
occurs during ageing, after partial ablation or after injury. Furthermore, the
cortical distribution of primordial follicles permits the preparation of thin
strips of tissue which provide maximal surface area for rapid CPA
penetration, as evidenced by NMR spectroscopy®.

Overall, the consensus of opinion suggests that, to minimise freeze-thaw
injury, cooling rates should be fast enough to minimise exposure of cells
to high intracellular concentrations of electrolyte and slow enough to
avoid intracellular ice formation. Furthermore, these processes should be
carried out in the presence of low concentrations of non-permeable
osmolytes, such as sucrose and mannitol, to act as osmotic buffers against
swelling during the addition and removal of CPAs*. In support of this
recommendation, significantly more pregnancies have been achieved in
mice after orthotopic ovarian transplantation when fast (86%), rather
than slow (25%), thaw protocols were used*’. Successful cryopreservation
of human ovarian tissue with high post-thaw follicle survival rates of 84 %
and 74% have been achieved using the slow freeze, rapid rewarming
protocol after immersion of <1 mm thick slices of ovarian cortex for 30
min at 4°C in freezing solution containing either 1.5M EG or DMSO with
0.1 M sucrose®®’!. The tissue can then be stored at liquid nitrogen temper-
atures (—196°C) for as long as required. Morphological assessments of
cryopreserved human ovarian cortex at the light microscope level*®; and
examination of the fine structural integrity of tissue by electron
microscopy®? have confirmed that, in the hands of experienced cryo-
biologists, cellular damage in the tissue is minimal (Figs 2 & 3). However,
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Fig. 2 Transmission electron micrographs of primordial oocytes from fresh and cryopreserved tissue (c,d). The cell
membrane (CM), nuclear envelope (NE), and mitochondria (MX) are marked, vacuolation is indicated by the arrows.
Tissue before freezing (a,b), showing a primordial oocyte (O) recruited into the growing pool. The oocyte is enclosed
by pregranulosa cells (PGC) and granulosa cells (GC). (¢) Morphologically normal tissue after cryopreservation
showing limited vacuolation, an intact nuclear envelope and normal mitochondria. (d) Tissue damaged during
cryopreservation showing intact cell and nuclear membranes but extensive vacuolation throughout the cytoplasm
and in the mitochondria. Scale bar =5 um.

the choice of an inappropriate CPA together with poor laboratory practice
may lead to increased cellular damage, and compromise tissue viability on
thawing.

An alternative to the slow freezing protocols detailed above is rapid
freezing. Here, increased concentrations of CPA dehydrate the cells before
the ultra-rapid cooling rates allow the solutions to form glass (vitrify)
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Fig. 3 Transmission electron micrographs of mitochondria in human ovarian cortex before and after
cryopreservation. Healthy tissue before freezing (a) and tissue after cryopreservation with low (b) or high (c)
levels of vacuolation (indicated by the arrows). Scale bar = 0.5 um.

rather than ice crystals (freeze) when they are plunged into liquid
nitrogen®’. Increasing both cryoprotectant concentration and the rate of
cooling by using metal grids** and minimal volumes has enabled the
successful vitrification of oocytes and embryos from a number of
species**°, However, ultrarapid freezing regimens have proved less
successful with human oocytes®” and both the solute concentrations and
cooling rates need to be optimised to prevent irreversible chromosome
damage occurring.

Developmental potential of cryopreserved ovarian tissue

Although the histological evaluations detailed above indicate that
human follicles can survive freezing, these morphological evaluations
give no indication of the viability or long-term developmental potential
of the stored tissue. Post-thaw, short-term maintenance of functional
integrity of follicles from cryopreserved human ovarian cortex has been
indicated by viability staining®', and follicular structure has been
maintained in tissue culture®®. Furthermore, encouraging results have
been obtained using transplantation technology in experimental studies
using both animals and humans. The iz vivo developmental potential of
primordial follicles from a number of species has been demonstrated by
autografting or xenografting of both fresh and cryopreserved tissue
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being large with only a short fertile life-span and little capacity to repair
damage unlike cleaving embryos which tolerate the loss of one or more
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in reproductive surgery.

Trownson AO, Dawson K. Storage and disposal of embryos and gametes. BMJ 1996; 313: 1-2

Mohammed SN, Barratt CL, Cooke ID, Moore HD. Continuous assessment of human

spermatozoa viability during cryopreservation. | Androl 1997; 18: 43-50

3 Picton HM, Gosden RG. Cryopreservation of ovarian tissue. In: Jacobs HS, Shoham Z, Howles
C (Eds) Female Infertility Therapy: Current Practice. London: Martin Dunitz, 1998; 275-84

4 Boring CC. Cancer statistics. Ca Cancer | Clin 1994; 44: 7-26

5 Birch JM, Marsden HB, Morris Jones PH, Pearson D, Blair V. Improvements in survival from
childhood cancer: results of a population based survey over 30 years. BMJ 1988; 286: 1372-6

6 Apperley JF, Reddy N. Mechanisms and management of treatment related gonadal failure in

recipients of high dose chemoradiotherapy. Blood Rev 1995; 9: 93-116

o =

612

British Medical Bulletin 2000;56 (No. 3)


http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0959-8138^281996^29313L.1[aid=967804,csa=0959-8138^26vol=313^26iss=7048^26firstpage=1,nlm=8664757]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0196-3635^281997^2918L.43[aid=967805,csa=0196-3635^26vol=18^26iss=1^26firstpage=43,nlm=9089067]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0007-9235^281994^2944L.7[aid=871932,csa=0007-9235^26vol=44^26iss=1^26firstpage=7,nlm=8281473]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-960X^281995^299L.93[aid=967807]

Cryopreservation of gonadal tissue and cells

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Whitehead E, Shalet SM, Blackledge G, Todd I, Crowther D, Beardwell CG. The effect of
combination chemotherapy on ovarian function in women treated for Hodgkin’s disease.
Cancer 1983; 52: 988-93

Sanger WG, Olson JH, Sherman JK. Semen cryobanking for men with cancer: criteria change.
Fertil Steril 19925 58: 1024-7

Chapman RM, Sutcliffe SB. Protection of ovarian function by oral contraceptives in women
receiving chemotherapy for Hodgkin disease. Blood 1981; 58: 849-51

Ataya K, Rao LV, Lawrence E, Kimmel R. Luteinizing hormone-releasing hormone agonist
inhibits cyclophosphamide-induced ovarian follicular depletion in rhesus monkeys. Biol
Reprod 1995; 52: 365-72

Gosden RG, Wade JC, Fraser HM er al. Impact of congenital or experimental
hypogonadotrophism on the radiation sensitivity of the mouse ovary. Hum Reprod 1997; 12:
2483-8

Oktay K, Newton H, Aubard Y, Salha O, Gosden RG. Cryopreservation of immature human
oocytes and ovarian tissue — an emerging technology? Fertil Steril 1998; 69: 1-7

Pickering J, Braude P, Johnson M. Cryoprotection of human oocyte: inappropriate exposure to
DMSO reduces fertilization rates. Hum Reprod 1991; 6: 142-3

Kazem R, Thompson LA, Srikantharajah A, Laing MA, Hamilton MPR, Templeton A.
Cryopreservation of human oocytes and fertilization by two techniques: in vitro fertilization
and intracytoplasmic sperm injection. Hum Reprod 1995; 10: 26504

Gook D, Schiewe MC, Osborn S, Asch RH, Jansen RPS, Johnston WIH. Intracytoplasmic
sperm injection and embryo development of human oocytes cryopreserved using 1,2-
propanediol. Hum Reprod 1995; 10: 263741

Chen C. Pregnancy after human oocyte cryopreservation. Lancet 1986; i: 884—6

Porcu E, Fabbri R, Seracchioli R, Ciotti PM, Margini O, Flamigni C. Birth of a healthy female
after intracytoplasmic sperm injection of cryopreserved human oocytes. Fertil Steril 1997 68,
724-6

Porcu E, Fabbri R, Seracchioli R et al. Birth of six healthy children after intracytoplasmic sperm
injection of cryopreserved human oocytes. Hum Reprod 1998; 13: 124

Pellicier A, Lightman A, Parmer TG, Behrman HR, De Cherney AH. Morphological and
functional studies of immature rat oocyte cumulus complexes after cryopreservation. Fertil
Steril 1988; 50: 805-10

Gook D, Osborn S, Bourne H, Johnston W. Fertilization of human oocytes following
cryopreservation; normal karyotypes and absence of stray chromosomes. Hum Reprod 1994;
9: 684-91

Gook D, Osborn S, Johnston W. Cryopreservation of mouse and human oocytes using 1,2-
propanediol and the configuration of the meiotic spindle. Hum Reprod 1993; 8: 1101-9
Candy CJ, Wood M]J, Whittingham DG, Merriman JA, Choudry N. Cryopreservation of
immature oocytes. Hum Reprod 1994;9: 173842

Mandelbaum J, Junca AM, Planchot M et al. Cryopreservation of human embryos and oocytes.
Hum Reprod 1988; 3: 117-9

Toth TL, Stavroula GB, Veeck LL et al. Fertilization and in vitro development of cryopreserved
human prophase I oocytes. Fertil Steril 1994; 61: 8914

Trounson AO, Wood C, Kausche A. I vitro maturation and fertilization and developmental
competence of oocytes recovered from untreated polycystic ovarian patients. Fertil Steril 1994;
62: 353-62

Cha KY, Koo ]JJ, Ko JJ, Choi DH, Han SY, Yoon TK. Pregnancy after in vitro fertilization of
human follicular fluid oocytes collected from nonstimulated cycles, their culture in vitro and
their transfer in a donor oocyte program. Fertil Steril 19915 55: 109-18

Russell JB, Knezevich KM, Fabian KF, Dickson JA. Unstimulated immature oocyte retrieval:
early versus midfollicular endometrial priming. Ferzil Steril 1997; 67: 616-20

Atkinson HG, Apperley JF, Dawson K, Goldman JM, Winston RML. Successful pregnancy
after embryo cryopreservation after BMT for CML. Lancet 1994; 344: 199

Rutherford AJ, Subak-Sharpe RJ, Dawson KJ, Margara RS, Franks S, Winston RM.
Improvement of in vitro fertilisation after treatment with buserelin, an agonist of luteinising-
hormone releasing hormone BM] Clin Res Ed 1988; 296: 1765-8

British Medical Bulletin 2000; 56 (No. 3) 613


http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-543X^281983^2952L.988[aid=967808]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281992^2958L.1024[aid=967809,csa=0015-0282^26vol=58^26iss=5^26firstpage=1024,nlm=1426353]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-4971^281981^2958L.849[aid=967810,nlm=7272513]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3363^281995^2952L.365[aid=967811,nlm=7711205]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281997^2912L.2483[aid=967812,nlm=9436690]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281998^2969L.1[aid=967799,csa=0015-0282^26vol=69^26iss=1^26firstpage=1,nlm=9457923]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281991^296L.142[aid=967813,csa=0268-1161^26vol=6^26iss=1^26firstpage=142,nlm=1874947]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281995^2910L.2650[aid=967814,csa=0268-1161^26vol=10^26iss=10^26firstpage=2650,nlm=8567786]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281995^2910L.2637[aid=967815,csa=0268-1161^26vol=10^26iss=10^26firstpage=2637,nlm=8567784]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0140-6736^281986^291L.884[aid=967816,nlm=2870356]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281997^2968L.724[aid=967817,csa=0015-0282^26vol=68^26iss=4^26firstpage=724,nlm=9341619]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281998^2913L.124[aid=967818,csa=0268-1161^26vol=13^26iss=1^26firstpage=124,nlm=9512242]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281988^2950L.805[aid=967819,nlm=2846370]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281994^299L.684[aid=967820,csa=0268-1161^26vol=9^26iss=4^26firstpage=684,nlm=8046024]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281993^298L.1101[aid=967821,csa=0268-1161^26vol=8^26iss=7^26firstpage=1101,nlm=8408494]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281994^299L.1738[aid=967822,nlm=7836529]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281988^293L.117[aid=967823,nlm=3350932]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281994^2961L.891[aid=967824,csa=0015-0282^26vol=61^26iss=5^26firstpage=891,nlm=8174727]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281994^2962L.353[aid=967753,csa=0015-0282^26vol=62^26iss=2^26firstpage=353,nlm=8034085]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281991^2955L.109[aid=967760,csa=0015-0282^26vol=55^26iss=1^26firstpage=109,nlm=1986950]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281997^2967L.616[aid=967756,csa=0015-0282^26vol=67^26iss=4^26firstpage=616,nlm=9093182]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3363^281995^2952L.365[aid=967811,nlm=7711205]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281997^2912L.2483[aid=967812,nlm=9436690]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281997^2968L.724[aid=967817,csa=0015-0282^26vol=68^26iss=4^26firstpage=724,nlm=9341619]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281988^2950L.805[aid=967819,nlm=2846370]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281994^299L.684[aid=967820,csa=0268-1161^26vol=9^26iss=4^26firstpage=684,nlm=8046024]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281994^2962L.353[aid=967753,csa=0015-0282^26vol=62^26iss=2^26firstpage=353,nlm=8034085]

Human reproduction: pharmaceutical and technical advances

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Newton H, Aubard Y, Rutherford A, Sharma V, Gosden R. Low temperature storage and
grafting of human ovarian tissue. Hum Reprod 1996; 11: 1487-91

Oktay K, Nugent D, Newton H, Salha O, Chatterjee P, Gosden RG. Isolation and
characterization of primordial follicles from fresh and cryopreserved human ovarian tissue.
Fertil Steril 19975 67:481-6

Bahadur G, Steele S]. Ovarian tissue cryopreservation for patients. Hum Reprod 1996; 11:
2215-6

Hovatta O, Silye R, Krausz T et al. Cryopreservation of human ovarian tissue using
dimethylsulphoxide and propanediol-sucrose as cryoprotectants. Hum Reprod 1996; 11:
1268-72

Candy CJ, Wood M]J, Whittingham DG. Follicular development in cryopreserved marmoset
ovarian tissue after transplantation. Hum Reprod 1995; 10: 2334-8

Carroll J, Gosden RG. Transplantation of frozen thawed mouse primordial follicles. Hum
Reprod 1993; 8: 1163-7

Baker TG. Radio sensitivity of mammalian oocytes with particular reference to the human
female Am | Obstet Gynecol 1971; 110: 746-61

Meirow D, Lewis, H, Nugent D, Epstein M. Subclinical depletion of primordial follicular
reserve in mice treated with cyclophosphamide: clinical importance and proposed accurate
investigative tool. Hum Reprod 1999; 14: 1903-7

Brinster RL, Avarbock MR. Germline transmission of donor haplotype following
spermatogonial transfer. Proc Natl Acad Sci USA 1994;91: 11303-7

Schlatt S, Rosiepen G, Weinbauer GF, Rolf C, Brook PF, Nieschlag E. Germ cell transfer into
rat, bovine, monkey and human testes. Hum Reprod 1998; 14: 144-50

Gunasena KT, Villines PM, Critser ES, Critser JK. Live births after autologous transplant of
cryopreserved mouse ovaries. Hum Reprod 1997; 12: 101-6

Cox SL, Shaw J, Jenkin G. Transplantation of cryopreserved fetal ovarian tissue to adult
recipients in mice. | Reprod Fertil 19965 107: 315-22

Mazur P. Kinetics of water loss from cells at subzero temperatures and the likelihood of
intracellular freezing. | Gen Physiol 1963; 47: 347-69

Prins GS, Weidel L. A comparative study of buffer systems as cryoprotectants for human
spermatozoa. Fertil Steril 1986; 46: 147-9

Vincent C, Johnson MH, Cooling, cryoprotectants and the cytoskeleton of the mammalian
oocyte. Oxford Rev Reprod Biol 1992; 14: 72-100

Pickering SJ, Braude PR, Johnson M Cant A, Currie J. Transient cooling to room temperature
can cause irreversible disruption of the meiotic spindle in the human oocyte. Fertil Steril 1990;
54:102-8

Litkouhi B, Winlow W, Gosden RG. Impact of cryoprotective agent exposure on intracellular
calcium in mouse oocytes at metaphase II. Cryo Lett 1999;20: 353-62

Newton H, Pegg DE, Barrass R, Gosden RG. Osmotically inactive volume, hydraulic
conductivity, and permeability to dimethyl sulphoxide of human mature oocytes. | Reprod
Fertil 1999; 117: 27-33

Newton H, Fisher J, Arnold JRP, Pegg DE, Faddy MY, Gosden RG. Permeation of human
ovarian tissue with cryoprotective agents in preparation for cryopreservation. Hum Reprod
1998;13: 376-80

Newton H, Fisher J, Arnold JRP, Pegg DE, Faddy M], Gosden RG. Permeation of human
ovarian tissue with cryoprotective agents in preparation for cryopreservation. Hum Reprod
1998;13: 376-80

Cox SL, Shaw J, Jenkin G. Transplantation of cryopreserved fetal ovarian tissue to adult
recipients in mice. | Reprod Fertil 19965 107: 315-22

Gosden RG, Baird DT, Wade JC, Webb R. Restoration of fertility to oophorectomised sheep by
ovarian autografts stored at =196°C. Hum Reprod 1994; 9: 597-603

Gook DA, Edgar DH, Stern C. Effect of cooling and dehydration on the histological appearance
of human ovarian cortex following cryopreservation in 1,2-propanediol. Hum Reprod 1999;
14:2061-8

Rall WE. Cryopreservation of oocytes and embryos methods and applications. Anim Reprod Sci
1992;28: 237-301

614

British Medical Bulletin 2000;56 (No. 3)


http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281996^2911L.1487[aid=967827,nlm=8671490]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281997^2967L.481[aid=967752,csa=0015-0282^26vol=67^26iss=3^26firstpage=481,nlm=9091334]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281996^2911L.2215[aid=967828,csa=0268-1161^26vol=11^26iss=10^26firstpage=2215,nlm=8943532]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281996^2911L.1268[aid=967829,csa=0268-1161^26vol=11^26iss=6^26firstpage=1268,nlm=8671438]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281995^2910L.2334[aid=967830,nlm=8530662]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281993^298L.1163[aid=967831,csa=0268-1161^26vol=8^26iss=8^26firstpage=1163,nlm=8408511]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0002-9378^281971^29110L.746[aid=967832,nlm=4935165]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281999^2914L.1903[aid=967833,nlm=10402415]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^281994^2991L.11303[aid=967769,nlm=7972054]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281998^2914L.144[aid=967834,csa=0268-1161^26vol=14^26iss=1^26firstpage=144]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281997^2912L.101[aid=967835,csa=0268-1161^26vol=12^26iss=1^26firstpage=101,nlm=9043912]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-4251^281996^29107L.315[aid=967836,csa=0022-4251^26vol=107^26iss=2^26firstpage=315,nlm=8882299]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-1295^281963^2947L.347[aid=967837]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281986^2946L.147[aid=967838,nlm=3720973]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281990^2954L.102[aid=967840,csa=0015-0282^26vol=54^26iss=1^26firstpage=102,nlm=2358076]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0143-2044^281999^2920L.353[aid=967841]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-4251^281999^29117L.27[aid=967842,csa=0022-4251^26vol=117^26iss=1^26firstpage=27,nlm=10645242]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281998^2913L.376[aid=967843,nlm=9557842]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281998^2913L.376[aid=967843,nlm=9557842]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-4251^281996^29107L.315[aid=967836,csa=0022-4251^26vol=107^26iss=2^26firstpage=315,nlm=8882299]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281994^299L.597[aid=967844,csa=0268-1161^26vol=9^26iss=4^26firstpage=597,nlm=8046009]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281999^2914L.2061[aid=967845,csa=0268-1161^26vol=14^26iss=8^26firstpage=2061,nlm=10438427]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0378-4320^281992^2928L.237[aid=967846]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281996^2911L.2215[aid=967828,csa=0268-1161^26vol=11^26iss=10^26firstpage=2215,nlm=8943532]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281996^2911L.1268[aid=967829,csa=0268-1161^26vol=11^26iss=6^26firstpage=1268,nlm=8671438]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281993^298L.1163[aid=967831,csa=0268-1161^26vol=8^26iss=8^26firstpage=1163,nlm=8408511]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281990^2954L.102[aid=967840,csa=0015-0282^26vol=54^26iss=1^26firstpage=102,nlm=2358076]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-4251^281999^29117L.27[aid=967842,csa=0022-4251^26vol=117^26iss=1^26firstpage=27,nlm=10645242]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281998^2913L.376[aid=967843,nlm=9557842]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281998^2913L.376[aid=967843,nlm=9557842]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281999^2914L.2061[aid=967845,csa=0268-1161^26vol=14^26iss=8^26firstpage=2061,nlm=10438427]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0378-4320^281992^2928L.237[aid=967846]

Cryopreservation of gonadal tissue and cells

54

55

56

57

58

59

60

61

62

63

64

Martino A, Songasen N, Leobo SP. Development into blastocysts of bovine oocytes
cryopreserved by ultra-rapid cooling. Biol Reprod 1996; 54: 105969

Leibo SP, Oda K. High survival of mouse zygotes and embryos cooled rapidly or slowly in
ethylene glycol plus polyvinylpyrrolidone. Cryo Lett 1993; 14: 13344

Kobayashi S, Takei M, Tomita M, Leibo SP. Piglets produced by transfer of vitrified porcine
embryos after stepwise dilution of cryoprotectants. Cryobiology 1998; 36: 20-31

Trounson A, Sjoblom P. Cleavage and development of human embryos in vitro after ultrarapid
freezing and thawing. Fertil Steril 1988; 50: 373-6

Hovatta O, Silye R, Abir R, Krausz T, Winston RML. Extracellular matrix improves survival
of both stored and fresh human primordial and primary ovarian follicles in long-term culture.
Hum Reprod 1997; 12: 1032-6

Oktay K, Newton H, Mullan J, Gosden RG. Development of human primordial follicles to
antral stages in SCID/hpg mice stimulated with follicle stimulating hormone. Hum Reprod
1998;13: 1133-8

Nugent D, Newton H, Gallivan L, Gosden RG. Protective effect of vitamin E on ischaemia-
reperfusion injury in ovarian grafts. | Reprod Fertil 1998; 114: 341-6

Baird DT, Webb R, Campbell BK, Harkness LM, Gosden RG. Long-term ovarian function in
sheep after ovariectomy and transplantation of autografts stored at =196°C. Endocrinology
1999; 140: 462-71

Aubard Y, Piver P, Cognie Y, Fermeaux V, Poulin N, Driancourt MA. Orthotopic and
heterotopic autografts of frozen-thawed ovarian cortex in sheep. Hum Reprod 1999; 14:
2149-54

Shaw JM, Bowles J, Koopman P, Wood EC, Trounson AO. Fresh and cryopreserved ovarian
tissue samples from donors with lymphoma transmit the cancer to graft recipients. Hum
Reprod 1996; 11: 1668-73

Gougeon A. Regulation of ovarian follicular development in primates: facts and hypotheses.
Endocrine Rev 1996; 17: 121-55

British Medical Bulletin 2000; 56 (No. 3) 615


http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3363^281996^2954L.1059[aid=967847,csa=0006-3363^26vol=54^26iss=5^26firstpage=1059,nlm=8722627]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0011-2240^281998^2936L.20[aid=967849,nlm=9500930]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0015-0282^281988^2950L.373[aid=967850,nlm=3396707]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281997^2912L.1032[aid=967746,csa=0268-1161^26vol=12^26iss=5^26firstpage=1032,nlm=9194661]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281998^2913L.1133[aid=967851,csa=0268-1161^26vol=13^26iss=5^26firstpage=1133,nlm=9647533]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-4251^281998^29114L.341[aid=967852,csa=0022-4251^26vol=114^26iss=2^26firstpage=341,nlm=10070363]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281999^2914L.2149[aid=967854,csa=0268-1161^26vol=14^26iss=8^26firstpage=2149,nlm=10438442]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281996^2911L.1668[aid=967855,csa=0268-1161^26vol=11^26iss=8^26firstpage=1668,nlm=8921114]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0163-769X^281996^2917L.121[aid=870140,csa=0163-769X^26vol=17^26iss=2^26firstpage=121]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281998^2913L.1133[aid=967851,csa=0268-1161^26vol=13^26iss=5^26firstpage=1133,nlm=9647533]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281999^2914L.2149[aid=967854,csa=0268-1161^26vol=14^26iss=8^26firstpage=2149,nlm=10438442]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0268-1161^281996^2911L.1668[aid=967855,csa=0268-1161^26vol=11^26iss=8^26firstpage=1668,nlm=8921114]

