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ABSTRACT

Cell Membrane Permeability Coefficients of Murine and 
Human Oocytes : Fluxes of Water and Cryoprotectants
During Cryopreservation Procedures.

The aim of this thesis was to determine the cell membrane 
permeability characteristics of human pre-ovulatory oocytes 
and to apply this information to the development of a 
successful cryopreservation protocol. Currently, although 
there is no reliable method for the cryopreservation of human 
oocytes, there is an urgent need for such a technique in 
clinical I.V.F. programmes. The permeability of cells to both 
water and cryoprotectants is important in determining whether 
a cell will survive the cryopreservation procedure, and these 
basic parameters are unknown for human oocytes.

A microscope diffusion chamber was developed to allow 
direct measurement of cell membrane permeability under 
controlled environmental conditions of temperature and solute 
exposure. Volumetric responses of individual oocytes were 
recorded using video microscopy, and cell volume data 
processed using a computer algorithm based on the Kedem- 
Katchalsky membrane transport equations. From these values the 
membrane water permeability ( Lp ), the temperature-dependent 
Arrhenius activation energy ( Ea ) of the Lp, and the solute 
permeability ( w ) were calculated. The values of Lp and Ea
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ABSTRACT

for fresh pre-ovulatory human oocytes were compared to those 
calculated for mouse oocytes for which values have previously 
been determined and failed-to-fertilise human oocyte ( Ff ). 
Values for Lp and Ea in human oocytes were of the same range 
as those determined for the mouse, but human pre-ovulatory 
oocytes were inherently more diverse than mouse oocytes. The 
most reliable value for Ea of the human oocytes was obtained 
by studying individual fresh oocytes at several temperatures, 
and this yielded a mean value for Ea similar to other 
mammalian cells.

At low temperatures, both mouse and human oocytes, 
responded to hypertonic perfusion with an altered morphology 
and non-spherical shrinkage. Although this response was 
morphologically reversible, it led to a reduction in the 
subsequent fertilisation and embryonic development. However, 
exposure of oocytes to cryoprotectants before cold shrinkage 
provided some protection to the oocytes as judged by 
subsequent fertilisation and reduced the damage to the 
developmental potential. Taking the values for Lp and Ea into 
account, protocols were chosen to investigate cryopreservation 
of human oocytes using glycerol or dimethyl sulphoxide as 
cryoprotectants. Fertilisation was achieved using both 
systems following cryopreservation, but further embryonic 
development was inhibited.
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CHAPTER 1 - INTRODUCTION

CHAPTER 1 

Introduction

1.1 Infertility
Infertility, usually diagnosed when a couple attempting 

to become pregnant have not done so within 12 months, may 
result from a number of causes. Often, infertility is a 
result of multiple factors both male and female ( Figure 
1 ). It can be divided into primary infertility - when the 
couple have never achieved a pregnancy, or secondary - when 
there has been a previous conception. In 1979 Steptoe and 
Edwards successfully developed the techniques of in vitro 
fertilisation ( I.V.F.) and embryo transfer ( E.T.) for
clinical use with patients. This enabled treatment of a 
subgroup of infertility patients, those women in which the 
fallopian tubes were blocked.

Progress in the treatment procedures involved in I.V.F. 
has resulted in the techniques being applicable to a wider 
range of infertility problems. Since the stimulation 
procedures in I.V.F. may produce oocytes in excess of a 
patient's requirements, if consent is obtained excess 
gametes can be donated for transfer into the uterus of a 
recipient female to establish a successful pregnancy 
( Trounson et al, 1983 ). Thus it is now possible to treat 
women from whom oocytes cannot be collected, either due to
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Tubal Disease Cervical Factor

Reconstructive
Surgery

Antibodies

Steroid
Therapy

Endometriosis

Danazol
Therapy

Male Factor

Irregular Oligospermia
Ovulation

Varicocele Infection
Ovulation
Induction

Repair Treatment

Unexplained

In Vitro Fertilisation

Figure 1 Causes of infertility and Criteria for In Vitro 

Fertilisation
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Indications for In Vitro Fertilisation
i) Tubal disease : unsuitable for surgery

unsuccessful surgery 
patent but abnormal

ii) Unexplained Infertility

iii) Endometriosis

iv) Male subfertility : oligospermia
low motility 
abnormal morphology 
antisperm antibodies

v) Failed donor insemination

vi) Cervical hostility

vii) Failed ovulation induction

viii) Therapy for female cancer ( embryo freezing prior to 
chemotherapy / cytotoxics )

ix) Premature menopause - Donor oocytes
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CHAPTER 1 - INTRODUCTION

a failure to produce oocytes as a result of premature 
menopause or failure to stimulate the ovary, by utilising 
the technique of oocyte donation. In addition, donation 
would overcome the risk of transmission of genetic disease 
to an embryo from parents who are known carriers of such 
diseases. Although few techniques exist to improve the 
quality of semen such as sperm density, motility, and 
morphology, I.V.F is a feasible option for couples where 
the man presents subnormal semen characteristics. 
Fertilisation in vitro can occur with sperm concentrations 
in the range of 2 x 105 - 2 x 106 / ml ( Trounson et al, 
1981 ). The low sperm density required for fertilisation
allowed the treatment of male factor infertility patients 
by I.V.F. ( de Krester, 1985 ). In addition I.V.F. is now 
used with those for couples whose infertility remains 
unexplained ( Mahadeven et al, 1983 ).

1.2 The History of In Vitro Fertilisation
The culture of embryos outside of the maternal uterus 

was reported for rabbits in 1890 ( Heape, 1890 ) and since 
this time many improvements have been made which have made 
culture and transfer techniques increasingly simple for 
embryos of many species and of various pre-implantation 
stages. In 1939 Pincus and Saunders collected and matured 
the first mammalian oocytes in vitro, as determined by 
chromosome studies. By 1965, this technique was applied to
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CHAPTER 1 - INTRODUCTION

human oocytes which developed to the point of extrusion of 
the first polar body ( Edwards, 1965a, 1965b ). Meanwhile 
investigations into the role of the pituitary hormones lead 
to the ability to induce superovulation. Adult mice were 
hormonally stimulated and pregnancies established with 
greater than normal numbers of offspring ( Fowler and 
Edwards, 1957 ). Within a few years human menopausal
gonadotrophins ( HMG ) and human chorionic gonadotrophins 
( hCG ) were being used to stimulate women with abnormal 
ovulation cycles ( Gemzel, 1967 ). With the advent of
laparoscopy it was possible to collect oocytes immediately 
prior to ovulation and successfully fertilise them 
( Edwards et al, 1969 ).

The major part of the basic research for in vitro 

embryo culture was carried out on the mouse ( Brinster, 
1965, Brinster, 1970, Whittingham, 1971, Whitten, 1971 ).
Although mouse embryos were able to grow in a variety of 
conditions optimal growth occurred within the range pH 7.2 
- 7.3, with a medium osmolality of approximately 280 mOsm 
in an atmosphere of 5 % C02, 5 % 02, and 90 % N2. Supplements 
of lactate and pyruvate were found to be required for the 
growth of the early embryo since glucose can not be 
utilized until after the initiation of the first cleavage 
division ( Brinster, 1971 ). Serum albumin and amino acids 
were also used to act as sources of nitrogen prior to the 
formation of the two cell embryo.
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Although embryos cultured in vitro may lag behind those 
developing in vivo ( Binkero et al, 1979 ) they can easily 
progress to the hatching blastocyst stage. Even though it 
was possible to fertilise and grow human oocytes on to the 
blastocyst stage in vitro ( Edwards et al, 1969, 1970 ),
replacement of embryos into the uterus of an infertile 
woman did not result in pregnancy ( Edwards, 1973 ).
Deficiencies in the luteal phase were indicated as the 
major source of the problem and various combinations of 
luteal support were investigated until an ectopic pregnancy 
was established ( Steptoe and Edwards, 1976 ). This was 
followed by the first development to term and live birth of 
an in vitro cultured and fertilised oocyte following 
natural cycle folliculogenesis ( Steptoe & Edwards, 1979). 
Stimulated cycles using HMG or clomiphene were 
reintroduced, successful implantations achieved and the 
advantages of replacing more than a single embryo were 
recognised ( Jones et al, 1984, Trounson et al, 1981, 
Edwards and Steptoe, 1983 ). Endocrine stimulation
techniques were altered to prevent spontaneous or 
unexpected ovulation, controlling the day of collection 
( Porter, 1984 ).

Although the stimulation and embryo culture techniques 
are continuously being modified and improved there are 
still problems with the treatment. Successful I.V.F. 
combined with cryopreservation of the embryos / gametes
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would be beneficial, in a variety of species, particularly 
endangered species, but application of the methods have so 
far been limited. Much of the detail concerning the 
development of embryos of particular species is unknown or 
not fully understood. Even in the mouse, where much of the 
basic research has been performed, 2 - cell blocks are 
common in many strains, preventing on-growth of the embryos 
in culture. Embryogenesis is extremely complex, involving 
multiple cell divisions and differentiations which combine 
to determine the fate of individual cells or groups of 
cells in the embryo. Births following the transfer of human 
in vitro fertilised embryos are now common. However, 
although I.V.F. is often considered to be the solution to 
infertility and is used in numerous centres around the 
world, the success rates are not consistent. They have 
improved little in recent years, the established pregnancy 
rate being 15 % compared to the initial rate of
approximately 8 %. The techniques involved are extremely 
sensitive and the success of individual I.V.F. programmes 
is still very variable with some units achieving success 
rates of approximately 40 %. Each of the procedures in 
I.V.F. including cryopreservation, are the subject of 
ongoing study in an attempt to improve the overall success 
of the treatment.

38



CHAPTER 1 - INTRODUCTION

1.3 Oogenesis and Ovulation
Although superovulatory techniques have created an 

abundance of material from a single stimulation cycle 
leading to an excess of oocytes, and thus potentially 
embryos, for transfer, the overall number of primary 
oocytes available in the ovaries are limited. There are 
several factors that contribute to the sparse numbers of 
oocytes in mammalian species the most important of which is 
that the number of primordial follicles is fixed from 
birth. Unlike the male of the species, where 
spermatogenesis is carried on throughout life, the female 
has completed the initial differentiation of the germ cells 
to the primordial oocyte stage prior to birth and is unable 
to recruit any further cells if this finite stock is 
depleted ( Figure 2 ). If all of the oocytes are destroyed
such as by exposure to X irradiation or radio /
chemotherapy in cancer treatment, they will not be replaced 
from the stem cells, resulting in infertility. The 
migration of primordial germ cells to the ovary is followed 
by a period of mitotic cell proliferation and these oogonia 
subsequently differentiate into primary oocytes. Many of 
the oogonia fail to mature and degenerate before reaching 
the primary oocyte stage, and the small number that do 
undergo a final mitotic division then replicate their DNA
and enter meiosis. The completion of mitosis and switch to
meiosis is a result of an initiation factor secreted from
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Figure 2 Development of the oocyte from the germ cell stage
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the rete ovarii tissue. Removal of the rete tissue prevents 
meiosis from occurring.

In meiosis following the replication of the DNA strands 
to produce chromatids, prophase is initiated with the 
attachment of the chromosomes to the nuclear envelope via 
attachment plaques ( leptotene ). The DNA then condenses, 
the homologous chromosomes pair with the formation of the 
synaptonemal complex, a protein axis between the homologous 
chromosomes, ensuring they are kept closely aligned forming 
bivalents ( zygotene ) ( Figure 3 ) . Coiling causes
chromosome thickening which is accompanied by the formation 
of recombination nodules ( pachytene ). Once in pachytene, 
the cell may remain in this stage for an extended period 
after which the chromatids cross over leading to the 
appearance of the chromosomes as meiotic figures 
( diplotene ). During this period desynapsis occurs and the 
chromatin decondenses while RNA is synthesised ( Figure 
4 ) . At the onset of the diplotene phase the majority of 
the primary oocytes are arrested in the nucleated phase 
with the nucleus visible ( germinal vesicle ). The oocyte 
is enclosed by a single layer of presumptive gjranulosa 
cells that are connected to the oocyte via gap junctions 
which allow the passage of small molecules or metabolites 
and are maintained even when the oocyte has synthesised the 
zona pellucida. Oocytes are enclosed in a follicle which 
severs the links between the daughter cells of ;a single
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oogonium. These primordial follicles then enter a "rest" 
period lasting from just prior to birth to the onset of 
sexual maturation which may be many months or years 
depending on the species. During this period there is 
active transcription of the mRNA, loading the oocyte with 
maternal genome products for the process of maturation and 
development which is accompanied by growth of the oocyte. 
A small proportion of the follicles begin to develop, the 
follicle cells enlarge and increase in numbers producing a 
multilayered coating. These granulosa cells secrete a 
glycoprotein, forming an acellular layer around the oocyte, 
the zona pellucida. In addition the oocyte plasma membrane 
looses its smooth appearance, developing microvilli, and a 
period of oocyte growth occurs ( Figure 5 ) . For the 
primary follicle to continue development past the initial 
growth phase the pituitary gonadotrophin Follicle 
Stimulating Hormone ( FSH ) must be released, stimulating 
the formation of an antrum or fluid-filled cavity in 
response to the accumulation of oestrogen. The granulosa 
cell layer develops gap junctions between the cells, and 
membrane receptors for oestrogen and FSH while the 
surrounding vascularised thecal layer develops luteinizing 
hormone ( LH ) receptors. There is a continuous progression 
of follicles through the growth phase and they can only 
progress on to the antral stage if the tonic level of FSH
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and LH in circulation are sufficiently high.The granulosa 
and thecal cells increase in numbers so that there is 
follicular growth, with continued synthesis of RNA and 
proteins although there is little accompanying increase in 
the size of the oocyte. The thecal cells form two distinct 
layers, the vascular interna and the fibrous externa. Fluid 
forms between the granulosa cells which, upon aggregation 
in a single cavity forms the follicular fluid-filled 
antrum. The oocyte initially remains embedded in the 
follicle cells ( cumulus oophorus) which remain compact 
until maturation is nearing completion.

The outer granulosa cells develop LH receptors 
allowing both the thecal and granulosa cells to bind LH. If 
this coincides with the LH surge, the follicles can 
continue through to the pre-ovulatory phase ( Figure 6 ) . 
Cytoplasmic maturation commences with the Golgi apparatus 
synthesising cortical granules which migrate to a 
subcortical position. The chromosomes recondense and the 
nuclear envelope surrounding the germinal vesicle breaks 
down. The thecal layer becomes less prominent in response 
to the initial rise in LH, and immediately after the LH 
peak the outer granulosa cells exhibit a reduced ability to 
bind with FSH. The cumulus cells expand to become the 
corona radiata and initiate withdrawal of the cytoplasmic 
connections with the follicle cells. The oocyte remains 
attached to the peripheral granulosa cells of the follicle
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wall by a thin column of cells which suspend the oocyte in 
the fluid filled antrum ( Figure 7 ). This may permit the 
primary oocyte to develop into a secondary oocyte as the 
follicular cells may release an inhibitory factor which 
reduces the binding of FSH to the granulosa cells or the 
accumulation of cAMP. The uncoupling of the oocyte from the 
follicle wall reduces the level of the inhibitor. The LH 
surge may act to prevent the production of this inhibitor, 
reduce cAMP or cause the production of a maturation 
promoter.

With the onset of maturation the oocyte resumes meiotic 
cell division with the chromosomes attaching to the spindle 
equator and the homologs separating to opposite poles. One 
haploid set of chromosomes, along with a small amount of 
cytoplasm, is extruded but retained inside the zona 
pellucida as the first polar body. The asymmetrical cell 
division results in the formation of the secondary oocyte, 
at which point there is a further interruption in the 
meiotic process and a period of arrest while the oocyte is 
ovulated ( Figure 8 ) . The oocyte, which now has only a 
cursory attachment to the outer granulosa cells, becomes 
increasingly prominent on the ovarian surface. This leaves 
only a thin layer of epithelial cells between it and the 
peritoneal cavity and as the wall becomes avascular the 
intervening cells appear to degenerate and the follicle 
ruptures. The follicular fluid leaves the follicle and
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Figure 6 Maturation of the oocyte, a) breakdown of the 
germinal vesicle, b) chromosome condensation, c)
termination of cytoplasmic connections, d) migration of the 
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division I
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carries the cumulus mass containing the oocyte into the 
oviduct.

1.4 Fertilisation
Ciliary action on the fimbria of the oviduct moves the 

cumulus egg mass into the ostium and the oocyte moves down 
the oviduct to the ampulla where it may be eventually 
fertilised ( Figure 9 ). The second meiotic cell division 
in mammalian species is usually stimulated by penetration 
of a spermatozoon, inducing the chromosomes to rapidly 
orientate on the equator and the separation of sister 
chromatids to opposite poles. The cell division is again 
asymmetrical and a second polar body is extruded which, 
along with the first, will eventually degenerate. The delay 
of the second meiotic division means the oocyte is diploid 
for most of the growth and development phase, thus avoiding 
any deleterious effects of recessive alleles which are 
extremely important when considering the long period of 
arrest.

A period of capacitation, in which the glycoprotein 
coatings of the spermatozoon are removed by breakdown of 
interactions between the charged molecules, is required 
before fertilisation of the oocyte can occur. Modification 
of the plasma membrane, accompanied by an influx of Ca2+ 
through ion channels may initiate activation of the 
spermatozoon in which the plasma membrane of the head fuses

50



CHAPTER 1 - INTRODUCTION

Hours Post
Mature oocyte
within
follicle

Zona pellucida

Nucleus
(germinal
vesicle)

Oocyte and 
follicle cells 
released 
from ovary

Cumulus O ° o  
(follicle) 
cells 0,00

First polar 
body

.Second 
polar body

. 2 

. 4 
- 6 

. 8 

.10 

12 

-14 
-16 
-18 
-20 
-22 
-24 
-26 
-28 
-30 
-32 
-34

]
Surge in plasma level of 
LH (natural ovulation) or 
hCG (super ovulation)

Nuclear maturation

Breakdown of germinal vesicle 
& onset of first meiotic division

First meiotic division 
& polar body formation 
complete before ovulation

Ovulation & Fertilisation

Fertilization triggers completion 
of second meiotic division & 
formation of second polar body

Extrusion of 
2nd Polar Body

Nuclear membranes form & 
pronuclei move towards center; 
DNA synthesis starts

First round of DNA 
synthesis complete

Cleavage to Two-Cell

Second round of DNA 
synthesis occurs 1-5 hours 
after first cleavage

Figure 8 Ovulation and Fertilisation of the Mouse Oocyte.

51



CHAPTER 1 - INTRODUCTION
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with the acrosomal membrane, exposing the contents of the 
acrosomal vesicle to the exterior. The tail movements of 
the spermatozoon become exaggerated and the membrane in the 
posterior section of the head develops the capacity to fuse 
with the oocyte membrane.

The spermatozoon and oocyte are brought into close 
proximity in the ampulla where the acrosome reaction occurs 
in response to secretions in the female genital tract. This 
includes release of hyaluronidase, an enzyme which digests 
the hyaluronic acid matrix holding the cumulus cells 
together. The dispersal of the cumulus mass allows the 
spermatozoon access to the zona pellucida, which is 
composed of several layers ( the outer being loosely woven 
and filamentous, while the inner zone is compact with a 
number of small pores ) . The zona has many muccoproteins or 
mucopolysaccharides which can be digested by enzymes. In 
addition there are numerous carbohydrate receptors on the 
inner acrosomal membrane of the spermatozoon which attach 
to those on the zona. The binding formed initially at the 
tip of the sperm head is temporary, being succeeded by a 
more permanent binding in which the sperm orientates to lie 
horizontal to the zona. In many mammals the binding sites 
on the zona are highly species specific and prevent cross 
species fertilisation. The zona pellucida is digested by 
enzymes from the spermatozoon and the spermatozoon 
penetrates, using exaggerated oblique movements of the tail
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to lie in the perivitelline space. After fusion of the post 
acrosomal area of the spermatozoon head plasma membrane 
with the vitelline membrane of the oocyte, movement of the 
spermatozoon ceases ( Figure 10 ).

Although many spermatozoa may attach to the zona 
pellucida, normally only one fuses with the oocyte to 
create a diploid cell. To avoid multiple spermatozoon 
penetration ( polyspermia ) there is a rapid block to 
further spermatozoon fusion once a single spermatozoon has 
penetrated. There is a propagated wave of rapid 
depolarization of the oocyte membrane, the change in the 
electrical charge of the membrane spreads from the point of 
fusion and results in a transient increase in the level of 
cytosolic free Ca2+. In response to the release of bound 
Ca2+, the cortical granules fuse with the vitelline membrane 
and release their enzymes which act on the zona to block 
further spermatozoon penetration. The glycoproteins of the 
zona become crosslinked and the receptors are no longer 
able to bind to the spermatozoon.

The penetration and fusion of the spermatozoon causes 
the oocyte to initiate the second meiotic division and 
extrusion of a haploid set of chromosomes in the second 
polar body. Sperm fusion occurs at a point removed from the 
site of the formation of the second meiotic spindle, 
possibly due to an absence of microvilli in the area. This 
is advantageous as it reduces the risk of interference in
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formation of a diploid cell containing two different sets 
of chromosomes. While the second polar body is in the 
process of extrusion, the sperm cytoplasm ( including the 
head, midpiece, and a large portion of the tail ) passes 
into the oocyte. The nuclear membrane surrounding the male 
chromosomes breaks down and the chromatin decondenses in 
response to factors in the ooplasm. Membranes form around 
the male and female haploid chromosomes creating pronuclei 
located subcortically. In many mammalian species the male 
pronucleus is larger than the female. In the mouse the two 
pronuclei condense asynchronously, the male to a lesser 
degree than the female. The pronuclei enlarge as nucleolar 
activity continues, mitochondria and Golgi apparatus become 
concentrated in the ooplasm surround the pronuclei which 
gradually migrate to a central position while synthesising 
DNA. Although they assume adjacent positions, the pronuclei 
of the human or mouse do not fuse. After the chromosomes 
have condensed and duplication is completed, the nuclear 
membrane breaks down and the chromosomes locate on the 
spindle equator where there is intermingling of the male 
and female homologs. This is followed by the first cleavage 
division and the production of a two - cell embryo.

1.5 Embryogenesis
After fertilisation of the oocyte, the single cell 

embryo remains in the oviduct for a period of time which is
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species specific, during which the embryo undergoes 
numerous cell divisions. A combination of ciliary action 
and muscle contraction are thought to move the developing 
embryo through the oviduct into the uterus where 
implantation occurs. The rate of movement down the oviduct 
is constant and the embryo at particular stages of division 
can be located at various points in the oviduct ( Fig. 9 ). 
In the human the embryo remains in the ampulla for 72 h, 
of which for 30 h it is at the ampulla - isthmic junction, 
and then moves rapidly through the isthmus to the uterus.

After the 8 - cell stage the plasmalemma and cytoplasm 
alter, the cells become flattened and cell - cell contact 
increases resulting in the formation of tight junctions. 
Compaction of the embryo is accompanied by a rapid increase 
in the RNA and protein synthesis, in conjunction with a 
restriction in the developmental potential of the 
individual cells. There are rapid alterations in the morula 
at the 32 - 64 cell stage with the cells differentiating 
into inner and outer cell masses. When the embryo has 
developed to the blastocyst stage, the cells have developed 
an apical and basement membrane. The outer trophectoderm is 
characteristic epithelium with apical junctional complexes 
and acts as a seal to the external environment. This 
surrounds the blastocoelic cavity and the inner cell mass. 
The size of the embryo does not increase during the initial 
cell divisions, and in the mouse and human there is only a
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slight increase by the blastocyst stage.
The cells of the blastocyst are pulsatile and force 

blastocoelic fluid into the space between the zona 
pellucida and the embryo. The contraction of the blastocyst 
in conjunction with the release of a trypsin-like enzyme 
from the trophoblast cells causes the embryo to hatch 
( Wassarman et al, 1984 ). After the blastocyst leaves the 
zona, and if the uterine wall is in close presentation and 
has reached the appropriate stage of development, it 
invades the uterine epithelium, the underlying basal lamina 
and the endometrium, initiating implantation and 
establishing a pregnancy. The endometrium is extremely 
sensitive to implantation if it has been primed with high 
levels of progesterone preceded by exposure to oestrogen, 
as in the natural cycle luteal phase.

1.6 Cryopreservation of the Unfertilised Oocyte : The 
Reasons Why Cryopreservation is Required.

Although the prenatal female has large numbers of 
oogonia ( in the human this can reach approximately 7 
million ), most fail to progress to the primary oocyte 
stage due to degeneration, possibly caused by abnormal 
spindle formation. This process of atresia is continued 
through the prolonged meiotic arrest and by birth many of 
the primary oocytes have themselves degenerated. In the 
early follicle stages, the atresia is recognisable by the
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dark granular appearance of the cytoplasm while in the 
growing follicle it is often seen as maturation and 
segmentation inappropriate of follicular development. Even 
after birth, and prior to puberty, the number of viable 
oocytes continues to decrease, such that in the human only 
300,000 primary oocytes remain. In the mouse more than half 
the primordial follicles present at birth have been lost by 
the time of sexual maturity. During the reproductive span 
of the human female only approximately 400 oocytes would be 
naturally ovulated due to the release of only a single 
oocyte per cycle.

Natural folliculogenesis involves recruitment of the 
small antral follicles during the first few days of the 
menstrual cycle controlled by gonadotrophins released from 
the pituitary gland. Initially, FSH and LH are produced at 
a basal level on day 1 to day 6 causing the growth of a 
cohort of pre-antral follicles. This is followed by a rise 
in the FSH above a threshold level, allowing oocytes at the 
appropriate stage of maturity to continue development to 
ovulation. The time the FSH stays at an elevated level is 
a 11 gate" through which follicles must pass to avoid 
atresia and determines the number of follicles developing 
to ovulation ( Figure 11 ) . From the group of synchronously 
developing follicles only one normally sustains the process 
to the pre-ovulatory Graafian follicle stage, while the 
remainder become atretic. The selection process by which
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the dominant follicle is chosen is not understood, nor is 
it fully elucidated how once dominant it continues to grow 
in an environment inhospitable to the rest of the cohort. 
However the dominant follicle does secrete a regulatory 
protein which may decrease the sensitivity of others to 
stimulation by gonadotrophins. In addition there is a local 
increase in the oestradiol levels in the selected follicle 
which encourages growth.

The control over production of a single oocyte during 
a natural stimulation cycle can be bypassed by the 
administration of exogenous gonadotrophins. Follicular 
stimulation regimes in I.V.F. programmes act to extend the 
FSH "gate" through which the oocytes pass on to maturity, 
resulting in multiple ovulation. The patient is initially 
down-regulated, in which the natural hormonal secretion is 
prevented by administering an analog which binds with the 
gonadotrophin releasing hormone ( GnRH ) receptors. This 
keeps the FSH and LH at a basal level. Exogenous FSH is 
administered to stimulate follicular growth, and hCG to 
mimic the natural LH surge. The introduction of these 
superovulatory techniques in the treatment of infertility 
has resulted in the development of numerous follicles since 
it has been impossible to accurately control the numbers 
even when the follicular growth was monitored using 
ultrasound scanning and estimation of oestradiol 17B and 
the hormonal stimulation varied accordingly. If all of the
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follicles were emptied, this would result in the collection 
of large numbers of oocytes from a single treatment cycle. 
Fertilisation of all of the oocytes collected would, if 
successful, create numerous embryos of which only a limited 
number could be replaced. It has long been established 
( Wood et al, 1984, 1985, Steptoe, 1985 ) that the greater 
the number of embryos replaced, the higher the chance of 
establishing a successful pregnancy. However, it has also 
been shown that the greater the number of embryos 
transferred, the higher the risk of a multiple pregnancy 
( Mettler et al, 1984, Seppela, 1985 ) which is often
detrimental to both the maternal and foetal health. A 
voluntary code of conduct was agreed upon by the parties 
interested in I.V.F. in the U. K. along the lines suggested 
by the Warnock Report ( Warnock, Department of Health and 
Social Security, 1984 ). The Voluntary Licensing Authority 
was set up to monitor I.V.F. centres and regulate both the 
research and therapeutic aspects of the work. The 
recommendations of this committee were to limit the number 
of embryos replaced in a single cycle to a maximum of three 
in I.V.F. and four oocytes in gamete intrafallopian tube 
transfer ( G.I.F.T.), which would serve to maximize the
increased chances of pregnancy while minimising the risks 
of multiple pregnancy.

The limit on embryo replacement has meant that all of 
the embryos produced in a stimulation cycle can not be
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Figure 11 Follicular growth as a function of hormone level.
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replaced in that cycle and must be either disposed of or 
stored for replacement in a subsequent cycle. Both 
approaches to handling excess embryos have produced areas 
of contention and disapproval, on religious, ethical and 
legal grounds ( Robertson, 1987, Grobstein and Flower, 
1985, Scott, 1985 ). Problems arising from the disposal of 
embryos are complicated by the question of " ownership " 
upon the dissolution of the partnership or death of one of 
the members.

It is possible to maintain cells in a viable state for 
only a very limited time in culture even under conditions 
of controlled temperature, pH, osmotic pressure, and 
nutrient composition. Since storage time is usually only a 
few days, a method to prolong this period needed to be 
established. The processes that in a cell limit viability 
in culture are either biochemical ( often requiring 
metabolic energy ) or physical ( for example passive 
diffusion ) which depend solely on the rate of molecular 
motion. Long term preservation of tissues and cells can be 
achieved by a reduction in the temperature of storage.

Chemical reactions require an energy of activation and 
the relationship between the reaction rate and the 
temperature was described by Arrhenius ( 1889 ) as the log 
of the reaction rate ( K ) being proportional to the 
reciprocal of the absolute temperature ( T ). An Arrhenius 
plot of K against 1 / T for a process containing a single
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rate limiting step is a straight line with a slope equal 
to the activation energy ( Ea ) / R where R is the gas
constant.

Ln K = a constant - Ea / RT
equation 1.1

As the temperature decreases, the reaction rate generally 
exhibits a decreasing linear relationship and any breaks 
suggest alterations in the reaction mechanisms. The affect 
of decreasing the temperature has a complex effect on 
integrated metabolic pathways which may result in the 
reactions becoming uncoupled. In theory lowering the 
temperature to -150°C reduces molecular motion to such an 
extent that molecular interactions are negligible and the 
cell is held in a state of suspended animation. Reducing 
the temperature further to -273.16°C ( absolute zero )
means there is insufficient thermal energy for any 
molecular motion to proceed on. At the temperature of 
liquid nitrogen ( -196°C ), the most commonly used cryogen 
in cryopreservation for the past 20 years, water can only 
exist in either a crystalline or a glassy state. Thus 
diffusion and other physical processes in the cell are too 
slow for reactions between molecules. Apart from free 
radical damage, most deleterious events that occur during 
freezing and thawing procedures are at high subzero
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temperatures and, if these can be avoided, the cells can be 
stored for many years with no adverse affects.

Of those oocytes that are viable, there is only a small 
percentage that can be successfully fertilised when 
ovulated in a natural cycle or collected in I.V.F. Of the 
subsequent embryos, again only a limited number would be 
capable of implantation, and development to full term. Any 
preservation protocol developed for the unfertilised oocyte 
must have a high rate of successful recovery if it is going 
to be ethically or logistically practicable in human I.V.F.

These reasons, in addition to the scarcity of the human 
material, makes it ethically questionable to use human 
oocytes in preservation methods that are based on a purely 
empirical approach. The possible combinations of freezing 
using a particular cryoprotectant, choice of cooling and 
warming rate are so numerous that success is unlikely to be 
achieved by guesswork. Many oocytes could be wasted, with 
no guarantee that a successful protocol would ever be 
devised. Successful cryopreservation of animal oocytes of 
several species has now been reported, and it has been 
possible to determine many of the characteristics that are 
important for cell recovery from cryopreservation. However 
for the human oocyte none of these parameters are known to 
date, the investigation of these characteristics have 
formed the basis of the work in my thesis.
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1.7 Cryopreservation
1.7.1 The History of Cryopreservation

Interest in the effect of freezing on biological 
material has been recorded over many centuries and these 
early studies have reported many pertinent observations. 
For example in 1897 Hans Molisch published a report on the 
response of cells to subzero temperatures and ice 
formation. The observations of Molisch recorded both 
intracellular ice formation in amoebae when cooled to -9°C 
and cell shrinkage in Spirogyra as ice crystals formed in 
the extracellular solution at approximately -3°C to -6°C. 
Molisch concluded :

" The death of cells by freezing does not always occur 
in the same manner, but in three distinctive ways :

a) Cells freeze and actually solidify in the 
protoplast ( amoeba, Phycomyces, filaments of the 
anther of Tradescantia ).

b) Death by freezing occurs although the cell itself 
does not freeze. In this case water escapes from 
the cell and freezes on the outer surface of the 
cell wall where forms a sheath of ice which 
closely adheres to the cell. This is usually 
accompanied by tremendous shrinkage of the cell,
( Spirogyra, Cladophora, Derbesia ).
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c) The processes described above may occur 
simultaneously in the same cell, ie dehydration 
and ice formation may occur at different sites of 
the same cell ( Codium ) ."

These observations were to prove very relevant for attempts 
at freezing cells over the next century. Molisch had 
described the relationship between the cells1 aqueous 
compartments, the tendency for water to leave cells 
( accompanied by cell shrinkage ) or freeze inside those 
that did not shrink during freezing. These differing 
responses have been used as a basis for developing 
hypothesi of freezing damage or survival. Invariably, the 
early work concluded that cells were damaged by cooling to 
low temperatures and freezing for any length of time.

1.7.2 Cryoprotectants
The discovery of the protection afforded by glycerol, 

the first chemical additive that was reported to protect 
cells during freezing and thawing, by Polge et al, in 1949 
was a major break through in the field of cryobiology. The 
survival of fowl sperm frozen in Ringers solution 
containing 10% - 40% glycerol led to the investigation of 
other chemicals for cryoprotective abilities. In the 
original study ( Polge et al, 1949 ), propylene glycol and 
ethylene glycol, both of which are now used in 
cryopreservation protocols, were used and found to offer
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some protection, although they were more toxic than 
glycerol to the spermatozoon. Following the discovery of 
glycerol, the other most commonly used cryoprotectant 
today, dimethyl sulphoxide ( DMSO ), was found to protect 
red blood cells from haemolysis following freezing 
( Lovelock and Bishop, 1959 ).

Cryoprotective compounds all have in common a low 
toxicity to the cells to which they are added and a high 
solubility in aqueous solutions. Due to their high 
solubility in water when ice nucleation occurs in the cell 
suspension the cryoprotective agents ( CPA 's ) remains in 
solution in preference to crystallizing out. Water 
molecules are highly polar structures, the oxygen atoms 
having two unpaired electrons orientated away from the 0 - 
H bonds. This gives rise to positively and negatively 

charged regions, which result in a single oxygen atom being 
bonded tetrahedrally to four hydrogen atoms, two covalently 
and two by H-bonds so each water molecule has four 
neighbours. In biological samples the structure of liquid 
water is more complicated due to the presence of solute 
molecules which interact with the water molecules. Polar 
solutes that can act as either acceptors or donators of 
electrons may result in the water molecule being orientated 
incorrectly for ice formation and inhibit crystallization. 
The presence of several cryoprotectants creates mixed 
solvent systems with properties very different to those of
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pure water.
The method of action of the CPA varies with the 

additive used, although the non-electrolytes like glycerol, 
DMSO or sucrose have a colligative effect, reducing the 
increased concentration of the electrolytes and increased 
chemical potential of water caused by ice formation at a 
given temperature. The concentration of extracellular 
solutes in the unfrozen fraction increases as the
temperature decreases, but independently of the original 
concentration prior to freezing. The concentration of 
solutes continues to increase during cooling until the 
eutectic temperature is reached, at which the mixture 
solidifies. Thus the total osmolal concentration of the 
unfrozen fraction is not influenced by the addition of
CPA's while the relative concentration of salts is reduced 
in accordance to :

Me NaCl = M61 NaCl / ( 1 + R )

equation 1.2
where
Me NaCl is the concentration of electrolyte in the

presence of an additive.
Me,NaCl is the concentration of electrolyte in the

absence of an additive ( assuming that NaCl is 
the major electrolyte ).

R is the osmolal ratio of additive : electrolyte
prior to freezing.
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Addition of any water soluble non-toxic chemical in high 
concentrations will reduce the amount of the system that 
has formed ice crystals at any particular temperature, and 
thus reduce the concentration of solutes. CPA's greatly 
depress the nucleation temperature, 8 - cell mouse embryos 
nucleate intracellular ice at -10 to -15°C whereas the 
addition of 1 - 2 M glycerol or DMSO decrease this value to 
-38 to -44°C ( Rail et al, 1983 ). Those CPA's that
penetrate the cell may reduce the osmotic imbalance between 
the cell and the extracellular environment. However, some 
cell shrinkage is advantageous during freezing since it 
reduces the water content of the cell and thus the 
probability of intracellular ice formation.

It has been suggested ( Arakawa et al, 1990 ) that
CPA's stabilize proteins at low temperature due to the 
hydrophilic nature of the molecules. Cryoprotectants can be 
preferentially excluded from the hydration shell around the 
surface of a protein molecule and thus the protein is 
hydrated relative to the bulk solution. Although this 
situation is unstable denaturation would increase the 
surface area excluding more solvent, thus the native form 
of the protein has a greater stability. The decrease in 
surface area resulting from polymerisation results in the 
polymer being more stable than the individual units. At 
higher temperatures the hydrophobic nature of the solvent 
molecules is predominant and thus the solvent interacts
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with the protein molecule and favours the denaturation. 
Thus, while at lower temperatures the CPA's can protect and 
stabilise proteins at higher temperatures they can be 
toxic.

However, the ability to protect cells from freezing 
damage is not merely a property of additives that can 
permeate a cell. Sugars such as sucrose and polymers such 
as polyethylene glycol can not enter across the plasma 
membrane but have some cryoprotective effects. Bovine red 
blood cells can be frozen equally well whether glycerol is 
allowed to permeate, or insufficient time is allowed for 
permeation in the same concentration of glycerol, or when 
an equivalent osmolality of sucrose is used ( Mazur et al, 
1974 ). As the solution containing the non-penetrating
solute freezes, there is a concentrating effect in the 
unfrozen fraction which causes a progressive depression of 
the freezing point of the remaining solution. In addition 
to this colligative mechanism which is similar to that of 
the penetrating CPA's, the protective action of polymers 
may partially be due to their ability to " bind " water and 
prevent it from freezing.

1.7.3 Freezing Injury
Freezing cells to very low temperatures in 

physiological media results in the survival of only a few 
of the original cells, usually those frozen at extremely
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rapid rates. Only with the discovery of cryoprotectants 
whose colligative properties protect against intracellular 
ice crystal formation was the interaction of more than one 
factor evident since the presence of intracellular ice 
usually leads to lethal cell damage. The discovery of 
glycerol and cell survival after freezing using CPA's 
allowed the investigation of other factors influential in 
cell mortality during a freeze / thaw cycle. These 
highlighted the importance of the velocity of cooling and 
warming on the rates of cell survival.

The initial investigations were performed on a wide 
range of cell types including human spermatozoa ( Parkes, 
1945 ), bull spermatozoa ( Smith and Polge, 1950 ),
mammalian ova ( Smith, 1952 ), and red blood cells ( Luyet, 
1949 ). The survival curves of numerous cell types when
plotted against rate of cooling were in the form of an 
inverted U, indicating an optimum rate of cooling. This 
suggested that there was an interaction of events causing 
cell mortality with opposite dependence on the velocity of 
cooling. Lovelock ( 1953a ) proposed that damage caused
during freezing at relatively slow rates in red blood cells 
was due to the high concentration of electrolytes caused by 
ice crystallization and the reverse dilution factor shock 
as ice melted on thawing. It was also suggested by Lovelock 
( 1953b ) that the protective ability of glycerol was due 
to the colligative effects of reducing the concentration of
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these electrolytes. Peter Mazur in 1965 used these facts 
and his own observations to describe a "Two factor 
hypothesis" for freezing damage in which it was proposed 
that cell injury from a freeze / thaw cycle may be from 
separate effects depending on the freezing conditions. The 
first resulted from intracellular ice crystal formation at 
fast cooling rates and the second from prolonged exposure 
to high concentrations of solutes in the extracellular 
liquid phase during slow cooling. Thus, the degree to which 
each of these contribute to cell damage is dependent upon 
the cooling rate. These were explained as follows :

As the temperature of a cell suspension decreases the 
media and the cells remain in an unfrozen state 
( supercooling to about -5°C ) before ice crystals start to 
form in the extracellular media. The precise temperature of 
nucleation is determined by the composition of the 
extracellular media, the presence of protective solutes and 
their concentration, and presence of nucleating agents in 
the mixture. Ice formation does not occur consistently at 
the equilibrium freezing point temperature and liquids in 
biological samples will supercool since a suitable 
interface must be created for a nucleation event to occur. 
Nucleation can be considered as a statistical phenomenon in 
which water molecules must form a crystal-like 
configuration. Random molecular motions produce a cluster 
of water molecules in a crystal nucleus form. These nuclei
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must exist for a period of time long enough to allow 
condensation of other water molecules onto the nucleus and 
thus allow crystal growth. The lifetime of such a nucleus 
is inversely proportional to temperature and directly 
proportional to nucleus size. As the temperature decreases 
the likelihood of clusters existing for sufficient time 
to permit crystal growth is increased while the critical 
size of the nucleus required for crystal growth is 
decreased. In aqueous solutions this form of homogeneous 
ice nucleation is unusual and heterogeneous nucleation more 
common. The interface required for crystal nucleation is 
provided by particulate matter present in the solution and 
crystals form above the homogeneous nucleation temperature 
for pure water.

When ice forms in a cell suspension, due to the fact 
that the probability of nucleation is related to the size 
of the compartment, it occurs preferentially in the 
extracellular medium ( Hobbs, 1974 ). Crystals propagate 
throughout the solution to re-establish thermodynamic 
stability, excluding cells and solutes into the residual 
liquid channels. Water leaves the liquid phase to form 
crystals, excluding solutes and so causing an increase in 
the concentration of the extracellular environment. As a 
result the residual solution and the cell are no longer in 
osmotic equilibrium. The water within the cell remains 
supercooled, with a higher chemical potential than that in
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the surrounding medium. The chemical potential of water is 
a measure of the osmotic pressure, the activity of water, 
the volume of water and the solute concentration. Excessive 
supercooling is deleterious to the survival of the cell due 
to the tendency for intracellular ice crystal growth 
( Whittingham, 1977 ). The presence of an osmotically
active intact semi-permeable plasma membrane may protect 
the cell from ice crystal propagation from the external 
medium.

The events that follow extracellular nucleation are 
dependent on the rate of any further temperature decrease 
imposed on the system. A cell cooled slowly will dehydrate 
rather than nucleate intracellular ice crystals, the plasma 
membrane acting as a barrier to crystal propagation from 
the extracellular solution. If the cell suspension is 
cooled slowly the water is able to leave the cell and cell 
contents approach equilibrium with the chemical potential 
of the extracellular water, even though the ice phase is 
continuously growing. The cell avoids the probability of 
intracellular ice crystal formation by this efflux of water 
and dehydration. If the rate of cooling is rapid, some 
water is able to leave the intracellular environment as ice 
forms extracellulary. However the water is unable to 
diffuse quickly enough to re-establish or maintain an 
equilibrium with the surrounding medium. The water becomes 
increasingly supercooled and eventually intracellular ice
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crystals nucleate which serves to reduce the difference in 
the chemical potential of water between intra and 
extracellular environments ( Fig 12 ).

The terms "rapid" and "slow" cooling are qualitative 
descriptions but an approximation can be applied to 
individual cell types which is determined by the membrane 
water permeability of the cell. Rapid cooling can be said 
to be the rate of cooling that does not permit osmotic 
shrinkage, and slow cooling as that allowing equilibrium 
shrinkage of the cell in response to increasing external 
solute concentration during a reduction of temperature.

At slow cooling rates, the probability of intracellular 
ice nucleation is low but the length of time taken for the 
freezing process exposes the cell to high extracellular 
solute levels for long times. However if the cooling rate 
is fast, the damaging events from high concentrations of 
solutes may be avoided but insufficient time is available 
for the cell to dehydrate to equilibrium water content, and 
intracellular ice crystals form. If the two curves for cell 
mortality resulting from these two forms of injury overlap 
then cell recovery will not be possible. It has since been 
shown in numerous cell types, e.g. unicellular algae 
( Morris, 1977 ), yeast cells ( Mazur and Schmidt, 1968 ), 
and mammalian embryos ( Whittingham et al, 1972 ), that
survival curves take the form of an inverted U shape 
( Figure 13 ) . This is consistent with the two dominant
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factors, i.e. the solute effects at slow cooling rates and 
intracellular ice formation on rapid cooling, interacting 
to cause mortality.

It was proposed by Mazur ( 1963 ) that three
characteristics of a cell have a major role in determining 
the response to freezing :

i) the membrane water permeability ( hydraulic 
conductivity, Lp ).

ii) the temperature coefficient of the membrane water 
permeability ( the activation energy, Ea ).

iii) the surface area to volume ratio.

These properties are all related to the water flux across 
the cell, which highlights the major importance of water 
in determining cell survival during freezing.

Evidence supporting the assumption that intracellular 
ice crystal formation is one cause of lethal cell damage 
can be obtained through experimental observations or 
mathematical modelling. The probability of intracellular 
ice formation is a function of the water retained within 
the cell at temperatures below the freezing point. Mazur 
( 1973, 1977 ) used the qualitative description of the
events observed during freezing to develop mathematical
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Behaviour of Cells at Subzero Temperatures 
at Various Rates of Cooling
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Survival as a Function of Cooling Rate for Various Mammalian Cells
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equations to predict the rate of water loss from a cell and 
the degree of supercooling at a given cooling rate ( Mazur, 
1963, 1970, 1977, 1984 ). Mazur predicted curves for the
cell water content as a function of the rate of temperature 
decrease and calculated the degree of supercooling in the 
cell as a function of the deviation of the calculated water 
content from the equilibrium value. The quantitative 
calculations for supercooling required that the cell 
membrane water permeability and its temperature coefficient 
were either known or could be estimated.

The degree of supercooling assuming a constant rate of 
cooling :

Lf A Lp9 

B v°

equation 1 .3
where :

Lf is the latent heat of fusion of ice
A is the surface area to volume ratio
Lp9 is the permeability coefficient of water
B is the cooling rate dT / dt
v ° is the molar volume of water

When a cell is cooled at an infinitely slow rate it is 
able to loose water and maintain zero gradient in the
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osmotic pressure between the extra and intracellular 
environment. The water content within the cell at any point 
during cooling at this rate is the equilibrium water 
content. Since cells avoid intracellular ice formation 
during equilibrium cooling by dehydrating before reaching 
the internal ice nucleation temperature, the extent of 
supercooling provides an indicator to the probability of 
freezing. A cell with near-to-equilibrium water content 
will have almost 0 probability of intracellular ice 
formation whereas extensive supercooling will produce a 
probability of almost 1 .

Using the equations derived by Mazur to predict the 
cooling rate and Lp values necessary to cause intracellular 
freezing, in particular cells, it has been found that the 
predicted conditions correspond closely to those in which 
cell death following freezing is high ( Mazur, 1972, 
Diller, 1975, Leibo et al, 1984 ).

1.7.4 Fast Cooling
Rapid rates of cooling causes the water within the cell 

to become progressively supercooled and this, as predicted 
by Mazur, leads to ice nucleation of numerous small 
crystals. The presence of ice crystals is detrimental to 
cells resulting in injury which becomes visible on thawing. 
Many cell types have been investigated and been found to 
exhibit a relationship between cell mortality and
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intracellular ice formation. Red blood cells ( Rapatz et 
al, 1968, Diller et al, 1975 ), yeast cells ( Mazur and 
Schmidt, 1968 ), HeLa cells ( McGrath et al, 1975 ),
hamster tissue culture cells ( Mazur, 1972 ), and mouse
ova ( Leibo et al, 1984 ) have all exhibited increasing 
loss of cell viability as the occurrence of observed
intracellular ice increases.

1.7.5 Slow Cooling
In contrast to damage resulting from intracellular ice 

formation, slow cooling, although protecting against 
intracellular ice, may have other deleterious affects. 
Damage from slow cooling may be mediated in numerous ways

i) as a physical consequence of the presence of 
extracellular ice crystals.

ii) by a reduction in temperature per se.

iii) through prolonged exposure to high solute
concentrations.

The mechanical effects of extracellular ice are possibly 
damaging to cells only when the suspension is densely 
packed or the cells from part of the integrated structure 
of a tissue. Individual cells may be injured by the
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increase in solute concentration resulting in compression 
and torsion on the cells ( Lovelock, 1953, Mazur et al, 
1981 ). It is difficult to differentiate between these
factors since they occur concurrently. Extracellular ice 
crystal formation leads to an increase in the osmolality 
and a decrease in the amount of solution remaining. Due to 
the decreasing residual liquid volume, the cells are forced 
into close contact. Either this physical proximity, or the 
high solute concentrations, may result in cell damage. 
Alternatively, the mechanical stress of the ice crystals 
may disrupt cell interactions or individual cell plasma 
membranes. Increases in solute concentrations can cause 
denaturation of proteins ( including enzymes ) by 
disrupting the molecular interactions responsible for 
maintenance of protein structure ( Jaenicke, 1981 ).
Hypertonic exposure can lead to membrane protein 
displacement ( Neidermeyer, 1976 ) and release ( Heber,
1981 ) which may involve damage to membrane pumps or other 
regulatory proteins. The proteins associated with the 
membrane will be exposed to high concentrations of solutes 
and alteration of pH, which may cause their denaturation. 
In addition removal of water from the cell and the cell 
membrane may cause a switch between the phase of the 
membrane lipids.

As the temperature is decreased, and the extracellular 
concentration increases, the cell dehydrates changing the
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cell volume which will cause an associated surface area 
alteration. Cell shrinkage is associated with a decrease in 
the surface tension of the plasma membrane. A reservoir of 
membrane material may exist in the interior of the cell 
which may accommodate excess membrane displaced from the 
cell surface during shrinkage. Conversely as the 
concentration of the extracellular environment decreases 
during thawing and the cell re-expands, the membrane 
material may be available to be re-incorporated into the 
plasma membrane. If the change in the extracellular 
environment is too rapid, as the cell tries to re-expand 
the increase in surface tension may not be countered by 
reincorporation of sufficient of the membrane components 
into the plasma membrane to prevent expansion-induced 
lysis. Although this mechanism of cell injury has been 
observed in plant protoplasts mammalian cells have numerous 
microvilli and folds on their plasma membranes, this 
reservoir of material may be sufficient to allow the cells 
to increase their volume after dehydration without membrane 
lesion.

1.7.6 Rewarming
The extent to which the velocity of warming influences 

cell survival following freezing is dependent on the rate 
of cooling used for cryopreservation. Following cooling, 
any intracellular ice is present in a cell to various

84



CHAPTER 1 - INTRODUCTION

degrees according to the details of the procedure used. Ice 
crystals present in a cell following rapid cooling can grow 
during the rewarming phase of a cryopreservation protocol 
when the rate of warming is slow enough to allow 
reconfiguration of small crystals into larger crystals 
which is thermodynamically favourable. When rapid thawing 
rates are applied damage to the cell under these conditions 
can be reduced since insufficient time exists for ice 
crystal growth before the melting point is reached. However 
during rapid thawing, the cell is potentially in osmotic 
imbalance with the extracellular environment which becomes 
progressively hypotonic and is subjected to "dilution 
shock" as the extracellular ice melts. This may cause rapid 
water influx into the cell. If the cell is unable to 
survive the large, rapid volume fluctuations, lysis may 
occur. In practice, rapid rates of warming have been used 
effectively with the majority of cell types, allowing good 
cell survival. However some exceptions to this have been 
observed, including embryos frozen at slow cooling rates 
using DMSO ( Whittingham, 1977 ). In this situation, slow 
rewarming was found to be better for embryo survival. Any 
one or combination of these factors may contribute to the 
lethal cell damage occurring from the freeze / thaw 
process.
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1.7.3 The Importance of Individual Parameters of Cell 
Composition in Predicting Cell Survival.

Since Mazurs' original quantitative theory, many of the 
simplifying assumptions made in the calculations have been 
examined ( Silvares et al, 1975, Pushkar et al, 1976, and 
Mansoori, 1975 ). Whereas the introduction of alterations 
in most of the variables created little difference, in the 
amount of predicted water loss, variations in the Lp and Ea 
were extremely influential. Mansoori in 1975 queried the 
assumptions that the protoplasm of a cell is an ideal 
solution with a uniform temperature and a constant surface 
area. Cell dehydration during cooling alters the volume and 
thus decreases the surface area which in conjunction with 
the existence of a radial temperature gradient across the 
cell, may produce erroneous predictions of water loss 
during freezing. However, the non-ideality of the cell 
protoplasm was found to be significant only at high cooling 
rates and the temperature gradient across the cell only 
influential when a cell had a low initial water content 
( Mansoori, 1975 ). Varying the membrane surface area could 
cause considerable deviation from the predicted water loss 
and thus the degree of supercooling. More importantly, 
variations of the Lp or its activation energy could also 
create major deviations in the calculated water content of 
the cell at any particular temperature. These studies 
highlighted the fundamental importance of a cell membrane
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water permeability in calculating the velocity of water 
loss during freezing and thus the likelihood of 
intracellular ice formation.

1.8 Cryopreservation of Oocytes and Embryos
The survival of single-cell fertilised rabbit ova 

following the stepwise addition of glycerol to a final 
concentration of 15% when accompanied by slow cooling to - 
15°C was first reported by Smith in 1952. Although the 
survival after supercooling the solution was high ( 69 % of 
the fertilised ova continued to divide when returned to 
culture conditions ) in the same study dramatic reductions 
in the survival rate ( 1 % ) where observed on slow cooling 
to -79°C. In contrast to the work by Smith on fertilised 
eggs Sherman and co-workers investigated the effects of low 
temperature storage on the unfertilised oocyte. Ovulated 
mouse oocytes were found to retain viability as determined 
by staining techniques on cooling to 0°C and to fertilise 
after permeation by 5 % glycerol ( Sherman and Lin, 
1958a ). An extremely small number of oocytes frozen in 
solutions of medium containing glycerol fertilised to 
produce normal foetuses ( Sherman and Lin, 1958b ). In this 
study, it was observed that cells which froze internally as 
indicated by "black flashing" were invariably damaged, with 
disorganized cytoplasm and vitelline membrane.

Parkes and Smith ( 1953 ) established the survival of
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the endocrine function of ovarian tissue after exposure to 
15 % glycerol and freezing to -79°C or -196°C. Limited 
survival of primordial follicles ( 1 - 5 % ) was achieved 
from grafts of cryopreserved ovarian tissue ( Deanesly, 
1957 ). Parott ( 1960 ) equilibrated tissue from rabbit 
ovary with 12 % glycerol for 30 - 40 minutes and retrieved 
a small number of viable oocytes after freezing which 
successfully fertilised to produce live young. Although 
promising, the work performed on ovarian tissue grafts was 
not pursued, probably due to problems associated with graft 
rejections encountered when transplanting tissue.

Subsequent investigations moved away from the 
unfertilised oocyte and once again concentrated on 
fertilised eggs. Concurrent reports by Whittingham et al, 
1972 and Wilmut, 1972 reported live births following the 
transfer of 8 - cell cryopreserved mouse embryos. Both 
reports were in agreement that for optimal survival using 
DMSO and slow cooling rates of between 0.22°C - 0.3°C / min 
were required to preserve the mouse embryo. It was assumed 
that with minor technical changes the protocol developed 
for the mouse would be transferable to other species. 
Indeed this was the case for rat ( Whittingham, 1975 ) and 
rabbit embryos ( Whittingham and Adams, 1976 ) which were 
successfully frozen using similar techniques. However it 
was discovered that for many species including sheep 
( Willadsen et al, 1976 ), cows ( Wilmut and Rowson, 1973,
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Trounson et al, 1976 ), and goats ( Bilton and Moore,
1976 ), fast thawing rates were necessary to achieve
survival of cryopreserved embryos.

The difficulty experienced in transferring techniques 
for preservation of embryos of one species to others was 
highlighted by the work on animals. However, differences 
between species were complicated further by differences 
between the various stages in embryonic development used in 
cryopreservation. It became apparent that recovery was 
stage dependent from research into survival following 
freezing cow and pig embryos at various developmental 
stages ( Polge et al, 1974 ). Prior to the 8-cell stage, 
the cow embryo was discovered to be extremely susceptible 
to freeze damage, whilst at the later developmental stages 
( the expanded blastocyst ) it was relatively resistant to 
damage ( Wilmut, 1973, Trounson et al, 1974, Wilmut et al, 
1975 ).

The storage of human pre-implantation embryos at -196°C 
was recognized by Edwards and Steptoe ( 1977 ) as being
extremely important in clinical I.V.F. programmes. The 
development of cryopreservation procedures for animal 
embryos had shown the possibility of freezing as a useful 
means of preserving genetic material without any harmful 
side effects from the storage period. It had been possible 
to successfully freeze and store the embryos of other 
mammalian species since 1972. However it was not until 1983
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that the first pregnancy following the transfer of an 8- 
cell human embryo was reported ( Trounson and Mohr, 1983 ).

Following research into and development of a successful 
cryopreservation protocol for embryos, research into low 
temperature storage of the unfertilised oocyte resumed. 
Techniques for the cryopreservation of species of rodent 
were studied in a series of investigations by Tsounda and 
co-workers ( Tsounda et al, 1976, Parkening et al, 1976, 
Parkening and Chang, 1977 ). Using a slow cooling rate to 
various end point temperatures, a slow thaw rate and a 
variety of concentrations of DMSO, a small number of 
morphologically normal oocytes were recovered. In this 
study and the investigation by Whittingham ( 1977 ),
fertilisation and subsequent development to the blastocyst 
level was achieved, although in both the numbers developing 
were expressed for a selected group of morphologically 
normal oocytes, thus overestimating the overall recovery of 
the initial population of oocytes.

Until Schroeder and Epigg ( 1990 ) reported successful 
preservation of immature oocytes at the germinal vesicle 
stage all research had concluded that immature oocytes were 
even more susceptible to damage on freezing. Using the 
protocol of slow freeze / slow thaw designed by Whittingham 
and previous workers for ovulated oocytes, in conjunction 
with techniques developed for in vitro maturation, high 
percentages of fertilisation and development of immature
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oocytes were achieved. However, once again this was from a 
selected number of recovered oocytes.

Whilst much of the work on cryopreservation has focused 
on rodent ova, oocytes of other species including rabbit 
( Burks et al, 1965 ), and primates ( De Mayo et al,
1985 ) have been fertilised following freezing. It has
become increasingly attractive to be able to preserve the 
unfertilised human oocyte, a satisfactory and reproducible 
technique remains elusive. Although animal oocytes have now 
been frozen transferal of the technique has had limited 
success with human oocytes. Trounson, 1984 obtained 20 % 
morphological survival of 80 oocytes released from an 
ovarian wedge, cultured for 48 h and subsequently frozen 
with fertilisation was the first published report. Even 
though three successful pregnancies and live births from 
oocytes frozen with 1.5 M DMSO have been recorded world 
wide ( Chen, 1986, 1988, Van Uem et al, 1987, Al Hasani, 
1988 ) there is a great deal of room for improvement. The 
number of pre-ovulatory human oocytes surviving 
equilibration with cryoprotectants, freezing to subzero 
temperatures, storage and thawing is still too small to be 
a viable clinical option. The studies in my thesis aim to 
investigate the parameters of water movement across the 
cell membrane ( Lp and Ea ) which will have a major effect 
on designing a cryopreservation protocol.
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CHAPTER 2 

Materials and Methods

2.1 Materials
All powdered media for culture and handling of oocytes, 

both mouse and human, were from Gibco Ltd, ( Scotland ) and 
any additional components were analytical grade obtained 
from either Sigma Chemical Company Ltd or BDH Chemicals 
Ltd. All water used in the preparation of media was Kendall 
Sterile Distilled Water ( Water for injection ), Kendall 
Laboratories Ltd, England.

2.2 Preparation of Media:
2.2.1 Stock Solutions

The methodology for preparation of Phosphate Buffered 
Saline Solution ( PBS ), Earles Balanced Salt Solution 
( EBSS ), and Tyrodes' Salt Solution ( T6 ) ( Table 1, 2, 
3 ) was similar in all cases. One litre of Sterile
Distilled Water was used to dissolve contents of a single 
powder container, the contents were emptied into a sterile 
glass flask and a small quantity of water used to rinse out 
the container to ensure all traces of the powder were 
removed. The solution was gently agitated until the powder 
had dissolved and then made up to 500 mis, and the 
additional components for each medium added to this, taking
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Table 1 : The Composition of Dulbecco' 
Saline Solution ( PBS )

's Phosphate Buffered

POWDER g / L

CaCl2 ( anhyd. ) 0.159
KC1 0.200
kh2po4 0.200
MgCl2 ( anhyd. ) 0.047
NaCl 8.000
Na2HP04 1 .150

OTHER COMPONENTS ( MODIFIED ) g / L

D - Glucose . o o o

Phenol Red 0.012
Sodium Pyruvate 0.036
Penicillin 0.600

93



CHAPTER 2 - MATERIAL AND METHODS

Table 2 : The Composition of 
Solution ( EBSS ) Basic :

Earle's Balanced Salt

POWDER ( INORGANIC SALTS ) g / L

CaCl2 ( anhyd. ) 0.2000
KC1 0.4000
MgS04 0.0977
NaCl 6.8000
NaHC03 2.2000
NaH2P04.H20 0.1400

OTHER COMPONENTS ( MODIFIED ) g / L

Sodium Bicarbonate 1 .000
Sodium Pyruvate 0.011
Penicillin 0.600
Streptomycin 0.500

Culture Media :
Remove 200 ml From Basic Media and add :
Sodium Bicarbonate 0.220

Flushing Media :
To the remaining 800ml add :
Hepes Solution ( 1M ) 16 ml
Heparin Injection B.P. ( 5000 iu / ml ) 1.6 ml
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Table 3 : The Composition of Tyrode's Salt Solution ( T6 )

POWDER ( INORGANIC SALTS ) g / L

CaCl2 ( anhyd. ) 0.2000
KC1 0.2000
MgCl2 0.0470
NaCl 8.0000
NaH2P04. H20 0.0500

OTHER COMPONENTS ( MODIFIED ) g / L

D - Glucose 1 .000
Phenol Red 0.005
Sodium Bicarbonate 2.106
Sodium Pyruvate 0.055
Penicillin 0.600
Streptomycin 0.500
Sodium Lactate ( 70 % w / w ) 3 ml
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care that each had totally dissolved. Those components that 
may have caused precipitation of salts, such as calcium 
chloride, were added after the solution had been diluted 
further almost to the litre mark.

The final few mis of water were added using a Pasteur 
pipette, the solution was then shaken thoroughly to ensure 
complete mixing of the components and bottled in sterile 
250 ml flasks ( Falcon, Becton Dickinson and Co, U.K. ) for 
storage at 4 - 5°C for later use. Fresh media were made 
every 2 weeks. For individual components of each medium
refer to Tables 1, 2, and 3.

A slight alteration from the general technique should 
be noted for preparation of the media for human I.V.F. once 
made upto the litre ( See page 95 ).

2.2.2 Hormones For Superovulation
The administration of exogenous gonadotrophins to mimic 

FSH and LH is common practise for studies requiring mouse 
oocytes. The hormonal stimulation produces large numbers of 
oocytes from a small number of animals. Both pregnant
mares1 serum gonadotrophins ( PMS ) used in animal
stimulation to mimic FSH, and hCG used to simulate the 
natural LH surge, are water soluble and were made - up into 
working concentrations of 50 I.U. / ml by dilution with
0.9 % saline solution ( 0.9 % NaCl, Baxter Healthcare Ltd, 
U.K.). The stock solutions were frozen in 1ml aliquots for
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use later when animals were injected with 0.1 ml.

i) 1000 I .U . stock PMS ( Folligen, Intervet, UK. ) 
diluted with 20 mis 0.9 % saline solution to a 
final concentration of 50 I.U. / ml.

ii) 5000 I.U. stock hCG ( Gonadotrophin L.H., Pabryn 
Ltd, U.K. ) diluted with 100 mis of 0.9 % saline 
solution to a final concentration of 50 I.U. / 
ml.

2.2.3 Hyaluronidase Medium
Removal of the cumulus cells was achieved using 150 iu 

/ ml bovine testicular hyaluronidase ( Sigma, U.K. ) 10 mg 
of 295 units / mg solid hyaluronidase were dissolved in 
19.67 ml of PBS and 1 ml aliquots dispensed for freezing 
and storage for later use.

2.3 Glassware
2.3.1 Preparation of Micropipettes

Preparation of micropipettes was simple and rapid, and 
to avoid contamination they were made as required. However, 
this meant the technique must consistently produce 
micropipettes with a small diameter capillary bore to avoid 
delays in handling the oocytes. The thin section of a 
sterile Pasteur pipette was rotated in the flame of a
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bunsen burner until the glass was soft, the pipette was 
then removed from the flame and pulled rapidly to a fine 
bore capillary. The pipette was snapped and the bore size 
compared microscopically to that of the oocytes for 
transfer. If the pulled pipette was too small for the 
oocytes, it was broken further up the barrel. Trying to 
aspirate an oocyte in a mismatched pipette could result in 
severe damage such as zona breakage, ooplasm rupture, or, 
if the pipette had a wide diameter, loss of the oocyte. In 
addition, the capillary was not used if the end was jagged 
since this could result in puncturing the oocyte.

2.3.2 Sterilisation of Glassware
All glassware used in both mouse and human I.V.F. and 

media preparation was soaked in 7X-PF Phosphate Free 
Laboratory Detergent ( Flow Laboratories, UK. ) overnight 
and washed in sterile water to remove all traces of 
detergent. The glassware was then placed in an oven at 
250°C for 24 h, allowed to cool and stored with silver foil 
caps in sterile conditions until required.
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2.4 Mouse Oocvte Collection and Culture

2.4.1 Media for In Vitro Fertilisation in Mouse
Mouse oocytes were fertilised and cultured in Tyrodes* 

Balanced Salt Solution ( T6 , Table 3 ). This was prepared 
by gassing 10 ml of T6 stock solution with a compressed gas 
mixture of 5% 02, 5 % C02, and 90 % N2 using a sterile
pipette ( Serological pipet, Falcon, Becton Dickinson & Co, 
U.K. ) until there was a distinct colour change from pink 
to orange as a result of stabilisation of the pH brought 
about by the C02 / HC03 buffer system at pH 7.3. The
alteration in colour was a result of the presence of phenol 
red indicator in the medium which was insoluble in liquid 
paraffin oil and non toxic to mouse ova and embryos. When 
the pH was stable 40 mg of Bovine serum albumin, ( 
Catalogue No. 7888, Fraction V, 96.99% Albumin, BSA, Sigma, 
U.K. ) were added to the 10 mis of T6 stock solution ( T6, 
4 mg / ml BSA ) and dissolved by gentle agitation of the 
flask to avoid frothing of the protein. 5 ml of the T6 4 
were removed, while to the remainder a further 60 mg of BSA 
were added and allowed to dissolve ( T6, 16 mg / ml BSA ). 
Using a 5 ml sterile syringe ( Plastipak, Becton Dickinson 
& Co, U.K. ) and filling tube ( Universal Hospital Supplies 
Ltd, U.K. ) the medium was filtered ( 20 jxm pore size,
Millipore, Molsheim, France ) to remove impurities .

Microdroplets of approximately 40 ^1 in volume T6-4 to
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allow observation of embryo development were pipetted using 
a sterile Pasteur pipette onto culture dishes ( Falcon, 
Becton Dickinson & Co, U.K. ). The droplets were covered 
with liquid paraffin oil ( at 37.8°C Kinematic viscosity 30 
centistoke, BDH Ltd, U.K. ), to prevent changes in 
composition and concentration due to evaporation from the 
small volume microdroplets. In addition, the coating of oil 
prevented pH changes and rapid alterations in temperature 
when the dishes were removed from the incubator for 
observation.

T6-16 was used to prepare fertilisation dishes for 
mouse oocytes. An organ culture flask ( Falcon, Becton 
Dickinson & Co, UK.) was used for fertilisation, and 1 ml 
of medium was placed in the outer chamber with 0.9 ml in 
the centre well. The dishes were placed in a C02 incubator 
( 5% C02 in air, LEEC, UK ) and stored in an inner chamber 
( Modular Incubator Chamber, Flow U.K. ) which was gassed 
with 5% C02, 5% 02, and 90% N2 for a 5 - 10 minute period 
before the valves leading into and out of the chamber were 
sealed and the dishes allowed to equilibrate overnight at 
37°C.

The liquid paraffin oil used to coat the culture 
droplets was sterilised prior to use by heating in an oven 
at 160°C for 1 h, after which it was removed, cooled and 30 
ml of sterile T6 added. The oil was equilibrated with the 
T6 medium and vigorously gassed with 5% C02, 5% 02, and 90%
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N2 to ensure the oil did not absorb the gases or any of the 
constituents from the T6 medium which may be slightly 
soluble in oil. Any such oil solubility could have resulted 
in alterations in the composition of the microdroplet. The 
oil was allowed to settle from the aqueous phase and 
decanted into tissue culture flasks ( 250 ml, Falcon,
Becton Dickinson & Co, UK ), which were stored at 4 - 5°c 
and re-gassed prior to use.

2 . 5 Isolation of Mouse Oocvtes
2.5.1 Collection of Ovulated Oocytes

Virgin C57B1 x CBA F1 hybrid females aged between 8-10 
wks were superovulated by intraperitoneal injections of 5iu 
of PMS followed 48 - 52 h later by 5 iu of hCG. The
oviducts were isolated 13 h post hCG injection after 
ovulation when the oocytes were located in a single larce 
mass in the ampullary section of the oviduct. The 
stimulated females were sacrificed by cervical dislocation, 
placed on their backs on absorbent paper. The abdomen was 
soaked with 70% alcohol to reduce the risk of contaminatioi 
from the hair as the skin was removed. Forceps were used to 
grasp the skin and a small cut made at the midline. The 
skin was pulled sharply backwards towards the head while 
holding the skin below the cut firmly to expose the bod} 
wall.

A fine pair of forceps was used to hold the peritoneun
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and fine scissors used to make two lateral cuts to reveal 
the organs in the body cavity. The coils of the intestine 
were placed to one side to expose the two horns of the 
uterus, the oviducts and the ovaries. The mesenteric 
attachments to the ovary and oviducts and the surrounding 
fat were cut away to avoid interference with oocyte
identification on liberation. A cut was made between the 
oviduct and approximately 1 mm below the utero-tubal 
junction, and then by holding the severed end of the
oviduct, a second cut was made between the ovary and the 
ampulla ( Fig 14 ). To prevent drying, the ovaries were 
transferred immediately into Modified Dulbecco's Phosphate 
Buffer ( PBS, Gibco, Whittingham, 1974 ) supplemented with 
4 mg / ml BSA.

A dissection microscope was used to locate the ampulla 
( Fig 14, 15a ) which was identifiable by its expanded

appearance and prominent longitudinal epithelial folds. The 
caudal tube of the uterus was grasped using a pair of watch
maker forceps and the oocytes were released into PB1 by
tearing the membrane with the needle of a fine insulin 
syringe, using ciliary action or gentle stroking of the 
ampulla to aid the release ( Fig 15b ). A pipette with an 
aperture wide enough to allow the cumulus mass to pass 
easily through was filled with medium to prevent the large, 
ovarian " sticky 11 cell mass adhering to the glass pipette, 
and the mass was removed.
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Dissection of Reproductive Organs of a Female Mouse
A) Alimentary Tract displaced to reveal reproductive organs
B) Reproductive organs

- Gut
B)

Kidney - 
Ovary 
Oviduct 
Uterus -

< JJ I  Bladder

^ Fat Pad

Figure 14. Dissection of female mouse.
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Figures 15a and 15b : Magnification Factor x 20. 

Figure 15c : Magnification Factor x 75.

Figure 15d : Magnification Factor x 900.

Figure 15e : Magnification Factor x 2100.

Figure 15f : Magnification Factor x 600.
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Figure 15. a) Swollen ampulla isolated 13h post hCG injection, b) Cumulus 
mass released from the ampulla, c) Cumulus free mouse oocytes, d) Ovary 
isolated 8h post hCG injection, e) Pre - Ovulatory oocyte on release from 
the follicle, f) Cumulus free pre - ovulatory oocyte.
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The cumulus masses were transferred to hyaluronidase 
solution ( 150 mg / ml in PBS ) to dispersed the cumulus 
cells and the ova were then removed and washed three times 
in PB1 ( Fig. 14c ). It has been reported that the cumulus 
mass offers little more resistance to water movement than 
the zona ( Powers and Tupper, 1974 ). It was thus only 
necessary to remove the cumulus cells surrounding the 
oocyte to allow the unobstructed observation of the 
shrinkage response in the microscope diffusion chamber. A 
clear view of t£e plasmamembrane was required since the 
membrane water permeability coefficient was calculated from 
measurements of the cross sectional area of the oocyte. 
Care was taken when handling the oocytes that they were 
kept at 37°C, and this was achieved by holding the dishes 
containing the ovaries and oviducts on a heated plate set 
at 37°C. Thereafter, all manipulations were performed on 
the heated stage.

2.5.2 Collection of Pre - Ovulatory Oocytes.
F-, virgin hybrid C57B1 x CBA females were stimulated as 

described for the production of ovulated oocytes. The 
oocytes were collected 8h post hCG injection using the same 
dissection techniques as for removal from the oviducts in 
the collection of the ovulated oocytes, but now the ovaries 
were included in the tissue mass excised ( Fig 14, 15e ). 
The majority of oocytes remained in the follicles at this
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point, although a small number of blood filled follicles 
were visible, suggesting ovulation of some of the mature 
follicles had already begun. Bloody fluid or clots 
indicated ovulation had occurred a short time prior to 
harvesting i.e. within the last 12 h. The follicles were 
punctured using the needle of a fine insulin syringe, the 
oocytes were released into PB1 ( Fig 15f, 15g ), and placed 
into hyaluronidase until the cumulus cells dispersed. The 
oocytes were removed and washed three times in PB1.

2 .6 Classification and Recognition of Abnormal Morphology 
in Mouse Oocvtes and Embryos.

Prior to experimentation and in vitro culture used to 
test cell viability, it was necessary to assess the oocytes 
in vitro for normal appearance since damage resulting from 
experimental treatments needed to be accurately assessed 
and not confused with degeneration naturally occurring in 
vivo. To this end, morphological criteria were used to 
grade the oocytes. Immediately after release from the 
cumulus those oocytes lacking a zona, empty zona, and 
atretic oocytes which were dark, granular, and often 
shrunken in appearance ( Fig 16a, 16b ) were discarded as 
this suggested degeneration had commenced.

A second criterion of abnormal configuration or shape 
of the oospheres was used for oocyte exclusion from I.V.F. 
culture. When culturing the oocytes after experimentation
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Figures 16a, 16b, 16c and 16d : Magnification Factor x 400

Figure 16 a) and b) Atretic oocyte recovered from the 
ampulla, c) and d) Fragmented oocyte released from the 
ampulla.
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the fact that each cleavage stage has a characteristic 
blastomere size and tiered arrangement was utilized as 
proof of normality. Although there are variations in 
blastomere shape, gross deviations from the expected shape 
suggest an abnormal embryo. The most difficult criterion to 
judge was fragmentation which was a disorganized cell 
division resulting in blastomeres of uneven sizes. It was 
difficult to distinguish between fragmentation and normal 
embryonic development at late stages ( Fig 16c, 16d ).
Misjudging early stages of development as fragmented was 
less likely than discriminating later cleavage stages and 
fragmentation. If the embryo appeared to be at a 
developmental stage inappropriate to the length of time in 
culture it could be called fragmented.

2.7 In Vitro Fertilisation of Mouse Oocvtes
Spermatozoa were collected from two different C57B1 x 

CBA F-, hybrid males aged 12 wks which were sacrificed by 
cervical dislocation and then placed on absorbent paper. 
The abdomen was soaked with 70% alcohol to reduce the risk 
of contamination from the hair as the skin was removed. 
Forceps were used to grasp the skin and a small cut made at 
the midline, the skin was pulled sharply backwards towards 
the head while holding the skin below the cut firmly to 
expose the body wall.
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A fine pair of forceps was used to hold the peritoneum 
and fine scissors used to make two lateral cuts to reveal 
the organs in the body cavity. The testes of the male were 
located in the scrotal sac or in their retracted position 
in the canal which contained fatty tissue ( Fig 17a ). The 
fatty tissue was dislodged and used to pull the testis and 
cord free by manipulation with a pair of blunt forceps.

The epididymis was located by following the vas 
deferens to the head and the whole epididymis removed and 
placed into 1 ml of T6-16 medium prepared for the mouse
1.V.F. ( Fig. 16b ). The cauda epididymis and vas deferens 
are naturally used to store large numbers of sperm which 
allowed collection of a semen sample free from seminal 
fluid and avoided coagulation of the spermatozoa in the 
presence of air. The vas deferens was stroked along its1 
entire length to assist extrusion of a dense pencil of 
sperm. The epididymis was repeatedly punctured with a fine 
gauge needle to allow the sperm to enter into suspension. 
The spermatozoa rapidly became motile and formed an 
homogeneous suspension. The testes from two different C57B1 
x CBA F-, hybrid males aged between 10 - 12 weeks were used 
in each fertilisation dish to ensure a mixed population of 
sperm as a check against the chance of a single male 
producing abnormal sperm.

After incubation at 37°C in an atmosphere of 5% C02, 5%
02, and 90% N2 for 1 J h to allow capacitation, the sperm 
were diluted 1 : 10, ( 0.1 ml of outer well added to centre
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Dissection of Reproductive Organs of a Maie Mouse
A) Alimentary Tract displaced to reveal reproductive organs
B) Reproductive organs

r
Fat Pad

Testis

A
Epidymis

^ Vas Deferens

Figure 17 a) Dissection of a male mouse showing b) the 
reproductive system.
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Figure 18b • Magnification Factor x 750.

Figure 18f : Magnification Factor x 300.



CHAPTER 2 - MATERIAL AND METHODS

Figure 18. Developmental stages of the mouse embryo, a) 2-cell b) 4-cell 
c) 8-cell d) morula e) blastocyst f) hatching blastocyst.
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well of 0.9 ml T6 ). A number of samples of the outer well 
sperm solution from multiple fertilisation dishes were 
counted on a Horwell Fertility Semen Counting Chamber to 
determine the final concentration which was approximately 
2 x 106 / ml. Oocytes were released directly from the 
oviducts ( refer to section 2.5.1 ) into the sperm
suspension immediately on collection. Following an 
incubation period of 5 - 6 h the oocytes were recovered, 
transferred through a series of droplets to remove excess 
sperm, and cultured in T6 4 under paraffin oil ( refer to 
section 2.4.1 ). The oocytes were examined 24 h post
insemination for fertilisation as determined by development 
to two - cell embryos, and they were then observed over a 
4 - 5  day period to observe whether development continued 
to the hatching blastocyst stage ( Fig 18a - 18f ).

2.8 Human Oocvte Collection and Culture

*
2.8.1 Media for Human In Vitro Fertilisation

For each patient 25 ml of stock Earles Balanced Salt 
Solution ( EBSS ) was decanted and bubbled with 5% C02, 5% 
02, and 90% N2 until the pH stabilized at pH 7.2 - 7.3 as 
in mouse IVF media preparation. To each 25 ml of EBSS 0.5 
ml of Human Serum Albumin was added ( HSA, Blood Products 
Laboratory, Herts., UK. ). The solution was filtered as for 
the mouse I.V.F. and 1 ml pipetted into 5 ml culture tubes
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( Falcon, Becton Dickinson & Co, UK. ) for incubation at 
37°C. The HSA - supplemented medium was also used for sperm 
preparation ( refer 2 .10.1 ) .

2.8.2 Isolation of Fresh Human Oocytes
Fresh human oocytes were donated following informed 

patient consent from the Royal Free Hospital human I.V.F. 
programme. Multiple follicular growth was achieved 
following an initial period of down - regulation and 
supression of the endogenous pituitary gonadotrophins with 
administration of Buserelin ( D-Ser tBu6 LH-RH 1-9 
ethylamide, Hoechst UK Ltd. ) for approximately 15 days 
prior to the onset of stimulation. The ovary was then 
stimulated by injections of HMG, ( Pergonal, Serono 
Laboratories Ltd, UK ), 300 iu days 1 - 5  followed by 150 
iu days 6 - 10. The follicles were monitored using
ultrasound scanning on days 6, 8, and 10 until at least 
three follicles measured 18mm ( Figs, 19a - 19d ). The 
endometrium was monitored to assist judgement of readiness 
of the patient for oocyte recovery. In addition serum 
hormonal assays were used for oestrogen, progesterone and 
LH from day 8 of the treatment cycle to monitor for LH 
surges and pre - operative ovulation. The oocytes were then 
recovered 34 - 36 h after 5000 iu of hCG, ( Profasi, Serono 
Laboratories Ltd, UK. ), using either vaginal ultrasound or 
laparoscopy.
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For ultrasound, vaginal egg collection using a DRF 250 
scanner ( Diasonics U.K. Ltd ) and transvaginal probe ( 7.5 
MHz Transducer ), the patient was under intravenous 
sedation using of 100mg Pethidine ( Roche Products Ltd, 
U.K. ), 10 mg of Diazimuls ( Dumex Ltd, U.K. ), and 12.5 mg 
of Stemetil ( May & Baker Ltd, UK ). The vaginal probe was 
covered with a sterile sheath and non-spermicidal condom 
( Casmed UK Ltd ) which was filled with sterile contact 
jelly ensuring no air was trapped between the transducer 
and the cover which would result in interference in the 
scan picture. The pelvis was scanned and the plane of the 
follicles identified prior to puncturing the lateral 
vaginal fornix for access to the follicles. A needle guide 
was attached to the probe and a double lumen aspiration 
needle ( Casmed UK. Ltd ) passed down the side of the guide 
and through the vagina and follicle wall. Weak suction was 
applied, ( 200 mmHg pressure ) to avoid damaging the oocyte 
on removal from the follicle ( Suction Unit, Rockett of 
London Ltd, UK. ), and the needle gently rotated. The 
follicular fluid was collected in a pre - warmed tube 
( Falcon, Becton Dickinson & Co, UK. ) and the tubes stored 
in a heated test - tube rack ( Grant Instruments Cambridge 
Ltd, U.K. ) for examination of the fluid by the 
embryologist. The follicle was then flushed with EBSS media 
and again suction was applied and the flush collected for
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ROYAL FREE HOSI I OF UNIT R OYAL FREE H OSfcw - JdJF UNIT

Figure 19a Figure 19b

Figure 19c Figure 19d

Figure 19-
Ultrasound monitoring a) the endometrium and the human ovary b) quiescent 

c) day 8 d) day 14 ( pre-operatively ).
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examination. The follicle was flushed until an oocyte was 
identified or up to a maximum of 5 times. The fluids from 
the follicle and flushes were examined under a dissection 
microscope using sterile conditions to identify granulosa 
cells or cumulus mass which appeared as transparent areas 
in the coloured fluid. Oocytes were then transferred to 
clean flush medium and washed three times before being 
placed in 1ml of EBSS supplemented with HSA, and incubated 
at 37°C in an atmosphere of 5% C02, 5% 02, 90% N2 for 5 - 6  

h. Following this, in those oocytes donated for research, 
the cumulus mass was removed using hyaluronidase and gentle 
agitation with a micropipette ( Fig 20a - 20d ). For
routine I.V.F., the oocytes were identified from the 
follicular aspirations, graded and stored in 1 ml in EBSS 
supplemented with 4 mg / ml HSA at 37°C for 5 - 6 h to 
complete the maturation process prior to insemination. The 
oocytes were examined for pronuclei 16 - 20 h post
insemination and after 48 h for cleavage and cell division.

2.8.3 Failed-to-Fertilise Human Oocytes
In addition to fresh excess oocytes, failed to 

fertilise oocytes ( Ff ) were donated for research. After 
collection, the oocytes were placed with sperm and 
incubated for 20 & 48 at 37°C in an atmosphere of 5% C02, 5% 
02, 90% N2 after which they were examined for signs of
fertilisation or development. Those oocytes that showed
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no signs of fertilisation but retained a normal morphology 
and were perfectly spherical ( Fig 21a, 21b ) were used for 
permeability studies.

2.8.4 Maturation of the Human Oocyte
The technique of human I.V.F. necessitates the removal 

of pre-ovulatory oocytes directly from the follicles. This 
necessarily results in removal of the oocytes from exposure 
to follicular fluid and granulosa cells. The constituents 
of the intrafollicular environment may influence the stage 
of maturity and thus the ability to fertilise the oocyte. 
Additional time is allowed in I.V.F. for the human oocyte 
in culture to complete nuclear and cytoplasmic maturation. 
The aim of this is to avoid polyspermia and increase the 
fertilisation rate ( Trounson et al, 1982 ).

Oocytes were matured for 5 - 6 h prior to use in
permeability studies. A second group of oocytes were
matured for a prolonged period of time ( 24 h ) to
determine whether a prolonged maturation time affected cell 
membrane water permeability characteristics. Thirdly, a 
group of oocytes were examined immediately after collection 
to see if in vitro maturation had any effect on the
membrane permeabilities.
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2.8.5 Oocyte Grading
The maturity of the human oocytes was assessed 

immediately on collection by studying the morphological 
characteristics of the cumulus / corona cell complex. The 
grade given to the oocyte allowed decisions concerning the 
timing of insemination and of any experimental study on the 
membrane permeability to be made rapidly with as little 
stress to the oocyte as possible. The criteria used were ;

i) Expanded cumulus mass - were the cells compact or 
a loose aggregation ?

ii) Coronal layer - were the cells radiant, expanded, 
or compact ?

iii) Ooplasm - were the germinal vesicle or the first 
polar body visible, was the cytoplasm granular or 
dark in colour ?

Mature oocytes had an expanded cumulus mass and corona 
radiata, the first polar body was extruded ( Fig 20a,
20b ) whereas immature oocytes had compact cumulus and the 
corona cells were compact and attached to the zona 
pellucida, and the germinal vesicle was still visible ( Fig 
20c, 20d ). Microscopic observations of the morphology of 
the oocytes were recorded using a scale of 1 to 3, with 1 
being equal to an immature oocyte and 3 a mature oocyte.
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Figure 20a : Magnification Factor x 210. 

Figure 20b : Magnification Factor x 310.

Figure 20c : Magnification Factor x 250 

Figure 20d : Magnification Factor x 400
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Figure 20-a) Fresh human oocyte, expanded cumulus cell complex, b) Mature
oocyte with 1st polar body visible, c) Immature human oocyte, cumulus mass 
compact, d) Immature human oocyte with germinal vesicle visible.
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V,

Figure 21 Failed-to-fertilise human oocyte a )
Morphologically normal oocyte, b) Abnormal non-spherical 
oocyte. Magnification Factor x 400.
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2.9 Human I.V.F, and Culture
2.9.1 Preparation of Spermatozoa

The male partner involved in the IVF treatment was 
asked to abstain from ejaculation for 3 days prior to 
production of the semen sample since the length of 
abstinence alters both the number and motility of sperm 
( Mortimer et al, 1985 ). The sample was produced by
masturbation into a sterile specimen jar ( Sterilin, 
Middlesex, U.K. ) to provide an uncontaminated semen 
sample. The semen sample for insemination was produced 2 h 
after oocyte collection, and allowed to liquefy for 40 
minutes at room temperature. A 1 ml sample of the whole 
semen was then diluted 1 : 4 with EBSS supplemented with 4 
mg / ml HSA, mixed thoroughly and spun at 600 x g for 10 
minutes to remove the seminal fluid. The supernatant was 
aspirated to leave a pellet of sperm which was then 
resuspended in EBSS and centrifuged for a further 10 
minutes. After the second wash, the supernatant was again 
removed and 1 ml of the modified EBSS was layered onto the 
remaining pellet of sperm. The motile sperm were allowed to 
" swim - up " after incubating the spun cells at 37°C in a 
C02 incubator. The migrated sample was then assessed for 
sperm quality by placing a drop of the swim - up on a 
Makler Counting Chamber with a 10 x 10 grid used to measure 
the following parameters :
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i) sperm density
ii) motility

iii) progression
iv) abnormal forms

2.9.2 Assessment of Sperm Parameters 
a) Sperm Count :

Both the count per ml and the number in the total semen 
specimen were recorded. The number of spermatozoa in 10 of 
the counting chamber squares was used to indicate the 
number of sperm in 1 ml of semen. A number of grid square 
rows was counted and an average taken to account for 
spermatozoa moving into and out of squares. The total sperm 
count was the number of sperm / ml x volume of semen.

Normal estimations of spermatozoa / ml were considered 
to fall within the range 20 - 200 x 106 / ml. In cases of 
less than 20 x 106 / ml, the patient was classified as 
oligozoospermic, a complete absence of sperm was 
azoospermic, and more than 350 x 106 / ml was
polyzoospermic.

b) Motility ( Quantitative )
Sperm showing any movement were said to be motile and 

this was expressed as a percentage of the total sperm 
count :

% Motile sperm = No. motile sperm / ml x 100
Total no. / ml
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Normal sperm motility parameters were taken as 50 % or 
above.

c) Progression ( Qualitative )
Progression was used as a subjective indication of 

sperm quality and was graded on a scale of 1 - 4 by the 
type of movement shown.

Grading of Sperm Progression 
Definition
1 Poor
2 Moderate

3 Good
4 Excellent

Description 
Weak, slow forward movement 
Slow but definite progression 
observed
Relatively fast movement 
Very rapid, vigorous movement

Normal analysis was a count of 3 or above.

d) Sperm Morphology ( Abnormal forms )
Sperm were observed for head and tail abnormalities 

such as a reduced or enlarged head size or duplicate heads. 
Tail abnormalities included coiled tails preventing 
movement, double or short, truncated tails, all of which 
prevent fertilisation. The abnormal forms were expressed as 
a percentage of the sperm density. A normal semen analysis 
was considered to have less than 40 % of abnormal sperm.
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In addition, the number of white cells were noted since 
their presence in a semen sample suggested inflammation and 
possible infection.

For I.V.F., the sample was diluted to a concentration 
of 1 x 106 / ml. From the 1 x 106 / ml stock solution 0.1 ml 
was used for insemination to produce a final concentration 
of w 100,000 / ml in the tubes containing the oocyte.

2.10 Microscope Diffusion Chamber
To determine the dynamic osmotic response of the 

oocyte, a diffusion chamber ( Fig 22, 23 ), ( McGrath,
1985 ) was developed allowing direct observation of
volumetric alterations following changes in the external 
solution. The chamber was fitted to a Nikon inverted 
microscope capable of taking both still pictures using a 
Nikon FE2 camera and video pictures using a Panasonic 
camera and U - matic Sony Video Cassette Recorder. Built 
into the chamber body were two flow channels running 
independently of one another. The outer flow channel ran 
around the edge of the chamber surrounding the inner 
channel and contained fluid from a circulating water bath. 
The chamber body was copper to facilitate heat transfer 
between the sample / outer heat exchanger compartment, and 
the outer heat exchanger fluid / pre -cooled water which 
was pumped to control the temperature of the stage. The 
inner flow channel ran across the centre of the chamber
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over a clear plastic coverslip and through an outlet pipe 
providing the bathing medium for the oocyte.

The sample region of the diffusion chamber was a 
circular brass top fitting on to which a glass coverslip 
was fixed to allow visualisation of the sample. The top 
fitting was placed in an oven, a layer of melted wax placed 
on the coverslip and then left to solidify on a flat 
surface. A Pasteur pipette was used to bore a hole in the 
wax to contain the sample.

Prior to an experimental run the temperature of the 
controlling water bath was set at the desired value and 
then allowed to equilibrate. The perfusing system was pre - 
flushed with isotonic medium since this minimized the 

chance of incorporating air bubbles in the system, reduced 
the friction and thus the likelihood of tearing the 
membrane on lowering the sample region into the bulk flow 
area. The oocytes ( one human or several mouse ) were 
pipetted into the sample region of the diffusion chamber 
( Fig 24 ) and a dialysis membrane ( Cuprohan M80, Enka AG, 
FDR ) which had been soaked in distilled water for 24 h 
( to remove the glycerol used for the preservation of the 
membrane ) was positioned over the oocytes. The dialysis 
membrane absorbed the shear stresses of the bulk flow, 
keeping the oocytes stationary for accurate observation. 
The solute diffusivity for the dialysis membrane was 
reported by the manufacturers to be one tenth that of the
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diffusion coefficient in free solution. The sample chamber 
was inverted into the bulk flow area and the pump system 
started for continuous flow with isotonic medium at a rate 
of 20 ml / min. The position of an oocyte in the sample 
region was determined by calculating the sample region 
thickness using fine focusing, and measuring the depth from 
the glass coverslip to the top of the wax. The oocyte's 
position was assigned depending on its distance from the 
base of the coverslip and was then assumed to be constant 
throughout the run. The isotonic medium was changed to a 
hypertonic solution of known osmolality ( Table 4 ) and the 
osmotic response of the oocyte was monitored using video 
microscopy which recorded digital time and date using a 
Video Timer ( VTG - 12, E. S. Video, London. ) and the 
diameter change. The start of hypertonic perfusion was 
signified by the passage of a bubble across the sample 
region which was introduced between the isotonic and 
hypertonic media. This was taken as time 0 for measurements 
of diameter change in response to hypertonic exposure. A 
number of thermocouples ( NiCr / NiAl, Comark Ltd, U.K. ) 
connected to a digital temperature display unit were used 
to monitor the temperature at various points in the 
experimental perfusion system ( Fig 25 ) . These included 
the temperatures of the fluid in the circulating water 
bath, of the fluid at the centre of the sample region and 
of the fluid leaving the bulk flow region ( Table 5 ).
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The diffusion chamber system was set up to allow either 
multiple experiments with different cells at the same 
experimental conditions or for a single cell experiment for 
observation under different conditions such as multiple - 
step changes in the extracellular concentration or multiple 
changes in temperature. Using these variations of 
experimental conditions, the normalized osmotically 
inactive volume of the cell, the cell membrane water 
permeability, and the Arrhenius activation energy for water 
transport were determined as described in section 2.10.4.

After each set of experiments data measurements were 
made by replaying the video recording. The "pause" function 
was used to allow the cell diameter to be measured directly 
across three axes from the TV. screen ( Video Monitor 5470, 
Panasonic, UK ). The magnification factor was calculated by 
focusing on an eye piece graticule ( Graticule Ltd, 
England ), a recording made and the distance between the 
centre of adjacent divisions measured. The distance 
measured on the video monitor was converted to a 
magnification factor :
Graticule Scale - 100 divisions ~ 5 mm

1 division = 0.05 mm

Microscopic Measurements -
2 divisions = 126 mm 
1 division = 63 mm
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Conversion - 0.05 = 1 division = 63 mm
0.05 = 63

magnification factor
63 / 0.05 = 1260 x

2.10.1 Non - Equilibrium Experiments
Determination of the Membrane Water Permeability ( Lp ).

The membrane water permeabilities of individual 
oocytes were obtained from measurements of changes in the 
cell diameter ( Table 6 ). The bathing medium of the oocyte 
was changed from the isotonic baseline ( PBS ; 290 mOsm ) 
to a hypertonic solution ( 0.5 M NaCl; 920 mOsm ) and the 
diameter history recorded over a 5 minute period at 20°C 
with measurements being taken every 5 seconds.

The parameters of the system and the diameter 
measurements were entered into a computer model ( SENS ) 
used to predict the diffusion of a binary solution 
( NaCl ) across the dialysis membrane. Changes in the 
extracellular solute concentration in the sample region 
were then calculated over time and used with the Kedem - 
Katchalsky membrane transport model ( Kedem and Katchalsky, 
1958, Sherban, 1987 ) to produce a best estimate of the 
cell membrane hydraulic conductivity based on the predicted 
and experimental data. An ordinary least squares method was 
used to minimise the error between the functional values

128



f

Figure 22a : Chamber base measures 11.0

Figure 22b : Brass ring measures 3.0 cm

cm.
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Figure 22 a) Microscope diffusion chamber used for the 
derivation of the permeability parameters of the oocyte, 
b) The sample region of the microscope diffusion chamber.
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Figure 23 Schematic representation of the microscope 
diffusion chamber.
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Legend to Figure 25.
A - Sample Chamber.
B - Brass Ring.
C - Dialysis Membrane.
D - Sample Region.
E - Bulk Flow Perfusate.
F - Thermocouple.
G - Outer Temperature Regulating Chamber.
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Figure 24 Representation of the sample region of the 
microscope diffusion chamber.

Figure 25 Representation of the microscope diffusion 
chamber showing thermocouples for monitoring the 
temperature.
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Table 4 Concentration of Hypertonic Solutions in Non - 
Equilibrium and Equilibrium Experiments

Molar Concentration Osmolality ( mOsm )

CM•O M NaCl 0.410
0.3 M NaCl 0.600
0.4 M NaCl 0.790
0.5 M NaCl * 0.980
0.7 M NaCl 1 .395

* 0.5 M NaCl was used for both the non - equilibrium and 
equilibrium experiments.
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Table 5 Temperature of the Diffusion Chamber : Overall
System

Circulating Water 
Bath

Media Input 
Point

Centre of Sample 
Chamber

40.3 37.1 37.4

30.8 30.0 30.0

18.9 20.2 19.8

6.3 10.1 8.8

- 4.9 0.1 0.3

Room Temperature 22°C - 25°C
All temperatures recorded as °C
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created by the mathematical model and the experimental 
measured values. An example of the computer input data is 
listed for information purposes.

2.10.2 Computer Input : Sens Parameters for Lp estimation
1) Dialysis membrane thickness ( RL 1 )
2 ) Cell chamber thickness ( RL 2 )
3) Cell position ( Lip )
4) Diffusivity in cell chamber ( D 2 )
5) Diffusivity in dialysis membrane ( D 1 = D 2/10
6 ) Mass transfer coefficient ( Hd = 1000* D 2
7) Initial concentration - osmolality mOsm ( CINIT )
8 ) Finial concentration - osmolality mOsm ( CINF )
9) Inactive volume % ( VINA )
10) Magnification factor ( R MAG )

1 ) Time step - sec ( DT )
2 ) Time range - sec ( TM0, TM1 )
3) Permeability step - pm / sec ( DP )
4) Permeability range ( P0, P1 )
5) Investigating permeability ( P SENS )

2 .10 . 3  Normalized Inactive Volume ( Vb ).
For this measurement an oocyte was initially perfused 

with isotonic medium and the diameters recorded. It was 
then perfused for a 10 minute period with several step -

134



CHAPTER 2 - MATERIAL AND METHODS

wise changes of media of increasing concentration and 
allowed to come to equilibrium cell volume at each and the 
diameter again recorded ( Table 7 ). The osmolality of each 
solution was measured with a freezing point osmometer ( 
Table 6 ). The oocyte went through a total of five
increases of medium and the diameter taken at the end of 
each step. The normalized inactive volume was obtained by 
a Boyle - Van't Hoff plot from the equilibrium volumes at 
the various concentrations versus 1 / solute concentration.

2.10.4 Activation Energy. ( Ea )
The temperature - dependence of the movement of water 

across the cell membrane was studied by changing the 
temperature at which the membrane water permeability values 
were calculated. The temperature of the circulating water 
bath and thus the heat exchange system was set over a range 
of values from 37°C to 0°C ( including 37°C, 30°C, 20°C, 
10°C, and 0°C ). Additional methodology concerning the
investigation specifically at 0°C which caused an unusual 
cell response can be found in Chapter 5. Both equilibrium 
and non - equilibrium experiments were carried out at all 
the temperatures. The relationship which expressed the 
temperature dependent nature of the movement of water was 
derived from the classic Arrenhius equation.

P = K exp [ - Ea / RT ]
equation 2.1
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where

K is a constant
Ea is the activation energy
T is temperature °K
R is the gas constant
P is the membrane water permeability

This can be re - written as :

Ln ( P ) = Ln ( K ) - Ea / RT
equation 2.2

and by plotting Ln ( P ) v.s. 1 / T the activation energy 
can be determined from the slope of the graph produced.
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Table 6
Computer Input Data File : Sample 

The values entered were :

Dialysis membrane thickness 
Cell chamber thickness 
Cell position ( 5 - 1 1  ) 
Diffusivity in cell chamber 
Diffusivity in dialysis membre 
Mass transfer coefficient 
Initial concentration 
Finial concentration 
Inactive volume %

10) Magnification factor

The values entered were :

1) Time step
2) Time range
3) Permeability step
4) Permeability range

5) Investigating permeability

0.160E+02 microns 
4.000E+02 microns 
5
0.780E-10 M*M/sec 
0.780E-09 M*M/sec 
0.780E-05 
0.28
1.00 Osmoles 
39 
1260

5.00 sec
0.0 - 310.00 sec 
0.25 microns/sec 
0.00 microns/sec 

to 40.00 microns/sec
15.00 microns/sec
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Table 6 ( coninued ) The data points entered were :
( including the time delay of .000 sec )

J Time ( J ) Diameter ( J
( sec ) ( cm )

1 5 6.07
2 10 6.05
3 15 5.98
4 20 5.95
5 25 5.90
6 30 5.85
7 35 5.78
8 40 5.73
9 45 5.70
10 50 5.65
11 55 5.62
12 60 5.58
13 65 5.50
14 70 5.48
15 75 5.45
16 80 5.45
17 85 5.38
18 90 5.35
19 95 5.32
20 100 5.28
21 105 5.25
22 110 5.23
23 115 5.22
24 120 5.20
25 125 5.18
26 130 5.17
27 135 5.17
28 140 5.15
29 145 5.13
30 150 5.12
31 155 5.12
32 160 5.10
33 165 5.10
34 170 5.10
35 175 5.10
36 180 5.08
37 195 5.08
38 210 5.08
39 225 5.08
40 240 5.07
41 255 5.07
42 270 5.07
43 285 5.07
44 300 5.07
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Table 7 

Values for a Bovle Van't Hoff Plot

c -1 (

0 . 2  M 
0 . 72  )

0 . 3  M 0 . 4  M 
( 0 . 48  ) ( 0 . 3 6  )

0 . 5  M 0 . 7  M 
( 0 . 28  ) ( 0.21 )

Diameter 
( cm )
V

5. 62

0 . 78

5 . 52  5 . 10  

0. 75  0 . 60

4 . 9 8  4 . 67  

0 . 56  0. 45

Diameter in Isotonic Media 6.07cm 
when a value of C "1 = 1.00 
the value for V = 1.00
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CHAPTER 3

The Membrane Water Permeability and 
Related Coefficient of Temperature 
Dependence for Unfertilised Oocytes.

3.1 Aims
The experiments presented in this section were

concerned with the derivation of the Lp, and Vb of murine
ovulated oocytes, fresh human oocytes, and failed - to - 
fertilise human oocytes over a range of temperatures 
including 37°C, 30°C, 20°C, 10°C and 5°C. From the
calculated Lps, the coefficient of the temperature 
dependence ( Arrhenius activation energy, Ea ) of Lp was 
determined.

3.2 Introduction
The passive movement of water across biological 

membranes and in particular the equilibrium and non - 
equilibrium responses of cells to osmotic stress have been 
indicated as important predictors of the response of a cell 
to freezing ( Mazur 1963, 1977 ). There have been a number 
of studies investigating the osmotic properties of a wide 
range of cell types including tumour cells ( Hempling, 
1960 ), red blood cells ( Savitz et al, 1964 ), mouse
oocytes ( Leibo, 1980 ), corneal cells ( Armitage, 1983 ),
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liposomes ( Callow and McGrath, 1984 ), and hamster ova 
( Shabana and McGrath, 1988 ). These studies utilized a 
number of techniques including stop flow spectrophotometry 
( Savitz et al, 1964, Hempling, 1960 ) and a diffusion
chamber ( Callow and McGrath, 1984, Shabana and McGrath, 
1988 ).

The development of a microscope diffusion chamber and 
associated computer programme for data analysis ( McGrath, 
1985 ) overcame problems associated with determining the 
transient osmotic response of individual cells by 
techniques such as light scattering, coulter counter 
analysis, optical techniques or diffusion chambers 
developed for the observation of tissues ( Spring and Hope, 
1978 ). The microscope diffusion chamber allowed the
continuous observation of an individual cell or a small 
number of cells in microvolumes. By recording the 
volumetric alterations of the cell directly using real 
time, the properties of each cell, rather than an average 
of the population, were available providing information 
concerning the inherent diversity within a population. 
Since repeated measurements could be easily performed on 
individual cells, the microscope diffusion chamber created 
the opportunity for calculation of the Lp, Vb and the Ea of 
unfertilised human oocytes which were impossible to obtain 
in large enough numbers to use other techniques such as 
coulter counter systems.
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The membrane permeability parameters ( Lp and Ea )
dictate the response of the cell to changes in the
concentration of the extracellular environment, such as
would be experienced during cryopreservation, by
determining the rate at which water could leave the cell.
Both the Lp and Ea were described for the mouse oocyte by
Leibo in 1980, Bernard et al 1988, and Toner in 1990.
However for the unfertilised human oocyte these basic
measurements have not been made. Since the Lp and Ea for
the mouse oocytes had been established it was possible to
use these values as a comparison for the human oocyte. In
addition to the membrane permeability characteristics, it
should be pointed out that the surface area / volume ratio
differs between mouse and human, which mav affect freezina responses. The mouse oocyte is approximately 85 pm in
diameter with a surface area of 2.3 x 1 0-2 mm2 and a volume
of 270 pi and thus has a larger surface area to volume
ratio than a single cell human oocyte which measures 150 pm
in diameter and has a surface area of 7.07 x 1 0~2 mm2 and a
cell volume of 800 pi.

The Boyle - Van11 - Hoff Law states that if a cell
behaves as an ideal osmometer it will exhibit an inverse
relationship between the external osmotic pressure and cell
volume when in an equilibrium state. Since the SENS
permeability estimation was dependent upon this
relationship it was necessary to calculate the inactive 
volume of oocytes for both mouse and human to ensure the
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assumption was correct. The Vb was measured by equilibrium 
perfusion experiments with a range of hypertonic sodium 
chloride solutions as described in Chapter 2, Section 2.11 
and the volume at each concentration plotted in a Boyle - 
van11 - Hoff form. The cell diameters were transformed into 
a measure of the relative cell volume using equation 3.1.2.

From the ratio of the diameter :
a

d = ( d-, )

( dQ ) 3.1.1
the ratio for volumes can be derived :

V = ( a, )3

( d„ ) 3 3 . 1 . 2
where
d-, is the diameter in hypertonic saline 
d„ is the diameter in isotonic PBSo

The relative volume is plotted against the inverse 
concentration ratio :

C = ( C, )

( CQ ) 3.1.3
where
C i s  the concentration of the hypertonic saline 
CQ is the concentration of isotonic PBS
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3.3 The Cell Membrane Water Permeability
The Lp was determined from the change in the cell 

volume of the oocyte with respect to time when subjected to 
an impermeable solute of known osmolality. The rate at 
which the water left the cell could be seen from the 
computer generated plots of the experimental and predicted 
normalised cell volume ( Fig 26a, 26b ). The initial steep 
section of the slope indicated the immediate response of 
the cell to hypertonic perfusion when the differences 
between the extracellular and intracellular concentrations 
were large and water efflux rapid. As the cytoplasm became 
increasingly concentrated and the differential between the 
osmotic potentials of the solutions approached equilibrium, 
the rate of water loss slowed as was reflected in the slope 
of the graphs of cell volume which gradually plateaued. A 
comparison of the experimental and predicted cell volumes 
indicated, from the extent to which the two plots diverged, 
the accuracy of the membrane water permeability value 
generated by the computerised Kedem-Katchalscky equations 
( Appendix 1 ).

The parameter estimation programme SENS was used to 
generate theoretical values for the cell volume and to 
compare these predicted values to the experimental data 
( Table 7 ). Appendix 1 gives a full explanation of the
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Figure 26 Representative plots of change in volume with 
time on hypertonic ( 0.5 M NaCl ) perfusion of mouse
oocytes at 20°C showing kinetics of water transport for a) 
Lp 0.48 and b) Lp 0.76
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method used by the SENS computer programme to calculate 
these values. From the best fit curve generated for the 
shrinkage response, the cell membrane water permeability 
could be calculated for both mouse and human oocytes over 
a temperature range 37°C to 5°C ( Tables 8 , 9, 10 ). The 
temperatures at which the Lp's were investigated were 37°C, 
30°C, 20°C, and 10°C. An additional temperature, 5°C, was 
used when determining the Lp for fresh human oocytes. In 
addition, failed-to-fertilise human oocytes were examined 
at the same temperatures as the murine ova and a comparison 
made with the fresh human oocyte. This was important 
because if the Lp for failed-to-fertilise and fresh oocytes 
were similar, investigations of Lp could be made from 
oocytes that were of no use to the patient and allow fresh 
ova to be used for other purposes.

By plotting the relative volume against the inverse of 
the concentration and extrapolating the resulting best fit 
straight line to an infinite concentration, the Vb was 
derived. The Vb's of both individual ovulated unfertilised 
murine and human oocytes were calculated at each 
temperature. Values for the mouse oocytes were pooled and 
a mean taken, whilst the large standard deviations and wide 
range of values determined for the human oocytes meant a 
mean value had little significance and individual values 
must be used in the SENS programme.
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3.4.1 The Permeability Parameters of the Ovulated Mouse 
Oocyte.

A preliminary group of 20 ovulated mouse oocytes were 
examined at 20°C and the Lp for each individual oocyte 
determined from the volumetric change in response to
hypertonic perfusate ( Table 8 , 28 ). The Lp data were
pooled for the derivation of a mean value and standard
deviation which was then compared to the permeability
values generated, using a variety of methods, for mouse 
oocytes in previous studies ( Leibo, 1980, Bernard et al, 
1988, Toner, 1990 ). The mean value of 0.48 ± 0.18 pm / atm 
/ min compared favourably with that determined by Leibo of 
0.44 ± 0.03 pm / atm / min for the unfertilised mouse 
oocyte at 20°C determined using the difference in the 
density of cytoplasm as the oocyte dehydrates and 
measurements of the cross sectional area ( Leibo, 1980 ).

A preliminary report in which Lp values were determined 
using both the microscope diffusion chamber ( Bernard et 
al, 1988 ) and the associated SENS software ( Sherban, 
1987 ) calculated a mean Lp of 0.36 ± 0.07 pm / atm / min. 
Again, this corresponded well with that predicted in my 
present study. It was therefore assumed, due to the 
comparable nature of the Lp data, that the microscope 
diffusion chamber permitted the accurate determination of 
oocyte membrane transport parameters.

Subsequent to the derivation of Lp at 20°C, the
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investigative temperature was altered within the range 37°C 
to 10°C including 37°C, 30°C, 20°C, and 10°C. Again the 
individual Lps were calculated for each oocyte and the 
values pooled to derive a mean value ( Table 8 ). A one-way 
analysis of variance was used to determine whether any 
differences in the Lp values calculated for the mouse 
oocyte occurred over the temperature range investigated. A 
value of P < 0.0001 , indicating a high level of
significance was determined. Further analysis using a least 
difference test calculated a significant difference between 
the Lps for mouse oocytes between each of the temperature 
groups ( P < 0.05 ). Finally, a high level of significance 
was assigned ( P < 0.0001 ) to the probability of the Lp
values decreasing with decreasing temperature using the 
linear contrast test. As the temperature was decreased the 
mean Lps calculated exhibited a decline indicating a 
temperature dependence for Lp. At 37°C the mean Lp was 1.24 
± 0.29, at 30°C 0.80 ± 0.33, 0.48 ± 0.18 at 20°C, and at 
10°C 0.28 ± 0.06 ( pm / atm / min ). The fall in the mean 
Lp values was duplicated by a fall in the range of values 
derived ( from 1.75 - 0.84 pm / atm / min at 37°C to 0.41 - 
0.19 pm / atm / min by 10°C ) indicating a trend towards 
slower movement of water across the membrane barrier.
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3.4.2 The Arrhenius Activation Energy of the Ovulated 
Mouse Oocyte.

The temperature coefficient of the cell membrane water 
permeability was calculated from the Lp data accumulated at 
each temperature ( Appendix 2 ) . The natural logs of the 
mean Lp values were plotted against the inverse of the 
temperature ( °K ) using the value determined at 20°C as a 
reference temperature ( Tg ). A best fit line was plotted 
using a Curfit computer programme ( Apple, MacKintosh ), 
and from the slope of the line the Arrhenius activation 
energy ( Ea ) was calculated ( Fig 27 ). An Ea of 9.48 KCal 
/ mol calculated for the ovulated mouse ova which was 
comparable to those previously published ( Leibo, 1980, 
Toner, 1990 ). It should be noted that the Curfit Programme 
calculates a coefficient of determination ( R 2 value ) for 
the least squares plot of the straight line fitted through 
the data points. The R 2 value was an indication of the 
accuracy of the best fit line with 1.00 corresponding to an 
ideal fit and 0.00 meaning the line did not fit the data at 
all. For the Arrhenius plot of Ea for the mouse an R 2 of 
0.99 was calculated suggesting a close linear fit between 
the line applied and the experimental data.

In the study by Leibo ( 1980 ) both fertilised and 
unfertilised mouse oocytes were investigated and found to 
have Ea values of 13.0 KCal / mol and 14.5 KCal / mol 
respectively. Toner ( 1990 ) investigated the Lp and Ea of
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unfertilised ovulated mouse ova at subzero temperatures in 
the presence of ice using cryomicroscopy and determined a 
value of 13.3 ± 2.5 KCal / mol. Both of these values
correlate favourably with that of 9.48 KCal/ mol calculated 
in my study, thus again establishing the Lp and Ea values 
obtained with the microscope diffusion chamber ( McGrath, 
1985 ) in comparison to other authors' work and validating 
the use of the diffusion chamber for permeability parameter 
analysis.

3.4.3 The Inactive Volume of the Ovulated Mouse Oocyte
The Vb values for the unfertilised mouse oocytes fell 

within a narrow range and thus although the individual 
values were derived ( Table 8 , 29 ) the data calculated at 
each temperature were pooled and mean values determined for 
use in the SENS parameter estimation ( Fig 28 ). The mean 
Vb values determined varied little with respect to 
temperature ranging between 18.50 ± 3.30 % and 20.50 ± 3.83 
%. The results for the mouse oocytes compared favourably to 
the Vb values calculated by Leibo ( 1980 ), Bernard et al 
( 1988 ), and Toner ( 1990 ) which were 18 %, 20 % and 21 
% respectively.

3.5.1 The Membrane Water Permeability of Fresh Human 
Oocyte.

The mean Lp value of 0.39 ± 0.12 )im / atm / min
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calculated for fresh pre-ovulatory human oocyte at 20°C was 
similar to the Lp values determined using the microscope 
diffusion chamber for the ovulated mouse oocyte of 0.48 ± 
0.18 pm / atm / min ( Fig 29 ). In addition, this value 
compared well to those determined in other studies for the 
mouse oocyte at 20°C ( Leibo, 1980, Bernard et al, 1988 ). 
However there was only a slight change in the mean Lp 
values with respect to an alteration in temperature, 
indicating that the Lp for the human oocyte may be less 
dependent on temperature than in the mouse, or 
alternatively, the temperature dependence may be masked by 
the large standard deviations ( Table 8 , 9 ). However,
using a one-way analysis of variance the overall difference 
determined was statistically significant at P < 0.05. This 
difference between the Lp values detected using the one-way 
ANOVA test, on analysis with the least significant 
difference test, was due to differences between the groups 
37°C and 5°C and secondly 30°C and 5°C ( P < 0.05 ).
Lastly, analysis using a linear contrast test to determine 
the likelihood of Lp decreasing as temperature decreased in 
a correlative way calculated a high level of significance 
at P < 0.005 for the decrease in values. The decrease in 
the mean Lps observed with decreasing temperature was not
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Table 8 The Permeability Parameters of Murine Ovulated 
Oocytes

Temperature Mean Lp Number Mean Vb
( °C ) ( pm / atm / min ) ( n ) ( % )

37 1.24 ± 0.29 22 19.30 ± 3.65

30 0.80 ± 0.33 24 20.50 ± 3.83

20 0.48 ± 0.18 20 19.40 ± 2.70

10 0.31 ± 0.11 20 18.50 ± 3.30
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Figure 27- An Arrhenius plot of the mean Lp with respect to temperature 
to calculate the activation energy for the unfertilised mouse oocyte.
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Figure 28. A representative Boyle Van't Hoff plot of the osmotically 
inactive volume of the mouse oocyte.

1 5 3



CHAPTER 3 - PERMEABILITY PARAMETERS

accompanied by a change in the spread of Lp values recorded 
for the individual oocytes, and at all temperatures a wide 
variation in Lp values was evident ( Table 9, 30 ). At 37°C 
there was a mean Lp of 0.58 pm / atm / min, while the 
values estimated for the individual oocytes were within a 
broad range of 0.16 - 1.07 pm / atm / min. Lowering the 
temperature to 30°C caused a concomitant decrease in the 
mean Lp to 0.53 pm / atm / min whilst the range increased 
to 0.14 -1.22 pm / atm / min. By 5°C the mean had fallen to 
0.25 ± 0.09 pm / atm / min with a range of between 0.14 - 
0.40 pm / atm / min.

3.5.2 The Arrhenius Activation Energy of The Fresh Human 
Oocyte.

Plots of the Arrhenius activation energy were made from 
the mean Lp data derived for the human ova ( Fig 30 ). The 
Ea values established from the slope of the least square 
fit were extremely low, at 3.73 KCal / mol for fresh human 
oocyte with a coefficient of determination ( R a value ) of 
0.77. Although the R 2 value was relatively high, the 
standard deviations around the predicted means of the Lp at 
each temperature were large and made the statistical 
significance of the apparent decline less certain.
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Table 9 The Permeability 
Oocyte

Parameters of the Fresh Human

Temperature Mean Lp Number Mean Vb
( °C ) ( yum / atm / min ) ( n ) ( % )

37 0.58 ± 0.32 10 34.00 ± 10.2

30 0.53 ± 0.39 10 28.29 ± 5.47

20 0.39 ± 0.12 10 25.10 ± 7.95

10 0.43 ± 0.21 10 25.38 ± 8.23

5 0.25 ± 0.09 10 30.70 ± 5.31
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Figure 29. Shrinkage kinetics of two representative fresh human oocytes 
at 20 C in 0.5 M NaCl solution.
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Figure 30. An Arrhenius plot of the mean Lp values calculated for 
the fresh human oocyte to determine the activation energy
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3.5.4 The Inactive Volume of Fresh Pre-Ovulatory Human 
Oocytes.

Although the Vbs calculated for the individual mouse 
oocytes both within each set temperature and between 
different temperature groups were similar, the values for 
the fresh human oocytes varied widely within each group 
( Fig 31a, 31b ). Although the mean Vb values at the
different temperatures varied ( 34.0 ± 10.2 % at 37°C,
compared to 25.10 ± 7.95 % at 20°C ) no significance could 
be attached to these differences since the values derived 
at each temperature were so diverse ( Table 8 , 31 ). The
extremes of the values derived for the fresh human oocyte 
were a minimum of 14 % and a maximum of 48 % ,

3.5.1 The Permeability Parameters of Failed-to-Fertilise 
Human Oocytes.

The mean Lp of 0.62 ± 0.32 Jim / atm / min determined 
for the Ff human oocytes at 20°C was larger than that for 
both the ovulated mouse oocytes and the fresh pre-ovulatory 
human. In addition, the individual Lp values derived for 
the Ff oocytes within a temperature group were extremely 
varied ranging between 2.19 - 0.28 pm / atm / min at 37°C 
and 1.17 - 0.19 pm / atm / min at 10°C ( Table 10, 32 ). In 
comparison to the fresh human ova, which exhibited a slight 
decline in mean the Lp values with a decrease in the 
investigative temperature, the failed-to-fertilize human
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ova showed an even greater degree of scatter, with values 
showing little significant relationship to the temperature. 
Although at 37°C the mean Lp of 0.96 )jLm / atm / min was 
estimated which was much greater than that for the fresh 
ova and comparable to the mouse Lp at 37°C an extremely 
large standard deviation ( 0.65 pm / atm / min ) was
calculated. The Lp fell to 0.37 ± 0.14 at 30°C only to rise 
again at 20°C to 0.62 ± 0.32 pm / atm / min and remain at 
this value even though the temperature was reduced to 10°C 
( 0.62 ± 0.30 pm/atm/min ). The inconsistency of the
results for the mean Lp value ( Table 10 ) in conjunction 
with the large standard deviations made the temperature 
dependency of the Lp ambiguous.

3.5.2 The Arrhenius Activation Energy of the Failed-to- 
Fertilise Human Oocyte

The Arrhenius activation energy for the failed to 
fertilize oocyte was 1.03 KCal / mol with an R 2 value of 
0.03 which suggested a poor correlation for the temperature 
dependence for the permeability of those oocytes classified 
as failed-to-fertilize ( Fig 32 ) . The difficulty 
associated with fitting a straight line to the mean Lp data 
for both the Ff and fresh human oocyte combined with the 
large standard deviations at each temperature made the 
application of a single Ea value from pooled data 
unreliable.
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Figure 31 Boyle Van't Hoff plots of fresh human oocytes, a) 
Vb of 16 % and b) Vb of 48 %.
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Table 10 
Fertilise

The Permeability Parameters of 
Human Oocytes

the Failed-to-

Temperature Mean Lp Number Mean Vb
( °C ) ( )im / atm / min ) ( n ) ( % )

37 0.96 ± 0.65 11 30.00 ± 8.98

30 0.37 ± 0.15 10 35.17 ± 9.24

20 0.62 ± 0.32 10 26.62 ± 6.00

10 0.62 ± 0.30 10 25.00 ± 4.85
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Figure 32 The Arrhenius activation energy of the failed-to- 
fertilise human oocyte.
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3.5.3 The Osmotically Inactive Volume of the Failed-to- 
Fertilise Human Oocyte.

The individual Vb values calculated at each temperature 
for the Ff oocytes were as equally varied as those 
determined for the fresh human material ( Table 10, 33 ). 
However, as was the case with the fresh oocytes, the 
differences exhibited at each temperature for mean Vbs, 
which ranged between 25.00 ± 4.85 % and 35.17 ± 9.24 %, 
were not statically different. Due to the variation in the 
Vb of both fresh and Ff human oocytes the value correlating 
to the individual cell was used for the permeability 
calculations of its1 own Lp. This was in contrast to the 
mouse experiments.

Summary
i) The Lp values of 1.24 ± 0.29 at 37°C, 0.80 ± 0.33 at 

30°C, 0.48 ± 0.18 at 20°C, and 0.28 ± 0.06 at 10°C 
were calculated for the mouse oocyte. An Ea for Lp of 
9.48 KCal / mol was derived with a good linear fit of 
the data.

ii) For the fresh human oocytes these values were 0.58 ± 
0.32 at 37°C, 0.53 ± 0.39 at 30°C, 0.39 ± 0.12 at
20°C, 0.43 ± 0.21 at 10°C, and 0.43 ± 0.09 at 5°C. The 
standard deviations of Lp at each temperature were 
large. An Ea value of 3.73 KCal / mol with a less
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clear, but still significant, linear relationship, was 
calculated.

iii) The Lp values of 0.96 ± 0.63 at 37°C, 0.37 ± 0.15 at 
30°C, 0.62 ± 0.32 at 20°C, and 0.62 ± 0.30 at 10°C 
were determined for Ff human oocytes. Again, standard 
deviations wer large, and when an Arrhenius plot was 
constructed to yield a value for Ea, a poor linear 
relationship between Lp and temperature was produced. 
Under these circumstances the Ea value of 1.03 KCal / 
mol has little statistical validity.

From the results in this chapter, my work demonstrated 
that the microscope diffusion chamber yielded values for Lp 
and Ea in mouse oocytes comparable to previous reports. The 
values obtained with Ff human oocytes were so variable that 
these oocytes may be of little practical use in studying 
the membrane permeability characteristics. For fresh human 
oocytes, values of Lp and Ea were of the same order as the 
mouse, but there were greater individual variations between 
oocytes at a given temperature. Considering these facts, I 
decided to investigate the temperature-dependent 
alterations in Lp in the same, individual fresh human 
oocyte in the following chapter. Studies were also designed 
to address the possibile reasons for the variability in the 
fresh human oocytes.
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CHAPTER 4

The Membrane Water Permeability and the 
Activation Energy of Pre-Ovulatory Murine 
Oocytes, Fertilised and Unfertilised Human 
Oocytes.

4.1 Aims
The results presented in this chapter aim to elucidate 

the cause of the variability observed in Chapter 3 for the 
Lp and Vb values calculated for the fresh and Ff human 
oocytes by examining :

i) pre-ovulatory mouse oocytes collected 8 h post 
hCG.

ii) fresh human oocytes immediately after collection 
( 5 i h ) or prolonged culture for 24 h.

iii) pronucleated human oocytes after culture with 
sperm for 19 h.

iv) individual fresh human oocytes at each of the 
temperatures investigated for calculation of the 
Ea.
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4.2 Introduction
It was apparent from the Lps and the value for Ea 

calculated from the mean Lp values over the range of 
investigative temperatures for the fresh human oocytes that 
the variability within the population was large. Protocols 
for egg collections in human I.V.F. required the recovery 
of ova immediately prior to ovulation when they were still 
retained in the follicles. When collecting the mouse 
oocytes for experimental investigations of Lp and Ea, in my 
study, and those by Leibo ( 1980 ), Bernard et al ( 1988 ), 
and Toner ( 1990 ), the usual method for oocyte retrieval 
was to liberate the cumulus masses from the ampulla after 
ovulation had been induced by the administration of 
exogenous hCG. Thus while human oocytes were pre-ovulatory, 
mouse oocytes had undergone ovulation and exposure to the 
oviductal environment.

To investigate the cause of the greater variability in 
the human oocyte data it was necessary to ascertain the 
membrane water transport properties of pre-ovulatory mouse 
ova and to compare this to the response of both ovulated 
mouse oocytes and the pre-ovulatory human material.

A second area of interest in my studies was the 
maturation period which is normally built into I.V.F. 
protocols between the egg collection and the addition of 
sperm. The lag incorporated in the procedure is to take 
into account the additional time the oocyte would have
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remained in the follicle before being released into the 
oviduct following ovulation and the time spent in this 
environment prior to insemination. To allow for this extra 
time required to complete maturation, after collection the 
fresh human oocytes in our programme were matured for 5 £ 
h at 37°C in EBSS medium and a humidified atmosphere of 5 
% C02, 5 % 02, 90 % N2 ( as described in section 2.9.1 )
prior to incubation with sperm. This culture period was 
replicated in my membrane permeability studies of the fresh 
human oocytes in which the oocytes were incubated for 5 £ 
h prior to removal of the cumulus cells and observation of 
the dynamic response to hypertonic perfusion. The degree 
of scatter in the Lps calculated for the fresh human 
oocytes led us to be interested in the influence of the 
time spent in culture between the collection of the oocyte 
from the follicle and the hypertonic perfusion for Lp 
analysis. The effects of varying this culture period on the 
Lp of the fresh human oocyte were studied by determining 
the permeability parameters of fresh human oocytes at 20°C 
and 10°C. Oocytes were studied either immediately following 
recovery from the follicular environment or alternatively 
after an extended period of culture in EBSS at 37°C and an 
atmosphere of 5 % C02, 5 % 02, 90 % N2 .

A third approach to investigating the variability 
within the fresh human oocyte population was to use oocytes 
in which maturity was indicated by the ability of a
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spermatozoa to fertilise the egg. Since it has been 
suggested ( Lopata and Leung, 1988 ) that although sperm 
may penetrate the zona at any point during development, 
entry through the vitelline membrane increases with 
maturity. In addition to an increase in receptivity, the 
oocyte becomes better able to incorporate the sperm 
chromatin. Extrusion of the second polar body was observed 
in those oocytes which were fully mature to meiotic 
metaphase II. It was possible therefore by studying ova in 
which two pronuclei had been identified to study only those 
that were fully mature and fertilised. In addition, I was 
interested to investigate whether fertilisation itself 
could lead to a change in the Lp and Ea values for the 
human oocyte. Although Leibo ( 1980 ) had found that the Lp 
and Ea for the pronucleated single cell mouse ova were not 
significantly different from that in the unfertilised 
ovulated oocytes no data was available for the human 
oocyte. This information was of value as a high survival 
rate has been shown following cryopreservation of 
pronucleated human eggs ( Testart, 1987 ). If Lp and Ea
were similar for pronucleate fertilised and unfertilised 
eggs the extent to which the rate of water loss contributed 
to cell death during oocyte cryopreservation would be in 
question. To elucidate the cause of mortality, other 
factors would need to be studied such as the permeability 
coefficient of the unfertilised oocyte to cryoprotectants.
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Permeability to glycerol has been shown to increase 3 x on 
fertilisation and continue to increase with increasing time 
following fertilisation ( Jackowsi, 1977, Jackowsi et al, 
1980 ).

Fourthly, since calculation of a mean value for Ea 
using populations of fresh human oocytes was unsatisfactory 
due to the large standard deviations about the mean Lp at 
each temperature, individual Ea values for a single fresh 
human oocytes were derived. The Lps at different 
temperatures for the same oocyte were measured and an 
Arrhenius plot made to determine a value for the Ea. If Eas 
could be calculated for each oocyte the range of values 
produced could give an indication of the temperature 
dependence of human ova and the variability inherent in the 
Ea values.

4.3 Materials and Methods
4.3.1 Investigation of Pre-Ovulatory Murine Oocytes.

The ovaries were isolated from female hybrid mice ( 
C57B1 x CBA ) 8 h post hCG administration as described in 
section 2.5.2 and the pre-ovulatory oocytes released into 
PB1 by puncturing the follicles visible on the ovary 
surface. After washing the oocytes to remove the blood 
released along with the ova, they were transferred into 
hyaluronidase ( 150 iu / ml ) and manipulated to remove the
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surrounding cumulus cells. Those oocytes from which the 
cumulus cells could not be removed or were denuded on 
release and thus difficult to locate were discarded. It has 
been suggested that these oocytes were immature or in the 
early stages of degeneration ( Swartz and Schuetz, 1977 ). 
The oocytes were pipetted into the sample region of the 
microscope diffusion chamber and perfused with hypertonic 
saline solutions of various known osmolalities in 
equilibrium and dynamic shrinkage experiments to determine 
Lp and Vb ( 2.11.3 ). The values calculated at 20°C and
10°C were then compared to those measured for the fresh
mouse oocytes at the corresponding temperatures and the 
results summarised in Table 11.

4.3.2 Investigation of the Influence of Culture Time on the 
Lp and Vb of Fresh Unfertilised Human Oocytes.

Two approaches were used to investigate the influence 
of the culture period on the membrane transport properties 
of the fresh human oocyte :

i) The cumulus cells were removed immediately on
collection of the oocyte and the Lp calculated by
hypertonic perfusion as described in section 
2.11.3.
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ii) Alternatively a group of fresh oocytes were 
stored in culture media at 37°C in a C02 incubator 
for 24 h prior to removal of the cumulus mass and 
calculation of the Lp.

The Lp and Vb values were calculated at 20°C for both 
treatments and the results compared to those for fresh 
human oocytes which had been cultured for the standard 5 
h ( Fig 35 ).

4.3.3 Investigation of the Effect of Fertilisation of 
Human Oocytes on Lp and Vb

In order to investigate further the heterogeneity of 
the values for the Lp and Vb for the fresh human oocyte, a 
number of oocytes were co-incubated in 1 ml of EBSS at 37°C 
in a humidified atmosphere of 5 % C02 , 5 % 02, and 90 % N2 
with approximately 0.1 ml of sperm ( concentration 1 x 106 
ml ) as for I.V.F. ( described previously, section 2.10.1 
). After incubating of the oocytes for 16 - 19 h the 
cumulus cells were removed using hyaluronidase and 
manipulation with a micropipette ( section 2.9.1 ). The
ova were then examined for the presence of two pronuclei 
which usually indicated a single sperm had penetrated the 
zona and the vitelline membrane and that the chromatin of 
the sperm head had decondensed forming the male pronucleus. 
Although 2 pronuclei normally suggested fertilisation has
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taken place, they may occasionally be exhibited with 
retention of both sets of female chromosomes. Those oocytes 
used in my investigations of Lp had at least 1 polar body, 
the other may breakdown prior to extrusion of the 2nd. 
Those oocytes in which fertilisation was verified were 
investigated for their water transport parameters using the 
diffusion chamber ( section 2.11.3 ). The Lp was studied at 
10°C and 20°C and comparisons made to fresh oocytes at the 
same temperature.

4.3.4 Membrane Transport Properties of Individual Fresh 
Human Oocytes.

During cryopreservation the rate of water loss from a 
cell is dictated by the permeability characteristics, Lp 
and Ea, of that particular cell. The maintenance of 
equilibrium water content with the extracellular 
environment avoids intracellular ice formation and in part 
determines cell survival. The Lp values for fresh human 
oocytes over the temperature range investigated were 
extremely variable and the Ea determined from the Arrhenius 
plot of the mean Lp values was low with a poor correlation 
coefficient ( Chapter 3 ) . Studies of the Lp and Ea of
individual fresh human oocytes were performed in an attempt 
to investigate the cause of the heterogeneity. The Lp of a 
particular oocyte was studied at 4 different temperatures 
including 37°C, 30°C, 20°C, and 10°C and from this the
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temperature dependence of the Lp was measured using an 
Arrhenius plot.

Fresh human oocytes were collected by vaginal 
ultrasound approximately 36 h after the administration of 
hCG ( as described in section 2.9.1 ). The oocytes were
washed and transferred for storage into EBSS at 37°C in a 
gaseous atmosphere of 5 % C02 , 5 % 02, and 90 % N2 and 
cultured with the cumulus cells intact. The cumulus cells 
were removed after 5 i h using hyaluronidase and 
manipulation with a micropipette to allow accurate 
observation of the cell volume changes on transfer to the 
microscope diffusion chamber ( Section 2.11.1 ). The oocyte 
was then pipetted into the sample region of the microscope 
diffusion chamber, a dialysis membrane positioned over, 
placed in the chamber body, and perfused with isotonic 
media ( as in Section 2.11.2 ). The temperature of the
stage was initially set at 37°C and controlled by water 
moving through the outer temperature jacket from a 
circulating water bath ( Fig 24 ) . The cell shrinkage in 
response to non - equilibrium hypertonic perfusion over a 
5 min period was recorded at 37°C using video microscopy ( 
Section 2.11.2 ). The Lp was analysed using the computer 
formulation of the Kedem - Katchalsky equations ( Refer to 
Appendix 1 ) in the SENS programme which required input of 
the cell radius. Thus measurements of the oocyte across 
three axes were made directly from the screen and
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allowances made for the magnification factor to allow input 
of diameter values.

Since, to derive a value for Ea, the Lp must be 
measured at a number of different temperatures, the oocyte 
was re-perfused with isotonic PBS and allowed to return to 
isotonic cell volume while the temperature of the stage was 
reduced. When the stage had equilibrated at 30°C the oocyte 
was again perfused with hypertonic 0.5 M NaCl for 5 min and 
the response recorded for later analysis. The Lps were 
measured at successive decreasing temperatures since the 
time required for the stage temperature to decrease and 
stabilize was less than that necessary for the reverse 
process of raising the temperature. Lowering the 
temperature of the stage took between 5 and 15 min, the 
longer time correlating to decreasing the temperature to 
1 0°C.

The duration of the investigation was kept to a minimum 
to avoid complications from the increasing time after 
oocyte retrieval or hypertonic exposure. Determining the 
osmotically inactive volume of the oocyte necessitated the 
equilibration of the oocyte with 5 changes of NaCl saline 
solution of known osmolatilies ( Section 2.11.4 ). Due to 
the need to minimise exposure times, in conjunction with 
the knowledge that the inactive volume was not a 
temperature dependent variable ( refer to Chapter 3, 
Results ), the Vb was taken at the end of the non -
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equilibrium perfusion at 10°C rather than at each 
temperature, which would have prolonged the experiment to 
unacceptable lengths of time.

The values for the Logn Lp of the Lps predicted by the 
SENS programme from the cell measurements were plotted 
against the inverse of the temperature ( 1 /T K"1 ) and the 
Arrhenius activation energy, Ea, determined from the slope 
of the graph. A linear regression analysis was applied to 
fit a straight line to the data points and the correlation 
coefficient, R2, recorded ( Curfit, Apple MacKintosh ).

4.4 Results
4.4.1 The Lp and Vb of the Pre-ovulatory Mouse Ova

The Lp values estimated for the pre-ovulatory murine 
oocytes at both 20°C and 10°C were more variable than those 
predicted for the ovulated ova ( Fig 34 ). At 20°C a mean 
Lp of 0.59 ± 0.33 jim / atm / min was determined for the 
pre-ovulatory material while at the same temperature a mean 
value 0.48 ± 0.18 jim / atm / min was recorded for the fresh 
mouse ova ( Table 8 , 11 ). While the mean value was larger 
than that for the ovulated oocytes at 20°C, due to the 
large standard deviation, these values were not 
significantly different. The range of Lp values for pre
ovulatory ova of 0.10 to 1.48 }im / atm / min was 2 x 
greater than that for the ovulated material of 0.28 to 0.81 
jim / atm / min.
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At 10°C the increased variability was again apparent in 
the values calculated for the pre-ovulatory oocytes from 
both the standard deviation about the mean and the range of 
individual values calculated ( Table 11, 34 ) . A mean of 
0.37 ± 0.23 pm / atm / min was calculated for pre-ovulatory 
as opposed to 0.31 ± 0.11 pm / atm / min for ovulated ova. 
However, as at 20°C, due to the large standard deviation 
for the pre-ovulatory material the differences between 
these values were not statistically significant. The Lp 
values calculated using the SENS software programme for 
pre-ovulatory material were even more diverse than those at 
20°C varying within the range 0.04 to 1.04 pm / atm / min 
whilst for ovulated oocytes Lp values fell in the narrow 
band of between 0.19 and 0.41 pm / atm / min.

For the pre - ovulatory mouse oocyte the osmotically 
inactive volumes for each oocyte was determined as in my 
study on ovulated mouse ova and the values found to be more 
diverse for the pre-ovulatory material ( Table 35 ) . The 
mean values for the Vb at both 20°C and 10°C of 25.00 ± 
4.83 % and 22.00 ± 6.81 % respectively were greater than 
for fresh ovulated oocytes of 19.40 ± 2.70 % at 20°C and 
18.50 ± 3.3 % at 10 °C. Although the mean Vb values
determined for the pre-ovulatory oocytes tended to be 
larger than those for the ovulated oocytes, the difference 
did not reach statistical significance. This resulted from 
the larger variability in the Vb for the pre-ovulatory ova.
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4.4.2 The influence of culture time on the Lp and Vb of 
the human oocyte

A mean Lp of 0.47 ± 0.25 pirn / atm / min was determined 
for the " immature " ova at 20°C while for the fresh 
oocytes at the same temperature this value was 0.39 ± 0.12 
pm / atm / min ( Table 12 ). The increased variability for 
those oocytes examined on retrieval was apparent from both 
the standard deviation about the mean Lp and the range of 
values. The individual Lp values predicted for those cells 
examined immediately after collection from the follicle 
were more varied than those oocytes cultured for a 5 i h 
period. The Lp values fell within the range of 0.16 to 0.52 
pm / atm / min for the fresh ova while for " immature " 
oocytes also at 20°C the Lp values determined were between 
0.23 and 1.10 pm / atm / min. The Lps ranged between 0.23 
and 0.67 pm / atm / min for the " matured " ova which is 
much less than the spread for those examined immediately on 
collection of 0.23 to 1.10 pm / min. However the values for 
these matured ova did not exhibit a greater degree of 
consistency than the fresh material which ranged between 
0.04 and 0.52 pm / atm / min.

Increasing the culture time from 5 i h to 24 h between 
the collection of the ova and the initiation of hypertonic 
perfusion did not increase the degree of conformity in the 
Lp values. The standard deviation about the mean was not 
significantly different for the " matured "and fresh ova at
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Table 11 The mean 
Oocytes

Lp and Vb of Pre - Ovulatory Mouse

Temperature 20°C 10°C

Number 29 20
( n )

Mean Lp 0.59 ± 0.33 0.37 ± 0.23
( pm / atm / min ) ( 0.48 ± 0.18 ) ( 0.31 ± 0.11 )

Minimum Lp 0.10 0.04
( pm / atm / min ) ( 0.26 ) ( 0.19 )

Maximum Lp 1 .48 1 .04
( pm / atm / min ) ( 0.81 ) ( 0.72 )

Mean Vb 25.00 ± 22.00 ±
( % ) 4.83 6.81

( ) are values for ovulated mouse oocytes at the
corresponding temperature. Results presented in Chapter 3.
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Figure 33 Plots of the Lp for pre-ovulatory and ovulated 
mouse ova.
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0.42 ± 0.13 pm / atm / min for the matured and 0.39 ± 0.12 
pm / atm / min for the fresh. The decrease in the 
variability observed with increasing time in culture ( Fig
35 ) was not statistically significant either for the 
values calculated for those examined immediately on 
recovery, the fresh, 5 i h culture, human oocyte or those 
examined 24 h after collection. However, it should be noted 
that the trend visible from the individual values ( Table
36 ) was towards a more homogenous population.

The mean values for the osmotically inactive volumes 
calculated for the " immature " ( 30.55 ± 7.69 % ), fresh 
( 25.10 ± 7.95 % ) , and " matured " ( 25.69 ± 11.69 % ) 
human oocytes ( Table 12, 37 ) were only marginally
different with increasing culture time. When the values for 
each oocyte within the three groups were compared to the 
overall range of values calculated for the population of 
fresh human ova at 20°C no significant alterations were 
observed from prolonging the culture period.

4.4.3 The Effect of Fertilisation on the Lp and Vb of Human 
Oocytes.

The mean Lp calculated for the pronucleated egg at 20°C 
of 0.55 ± 0.29 pm / atm / min was not significantly
different from the fresh, non-matured human oocytes at the 
same temperature of 0.34 ± 0.12 pm / atm / min ( Table 
13 ). A large standard deviation was determined for the
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Table 12 The Mean Lp and Vb at 
Immeadiately Following 
Storage for 5 ^h and 24 ]

20 °C of Human 
Collection and

i

Oocytes
After

Culture Time 0 5 i h ( fresh ) 24 h

Number 11 10 13
( n )

Mean Lp 0.47 ± CI.25 0 .39 ± 0.12 0.42 ± 0.13
( pm / atm / min )

Minimum Lp 0 .23 0.04 0.23
( pm / atm / min )

Maximum Lp 1 .,10 0.52 0.67
( pm / atm / min )

Mean Vb 30. 55 ± 25.10 ± 25.69 ±
7.,69 7.95 11 .69

( % )

Values for " fresh " human oocytes at the corresponding 
temperature are presented in Chapter 3.
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The Lp at 20 *C  for human oocytes cultured for varying times.

0.9 -E4— '

0.6 -

c l 0.3 -

0.0
5 1 /2  hrsmatured immature

Lp Human Oocyte ( 20*C  )

Figure 34 Plots of the Lp data for human ova to investigate 
the influence of culture time on the permeability 
parameters.
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Table 13 The Mean Lp and Vb for Pronucleated Human Oocytes

Temperature 20°C 10°C

Number 17 10
( n )

Mean Lp 0.55 ± 0.29 0.34 ± 0.12
( pm / atm / min ) (0.39 ± 0 . 1 2 )  ( 0.43 ± 0.21 )

Ratio of St. 0.53 0.35
Dev : Mean ( 0 . 3 1 )  ( 0 . 5 0 )

Minimum Lp 0.11 0.13
( pm / atm / min ) ( 0 . 1 6 )  ( 0 . 1 7 )

Maximum Lp 1.19 0.55
( pm / atm / min ) ( 0.52 ) ( 0.96 )

Mean Vb 39.31 ± 37.18 ±
( % ) 11.37 11.15

Values for fresh human oocytes at the corresponding 
temperature from Chapter 3.
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fertilised ova compared to that predicted for the fresh 
human oocytes. The individual Lp's determined for the ova 
at 20°C for the fresh material ranged between 0.16 - 0.52 
)im /atm / min. However, for the pronucleated ova there was 
a 2 fold increase in the range of Lp values calculated from 
0.11 and 1.19 jim / atm / min suggesting a greater 
heterogeneity in the population of fertilised ova studied. 
However, at 10°C the pronucleated ova had a mean of 0.34 ± 
0.12 jim / atm which was lower than that calculated for the 
fresh oocytes of 0.43 ± 0.21 jim / atm / min, the reverse of 
the situation at 20°C ( Table 38 ). The decreased
variability at 10°C for the pronucleated cells was also

apparent from the range of Lp values derived which varied 
between 0.15 - 0.55 jim /atm / min as opposed to those of 
the fresh ova which ranged between 0.17 and 0.96 jim /atm / 
min.

The mean Vb's determined from the pooled data derived 
from the Boyle Van't Hoff plots for the fertilised ova at 
both 20°C and 10°C of 39.31 ± 11.37 % and 37.18 ± 11.14 % 
respectively were higher than those calculated for the 
unfertilised oocytes cultured for 5 i h at the same 
temperatures of 25.10 ± 7.95 % and 25.38 ± 8.23 %.
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4.4.5 The Lp, Vb, and Ea of Individual Fresh Human 
Oocytes.

The range of Lp values predicted for the 10 fresh 
oocytes examined individually at each temperature were 
equally as diverse as those calculated for the groups of 
fresh ova at the equivalent temperatures ( Table 14 ) which 
were then used to generate the mean Lps for the derivation 
of Ea in sections 3.5.1, and 3.5.2 . The Lp values
determined for each individual oocyte at each of the 
temperatures investigated and the extent to which the Lp 
each decreased for that oocyte as the temperature was 
lowered, was specific for each oocyte. This was shown most 
clearly by considering a selection of the 10 oocytes 
examined such as Oocytes 4, 8 , and 10 ( Table 15 ). At 37°C 
an Lp of 1.80 pm / atm / min was calculated for Oocyte 4, 
which was greater than for those determined for Oocyte 8 
and 10 at the same temperature of 0.35 and 1.28 pm / atm / 
min respectively. By 10°C the Lp for Oocyte 4 had decreased 
to 0.23 pm /atm / min which was only marginally different 
from that of Oocyte 8 of 0.19 pm /atm / min. However, the 
Lp value at 10°C derived for Oocyte 10 was now much greater 
than the other 2 ova at 0.66 pm /atm / min. It was apparent 
even from the 3 oocytes considered that the individual Lp 
values measured at the same temperatures varied widely.

It was also obvious that the rate at which the Lp 
decreased with temperature, and thus Ea, was specific to
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Table 14 The Mean Ea for Individual Human Oocytes

Number 9
( n )

Mean Ea 8.07 ± 5.06
( Kcal / mol )

Minimum Ea 3.60
( Kcal / mol )

Maximum Ea 18.95
( Kcal / mol )
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Table 15 Membrane Water Permeability ( pm / atm / min ) for 
Individual Human Oocytes over the Temperature Range 37 - 
10°C.

Oocyte 37°C 30°C 20°C o o O Vb Ea R2

1 0.57 0.58 0.32 0.24 23 6.27 0.93

2 0.26 0.20 0.36 0.33 / / /

3 0.65 0.68 0.60 0.22 18 6.64 0.73

4 1 .80 1 .58 1 .09 0.24 30 12.73 0.86

5 0.76 0.59 0.56 0.14 23 10.16 0.80

6 0.33 0.23 0.16 0.13 30 5.92 0.96

7 1.10 1 .08 0.51 0.14 20 18.95 0.95

8 0.35 0.33 0.23 0.18 38 4.20 0.97

9 0.57 0.56 / 0.20 48 3.60 0.28

10 1 .29 0.91 0.80 0.66 29 4.02 0.92
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Figure 35 Three representative plots of the Arrhenius 
activation energy determined from the Lp for individual 
oocytes over the entire range of temperatures, a) Oocyte 5 
b) Oocyte 7, c) Oocyte 9.
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each particular oocyte ( Table 15 ). This fact could only 
be uncovered when considering a range of Lp's measured at 
the different temperatures, but could be accurately 
determined for different oocytes which were used to 
determine a single Ea. Variability in the temperature 
dependence of the Lp could only be substantiated when a 
single ovum was considered at all of the temperatures over 
which Ea was calculated. The values derived for the 
Arrhenius activation energy for each separate oocyte 
were calculated from the linear regression plots for those 
particular oocytes. Figure 36 shows a selection of plots 
for 3 ova ( Oocytes 5, 7, and 9 ); for clarity the other 
oocytes were not included. The Ea values were extremely 
diverse, ranging between a maximum of 18.95 Kcal / mol and 
a minimum of 3.60 Kcal / mol with a mean of 8.06 ± 5.07 
Kcal / mol compared to the value of 3.33 Kcal / mol 
determined using the meaned Lp values ( Figure 30 ) . The 
correlation coefficients ( Table 15 ) ranged between 0.73 
and 0.97 indicating that in the majority of cases the 
mathematically predicted best fit straight lines exhibited 
good linear correlations between Lp values and temperature.

An exception to the high values of R 2 was that 
determined for Oocyte 2 of 0.45 which was excluded from 
analysis. Although 10 fresh oocytes are described in Table 
15, all of the results presented for the individual oocytes 
were for a group of 9 oocytes. Fitting a best fit line to
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the Arrhenius plot for Oocyte 2 revealed a positive slope 
which was totally anomalous and it may be that the membrane 
of Oocyte 2 was damaged at some point during the experiment 
although there was no absolute proof of this. Injury may 
have become more apparent as the time during which that 
oocyte was exposed to hypertonic solutions increased, and 
the oocyte aged. This may have led to an anomalous and 
apparently increasing permeability of the membrane as 
perfusion with hypertonic 0.5 M NaCl was repeated at lower 
temperatures.

Summary

It was found that :

i) pre-ovulatory mouse oocytes exhibited a greater 
variability in Lp and Vb than those determined 
for the ovulated mouse oocyte, although the mean 
values for each parameter were not statistically 
different at the temperatures studied.

ii) increasing the time for which the human oocytes 
were cultured in EBSS had no significant effect 
on the observed variability.

iii) Fertilisation of the human oocyte did not
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significantly reduce the heterogeneity shown in 
the permeability characteristics.

iv) Studying individual human oocytes at each of the 
chosen temperatures confirmed the inherent 
biological variability. However, each oocyte 
showed its own distinctive relationship between 
temperature and Lp, with good linear 
relationships in the linear regression analyses 
used to plot Ea values. A mean value for Ea of 
8.06 ± 5.07 for the 9 oocytes studied was similar 
to values determined for other mammalian cells, 
but lower than the values reported for ovulated 
mouse oocytes. These results clearly identify the 
fact that human pre-ovulatory oocytes cannot be 
considered as a single uniform population of 
cells with respect to membrane Lp values. Never- 
the-less each oocyte exhibits an expected 
relationship between Lp and temperature on 
cooling.
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CHAPTER 5

The Morphological Response of Fresh 
Human and Mouse Oocytes to Hypertonic 
Perfusion at Low Temperatures.

5.1 Aims
The osmotic behaviour of both murine and human oocytes 

over a range of temperatures was examined in Chapter 3 to 
determine values for Lp and Ea. During the course of this 
study it was revealed that the response of fresh oocyte to 
hypertonic exposure at 0°C was unlike the dynamic behaviour 
at higher temperatures and was characterised by atypical 
and non-spherical shrinkage at 0°C. The experiments 
presented in this chapter were designed to investigate 
further the responses of the oocyte to an osmotic stress at 
low temperatures and determine whether this had a bearing 
on the overall response of oocytes to cryopreservation. In 
addition, the influences of equilibrating the oocytes with 
various additives known to be successful cryoprotective 
agents prior to osmotic stress at low temperatures were 
examined using the microscope diffusion chamber. The 
cryoprotectants chosen were those previously used with some 
success in murine oocyte cryopreservation ( DMSO 
Whittingham, 1977; glycerol - Fuller and Bernard, 1984 ). 
The chosen osmotic stress (0.5M NaCl) was one known from
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previous studies ( Bernard et al, 1988 ) and my own work 
( Chapters 3 and 4 ) to produce extensive and repeatable 
oocyte volume reduction without causing gross disruption of 
the oocyte morphology.

5.2 Introduction
The majority of studies investigating the membrane 

water permeability of a particular cell, and the influence 
of temperature on this, have done so within the temperature 
range of 5°C to 37°C ( Hempling, 1973, and 1977; Leibo, 
1980; Sherban, 1987; Myers et al, 1987 ). There is little 
information available concerning the permeability 
characteristics of cells below this range, including high 
subzero temperatures ( McCaa et al, 1986, Aggarwal et al, 
1988 ). In a study by Toner ( 1990 ) unfertilised mouse ova 
were examined at subzero temperatures in the presence of 
ice and the Lp and Ea were determined. In my study, fresh 
mouse and human ova were observed over a range of 
temperatures from 0°C to 37°C to calculate values for both 
the Lp and Ea. Results for the Lp and thus Ea were 
presented in Chapter 3. However, due to an unusual 
shrinkage response on perfusion with hypertonic NaCl, the 
change in the cell volume with respect to time could not be 
measured accurately and a value for the Lp could not be 
determined at 0°C.

The responses of both the mouse and human oocytes to an

192



CHAPTER 5 - DEFORMATION OF THE OOCYTE

imposed osmotic stress were examined at 0°C in an attempt 
to characterise the abnormal shrinkage and observe whether 
the behaviour was common to both cells. In addition, I was 
interested to discover whether shrinkage would be altered 
in the presence of CPA's, which are known in the case of 
unfertilised mouse ova ( Whittingham, 1977; Fuller and 
Bernard, 1984 ) to protect against damage during
cryopreservation, in which low temperatures and high 
concentrations are inevitable.

Materials and Methods
5.3 Hypertonic Exposure at 0°C Using the Microscope 

Diffusion Chamber
Human pre-ovulatory and ovulated mouse oocytes were 

collected as previously described ( section 2.5.1,
2.9.1 ) . The human oocytes were cultured for 5 i hrs in
EBSS at 37°C in a gaseous atmosphere of 5 % C02, % 5 02, and 
90 % N2 prior to removal of the cumulus cells using
hyaluronidase and agitation with a micropipette. The 
ovulated mouse ova from which the cumulus mass had been 
dispersed were transferred into PB1 for storage at 37°C.

A refrigerated cooling bath containing ethylene glycol 
as dilutent was set at -5°C and allowed to equilibrate. The 
temperature was set below that desired for investigation of 
the oocyte membrane water permeability to compensate for 
heat loss between the circulating fluid, the chamber body
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and the perfusing medium. In addition, using this set 
temperature for the water bath allowed the temperature of 
the stage to be easily maintained at 0°C - 0.5°C during the 
investigation. The perfusate was stored in a refrigerator 
at 4°C until required when it was placed in the main body 
of the circulating fluid in the water bath. This ensured 
the temperature difference between the set temperature and 
the bathing medium was as small as possible. A fluid damper 
was fitted to the perfusing system at a point just prior to 
the inlet pipe of the bulk flow channel to minimize the 
transfer of vibrations from the water bath and pump 
mechanism to the sample. This reduced the extraneous 
oscillations of the oocytes, ensuring a sharp image for 
videomicroscopy.

The oocytes were pipetted into the sample region of the 
diffusion chamber and a dialysis membrane placed over the 
chamber body to maintain the position of the oocyte. The 
sample region was then inverted into the bulk flow region 
of the stage and perfused with isotonic PB1 to allow the 
cells position to become stable while the depth of sample 
region was calibrated as described previously ( Section
2.11.1 ). After the cells were located the video recorder
was started and hypertonic 0.5 M NaCl introduced into the 
bulk flow channel ( refer to sections 2 .11.1 - 2 .11.3 ). 
The osmotic response of each oocyte was recorded for 5 
minutes, after which still photographs were made. The
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oocytes were then either re-equilibrated with isotonic 
medium ( PB1 ) at 0°C, or the stage warmed to 20°C whilst 
still exposing the cells to hypertonic 0.5 M NaCl, after 
which they were returned to isotonic conditions.

5.4 Equilibration with CPA's Prior to Hypertonic Exposure 
Using the Microscope Diffusion Chamber.

Oocytes were equilibrated with cryoprotectants prior to 
study of the osmotic response at 0°C to examine whether 
their addition altered the behaviour of the oocytes to this 
osmotic stress at low temperatures. Two cryoprotectants 
were chosen for investigation on the basis that they had 
been used with some success for the preservation of mouse 
oocytes. The equilibration regimes were those used in the 
published cryopreservation protocols :

i) Equilibration with 0.625 M glycerol at 37°C ( Fuller 
and Bernard, 1984 ).

ii) Equilibration with 1.5 M DMSO at 0°C ( Whittingham,
1977 ).
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5.4.1 Equilibration with Glycerol and Hypertonic 
Perfusion.

Due to the long periods of time necessary for glycerol 
to penetrate the oocyte fully, it was decided to 
equilibrate the ova outside of the microscope diffusion 
chamber. In the study by Fuller and Bernard ( 1984 ) up to 
60 minutes were allowed for full equilibration of mouse ova 
prior to cryopreservation. However, this period was 
extended to over 120 minutes in some preliminary 
investigations into equilibration at 37°C using the 
microscope diffusion chamber. The mouse oocytes were 
therefore placed in 0.5 ml of 0.25 M glycerol in an 
incubator at 37 °C and allowed to equilibrate for 20 
minutes, after which 0.5 ml of 1.0 M glycerol was added. 
The oocytes were returned to the incubator at 37°C and 
thorough mixing of the two solutions ensured and the 
oocytes left to equilibrate with the final concentration of 
0.625 M glycerol for 40 minutes. Human ova were allowed to 
equilibrate with the initial 0.25 M glycerol for 25 minutes 
prior to the addition of 0.5 ml of 1.0 M glycerol in which 
they were equilibrated for approximately 50 minutes

After full equilibration the oocytes were pipetted into 
the sample region of the diffusion chamber, inverted into 
the bulk flow channel as described for the experiments to 
derive the Lp ( section 2.11.1, 2.11.2 ). The oocytes were 
then perfused with 0.625 M glycerol in PBS at 0°C to
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maintain the osmotic potential. When the temperature of the 
fluid and the position of the oocyte were stable, the 
bathing medium was changed to 0.625 M glycerol plus 0.5 M 
NaCl solution and the shrinkage response monitored using 
videomicroscopy and still photography.

5.4.2 Equilibration with DMSO and Hypertonic Perfusion.
Although equilibration with 1.5 M DMSO was faster than 

with glycerol in the microscope diffusion chamber (occuring 
in 45 minutes ), equilibration outside of the chamber was 
still achieved in a much shorter time period of 15 minutes. 
Oocytes were pipetted into 1.5 M DMSO which had been placed 
on ice in a refrigerator and cooled to approximately 0°C. 
The cells were allowed to equilibrate with the 
cryoprotectant until re - expansion to isotonic volume was 
complete as assessed by visual observation, after which 
they were placed in the diffusion chamber and inverted into 
the bulk flow region. The oocytes were then perfused with
1.5 M DMSO in PBS, to maintain osmotic equilibrium in the 
CPA - loaded oocytes, and the cell position allowed to 
stabilise whilst the original diameters were recorded. The 
video recording was started, the bathing medium altered to
1.5 M DMSO in 0.5 M NaCl solution and the osmotic response 
of each oocyte monitored.
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5.4.3 Experimental Groups.
Microscopic observations were made with respect to the 

morphology of the oocytes after the experimental 
procedures, and asigned to a scale of 1 to 4, where 1 was 
taken to be equal to a perfectly spherical cell and 4 was 
a severely deformed, non-spherical cell. Three groups of 
oocytes were studied for both fresh human and mouse 
oocytes, and compared to the response at 20°C :

i) oocytes exposed to isotonic PB1 and hypertonic 
0.5 M NaCl at 0°C.

ii) equilibration with 0.625 M glycerol in PBS and 
subsequent exposure to 0.5 M NaCl + 0.625 M.

iii) equilibration with 1.5 M DMSO in PBS and 
subsequent exposure to 0.5 M NaCl + 1.5 M DMSO.

For human oocytes a minimum of ten oocytes were used in 
each group, while for murine the group sizes ranged between 
15 and 25 oocytes.
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Results
5.5 Hypertonic Exposure at 0°C Using the Diffusion 
Chamber.

The responses of oocytes to the hypertonic perfusion at 
0°C was abnormal, and was seen with both murine and human 
oocytes. At all temperatures of 5°C and above both the 
human and mouse oocytes responded to hypertonic perfusion 
by loosing water in an even, spherical shrinkage as the 
cells attempted to equilibrate with the extracellular NaCl 
solution. Although this resulted in a volume reduction the 
cells shrank in a regular fashion across their whole 
surface, maintaining their spherical appearance throughout 
the 5 minute exposure. Likewise, all oocytes in isotonic 
medium which were examined at 0°C in the microscope 
diffusion chamber appeared spherical. It was only when the 
osmotic stress was imposed on the ova at low temperatures 
that an abnormal morphology was observed.

During the hypertonic perfusion for a five minute 
period ( as used previously in Chapter 3 ), measurement of 
the diameter changes could not be made with any accuracy 
due to the uneven collapse of the oocytes. Thus Lp values 
could not be calculated as the computer programme SENS 
relied upon the sphericity of the cell to predict volume 
change in response to changes in the extracellular 
concentration. ( The derivation of the Lp by the computer 
programme SENS is described in Appendix 1 ). In addition,
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it was not possible to calculate the inactive volume as 
described in section 2.11.4 as the Boyle van't Hoff 
relationship also requires that the cell remain spherical 
in order to be able to relate the cell volume to the
external concentration.

The 10 fresh human oocytes and 25 fresh ovulated mouse 
oocytes examined at 0°C exhibited a consistently different 
response to perfusion with 0.5 M NaCl compared to that 
recorded for exposure to hypertonic solution for the same 
period of time but at higher temperatures. After only a 
short exposure to 0.5 M NaCl ( of between 2 - 3  minutes at 
0°C ) the ova lost their spherical appearance and became 
extensively deformed or crumpled ( Fig 36a - 36f ). All of 
the ova at 0°C, both mouse and human, crumpled on perfusion 
with hypertonic saline.

Since "crumpling" was, by its nature, an uneven
occurrence, using the scale described in section 5.4.3 it 
was possible only to semi-quantitatively designate a mean 
score for the morphology of the ova at each of the 
temperatures investigated. At temperatures of 5°C and above 
in both isotonic and hypertonic media the oocytes
approached perfect sphericity, as was the case, for ova in
isotonic media at 0°C ( Table 16, 17 ). Although the
oocytes were generally spherical, measurements of the 
diameter across 3 axes revealed that in some cases this was 
not perfect sphericity, and thus the mean scores of grading
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did not correspond to a perfect sphere.
Using the mean radius in the computer calculations 

could only make allowances for small deviations from 
perfect sphericity, and the "crumpling" effect was too 
drastic to be treated in this way or even make predictions 
of a diameter. Following hypertonic perfusion at 0°C mean 
scores of 3.10 ± 0.90 and 3.40 ± 0.50 ( Table 16, 17 ) were 
recorded for human and mouse oocytes respectively, 
demonstrating generalised gross deformities in the normally 
spherical ova.

When the oocytes were re-perfused with isotonic medium 
at 0°C they gradually regained a smooth, spherical form. 
Oocytes warmed while still in hypertonic 0.5 M NaCl also 
regained their sphericity, only the osmotic stress and cold 
exposure combined caused "crumpling".

5.5.1 Exposure to CPA's and Subsequent Hypertonic Exposure 
at 0°C Using a Diffusion Chamber.

In all of the oocytes ( both mouse and human ) fully 
equilibrated with 1 .5 M DMSO at 0°C prior to perfusion with 
hypertonic 1.5 M DMSO in 0.5 M NaCl, the "crumpling" 
response was still observed ( Fig 37a, 37b ). The severity 
of the deformation observed was only slightly reduced with 
the mean score decreasing from 3.10 ± 0.90 to 3.00 ± 1.00 
for the fresh human oocytes and from 3.40 ± 0.50 to 3.20 ± 
1.10 for the mouse ( Table 16, 17 ).
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A greater reduction in the degree of "crumpling" was 
observed when the oocytes had been previously equilibrated 
with 0.625 M glycerol prior to hypertonic perfusion. The 
oocytes seemed not to crumple and although the plasma 
membrane appeared to be distorted, the extreme deformation 
observed in unprotected oocytes was avoided. Rather than 
crumpling the oocyte plasma membrane took on a " ruffled " 
appearance while the oocyte assumed a more typical 
spherical appearance ( Figures 38a, 38b ). The mean score 
for the fresh human oocytes was reduced from 3.10 ± 0.90 to 
2.00 ± 0.30 and for the mouse a reduction from 3.40 ± 0.50 
to 2.10 ± 0.50 was estimated.

The scores assigned to the oocytes to assess the 
severity of the deformation were analysed using a non
paired students t - test. The differences between the 
scores attributed to the different morphologies of the ova 
in isotonic media at 0°C and those exposed at 0°C to 
hypertonic NaCl solution alone or following prior 
equilibration with a cryoprotectant were statistically 
significant ( P < 0.005 ). However, it should be stressed 
that an exact degree of crumpling was difficult to assign 
in a totally objective way, and these crumpling indices 
should only be taken as a very generalised indication of 
the events taking place. Never-the-less it should be 
emphasised that all oocytes at 0°C in hypertonic solution 
exhibited this deformation.
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Table 16 Response of Mouse Oocytes to Hypertonic Exposure

Temp Isotonic
n=25

0.5M NaCl 
n=25

1.5M DMSO 
+ 0.5M NaCl 

n=20
0.625M Glyc 
+ 0.5M NaCl 

n=1 5

37°C 1.3 ± 0.3 1.3 ± 0.3 / /

30°C 1.0 ± 0.0 1.1 ± 0.2 / /

to o o Q 1.2 ± 0.4 1.4 ± 0.4 / /

o o Q 1.4 ± 0.3 1.6 ± 0.5 / /

0°C 1.3 ± 0.3
.
3.4 ± 0.5 3.2 ± 1.1 2.1 ± 0.5

Fresh mouse oocyte scored on a scale of 1 to 4, 1
perfect sphericity , 4 severe deformation. Values are 
averages for groups of 15 or more.
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Table 17 Deformation of the Human Oocyte on Hypertonic 
Exposure at Low Temperatures.

Temp Isotonic 
n=1 0

0.5M NaCl 
n=1 0

1.5M DMSO 
+ 0.5M NaCl 

n=1 0
0.625MGlyc 
+0.5M NaCl 

n=1 0

u> o o 1.1 ± 0.2 1.2 ± 0.2 / v /

30°C 1.3 ± 0.4 1.3 ± 0.4 / /

20°C 1.1 ± 0.2 1.3 ± 0.3 / /

o o o 1.5 ± 0.3 1.7 ± 0.3 / /

o o Q 1.4 ± 0.2 3.6 ± 0.9 3.3 ± 1.0 2.0 ± 0.3

Fresh human oocyte scored on a scale of 1 to 4, 1
perfect sphericity , 4 severe deformation. Values are
averages for n=10
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Figures 36a and 36b : Magnification Factor x 450. 

Figures 36c and 36d : Magnification Factor x 300.
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Figure 36 Fresh human oocyte at 37°C a) in isotonic media 

b) after 5 minutes in hypertonic saline solution. Fresh 

human oocyte at 0°C c) in isotonic media, d)

after 5 minutes in hypertonic 0.5 M NaCl solution.
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Figure 37 Fresh human oocyte at 0°C a) after full 

equilibration with 1.5 M DMSO b) perfusion for 5 minutes 
with 1.5 M DMSO in 0.5 M NaCl. Magnification Factor x 400.

Figure 38 Fresh human oocyte a) fully equilibrated with 

0.625 M glycerol at 37°C and b) after perfusion with 0.625 

M glycerol in 0.5 M NaCl at O^C.

Figures 38a and 38b : Magnification Factor x 400.
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Summary

i ) The response of ova to hypertonic perfusion at 0°C was 
unlike that at temperatures of 5°C and above. However 
the abnormal morphology was universal to both ovulated 
mouse and fresh pre-ovulatory human oocytes.

ii) Equilibration with cryoprotectant significantly 
altered the degree of deformation observed although it 
did not completely prevent. Equilibration with 
glycerol changed the shrinkage response from gross 
deformation to minor distortion of the plasma membrane 
in cells retaining an overall spherical shape.

iii) Since both glycerol and DMSO have been used to 
successfully preserve mouse ova, the crumpling on the 
application of an osmotic stress at low temperatures, 
which was observed even after equilibration, with 
CPA's can not be the only reason for cell injury 
during cryopreservation. However, cryoinjury may 
result from a multiplicity of interelated responses, 
and crumpling may be one change which potentiates the 
overall damage. In view of this, I felt that it was 
necessary to investigate the crumpling response,, and 
the changes to this response brought about by prior 
equilibration with CPA's, in relation to possible
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alterations in fertilisation and subsequent 
development of oocytes. This formed the basis of my 
studies in the following chapter.
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CHAPTER 6

The Effect of Cooling and Hypertonic 
Exposure on Oocvte Function.

6.1 Aims

This chapter examines the response of unfertilised 

oocytes to a reduction in temperature to elucidate whether 

as has been suggested ( Pickering and Johnson, 1987, 

Johnson et al, 1988, Sathananthan, 1988 ) the mouse and

human oocyte were damaged by exposure to low temperatures. 

It may be possible to separate damage which occurs as a 

result of cos'" ng to temperatures of 0°C and above, and the 

resulting loss of viability, from injury caused by freezing 

during cryopreservation. In addition, and following the 

observations in chapter 5, the effect of imposing low 

temperatures in conjunction with increased hypertonicity 

on the fertilisation rate and subsequent development were 

considered to investigate whether these were additive to 

cooling damage. Finally the effects of prior eguilibration 

with cryoprotectants before cooling and hypertonic stress 

were studied to see if these would modulate subsequent 

fertilisation and development.

209



CHAPTER 6 - COOLING AND OSMOTIC STRESS

6 .2 Introduction
Oocyte cryopreservation, which combines a temperature 

reduction with an inevitable osmotic stress as a result of 
an increase in the extracellular concentration, caused 
either by the formation of ice crystals or the addition of 
cryoprotectants, has been difficult to achieve 
successfully, especially for the unfertilised human oocyte. 
Indeed, there is evidence to suggest that merely reducing 
the temperature from 37°C to 4°C has adverse effects upon 
the unfertilised mouse and human oocytes, without the 
additional problems of ice crystal formation and toxicity 
of the cryoprotectant. During cooling of oocytes, it has 
been suggested that the arrangement of the microtubular 
elements of the cytoskeleton are disrupted leading to 
dislocation of the chromosomes from the meiotic spindle 
( Magistrini and Szollosi, 1980, Johnson and Pickering, 
1987, Sathananthan et al, 1988 ). The inability to
reorganize the chromosomes on rewarming and microtubule 
repolymerisation would result in an abnormal chromosomal 
compliment in the embryo on fertilisation. This temperature 
reduction or " cold shock " is also known to cause loss of 
the selective permeability of the plasma membrane ( Watson, 
1981 ), separation of the lipid components of the membrane
into gel phase domains accompanied by the exclusion of
membrane proteins ( Crowe and Crowe, 1984, Sillerud and
Barnett, 1982 ), the release of membrane proteins and
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polysaccharides ( Quinn et al, 1969 ).

6 .3 Materials and Methods
Mouse ova were released from the ampullae into 

hyaluronidase at 37°C at 13 h post hCG injection, the 
cumulus cells were removed and the oocytes were transferred 
to PB1 at 37°C prior to use as described in sections 2.5.1. 
Fresh human ova were collected pre-ovulatory from the 
follicle approximately 36 h post hCG administration and 
incubated in 1 ml of EBSS in an atmosphere of 5 % C02, 5 % 
02, 90 % N 2 at 37°C for 5 i h prior to removal of the
cumulus mass as described in section 2.9.1. Following the 
removal of the cumulus cells, a series of experiments were 
then carried out to investigate the effects of cooling to 
0°C - 0.5°C on the potential for fertilisation and
development of the oocyte. Oocyte viability, subsequent 
fertilisation and on-growth following hypertonic exposure, 
and a combination of cooling and osmotic stress was also 
studied.

6 .4 Experimental Groups
6.4.1 I.V.F. Control.

An IVF control group of mouse oocytes which had 
undergone no experimental treatment were cultured to the 
hatching blastocyst stage to allow comparisons of 
fertilisation rate as described in section 2.7. The number
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of human ova fertilised following investigation were 
compared to the overall fertilisation rate and number of 
cell divisions that could normally be expected from the 
remainder of the cohort of the oocytes undergoing I.V.F. 
treatment.

6.4.1 Isotonic Exposure at 37°C
Groups of 20 mouse oocytes were exposed to isotonic PB1 

in a 37°C incubator for 30 minutes, after which they were 
pipetted into T6 culture media, left for 60 minutes and 
fertilised ( section 2.7 ). Individual human oocytes were 
pipetted into 1 ml of PB1 at 37°C, incubated for 30 minutes 
after which they were removed and returned to EBSS for 
culture for 60 minutes prior to addition of sperm ( as 
described in section 2 .10.1 ).

6.4.2 Hypertonic Exposure at 37°C
In an attempt to differentiate between a reduction in 

the fertilisation rate caused by an osmotic stress as 
opposed to a reduction in temperature, oocytes were exposed 
to hypertonic NaCl solution at 37°C. Tubes containing 1 ml 
of hypertonic 0.5 M NaCl were held in a 37°C incubator. 
After the temperature of the saline solution had stabilised 
at 37°C, fresh ovulated mouse and pre-ovulatory human 
oocytes were pipetted into the media and allowed to 
equilibrate with the hypertonic environment for 15 minutes.
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The ova were removed and placed in culture media ( T6 or 
EBSS ) and left to re-equilibrate for 60 minutes. Sperm 
were subsequently added to the oocytes and 24 h later they 
were examined for signs that fertilisation had taken place.

6.4.3 Isotonic Exposure at 0°C - Rapid Cooling
Tubes containing 1 ml of PB1 were placed on ice in a 

refrigerator for 15 minutes and the temperature allowed to 
equilibrate at 0°C. A NiCr / NiAl thermocouple ( Comark, UK 
Ltd ) was used to monitor the temperature of the medium and 
when it had stabilised at 0°C - 0.5°C, groups of 20 mouse 
oocytes or a single human ovum were pipetted directly from 
isotonic media at 37°C into the PB1 at 0°C resulting, in a 
very rapid rate of cooling. After 30 minutes at 0°C the 
oocytes were placed in a 37°C and allowed to return to 
physiological temperature prior to return to culture 
conditions and co-incubation with sperm as described in 
section 2 .7 and 2 .10.1 .

6.4.4 Hypertonic Exposure at 0°C - Rapid Cooling.
As with exposure to low temperature in isotonic media 

tubes containing 1 ml of PB1 were cooled for 15 minutes and 
allowed to equilibrate at 0°C. In addition tubes of 1 ml of 
0.5 M NaCl solution were also incubated on ice in a 
refrigerator for approximately 15 minutes until the
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Plot of the Temperature Decrease of
Media on Ice in a Refrigerator
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Figure 39 Plot of the rate of temperature decrease for 
oocytes in media on incubation on ice in a refrigerator.
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temperature recorded was stable at 0°C. Again cumulus free 
oocytes, both mouse and human, were pipetted into PB1 at 
0°C - 0.5°C resulting in rapid cooling. However, after 15 
minutes the oocytes were removed from the isosmotic 
environment and placed in hypertonic 0.5 M NaCl at 0°C for 
a further 15 minute period. The oocytes were subsequently 
returned to isotonic conditions at 0°C, followed 5 minutes 
later by removal from the cold environment and incubation 
at 37°C for a 1 h period to allow the complete re-expansion 
and return to physiological temperature. The oocytes were 
then inseminated and cultured for 24 and 48 h as described 
in sections 2.7. and 2.10.1.

6.4.5 Hypertonic Exposure Prior to Cooling to 0°C.
Instead of placing the oocytes directly into pre-cooled 

medium, they were placed in either PB1 or 0.5 M NaCl at 
37°C and left for 15 minutes to equilibrate and dehydrate. 
The oocytes were then placed on ice in a refrigerator and 
cooled down to 0°C - 0.5°C. A thermocouple was used to 
monitor the temperature and from a plot of the temperature 
decrease a cooling rate of 2°C / min determined ( Fig 39 ). 
The temperature had equilibrated at » 0°C within 15 minutes 
and the oocytes were then left for a further 15 minutes to 
ensure the exposure time to 0°C was equal to that in the 
previous experiments. The tubes containing the oocytes were 
then removed, placed in an incubator at 37°C and allowed to
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equilibrate at 37°C ( approximately 5 minutes ) prior to 
re-equilibration with isotonic media for 1 h. After this, 
they were inseminated.

6.4.6 Parthenogenic Activation.
In order to determine the influence of exposure to low 

temperatures, a hypertonic environment, and a combination 
of these stresses, on parthenogenic activation, oocytes 
were exposed to either isotonic or hypertonic conditions at 
both 37°C and 0°C, and re-equilibrated with isotonic media 
at 37°C as in procedures 6.4.1 - 6.4.5. Although cultured 
in T6 as for I.V.F. ( section 2.7, 2.10.1 ) the oocytes
were not incubated with sperm but observed for signs of 
spontaneous parthenogenic development at 24 h and 48 h.

Fertilisation in the mouse following all of the above 
procedures was determined by division to the 2 - cell
stage, after 24 hrs in culture. Fertilisation in the human 
was indicated by the presence of 2 pronuclei approximately 
16 to 19 h post insemination. The developmental potential 
of those oocytes successfully fertilised was followed by 
observing the embryos through to the hatching blastocyst 
stage in the case of the mouse, and in the human, through 
1 or more cell divisions.
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6.5 The Influence of equilibration with cryoprotectants 
prior to exposure to a hypertonic environment or low 
temperatures.

During cryopreservation cells undergo an inevitable 
exposure to high concentrations of both electrolytes and 
cryoprotectants at low temperatures. It was decided, to 
investigate the influence of prior equilibration with 
cryoprotectants on the adverse affects of hypertonic 
exposure at low temperatures. As in chapter 5, the 
cryoprotectants chosen for study were glycerol and DMSO.

6.5.1 Equilibration with Glycerol.
Cumulus free human and mouse oocytes were obtained as 

previously described in sections 2.5.1, 2.9.1. Groups of 20 
mouse ova were pipetted into 0.5 ml of 0.25 M glycerol at 
37°C and allowed to equilibrate for 20 minutes, after 
which 0.5 ml of 1.0 M glycerol was added. Thorough mixing 
of the two solutions was ensured and the oocytes returned 
to a 37°C incubator and left to equilibrate with the final 
concentration of 0.625 M glycerol for 40 minutes. Human ova 
were allowed to equilibrate with the initial 0.25 M 
glycerol for 25 minutes prior to the addition of 0.5 ml of 
1.0 M glycerol in which they were equilibrated for 
approximately 50 minutes. Following full equilibration of 
the cells with 0.625 M glycerol in PB1 at 37°C ( signified 
by the shrink / swell response ) and complete re-expansion
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of the oocytes to their original diameters, their response 
to exposure to an hypertonic environment and low 
temperatures were investigated. A number of conditions were 
imposed on both the mouse and human oocytes including :

i) Exposure to 0.625 M glycerol at 37°C.

ii) After equilibration at 37°C the ova were removed from 
and placed directly into 0.625 M glycerol previously 
cooled to 0°C on ice in a refrigerator and exposed to 
0°C for 30 minutes. The oocytes were then placed in 
0.625 M glycerol at 37°C for 5 minutes to return to 
and stabilise at physiological temperatures.

iii) Following complete re-expansion in glycerol at 37°C, 
the oocytes were removed and placed in 0.5 M NaCl + 
0.625 M glycerol at 37°C for 15 minutes. The ova were 
then transferred back into 0.625 M glycerol at 37°C 
for 5 minutes to allow return to isotonic cell volume.

iv) Oocytes were removed from glycerol at 37°C, pipetted
into 0.625 M glycerol at 0°C, left for 15 minutes and
then transferred to 0.5 M NaCl + 0.625 M glycerol at 
0°C for a further 15 minutes after which they were 
again placed in 0.625 M glycerol in PB1 and incubated 
at 37°C for 5 minutes.

218



CHAPTER 6 - COOLING AND OSMOTIC STRESS

When the oocytes had returned to physiological temperature 
the intracellular glycerol was removed by transferring the 
cells to 0.5 M sucrose in PB1 at 37°C for 60 minutes. 
Subsequently the oocytes were cultured at 37 °C for 60 
minutes and then fertilised as in sections 2.7, 2.10.1.

6.5.2 Equilibration with DMSO
Mouse and human oocytes from which the cumulus cells 

had been removed ( sections 2.5.1, 2.9.1 ) were again
investigated under different conditions including :

i ) Ova were transferred to tubes containing 1 ml of DMSO 
in PB1 pre-cooled to 0°C on ice in a refrigerator and 
equilibrated for 15 minutes prior to return to 
physiological conditions.

ii) After 15 minutes in 1.5 M DMSO at 0°C and full re
expansion to isotonic cell volume, the ova were 
transferred directly into hypertonic 0.5 M NaCl in 1.5 
M DMSO at 0°C and allowed to dehydrate and equilibrate 
with the extracellular medium for 15 minutes. The
cells were then returned to 1.5 M DMSO at 0°C for 10
minutes to re-expand to isotonic cell volume.

The intracellular DMSO was removed by transferring the
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oocytes to 1 ml of PB1 at 37°C and incubation for 15 
minutes. After the oocytes had re-equilibrated at 37°C they 
were transferred to IVF culture conditions for 60 minutes 
prior to insemination as in section 2.9.

6.5 Statistical Evaluation
Comparisons were made between the various treatment 

groups to determine the influence of exposure to low 
temperatures and / or an osmotic stress on developmental 
capacity of the mouse oocyte. To determine the significance 
of any alterations in fertilisation and development the 
results were analysed using a X2 test with a P value of P

< 0.01 as the cut off level for establishing significance. 
Since the chance of arriving at a significant value with 
multiple comparisons is greater than when analysing a 
single result, a P value of 0.01 was chosen for statistical 
significance rather than 0.05. In line with the Bonferroni 
method for multiple comparisons ( Gower et al, 1989 ).

Results
6.6 The Influence of Osmotic Shock and Low Temperatures on 

the Cell Function of the Mouse Oocyte.
Exposing mouse oocytes to isotonic PBI and hypertonic 

0.5 M NaCl for 30 minutes and 15 minutes respectively at 
37°C had no adverse effects on cell viability or function 
as determined by fertilisation and development to
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blastocysts ( Table 18 ). In the two treatment groups at 
37°C fertilisation rates of 90% for PBI exposure, and 89% 
for 0.5 M NaCl, were achieved as determined by the numbers 
dividing to the two cell stage. These compared favourably 
with the results achieved for the I.V.F. control group of 
95%. Although a slight decrease in the development to 
hatching blastocyst was recorded for those ova exposed to 
isotonic media at 37°C ( 80 % ) and following an imposed 
osmotic stress ( 79 % ), this was not significantly
different from the development in the control group 
( 92 % ) . ( All values are expressed as a percentage of the 
original number of oocytes treated rather than of those 
fertilised ).

Although culturing the mouse oocyte in isotonic media 
at 37°C for 30 minutes produced no significant decreases in 
either the fertilisation rate or the development to 
hatching blastocysts, exposing ova to isotonic media at 0°C 
significantly decreased cell viability. A 95 %
fertilisation rate was achieved in the I.V.F. controls 
which fell to 75 % following cooling to 0°C. A further 
slight decrease was observed in the numbers of ova 
progressing to the hatching blastocysts stage ( at 67 % ) 
which again was lower than in the control group at 92 %
( Table 18 ).

Imposing an additional osmotic stress onto mouse 
oocytes cooled to 0°C caused a further reduction in both
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the fertilisation rate and the number continuing to develop 
after successful insemination. The fertilisation rate of 56 
% for hypertonic exposure at low temperatures ( compared to 
95 % for the control rate ) was significantly lower within 
the limits of P < 0.01. However of those oocytes developing 
to the 2 - cell stage, a large number failed to continue 
through the normal developmental processes to blastocyst 
stage. Although 56 % of the oocytes fertilised, only 26 % 
of these retained the ability to continue normal
development ( Table 18 ). Of the oocytes successfully
fertilised but which did not continue dividing past the 2 -
cell level 30 % fragmented and began to degenerate.

Imposing an osmotic stress at 37°C, prior to cooling to 
0°C resulted in significantly reduced rates ( P < 0.01 )
of fertilisation ( 26 % ) and lowered capacity for
development to hatching blastocysts ( 15 % ) ( Table 19 ). 
Many of the oocytes after incubation with spermatozoa were 
penetrated by multiple sperm heads ( Fig 40a, 40b ) . Unlike 
those oocytes cooled and subsequently dehydrated, a number 
of these oocytes were observed to have an abnormal 
appearance on re-equilibration with isotonic media at 37°C. 
Many of the cells lost the normal retractile quality of the 
cytoplasm, which in some cases was accompanied by an 
increase above isotonic cell volume. Of those oocytes 
undergoing equilibration with 0.5M NaCl and subsequent
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Table 18 Fertilisation and Development of Mouse Oocytes 
Following Hypertonic Exposure at Low Temperatures

37’>C 0**C

Control Isotonic 0.5M NaCl Isotonic 0.5M NaCl

Number 200 120 174 202 278

No.Fert 190 108 154 151 156
% Fert. 95 90 89 75 * 56 *

No. H.B 184 102 143 135 72
% H.B. 92 85 82 67 * 26 *

Fertilisation based on the number of oocytes at 2 cell 
stage 24h post insemination as a percentage of the original 
number.

* Significant at P < 0.01 X2 to control rate
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Table 19 Fertilisation of Mouse Oocytes Following Slow 
Cooling to 0°C and Parthenogenic Activation.

Indirect cool to 0°C Parthenogenesis

Control Isotonic 0.5M NaCl Isotonic 0.5M NaCl

Number 200 124 * 231 53 57

No 190 103 61
Fert. 0 0

% Fert 95 83 26 **

No H.B 184 85 34
0 0

% H.B. 92 69 15 **

* 38 % of ova became fragmented on rewarming and incubation 
at 37°C
** Significant at P < 0.01 X 2 to control rate
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cooling to 0°C, 38 % appeared to be abnormal upon return 
to 37°C.

A check was run on the treatments performed on the
murine oocytes to examine whether the various regimes of 
exposure to a cold environment, either with or without an 
imposed osmotic stress, resulted in spontaneous 
parthenogenetic activation. Although none of the conditions 
caused parthenogenic development to occur, exposure to 
hypertonic saline at 37 °C followed by cooling to 0°C
resulted in many of the oocytes appearing morphologically 
abnormal on return to 37°C, with many rapidly becoming 
fragmented. An oocyte in the process of degeneration can 
take on the appearance of a dividing embryo and only by
judging the number of cell divisions appropriate for the
length of time in culture could the fragmenting oocyte be 
distinguished from the normally developing diploid embryo. 
All of the oocytes examined for spontaneous activation 
after being osmotically stressed at 37°C and then cooled 
were fragmented rather than dividing parthenogenically, 
since at 24 h post insemination many appeared to have 
divided to the 8 cell plus with uneven blastomere size 
( Figures 41a, 41b ).

6.7 Equilibration of Mouse Oocytes with Glycerol
Equilibrating mouse oocytes with 0.625 M glycerol at 

37 °C led to a reduction per se in the number of oocytes
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fertilising ( 57 % ) and developing to the hatching
blastocyst stage ( 52 % ) which in comparison to the
control IVF rate of 94 % fertilisation and 90 % development 
to hatching blastocyst was significantly different at P < 
0.01 ( Table 20 ). Although equilibration with glycerol at 
37°C appeared to be detrimental to oocyte viability, 
cooling the cells to 0°C following full re-expansion and 
equilibration at 37°C caused no further loss. At 0°C in 
glycerol 50 % of the ova divided to the 2 cell stage and 49 
% continued to the hatching blastocyst stage. This was 
contrary to the situation when ova were exposed to 0°C in 
PB1 alone when fertilisation fell from 90 % at 37°C to 75 
% with 67 % progressing to the hatching blastocyst level 
( Table 18).

Although survival following an imposed osmotic stress 
at 37°C in glycerol equilibrated ova was significantly 
lower ( P < 0.01 ) than those exposed to hypertonic 0.5 M 
NaCl at 37 °C alone it caused no further reduction in 
viability from that recorded after glycerol equilibration 
at 37°C. This was as expected from earlier results since 
fertilisation and development following exposure to a 
hypertonic environment at 37°C were the same as in the 
control culture conditions. In addition however, 
equilibration of ova with 0.625 M glycerol followed by 
exposure of the cells to a hypertonic solution at low 
temperatures did not significantly lower cell viability
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a
Figure 40 Morphology of the oocyte following insemination after 
cooling and shrinkage showing multiple sperm penetration.

Figure 41 Morphology of the oocyte on return to physiological 
conditions following dehydration and cooling to OC.

Figure 41 : Magnification Factor x 600.
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compared to glycerol exposure at 37°C. However the number 
of ova developing to the hatching blastocyst stage 
( 41 % ) was significantly higher ( P < 0.01 ) than the 
rate for an imposed osmotic stress at 0°C without the 
presence of glycerol ( 26 % ).

6.8 Equilibration of Mouse Oocytes with DMSO
Exposing the unfertilised mouse oocyte to 1.5 M DMSO at 

0°C and subsequent dilution caused a significant reduction 
in the fertilisation rate compared to the I.V.F. control 
rate of 93 % ( Table 21 ) . However both the number of
oocytes developing to 2-cell ( 73 % ) and to hatching
blastocysts ( 65 % ) were not significantly different from 
those merely cooled in isotonic media to 0°C in which 75 % 
fertilisation and 67 % development to hatching blastocyst 
were recorded ( Table 18 ). Development to 2-cell ( 73 % ) 
after equilibration with 1.5 M DMSO at 0°C was not 
significantly different to that observed following exposure 
to 0.625 M glycerol at 37°C and subsequent cooling to 0°C 
( 52 % and 49 % respectively ) . Although there was a
disparity between the numbers fertilising after glycerol 
exposure ( 50 % ) and DMSO ( 73 % ) the difference at the 
hatching blastocyst stage (60 % ) was not statistically
significant.

The application of an osmotic stress of 0.5 M NaCl at 
0°C following prior equilibration with DMSO was not as
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detrimental to oocyte development as exposure to a 
hypertonic environment without the presence of 
cryoprotectant. A fertilisation rate of 60 % with 42 % 
continuing development to the hatching blastocyst stage was 
achieved after DMSO exposure as opposed to 56 %
( fertilisation ) and 26 % ( hatching blastocysts ) without 
CPA. While equilibration with DMSO at 0°C appeared not to 
have as adverse an effect on oocyte viability as exposure 
to glycerol, imposing an osmotic stress on the ova while at 
low temperatures in DMSO reduced survival to the level 
recorded when ova were exposed to a hypertonic stress after 
glycerol equilibration ( 42 % and 41 % respectively, Table 
2 0, 21 ).

6.9 The Influence of Osmotic Shock and Low Temperatures on 
the Cell Function of the Human Oocyte.

It was impossible to perform statistically valid 
tests on the fertilisation rate and cell division stage to 
which the embryos progressed for the human material due to 
small numbers involved. The only comparisons that could be 
made were to the overall fertilisation rate in the IVF unit 
and the average development stage reached at 48 hours prior 
to replacement. All cell division stages cited in Table 22. 
were for experimental embryos examined 48 hours post 
insemination.

As with mouse oocytes equilibration with isotonic media
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at 37 °C had no deleterious effects on the development 
capacity of the human oocyte, with 8 out of 10 oocytes 
fertilising normally and continuing to divide. 
Fertilisation was indicated by the presence of 2 pronuclei 
at approximately 19 h post insemination. The number of cell 
divisions through which each embryo proceeded was within 
the normal spread for I.V.F. treatment ( Table 22 ). In 
addition, as again was the case with the mouse oocytes, 
exposure to hypertonic saline at 37°C did not cause any 
decrease in fertilisation, with 8 out of 9 oocytes 
exhibiting two pronuclei, 6 of which continued to develop 
through 1 or more cell divisions and once again development 
was as expected for untreated controls ( Table 22 ).

Unlike the mouse however, exposure to PBI at 0°C 
appeared to have no effect on the capacity of the human 
oocyte to fertilise and divide. Of the oocytes incubated at 
0°C in isotonic media, 8 from a group of 9 developed 2 
pronuclei, and of these 5 continued to develop with 1 
embryo progressing through three cell divisions to the 8 
cell stage within 48 hours of insemination. The combined 
effects of osmotic stress and low temperatures resulted in 
a decrease in both in the ability of the oocytes to 
fertilise and the developmental capacity. Only 3 of the 10 
oocytes in which the oocytes experienced temperature stress 
and subsequent dehydration developed pronuclei. Of those
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Table 20 Fertilisation and Development of Mouse Oocytes 
Following Equilibration with Glycerol and Subsequent 
Hypertonic Exposure at Low Temperatures

0.625M Glycerol Glycerol + 0.5 M NaCl

Control 37°C 0°C 37°C 0PC

Number 150 118 119 95 105

No.Fert 141 67 60 52 51
% Fert. 94 57 * 50 * 55 * 49 *

No. H.B 137 61 58 50 43
% H.B. 91 52 ** 49 ** 53 ** 41 **

* Statistically different at P < 0.01 from the control IVF
fertilisation rate.
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Table 21 Fertilisation and Development of Mouse Oocytes 
Following Equilibration with DMSO and Subsequent Hypertonic 
Exposure at Low Temperatures

1.5M DMSO 1.5M DMSO 
0.5M NaCl

Control 0°C o o O

Number(n ) 103 145 141

No.Fert. 97 103 85
% Fert. 94 73 * 60 *

No. H.B. 95 94 59
% H.B. 92 65 ** 42 **

* Statistically different from the control IVF
fertilisation rate
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oocytes in which fertilisation was confirmed, 1 was a 
triploid which was indicative of abnormal fertilisation. 
This may be as a result of failure to extrude one of the 
polar bodies leading to the retention of a set of female 
chromosomes. Alternatively, polyspermy may have resulted 
from a failure of the mechanisms of depolarisation of the 
oocyte plasma membrane and release of the cortical granules 
involved in blocking penetration by more than one 
spermatozoa. Of the 2 remaining oocytes in which 
fertilisation was normal, cell division failed to proceed 
past the first cell division and the 2 - cell stage. After 
48 h extensive fragmentation was observed which suggests a 
poor quality embryo and the beginning of degeneration 
( Table 22 ).

The adverse effects of hypertonic exposure prior to 
cooling the oocytes to 0°C in the mouse, in which large 
numbers of abnormal forms were observed with an extremely 
low rate of fertilisation ( 26 % ) and development 
( 15 % ), were repeated with the human material ( Table 
23 ) . None of the oocytes experiencing an osmotic stress 
prior to incubation at 0°C for 30 minutes developed 
pronuclei ( 0 / 7 ) and several had lost the retractile 
quality of the cytoplasm, had been penetrated by multiple 
spermatozoa and had numerous sites of sperm head 
decondensation.

233



CHAPTER 6 - COOLING AND OSMOTIC STRESS

6.10 The Developmental Potential of the Human Oocyte
Following Equilibration with Glycerol

The decrease in the fertilisation rate observed 
following exposure of mouse oocytes to glycerol was
repeated when fresh human oocytes were equilibrated with 
0.625 M glycerol at 37°C, irrespective of the subsequent 
temperature to which the oocytes were exposed. Following 
incubation of ova at 37°C in isotonic PB1, 8 ova developed 
2 pronuclei, while 9 of the oocytes exposed to 0°C in 
isotonic media fertilised. Exposure of fresh oocytes to 
glycerol at 37°C resulted in a decrease in the numbers 
fertilising with only 5 from a group of 9 developing 
pronuclei ( Table 24 ). Similarly after glycerol exposure 
and cooling to 0°C only 4 of the 10 oocytes examined 
developed 2 pronuclei ( Table 24 ).

Equilibrating human ova with glycerol, while causing a
decrease in the fertilisation rate, appeared to be even 
more detrimental to the developmental capacity of those 
cells that had successfully fertilised. All of those
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Table 22 Fertilisation of the Human Oocyte Following Cold 
Exposure

37°C o°c

Isotonic 0.5M NaCl Isotonic 0.5M NaCl

Number (n ) 10 10 9 10

Pronucleated 8 8 9 2 PN.
2 2 PN. 
1 3 PN.

Developmental
Stage

2 2 cells 
1 3 cell 
4 4 cells 
1 6 cell

3 2 cells

3 4 cells 

___________ i

2 2 cells 
4 4 cells 
2 6 cell 
1 8 cell

2 2 cells 
+

fragments
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Table 23 Fertilisation of the Human Oocyte Following Slow 
Cooling to 0°C.

Number (n )

No. Pronucleated

Developmental
Stage

HypertonicIsotonic

2x2 cells

3x4 cells
1x6 cell
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oocytes in which pronuclei were observed after exposure to 
PB1 either at 37°C or 0°C proceed through a minimum of 1 
cell division and some progressing to the eight cell stage 
by 48 h after insemination. However, when the human oocytes 
were equilibrated with glycerol, they all remained arrested 
at the pronuclei stage, failing to continue to divide by 
48 h ( Table 24 ).

As previously stated hypertonic exposure per se did not 
appear to be deleterious to either fertilisation or 
development in the human as 8 from a group of 9 fertilised 
and divided to the 2 - 4  cell stage. However, following 
glycerol equilibration at 37°C in conjunction with a 
hypertonic stress at 0°C the fertilisation rate was reduced 
( Table 24 ) although as with the mouse this was not below 
the numbers recorded following exposure to glycerol alone. 
Combining the affects of hypertonic exposure and low 
temperatures was detrimental to both fertilisation and 
development with only 3 from 10 developing pronuclei when 
cooling was followed by hypertonic exposure, and 0 from 7 
when cooling was preceded by hypertonic exposure ( Table 
24 ) . The addition of glycerol to oocytes prior to the
combined treatment reduced the detrimental effects by 
increasing the numbers successfully fertilising to 7 from 
a group of 12 ova. However as with all other treatments in 
which the oocytes were equilibrated with glycerol, none of 
the fertilised ova continued to divide.
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6.11 The Developmental Potential of the Human Oocyte 
Equilibrated with DMSO Prior to Imposing an Osmotic 
Stress at 0°C.

Following incubation of fresh human oocytes with 1.5 M 
DMSO at 0°C, 8 from a group of 10 oocytes successfully
fertilised developing 2 pronuclei, a rate which was 
comparable to those incubated in isotonic PB1 at 37°C 
( Table 25 ). Of those fertilising, 4 continued to develop, 
3 to the 2 cell stage and 1 to the 4 cell stage, a result 
which was in contrast to the effects of equilibration with 
glycerol at 37°C, as described in section 6.10, in which 
both the potential to fertilise and to continue normal 
development past the pronucleate stage was reduced after 
CPA exposure.

Equilibrating fresh human oocytes with DMSO at 0°C 
prior to exposure to hypertonic 0.5 M NaCl resulted in 5 
oocytes developing pronuclei ( 5 / 1 2 ) .  The number of ova 
fertilising was less when DMSO was used as the protective 
substance as opposed to glycerol ( 7 / 12 ). However, 2 
from the 5 pronucleated ova, after exposure to hypertonic 
medium and low temperatures in the presence of DMSO, 
progressed through one cell division on incubation for a 
further 24 h. This was in contrast to culture following the 
removal of the glycerol, which revealed that all the 
embryos were arrested at the pronucleated stage. In 
addition, the ensuing embryos produced following DMSO
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Table 24 Fertilisation and Development of Human Oocytes 
Following Equilibration with Glycerol and Subsequent 
Hypertonic Exposure at Low Temperatures

0.625M Glycerol Glycerol + 0.5 M NaCl

37 °C 37°C

Number(n )

No.Fert.

Devel.
Stage
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Table 25 Fertilisation and Development of Human Oocytes 
Following Equilibration with DMSO and Subsequent Hypertonic 
Exposure at Low Temperatures

1.5M DMSO 1.5M DMSO + 
0.5M NaCl

o o O o o Q
Number(n ) 10 12

No.Fert. 8 5

Devel. 
Stage

3 x 2  cell 
1 x 4  cell

2 x 2  cell
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exposure showed no signs of fragmentation at 48 h post 
insemination. However on subsequent observation at 72 h or 
longer, no further cell divisions had occurred.

6.12 Summary

i) Cooling unfertilised ovulated mouse oocytes to 0°C in 
an isotonic environment caused a reduction in both the 
fertilisation rate and the developmental potential of 
the resulting embryos.

ii) Cooling fresh human pre-ovulatory oocytes in a 
isotonic media had no affect on cell function either 
in numbers fertilising or progressing through a 
minimum of 1 cell division, although numbers were 
necessarily small.

iii) Imposing an additional osmotic stress in the form of 
a hypertonic environment after the oocytes, both mouse 
and human, had been rapidly cooled to 0°C, 
significantly reduced the developmental potential of 
the cell.
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iv) When the cells were osmotically stressed prior to
cooling the numbers of morphologically abnormal 
oocytes increased in addition to which oocyte 
viability was reduced below that for shrinkage after 
cooling.

v) The addition of glycerol to mouse ova prior to
hypertonic exposure significantly increased 
development to the hatching blastocyst stage over that 
seen after hypertonic exposure of unprotected cells.

vi) The number of mouse embryos developing to the
blastocyst stage after equilibration with DMSO and 
exposure to 0.5 M NaCl at 0°C was not significantly 
different to that achieved following equilibration 
with glycerol and hypertonic exposure at 0°C.

vii) For the human oocyte, although equilibration with
glycerol increased the number of oocytes fertilising 
following hypertonic exposure at 0°C, there appeared 
to be a prohibitive effect on further cell division.
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viii)Equilibration with DMSO prior to hypertonic exposure 
at low temperatures resulted in an increase in the 
number of human oocytes fertilising in comparison to 
an osmotic stress at low temperatures. In addition at 
48 h incubation the pronucleated ova had undergone 
cell division.
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CHAPTER 7
Crvopreservation of the Unfertilised Oocvte.

7.1 Aims
In Chapter 6 it was shown that cooling both the mouse 

and human oocytes to 0°C, in conjunction with exposure to 
a hypertonic environment, significantly reduced cell 
viability. Cell function was affected to a greater extent 
when the oocytes were exposed to hyperosmotic conditions 
prior to cooling. Equilibrating human and mouse oocytes 
with glycerol or DMSO prior to treatment appeared to 
protect the oocytes as indicated by the increased 
fertilisation rate compared to cooling accompanied by an 
osmotic stress alone. Thus I decided to use these two 
cryoprotectants effects of cryopreservation on mouse and 
human oocytes this would allow assessment of the effects of 
ice formation and very low temperatures as additional 
factors from those studied in chapter 6.

7.2 Introduction
Cryopreservation of unfertilised oocytes has become an 

increasingly attractive proposition as part of treatments 
for infertility, overcoming some of the ethical and 
religious objections to embryo storage. During 
cryopreservation it is essential to avoid the formation of 
intracellular ice crystals ( I.I.F. ) if the cell is to
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survive the procedure. This requires that the intracellular 
water content be known and accurately predicted during 
cooling. During cryopreservation as a result of the 
reduction in temperature ice nucleates in the extracellular 
medium causing an increase in the solute concentration of 
the remaining solution, which causes development of a 
differential in the chemical potential of the intracellular 
and extracellular water. Water tends to move down the 
chemical potential gradient which causes the cell to 
dehydrate. Equilibrium cooling, in which the differences 
between intra-and-extracellular osmotic pressures are 
eliminated as water leaves the cell to maintain an 
equilibrium with the extracellular water potential, avoids 
intracellular ice nucleation and thus lethal cell damage. 
However, prolonged exposure of cells to high concentrations 
of solutes during such slow cooling can be harmful per se. 
On the otherhand "rapid" cooling, while avoiding the toxic 
affects of high concentrations of cryoprotectants and 
damage from high concentrations of electrolytes allows 
insufficient time for cell dehydration, resulting in a 
tendency towards intracellular ice crystal nucleation.

Predicting the rate of temperature decrease which 
allows sufficient cell dehydration and avoids I.I.F. 
necessitates the investigation of the parameters which 
dictate the rate at which water can leave the cell. The 
membrane water permeability and activation energy were
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known for the mouse oocyte ( Leibo, 1980, Bernard et al, 
1988, Toner, 1990 ) but remained unknown for the human
oocyte. This thesis involved the derivation of the 
permeability parameters of fresh human oocyte using the 
microscope diffusion chamber ( McGrath, 1985 ). The values 
predicted for the human oocyte in my investigation were in 
the same range as those for the mouse both in previous 
studies. Since Lp and Ea were similar, this indicated that 
the rate of water loss was similar to the mouse. Thus the 
cooling rates already established for producing viable 
mouse ova following cryopreservation may also produce 
viable human oocytes. It was therefore decided to 
investigate the survival of the human oocytes using cooling 
conditions similar to those in cryopreservation protocols 
derived for murine oocytes using DMSO ( Whittingham, 1977) 
and glycerol ( Fuller and Bernard, 1984 ).

Materials and Method

7.3 Protocol 1 : Glycerol as CPA
7.3.1 Glycerol Addition

Groups of 20 murine oocytes or 1 human oocyte were 
transferred into a 50)il droplet of 0.25 M glycerol in PBS 
in a culture dish ( Becton & Dickinson, UK ) and held at 
37°C for 20 and 25 minutes respectively. The oocytes were 
transferred to droplets of 0.625 M glycerol and allowed to
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equilibrate at 37°C for 40 minutes for the mouse and 50 
minutes for the human oocyte. After equilibrating the ova 
with glycerol they were pipetted into sterile plastic 
insemination straws ( L'AIGLE, France ) containing 45 pi of 
0.625 M glycerol and seperated by an air bubble 100 pi of 
0.5 M sucrose.

7.3.2 Cryopreservation
The straws with the oocytes were transferred to a 

programmable freezing machine ( P.T.C. 200, Planar Products 
Ltd, Middlesex. ) and cooled at 2°C / min to -7°C as 
indicated by a thermocouple in a dummy straw. Once the 
temperature of the straws had reached -7°C, ice nucleation 
was induced by touching the surface of each straw at the 
level of the meniscus of the medium with forceps cooled in 
liquid nitrogen. The temperature was held at -7°C for 15 
minutes to allow dissipation of the latent heat of ice 
crystallisation, after which the straws were cooled at -
0.3°C / min to -35°C ( Fig 35 ). The samples were then
transferred directly to liquid nitrogen at -196°C and 
stored for 1 to 7 days.

7.3.3 Glycerol Removal
The samples were warmed rapidly at a rate of 200°C - 

300°C / min by agitation in a 37°C water bath. The glycerol 
was removed by expelling the ova into 1.0 ml of 0.5 M
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sucrose which, due to the fact that the cell membrane was 
impermeable to sucrose, provided as osmotic buffer to 
prevent the cell from over-expanding initially due to a 
rapid influx of water into the cell during dilution. It 
also allowed control of cell volume during diffusion of 
glycerol out of the cell. After exposure to sucrose for 1 
hr at 37°C the oocytes were washed in PB1 three times prior 
to transfer to T6 medium for fertilisation and on-growth as 
described in sections 2.7 and 2.10.

7.4 Protocol 2 : Dimethylsulphoxide as CPA.
Straws containing 45 pi of 1.5 M DMSO and 100 pi of PB1 

were cooled to 0°C and left for 5 minutes at this 
temperature. Then, 20 mouse oocytes or a single human 
oocyte were pipetted into the straws and 1 5 minutes allowed 
for equilibration with the cryoprotectant at 0°C. The 
straws were then cooled to -7°C at -2°C / min, and seeding 
was induced by touching the outside of the straw with 
forceps pre cooled in liquid nitrogen. The straws were left 
for 15 minutes for dissipation of the latent heat of ice 
crystallisation, after which they were cooled at 0.3°C / 
minute to -65°C, and then plunged into liquid nitrogen at - 
196°C as described by Whittingham, 1977. The oocytes were 
stored for 1 - 7  days and then rewarmed at a rate of 8°C / 
minute to 0°C in the programmable freezer, following which 
the oocytes were expelled into 1.0 ml of PBS to remove the
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cryoprotectant. The oocytes were then washed three times in 
PB1 and incubated at 37°C in T6 for 1 hr prior to addition 
of sperm for fertilisation and subsequent culture as for
I.V.F. ( section 2.9 ).

Both mouse and human ova were exposed to cryoprotectant 
without freezing as CPA controls and fertilised and 
cultured as for I.V.F. Mouse and human oocytes were 
equilibrated with 0.25 M glycerol for 20 minutes and 25 
minutes respectively. This was followed by equilibration 
with 0.625 M glycerol for 40 and 50 minutes respectively 
after which the glycerol was removed by incubating the 
oocytes with 0.5 M sucrose for 60 minutes at 37°C. Mouse 
and human ova were equilibrated with DMSO at 0°C for 15
minutes after which they were pipetted into PB1 at 37°C to
remove the cryoprotectant and allowed to equilibrate for 60 
minutes prior to insemination and culture.

Unfertilised mouse oocytes were used as a model system
against which the success of the cryopreservation procedure 
could be measured. The numbers of viable mouse oocytes 
could be compared directly to those achieved in previous 
studies using identical protocols. From these comparisons, 
conclusions could be drawn concerning the survival of human 
oocytes using the same techniques.
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Results
7.5 Mouse Oocyte Cryopreservation.

In my investigation, the morphological survival rate 
was 90 % & 87 % following exposure to glycerol at 37°C & 
cooling to 0°C respectively and 84 % after cryopreservation 
( Table 26 ) indicating losses of between 10 - 16 % of the 
original number of oocytes. These losses were either as a 
result of difficulties locating the oocytes when expelled 
from the straws and thus failure to find the original 
number in the media, or retention in the straws, or severe 
damage to individual oocytes, resulting in cell 
disintegration. Development to the hatching blastocyst 
level was 50 %. All values expressed in my study are a 
percentage of the original number of oocytes investigated 
rather than of the number of morphologically normal oocytes 
on thawing or those that fertilised. In a study by Fuller 
and Bernard, 1984 in which 0.625 M glycerol was used as a 
cryoprotectant for unfertilised mouse ova, the authors 
achieved a morphological survival rate of 82 % following 
glycerol exposure ( CPA controls ) and 89 % during
cryopreservation. Subsequent development to hatching 
blastocyst was 55 % which was similar to that achieved in 
my study.

Cryopreservation of unfertilised mouse oocytes using 
DMSO as a cryoprotectant was also found to produce survival 
at rates similar to those recorded in the original report
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( Whittingham, 1977 ). A fertilisation rate of 53 % was 
derived for my study, the majority of which continued to 
develop to the hatching blastocyst stage ( 47 % ) ( Table 
26 ) while a fertilisation rate of 61 % and 50 % ( with and 
without cumulus cells respectively ) was achieved by 
Whittingham, 1977. Fertilised 2 - cell embryos were
transferred to pseudo pregnant females in the original 
study and normal foetuses resulting in live born young.

7.6 Human Oocyte Cryopreservation
The number of morphologically normal oocytes and those 

developing on after fertilisation suggested that, for the 
murine system, both glycerol and DMSO were achieving 
reasonable rates of survival following cryopreservation and 
thus the protocols were applied to the fresh human oocytes. 
Exposure of the human oocytes to both glycerol and DMSO in 
the two different protocols caused a reduction in the 
fertilisation rates compared to those for normal I.V.F. 
which were used as a comparative "control". Under the 
comparable I.V.F conditions, fertilisation and cell 
division past the pronucleate stage was 72 %. However, only 
4 / 10 and 5 / 1 0  oocytes developed pronuclei at 24 hrs 
post insemination for glycerol and DMSO exposure 
respectively ( Table 27 ) . No further cell development was 
observed with oocytes equilibrated with glycerol as a 
cryoprotectant. However, 4 of 5 fertilised following
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Table 26 Fertilisation and development of mouse ova
following cryopreservation.

GLYC. CONTROL GLYCEROL
FREEZE

DMSO 0 °c

37 °C 0°C CONTROL 0°C FREEZE

Number 135 190 230 155 260

No Norm 121 166 195 137 232
% Norm 90 87 84 88 89

No.Fert 85 119 154 98 139
% Fert 63 63 67 63 53

No.H .B . 75 101 114 84 123
% H.B. 56 53 50 54 47
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Table 27 Fertilisation and cell division following 
cryopreservation of human ova using either glycerol or DMSO 
as the cryoprotective agent

GLYC. CONTROL GLYCEROL DMSO 0°C

37°C 0°C
FREEZE

CONTROL FREEZE

Number 10 9 13 10 15

N o .Morp 
Norm.

10 9 8 10 11

N o .Fert 
2 PN

4 4 3 5 5

Final 
Devel. 
Stage

4x2PN 4 x 2PN 3 x 2 PN

i

1 x 2 PN 
3 x 2  cell 
1 x 4  cell

4 x 2PN 
1x 2cell
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exposure to DMSO continued to develop and progressed 
through at least 1 cell division. Both equilibration with 
and freezing in the presence of DMSO resulted in cell 
division, 4 / 1 0  from the CPA control group and 1 / 1 5  from 
those frozen and thawed continued through 1 or more cell 
divisions. While 4 / 1 0  oocytes fertilised ( as signified 
by the presence of 2 pronuclei ) following equilibration 
with glycerol alone and 4 / 9  following cryopreservation, 
further development was arrested, in all cases that 
glycerol was slightly more damaging to unfertilised human 
oocytes than DMSO.

7.7 Discussion
The number of ovulated mouse oocytes fertilising and 

developing following cryopreservation in my investigation 
and in other studies ( Whittingham, 1977, Fuller and 
Bernard, 1984, Schroeder et al, 1990 ) show that while
banking of a variety of genetic strains is possible, there 
is still considerable room for improvement using both 
protocols. In particular, it would be useful to direct 
investigations towards elucidating the reasons which caused 
some oocytes, which on thawing appeared morphologically 
normal, to resist fertilisation. While there is only a 
small rate of loss of viability between 2 - cell and
development to blastocyst, the major area of loss in the 
mouse oocytes was in those ova which failed-to-fertilise.
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Any alterations to the techniques to increase fertilisation 
may be reflected in an increased development to blastocyst. 
Alternatively, new procedures using different 
cryoprotectants or cooling rates, such as vitrification 
( Rail and Fahy, 1985, Nakagata, 1989 ), may ultimately 
produce higher survival. However, at present these 
techniques are adequate methods for preserving mouse 
oocytes producing approximately 50 % development to
hatching blastocyst.

There has been concern in the past that 
cryopreservation may result in an increase in the number of 
abnormal embryos produced. Indeed cooling oocytes, both 
mouse and human, to 4°C caused the disassembly of the 
meiotic apparatus and possible chromosome abnormalities 
( Pickering and Johnson, 1987, Johnson and Pickering, 1988, 
Sathananthan et al, 1988 ). Studies by both Whittingham, 
1977 and Schroeder et al, 1990 investigated transfer of 
embryos to pseudo-pregnant females following insemination 
of oocytes cryopreserved using DMSO. These resulted in 
normal foetuses and live young. These observations suggest 
that, while the developmental potential of cryopreserved 
mouse oocytes is reduced, those that do fertilise have no 
gross abnormalities.

Fertilisation, as signified by the formation of 2 
pronuclei, of the human pre-ovulatory oocytes was not 
prohibited by exposure to glycerol or DMSO ( Table 27 ) .

255



CHAPTER 7 - CRYOPRESERVATION

However, only a small number of oocytes exposed to DMSO 
continued to divide and none of those which had been 
equilibrated with glycerol developed past the pronucleate 
stage. Subsequent to freezing, only a single oocyte frozen 
using DMSO progressed to the 2 - cell stage before 
development was arrested. None of those equilibrated with 
glycerol progressed beyond 2 pronuclei. This result is 
encouraging as it shows that human oocytes have the 
potential to survive cryopreservation, fertilise and 
develop further. However it is disappointing in that it 
indicates that I was still some way from defining optimal 
conditions for human oocyte cryopreservation. The fact that 
over 60 % of the human oocytes cryopreserved with either 
glycerol or DMSO were morphologically normal, and more than 
30 % subsequently fertilised, suggested that the conditions 
chosen have avoided gross damage via intracellular ice 
formation. Thus the predictions I made about choice of 
cooling conditions, based on my measurements of Lp and Ea 
appear essentially correct. Other factors maybe influenting 
survival, such as susceptiblity of pre-ovulatory oocytes to 
freezing damage.

While the survival of ovulated mouse oocytes is 
reasonably high, reports attempting to cryopreserve pre
ovulatory murine oocytes ( Deansley, 1957, Schroeder et al, 
1990 ) have had little success. In the investigation by
Schroeder only 17 % of the pre-ovulatory oocytes survived
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and produced 2 cell embryos and only 2 % developed to the 
blastocyst stage. The numbers fertilising increased to 55 
% following in vitro maturation with added FSH, but in both 
systems survival was low compared to that of ovulated 
oocytes, from which 88 % fertilised. However, no account of 
those excluded for morphological abnormalities appeared to 
have been taken when calculating their figures, as they 
were expressed as a percentage of the numbers inseminated. 
If these values are considered in conjunction with the poor 
fertilisation and small numbers of human oocytes undergoing 
cell division in my study it may be that pre-ovulatory ova 
are more susceptible to freezing damage than ovulated ova.

Summary

i) Both glycerol and DMSO equilibration prior to 
cryopreservation produced adequate rates of survival 
and development to the blastocyst stage for the mouse 
oocytes using the two chosen cooling and warming 
regimes.

ii) Successful fertilisation of human oocytes, and further 
development of the embryos produced, was achieved 
following equilibration with DMSO at 0°C.
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iii) Although fertilisation of fresh human ova previously 
exposed to glycerol was recorded, all oocytes with 2 
pronuclei failed to progress through a single cell 
division by 48 hrs in culture.

iv) Following cryopreservation, human oocytes were 
successfully inseminated after equilibration with both 
glycerol and DMSO. However, cell division to the 2 
cell stage was recorded in only 1 oocyte which had 
undergone exposure to DMSO, freezing and thawing. No 
cell divisions were recorded after glycerol 
cryopreservation. These studies are the first, to my 
knowledge, to compare different techniques for 
cryopreservation of human oocytes under carefully 
controlled conditions. The results suggest that DMSO 
and slow cooling may be the best protocol to evaluate 
further.
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CHAPTER 8

Discussion

8.1 Principal Findings of my Studies

i) The measurements made for Lp, Vb and Ea utilising the 
microscope diffusion chamber were reproducible.

ii) The permeability parameters determined for the fresh 
ovulated murine oocyte by my technique were similar to

those produced by other investigators.

iii) The Lp and Vb values derived for the human pre
ovulatory oocytes, fresh and failed-to-fertilise, were 
much more varied than those for the mouse ova. Thus
the Ea's calculated from the mean Lp values were
difficult to interpret due to the large standard
deviations for the Lp.

iv) Neither fertilisation nor in vitro maturation had a 
significant effect on the variability of the Lp or Vb 
values recorded for human ova.

259



CHAPTER 8 - DISCUSSION

v) Pre-ovulatory mouse oocytes were found to exhibit a
greater heterogeneity in both Lp and Vb compared to
those examined following ovulation.

vi) Although the range of Lp values determined at each of
the investigative temperature for individual fresh
human ova remained large, it was possible using these
data to determine a more realistic value for Ea.

vii) Whilst measuring the Lp for the mouse and human
oocytes at low temperatures ( 0°C ) it became apparent 
that the cells did not shrink in a spherical manner as 
had occurred at temperatures > 5°C, questioning the 
advisability of extrapolating data derived assuming 
spherical shrinkage to subzero temperatures

viii)A combination of cooling oocytes to low temperatures
and osmotic stress was found to have a deleterious
effect on cell function, reducing fertilisation and 
the subsequent embryonic developmental potential. By 
equilibrating the oocytes with CPA's prior to exposure 
to these adverse conditions the viability of the 
oocytes was protected to a degree.
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ix) Having established that the values for Lp and Ea for 
the fresh human oocytes were in the same order as
those for mouse oocytes, an attempt to cryopreserve
the fresh human oocyte was made using regimes 
successfully applied to the mouse. Although 
fertilisation following both equilibration with the 
CPA and cryopreservation was achieved, the oocytes 
progressed through only limited cell division.

8.2.1 Assessment of the Microscope Diffusion Chamber
The passive movement of water across the cell membrane 

is of particular importance in cryobiology due to the
dependence of the optimum rate of cooling and thawing on 
the cell water content. Since water permeability has been 
demonstrated previously to be a governing factor in 
determining the speed of water loss, the extent of 
supercooling, the likelihood of intracellular ice formation 
and thus cell death ( Mazur, 1963, 1973, 1977 ), it has
been extensively studied for numerous cell types employing 
many different techniques. By elucidating the dynamics of 
water transport in the unfertilised oocyte in response to 
a hypertonic extracellular environment such as experienced 
during freezing, cell survival following cryopreservation 
may be improved. Cell death is intimately associated with 
intracellular ice formation and using the derivation of the 
water permeability and its temperature coefficient, the
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cooling rate that avoids intracellular ice crystallization 
can be calculated ( Mazur, 1963 ). Knowledge of this
optimum cooling rate would contribute towards the 
development of a cryopreservation protocol for unfertilised 
human oocytes.

The experiments in my study were designed to determine 
the osmotic properties of human oocytes and to supplement 
the knowledge already available for murine oocytes. 
However, prior to the development of the microscope 
diffusion chamber ( McGrath, 1985 ), experiments on the
transient osmotic response of cells to perfusion with an 
anisomotic solution required that large numbers of cells be 
available for analysis. Techniques such as the coulter 
counter exploited differences in the electrical 
conductivity of cells and pure medium to determine 
volumetric fluctuations. By measuring the increased 
resistance to an electric current applied to a cell 
suspension passing through a small orifice in a constant 
current system, and adjusting the threshold level above 
which the increased voltage was recorded and calibrating 
with latex beads of a known size, the cell volume could be 
measured ( Hempling, 1977 ).

An alternative method for measuring volume changes in 
cell suspensions was developed by measuring the amount of 
light scattered and absorbed in a stop-flow 
spectrophotometer ( Sha'afi and Gary-Bobo, 1973 ). However
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the accuracy of such methods is debatable particularly when 
applied to small numbers of cells. In a study by Tate 
( 1989 ) sea urchin eggs were used to calibrate equipment 
used for the derivation of the permeability parameters for 
bovine ova since they were cheap and abundant. Although the 
Coulter Counter technique was accurate at predicting the 
peak value for the volume, the distribution was 
consistently skewed towards smaller values. In conjunction 
with this the large numbers of cells ( approximately 100 
cells as a minimium ) required for a single analysis meant 
that this system was unsuitable for use in determining the 
volume of cells in relatively limited supply ( such as ova, 
and in particular human oocytes ). In addition, since only 
mean values for a large number of cells are provided by 
Coulter Counter or stop-flow techniques, the lack of 
information concerning individual cells in a population is 
a major omission for specimens in which variability could 
dictate the type of regime imposed during cryopreservation.

In my study, the microscope diffusion chamber allowed 
monitoring of the response of individual cells in micro
volumes in real time, permitted repeatable changes of the 
extracellular solution to be made with ease during the 
course of a single investigation, and accurately controlled 
the temperature of the system. The osmotic response of 
cells to hypertonic perfusion could be recorded visually 
on video tape, which gave access to detailed information
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pertaining to changes in both the volume and morphology of 
the oocytes. In addition, as the cells were visualized 
throughout the entire procedure, the initial period of 
volume fluctuation ( which is critical for permeability 
studies of both water and coupled flow of water and solutes 
such as cryoprotectants ) could be chronicled.

The diffusion chamber has been used in the past to 
accurately measure both equilibrium and non-equilibrium 
responses of a wide range of cells, including liposomes 
( Callow and McGrath, 1984, Sherban et al, 1985 ),
lymphocytes ( Sherban, 1987 ), mouse ova ( Bernard et al, 
1988 ), and hamster ova ( Shabana and McGrath, 1988 ).
These investigations using the microscope diffusion chamber 
to elucidate the membrane water permeability and inactive 
volume for other cell types ( including the preliminary 
study by Bernard et al, 1988 on mouse and human ova ) 
demonstrated the ability of the chamber and the associated 
software to generate realistic and reliable measurements of 
the permeability parameters. This justified the application 
of this method when attempting to determine the Lp, Ea, and 
Vb for fresh human ova.

8.2.2 Membrane Permeability Parameters of the Ovulated 
Mouse Oocyte

The mean Lp values derived for murine unfertilised 
oocyte at 20°C was directly comparable to those estimated
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by Leibo ( 1983 ) and Bernard et al ( 1988 ). In the study 
by Leibo a mean Lp value of 0.44 ± 0.03 pm / atm / min was 
derived by measuring the change in the cell diameter 
following immersion of the ova in a hypertonic environment. 
Leibo utilised the difference in the density of cell 
cytoplasm in isotonic and hypertonic solutions. In isotonic 
media the cell density is less than in hypertonic saline 
and by transferring an oocyte into a column of hypertonic 
solution it dehydrates until it achieves equilibrium 
density rising up the column. From photographs of the 
oocyte at various times the cross sectional area was 
determined and the Lp calculated. Even though the method 
used by Leibo differed from my study the value calculated 
correlated well with the Lp at 20°C of 0.48 ± 0.18 pm / atm 
/ min for the mouse oocyte determined using the diffusion 
chamber.

Although the individual Lp values were not presented in 
the study by Leibo ( 1980 ), it was stated that the water 
permeability for fertilised and unfertilised mouse ova were 
not significantly different. For the 18 fertilised eggs 
observed, 5 were found not to fit the curves calculated for 
water loss for any Lp, 8 corresponded to Lp = 0.43, 4 to Lp 
= 0.38, and 1 to Lp = 0.48 pm / atm / min. Even though the
majority of the ova fell within the limits of 0.38 - 0.48
pm / atm / min, it was important to note that 5 of 18
oocytes did not fit any of the predicted curves. It was
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unlikely that these cells were abnormal, and suggests 
rather that the Lp1 s corresponding to the water loss in 
these particular cells was higher or lower than those of 
the predicted range. Thus the actual range of Lp values was 
probably larger than that recorded in the study ( Leibo, 
1980 ). In my study of the Lps for mouse oocytes at 20°C, 
10 from a group of 20 ova fell between the limits 0.33 - 
0.49 pm / atm / min. However, it should be noted that I 
have included all values in my calculations of mean values 
for Lp, Ea and Vb, because I did not consider it valid to 
select only values within pre-determined limits.

In the investigation by Bernard et al, 1988 using the 
microscope diffusion chamber a best estimate for the mean 
Lp of a group of 7 mouse oocytes was 0.36 ± 0.07 pm / atm 
/ min which correlated well with the data in the study by 
Leibo, 1980 and that in my study. An investigation into the 
Lp of unfertilised mouse ova at subzero temperatures in the 
presence of ice ( Toner, 1990 ) calculated a value of 0.044 
pm / atm / min at 0°C. By extrapolating the Lp value 
determined at 20°C in the studies by Leibo, 1980 and 
Bernard et al, 1988 to 0°C, the author found the measured 
Lp at 0°C correlated relatively closely with the predicted 
values. The Lp's estimated at 20°C for the mouse ova were 
consistent with those obtained for other animal cells with 
the exception of erythrocytes which are thought to be 
highly permeable ( Levin et al, 1980 ).
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The study by Leibo ( 1980 ) also estimated the affect 
of temperature on the Lp for both the fertilised and 
unfertilised mouse ova between 0°C and 30°C. Although data 
including means for Lp’s were not recorded the activation 
energies determined from the Arrhenius plot of Ln Lp vs 1 
/ T could be compared to those derived from the Lp 1 s in the 
present investigation. The Lp's predicted from the 
microscope diffusion chamber in my study decreased with 
decreasing temperature and from the Arrhenius plot an Ea of 
9.48 Kcal / mol was calculated for the mouse. The Ea value 
calculated in my study correlated well with the values 
determined by Leibo ( 1980 ) for unfertilised ( 14.5 Kcal 
/ mol ) and fertilised ova ( 13.3 Kcal / mol ) or Toner, 
1990 of 13.3 ± 2.5 Kcal / mol.

8.3 The Membrane Permeability Parameters of Human Oocytes.
The Lps for the fresh and failed-to-fertilise human ova 

at 20°C described previously ( Bernard et al, 1988 )
exhibited extreme variability, which is in agreement with 
the observations made in my investigation. The mean value 
of Lp calculated for the Ff ova of 0.84 ± 0.39 pm / atm / 
min correlate well with that predicted in my current study 
of 0.62 ± 0.32 pm / atm / min but were much higher than the 
Lp for the mouse stated in all reports to date ( Leibo, 
1980, Bernard et al, 1988, Toner et al, 1990, Table 10 ). 
Even though this suggested that the Ff ova were more
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permeable to water than the murine oocytes, this was not 
corroborated by the values calculated at the other 
investigative temperatures. At 37°C and 30°C the mean Lp's 
while lower than those obtained for the mouse the 
difference was not statistically significant. The most 
striking point was the large standard deviations for the Lp 
values at temperatures studied, and these led to an overlap 
in values over the temperature range, even between those 
estimated for Ff at 37°C and 10°C.

The measurements made on the fresh human ova were 
similar to those for the Ff material. Once again the mean 
Lps show a general decrease as the temperature decreased, 
even though the ranges for the different temperatures were 
coincidental. The rate of change was extremely small with 
the mean Lp decreasing from 0.58 ± 0.32 pm / atm / min at
37°C to 0.25 ± 0.09 pm / atm / min at 5°C. This is
reflected in the Ea value which was low in comparison to 
those determined for other cells. Unlike the Ff ova the 
mean Lps were consistently lower than those for murine ova 
at the equivalent temperature, but again the standard
deviations were extremely large and the difference was not 
statistically significant.

In order to assess the consistency of the response of 
the fresh human ova, a number of fresh human oocytes were 
investigated for repeatability of both Lp and Vb
measurements. From the fresh ova at 20°C, 7 underwent two
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consecutive exposures to 0.5 M NaCl with return to isotonic 
media in between for Lp calculation. The repeat values for 
Lp fell within 0.01 - 0.13 pm / atm / min of the initial 
value. Repeat Vb values were determined by exposing the 
oocyte to 5 increases in NaCl concentration from 0.2 M NaCl 
to 0.7 M NaCl, returning the oocyte to isotonic medium and 
exposing the oocytes to a second set of increasing 
concentrations of NaCl. The cell volume was measured at 
each concentration and a Boyle Van't Hoff plot made. For 
the 4 fresh human ova investigated for repeat Vb values all 
were within 0 - 3 % of the original value. The consistency 
of these values indicated that the ova retained the ability 
to respond to perfusion with hypertonic salt solutions even 
after exposure to saline solutions between 0.2 - 0.7 M NaCl 
for 10 minutes at each concentration ( totalling over 60 
minutes of perfusion ) . If NaCl exposure per se was 
damaging to the plasm membrane of the ova this would have 
been reflected in an alteration of the permeability 
parameters and the independent calculations would not have 
been as closely repeatable as they were. Damage resulting 
in the ova becoming permeable to NaCl would have caused the 
volume of the ova to increase above the original value on 
return to isotonic or a less concentrated solution of NaCl, 
a response which was not observed during my investigation. 
Thus I feel confident that the oocyte plasma membrane 
retained functional selective permeability during the
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studies.
The variability of both the Lp and Vb values apparent 

for the human ova is unlikely to be attributed to the 
quality of the donated ova. Fresh human ova used in the 
study were chosen at random from the cohort of oocytes 
collected in each treatment cycle. The oocytes were 
morphologically normal, with typical spherical shape, 
clearly-defined plasma membrane and granular refractive 
cytoplasm. The material was donated from a group of 69 
patients, 85.5 % of whom under went embryo transfers
indicating fertilisation of 1 or more of the remaining ova. 
A fertilisation rate of 72 % ( number of ova fertilised / 
number of ova collected x 100 ) was calculated overall. Of 
those patients failing to proceed to the embryo transfer 
stage ( 10 / 69 ), a further 7 ( 10 % of the original
number ) fertilised ova with therapeutic donor sperm, while 
3 were not placed with test sperm due to a smaller number 
of oocytes or previous therapeutic testing and failed to 
fertilise any oocytes. Only 1 patient, diagnosed as 
unexplained infertility, failed to fertilise any of the ova 
collected for reasons unconnected with sperm parameters. 
The most reliable test of oocyte quality is the ability to 
fertilise and produce embryos after culture. When taken in 
conjunction with the random nature of the sample 
allocation, since 72 % of the total number of ova
fertilised, this data suggests that the oocytes were of
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good quality.

8.3.2 The Temperature Dependence of the Human Oocyte
When Ea values were determined for the human ova from 

Arrhenius plots of Lp and inverse temperature, it was 
evident that the human and murine oocytes responded in a 
different fashion. The Ea for the Ff oocytes was only 1.98 
Kcal / mol and for the fresh oocytes it was 3.43 Kcal / mol 
as opposed to 9.48 Kcal / mol for the mouse. The values 
obtained for the human oocytes are extremely low, since the 
Ea for free diffusion of water isotopes through water 
without the presence of a membrane is approximately 3 Kcal 
/ mol. It appears that from the variability of the results 
and the large standard deviations around the mean Lp 
values, the calculation and application of a single Ea for 
a group of either fresh or Ff human ova is unreliable. 
Indeed, values in the same order as those for free 
diffusion are indicative of water moving through pores in 
the membrane as was suggested for erythrocytes ( Sha'afi & 
Gary - Bobo, 1975 ). Alternatively, although very unlikely, 
low Ea values could signify facilitated transport. The 
reliability of the results obtained using mean values of Lp 
for groups of human oocytes are questioned further by the 
favourable comparison between the mouse data in my study 
and values for other animal cells. Excluding erythrocytes, 
in which the membrane is highly permeable to water, as
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described previously, several different cell types 
including mouse tumour cells ( Ea 9.60 Kcal / mol; 
Hempling, 1960 ), bovine oocytes ( Ea 12.11 Kcal / mol; 
Myers et al, 1987 ), chondrocytes ( Ea 8.06 Kcal / mol; 
McGann, 1988 ), and keratinocytes, ( Ea 10.70 Kcal / mol; 
Aggarwal et al, 1988 ) have remarkably similar Ea values. 
Thus my studies suggest that it is unwise to view groups of 
human oocytes as homogeneous populations. Following from 
this it is not sensible to assign a single mean value for 
Ea to the human oocyte.

8.4 Possible Sources of Variability in the Membrane Water 
Permeability of the Human Oocyte

One of the most conspicuous differences between the 
human and mouse ova was the time of oocyte collection. All 
of the studies on mouse ova were performed on ovulated 
oocytes collected from the oviduct, whereas a human IVF 
programme requires that oocytes were collected directly 
from the ovarian follicles. Although human egg collections 
were timed to coincide as closely as possible with 
ovulation, this can only be judged by the length of time 
following hCG injection. Since the majority of patients 
were down-regulated, no endogenous LH surge should have 
occurred under these circumstances. Ovulation naturally 
occurs within 24 h of the measured LH surge, but by 
implementing a regime of down-regulation, this period is

272



CHAPTER 8 - DISCUSSION

extended to 36 - 41 hrs post hCG injection. Collection 
routinely occurred at 36 hrs post hCG. The ova were then 
stored in culture medium for an additional 5 hrs to bring 
their biological development time closer to that for 
expected ovulation. Although the timing was chosen to mimic 
the expected time of release, obviously the follicular 
environment is not reproduced by in vitro culture. In 
addition, the mouse ova were isolated from the ampulla and 
had been exposed to oviductal fluid for a period of up to 
about 3 hrs, since the process of ovulation is not 
synchronous and some ova are released immediately prior to 
dissection of the ovary, whilst others have spent longer 
in the ampulla. These differences raise the question of the 
importance of maturity on oocyte plasma membrane 
permeabilities.

Studies by Steponkus and co-workers (Lin et al, 1987, 
and Myers et al, 1987) and Tate (1989) on bovine ova have 
elucidated the permeability parameters for ova at various 
stages of maturity. Using a microscope diffusion chamber to 
investigate water permeability at 20°C of immature bovine 
ova aspirated from ovarian follicles Lin et al, 1987, and 
Myers et al, 1987 determined mean Lp values of 0.54 ± 0.16 
pm/atm/min and 0.29 ± 0.06 pm/atm/min respectively. A
recent study also on bovine ova by Ruffing et al, 1990 
predicted an Lp of 0.45 ± 0.20 pm/atm/min for immature ova, 
and 0.80 ± 0.47 pm/atm/min for in vitro matured with a mean
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Vb of 32 % ± 6 .6 % for the in vitro matured ova. In the 
study by Tate ( 1989 ) in which ova were classified as
being in metaphase II or immature germinal vesicle stage, 
Lps were estimated within a range of 0.27 - 210.00 pm / atm 
/ min with values for Vb falling within 0.1 - 57.0 %.
Direct comparisons between the work of Tate to that of 
Steponkus1 group and my studies for pre-ovulatory human ova 
are difficult since the Lp for the bovine oocytes ( Tate, 
1989 ) were determined with respect to time and a best fit 
single value predicted from the conglomerate. However, what 
is obvious from all these studies on pre-ovulatory bovine 
ova is the wide scatter of values for Lp and Vb, a 
phenomenon which was not apparent from the investigations 
on the ovulated mouse ova.

The variability observed in the pre-ovulatory ova was 
reflected in the investigations using murine oocytes 
collected from the ovary in my study. The range of Lp's 
were greater and thus the standard deviations about the 
mean were much larger, with the maximum Lp's being 2 - 3 x 
greater than measured for the ovulated oocytes. Since the 
distribution of permeability values in the cells isolated 
from the ampulla exhibited a greater degree of conformity, 
this suggested that ovulation may cause alterations in the 
oocyte which resulted in a more homogeneous population with 
respect to the permeability characteristics.

The follicular environment is known to be influential
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on the maturation process of the oocyte. It has been known 
for a number of years that pre - ovulatory ova will 
spontaneously resume meiosis on release from the follicle 
( Edwards, 1965 ). It is thought that c.AMP at basal levels 
maintains the chromosomes in meiotic arrest while at the 
higher, LH-stimulated, level it acts as a promoter of 
development mediated through the follicle cells ( Dekel, 
1989 ). Prior to ovulation, as a response to the elevated 
LH, c.AMP production increases which interrupts the 
connections between the oocyte and the cumulus mass, 
decreasing the c.AMP concentration and removing the 
inhibition on the resumption of meiosis. Retention of the 
cumulus cells surrounding the immature oocytes following 
mechanical release from the ovary results in a high 
percentage successfully undergoing maturation and 
fertilisation ( Schroeder and Epigg, 1984 ).

Although in our I.V.F. programme, after being graded 
for maturity at collection, the human ova were cultured for 
a period of time under the assumption that maturation will 
continue, no specific follicular factors such as FSH were 
added to the culture medium. FSH has been found to be 
advantageous in maturation of murine ova ( Epigg and 
Schroeder, 1989, Schroeder and Epigg, 1989, Schroeder et 
al, 1988 ). Culturing the human ova for periods of time in 
vitro may not completely mimic the changes in the chemical 
environment occurring naturally in the follicular fluids.
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This may account for the greater variability observed for 
both the Lp and Vb values for both the human and murine pre 
- ovulatory ova compared to the ovulated material. Although 
the surge of endogenous gonadotrophins present in the 
follicular environment are responsible for triggering the 
resumption of meiotic division in vivo, they appear not to 
be essential for attaining the ability to complete the 
maturation process in vitro. Recent work on the mouse has 
found that the addition of FSH is advantageous, increasing 
fertilisation and normal development to the blastocyst 
stage ( Epigg and Schroeder, 1989, Schroeder and Epigg, 
1989, Schroeder et al, 1988 ). In the rat, the addition of 
LH to culture medium for immature pre-ovulatory ova may 
result in an increase in the number of morphologically 
normal oocytes, the ability of sperm to penetrate the 
cumulus complex and the overall fertilisation rate ( Shalgi 
et al, 1979 ). The action of the LH may be mediated through 
the oocyte itself or the surrounding cumulus cells, 
although these effects have been disputed in a study by 
Fleming et al, 1985. Administration of the gonadotrophin 
FSH is known to override the inhibitory affects of purines 
( Epigg et al, 1985 ).

The mammalian oviduct does not merely act as a tube for 
the transfer of the oocyte from the ovary to the uterus. 
The components of the oviductal fluid are modified along 
its length with both ionic and macromolecular changes. It
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has been suggested that, after a variable length of time 
following ovulation into the bursal sac, the oocyte is 
moved into the ampulla. The composition of these fluids is 
very different with a higher concentration of Na+ and lower 
concentrations of K+, Mg+, and P+ in the ampulla possibly 
resulting in a hyperpolarisation of the oocyte membrane 
( Borland et al, 1977 ). The epithelium has a secretory 
function releasing proteins ( Marcus and Saravis, 1965, 
Mastroianni et al, 1970 ) and antigens ( Fox and Shivers, 
1975 a, b, Gaunt, 1985 ). These macromolecules present in 
the oviductal fluid may be passively acquired by the 
ovulated ova, binding to the zona pellucida or accumulating 
in the early embryo. They may influence the completion of 
maturation, development of competence for fertilisation and 
early embryonic development. It has been suggested that the 
appearance of antigens on the surface of an oocyte, rather 
than being attributable to the synthesis of new membrane 
components, may be a result of the binding of factors from 
the fluid in the oviduct ( Fox and Shivers, 1975 a, b ). In 
a study using in vivo and in vitro cultured eggs and 
embryos the surface antigen 2B5 was detected 5 - 6  hrs 
following ovulation only in those cells isolated from the 
oviduct. Later developmental stages of both culture 
systems, in vivo and in vitro, developed the capacity to 
synthesise the antigen. In addition, a 215 kD glycoprotein 
secreted by the murine oviduct epithelium which is found in
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the oviductal fluid associates with the ovulated oocyte and 
early cleavage stages of the embryo. The glycoprotein 
associates in a selective manner only in the perivitelline 
space until the blastocyst hatches ( Kapur and Johnson, 
1985, 1986, 1988 ).

Quinn et al ( 1985 ) found that a significantly higher 
number of mouse zygotes develop to blastocysts, and a 
higher number of pregnancies were initiated after the 
transfer of human embryos cultured in media based on the 
composition of human tubal fluid than in T6 . It may be an 
accumulation of one or more of the components of the 
oviductal fluid rather than the additional time per se 

spent in the follicular fluid that is responsible for the 
discrepancies observed between the properties of ovulated 
and pre - ovulatory oocyte. These may include permeability 
parameters such as Lp.

Meiotic maturation has a number of recognizable 
morphological changes initiated by the breakdown of the 
germinal vesicle membrane and ending with polar body 
extrusion. In the mouse, the ability to undergo germinal 
vesicle breakdown appears to be independent of the size of 
the oocyte and is not necessarily accompanied by the 
capacity to complete maturation to metaphase II which is 
achieved subsequently ( Epigg and Schroeder, 1989 ). It is 
not known whether the altered developmental potential as 
maturation proceeds is as a result of intrinsic changes in
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the oocyte or the influence of changed signals received 
from the somatic cells. However it is possible that as part 
of the overall process other characteristics such as the 
permeability properties of the plasma membrane may change 
at the same time. Maturation is known to be accompanied by 
a gradual increase in membrane depolarisation from - 41 mV 
to - 17 mV up to polar body formation, possibly as a result 
of a decrease in the permeability to K+ ( Powers, 1982 ). In 
addition it should be noted that during maturation there is 
a 1.6 fold change in the surface area of the oocyte. 
Changes in the number and size of microvilli resulting from 
altered cytoskeletal organisation were measured using both 
scanning electron microscopy and transmission electron 
microscopy and geometric formulas to determine the total 
surface area ( Longo and Chen, 1985 ).

The investigation into the permeability parameters of 
the pre - ovulatory oocytes of the mouse out of necessity 
did not include a study of the primary oocytes. This was 
due to the difficulty encountered when attempting to remove 
the tightly bound cumulus cell layers, preventing accurate 
measurement of the volume changes due to lack of visual 
clarity of the membrane. The adult mouse ovary, from which 
the pre - ovulatory ova were mechanically released, 
contains various classes of oocyte at assorted stages of 
development including primary, immature germinal vesicle, 
and ova at various stages of maturity through to completion
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of metaphase II with extrusion of the first polar body ( 
Swartz and Schuetz, 1975 ). The study with pre - ovulatory 
bovine ova ( Tate, 1989 ), while emphasising the disparity 
of the permeability properties, stressed that it was not 
necessarily accounted for by the stage at which the oocytes 
were investigated. Both those eggs designated as being 
immature with a germinal vesicle and those in metaphase II 
as assessed by cytogenetic staining techniques were equally 
variable in terms of Lp. The Vb values for the immature ova 
ranged between 0.1 and 57 % while for the mature cells this 
was 0.1 - 41 %.

The ability of sperm to penetrate the oocyte appears to 
exist at any stage of maturity, with sperm attaching to the 
zona at equivalent rates from germinal vesicle stage 
onwards ( Lopata and Leung, 1988 ). Sperm penetration of 
the vitelline membrane increases with meiotic maturation, 
reaching a maximum at metaphase II. This was a stage- 
dependent change rather than relating to time spent in 
culture. Although sperm will interact with germinal vesicle 
stage oocytes, the chromatin will only partially decondense 
if development has proceeded to the point of meiotic 
metaphase I. An increased receptivity of the plasma 
membrane and ability of the cytoplasm to incorporate the 
sperm to produce the male pronucleus appears to coincide 
with germinal vesicle breakdown. Complete breakdown of the 
acrosome membrane, release of the cortical granules and
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chromatin decondensation only occur at the metaphase II 
stage ( Lopata and Leung, 1988 ). Maturation to the end of 
metaphase II must occur before mammalian oocytes can be 
fertilised to yield viable embryos ( Moor and Trounson, 
1977 ).

In my study on pronucleated ova, these facts suggested 
that all of the pronucleated human ova had undergone 
complete meiotic maturation to the end of metaphase II. In 
addition it was known that Leibo ( 1980 ) had found no
significant difference between fertilised and unfertilised 
mouse ova with respect to either Lp or Ea. Considering the 
mouse membrane water permeability data, and the knowledge 
that in order to fertilise the ova had all developed to 
comparable states of maturity, it was tentatively 
hypothesised that by investigating the pronucleated human 
ova a greater degree of conformity in Lp values may be 
confirmed and in addition allowed the calculation of a 
single realistic Ea value. Although the mean Lp was lower 
at 10°C and the standard deviation determined was smaller 
than that for the fresh ova at the corresponding 
temperature, the reverse is true for the pronucleated ova 
at 20°C. In addition, when the standard deviations were 
considered, the differences were not significant. The mean 
Lp values predicted for pronucleated human ova at 20°C and 
10°C of 0.55 pm / atm / min and 0.34 pm / atm / min 
respectively were extremely close to those for the ovulated
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mouse oocytes at the same temperatures of 0.48 pm / atm / 
min at 20°C and 0.28 jam / atm / min at 10°C. This suggested 
a greater agreement between the permeability parameters of 
the human pronucleated ova and the ovulated mouse oocytes 
than the fresh human ova, which may be expected if the Lp 
for fertilised and unfertilised oocytes are similar and the 
major sources of variability within the investigation were 
as a result of differences in cell maturity. However, it is 
important to note that the Lp values were still very varied 
and standard deviations large indicating a population that 
was not homogeneous. The heterogeneity in the pronucleated 
ova may well be on account of the complex time dependent 
events that occur following fusion of the sperm which could 
alter the properties of the zygote including those of the 
plasma membrane. In a study investigating the permeability 
of mouse ova to glycerol, Jackowski ( 1977 ) found that
following penetration, there was a progressive increase in 
the speed of CPA permeation which was exhibited by those 
with and without a zona pellucida. This, in conjunction 
with the fact that it was a gradual change, suggested it 
was in response to a cellular event associated with 
fertilisation.

Not only is there an immediate deplorisation of the 
oocyte membrane from the point of sperm entry and release 
of the cortical granules to block further sperm 
penetration, but the activation of development at
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fertilisation is accompanied by numerous cytoskeletal 
changes. Although the exact timing of fertilisation was 
difficult to determine, all of those used in the study had 
both male and female pronuclei present. In the unfertilised 
oocyte, a continuous network of cortical filamentous actin 
is found associated with the microfilament-containing 
microvilli. Following fertilisation, due to a concentrated 
area of actin above the spindle in the mouse, the spindle 
rotates and a cleavage furrow forms between the actin-rich 
shoulder and the less concentrated region. In the human, an 
increased concentration of actin forms in the cleavage 
constriction between the ovum and the second polar body 
while the female chromosomes complete metaphase II and the 
second polar body is extruded. Submembraneous actin remains 
concentrated around the pronuclei and cytoplasmic 
microtubules become evident. Although all of the fertilised 
ova had progressed to the pronucleate stage, the exact 
stage of pronuclear migration or the imminence of 
pronuclear membrane breakdown could not be accurately 
predicted. As migration proceeds, the microtubular elements 
of the cell develop to produce a dense complex meshwork, 
whilst by the time of nuclear membrane breakdown these are 
present only as microtubule-organising centres around the 
chromosomes from which the spindle forms for the onset of 
mitosis ( Maro et al, 1984, 1986, Pickering et al, 1988 ). 
The cytoskeletal changes which occur in the cell after
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fertilisation are accompanied by alterations of the 
molecular processes of the oocyte. Although transcription 
of the embryonic mRNA only occurs subsequent to the 2 - 
cell embryo stage, with early embryonic development being 
controlled by the maternal genome, some limited mRNA 
activation not involved in embryonic development has been 
recorded ( Moore, 1975 ). Changes in the polypeptide
synthesis dependent on or accelerated by fertilisation 
occur in the ova which is expressed in a manner dependent 
on the time following penetration as a result of 
differential mRNA activation or post translational 
modifications ( Howlett and Bolton, 1984 ). These changes 
in the cell components may be responsible for the spread of 
the Lp values calculated since not all ova develop 
pronuclei at the same time and a window, in which 2 
pronuclei are visible, exists.

Alternatively, it is known that although the water 
content of fertilised ova remains unchanged, the structure 
is modified throughout the first cell cycle. In a study 
utilizing fertilised sea urchin ova, the change in the 
proton NMR T1 relaxation time during the cell cycle was 
calculated. The T1 time is a measure of the speed at which 
the hydrogen proton on a water molecule disturbed by an 
electromagnetic pulse can return to equilibrium. The 
motional state of water is determined by its1 interactions 
with macromolecules as compared to water in the bulk and
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can be detected from the T1 time. The more structured or 
constrained the water molecules, the shorter the time 
period required to return to equilibrium. During the first 
cell cycle following fertilisation the T1 relaxation time 
was modified, even after the hyaline layer and 
fertilisation membrane were removed, indicating that the 
changes must be due to intracellular events in the egg 
proper rather than the accumulation of water in the 
perivitelline space ( Cameron et al, 1987 ).

Additional evidence from this study for changes 
occurring in the water and macromolecular arrangement in 
the fertilised egg come from the pattern of ice crystal 
growth following freezing. Interactions with proteins 
allows more rapid diffusion of water along a protein 
surface creating larger ice crystals. The differences 
observed agree closely to the T1 times, suggesting that 
there is a change in water structure which may possibly be 
linked to a modification of the amount of polymerised actin 
in the cell ( Cameron et al, 1987 ).

It was apparent from the values predicted for the 
permeability parameters Lp and Vb that the human material 
was extremely variable. It may not be accurate to use the 
values calculated for groups of oocytes at each temperature 
in the form of a mean to derive characteristics ( such as 
Ea ) for application to human oocytes as a single cell 
type.
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The investigation of the Lp for a single fresh human 
oocyte at each of the temperatures of observation for 
determining Ea allowed both the variability of Lps within 
a temperature group and that between oocytes at different 
temperatures to be investigated. By predicting individual 
Ea's, a greater accuracy could be assigned to those values 
given to the ova. The Lp's at each temperature fell within 
the range expected from my earlier work on fresh human ova 
with similar maximum and minimum values. The same degree of 
variability was present in the Ea's of individual oocytes 
which ranged between 3.60 Kcal / mol and 18.95 Kcal / mol 
with a mean of 8.06 ± 5.07 Kcal / mol. By attempting to 
describe a mean Lp and Ea value for a " typical " oocyte, 
the real inter-cell variability of Lp was disguised. By 
taking individual Lp and Ea, values a more realistic 
impression was gained.

8.5 Possible Mechanisms for the Altered Morphology of the 
Oocyte in Response to Low Temperatures and an Osmotic 
Stress.

It was evident from the Lp investigations with the 
microscope diffusion chamber in which it was possible to 
record the response of a cell to an anisosmotic environment 
in its entirety, that perfusion with a hypertonic medium 
per se does not produce obvious morphological changes. In 
addition the oocyte remained smooth and spherical in
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appearance when perfusion with isosmotic medium was 
performed at low temperatures. From observations performed 
between 37°C and 10°C on changes in the cell radius in 
response to exposure to 0.5 M NaCl, it was obvious that the 
oocyte shrank in a uniform manner retaining its sphericity. 
However the combination of an imposed osmotic stress and 
low temperatures caused gross deformation of both mouse and 
human ova. On rewarming, or removal of the hypertonic 
perfusion, the deformation was reversible indicating the 
changes in structure occurring in response to cooling are 
reversible.

A wide range of cells have been shown to be sensitive 
to cold shock including ciliated protozoan species ( Morris 
et al, 1984 ), amoebae ( McLellan, 1984 ), spermatozoa 
( Wales and White, 1959 ) and embryos ( Polge et al, 1974, 
Wilmut et al, 1975 ). Cold shock injury is damage to cell 
structure and function resulting from rapid cooling and is 
quickly apparent following exposure to low temperature. The 
rate of temperature reduction, the final temperature 
attained and the duration of the exposure all contribute 
towards the expression of damage and differ with different 
cell types and species ( Wales and White, 1959, Watson, 
1981 ).

The biochemistry of cold shock is not well understood, 
although disruption of metabolic pathways does not appear 
to be the primary cause since damage is greatest at fast
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cooling velocities. During rapid cooling, the exposure time 
to low temperatures is less and metabolic damage resulting 
from differences in the temperature coefficients of 
individual steps in a pathway which may cause a build up of 
toxic products should be at a minimum. The amount of damage 
resulting from cooling is dependent on the rate of 
temperature decrease but is virtually independent of the 
rate of warming, only very slow velocities causing further 
decreases in viability, suggesting the injury occurs during 
cooling.

The plasma membrane has been suggested as the primary 
site of injury in cold shock. Biological membranes are 
composed of a mixture of phospholipids and proteins, the 
former being composed of varying fatty acid chain length, 
number of double bonds or degree of saturation and type of 
head group. Within the bilayer, the phospholipids are 
arranged with their hydrophilic or polar groups at the 
intra and extracellular surfaces. Thus the interior is 
hydrophobic, non polar, and transport of polar molecules is 
energetically demanding.

The phospholipids respond to a temperature reduction by 
altering their organisation. Studies on experimentally- 
controlled phospholipid bilayers showed a transition from 
the disordered fluid ( liquid crystalline ) to hexagonal 
lattice ( gel phase ) as the temperature was lowered with 
a well defined mid point transition temperature ( Tc ) . Due
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to the heterogeneous nature of natural cell membranes, the 
phase separation is unlikely to be sharp. Lateral phase 
transitions are more likely to occur as the temperature 
falls below the Tc of any one of the components with the 
phospholipids in mixed compositions separating out into 
their respective crystalline forms. Cholesterol, a neutral 
lipid component of many membranes, decreases fluidity by 
ordering the acyl chains on the fatty acids above the 
temperature of Tc. Below Tc, it confers an increased 
fluidity by decreasing the cooperative nature of 
crystalline lattice formation.

Slow cooling rates create fewer nucleation sites for 
lipid transition, larger gel-state domains and allow 
lateral protein diffusion, reducing damage. During slow 
cooling as the lipid crystal lattice grows, intramembranous 
proteins are excluded along lines of dislocation, forming 
particle free patches of lipid and domains of high 
concentrations of proteins. Rapid cooling, responsible for 
cold shock damage as may be experienced by the ova in the 
diffusion chamber on perfusion with fluid at 0°C, results 
in numerous nucleation sites for formation of a crystalline 
lattice, the growth of which proceeds rapidly. This allows 
insufficient time for membrane proteins to diffuse 
laterally as revealed by combinations of differential 
scanning calorimetry and X - ray diffraction ( Melchior et 
al 1982 ). Rapid growth of the lipid crystal lattice causes

289



CHAPTER 8 - DISCUSSION

numerous packing faults, with adjacent domains showing 
packing faults, and these imperfections are made worse by 
the presence of proteins ( Hui et al, 1974, Chapman et al, 
1979 ). Since the two layers of the bilayer nucleate

independently, the coincidence of two such faults would 
allow the leakage of small molecules ( Sillerud and 
Barnett, 1982 ).

Fourier transformation infrared spectroscopy ( FTIR ) 
has been used on intact cells to detect transition 
temperatures of phospholipids in biological membranes as 
opposed to isolated or manipulated bilayers. Tm 
temperatures ( melting temperatures ) for sperm from three 
different species correlate well to the sensitivity they 
exhibit to cooling, with goat sperm ( which can not be 
cooled below room temperature without damage ) having the 
highest Tm of 21°C, human at 13.6°C followed by shrimp at 
0°C. This may indicate that lipid phase transitions 
contribute towards damage resulting from cooling ( Crowe et 
al, 1989 ). In Tetrahymena reversible phase transitions 
and particle free patches have been identified using freeze 
etching ( Speth and Wunderlich, 1973a, 1973b ) and the
temperature of these lipid phase separations in the 
membrane are closely related to those at which viability 
decreases ( Morris et al, 1984 ).

It has been proposed that among the numerous lipids 
constituting a biological membrane some may be non -
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bilayer forming lipids exist in lamellar configurations as 
a result of interactions with the integral proteins 
( Quinn, 1985 ). Due to the higher Tc temperature of
hexagonal II structures, which form on cooling, further 
cooling causes the separation of the non-bilayer lipids 
which on rewarming may not allow the reassembly of the 
original membrane structure. The inclusion of the non
bilayer lipids in the form of hexagonal structures such as 
micelles may destroy the membrane's function as a 
permeability barrier. CPA's may act by altering the water 
content of the lipids, thus lowering the Tc of the hex II 
lipids to that of the lamellar forming lipids. This would 
conserve the original structure until protein aggregation 
occurs and the non lamellar lipids accompany them and 
prevent non bilayer structures from forming ( Quinn et al, 
1985 ).

The temperature-induced events occurring in the oocyte 
observed in the microscope diffusion chamber in response to 
perturbations of the external environment of " crumpling " 
may be as a result of the altered arrangement of the 
components of the membrane. Membranes act as a barrier to 
passive diffusion of solutes, thus keeping the cell 
contents intact from the environment. Both the function and 
behaviour of the cell membrane is thought to be dependent 
on the distribution of its constituents and the external 
environment. Separation of the membrane into different
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domains at low temperatures may not produce visible changes 
in the cell's appearance at the light microscopy level. 
However, imposing an additional stress in the form of 
hypertonic perfusion may result in the altered structure 
becoming apparent as the regions of different composition 
( with different physical characteristics such as 
viscosity ) respond separately and the cell becomes unable 
to respond to dehydration by uniform shrinkage as it could 
at higher, more physiological temperatures.

It has been suggested that for small changes in the 
surface area caused by shrinkage over a limited time 
period, membrane material can remain in the plane of the 
membrane merely causing an increase in the surface tension. 
However, if the surface alteration is of larger proportions 
or for longer periods of time, membranous material may be 
forced to leave the membrane to a reservoir, from which it 
may be reincorporated on return to isotonic conditions 
( Steponkus et al, 1981, Wolfe and Steponkus, 1981 ). In
oocytes, there are large numbers of microvilli which are 
thought to allow changes in the cell volume without 
rupture, possibly by altering the number or length of 
microvilli present. The oocyte membrane may be unable to 
remove excess material, incorporate it in the microvilli, 
or increase the surface tension following lateral phase 
transitions at the rate required during equilibration with 
the hypertonic solution at low temperatures. Following this
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the oocyte plasma membrane may be unable to maintain its 
spherical appearance and thus the cells respond to the 
decrease in volume by seeming to " crumple 11.

While the crumpling response of the oocyte to osmotic 
stress at 0°C may be as a result of lateral lipid phase 
transitions, alternatively it may be due to changes in the 
viscosity of the membrane. Membrane viscosity of the cell 
determines the speed at which it can respond to an applied 
stress. Decreasing the temperature causes a concomitant 
increase in the viscosity ( in red blood cells a tenfold 
increase in the viscosity has been measured following a 
temperature decrease from 37°C to 6°C, Houchmuth and Waugh, 
1987 ). If a similar increase in the viscosity of the
oocyte were to occur over the investigative temperature 
range it may alter the ability of the cell to respond to an 
osmotic stress. At 0°C the surface area of the oocyte 
membrane may be unable to decrease at an equivalent rate to 
the change in the volume as the cell dehydrates in order to 
attain equilibrium with the hypertonic environment. The 
increased viscosity may lead to a decrease in the speed at 
which the membrane alters to maintain the spherical nature 
of the cell creating a 11 crumpled " appearance. 
Alternatively it has been postulated that plasma proteins 
may interact with the cortical actin component of the 
cytoskeleton, influencing the shape and elasticity of the 
oocyte ( Longo and Chen, 1985 ). Temperature-induced
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changes in the cytoskeleton may cause the ova to change 
shape and only when either the cytoskeletal elements or the 
connecting proteins have been restored to the normal 
distribution can the cell regain a spherical morphology.

It is known that DMSO causes a reduction in the water 
permeability of the cell plasma membrane ( in the presence 
of other permeating solutes water permeability is 
designated as K ) possibly as a result of an increase in 
the structuring of the intracellular water ( Rule et al, 
1980, Toupin et al, 1989, Hempling and White, 1984 ). A 
study investigating the K value for hamster lung 
fibroblasts over the temperature range 0 - 37 °C in the 
presence of 0.5 M DMSO, found the water permeability to be 
reduced by a factor of 2 compared to that determined in the 
absence of CPA. In addition to this, glycerol was found to 
reduce K by an amount comparable to DMSO ( Rule et al, 
1980 ). It is possible that the reduction in the severity 
of the crumpling observed on hypertonic perfusion at low 
temperatures is as a result of the lowered K value. At 
lower temperatures the membrane may be destabilised by 
alterations in the osmotic pressure, rendered susceptible 
to mechanical damage and thus be unable to withstand rapid 
changes in the cell volume. A lower K value may prevent or 
reduce damage by decreasing the rate at which water can 
leave the cell and thus the rate at which the cell volume 
and surface area change, which may be apparent as a
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decrease in the extent of deformation or crumpling.

8.6 Possible mechanisms involved in damaging the oocyte 
resulting in a decrease in the fertilisation capacity 
and developmental potential following cold hypertonic 
exposure.

8.6.1 Metabolic Imbalances
In conjunction with the deformation of oocytes 

following cold exposure to a hypertonic environment a 
concurrent decrease occurred in the capacity of oocytes to 
fertilise. As with " crumpling ", the decrease in 
fertilisation was only apparent following the combined 
treatment regime. The separation of membrane lipids into 
gel-state zones and the accompanying protein aggregation as 
temperature falls, when superimposed onto the change in 
surface area during dehydration, may prevent the resumption 
of a normal distribution of membrane components on return 
to physiological conditions. At higher temperatures the 
membrane lipids may still be fluid and on return to 
isosmotic volume may resume a normal arrangement. Likewise 
at low temperatures in PBS, the cells were not subjected to 
perturbations of the osmotic conditions so the dehydration- 
induced re-arrangement of the proteins and lipids in the 
bilayer may not have been so severe as to influence with 
subsequent fertilisation.

295



CHAPTER 8 - DISCUSSION

A permanent change in the membrane structure following 
osmotic stress and cooling may have numerous repercussions 
on the cell viability. The formation of particle free 
patches due to the separation of lipids into their 
respective zones and protein rich domains results in 
packing faults in the bilayer. The coincidence of faults in 
the individual lipid layers may disrupt the selective 
permeability function of the plasma membrane and allow 
leakage of molecules into and out of the cell. Much work 
has been conducted on mammalian spermatozoa the plasma 
membrane of which appears to be particularly susceptible to 
damage with initial disruption being shown by the loss of
selective permeability leading to an eventual decrease in
metabolic activity. Cooling species of mammalian
spermatozoa to 0°C results in an irreversible loss of 
motility, the loss of both low and high molecular weight 
substances and the accumulation of sodium and calcium with 
a concurrent loss of potassium and magnesium ( Quinn and 
White, 1966 ). Ram spermatozoa have been shown to exhibit 
phase transitions at approximately 17°C ( Holt and North, 
1986 ).

In conjunction with the loss of selective
permeability capacity membrane material may actually be 
lost from the plasma membrane of spermatozoa ( Quinn et al, 
1968 ). Phospholipids are thought to be lost from the
acrosomal membrane of sperm which becomes severely
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disrupted, the anterior becoming swollen and detached as a 
result of the temperature reduction. Cold shocked 
spermatozoa release proteins and polysaccharides from the 
mid - piece where they must permeate the double membrane of 
the mitochondrion in addition to the plasmamembrane ( Quinn 
et al, 1969 ). The alteration of the composition of a
membrane as a result of lipid phase transitions, changes in 
membrane viscosity, or the loss of components of the 
bilayer may have profound effects on the composition of the 
cytoplasm and thus the cell viability.

The properties of membrane bound enzymes are thought to 
be dependent on the surrounding lipids and may be altered 
on lowering the temperature ( Sinensky et al, 1979 ). It
has been suggested that enzymes may be denatured not only 
by increased temperatures but also by exposure to low 
temperatures ( Franks, 1982, Bock and Friedman, 1978 ). The 
hydrogen and hydrophobic bonds that confer stability on 
proteins respond to cooling in different ways and alter the 
structure which in turn may cause unfolding and
denaturation if it is part of a multiple subunit. This
dissolution into biologically inactive species, which may 
not be reversible on rewarming, would be disruptive to 
metabolic pathways. In addition a variety of enzymes are
released on cooling which necessarily disturbs the
biochemical processes and metabolic activity ( Moore et al 
1976, Harrison and White 1972, Pursel et al 1968, 1970 ).
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Disturbances of the intracellular environment for any 
reason would lead to a decrease in the viability of the 
oocyte, which would become apparent as a lowering of the 
fertilisation rate. The detrimental effect of exposure to 
hypertonic saline may be a result of exacerbating damage 
occurring during cooling. Although metabolic imbalances or 
damage to the plasma membrane may be responsible for the 
fall in the number of oocytes being successfully 
fertilised, it is unlikely to be the cause of subsequent 
losses. Following the first cell division to the two cell 
stage embryonic RNA is transcribed and the maternal enzymes 
are replaced by those of embryonic origin. The small number 
of mouse ova developing to the hatching blastocyst stage 
and pronucleated human progressing through one or more cell 
divisions following osmotic stress at low temperatures, may 
be due to chromosomal abnormalities leading to a decrease 
in the developmental potential.
8.6.2 Cytoskeletal Damage

Cell shape, motility and division are controlled by the 
cytoskeleton which is a dynamic system and sensitive to a 
reduction in temperature. Since the oocyte is ovulated 
arrested in metaphase II and the events following sperm 
fusion involve major spatial reorganisation of the cell, 
the presence of a normal cytoskeleton is extremely 
important. In the oocyte there is a matrix of actin 
microfilaments and discrete tubulin-containing
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microtubules. Both the microfilaments and microtubules are 
responsible for the maintenance of chromosomal 
organisation, polar body formation and extrusion, and the 
complex movements involved in cleavage after meiosis and 
mitosis are resumed.

The metaphase II chromosomes are able to alter the 
cytoskeletal organisation of the cell and induce 
polymerisation of both actin and tubulin. Immediately prior 
to the breakdown of the germinal vesicle, the metaphase II 
chromosomes develop the ability to alter the actin 
organisation in their vicinity ( Van Blerkon and Bell, 
1986 ). After the germinal vesicle breakdown, the
chromosomes affect the tubulin polymerisation, causing 
microtubule and spindle formation. Movement of the spindle 
to the cell periphery is dependent on microfilaments 
( Longo and Chen, 1985 ). When the chromosomes have
migrated, they bring about the production of an actin rich 
region. The chromosomes are thought to promote microtubule 
formation by reducing the concentration of tubulin required 
for microtubule polymerisation.

The microfilaments are located in the cortex in a 
continuous band of filamentous actin. Mature mouse ova have 
a concentrated region of microfilaments overlying the 
spindle which is not present in immature mouse ova or human 
oocytes ( Longo and Chen, 1985, Maro et al, 1984, Pickering 
et al, 1988 ). This concentration of actin is thought be
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due to the presence of the chromosomes since it is found
only after the breakdown of the germinal vesicle when the
chromosomes have become localised at the cortex. In 
addition, it is thought to restrict the chromosomes and 
meiotic spindle to the cortical position and be responsible 
for normal polar body formation ( Maro et al, 1986 ). Polar 
body extrusion in the human is thought to be the result of 
a dense ring of actin microfilaments in the cleavage furrow 
( Pickering et al, 1988 ). There are few microfilaments in 
the area of the oolemma to which sperm normally fuse 
although after fusion mirofilaments form a cone near the 
decondensed sperm head.

Microtubules are only found in the meiotic spindle 
their presence being dictated by the location of the 
chromosomes. The mouse spindle is barrel shaped 
eccentrically placed with the longitudinal axis parallel to 
the membrane ( Maro et al, 1985 ). The human spindle is
peripheral and thought to be orientated radially to the
membrane ( Pickering et al, 1988, Szollosi et al, 1986 ).

The microtubules and microfilaments thus influence a 
variety of events in the cell division. Spindle rotation 
and polar body formation and extrusion both require the 
presence of microfilaments. Both microtubules and 
microfilaments are necessary for the migration of the 
pronuclei from a cortical position to the centre. After the 
migration of the pronuclei the nuclear membrane breaks down
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and the microtubules are responsible for the mixing of the 
male and female haploid sets of chromosomes. Microtubule 
organising centres found around the chromosomes converge to 
form the poles of the mitotic spindle and the microtubules 
produce chromosome separation.

The microtubules of a cell are composed of 
protofilaments which consist of polymers of doublets of 
tubulin subunits. Microtubules are sensitive to calcium, 
high pressure, temperature, and drugs such as colchicine 
which binds to the tubulin dimers and prevents
polymerisation, and taxol which promotes tubulin assembly. 
A pool of tubulin monomer exists in cells allowing rapid 
polymerisation of the tubules. Inhibition of either
microtubule depolymerisation or polymerisation is extremely 
detrimental to their function. There is evidence that there 
are several classes of microtubules all of which may 
respond to temperature reduction in different ways ( Behnke 
and Forer 1967 ). Cytoplasmic microtubules are known to be 
highly labile, and exhibit thermal sensitivity
depolymerising on exposure to low temperatures. The mitotic 
apparatus is one of the most unstable of the microtubule 
structures. The microtubules of the meiotic spindle of the 
oocyte are known to become disorganised or completely 
depolymerise on cold treatment, a response which is 
reversible on return to normal physiological temperatures 
( Lambert and Bayer, 1977; Magistrini and Szollosi, 1980;
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Pickering and Johnson, 1987, 1988; Sathananthan et al,
1987, 1988 ).

The decreased fertilisation rate observed in my study 
following cooling from 95 % in the controls to 75 % in PB1 
at 0°C was similar to that reported by Glenister et al, 
1987 in which a reduction in fertilisation from 68 % to 53 
% was recorded. However, it was not as extreme as that 
reported following cooling to 4°C in which the 
fertilisation rate after cooling was 50 - 60 % compared to 
93 % and removal of the zona restored to the control rate 
of > 90 %. It is possible that alterations to the zona 
pellucida occurred caused by premature release of the 
cortical granules ( Johnson et al, 1988 ). An earlier study 
found that disruption of the meiotic spindle occurred on 
cooling to 4°C which was not completely reversible on 
warming ( Pickering and Johnson, 1987 ). Spindle
abnormalities as a result of microtubule clumping and 
depolymerisation leading to spindle disassembly may cause 
the chromosomes to disperse.

Pre-ovulatory human ova are known to undergo spindle 
damage when cooled slowly to 0°C and although no 
displacement of the chromosomes was exhibited, this may 
have been related to short culture periods subsequent to 
exposure ( Sathananthan et al, 1988 ). The dissolution of 
the meiotic spindle may be deleterious to oocyte 
fertilisation since this leads to chromosomal clumping and

302



CHAPTER 8 - DISCUSSION

their dispersal from the spindle equator. Although the 
microtubules exist in equilibrium with a pool of tubulin 
monomer and will reassemble on warming the ability of the 
chromosomes to reorientate correctly on the equator is 
unknown.

The activity of the other component of the cell 
cytoskeleton, the actin system, is determined by regulatory 
proteins responsible for actin cross linking. Although
actin is not known to be sensitive to depolymerisation on
exposure to low temperatures, the regulatory proteins
acting on polymerised F actin are susceptible to 
alterations of the temperature and may cause alterations in 
crosslinks between the filaments causing shape changes. In 
amoeba, one protein is active and calcium sensitive at 28°C 
and not at 0°C while others are calcium active at 0°C ( 
Hellewell and Taylor 1979, McLellan 1984 ). Alterations of 
the polymerised actin could result in the crumpling 
response of the oocytes at low temperature as the cell
dehydrates in the hypertonic saline solution.

Oocytes and embryos have been found to contain a 
further cytoskeletal element composed of cytokeratin and 
ordered in sheets in the cytoplasm. Although a function has 
not been definitively assigned to the structures, they are 
known to be salt labile and on their removal the periphery 
of the cell takes on an irregular shape loosing its 
spherical appearance ( McGaughey and Capco, 1989 ). It may
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be that the combined effects of cold exposure and 
hypertonic salt treatment disrupt the organisation of the 
cytokeratin sheets which may be influential in the future 
development of the oocyte. A tentative role in development 
for the sheets has been suggested associated with the 
alterations in their spatial arrangement during early 
embryogenesis. If these cytokeratin sheets are involved in 
development, alteration of their structure may in addition 
to shape changes, become obvious as poor fertilisation 
rates and continued development ( McGaughey and Capco, 
1989 ).

The organisation of the cytoskeleton is of key 
importance for the production of a diploid gamete and the 
continuation of normal cell division. Defects in either of 
the systems could result in abnormalities in the embryo. 
Faults in the microtubule functioning could cause 
alterations in the number of chromosomes each cell received 
due to retention or loss of a number of chromosomes. On the 
other hand, defects of the microfilaments could result in 
malfunction of the extrusion process for the polar body and 
create an embryo that was triploid, containing two sets of 
the maternal chromosomes. Triploidy results in the 
formation of numerous spindles and the allocation of uneven 
numbers of chromosomes. There is contradictory evidence 
with respect to chromosomal abnormalities following 
cooling. Kola et al, ( 1988 ) published data suggesting a
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2 - 3  fold increase in the rate of aneuploidy, whereas 
Glenister et al, ( 1987 ) reported contradictory findings 
suggesting that there was no increase in the incidence of 
aneuploidy. The affect of cooling on the cytoskeleton of 
the unfertilised oocyte is extremely important since any 
chromosomal imbalances would be detrimental to both the 
fertilisation rate and the continued development of any 
subsequent embryos. This is particularly pertinent as 
cooling to low temperatures in anisosmotic conditions is 
unavoidable in the initial stages of a freezing protocol.

8.7 The Possible Role of CPA Equilibration in Protecting 
Ova from Damage at Low Temperatures.

The protective effects of cryoprotectant addition, 
which are reflected in the higher numbers of mouse ova 
developing to blastocyst and the increased numbers of human 
ova fertilising normally are possibly mediated through the 
stabilising effects on proteins and the cytoskeleton. As 
previously discussed CPA's are preferentially excluded from 
the hydration shell of protein molecules lending additional 
stability to the native form as opposed to the denatured 
structure. The CPA exclusion is energetically unfavourable 
and both the native form of the protein and the polymer 
have smaller surface contact than the denatured form of the 
polymer ( Arakawa et al, 1990 ). It may be the prevention 
of cold denaturation and depolymerisation of the protein
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reduce the extent of damage by avoiding the disruption of 
metabolic pathways or by maintaining the plasma membrane 
structure.

It is well known that in vitro DMSO can cause 
polymerisation of tubulin into microtubules without the 
presence of microtubule-associated proteins, and once 
formed appears to retard their disassembly at low 
temperatures ( Himes et al, 1976, 1977, Filner and Behnke, 
1973 ). In vivo, the addition of DMSO to unfertilised ova 
causes the retention of the meiotic spindle apparatus 
during exposure to low temperatures for up to 45 minutes 
( Magistrini and Szollosi, 1980; Johnson and Pickering, 
1987; Johnson, 1989 ). However, prolonged exposure of 60 
minutes or longer results in disruption of the spindle. 
Cytoplasmic asters form as the critical concentration for 
microtubule polymerisation is attained in areas removed 
from the metaphase II chromosomes. On removal of the DMSO 
and rewarming, the effects on the oocyte are reversed and 
normal fertilisation and development recorded ( Magistrini 
and Szollosi, 1980; Johnson, 1989 ). It may be that by
stabilising the meiotic spindle, DMSO reduces the dispersal 
of chromosomes, increasing the number of ova that fertilise 
and which have a normal chromosome compliment and can 
therefore progress to hatching blastocysts. It has however 
been suggested that disruption of microfilaments, such as 
occurs in mouse oocytes following prolonged DMSO exposure
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and cold treatment, is beneficial in rabbit ova during 
freezing, possibly by altering tolerance to shape changes 
caused by osmotic pressure ( Vincet et al, 1989, 1990 ).

Although the stabilising effects of DMSO on proteins 
have been well documented, glycerol while having some 
similar cryoprotective properties to DMSO, has been studied 
less. Both CPA's are known to promote microtubule assembly 
in vitro ( Himes et al, 1977, Shelanski et al, 1973). It is 
possible that glycerol may act in a similar manner to DMSO 
in vivo and preserve the integrity of the meiotic spindle, 
and thus the chromosomal organisation on the equator. If 
chromosomal abnormalities in those that fertilise are 
reduced, this may account for the similar rates of 
development to hatching blastocyst following equilibration 
with cryoprotectant prior to cold exposure and hypertonic 
treatment.

It may be that in addition to the changes which occur 
to the oocyte as it matures to completion of metaphase II 
and following ovulation, other changes such as an altered 
permeability to ions ( Borland et al, 1977 ), accumulation 
of proteins ( Fox and Shivers, 1975 a, b ), and the ability 
to incorporate the 6 pronucleus ( Lopata and Leung, 1988 ), 
reduce the freezing sensitivity. The low levels of 
fertilisation and development may also be as a result of an 
increased sensitivity to non-ideal culture conditions. As 
observed with the mouse in vitro, culture for maturation
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may be unable to completely mimic the normal in vivo 

environment and the addition of specific factors such as
FSH ( Schroeder et al, 1990 ) may be required to reduce
susceptibility to damage.

8.8 Possible Factors Influencing Survival of 
Cryopreservation Techniques.

A number of factors are known to influence the response 
of cells to a reduction in temperature including Lp, Ea, 
the surface area to volume ratio and, the permeability 
coefficient to cryoprotectants ( Mazur, 1977, 1984 ). These 
factors are all influential in determining the residual 
water content of the cell during freezing and thus the 
likelihood of intracellular ice formation as the 
temperature is reduced. Provided the Lp and Ea are the same 
oocytes will loose water at slower rates than a
multicellular embryo due to the smaller surface area to
volume ration and, thus will in theory, require slower 
rates of cooling to avoid intracellular ice crystal 
formation. However differences in surface area / volume 
ratio and the ability to loose up to 50% of the constituent 
blastomeres comprising an embryo without affecting the 
developmental potential, can not be the only factor 
involved in the discrepancies between survival of embryos 
and oocytes following freezing and thawing. The successful 
cryopreservation of single cell pronucleate human embryos
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( Testart et al, 1987 ) indicates other factors may be
involved.

The concentration of CPA's needs to be high enough to 
protect the cell from freezing damage while avoiding toxic 
injury. This creates problems when designing protocols for 
their addition and removal. The differentials in 
permeabilities for water and cryoprotectant that exist 
across the cell plasma membrane result in a number of 
volume fluctuations during addition and removal of CPA. 
When the cell is initially placed in the CPA solution, it 
looses water until the cryoprotectant begins to permeate. 
The movement of CPA, accompanied by water causes the cell 
to return to normal isotonic volume once osmotic balance 
has again been regained. Additional volumetric excursions 
can be caused by abrupt, single step, dilution of the cell 
suspension following a freeze / thaw protocol which permits 
a rapid uptake of water due to the fact that the 
intracellular compartment is hypertonic relative to the 
extracellular solution and water enters as the cell 
attempts to maintain osmotic equilibrium. The CPA diffuses 
out much slower than water enters the cell. To avoid 
excessive swelling, procedures for the addition and removal 
of CPA's often require progressive step - wise increases 
and decreases in the extracellular concentration to limit 
the volume excursions. The limits over which the cell 
volume can be altered and still be tolerated can be
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calculated by perfusion with non-permeating solutes of 
various osmolalities, and subsequent protocols designed to 
stay within these limits ( Armitage and Mazur, 1984 ).

From these discussions it will be obvious that the 
membrane permeability to the CPA solutes is of extreme 
importance in developing cryopreservation protocols. 
Although many of the CPA's are of low toxicity in the 
concentrations used in cryopreservation, as the temperature 
is lowered the CPA becomes increasingly concentrated as 
water freezes and the toxicity may increase. In general, 
the shorter the exposure time to the CPA at high 
temperatures, the less toxic is the CPA to the cell. 
However, permeability increases with temperature, reducing 
the equilibration period required for individual 
cryoprotectants. Thus benefits at the higher temperatures 
of increased permeability and faster equilibration times 
must be balanced against increased toxicity. This is 
extremely important for glycerol, since it is much less 
permeable to cells than either DMSO or propanediol and to 
achieve high survival rates full equilibration is required 
( Smith, 1952, Ashwood-Smith, 1986 ).

Few studies have investigated the permeability 
coefficient of the oocyte plasma membrane to 
cryoprotectants ( Jackowski et al, 1980, Schneider and 
Mazur, 1987 ) and virtually no information concerning
permeation of water alone at subzero temperatures exists
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for any cell type ( McCaa et al, 1986, Aggarwal et al, 
1988, Toner, 1990 ). However, although studies on
cryoprotectant permeability on different cells types are 
limited ( Mazur et al, 1974, Jackowski et al, 1980, Arnaud 
and Pegg, 1986 ), the permeation of CPA's across a cell 
membrane appears to be more sensitive to alterations in 
temperature than Lp. This indicates that at low 
temperatures an influx of cryoprotectants will be less 
probable than water efflux. This may be important in 
cryopreservation protocols requiring equilibration with a 
cryoprotectant at low temperatures such as that for mouse 
oocytes using DMSO ( Whittingham, 1977 ) since the exposure 
time required for full equilibration will be increased and 
the volume excursions may be greater.

A study investigating the membrane permeability to 
cryoprotectants of the mouse ova ( both fertilised and 
unfertilised ) found that a change in Pgiyc occurred 
following fertilisation ( Jackowski et al, 1980 ). The
permeability of fertilised ova was found to be 3 x greater 
than that of the unfertilised oocytes, a change which 
occurred over a time span corresponding to the time of 
fertilisation ( the Pgiyc increase occurred * 16 hrs post 
hCG, fertilisation « 12 - 18 hrs ). Arrhenius plots of 
glycerol permeability showed significant differences in the 
temperature dependence of glycerol transport with Ea values 
of 28 Kcal / mol for unfertilised oocytes and 19 Kcal / mol
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for the early zygote. The increase in the rate of glycerol 
permeation was continued through pre-implantation embryo 
development and it has been suggested this indicates a 
change in mode of transport of glycerol across the cell 
membrane ( Jackowski et al, 1980, Mazur et al, 1976 ). The 
change in permeability to glycerol was not related to the 
alterations to the zona pellucida, which occur on 
fertilisation due to the release of the cortical granules, 
since its removal did not affect the permeability values 
calculated. In addition the altered Pgiyc was not merely a 
time dependent modification, since unfertilised oocytes of 
the same age as the fertilised ova had equivalent values to 
the fresh unfertilised oocytes. Although the permeability 
parameters of ova to other cryoprotectants have not been 
investigated, except in my present study for DMSO if they 
are found to exhibit similar differences on fertilisation 
it may offer one explanation to the relative success of 
cryopreservation of one cell pronucleate embryos when 
compared to results for the unfertilised oocyte. It may be 
that the oocytes require longer to equilibrate fully with 
a given concentration of cryoprotectant than the fertilised 
single cell ova. In addition it may also be the case that 
greater care will be needed to avoid osmotic damage during 
stages of addition and removal of the CPA from unfertilised 
oocytes. Studies on membrane transport properties of ova to 
different CPA's, similar to the initial work reported in my
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thesis, should help to answer some of these questions.

8 .9 Proposals for Future Work

i) Studies on the permeability parameters of human 
oocytes cultured in the presence of FSH and LH.

ii) Fluorescent dye studies to determine the affect on the 
microtubule and microfilament cytoskeletal elements of 
oocytes during crumpling after hypertonic exposure at 
low temperatures.

iii) Equilibration with other cryoprotectants such as 
propanediol, prior to imposing an osmotic stress at 
0°C, to investigate the ability to protect the oocytes 
from the deleterious effects on both morphology and 
cell function as determined by fertilisation and on 
growth.

iv) Due to the possibilities of chromosome abnormalities 
in embryos resulting from fertilisation of oocytes 
after exposure to a hypertonic environment and low 
temperatures it would be informative to perform 
chromosome analysis on both human and mouse embryos. 
It would also be useful in the mouse to transfer the 
embryos formed after cold hypertonic treatment.
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v) Chromosome analysis of ova, both mouse and human, 
fertilised after cryopreservation. In addition, embryo 
transfer in animals following cryopreservation and 
fertilisation of oocytes.

vi) Investigation of the permeability coefficients of 
unfertilised, fertilised, and pronucleate, mouse and 
human oocytes to cryoprotectants using the microscope 
diffusion chamber and amended computer software.
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APPENDIX 1
Derivation of the Membrane Water Permeability 

Kedem-Katchalsky Equations

The movement of molecules can usually be expressed as Ficks 
Law :

J s =  - ( D / L ) * a Cs

equation 9.1.1
where
Js is the flux of species s 
D is the diffusivity 
L is the membrane thickness 
a Cs is the concentration gradient

but
- ( D / L ) = P

equation 9.1.2

when
P is the permeability coefficient

When the molecular flux is complicated by the movement 
of other species through the membrane as a result of the 
initial movement, Ficks Law is no longer appropriate for 
describing the flow. The Kedem - Katchalsky equation for
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coupled flow must be used. The basis of the Kedem - 
Katchalsky equation is that the flow is a function of all 
the driving forces present in a system, and if small, this 
dependence is linear. For free diffusion, solvent and 
solute move relative only to one another and resistance to 
diffusional flow is due to friction between the solute and 
solvent molecules only. When diffusion is through a 
membrane, two additional frictions are imposed, those 
between the membrane and the solute and the membrane and 
the solvent. Flow will depend upon the interaction of these 
forces. If the membrane has large pores, the permeability 
value will approach that for free diffusion, whereas if the 
solute is less permeable to the membrane, the values 
deviate from free diffusion.

A thermodynamic description of a non - equilibrium 
system shows the total volume flow is :

Jv = Lp A P + LpD a  TI

equation 9.1.3
and the differential flow ( the velocity of the solute 
relative to the solvent ) is :

Jp = tipp A P + Lp A TT

equation 9.1.4
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where
Jv is the total volume flow
JD is the differential volume flow
Ld is the diffusional coefficient
Lp is the hydraulic coefficient
Lpd is the coupling coefficient between osmotic and 

diffusional flow 
a p is the difference in hydrostatic pressure
a  tt is the difference in osmotic pressure

( when a n = R T a  Cs which is the driving force in 
Ficks equation )

9.2 Calculation of the Cell Membrane Permeability
The microscope diffusion chamber was designed to allow 

the calculation of the membrane permeability of cells from 
real time direct observations of small numbers of cells. A 
computer programme ( SENS ) was developed to solve the 
permeability calculations using a form of the Kedem - 
Katchalsky equations 9.1.3 and 9.1.4. Initially a number 
of assumptions were made concerning the system including :

i) there is no net volume flow in the sample region.

ii) the chamber is isobaric and isothermal.

iii) the mass diffusivities are constant.
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iv) solute velocities are negligible.

v) the presence of cells is taken as inconseguential.

vi) the bulk flow is a step change at zero time.

vii) the dialysis membrane is non - selective although 
diffusion of the solute is slower than through free 
solution. Compensation can be made for this since the 
solute diffusivity through the membrane ( D1 ) is known 
from the manufacturers to be D2 * 0.1 where D2 is the 
solute diffusivity in free solution and can be found in 
published tables ( CRC Handbook of Chemistry and Physics ).

The computer programme divides the processes occurring 
in the diffusion chamber into two constituent parts. When 
the bulk flow region of the chamber is flushed with 
hypertonic solute a concentration boundary layer develops 
at the base of the dialysis membrane. Solute diffuses 
through the dialysis membrane into the sample region and 
the cell responds osmotically. SENS considers this as :

i) the diffusion of solute into the sample region and

ii) the response of the cell.
It is of greater use when studying the permeability of
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a cell experimentally to consider the solute flow ( Js ) 
rather than the differential flow ( JD ).

Js = ( Jv + J0 ) Cs 

( v Cs + 1 )
equation "9 .1 . 5

If both solutions are considered to be dilute v Cs << 1 so 

Js — ( Jv + JD ) Cs
equation 9.1.6

From equations 9.1.3 and 9.1.4 the phenomological 
coefficients Lp, LD, and LPD can be transformed to ws, os and 
P where :

ws is the solute permeability and can be determined 
experimentally

ws = [ LDLP “ p̂d 1 Cs 

[ Lp ]
equation 9.1.7

os is the reflection coefficient and ranges between 1 and 0 
with 1 corresponding to an ideal semipermeable membrane and 
all the solute is reflected.
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os = A P

R T A Cs
equation 9.1.8

P is the membrane permeability 

P = Lp.R T

vw
equation 9.1.9

where

vw is the molar volume of solute

There is unlikely to be a hydrostatic pressure difference 
across the membrane of the diffusion chamber system so a  p 
is assumed to be 0 .
The cell membrane is assumed to be an ideal semipermeable 
membrane and has a reflection coefficient of 1 .
The volume flux can be written in terms of the change in 
the cell volume and cell surface area :

Jv = 1 d Vt

At dt

equation 9.1.10
where
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At is the change in the cell surface area with time. For 
spherical systems this is :

4 n Rt2

equation 9.1 .11

Vt is the change in cell volume with time. For spherical 
systems this is :

4 / 3 n Rt3

equation 9.1.12

so substituting equations 9.1.11 and 9.1.12 into 9.1.10 the 
volume flux can be written as :

d ^  p  [ c s ^  -  c s 1nt ]

dt

equation 9.1.13

where
Csext is the extracellular concentration found from the 
values D1, D2 and Hd.
Csint is the concentration inside the cell and is found using
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equation 9.1.14.

Vt -  Vb

equation 9.1.14
where
Nsint is the number of moles of solute inside the cell 
Vt is the total cell volume
Vb is the inactive volume of the cell which is found

experimentally from the equilibrium experiments 
described in section 2.11.2 .

At time 0
Ci = Ns1nt

v0 -  Vb

equation 9.1.15
where
Ci is the initial concentration 

so substituting 9.1.15 into 9.1.13

d Rt = - P vw [ Csext - Ci { V0 - Vb } ] 

dt { Vt - Vb }

equation 9.1.16
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The volume flow is in a form appropriate for practical 
calculations since it is described by the rate of change of 
the cell radius and hence, by computation, the cell volume. 
The partial molar volume of water, vw, is a constant. The 
concentration in the sample region is known as a function 
of the position and time. Vb is calculated from the Boyle 
van't Hoff formulation. Thus the only unknown is the P the 
permeability value which must be solved for.

9.2.2 Parameter Estimation
SENS uses equation 9.1.16 to solve for P, which if the 

only species to flow across the membrane is water, is 
equivalent to the membrane water permeability, Lp. The 
technique used in SENS for calculating the permeability 
value is a parameter estimation ordinary least squares 
method which attempts to minimise the error between the 
functional values generated from the mathematical model and 
the experimental measured values. The difference between 
the predicted values and the experimental data is summed 
and then squared. When the predicted data points correspond 
to the experimental values the equation is solved. SENS 
achieves this by generating theoretical data sets for the 
cell radius over a range of permeability values supplied by 
the operator. The data that fits the measured cell radii, 
Smin, is the best fit curve for the radius with respect to 
time. This provides the best estimate of the cell membrane
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permeability Pest.

n
S = £ [ Rmi ( t ) - Rci ( t ) ]2 

i = n
equation 9.1 .17

where
Rmi ( t ) is the measured cell radius at time t
Rci ( t ) is the calculated cell radius at time t
n is the number of data points

Given a set of experimental data points ( tif Rmn. to n ) S 
can be minimised by SENS to generate theoretical sets of 
data for a likely range of P values. The standard deviation 
of Pest is then found to calculate the accuracy of fit using 
the sum of the squares.
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Appendix 2

Derivation of the Activation Energy Using the Membrane 
Water Permeability Values of a Selected Individual 
Fresh Human Oocyte.

10.1 Introduction
In 1884 Van't Hoff emphasised the temperature 

dependence of biological reactions in the theoretical 
equation :

d ( In K ) = a + b

d T T 2
equation 10.1.1

where
K is the velocity of the reaction ( reaction rate )
a, b are constants
T is the absolute temperature

This relationship was described further by Arrhenius in 
1889 and 1915 as :

d ( In K ) = jjl 

d T R T 2
equation 10.1.2
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where
ji is a constant ( the Arrhenius activation energy )
R is the Universal gas constant ( 8.3 J K"1 m_1 )

or
v = a exp ( - / R T )

equation 10.1.3
where
v is the reaction rate

d ( In K ) = v ( the reaction rate )

d T
equation 10.1.4

p = Ea ( the Arrhenius activation energy )

equation 10.1.5

For a simple reaction with a single rate limiting step 
a graph of the logarithm of the reaction rate against the 
inverse of the absolute temperature yields a straight line 
with a slope of the activation energy / 2.3 * the universal 
gas constant. This was relatively accurate at describing 
simple chemical reactions. However, the Ea value can not 
exhibit a simple relationship in many biological reactions
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due to the numerous steps involved in an individual 
process. Non - linear Arrhenius plots are difficult to 
interpret and it has been suggested that curvilinear plots 
are in fact made of numerous intersecting straight lines 
intimating changes in the reaction processes. However, only 
a few plots show the sharp discontinuities or breaks 
required to indicate they are actually composed of two 
different mechanisms. In biological membranes composed of 
lipid components which may exist in either liquid 
crystalline or gel states depending on temperature, it has 
been argued that cooling will result in phase transitions 
to yield gel state membrane lipids. However, this has only 
clearly been demonstrated in artificial membranes composed 
of a few lipid classes. Biological membranes are composed 
of a complex mixture of lipids and proteins which separate 
into domains over a wide range of temperatures and fail to 
exhibit sharp phase transitions.

Arrhenius introduced the concept of absolute reaction 
rates in which all basic processes such as diffusion or 
hydrolysis can be thought of as equilibrium states between 
molecules in the reactive and normal state. During 
activation the molecules become altered in a manner that 
makes the constituent bonds susceptible to modification. 
The activation energy of the process is related to the rate 
limiting step. In the particular case of molecules 
diffusing through a membrane, the probability that a
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molecule will have sufficient energy to permeate, is 
exponentially related to the temperature. This can be 
related to the absolute reaction rate, and the calculated 
activation energy can suggest the possible mechanisms 
involved in transport of the molecule.

For example, the activation energy for the free 
diffusion of an isotopically labelled water molecule 
through bulk water is approximately 3 K Cal / mol. The 
calculated Ea value for water movement through the membrane 
of red blood cells is similar to free diffusion, suggesting 
water moves unhindered through pores in the erythrocyte 
membrane ( Sha'afi and Gary - Bobo, 1973 ). However, other 
values for cell water diffusion are much higher than that 
for free diffusion of water. This suggests that the 
membrane in some way hinders water movement.

The absolute reaction rate for molecular diffusion 
through a membrane can be expressed as :

P ( T ) = Pg ( Tg ) * exp [( -Ea/R ) * ({1/T} - {1/Tg})]

equation 10.1 .6

where
P ( T ) - is the permeability at temperature T
Pg - is the permeability at reference temperature Tg.
Ea - is the activation energy
R - is the Universal gas constant
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The activation energy is obtained experimentally from 
the related permeability parameters, calculated with 
respect to temperature which requires calculation of the 
movement of molecules through the membrane.

From the Lp values calculated for a single 
oocyte and the temperature co - ordinates at which they 
were generated the Ea was calculated.

Using the Arrhenius Equation 10.1.6 data was 
transformed for plotting a straight line form of the 
Arrhenius graph.

Lp = Lpg * exp [ ( - Ea / R ) * ({ 1 / T } - { 1 / Tg}) ]
equation 10.1 .6

where
Lp is the membrane water permeability
Lp0 is the membrane water permeability at reference 

temperature ( 20°C )
Ea is the activation energy
R is the Universal gas constant
T is the temperature ( °K )
Tg is the reference temperature ( °K ) - 20°C.
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For example the Lp for a selected individual human oocyte 
at different temperatures are displayed here :

Temp 
(°C )

Lp ( pm / 
atm / min )

Ln Lp 1 /  T  

( ° K  )

1 / T  -  1 / T 9

37 1 . 8 0 + 0 . 5 9 3 . 2 2 5 8  E ' 3 - 1 . 8 7 1 0  E"4

30 1 . 5 8 + 0 . 4 6 3 . 3 0 0 3  E ' 3 - 1  . 1 2 6 0  E ' 4

20 1 . 0 9 + 0 . 0 9 3 . 4 1 2 9  E"3 0 . 0 0 0 0

10 0 . 2 4 -  1 . 4 3
... . —i

3 . 5 3 3 5  E"3 + 1 . 2 0 6 0  E ' 4

From these measured values the activation energy could be 
calculated as it is known to be the slope of the plot of 
the Lp against the inverse of the temperature * the gas 
constant.

A best fit straight line was plotted for the data using the 
Straight Line Equation :

y = mx + C

where
m is the slope of the line
C is a constant
y and x are the co - ordinates ( variables )

330



APPENDIX 2 - ARRHENIUS ACTIVATION ENERGY

the best fit straight line generated using Curfit Programme 
was

y = - 6412.5743 * x + 0.922

therefore using

Ea = m * R

m = 6412.5743 
R = 1 .985 cal / mol

Ea = 12.73 KCal / mol.
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APPENDIX 3

11.1 Membrane Cryoprotectant Permeability Coefficient

Very little information is available concerning the 
permeability coefficients of cryoprotectants for mammalian 
ova. The only reported studies investigated the 
permeability of fertilised and unfertilised murine ova,
( Jackowsi et al, 1980 ) and fertilised bovine ova 
( Schneider and Mazur, 1987 ) to glycerol at temperatures 
above 0°C. The permeability of the oocyte plasma membrane 
to other CPA's including 1 - 2  propanediol and DMSO have 
not been studied in ova.

The ability to calculate the permeability coefficients 
for various cryoprotectants would provide information 
concerning the degree of expected permeation as a function 
of the equilibration time and temperature of exposure. 
These parameters could be translated for use in 
cryopreservation protocols, indicating the time required 
for equilibration with a known concentration of CPA. 
Detailed information concerning the membrane permeability 
to CPA's and their affect on water permeability would 
provide a basis for calculating the osmotic fluxes into and 
out of cells during cryopreservation, allowing the volume 
excursions and their possible lethal consequences to be 
minimised.

Transient volume excursions experienced during
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shrinkage as a result of cryoprotectant addition may be 
large enough to cause the cell to collapse or, conversely, 
during swelling on cryoprotectant removal, to cause cell 
lysis ( Levin and Miller, 1981 ). In addition, cellular
components such as proteins and membranes may be adversely 
affected by exposure to high or low concentrations of 
electrolytes caused by water efflux or influx. In 
conjunction with determining the CPA permeability, 
knowledge of the membrane water permeability in the 
presence of additive would be influential in dictating the 
optimum cooling rate. Alterations to the membrane water 
permeability following equilibration with CPA's could 
change the predicted content of intracellular water 
remaining within the cell at any time during cooling, and 
thus the likelihood of intracellular ice formation. In this 
respect the addition of 5 % DMSO to rat
megakaryocytopoietic cells has been found to reduce the 
membrane water permeability value recorded in the presence 
of impermeable solutes ( Hempling and White, 1984 ).
Similarly, the addition of glycerol reduces the optimal 
cooling rate for erythrocytes, from what would be expected 
in the absence of CPA if intracellular ice formation was to 
be avoided ( Rapatz et al, 1980 ).

The ability to observe the osmotic response of a small 
number or individual cells during anisosmotic perfusion 
using the microscope diffusion chamber has permitted the
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derivation of the membrane water permeability of the 
oocyte. Recent amendments to the associated software have 
made it possible to investigate the kinetics of 
permeability of the oocyte to a variety of cryoprotectants 
taking into account the coupled flow of CPA and water 
across the cell membrane. Some preliminary studies 
investigating the permeability coefficient of a small 
number of unfertilised mouse ova using the microscope 
diffusion chamber have been performed. I choose to study 
DMSO since this was the most promising CPA in my 
cryopreservation experiments ( Chapter 7 ).

11.2 Materials and Methods
Oocytes were collected as described in section 2.5.1, 

placed in the sample region of the microscope diffusion 
chamber, held in place with a dialysis membrane, and 
inverted into the stage at 20°C, perfused with isotonic 
medium, and the isotonic cell volume recorded as described 
for derivation of the membrane water permeability 
parameters with an impermeable solute ( section 2 .11.1 ).
The bathing medium was rapidly altered to 1.5 M DMSO in PB1 
and the change in the cell diameter recorded using video 
microscopy until the oocytes had returned to isotonic 
volume. Measurements of the cell diameter were taken at 
regular intervals and entered into the amended computer
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programme. Values for water permeability ( K ), solvent 
permeability ( Cs ), and the reflection coefficient ( o ) 

were derived for a group of 10 fresh murine ova.

11.3 Results
On perfusion with the penetrating cryoprotectant, a 

time-dependent sequence of events occurred. The oocytes 
initially responded in a similar way to hypertonic 
perfusion with an impermeable solute such as NaCl. The 
oocytes lost water in an attempt to maintain osmotic 
equilibrium with the extracellular medium, causing the cell 
volume to decrease. However, since the cell membrane was 
permeable to the cryoprotectant and the extracellular 
concentration of DMSO was greater than in the intracellular 
compartment, CPA molecules entered the cells, accompanied 
by water to maintain equilibrium. Thus the oocyte volumes 
regained isotonic values.

The value derived for the DMSO permeability for the 
mouse oocyte plasma membrane at 20°C was 0.19 pm / sec. 
This was similar to those for megakaryocytopoietic cells, 
of 0.15 pm / sec ( Hempling and White, 1984 ), of 0.36 pm 
/ sec for human granulocytes ( Toupin et al, 1989 ), and of 
0.13 pm / sec for erythrocytes ( Naccache and Sha'afi, 
1973 ). The a value of 0.67 in my study also correlated 
well with that reported for DMSO in megakaryocytopoietic
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cells of 0.65, and 0.48 - 0.58 for granulocytes ( Hempling 
and White, 1984, Toupin et al, 1989 ). However it should be 
noted that these studies both used coulter counters to 
measure cell volume changes, which measure mean values. 
Also the volumes of both cell types are approximately x 3 
smaller than the mouse ova.

Finally, the values for K, which is the membrane water 
permeability or Lp in the presence of CPA, were larger than 
those determined for other cell types in which the 
permeability coefficients in the presence of DMSO has been 
investigated. A value of 10.5 pm / sec for rat 
megakaryocytopoietic cells ( Hempling and White, 1984 ) and 
11.9 urn / sec for human granulocytes ( Toupin et al,
1989 ) have been calculated as opposed to 27 pm / sec for 
the mouse ova in my study. It may be relevant that the 
study on megakaryocytopoietic cells involved prior 
equilibration with 1.5 M DMSO followed by perfusion with 
impermeable solvent, and thus the conditions may not be 
directly comparable to the present investigation.

These preliminary results for DMSO suggest that the 
microscope diffusion chamber may be a very useful method 
for determining the permeability coefficient for 
cryoprotectants of both mammalian oocytes and embryos. 
Further studies at other temperatures and with other CPA 
species are required to elucidate the response of oocytes 
to cryoprotectant addition and removal. Also it will be of
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great importance to investigate the effects of CPA's on the 
movement of water across the plasm membrane, and again the 
diffusion chamber will be of value in this.
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Table 28 Membrane Water Permeabilities for Fresh Murine
Oocytes ( / atm / min )

3 7 ° C 3 0 ° C to o o n 1 0 ° C

0 . 9 5 0 . 7 1 0 . 7 8 0 . 2 6

0 . 8 5 0 . 7 5 0 . 6 2 0 . 2 5

1 . 7 5 0 . 8 1 0 . 8 1 0 . 3 2

1 . 5 2 0 . 5 7 0 . 4 0 0 . 3 1

1 . 2 6 0 . 5 4 0 . 3 3 0 . 2 7

0 . 8 4 1 . 0 8 0 . 2 7 0 . 2 1

1 . 2 1 1 . 0 4 0 . 3 4 0 . 2 2

0 . 9 4 1 . 0 7 0 . 2 6 0 . 3 3

1 . 2 1 1 . 0 2 0 . 4 9 0 . 1 9

1 . 1 8 1 . 2 4 0 . 3 3 0 . 2 6

1 . 1 9 1 . 1 4 0 . 6 3 0 . 4 1

1 . 5 6 0 . 2 4 0 . 3 4 0 . 3 5

1 . 1 0 0 . 3 7 0 . 4 0 0 . 2 7

1 . 2 9 0 . 2 5 0 . 6 0 0 . 2 3
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Membrane Water Permeabilities for Fresh Murine Oocytes
( continued )

37°C 30°C 20°C 10°C

1 .64 0.91 0.35 0.35

0.84 1 .08 0.81 0.32

1 .20 0.90 0.66 0.28

1 .59 0.76 0.28 0.29

1 .75 1 .26 0.44 0.28

0.85 0.31 0.49 0.72

1.10 1 .06

1 .35 0.37

1 .21 1 .20

0.59
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Table 29 Inactive Volume ( % ) for Fresh Murine Oocvtes

37°C 30°C 20°C 10°C

20.00 24.00 22.00 18.00

17.00 13.00 15.00 19.00
V

17.00 21 .00 20.00 21 .00

17.00 16.00 19.00 14.00

17.00 15.00 24.00 21 .00

17.00 28.00 20.00 15.00

26.00 21 .00 20.00 17.00

27.00 28.00 15.00 22.00

21 .00 21 .00 20.00 16.00

20.00 24.00 15.00 18.00

20.00 20.00 21 .00 22.00

20.00 15.00 18.00 24.00

24.00 15.00 20.00 22.00

21 .00 20.00 22.00 13.00
T
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Inactive Volume for Fresh Murine Oocytes
( continued )

37°C 30°C UoOCM 10°C

19.00 20.00 19.00 19.00

18.00 17.00 17.00 15.00
V

20.00 19.00 23.00 /

17.00 24.00 / /

17.00 21 .00 / /

16.00 25.00 / /

21 .00 18.00

22.00 19.00

23.00

---------------------

16.00
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Table 30 The Membrane Water Permeabilities for Fresh Human
Oocytes ( pm / atm / min )

37°C 30°C to o o O 10°C 5°C

1 .07 1 .22 0.23 0.35 0.19

0.94 0.31 0.38 * 0.39 > 0.14

0.75 0.56 0.10 * 0.51 0.34

0.33 0.22 0.56 * 0.38 0.40

0.28 0.74 0.48 * 0.27 0.36

0.23 1.15 0.33 0.41 0.14

0.85 0.14 0.38 0.96 0.14

0.16 0.27 0.48 ★ 0.39 0.29

0.53 0.23 0.50 * 0.17 0.27

0.63 0.41 0.56 ★ 0.46 0.25

Represents those oocytes that underwent duplicate 
shrinkage experiments
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Table 31 Inactive Volume ( % ) of Fresh Human Oocvtes

37°C 30°C 20°C 10°C 5°C

36.00 25.00 21 .00 28.00 38.00

46.00 38.00 42.00 37.00 26.00

28.00 27.00 27.00 15.00 24.00

48.00 22.00 17.00 23.00 25.00

22.00 25.00 18.00 28.00 32.00

34.00 33.00 27.00 15.00 35.00

24.00 28.00 20.00 22.00 26.00

/ / 35.00 35.00 30.00

/ / 22.00 / 38.00

/ / 22.00 / 33.00
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Table 32 The Membrane Water Permeabilities for Failed-to- 
Fertilise Human Oocytes ( Jim /atm / min ) .

37°C 30°C 20°C 10°C

1 .75 0.41 0.50 0.38

2.19 0.37 0.39
*
0.41

1 .42 0.24 0.41 0.19

0.34 0.46 0.47 0.57

0.37 0.28 0.85 0.87

0.28 0.17 0.46 1.17

0.31 0.39 0.74 0.68

0.85 0.53 0.63 0.37

0.62 0.60 0.35 0.66

1 .22 0.23 1 .42 0.94

1.15
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Table 33 Inactive Volume for Failed to Fertilise Human 
Oocytes

37° 30°C I 20°C 10°C

32.00 31.00 32.00 32.00

38.00 38.00 34.00 24.00

45.00 41 .00 17.00 19.00

24.00 24.00 22.00 30.00

27.00 49.00 25.00 21 .00

25.00 28.00 31 .00 27.00

19.00 / 30.00 22.00

/ / 22.00 /

346



APPENDIX 4 - INDIVIDUAL DATA

Table 34 Lp values for Pre - Ovulatory Murine Oocytes ( pm
min

10°C

0.35 0.36

0.58 0.31

0.04

0.35

0.86

0.22 1 .04

0.75

0.70

0.44

1 .06 0.39

1 .48 0.41

0.53 0.35

0.29 0.44

0.34 0.22
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Membrane Water Permeabilities ( jam / atm / min ) for Pre -
Ovulatory Murine Oocytes ( continued

20°C

0.36 0.33

0.55

0.48 0.29

0.58 0.40

0.88

0.50 0.37

0.75

0.69

0.85

0.73
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Table 35 Inactive Volume ( % ) for Pre - Ovulatory Mouse 
Oocytes

20°C 10°C

22.00 25.00

17.00 21 .00

11 .00 22.00

17.00 23.00

16.00 24.00

9.00 17.00

28.00 8.00

29.00 15.00

21 .00 30.00

32.00 31 .00

17.00 30.00

16.00 18.00

35.00

22.00
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Table 36 Membrane Water Permeability ( jjim / atm / min ) of 
Human Oocytes Matured Overnight or Examined Immediately On 
Collection.

20°C Matured 
overnight

20°C Examined 
Immediately

0.46 0.24

0.49 0.29

0.23 0.56

0.53 0.61

0.51 1.10

0.26 0.62

0.67 0.23

0.29 0.31

0.47 0.49

0.48 0.35

0.40 0.36

0.47

0.26
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Table 37 Inactive volumes ( % ) of Human Oocytes Matured 
Overnight or Examined Immediately On Collection.

20°C Matured 
overnight

20°C Examined 
Immediately

33.00 39.00

15.00 23.00

8.00 45.00

22.00 29.00

15.00 32.00

22.00 37.00

25.00 22.00

49.00 26.00

42.00 35.00

28.00 22.00

35.00 26.00

25.00 22.00

15.00
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Table 38 Membrane Water Permeabilities ( y.m / atm / min ) 
for Pronucleated Human Oocytes

20°C 10°C

0.40 0.34

0.41 0.23

1.19 0.27

0.69 0.13

1.17 0.55

0.11 0.41

0.48 0.48

0.40 0.33

0.16 0.25

0.53 0.36

0.46

0.39

0.47
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Table 39 The Inactive Volume ( % ) of Pronucleated Human 
Qocvtes

20°C 10°C

35.00 37.00

24.00 35.00

37.00 24.00

29.00 41 .00

39.00 26.00

56.00 35.00

64.00 22.00

49.00 36.00

39.00 52.00

41 .00 43.00

26.00 58.00

35.00 /

37.00 /

/
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Table 40 Repeat Lp values ( pm / atm / min ) for Fresh 
Human Oocytes

Run 1 Run 2

0.48 0.57

0.38 0.51

0.50 0.60

0.56 0.57

0.48 0.40

0.10 0.12

0.58 0.62

Mean Lp Run 1 
0.44 ± 0.16

Run 2 
0.48 ± 0.18

Paired T - Test 
6° Freedom P = 0.146

Repeat Vb values Fresh Human Oocytes 
Vb1 Vb2

27 % 
20 % 
33 % 
16 %

24 % 
17 % 
34 % 
16 %
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Background Information Concerning Fresh Human Oocvtes
i) Oocytes were donated from 69 patients 85.5 % of whom

fertilised 1 or more of the rest of the cohort oocytes
collected and had embryos replaced ( 59 patients had 
an embryo transfer ).

ii) Of those patients who did not fertilise any of the
oocytes collected 60 % were due to male factor
infertility such as 0 % Hamster Egg Penetration Test, 
Sperm Antibodies, or an abnormal semen analysis ( 6 
out of 10 patients with nil fertilisation ).

iii) Of the remaining patients with nil fertilisation 1 was 
classified as Tubal infertility, 1 Polycystic Ovary 
Syndrome, and the other two were unexplained.

iv) The fertilisation rate for the oocytes collected and 
fertilised for replacement for the patient, excluding 
those donated for research, was 72 % ( 586 oocytes
collected 366 fertilised ).

v) The pregnancy rate for patients undergoing an embryo 
transfer after taking into account the fact that 8 
patients returned for a second treatment cycle was 16 
%
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Table 41 Details Fresh Human Oocytes: Fertilisation Rates

Patient No. Diagnosis
No. Oocytes 
Collected

No. Oocytes 
Fertilised

* 1 Unexplained 8 6 / 7

2 Tubal 11 7 / 9

3 Tubal + Endo. 18 10 / 12

4 Unexplained 8 4 / 4

C Unexplained 8 4 / 7

6 Unexplained 12 6 / 1 0

7 Unexplained 10 8 / 8

8 P.C.O. + d 9 0 / 7 **

9 Tubal + d 8 1 / 7

10 d (HEPT -ve) 11 0 / 7 **

11 Tubal + PCO 12 7 / 1 0

12 Tubal 16 9 / 1 1

13 d 9 2 / 8

* 14 Unexplained 11 7 / 9
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Details of Fresh Human oocvtes : Fertilisation Rates
(cont.)

Patient No. Diagnosis
No. Oocytes 

\ Collected
No. Oocytes 
Fertilised

15 Tubal 2 No Sperm

16 Unexplained 11 7 / 8

17 Tubal 13 7 / 1 0

18 Unexplained 18 11 / 11

19 Tubal 10 7 / 8

* 20 Unexplained 10 7 / 8

* 21 Tubal 13 8 / 9

22 Unexplained 7 6 / 6

23 Unexplained 14 7 / 1 1

24 Tubal 10 8 / 8

25 Tubal 8 6 / 6

26 d 9 0 / 8

27 Endometriosis 8 4 / 6

28 d 8 1 / 6
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Details on Fresh Human Oocvtes : Fertilisation Rates
(cont. )

Patient No. Diagnosis
No. Oocytes 
Collected

No. Oocytes 
Fertilised

29 8 17 2 / 1 2

30 Tubal + 8 14 3 / 1 0

31 Tubal + 8 8 0 / 6

32 Tubal 16 12 / 12

* 33 Tubal 13 6 / 1 0

34 Tubal 12 4 / 1 0

35 8 11 0 / 8 **

36 Tubal + 8 12 4 / 1 0

37 Tubal 15 9 / 1 2

38 Unexplained 17 2 / 1 2

* 39 Unexplained 13 9 / 1 0

40 Endometriosis 10 4 / 8

41 Donor insem. 16 6 / 1 3

42 8 12 2 / 1 0
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Details on Fresh Human Oocytes : Fertilisation Rates
(cont.)

Patient No. Diagnosis
No. Oocytes 
Collected

No. Oocytes 
Fertilised

43 Unexplained 8 0 / 7

* 44 Tubal 12 3 / 6

45 Unexplained 15 12 / 12

* 46 Tubal 12 4 / 6

47 Unexplained 22 9 / 1 2

48 Tubal 18 9 / 9

49 Tubal 31 13 / 20

50 Tubal 14 6 / 7

51 6 12 0 / 9 **

52 Endometriosis 10 4 / 8

53 Tubal 15 6 / 7

54 Unexplained 17 0 / 1 2 **

55 Unexplained 11 6 / 8

56 P.C.O. 11 0 / 7 **
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Details on Fresh Human Oocvtes : Fertilisation Rates
(cont.)

Patient No. Diagnosis
No. Oocytes 
Collected

No. Oocytes 
Fertilised

57 Donor insem. 15 4 / 8

58 Tubal 24 5 / 1 0

59 Unexplained 19 3 / 1 2

60 Tubal 23 7 / 1 0

61 Unexplained 11 0 / 8 **

62 Tubal 23 7 / 1 0

63 Tubal 24 5 / 1 0

64 Tubal 18 9 / 9

65 Tubal 26 13 / 18

66 Tubal 8 3 / 7

67 d 19 1 / 11

68 Tubal 29 9 / 1 4

69 Tubal 19 8 / 9
■i—
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Legend
Indicates a pregnancy resulting from the treatment 
cycle from which the oocytes were retrieved.

Indicates a pregnancy resulting from a treatment other 
than that from which the oocytes were donated.

* Although there was no fertilisation with the partners 
sperm the oocytes inseminated with therapeutic donor 
sperm fertilised and developed.
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Table 42 Details of Donated Failed to Fertilise Oocytes

Patient No. Diagnosis
I No. Oocytes 

Collected
No. Oocytes 
Fertilised

1 d 2 0 / 2

2 Tubal 7 4 / 7

3 Tubal 4 0 / 4

4 d 9 0 / 9

5 d 6 0 / 6

6 d 4 2 / 4

7 Tubal 3 0 / 3

8 Tubal 18 9 / 1 2

9 Tubal 3 0 / 3

10 ,Tubal + Endom 3 0 / 3

11 Tubal 6 2 / 3

12 d 2 1 / 2

13 Unexplained 4 0 / 4

★ 14 Unexplained 8 4 / 8
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Details of Donated Failed to Fertilise Oocvtes

Patient No. Diagnosis
No. Oocytes 
Collected

No. Oocytes 
Fertilised

15 Tubal 2 0 / 2

16 6 7 4 / 7

17 S 11 0 / 1 1

18 6 4 1 / 4

19 Tubal 6 0 / 6

20 Unexplained 7 0 / 7

21 Tubal 7 2 / 7

22 Tubal + Endo 4 1 / 4

23 Tubal 5 3 / 5

24 6 14 0 / 1 4

25 Tubal 12 4 / 1 2

26 6 9 0 / 8

27 Endometriosis 8 4 / 6

28 Unexplained 10 7 / 1 0
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Details of Donated Failed to Fertilise Oocvtes

Patient No. Diagnosis
No. Oocytes | 
Collected

No. Oocytes 
Fertilised

29 Unexplained 7 0 / 7

30 S 5 0 / 5

31 Unexplained 4 2 / 4

32 Endometriosis 5 1 / 5

33 Unexplained 9 0 / 9

34 6 7 0 / 7

35 Tubal 3 0 / 3

36 6 9 0 / 9

37 6 6 0 / 6

38 6 7 4 / 7

39 6 9 0 / 9

40 6 10 0 / 1 0

41 Endometriosis 12 4 / 1 2

42 6 12 4 / 1 2

43
I

Endometriosis 
1----------------

5 4 / 6
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i) The failed to fertilise oocytes were donated from 43 
different patients 53 % of whom were diagnosed as male 
factor infertility ( 23 patients out of 43 ).

ii) Of the oocytes used 52 % were from male factor
infertility patients, 22 % from tubal, 19 %
unexplained and 7 % endometriosis infertility
patients.

365



ACKNOWLEDGEMENTS

I would like to thank Dr B. J. Fuller and Mr A. G. Bernard 
for all of their advice, encouragement, and time.

I am also grateful to Professor R. W. Shaw for his support 
and to Professor J. J. McGrath for help with the microscope 
diffusion chamber, designing the computer software and 
analysis of the results.

I am extremely grateful to those patients on both on the 
Royal Free Hospital I.V.F. programme and the Leicester 
Royal Infirmary Hospital G.I.F.T. programme who donated 
oocytes for research.

I wish to thank the I.V.F.
Dr B. Bentick 
Dr C. Iffland 
Dr W. Reid 
Dr N. Amso 
Dr P. Curtis

Lastly I would like to thank both my family and friends for 
their support.

team :
Dr G. Burford 
Sister B. Chander 
Mrs K. Gleeson 
Mrs E. Keith

366



References

Bibliography

Clinical In Vitro Fertilisation, Second Edition, Eds. C. 
Wood and A Trounson Springer - Verlag, Berlin, Heidelerg, 
1989.

Conception in the Human Female, Ed : R. G. Edwards.
Academic Press, 1980.

Essential Reproduction. M. Johnson, and B. Everitt, 
Blackwell Scientific Publications, 1986.

Establishing a Successful Human Pregnancy. Ed. R. G. 
Edwards. Serono Symposia Publications from Ravens Press, 
New York, Vol. 66, 1990.

Freezing of Mammalian Embryos. Ciba Foundation Symposium 
Vol 52, Elsevier, Excerpta Medica, Amsterdam. 1977.

Frozen Storage of Laboratory Animals. Ed G. H. Zeilmaker, 
Gustav Fischer Verlag, Stuggart. 1981.

Human Reproduction. Conception and Contraception. Eds. E. 
S. E. Hafez, and T. N. Evans. Medical Department, Harper 
and Row. 1973.

367



References

In Vitro Fertilisation. Norfolk. H. W. Jones Jr., G. S. 
Jones, G. D. Hodgen, Z. Rosenwaks. Williams and Wilkins, 
USA. 1986

Manipulating the Mouse Embryo. A Laboratory Manual. Eds B. 
Hogan, F. Constantini, and E. Lacy. Cold Spring Harbour 
Laboratory. 1986.

Methods in Experimental Embryology of the Mouse. Ed K. A. 
Rafferty, Jr. The John Hopkins Press, Baltimore and London. 
1970.

Methods in Mammalian Reproduction. Ed J. C. Daniel Jr. 
Academic Press. 1977.

Water Transport in Cells and Tissues. Eds H. Davson, A. D. 
M. Greenfield, R. Whittam, G. S. Brindley. Edwards Arnolds, 
Ltd. London. 1978.

368



References

References
Aggarwal, S. J., Diller, K. R., and Baxter, C. R. ( 1988 ) 
Hydraulic permeability and activation energy of human 
keratinocytes at subzero temperatures. Cryobiology 25., 203 
-211 .

Al Hasani, S., Diedrich, K., Van der Ven, H., Reinecke, A., 
Hartje, M. , and Krebs, D. ( 1987 ) Cryopreservation of
human oocytes. Human Reprod. 2, 8 , 695 - 700.

Armitage, W.J., and Mazur, P. ( 1984 ) Toxic and osmotic
effects of glycerol on human granulocytes. Am-J-Physiol. 
247. C382 - C389.

Arnaud, F., and Pegg, D. ( 1986 ) Platlets and propylene 
glycol I. Permeability parameters. Cryobiology 23_, 552 -
553.

Arrhenius, S. ( 1889 ) Ueber die Reaktionsgeschwindigkeit 
bei der Inversion von Rohrzucker durch Saeuren. 
Physikalisch-Chemische Trenn und Nessenthoden 4, 226 - 248.

Arrhenius, S. ( 1915 ) Quantitative Laws in Biochemistry. 
Bell, London.

369



References

Arakawa, T., Carpenter, J. F., Kita, Y. A., and Crowe, J . 
H. ( 1990 ) The basis for toxicity of certain
cryoprotectants : A hypothesis. Cryobiology 27_, 401 - 415.

Ashwood-Smith, M. J. ( 1986 ) The cryopreservation of human 
embryos. Human Reproduction 1_ ( 5 ), 319 - 332.

Behnke, 0., Forer, A. ( 1967 ) Evidence for four classes of 
microtubules in individual cells. J. Cell Sci. 2, 169 -
192.

Bernard, A., McGrath, J. J., Fuller, B. J., Imoedemhe, D., 
and Shaw, R. W. ( 1988 ) Osmotic response of oocytes using 
a microscope diffusion chamber : A preliminary study
comparing murine and human ova. Cryobiology 25., 495 - 501 .

Bilton, F. J., Moore, N. W. ( 1976 ) In vitro culture,
storage and transfer of goat embryos. Aust. J. Biol. Sci. 
29, 125 - 129.

Binkero, P. E., and Anderson, G. B. ( 1979 ) Transfer of
cultured rabbit embryos. Gamete Research 2, 65 - 73.

370



References

Blackshaw, A. W., and Salisbury, G. W. ( 1957 ) Factors
influencing metabolic activity of bull spermatozoa. II 
Cold-Shock and its prevention. Journal of Diary Science 40. 
1099 - 1106.

Bock, P. E., and Frieden, C. ( 1978 ) Another look at the
cold lability of enzymes. Trends in Biochem. Science 3., 100
- 103.

Borland, R. M., Hazra, S., Biggers, J. D., and Lechene, C.
P. ( 1977 ) The elemental composition of the environments
of the gametes and preimplantation embryo during the
initiation of pregnancy. Biol. Reprod. 1_6, 147 - 157.

Brinster, R. L. ( 1965 ) Studies on the development of
mouse embryos in vitro II. J. Exp. Zool. 158, 59 - 68.

Brinster, R. L. ( 1970 ) In vitro culture of mouse ova. In 
: Schering Symposium on Mechanisms Involved in Conception. 
Adv. in the Biosci. Ed. Raspe Pergamon Vieweg, Oxford. 4., 
199.

Brinster, R. L. ( 1971 ) Oxidation of pyruvate and glucose 
by oocytes of the mouse and rhesus monkey. J. Reprod.
Fertil. 24, 187 - 191.

371



References

Burks, J.L., Davis, M.E., Bakken, A.H., and Tomasovic, J.J.
( 1965 ) Morphologic evaluation of frozen rabbit and human 
ova. Fertil. Steril. 1_6, 5, 638 - 641.

Calarco, P. G., and Epstein, C. J. ( 1973 ) Cell surface 
changes during pre - implantation development in the mouse. 
Devel. Biol. 32, 208 - 213.

Callow, R. A., and McGrath, J. J. ( 1985 ) Thermodynamic 
modeling and cryomicroscopy of cell size, unilamellar 
liposomes. Cryobiology 22 ( 3 ), 251 - 267.

Cameron, I. L., Cook, K. R. , Edwards, D. , Fullerton, G. D.,
Schatten, G. , Schatten, H., Zimmerman, A. M., and 
Zimmerman, S. ( 1987 ) Cell cycle changes in water
properties in sea urchin eggs. J. Cell. Physiol. 133, 14 - 
24.

Chapman, D., Gomez - Fernandez, J. C., and Goni, F. M. ( 
1979 ) Intrinsic protein - lipid interactions. Physical and 
biochemical evidence. FEBS-Lett. 98, 2, 211 - 223.

Chen, C. ( 1986 ) Pregnancy after human oocyte
cryopreservation. Lancet. 1_, 884 - 886.

372



References

Chen, C. ( 1988 ) Pregnancies after human oocyte
cryopreservation. Ann. New York Acad. Sci. 541 . 541 - 549.

Crowe, J. H., Whittam, M. A., Chapman, D. , Crowe, L. M.
( 1984 ) Interactions of phospholipid monolayers with
carbohydrates. Biochemica Biophysica Acta 769, 151 - 159.

Crowe, J. H., and Crowe, L. M. ( 1984 ) Effects of
dehydration on membranes and membrane stabilisation at low 
water activities. In : Biological Membranes. Ed. Chapman, 
D. Academic Press New York / London.

Crowe, J. H., Hoeskstra, F. A., Crowe, L. M., Anchordoguy, 
T. J., and Drobnis, E. ( 1989 ) Lipid phase transitions
measured in intact cells with fourier transform infrared 
spectroscopy. Cryobiology 26, 76 - 84.

Deansley, R. ( 1957 ) Egg survival in immature rat ovaries 
grafted after freezing and thawing. Proc. Royal Soc. B 147, 
412 .

Dekel, N. ( 1988 ) Regulation of oocyte maturation. The
role of cAMP. Ann. New York Acad. Sci. 541, 211 - 216.

373



References

Demayo, F. J., Rawlins, R. G., and Dukelow, W. R. ( 1985 ) 
Xenogenous and in vitro fertilization of frozen thawed 
primitive oocytes and blastomere speration of embryos. 
Fertil. Steril. 43 ( 2 ), 295 - 300.

Diller, K. R. ( 1975 ) Intracellular freezing : effect of
extracellular supercooling. Cryobiology 1_2, 480 - 485.

Diller, K. R. , Sosa, J., and Martinez-Pastrano, P. G.
( 1975 ) Intracellular ice formation in glycerolized red
cells. Cryobiology 1_2, 580.

Edwards, R. G. ( 1965a ) Maturation in vitro of mouse,
sheep, cow, pig, rhesus monkey, and human oocytes. Nature
208, 349 -351 .

Edwards, R. G. ( 1965b ) Maturation in vitro of human
ovarian oocytes. Lancet 6, 926 - 929.

Edwards, R. G. ( 1973 ) Studies on human conception. Am. J.
Obstet. Gynecol. VT7 ( 5 ), 587 - 601.

Edwards, R. G., Bavister, B. D., Steptoe, P. C. ( 1969 )
Early stages of fertilization in vitro of human oocytes 
matured in vitro. Nature 221, 632 - 635.

374



References

Edwards, R.G., and Steptoe, P. C. ( 1977 ) The relevance 
of the frozen storage of human embryos. In : The Freezing 
of Mammalian Embryos. Elsevier Excerpta Medica Amsterdam. 
Ed Elliot, K. , and Whelan, J. Ciba Foundation .52, 235 -250.

Edwards, R.G., Steptoe, P. C., Purdy, J. M. ( 1970 )
Fertilization and cleavage in vitro of preovulatory human 
oocytes. Nature 227, 1307 - 1309.

Epigg, J. J. , & Schroeder, A. C., ( 1989 ) Capacity of
mouse oocytes from preantral follicles to undergo 
embryogenesis and development to live young after growth, 
maturation, and fertilization in vitro. Biol. Reprod. 41, 
268 - 276.

Epigg, J. J., Ward-Bailey, P. F., Coleman, D. L. ( 1985 ) 
Hypoxanthine and adenosine in murine ovarian follicular 
fluid : Concentrations and activity on maintaining oocyte 
meiotic arrest. Biol. Reprod. 33., 1041 - 1049.

Filner, P., and Behnke, 0. ( 1973 ) Stabilization and
isolation of brain microtubules with glycerol and 
dimethylsulfoxide J. Cell. Biol. 59., 99a.

Franks, F. ( 1982 ) Physiological water stress. In
Biophysics of Water, pp 279 - 294. Ed. Franks, F., and 
Matthias, S. F. John Wiley and Sons, Chichester.

375



References

Fowler, R. E., Edwards, R. G. ( 1957 ) Induction of
superovulation and pregnancy in mature mice by
gonadotrophins. J. Endocrinol. 15, 374 - 384.

Fox, L. L., Shivers, C. A. ( 1975a ) Detection and
localization of specific antigens in the reproductive 
tracts of cycling, pregnant and ovariectomized hamsters. 
Fertil. Steril. 26 ( 6 ), 579 - 598.

Fox, L. L., Shivers, C. A. ( 1975b ) Evidence for addition
of oviductal components to the hamster zona pellucida. 
Fertil. Steril. 26 ( 6 ), 598 - 608.

Fuller, B. J., and Bernard, A. ( 1984 ) Successful in vitro

fertilization of mouse oocytes after cryopreservation using 
glycerol. Cryo - Letters, 5, 307 - 312.

Gaunt, S. J. ( 1985 ) In vivo and in vitro cultured mouse
pre-implantation embryos differ in their display of a
tetracarcinoma cell surface antigen. Possible binding of an 
oviduct factor. J. Embryol. Exp. Morphol. <88, 55 - 69.

Gemzel, C. A. ( 1967 ) Induction of ovulation with human
gonadotrophins with special reference to the dosage and 
administration pattern of FSH. In : Fifth World Congress on 
Obstetrics and Gynaecology p 94.

376



References

Glenister, P. H., Wood., M. J., Kirby, C., and Whittingham, 
D. H. ( 1987 ) Incidence of chromosome anomalies in first 
cleavage mouse embryos obtained from frozen - thawed 
oocytes fertilized in vitro. Gamete Research 1_6, 205 - 216.

Grobstein, C., and Flower, M. ( 1985 ) Current Issues in
IVF. Clinics in Obstetrics and Gynaecology 12., 4 876 - 891 .

Harrison, R. A. P., and White, I. G. ( 1972 ) Glycolytic
enzymes in the spermatozoa and cytoplasmic droplets of 
bull, boar, and ram, and their leakage after cold shock. J. 
Reprod. Fert. .30, 105 - 115.

Heape, W. ( 1890 ) Preliminary note on the transplantation 
and growth of mammalian ova within a uterine foster mother. 
Proceedings of the Royal Society B48, 457 - 458.

Heber, U., Schmitt, J. M., Krause, G. H., Klosson, R. J., 
Santarius, K. A. ( 1981 ) Freezing damage to thylakoid 
membranes in vitro and in vivo. In : Effects of Low 
Temperature on Biological Membranes, Ed. Morris, A. J. and 
Clarke, A. Ac. Press, London, pp 263 - 284.

377



References

Hellewell, S. B., and Taylor, D. L. ( 1979 ) The
contractile basis of ameoboid movement, vi The solution 
construction coupling hypothesis. J. Cell Biol. 83., 633 - 
648.

Hempling, H. G. ( 1960 ) Permeability of the Ehrlich
ascites tumour cell to water. J. Gen. Physiol. 44, 365 - 
379.

Hempling, H. G. ( 1977 ) Osmotic properties of human
lymphocytes. J. Cell. Physiol. 93., 293 - 302.

Hempling, H. G., White, S. ( 1984 ) Permeability of
cultured megakeryocytopoietic cells of the rat to Dimethyl 
Sulfoxide. Cryobiology 2J_, 1 33 - 1 43.

Himes, R. H., Burton, P. R. , Kersey, R. N., and Pierson, G. 
B. ( 1976 ) Brain tubulin polymerisation in the absence of 
" microtubule - associated proteins ". Proc. Natl. Acad. 
Sci. 73 ( 12 ), 4397 - 4399.

Himes, R. H., Burton, P. R., and Gaito, J. M. ( 1977 )
Dimethyl sulphoxide - induced self assembly of tubulin 
lacking associated proteins. J. Biological Chemistry 252 
( 17 ), 6222 - 6228.

378



References

Hobbs, P. V. *(1974 ) Ice Physics pp 837. Clarendon Press, 
Oxford.

Hochmuth, R. M., and Waugh, R. E. ( 1987 ) Erthrocyte
membrane elasticity and viscosity. Ann. Rev. Physiol. 49., 
209 - 219.

Holt, W.V. , and North, R.D. ( 1986 ) Thermotropic phase
transitions in the plasma membrane of ram spermatozoa. J. 
Reprod. Fertil. 78, 2, 447 - 457.

Howlett, S. J., and Bolton, V. N. ( 1985 ) Sequence and
regulation of morphological and molecular events during the 
first cell cycle of mouse embryogenesis. J. Embryol. exp. 
Morphol. 81_, 175 - 206.

Hui, S. W., Parsons, D. F., and Cowden, M. ( 1974 )
Electron diffraction of wet phospholipid bilayers. Proc. 
Nat. Acad. Sci. 7J_/ 5068 - 5072.

Jackowsi, S. ( 1977 ) Physiological differences between
fertilised and unfertilised mouse ova : Glycerol
permeability and freezing sensitivity. PhD Thesis. 
University of Tennessee.

379



References

Jackowsi, S., Leibo, S. P., and Mazur, P. ( 1980 ) Glycerol 
permeabilities of fertilized and unfertilized mouse ova. J. 
Experimental Zoology, 212, 329 - 341.

Jaenicke, R. ( 1981 ) Enzymes under extremes of physical
conditions. Annual Review of Biophy. and Bioeng. 1_0, 1 -
67.

Johnson, M. H. ( 1989 ) The effect on fertilization of 
exposure of mouse oocytes to dimethylsulphoxide : An
optimal protocol. J. In Vitro Fertil. and Embryo Transfer 
6 ( 3 ) ,  168 - 175.

Johnson, M. H., and Pickering, S. J. ( 1987 ) The effect of 
dimethylsulphoxide on the microtubular system of the mouse 
oocyte. Development 100, 313 - 324.

Johnson, M. H., Pickering, S. J., and George, M. A.
( 1988 ) The influence of cooling on the properties of the 
zona pellucida of the mouse oocyte. Human Reprod. 3. ( 3 ), 
383 - 387.

Jones, G. S. ( 1984 ) Update on in vitro fertilisation. 
Endocr. Rev. 5., 62.

380



References

Kapur, R. P., and Johnson, L. V. ( 1985 ) An oviductal
fluid glycoprotein associated with ovulated mouse ova and 
early embryos. Devel. Biol. 112, 89 - 93.

Kapur, R. P., and Johnson, L. V. ( 1986 ) Selective
sequestration of an oviductal fluid glycoprotein in the 
perivitelline space of mouse oocytes and embryos. J. Exp. 
Zool. 238, 2, 249 - 260.

Kapur, R. P., and Johnson, L. V. ( 1988 ) Ultrastructural 
evidence that specialized regions of the murine oviduct 
contribute a glycoprotein to the exracellular matrix of 
mouse oocytes. The Anatomical Record 221 , 720 - 729

Katchalsky, A., and Curran, P. F. ( 1965 ) Non
equilibrium Thermodynamics in Biophysics. Harvard 
University Press, Cambridge Ma.

Kedem, O., and Katchalsky, A. ( 1958 ) Thermodynamic
analysis of the permeability of biological membranes to non 
-electrolytes. Biochimica et Biophysica Acta 2J_, 229 - 246.

Kola, I., Kirby, C., Shaw, J. M., Davey, A., and Trounson, 
A. 0. ( 1988 ) Vitrification of mouse oocytes results in
aneuploid zygotes and malformed fetuses. Teratology, 38, 
467 - 474.

381



References

de Kretser, D. M., Yates, C., Kovacs, G. T. ( 1985 ) The 
use of IVF in the management of male infertility. Clin 
Obstet. Gynaecol. 1_2, 767 - 773.

Lambert, A. M., and Bajer, A. ( 1977 ) Microtubule
distribution and reversible arrest of chromosome movements 
induced by low temperature. Cytobiologie 1_5, 1 - 23.

Leibo, S. P. ( 1980 ) Water permeability and its activation 
energy of fertilized and unfertilized mouse ova. J. 
Membrane Biol. .53, 179 - 188.

Leibo, S. P., McGrath, J. J., and Cravalho, E. G. ( 1975 )
Microscopic observations of intracellular ice formation in 
mouse ova as a function of cooling rate. Cryobiology 13, 
415 - 429.

Levin, R. L. Cravalho, E. G., and Huggins, C. E. ( 1976 )
A membrane model describing the effect of temperature on
the water conductivity of erythrocyte membranes at subzero 
temperatures. Cryobiology 1_3, 415 - 429.

Levin, S. W. , Levin, R. L., and Solomn, A. K. ( 1980 )
Improved stop-flow apparatus to measure permeability of 
human red blood cells and ghosts. Journal of Biochemical 
and Biophysical Methods. 3, 255 - 272.

382



References

Lin, T., Myers, S. P., Pitt, R. E., and Steponkus, P. L. ( 
1987 ) Osmometric characteristics and cryobehaviour of
bovine oocytes. Cryobiology 24, 544.

Longo, F. J., and Chen, D. Y. ( 1985 ) Development of
cortical polarity in mouse eggs : involvement of the 
meiotic apparatus. Dev. Biol. 107, 382 - 394.

Lopata, A., and Leung, P. C. ( 1988 ) The fertilizability 
of human oocytes at different stages of meiotic maturation. 
Ann. New York Acad. Sci. 541, 324 - 336.

Lovelock, J. E. ( 1953 ) The mechanism of the protective 
action of glycerol against haemolysis by freezing and 
thawing. Biochim, Biophys. Acta 1_i, 28 - 36.

Lovelock, J. E. and Bishop, M. W. H. ( 1959 ) Prevention of 
freezing damage to cells by DMSO. Nature 183, 1394 - 1395.

Luyet, B. J. ( 1949 ) Effects of ultra - rapid and of slow 
freezing and thawing on mammalian erythrocytes. Biodynamica 
6, 217 - 233.

Magistrini, M., and Szollosi, D. ( 1980 ) Effects of cold 
and of isopropyl-N-phenylcarbamate on the second meiotic 
spindle of mouse oocytes. Euro. J. Cell Biol. 22, 699 -707.

383



References

Mahadeven, M. M. , Trounson, A. 0., Leeton J. F. ( 1983 ) 
The relationship of tubal blockage, infertility of unknown 
cause, suspected male infertility and endometriosis to 
success of in vitro fertilization and embryo transfer. 
Fertil. Steril. 40., 755 - 762.

Mansoori, G. A. ( 1975 ) Kinetics of water loss from cells 
at subzero centigrade temperatures Cryobiology 12, 34 - 45. 
Marcus, S., and Saravis, C. A. ( 1965 ) Oviduct fluid in 
the Rhesus Monkey : A study of its protein components and 
its origin. Fertil. Steril. 1_6, 6 , 785 - 794.

Maro, B., Johnson, M. H., Pickering, S. J., and Flach, G. 
( 1984 ) Changes in the actin distribution during
fertilization of the mouse egg. J. Embryol. Exp. Morphol. 
81, 211 - 237.

Maro, B., Howlet, S. K., and Webb, M. ( 1985 ) Non-spindle 
MTOC's in metaphase II arrested mouse oocytes. J. Cell. 
Biol. 101, 1665 - 1672.

Maro, B., Howlet, S., and Houliston, E. ( 1986 )
Cytoskeletal Dynamics in the mouse egg. J. Cell. Sci. 
Suppl. 5, 343 - 359.

384



References

Mastroianni, L., Miguel, U., Stambaugh, R. ( 1970 ) Protein 
patterns in monkey oviductal fluid before and after
ovulation. Fertil. Steril. 21_ ( 12 ), 817 - 820.

Mazur, P. ( 1963 ) Kinetics of water loss from cells at
subzero temperatures and the liklihood of intracellular
freezing. J. Gen. Physiol. 47, 347 - 369.

Mazur, P. ( 1965 ) The role of cell membranes in the
freezing of yeast and other single cells. Ann. N. Y. Acad. 
Sci. 125, 658 - 676.

Mazur, P. ( 1970 ) Cryobiology : The freezing of
biological systems. Science 168, 939 - 949.

Mazur, P. ( 1977 ) The role of intracellular freezing in
the death of cells cooled at supraoptimal rates.
Cryobiology 1_4, 251 - 272.

Mazur, P. ( 1984 ) Freezing of living cells : mechanisms
and implications. Am. J. Physiol. 247, C125 - C142.

Mazur, P., and Schmidt, J. ( 1968 ) Interactions of cooling 
velocity, temperature, and warming velocity on the survival 
of frozen and thawed yeast. Cryobilogy, 5., 1 - 17.

385



References

Mazur, P., Leibo, S. P., and Chu, E. H. Y. ( 1972 ) A two - 
factor hypothesis of freezing injury - Evidence from
Chinese hamster tissue culture cells. Exp. Cell. Res. 71 , 
345 - 355.

Mazur, P., Miller, R . H., and Leibo, S. P. ( 1974 )
Survival of frozen - thawed bovine red cells as a function 
of the permeation of glycerol and sucrose. J. Membr. Biol. 
15, 137 -158.

Mazur, P., Rail, W. F., and Rigopoulos, N. ( 1981 )
Contributions of unfrozen fraction and of salt 
concentration to the survival of slowly frozen human
erthrocytes. Biophys. J. 36., 653 - 675.

Mazur, P., Rail, W. F., and Leibo, S. P. ( 1984 ) Kinetics 
of water loss and the liklihood of intracellular freezing
in mouse ova. Influence of the method of calculating the
temperature dependence of water permeability. Cell 
Biophysics. 6, 1 97-213.

Mazur, P., and Schneider, U. ( 1986 ) Osmotic responses of 
preimplantation mouse and bovine embryos and their 
cryobiological implications. Cell Biophysics 8 , 259 - 284.

386



References

McCaa, C. , Diller, K. R., Aggarwal, S. J., and Takahaski, 
T, ( 1986 ) Cryomicroscopy of human monocytes to determine 
membrane permeability. Cryobiology 23, 576.

Melchoir, P. L., Bruggemann, E. P., and Steim, J. M.
( 1982 ) The physical state of quick frozen membranes and 
lipids. Biochim. Biophys. Acta 690. 81 - 88.

Mettler, L., Grillo, M., Riedel, H-H., Michelmann, H.W., 
Semm, K. ( 1984 ) Multiple pregnancies after in vitro
fertilization and embryo replacements. J. In Vitro Fertil. 
Embryo Transfer. 1 : 26.

McGann, L. E., Stevenson, M., Muldrew, K., and Schachar, N.
( 1988 ) Kinetics of osmotic water movement in chondrocytes 
isolated from articular cartilage and applications to 
cryopreservation. J. Orthopaedic Research 6, 109 - 115.

McGaughey, R. W. and Capco, D. G. ( 1989 ) Specialized
cytoskeletal elements in mammalian eggs : structural and 
biochemical evidence for their composition. Cell Motility 
and the Cytoskeleton 1_3, 104 - 111.

387



References

McGrath, J. J., Cravalho, E. G., and Huggins, C. E.
( 1975 ) An experimental comparison of intracellular ice
formation and freeze-thaw survival of HeLa S3 cells. 
Cryobiology 12, 540 -550.

McGrath, J. J. ( 1985 ) A microscope diffusion chamber for
the determination of the equilibrium and non - equilibrium
osmotic response of individual cells. J. Microsc. 139. 249 
-263.

McLellan, M. R., Morris, G. J., Coulson, G. E., James, E. 
R. , and Kalinina, L. V. ( 1984 ) Role of cytoplasmic
proteins in cold shock injury of amoeba. Cryobiology 21, 44
- 59.

Molisch, H. ( 1897 ) translation 1982 Investigations into 
the freezing death of plants Cryoletters 3., 331 - 390. 
Moor, R. M., and Trounson, A. 0. ( 1977 ) hormonal and
follicular factors affecting maturation of sheep oocytes 
matured in vitro and their subsequent developmental 
capacity. J. Reprod. Fertil. 49, 101 - 109.

Moore, G. P. ( 1975 ) The RNA polymerase activity of the
pre-implantation mouse embryo. J. Embryol. Exp. Morphol. 
34, 2 , 291 - 298.

388



References

Moore, H. D. M., Hall, G. A., and Hibbit, K. G. ( 1976 ) J. 
Reprod. Fert. 47, 39 - 45.

Morris, G. J., Clarke, K. J., and Clarke, A. ( 1977 ) The 
cryopreservation of Chlorella 3. Effect of heterotrophic 
nutrition on freezing tolerance. Archives of Microbiology 
114. 249 - 254.

Morris, G. J., Coulson, G. E., and Clarke, A. ( 1984 ) Cold 
shock injury in Tetrahymena pyriformis. Cryobiology .21_, 664
- 671 .

Mortimer, D., Templeton, A.A., Lenton, E.A., and Coleman, 
R .A . ( 1986 ) Influence of abstinence and ejaculation - to
- analysis delay on semen analysis parameters of suspected 
infertile men. Archives of Andrology, 8 , 251 - 256.

Myers, S. P., Lin, T. T., Pitt, R. P., Steponkus, P. L.
( 1987 ) Cryobehaviour of immature bovine oocytes. Cryo - 
Letters 8 , 260 - 275.

Nakagata, N. ( 1989 ) High survival rate of unfertilized
mouse oocytes after vitrification. J. Reprod. Fertil. 87, 
2, 479 - 483.

389



References

Niedermeyer, W., Parish, G. R., and Moor, R. ( 1976 ) The 
elasticity of the yeast cell tonoplast related to its 
ultrastructure and chemical compostion. I. Induced swelling 
and shrinkage : a freeze - etch membrane study.
Cytobiologie. 1_3, 364 - 374.

Parkening, T. A., Tsounda, Y., and Chang, M. C. ( 1976 ) 
Effects of various low temperatures, cryoprotective agents 
and cooling rates on the survival, fertilizability and 
development of frozen - thawed mouse eggs. J. Expt. Zool. 
369 - 374.

Parkening, T. A., and Chang, M. C. ( 1977 ) Effects of
cooling rates and maturity on the recovery, and 
fertilization of frozen - thawed rodent eggs. Biol. Reprod. 
17, 527 - 531 .

Parkes, A. S. ( 1945 ) Preservation of human spermatozoa at 
low temperatures. Brit. Med. J. ii 212 - 213.

Parkes, A. S. and Smith, A. U. ( 1954 ) Preservation of rat 
ovarian tissue grafted after exposure to low temperatures. 
Proc. Royal Soc. B, 140, 455.

390



References

Parrot, D. M. V. ( 1960 ) The fertility of mice with
orthotopic ovarian grafts dervived from frozen tissue. J. 
Reprod. Fert. 1_, 230 - 241 .

Pickering, S. J., and Johnson, M. H. ( 1987 ) The influence 
of cooling on the organization of meiotic spindle of the 
mouse oocyte. Human Reproduction 2 ( 3 ), 207 - 216.

Pickering, S. J., Johnson, M. H., Braude, P. R. , and 
Houliston, E. ( 1988 ) Cytoskeletal organization in fresh, 
aged, and spontaneously activated human oocytes. Human 
Reproduction 3. ( 8 ) , 978 - 989.

Pincus, G., Saunders, B. (1939 ) The comparative behaviour 
of mammalian eggs in vivo and in vitro. VI The maturation 
of human ovarian ova. Anat. Rec. 7_5f 537.

Polge, C., Smith, A. U., Parkes, A. S. ( 1949 ) Revival of 
spermatozoa after vitrification and dehydration at low 
temperatures. Nature 164, 666.

Polge, C., Wilmut I., and Rowson, L. E. A. ( 1974 ) The low 
temperature preservation of cow, sheep and pig embryos. 
Cryobiology 1_1_, 560.

391



References

Porter, R.N., Smith, W., Craft, I.L., Abdulwahid, N.A., and 
Jacobs, H.S. ( 1984 ) Induction of ovulation for in-vitro 
fertilisation using buserelin and gonadotropins. Lancet. 1_, 
2, 1284 - 1285.

Powers, R. D., ( 1982 ) Changes in mouse oocyte membrane
potential and permeability during meiotic maturation. J. 
Experimental Zoology 221, 365 - 371 .

Powers, R. D., and Tupper, J. T. ( 1974 ) Some
electrophysiological and permeability properties of the 
mouse egg. Devel. Biol. ,38, 320 - 331.

Pushkar, N. S., Itkin, Y. A. Bronstein, V. L., Gordiyenko, 
E. A., and Kozmin, Y. V. ( 1976 ) On the problem of 
dehydration and intracellular crystallization during 
freezing of cell suspensions. Cryobiology 13, 147 - 152.

Pursel, V. G., Johnson, L. A., and Gerrits, R. J. ( 1968 ) 
Goat and LDH enzyme activities in cold-shocked and frozen 
boar semen. J. Anim. Sci. 27., 1788.

Pursel, V. G., Johnson, L. A., and Gerrits, R. J. ( 1970 ) 
Distribution of glutamic oxalecetic transaminase and lactic 
dehydrogenase activities in boar semen after cold shock and 
freezing. Cryobiology _7, 141 - 144.

392



References

Quinn, P., Warnes, G. M. , Kerin, J. F., and Kirby, C.
( 1985 ) Culture factors affecting the success rate of in 
vitro fertilization and embryo transfer. Ann. New York 
Acad. Sci. 442. 1

Quinn, P. J. ( 1985 ) A lipid phase separation model of low 
temperature damage to biological membranes. Cryobiology 22, 
128 - 146.

Quinn, P. J., Salmon, S., and White, I. G. ( 1968 ) The
effect of cold shock and deep freezing on ram spermatozoa
collected by electrical ejaculation and by an artifical
vagina. Aust. J. agric. Res 1_9, 119.

Quinn, P. J., and White, I. G., ( 1966 ) The effect of cold 
shock and deep freezing on the concentration of major 
cations in spermatozoa. J. Reprod. Fert. 1_2, 263 - 270.

Quinn, P. J., White, I. G., and Cleland, K. W. ( 1969 )
Chemical and ultrastructural changes in ram spermatozoa 
after washing, cold shock and freezing. J. Reprod. Fert. 
1_8, 209 -220.

393



References

Rail, W. F., Mazur, P., and McGrath, J. J. ( 1983 )
Depression of the ice nucleation temperature of rapidly 
cooled mouse embryos by glycerol and dimethyl sulphoxide. 
Biophys. J. 41_ ( 1 ), 1 - 1 2 .

Rail, W. F., and Fahy, G. M. ( 1985 ) Ice free
cryopreservation of mouse embryos at -196^0 by 
vitrification. Nature 313. 573 - 575.

Rapatz, G., Sullivan, J. J., and Luyet, B. ( 1968 )
Preservation of erythrocytes in blood containing various 
cryoprotective agents, frozen at various rates and brought 
to a given final temperature. Cryobiology 5., 1 8 - 2 5 .

Robertson, J.A. ( 1987 ) Ethical and legal issues in
cryopreservation of human embryos. Fertil. Steril. 47., 371 
-381 .

Ruffing, N. A., Parks, J. E., Pitt, R. E., and Steponkus, 
P. L. ( 1990 ) Effects of developmental stage on the
osmotic properties of bovine oocytes. Cryobiology 27,
( 6 ) , 675.

394



References

Rule, G. S., Law, P., Kruuv, J., and Lepock, J. R. ( 1980) 
Water permeability of mammalian cells as a function of 
temperature in the presence of Dimethylsulfoxide: 
Correlation with the state of the membrane lipid. J. Cell. 
Physiol. 1_03., 407 - 416.

Sathananthan, A. H., Trounson, A. O., Freeman, L., and
Brady, T. ( 1988 ) The effect of cooling human oocytes.
Human Reproduction 3 ( 8 ) ,  968 - 977.

Sathananthan, A. H., Trounson, A. 0., and Freeman, L.
( 1987 ) Morphology and fertilizability of frozen human
oocytes. Gamete Research 1_6, 343 - 354.

Sathananthan, A. H., Ng, S. C, Trounson, A. 0., Bongso,
A.,Ratnam, S. S., Ho, J., Mok, H., and Lee, M.N. ( 1988 ).
The effects of ultrarapid freezing on meiotic and mitotic 
spindles of mouse oocytes and embryos. Gamete Research 21, 
385 - 401 .

Savitz, D., Sidel, V. W., and Solomon, A. K. ( 1964 )
Osmotic properties of human red blood cells. J. Gen. 
Physiol. 18, 79.

395



References

Schroeder, A. C., and Epigg, J. J. ( 1984 ) The
developmental capacity of mouse oocytes that matured 
spontaneously in vitro is normal. Devel. Biol. 102. 493 - 
497.

Schroeder, A. C., Downs, S. M., and Epigg, J. J. ( 1988 ) 
Factors affecting the developmental capacity of mouse 
oocytes undergoing maturation in vitro. Ann. New York Acad. 
Sci. 541, 197 - 204.

Schroeder, A. C., and Epigg, J. J. ( 1989 ) Developmental 
capacity of mouse oocytes that undergo maturation in vitro 
: effect of the hormonal state of the oocyte donor. Gamete 
Res. 24, 81 - 92.

Schroeder, A. C., Champlin, A. K. , Mobraaten, L. E., and 
Epigg, J. ( 1990 ) Developmental capacity of mouse oocytes 
cryopreserved before and after maturation in vitro. J. 
Reprod. Fert. 89, 43 - 50.

Scott, R. ( 1985 ) Legal Issues in IVF. Clinics in
Obstetrics and Gynaecology 1_2 ( 4 ), 893 - 909.

396



References

Seppala, M. ( 1985 ) The world collaborative report on in 
vitro fertilization and embryo replacement : current state 
of the art in January 1984. Ann. N.Y. Acad. Sci. 442. 558 - 
563.

Sha'afi, R. I., and Gary - Bobo, C. M. ( 1973 ) Water and 
non - electrolyte permeability in mammalian red cell 
membranes, in Progress in Biophysics and Molecular Biology 
26, 105 - 146.

Shabana, M., and McGrath, J. J. ( 1988 ) Cryomicroscope
investigation and thermodynamic modeling of the freezing of 
unfertilized hamster ova. Cryobiology 25., 338 - 354.

Shalgi, R., Dekel, N., and Kraicer, P. F. ( 1979 ) The
effect of LH on the fertilizability and development of rat 
oocytes matured in vitro. J. Reprod. Fert. .55., 429 - 435.

Shelanski, M. L., Gaskin, F., and Cantor, C. R. ( 1973 ) 
Microtubule assembly in the absence of added nucleotides. 
Proc. Natl. Acad. Sci. USA. 765 - 768.

Sherban, K., Tu, S. M., Melkerson, M., and McGrath, J. J. 
( 1985 ) Determination of water permeability and its
activation energy for giant Paucilamellar egg lecithin 
liposomes. Cryobiology 2.2, 628.

397



References

Sherban, K. ( 1987 ) Application and analysis of a
microscope diffusion chamber. M. S. Thesis, Michigan State 
University.

Sherman, J. K., and Lin, T. P. ( 1958 a ) Survival of
unfertilized mouse eggs during freezing and thawing. Proc. 
Soc. Biol. Med. 98, 902 - 905.

Sherman, J. K. , and Lin, T. P. ( 1958 b ) Effects of
glycerol and low temperature on survival of unfertilized 
mouse eggs. Nature 181, 785 - 786.

Sillerud, L. O., and Barnett, R. E. ( 1982 ) Lack of
transbilayer coupling in phase transitions of 
phosphatidylcholine vesicles. Biochemistry 2±, 1756 - 1760.

Silvares, O. M., Cravalho, E. G., Toscano, W. M., and 
Huggins, C. E. ( 197 5 ) The thermodynamics of water
transport from biological cells during freezing. J. Heat 
Transfer 97., 582 -588.

Sinensky, M., Duwe, G., and Pinkerton, F. ( 1979 ). Defective 
regulation of 3 - hydroxy - 3 methylglutaryl coenzyme A
reductase in a somatic cell mutant. J. Biol. Chem. 254, 11, 
4482 - 4486.

398



References

Smith, A. U. ( 1952 ) Behaviour of fertilized rabbit eggs 
exposed to glycerol and to low temperatures. Nature 170. 
374 - 375.

Smith, A. U. and Polge, C. ( 1950 ) Survival of bull
spermatozoa at low temperatures. Nature 166, 668 - 669.

Speth, V., and Wunderlich, F. ( 1973a ) The macronuclear
envelope of Tetrahymena pyriformis GL in different 
physiological states. 3. Appearance of freeze-etched 
nuclear pore complexes. J. Cell. Biol. 47., 3, 772 - 777.

Speth, V., and Wunderlich, F. ( 1973b ) Membranes of
Tetrahymena. II. Direct visualisation of reversible 
transitions in biomembrane structure induced by 
temperature. Biochim. Biophys. Acta 291, 621 - 628.

Spring, K. R., and Hope, A. ( 1978 ) Size and shape of the 
lateral intercellular spaces in a living epithelium. 
Science 200, 54 - 58.

Steponkus, P. L ., Wolfe, J., and Dowgert, M. F. ( 1981 ) In 
Effects of Low Temperature on Biological Membranes Eds. G. 
J. Morris and A. Clarke, Academic Press, London, pp. 307 - 
322.

399



References

Steptoe,P. C., Edwards, R.G., and Purdy, J. M. ( 1971 )
Human blastocysts grown in culture. Nature 229. 132 - 133.

Steptoe, P. C., and Edwards, R. G. ( 1976 ) Reimplantation 
of a human embryo with subsequent tubal pregnancy. Lancet 
i, 880 - 882.

Steptoe, P. C., and Edwards, R. G. ( 1979 ) Birth after the 
reimplantation of a human embryo. Lancet II 366.

Steptoe, P. C., Studies in pregnancy established by in 
vitro fertilization. In Thompson W., Joyce, D. N., Newton, 
J. R. ( 1985 ) Eds. In Vitro Fertilization and Donor
Insemination. The Royal College of Obstetricians and 
Gynaecologists. London. 241 - 251.

Swartz, W. J., Schuetz, A. ( 1975 ) Morphological diversity 
of oocytes released from the adult mouse ovary. Am. J. of 
Anatomy .3, 365 - 372.

Szollosi, D., Mandelbaum, J., Plachot, M., Salat - Baroux, 
J., and Cohen, J. ( 1986 ). Ultrastructure of the human
preovulatory oocyte. J. In Vitro Fertil. Embryo Transfer 3., 
232 - 242.

Tate, J. E. ( 1989 ) In vitro maturation of bovine oocytes 
and measurement of their water permeabilities. MS Thesis 
Massachusetts Institute of Technology.

400



References

Testart, J., Lassalle, B., Belaisch-Allart, J., Forman, R., 
Hazout, A., Volante, M., and Frydman, R. ( 1987 ) Human
embryo viability related to freezing and thawing 
procedures. Am. J. Obstet. Gynecol. 157. 1, 168 - 171.

Toner, M., Cravalho, E.G., and Armant, D. R. ( 1990 ) Water 
transport and estimated transmembrane potential during 
freezing of mouse oocytes. J. Membrane Biol. 115. 261 -
272.

Toupin, C.J., Le-Maguer, M., and McGann, L.E. ( 1989 )
Permeability of human granulocytes to dimethyl sulfoxide. 
Cryobiology. 26, 5, 422 - 430.

Trounson, A. 0. ( 1986 ) Preservation of human eggs and
embryos. Fertil. Steril. 46, 1, 1 - 12.

Trounson, A. 0., Willasden, S. M., and Rowson, L. E. A.
( 1976 ) The influence of in vitro culture and cooling on 
the survival and development of cow embryos. J. Reprod. 
Fert. 47, 367 - 370.

Trounson, A.O., Leeton, J.F., Wood, C., Webb, J., and Wood, 
J. ( 1981 ) Pregnancies in humans by fertilization in vitro 
and embryo transfer in the controlled ovulatory cycle. 
Science. 212. 681 - 682.

Trounson, A. 0., Mohr, L. R., Wood, C., and Leeton, J. F.
( 1982 ) Effects of delayed insemination on IVF culture and 
transfer of human embryos. J. Reprod. Fert. .64, 285 - 294.

401



References

Trounson, A., and Mohr, L. ( 1983 ) Human pregnancy
following cryopreservation, thawing and transfer of an 
eight - cell embryo. Nature 305. 707 - 709.

Tsounda, Y., Parkening. T. A., and Chang, M. C. ( 1976 ) 
In vitro fertilization of mouse and hamster eggs after 
freezing and thawing. Experientia, 32, 223 - 224.

Vincent, C., Garnier, V., Heyman, Y., and Renard, J. P.
( 1989 ) Solvent effects on cytoskeletal organization and 
in - vivo survival after freezing of rabbit oocytes. J. 
Reprod. Fert. 82, 809 - 820.

Vincent, C., Pruliere, G., Pajot - Augy, E., Campion, E., 
Garnier, E., and Renard, J. P. ( 1990 ) Effects of
cryoprotectants on actin filaments during cryopreservation 
of one - cell rabbit embryos. Cryobiology 21_, 9 - 2 3 .

Van Blerkom, J., and Bell, H. ( 1986 ) Regulation of
development in the fully - grown mouse oocyte : chromosome 
mediated temporal and spatial differentiation of the 
cytoplasm and plasma membrane. J. Embryol. Exp. Morphol. 
93, 213 - 238.

Van Uem, J.F.H.M., Siebzehnrueble, E.R., Schuh, B., Koch, 
R. , Trotnow, S., Lang, N. Birth after cryopreservation of 
unfertilized oocytes. Lancet i, 752 ( 1987 ). 23

Wales, R.G., and White, I.G. ( 1959 ) The susceptibilty of 
spermatozoa to temperature shock. J. Endocrin. 1_9, 211-220.

402



References

Warnock, Warnock Report, Department of Health and Social 
Security, ( DHSS ), 1984

Wassarman, P. M., Greve, J. M., Perona, R. M., Roller, R. 
J., and Salzmann, G. S. ( 1984 ) How mouse eggs put on and 
take off their extracellular coat, pp 213. In : Molecular 
Biology of Development. A.R. Liss New York. Ed. Davidson, 
E., and Firtel, R.

Watson, P. F. ( 1981 ) The effects of cold shock on sperm 
cell membranes. In : Effects of Low Temperatures on
Biological Membranes Ed. Morris, G. J. , and Clarke, A., 
Pub. Academic Press pp. 189 - 219.

Whitten, W. K. ( 1971 ) Nutrient requirement for the
culture of pre - implantation embryos in vitro. In : 
Schering Symposium on Mechanisms Involved in Conception. 
Adv. in the Biosci. Ed. Raspe Pergamon Vieweg, Oxford. Adv. 
Biosci. 6, 129 - 139.

Whittingham, D. G. ( 1971 ) Culture of mouse ova. J.
Reprod. and Fert. Suppl. 1_4, 7 - 2 1 .
Whittingham, D. G. ( 1974 ) Embryo banks in the future of 
developmental genetics. Genetics, Suppl., 7j3, 395 - 402 .

Whittingham, D. G. ( 1975 ). Survival of rat embryos after 
freezing and thawing. J. Reprod. Fertil. 43, 3, 575 - 578.

403



References

Whittingham, D. G. ( 1977 ) Fertilization in vitro and
development to term of unfertilized mouse oocytes 
previously stored at -196°C. J. Reprod. Fertil. 49, 89 - 
94.

Whittingham, D. G., Leibo, S. P., and Mazur, P. ( 1972 ) 
Survival of mouse embryos frozen to -196°C and -269°C. 
Science 178. 411 - 414.

Whittingham, D. G. , and Adams, C. E. ( 1976 ) Low
temperature preservation of rabbit embryos. J. Reprod. 
Fertil. 47, 2, 269 - 274.

World Health Organization ( 1986 ) Laboratory manual for 
the examination of human semen and semen - cervical mucus 
interaction.

Willasden, S. M., Polge, C., Rowson, L. E. A., Moor, R. M.
( 1976 ) Deep freezing of sheep embryos. J. Reprod. Fertil.
46/ 151 - 154.

Wilmut, I. ( 1972 ) The effect of cooling rate,
cryoprotective agent and stage of development on survival 
of mouse embryos during freezing and thawing. Life Science 
11, 1071 - 1079.

Wilmut, I. ( 1973 ) The low temperature preservation of
mammalian embryos. J. Reprod. Fert. H ,  513 - 514.

404



References

Wilmut, I., and Rowson, L. E. A. ( 1973 ) The successful 
low temperature preservation of mouse and cow embryos. J. 
Reprod. Fert. 33, 3 5 2  -  3 5 3 .

Wilmut, I., Polge, C., and Rowson, L. E. A. ( 1975 ) The 
effect on cow embryos of cooling to 20, 0 and -196°C J. 
Reprod. Fert. 45, 409 - 411.

Wolfe, J., and Steponkus, P. L. ( 1981 ) The stress :
strain relation of the plasma membrane of isolated 
protoplasts. Biochim. Biophys. Acta 643, 663 - 668.

Wood, C., Downing, B., Trounson, A., Rogers, P., ( 1984 )
Clinical implications of developments in in vitro 
fertilization. Br. Med. J. 289, 978 - 980.

Wood, C., McMaster, R. , Rennie, G. , Trounson, A., and 
Leeton, J., ( 1985 ) Factors influencing pregnancy rates
following in vitro fertilization and embryo transfer. 
Fertil. Steril. 43, 245 - 250.

405


