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Abstract

Paternal heat stress has been reported not only to damage spermatogenesis, endocrine and

biochenlical functions of testjcular tissues, but also to affect the development of

preimplantation, implanting and post-implantation embryos in both animals and humans

(Setchell, 1998). However, the relationship between the development of preimpìantation

embryos and the extent of damage of germ cells during heating has not been considered in

detail and the molecular mechanisms underlying the effect of paternal heat stress on the

development of embryos have not been investigated. These issues form the focus for the

studies presented in this thesis. All work was undertaken in mice, using Fl C57/CBA

pfogeny.

Preliminary investigations were undertaken to examine the effects of three media (CZB,

KSOM and HCO3HTF). volume and type of oil, and frequency of observation on the

development in vitro of mouse zygotes in orde¡ to determine an optimised in vitro culture

system. The results showed that a CZB medium was better than KSOM and HCO3HTF

media; the volume of paraffin oil applied had the potential to affect the development of

preimplantation embryos depending on the type of culture media; paraffin oil was better

than mineral oil in protecting zygotes in culture and finally, repeated observation (every

24h) did not affect the development of embryos to the blastocyst stage.

To investigate the effects of paternal heat stress on the development in vitro of

preimplantation embryos rn the mouse, normal female mice were superovulated using

PMSG/hCG and mated either to an untreated (control) male mouse or to one that had been

exposed for 24h to an ambient temperature of 36o I 0.1'C and 62 + 0.47o relative
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humidity, between 3 and 42 days previously. Putative zygotes were collected from the

oviducts of mated mice, 25-28h after hCG injection, and cultured in vitro. Embryo

development was evaluated at 24h intervals for up to 120h. Paternal heat stress accelerated

the development of some zygotes, but retarded the developmental capacity of others during

the initiaì 24h of culture and also of later stages during 48h-120h of culture. The proportion

of zygotes that developed normally during 24-120h was significantly reduced by paternai

heat stress of sires 7-35 days before mating. Development was comparable to control levels

when sired by males at days 3 or 42 after heating. Maximum impairment to development

occurred in embryos sired by males at days l4 and 2l after heating. The number of non-

developing, abnormal and dead embryos significantly increased by day J , and reached the

highest levels by days 14 and 21, then recovered to the cont¡ol levels by day 42 aftet

heating. Furthermore, whilst all stages of embryo development were affected by paternal

heat stress, the development of embryos from the zygote to 2-cell stage appeared to be

most severely affected. Consequently, 4-cell to morula stages and morula to blastocyst

stages also demonstrated substantial impairment.

To examine the effect of paternal heat stress on the development in vivo of embryos,

synchronized female mice were mated either to a control male mouse or to one that had

been exposed at 7, 2I or 35 days previously, for 24 h to an ambient temperature of 36 t

0.3"C and 66 + 5.67o relative humidity. Embryos were collected from the oviducts of mice

ar 14 ro 16h,34 to 39h or 6l to 65h after mating or from the uterus at 85 to 90h after

mating. Morphology and stage of development of embryos was examined visually and the

number of cells within blastocysts was also detemined using bisbenzimide-propidium

iodide staining. Paternal heat stress retarded the development of embryos. Paternal heat

stress 7 days before mating reduced the proportions of embryos developing to 8-cell to

X



morulae, hatched blastocysts, and tot¿ri blastocysts. The number of inner cell mass (ICM)

and trophectoderm (TE) cells within blastocysts was also reduced. Paternal heat stress 21

days before mating reduced the proportion of 2-cell and 8-cell to morula embryos with no

embryos developing to blastocysts. There were also increases in the number of zygotes and

abnormal embryos. Paternal heat stress 35 days before mating decreased the proportion of

2-cell embryos, expanded blastocysts and also reduced the number of ICM and TE cells in

the blastocysts.

To explore the effect of paternal heat stress on protein patterns of embryos, superovulated

mice were caged with a control male mouse or one that had been exposed at7, 14 or 2l

days previously for 24h to an ambient temperature of 36 t 0.3"C and 62 + 2.77o relative

humidity. To investigate protein patterns, 2-cell embryos and morulae of zygotes, sired 7,

14 and 21 days after heating of the male were collected, 20 and64h after culture in vitro in

CZB medium and processed for one-dimensional gel electrophoresis and silver staining.

The results did not suggest any significant diftèrences in protein profiles between control-

and heat-sired 2-cell embryos and between control- and heat-sired morulae. Following that,

to study protein synthesis, two-cell embryos. 4-cell embryos, morulae or blastocysts of

zygotes, sired 7, l4 and 2l days after heating of the male were collected, 18, 39, 63 or 87h

respectively after culture in vitro in CZB medium, and then cultured for 3h in 50¡tl CZB

medium containing 200 ¡rCi/ml of ¡3551-methionine. Embryos were washed three times and

processed for one-dimensional gel electrophoresis and autoradiography. No significant

differences in protein synthetic patterns were detected for embryos sired 7 or l4 days after

paternal heat stress, but heat stress 2l days before mating did significantly alter protein

patterns of 2-cell and abnormal embryos. To extend these investigations, 2-cell embryos

and morulae of zygotes, sired 2l days after heating of the male were collected, 18 and 63h
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after culture in vitro in CZB medium, then cultured for 3h in 50¡tI CZB containing

500prCi/ml of [3sS]-methionine, and finally processed for two-dimensional gel

electrophoresis and phosphoimagrng. The results indicated that paternal heat stress

significantly influenced protein profìles of 2-cell embryos and morulae. A srgnificant

number of ptoteins were not synthesized in heat-sired embryos at this stage, and others ran

at a different pI to that observed in control-sired embryos.

The present results demonstrate that a single episode of paternal heat stress as little as 7

days before mating significantly reduces the development of preimplantation embryos, but

this can be recovered by day 42 after heating. Paternal heat stress 21 days prior to mating

has the most significant impact on retarding the development of 2-cell embryos and

morulae, and this is associated with significant changes in the patterns of protein synthesis

by these embryos. These results also support previous work suggesting that sperrn from the

epididymis as well as gerrn cells in the testis are susceptible to damage from heat stress,

with both spermatids and spermatocytes being most the vulnerable germ cells within the

testls.

On the basis of the work presented in this thesis, it is proposed that the model used can

now be applied to further investigate the molecular mechanisms underlying the effects of

paternal heat stress on the development of preimplantation embryos. More detailed

investigation of the changes identified ìn specific proteins, and the genes regulating the

expression of these proteins are clearly warranted.
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Ghapter One

Literature Review



This review will focus mainly on fertilization, the development of preimplantation embryos

and implantation in the mouse, but with reference also to other animals and humans. The

effects of heat-stress on male reproduction will be also reviewed.

1.1 Fertilization

1.1.1 Introduction

Fertilization is a complex process whereby haploid male and female gametes (the spem

and ovum, respectively) unite to form a diploid zygote with the potential to produce a

complete individual. It includes the following processes: 1) the maturation of the sperm and

the ovum before fertilization:2) the encounter of the spenn and the ovum; 3) the

penetration of the ovum by the spenn; 4) the formation of the male pronucleus (from the

sperm) and the female pronucleus (from the ovum); 5) the gowth and development of the

pronuclei; 6) the breakdown of nuclear envelopes and finally, 7) the union and pairing up of

the two chromosome groups and the production of a zygote. The essential feature of

fertilization lies in the mingling of paternal and maternal chromosomes, which will

constitute the genetic material of the new individual and restore the diploid chromosome

number.

Mammalian fertilization has been studied in the laboratory for more than a century. The

many steps that lead to the union of male and female gametes have been examined in

greater detail more recently with the introduction of experimental protocols such as in vitro

fertilization and molecular brology. However, compared with in vivo fertilization, in vitro

fertilization can result in high incidences of polyspermy (207o-84Vo) in the pig (Niwa,

1993), a longer gestation period, an increased incidence of abortions and a higher perinatal
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mortality in cattle and sheep (Behboodi et al., 1995; Hasler et al., 1995; Sinclair et al.,

1995; Kruip and den Dass, 1997), and low birth weights in humans (MRC, 1990). This

suggests that there are some mechanisms operating in normal in vivo fertilization that are

not so well supported with in vitro procedures, but many of these processes remain

unknown. Therefore, this section will concentrate on recent progress in understanding the

main processes involved in mouse fertilization, including the transport of male gametes in

the female tract, sperm capacitation and lhe acrosome reaction, activation of the ovum and

the formation of pronuclei.

1.1.2 the transport of male gametes in the female reproductive tract

Mouse semen is generally deposited in the uterus (Zamboni, 19'72). The sperm are

transported to the site of fertilization (lower ampulla) by their own motility and by

contractions of the myometrium while seminal, uterine and oviductal fluids are also

important for sperm transport in the female reproductive tract.

The distribution of mouse sperrn varies within sites of the female reproductive tract. The

average number of sperm per ejaculate is 50 million, but the number of sperm in the

ampulla of the oviduct is below 100 (Harper, 1994). The reasons for this are discussed

below: 1) the establishment of sperm reservoirs at the uterotubal junction and within the

isthmus significantly influences the population of sperrn at the site of fertilization. In the

lower isthmus, the sperm are stored by two possible mechanisms, namely, immobilization

and adherence of sperm to the epithelial walls (Suarez, 1987); 2) the female reproductive

ttact might also actively select sperm reaching the site of fertilization. Excluded sperm are

not necessarily non-fertilizrng, but are probably less able to negotiate the female

reproductive tract. One example of selection is the exclusion of presumed diploid sperm

2
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from the mouse oviduct (Krzanowska, 1974) resulting in very few such sperrn fertilising

ova in vivo. However, diploid mouse sperrn appear to be very fertile in vitro (Maudlin and

Fraser, 1978) and amount to apploximately l7o of fetllising sperm (Fraser and Maudlin,

1979); 3) Most "vanguard" sperm are dead and most pass into the peritoneal cavity; 4)

Endocrine changes could regulate sperrn transport. In an ovulatory cycle, Graafian follicles

secrete increasing concentrations of oestradiol as they undergo growth and maturation.

High levels of oestradiol lead to oedema of the mucosa and increased tonicity of the

reproductive tract, resulting in partial promotion of G-adrenergic receptors in the autonomic

nervous system (Hunter, 1988). As a consequence, the patency of the isthmus is reduced,

thereby impeding speÍn migration. On the other hand, during the interval between the

luteining hormone (LH) surge and ovulation, steroid secretion shifts critically from

oestradiol to progesterone predominance (Short, 1972). In addition, the concentrations of

follicular relaxin and prostaglandins of the E series increase in the reproductive tract, An

overall consequence of these specific endocrine changes is a reduced tonicity and an

increased patency of the isthmus, thus increasing migration of sperm.

The release of sperm from the isthmic reservoirs into the site of fertilization could be

triggered by the arrival of ova, their immediate investments and/or follicular fluid. A more

challenging question is how the live sperm/ova ratio can be l:l or below 1 at the site of

fertilization (Zamboni, 1972; Hunter, 1996). Three levels of control ovet the number of

sperrn activated and released from the functional reservoir in the caudal region of the

isthmus have been proposed. Firstly, a countercurrent transfer of ovarian follicular

progesterone tiom the ovarian vein into the tubal branch of the ovarian artery could be

involved (Hunter, 1996). The concentration of progesterone so transfen'ed would be

proportional to the number of preovulatory follicles and thus to the number of ova to be

shed and would act progressively to reduce sperrn binding to the endosalpinx of the caudal
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isthmus. Differential timing of the release of sperm from epithelial binding may be acrucial

means of achieving the initial low sperm/ova ratio. The second control mechanism could be

by means of molecular messages derived from the mucified oocyte-cumulus complex

shortly before and after the time of ovulation. Third, reolientation of sperm trajectories by

molecular gradients within the cumulus cell mass may direct competent sperrn to those

oocytes as yet unpenetrated (Hunter, 1,996). Together these differing levels of control would

impose low sperm/ova ratios during the initial stages of fertilization, thus probably

preventing polyspermy fertilization.

1.1.3 Sperm capacitation

Although speûn that have matured in the epididymis are capable of moving actively, they

do not have the immediate ability to fertilise ova since these sperm can not be capacitated.

Sperm capacitation involves physiological and biochemical (functional) changes that render

the sperm competent to fertilise after residing in the female tract or in vitro medium for

some period of time.

1.1.3.1 The time of sperm capacitation

The accurate time for sperm capacitation is not completely known. However, based on the

time of penetration of a spermatozoon into an ovum, the capacitated times reported for

several species are shown in Table 1.1.

The time of spetm capacitation in the female reproductive tract varies according to the

species. This could be ¡elated to different sites (vagina or uterus) of semen deposition, the
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time of transport and the time between insemination and ovulation in the female

reproductive tract.

Table 1.1 The time of sperrn capacitation in the female tract

l 955
t962
r956
r 953
1968
t969
t956
1951

1963
1968
t963
t969
1968
t969
1969

Chang
Adams and Chang
Austin and Braden
Noyes
Whittingham
Iwamatsu and Chang
Strauss
Chang and Sheaffer
Chang and Yanagimachi
Hunter and Dziuk
Mattner
Austin
Marston and Kelly
Edwards et al.

Bavister et al.

5-6

t-2

2-3

3.5
2

1.5

6-7
J

6-31

Vag.ina

Uterus

Uterus

Uterus

Uterus
Cervix and uterus
Vagina
Vagina
Vagina
Vagina

Rabbit

Rat

Mouse

Hamster

Fenet
Pig
Sheep

Ca¡tle
Monkey
Man

YearAuthors
Time of

capacltatron
(h)

Sites of semen
deposition*Species

* From Anderson (1977)

In addition to the uterus and the fallopian tube, capacitation can also occur in sites such as

the anterior chamber of the eye, the colon and the bladder (Noyes et al., 1958), the isolated

vagina (Bedford, 19'70) and oestrous uteri from other species (Bedford and Shalkovsky,

1967; Hamner and Sojka, 1967).

1.1.3.2 Mechanism of sperm capacitation

Sperm capacitation has been shown to be correlated with changes in spern plasma

membrane fluidity, intracellular ion concentrations, metabolism and motility (Yanagimachi,

1994), Cellular and molecular events during capacitation are summarised in Fig l.l.
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Oestrogen and other factors

Albumins Steroid sulfatase

Cholesterol
Depletion Removal of steroid

sulfates and DF

5'AMP cAMP

ATP

PK-A

I
Hyperactivation ¡a STK <+ Capacitation

. Fig 1.1 A possible mechanism of mouse sperm capacitation

(1) Oestrogen and other factors in the female reproductive tract result in an increase of both albumin and

steroid sulfatases in the reproductive tract; (2) An increase ofalbumins leads to the loss ofcholesterol from the

membrane, while an increase of steroid sulfatase results in the removal of steroid sulfates and DF from the

sperm plasma membrane. A total consequence of these activities leads to changes of fluidity and permeability

of the plasma membrane, thus giving rise to increases in Ca" and HCO, concentrations; (3) The increase in

Ca'* and HCO,- permeability and the action of FPP alter the cAMP metabolism. This could occur by the Ca2'

and or HCO, and FPP inducing activation of adenyl cyclase (AC), resulting in an increase in intracellular

cAMp. Ca2' could also alter the hydrolysis of cAMP by stimulating the activity of sperm tyrosine kinase(s)

(STK) and/or inactivation ofphosphoprotein phosphatases, the net results being an increase in protein tyrosine

phosphorylation events leading to capacitation and/or hyperactivation of motility are initiated.

(Visconti et al., 1995a,b; Adeoya-Osiguwa and Fraser, 1996; Harison et al', 1996; Green etal.,1996).

I
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During their epididymal transit, sperm absorb sialoglycoproteins (Gordon et al., 1974;

Nicolson et al., lgll), sulphoglycerolipids (Ishizuka et al., 1913; Farooqui, 1918;

Kornblatt, 1919), sulfates (Lalumiere et al., 1916; Legault et al., l979a,b; Langlais et al.,

l98l;Bouthillier et al., 1984) and decapacitation factor (DF). These compounds are marnly

localized on the plasma membrane overlying the acrosome (Langlais el al., l98l) and

possess membrane-stabilizing properties. In addition, sterol sulfates inhibit in vitro sperrn

capacitation and fertilization in the hamster (Bleau et al., 1975) and decrease the pregnancy

rate of rabbits (Burck et al., 1982).

Steroid sulfatase in the fallopian tube, endometrium and Graafian follicles of the human

(Lalumiere et al., 1976) and in hamster cumulus cells (Langlais and Roberts, 1985) or the

oocyte-corona-cumulus complex can stimulate spenn capacitation in mouse (Gwatkin et al.,

I9'74), hamster (Gwatkin et al., 1972; Bavister, 1982) and human (Tarlatzis et al., 1984).

Surface charge modification and a loss of sterol sulfates may result in the redistribution of

attractive and repulsive forces between polar head $oups of membrane lipids, the

enhancement of lateral diffusion of lipids and alteration of lipid boundaries and membrane

domains.

During sperm capacitation, membrane cholesterol depletion and a concomitant decrease in

the cholesterol to phospholipid molar ratio (c/p) occur (Davis et al., 1979, 1980; Davis and

Gergely, 1979;Davis, 1978, 1981; Langlais et al., 1981). Cholesterol has been known to

bind to specific proteins in the plasma membrane (Levy, 1981). Exchange rates between the

cell membranes and the extracellular compartment are mediated by serum levels of

lipoproteins i.e. the high-clensity lipoproteins (HDL), the low-density lipoproteins (LDL)

and the very-low-density lipoproteins (VLDL), apoliprotein-A-l (ApoA-l), albumin and by

lecithin:cholesterol acyltransferase (LCAT) activity (Van Deenen and Degier, 1974). The
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concentration and distribution of lipids bound to lipoproteins in plasma are modified by

gonadal hormones (Russ et al., 1955). Oestrogen increases citculating levels of HDL

(Anderson et al., 1978), plasma levels of ApoA-1 (Schaefer et al., 1983) which is acceptors

for cellular cholesterol (Fielding and Fielding, 1981;Oram et al., 1981) stimulates LCAT

activity (Yokoyama et al., 1980) and LCAT receptors (Chao et al., 1919, 1981). Moreover,

oestrogen can stimulate maximal uterine levels of albumin (Beier, I974), cause a decrease

in the c/p ratio of unfractionated plasma (Russ et al., 1955) and stimulate cholesterol efflux

from cell membrane. In addition, cholesterol exchange rates increase in the presence of

serum or albumin (Fogelman et al., 1977) because cholesterol acceptors are present in

uterine, oviductal and follicular fluids (Davis, 1981; Langlais, et al.,1981).

In summary, sulfatase in the reproductive tract may remove steroid sulfates on sperrn

plasma membrane; oestrogen increases uterine levels of albumin, levels of HDL and ApoA-

1 and stimulates LCAT activity, which in turn depletes the amount of the cholesterol on

sperrn plasma membrane. These changes may result in redistribution of phospholipid-

proteins on sperrn plasma membrane, change sperm plasma membrane fluidity and increase

membrane permeability to ions.

There is still some dispute concerning the changes in intracellular Ca2+ during sperrn

capacitation. Early experiments suggested that Ca2+ is required only at the end of the

capacitation (Yanagimachi and Usui, 1974). However, current evidence suggests that all

capacitation processes involve a rise in intracellular Ca2+ concentration (White and Aitken,

1989; Fraser and McDemott, 1992; DasGupta et al., 1993; Visconti et al., 1995a). How

does intracellular Ca2+ rise? Decapacitation lactor (DF) present on the sperm plasma

membrane stimulates the endogenous activity of calmodulin-regulated Ca2+-ATPase which

is present in the head membrane of mouse sperm (Adeoya-Osiguwa and Fraser, 1996) and
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tail membranes of boar (Ashraf et al, l982a,b), buffalo (Sidhu and Guraya, 1989), guinea

pig (Gordon et al., 1983) and ram sperrn (Bradley and Forrester, 1980). Ca2+-ATPase

actively maintains a low intracellular Ca2+. Sperm transport is associated with inactivatjon

of DF, resulting in reduced activity of Ca2+-ATPase. This allows Ca2+ within the sperm

head to rise modestly (Adeoya-Osiguwa and Fraser, 1996). The rise of intracellular Ca2+

induces activation of adenyl cyclase (AC), resulting in an increase in intracellular cAMP.

Simultaneously, Ca2+ can also alter the hydrolysis of cAMP by stimulating the activity of

cyclic nucleotide phosphodiesterase(s) (PED). The increase in cAMP then results in the

activation of protein kinase A (PK-A) which leads to the activation of spenn tyrosine

kinase(s) (STK) and/or inactivation of phosphoprotein phosphorylases. As a consequence

of an increase in plotein tyrosine phosphorylation, events leading to capacitation and/or

hyperactivation of motility are initiated (Visconti et al., 1995a,b).

The concentration of intracellular HCO3- also changes during capacitation. Studies have

shown that sperm capacitation (in vivo or in vitro) requires a rise of intracellular HCO3-

(Lee and Storey, 1986; Neill and Olds-Clarke, 1987; Boatman and Robbins, l99l; Visconti

et al., 1995a,b). The rise of intracellular HCO3- may alter cAMP metabolism, resulting in

protein tyrosine phosphorylation and capacitation (Visconti et al., 1995a,b). A recent study

showed that bicarbonate causes a major, rapid and reversible alteration in sperm plasma

membrane lipid architecture, apparently by perturbing enzymic control processes. This

novel action of bicarbonate may represent an initial permissive event in the process of

capacitation (Harrison et al., 1996).

Feltilization promoting pepticle (FPP), a tripepticle structurally related to thyrotrophin

releasing hormone (TRH), coming fiom the prostate gland and/or semen of several species
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including the human, rabbit and mouse (Thetford et al., 1992; Cockle, 1995), has been

shown to stimulate capacitation and fertilizing ability in both mouse and human sperrn

(Green et al., 1996). FPP contacts sperm al ejaculation and probably remains attached to

cells for some time. FPP stimulates capacitation as the sperm ascend the reproductive tract.

Adenosine, present in seminal plasma and the female reproductive tract, could either

augment FPP's action or replace it if FPP is lost from the cell surface. Green et al. (1996)

showed that FPP and adenosine might act by modulating the adenylate cyclase/ cAMP

signal transduction pathway to promote capacitation, but inhibit spontaneous acrosomal

exocytosis. However, the actual mechanism of action by FPP remains unknown.

1.1.4 The acrosome and acrosome reaction

The mouse spenn acrosome is a membrane-limited organelle which is localized under the

sperrn plasma membrane and outside the nucleus of the mature spermatozoon. This

organelle is a product of the Golgi complex and is synthesized and asbembled during

sperrnatogenesis. The acrosome includes the outer acrosomal membrane and the inner

acrosomal membrane. It also consists of the anteriorly located acrosomal cap and the

posteriorly located equatorial segment. The acrosomal enzymes are mainly localized in the

acrosomal cap, but not in the equatorial segment. The major acrosomal enzymes are listed

in Table 1.2 (Yanagimachi. 1994).

The acrosome reaction (AR) involves fusion and vesiculation of the outer acrosomal

membrane with the plasma membrane, thus leading to the subsequent exposure of the

acrosomal contents to the extracellular environment. This process is also considered as an

exocytotic plocess. AR is ineversible because of changes of structures of the sperm plasma

membrane and the outer acrosomal membrane. Furthermore, the AR has at least two
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functions: namely rendering sperm capable of penetrating through the zona, and enabling

the sperm to fuse with the ovum plasma membrane (Yanagimacht,1994)'

Tablel .2.Enzymes reported to be of acrosomal origin

l.l.4.l The site of the AR in vivo

It has been shown so far that the site of the AR in vivo is ovum-associated extracellular

matrix ancl the zona pellucida. In studies where sperm are recovered from reproductive

tracts of naturally mated and artificially inseminated females (rabbit, hamster and mouse), a

majority of the sperïn collected from the ampullary region of the oviduct and not associated

with the zona pellucida appear swimming freely but have not undergone the AR (Bryan,

I974;Overstreet and Cooper, 1979; Cummins and Yanagimachi, 1982; Suarez et al., 1983)'

Sperm associated with the cumulus oophorus complex are either unreacted or have

undergone the AR (Yanagimachi ancl Noda, 1970; Cummins and Yanagimachi, 1982);

Only sperm associated with the zona pellucida have either undergone acrosomal changes

(Shalgi et al., 1989) or have completed the AR (Cummins and Yanagimachi, 1982). In vitro

stuclies have also shown that the zona pellucida from diffèrent species may induce the AR

of homologous sperrn (Cherr et al., 1986; O'Rand and Fisher, 1987; Cross et al., 1988).

N-Acety lhexosamini dase

Galactosidase
Glucuronidase
L-Fucosidase
Phospholipase C

Cathepsin D
Cathepsin L
Ornithine decarboxyl ase

Calpain
Metalloendoprotease
Caproyl esterase
Peptidase

Hyaluronidase
Acrosin
Proacrosin
Acid proteinase
Esterase
Neuraminidase
Phosphatase
Phospholipase A
N-acety glucosaminidase
Arylsulfatase
Arylamidase
Collagenase
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Although the AR occlrrs in sperm bound to both the cumulus oophorus complex and the

zona pellucida, it is not completely clear whether the AR is induced by components of the

cumulus oophorus and/or the zona pellucida in the reptoductive tract.

1.1.4.2 lVlechanism of AR

The zona receptors (Rzp), activated by one of the zona glycoproteins (ZP3), stimulate a G

protein which in turn stimulates phospholipase C (PLC) activity in the sperrn plasma

membrane. PLC cleaves phosphatidylinositol diphosphate (PIP2) into diacylglycerol

(DAG) and inositol triphosphate (IP¡). IP3 increases intracellular Ca2+ concentration by

releasing Ca2+ from intracellular stores. DAG activates Ca2+-dependent protein kinase C

(PK-C) that phosphorylates proteins. A part of IP3 is methylated to become IP4 which then

regulates the opening of voltage-dependent Ca2+ channels, thus allowing a massive influx

of extracellular Ca2+. Some of Ca2+ acts on membrane phospholipids directly to facilitate

membrane fusion. The activated G protein also stimulates phospholipase A2 GLA) which

cleaves phosphatidyl choline (PC) into lysophosphatidyl choline (LC) plus arachidonic acid

(AA), both known to be highly fusogenic (namely fusion between the outer acrosomal

membranes and the spenn plasma membranes). Simultaneously, phospholipase D (PLD)

activated by G protein cleaves PC to choline and phosphatidic acid (PA) which is also

fusogenic. One should realize that Ca2+ itself is fusogenic by neutralizing a negative charge

of membrane phospholipids. Activated G protein also triggers another chain reaction,

activating adenylate cyclase (AC) which in turn stimulates cAMP production. PK-A is

cAMP-dependent and phosphorylates proteins essential for the acrosome reaction. Some of

the cAMP acts on a gated Na+ channel to allow Na+ influx and H+ efflux, brtnging about a

rise in intracellular pH (Yanagimachi, 1994).
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The influx of Ca2+, a rise in intracellular pH and the production of the fusogenic

compounds decribed above a¡e all believed to be essential for the acrosome reaction.

1.1.5 Sperm entry and penetration through the zona pellucida

Although the means by which sperrn penetrate the zona is not completely known, the

tbllowing mechanism is currently accepted. Acrosin, released from sperm during the AR,

hydrolyzes and "softens" the zona (Urch et al., l985a,b), allowing an acrosome reacted

sperrn to insert its head into the substance of the zona. In the immediate vicinity of the

sperm head, the zona surface appears eroded, forming a hole or sperrn track (Inoue and

'Wolf, 1975; Inoue et al., 1984). Subsequently, the sperrn penetrates through the zona by

means of its hyperactive motility (Yanagimachi, 1994).

1.1.6 Block to polyspermy

It is important that the zona pellucida (ZP) and ovum plasma membrane work

synergistically to reduce the chance of polyspermy. The zona reaction refers to the

combined effects of modification of ZP molecules (Fowler et al., 1986), cortical granule

(CG) exocytosis (Sato, 1979) and zona hardening by means of cross-linking of tyrosine

residues in the zonaby the catalytic action of CG peroxidase (Gulyas and Schnell, 1980),

thus preventing polyspermy. The ovum plasma membrane (oolemma) is an important site

of polyspermy block and drastically reduces its ability to fuse with sperm after fertilization.

Although the extracts of fèrtilized ova can render approximately 3O7o of zona-free

unfertilized mouse ova incapable of fusing with sperm, the specific mechanism by which

polyspemy is blocked remains unknown.
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1.1.7 Activation of the mouse ovum

Followrng the ZP induced AR, the sperm penetrates the ZP and gains access to the

perivitelline space. An activation event(s) occurs in the ovum as a result of the interaction

of specific regions of the sperrn plasma membrane wjth the ovum plasma membrane. This

membrane interaction results in a transient rise in Ca2+ within the ovum, which will initiate

all the events of ovum activation.

Activation of the mouse ovum, like the ovum of most other species, depends on an increase

in the concentration of intracellular free calcium, but the mechanism by which the

fertilizing sperm triggers the rise in the intracellular Ca2+ is not completely known. There

are two hypotheses about the sperm-induced ovum activation, namely, receptor-mediated

activation in the ovum and effects of soluble sperrn factors on calcium release.

Several studies have shown that sperm-induced activation of mouse ova could be regulated

by a heterotrimeric G protein-coupled receptor because G protein has been found in the

mouse ovum. Sperm-induced ovum activation is blocked by injection of guanosine-5'-O-

(2-thiodiphosphate) (GDPßs) (Connolly et aI., 1982) which inactivates G protein (Williams

et al., 7992; Moore el al., 1994). However, a sperrn receptor in the ovum plasma membrane

that might transduce a signal to one of the second messenger systems has not been

demonstrated. In addition, ovum integrins and sperm disintegrins have been shown to be

involved in sperm-ovum binding and fusion (Almeida et al., 1995; Evans et aì., 1995). The

interaction of integrins with extracellular ligands can activate severaÌ intracellular signalling

events such as tyrosine phosphorylation (Lipfert et al., 1992), changes in intracellular

calcium concentration (Pelletier et al., 1992), activation oi phospholipase C (Cybulsky et
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al., 1993) and changes in gene expression (Yurochko et al., lgg2). However, there is no

evidence yet that integrins are involved in Ca2+ release in ova at fertilization.

The lerlilizing sperm could release factors to modulate or promote Ca2+ release in the

ovum. Swann (1990, 1992) has shown that extracts of boar and hamster sperrn initiate Ca2+

oscillations in the mouse ovum. Although the factors that cause Ca2+ release have not been

identified, they are heat and trypsin sensitive, suggesting they are proteins. Moreover,

sperrn microinjected into mammalian ova can also activate mammalian ova (Kline, 1996).

In most animals, the centrosome introduced by the sperm at fertilization, typically

organizes the radially symmetric spenn aster and after duplication, organizes the two poles

of the first mitotic spindle. This requirement for the spenn centrosome ensures biparental

contributions at fertilization (Schatten, 1994). However, in the mouse, the centrosome has

been shown to be maternally inherited and associated equally with both parental

chromosome sets at fertilization (Schatten et al., 1991). Schatten (1994) further postulated

that the functional restoration of the zygotic centrosome at fertilization requires the

attraction of maternal centrosomal components to the paternal reproducing elements, along

with post-translational modifications.

During oocyte maturation, an endoplasmic reticulum (ER) has been found to be present in

the cortex and throughout the interior of the cells. There are many large and bright clusters

of ER in the cortex, just beneath the plasma membrane. These accumulations of ER are 1-2

¡rm in diameter and hi,uhly polarized. being localizecl to the cortex that contains cortical

vesicles and mictovilli. It has been shown that sperm preferentially fuse in the region of the

ovum having surfàce microvilli and cortical granules in the cortex. Inositol 1,4,5-
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trisphosphate (IPr) receptors have been found on the ER cluster-s (Kline, 1996). The

structural reorganization of the ER in mouse ova correlates with differences in sperm- and

IP3-induced ca2+ release. cytosolic ca2+ levels increase the sensitivity of the Ip,recepror

to IP3' Therefore, this evidence may suggest that the fertilizing sperm acts on Ip, receptors

on the ER clusters of the cortex, thus promoting Ca2+ release.

The transient rise in intracellular ca2+ would lead to cortical granule exocytosis and the

release from meiotic arrest that permits the ovum to complete the second meiotic division,

pronuclear formation, deveropment and finalry formation of azygote.

1'2 Development of preimplantaion Embryos in the Mouse

Preimplantation mouse embryos are designated as those embryos between fertilization and

tntra-uterine implantation. They are found free in the oviduct or uterus.

To explore the effect of paternal heat stress on the development of preimplanttaion embryos

in the mouse, it is necessary to understand the cell cycle, the uptake, metabolism and

utilization of nutrients, gene regulation and theil significance in the development of
preimplantation embryos.

1.2.1 Biology of preimplantation mouse embryos

The biology of preimplantation enrbryos is not completely understood because o[ technical

and other limjtations. Therefore, in this section, only recent advances in the biology of
embryos will be presented, including morphological and ultrastructural changes at the
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vanous stages, the chronology

intraembryonic cells.

of embryonic development and the polarity of

1'2'7'7 Morphological and ultrastructural changes of preimplantation mouse embryos

using a light microscope, preimplantation mouse embryos can be dividecl into two groups,

namely the cleavage stages and the blastocyst. The cleavage stages involve increasing the

number of cells within the embryo through mitosis, but not the formation of a blastocoele.

They include the l-cell embryo (also called the zygote), the 2-cell embryo, the 4-cell

embryo' the 8-cell embryo and the morula (early or compacting). The blastocyst arises with

the formation of the blastocoele and separation of the embryonic cells into trophoblast and

inner cell mass. Blastocyst stages may be classified into the early blastocyst, the expanding

blastocyst and the hatched blastocyst following loss of the zonapellucida (see Fig 1.2).

The ultrastructure of mouse embryos varies with the developmental stage. Microvillous

distnbutions on the surface of cells within embryos are different at the various stages.

studies have shown that there are microvilli evenly distributed on the surface of 1-cell,2-

cell and 4-cell embryos, approximately 0. 13 ¡tmin diameter and varying from 0.1 to 4 ¡tm

in length (calarco and Epstein, \973). The first polar body lacks microvilli and often

localizes near a smooth region on the ovum's surface, but the surface of the second polar

body is covered with microvilli. At the 8-cell stage, smooth portions of the membrane are

localized at and/or near the regions of blastomere contact, while microvilli local jze at the

regions where there are no blastomere contacts. During the morula stage, the microvilli are

variable in number and in distribution. Their number often increases in the regions of cell

contact within embryos. This probably strengthens the contact and aids communication

between cells' At the transition from the morula to the blastocyst, the surface of the
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Fig 1.2. Preimplantation stages of mouse embryo development

A:Zygote,O.5 day of gestation (d.g.); B: 2-cell stage, 1.5 d.g.; C: 4-cell stage, 2.0 d.g.; D: Compacting

morula (8- to 16-cell stage), 2.5-3.0 d.g.; E: Early blastocyst stage (32 cells), 3.5 d.g.; F: Expanded

blastocyst stage (-64 cells); inner cell mass is out of focal plane, X340; G: Thick-section scanning

electronmicrographs of 3.5 d.g., mouse blastocyst showing large, rounded cells of inner cell mass and

flattened cells of trophectoderm, X595 (selected from Pedersen and Burdsal, 1994).
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bìastocyst ranges from many long microvilli to fewer and short microvilli or be nearly

smoolh. Moteover, both the trophoblast cells and inner cell mass celÌs are significantly less

microvillous than the outer surface of the embryo. Another feature involves changes in the

junctions between cells at the different stages. No specialized juncrions are found in the 1-

cell, the Z-cell or the 4-cell embryo. However, in the 8-cell embryo, thin cell processes

occasionally extend from one cell across another. During the morula stage, the cells are

bound together by thin cell processes. At the blastocyst stage, the area of contact between

cells increases strikingly and intercellular junctional ridges are seen, corresponding to the

protruding strands. Finally, cellular morphology also changes at the different stages. Before

the morula stage, the cells appear round. During the blastocyst stage, the outer cells change

from a spherical to a flattened shape, with an appearance of characteristic trophoblast cells.

They have larger cell processes extending from one cell across other cells and there are no

gaps between cells. Intercellular boundaries are not marked by surface ridges. Compared

with the trophoblast cells, cells of the inner cell mass are rounder and show gaps between

cells. Microvilli occasionally are seen crossing from one cell to another at cell-cell

boundaries (Calarco and Epstein,1973; Epstein, 1975).

It is concluded from the above evidence that embryonic morphology and ultrastructure

undergo a series of changes as embryo development proceeds. These could be related to the

nutrient requirement of the embryo, communication between the embryo ancl the oviduct or

uterus and differentiation of embryonic cells.

1.2-1.2 The chronology and polarity of development of preimplantation embryos

The chronology of the development of preimplantation embryos varies with the ditferent
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species. Table 1.3 shows only the chronology of mouse embryo development (Theiler,

1e8e).

Tabjel.3 The chronology of mouse embryo deveropment (Theiler, l9g9)

2l-23
38-50
50-60
60-70
60-80
66-82
96-1 10

84

Morula,/blastocyst

2-cell
4-cell
8-cel I

16-cell
Compaction morula
Blastocyst
Hatching

Time in oviduct (relative to ovulation)

Development stage on entering the uterus

Time
(h)

Stage
(relative to first contact with sperm)

Since the speed of differentiation of blastomeres changes at each stage of development,

each stage requires a different time for development. Based on the chronology of

development, embryos at different stages may be recovered from the oviduct or the uterus

in order to study embryo metabolism, protein patterns ancl gene expression at the various

stages

The polarity of preimplantation mouse embryos is associated with cell differentiation into

trophoblast and inner cell mass cells. Handyside (1980) examined the distriburion of

binding sites for rabbit-anti-species antiserum, concanavalin A (ConA) and peanut

agglutinin (PNA) on dissociated blastomeres from 2- to l6-cell mouse embryos, using

direct (blastomere-fluorescein-conjugated antisera) and indirect (blastomere-antisera-

fluorescein-conjugatecl goat anti-rabbit IgG) immunofluorescence techniques. He found that

paraformaldehyde-fixed blastomeres from 2-to 8-cell precompaction embryos were
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uniformly surface-labelled, but 7O7o of late compact 8-cell blastomeres showed quantitative

polarization of surface Iabelling and l6-cell blastomeres were either polarization (53.3Vo) or

uniformly surface labelled. These lesults sLrggest that the polarity mainly generates at the

late 8-cell stage' During the l6-cell stage, the cells progress to be either polar or apolar.

Polar cells appear relative large in size, display polar distribution of microviìli. Ligand-

binding sites are Iess adhesive in agglegation experiments, but do tend to envelop apolar

cells completely when aggregated to them and occupy an outsicle position in the

undisturbed embryos. Apolar cells appear relatively small in size, have sparse but uniform

distribution of microvilli, Iabel uniformly over their surfaces with a variety of fluorescent

ligands, are readìly adhesive in celì aggregation experiments and occupy an inside position

(Handyside, l98l; Reeve and Ziomek, l9g1; ziomek and Johnson, l9g2: Johnson and

Ziomek,1983).

1.2.2 The cell cycle of early preimplantation embryos

During early embryonic development, cell differentiation must be temporarily and spatially

regulated because in some non-mammalian species, one important component of temporal

regulation has been shown to be the cell cycle (Satoh and Ikegami, 19g1a,b; Newport and

Kirschner, r982a,b; Edgar et al., 1986). Moreover, studies in the mouse embryo have also

shown that at least some steps in differentiation may be related to specific ceìÌ cycles or cell

cycle protein kinases (Smith and Mclaren, 1977; Spindle et al., l9g5; Howlett, 19g6;

Garbutt et al., 1987; Chisholm, 19gg; Moore et al., 1996). Recent studies have shown that

cell receptivity to developmental signals and hence entry rnto a new state of differentiation

and/or developmental commitment coulcl be limited to a partrcular phase of the cell cycle.

The passage of time during embryogenesis may be measured by the numbers of cell cycles
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elapsed since a prior time-setting ever.ìt. Therefore, an unclerstanding of the kinetics of the

cell cycle ln blastomere cells is extremely important.

1.2.2.1 The eukaryotic mitotic cell cycle and its regulation

In order to understand the cell cycle of the blastomeres, it appears significant to firstly

understand the eukaryotic mitotic ceil cycle and its reguration.

The eukaryotic mitotic cell cycle consists of mitosis (M) and interphase (I) stages. M is

short and produces two separate daughter cells, each containing a complete set of

chromosomes. I represents the longest part of the cell cycle and includes â gap period

before DNA synthesis (Gl), a period of DNA synrhesis (S) and anorher gap period (G2)

after S and before M (Fig 1'3). Although Gl and G2 are gap periods of the cell cycle, their

functions are different. During Gl, cells undergo growth and can be affected by external

factors (e.g. growth factors, cell-cell contact and cAMp) (Matsushime et al., 1994; Ando

and Griffin, 1995), thus triggering proliferation or differentiation. Towards the end of Gl,

ceìls lose their ability to responcl to environmental factors and commit to mitosis. During

G2, celìs are able to check whether DNA replication is completed before M is initiated.

Nigg (1995) reported that the different phases of the cell cycle are regulared by a family of

protein kinases called cyclin-clependent krnases (cdks) within the cell. The cdks possess the

kinase activity only when they combine with cyclins, proteins whose levels undergo cyclic

changes throughout the cell cycle. Several different types of cyclins and cdks have been
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Daughter Cell

G1

314

G2 S

Fig1.3. The phases and regulations of the cell cycle

M--mitosis; Gl, S and G2 comprise interphase (I); l--cyclin B-cdc2 complex; 2--cyclin Dl-cdk4 complex,

cyclin D2-cclk4 complex and cyclin D3- ccik6 complex; 3--cyclin E-cdk2 complex; 4--cyclin A-cdk2

complex.

found to be present within cells, which are classitied as Gl or M phase cyclin-cdk

complexes according to their amounts and roles in the different phases of the cell cycle

although some are required for normal passage through S-phase. The different cyclin-cdk

complexes regulate the different phases of the cell cycle. Cyclin B-cdc2 complex regulates

the entry and exit of the cell from M-phase, while a combination of cyclin Dl, D2 or D3

with cdk4 or cdk6 controls the progression through Gl and entry into S-phase (Matsushime

et al., 1994; Meyerson and Harlow, 1994; Yallance et al., 1994). These conclusions have

been supported by studies demonstrating that overexpression of either cyclin D1 or D2 in

rat fibroblasts decrease the Gl transit time by several hours (Quelle et al., 1993) and

microinjection of a monoclonal antibody to cyclin Dl results in cell cycle arrest at Gl. The

cyclin E-cdk2 complex has been found to be present during Gl, and its kinase activity

increases by late Gl and controls the early stage of DNA replication (Dulic et al., 1992;

Jackson et al., 1995; Ohtsubo et al., 1995). Finally, lhe cyclin A-cdk2 compex and its

associated kinase actìvity increase ancl peak during S phase and may control progression of

DNA synthesis (Girald et at., l99l;Pagano etal.,1992;Zindy etal., 1992).
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1,2.2.2 The cell cycle of preimplantation mouse embryos

Timesforthefirstfivecellcyclesof mouseembryosaresummarizedinTable 1.4-

Table L4 Summary of values for phases of the first five cycles of mouse embryos

1,3,6,8,9,10, I 1,14
2,4,5,',|,9,10,14.
5,9,1r,12.
9,12.
IJ

4 5-l
0-2
1-1

2

2

!

2t

5

4-7
+-t
7

1

8-9

1-8

12-18
5-5
J

0.

l-
2

First (l-cell stage)
Second (2-cell stage)
Third (4-cell stage)
Fourth (8-cell stage)
Fifth (16-cell stage)

Refèrences*Length of phase (h)
Gl S G2+M

Cell Cycle

*1. Lutharclt and Donahne, 1913:2. Luthardt and Donahne, I9'75;3. Abramczuk and Sawicki, 1915l. 4.

Siracusa et al., 1975; 5. Sawicki et al., 1978; 6.,Domon, 1980; 7. Bolton et al., 1984; 8. Krishna and Generoso,

1979; 9. Streftèr et al., 1980: 10. Molls et al., 1983; ll. Howfett and Bolton, 1985; 12. Smith and Johnson,

1986; 13. Chisholm, 1988; 14. Moore et al., 1996.

ï Includes completion of meiosis II in most studies.

The following points are relevant to Table 1.4: l) The variation in each phase may be

related to different mouse strains, different ovulation procedures and different techniques

for evaluating the lengths of each phase. However, the striking point is that the length of

each phase of the cell cycle is limited to a certain value; 2) The third, fourth and fifth cell

cycles have a similar length in each phase of the cell cycle. Conversely, the first and second

cell cycles have different lengths in Gl and G2+M, but the same length of S phase. This

evidence may imply that the first two cell cycles following feltilization of mouse ova have

unique characteristics when compared with the subsequent three cell cycles and play an

important role in the development of the embryo.

Prior to fertillzation, the mouse ovum is arrested at metaphase of the second meiotic

dtvision. Fertilization results in the completion of meiosis and the subsequent initiation of

the first mitotic division. The transition from meiosis to first cell division occurs about 45-
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60 min following fertilizatron, as evidenced by the emission of the second polar body. The

f'ormation of a pronuclear envelope that sunouncls and separates the male and the female

pronuclei occurs about 4-5h following polar body emission and onset of the first mitotic

division. Therefore, DNA replication of the maternal and paternal chromosomes occurs in

separare comparrments and is initiated by mid-S phase at the first cell cycle (Worrad et al.,

1994; Schultz and Womad, 1995). The Gl to S transition in the first cell division occurs in

the absence of transcription. Finally, the early cell cycles of the mouse embryo proceed in

the absence of cell growth.

There are also differences between the characteristics of the first and second cell cycles in

rhe mouse embryo. l) Although the length of the first two cell cycles is similar (-20h)' Gl

in the first cell cycle is much longer than that in the second cell cycle (4.5-12 h vs 0-2 h)

(see Tablel.4), while G2+M in the l-cell embryo is shorter than that in the 2-cell

embryo.(1-8 h vs 12-18 h) (see Table 1.4).2).In contrast to the first cell cycle, both sets of

chromosomes replicate within a single nucleus in the 2-cell embryo. 3) The level of

rranscription in the 2-cell embryo is significantly higher than in the l-cell embryo (Ram and

schultz,1993).

Differences between the first two cell cycles could be regulated by cyclin-cdk complexes

within blastomeres like somatic cells and this may also determine the fate of subsequent

embryo development. Moos et al. (1995) reported changes in the levels of cdc2 and cyclin

82 proteins as well as the activity of the cyclin B-cdc2 kinase complex throughout the first

cell cycle following fertilization. Subsequently, Moore et al. (1996) determined four main

patterns of levels of PCR products for Gl-S regulating genes during the first two cell cycles

in mouse embryos. These are: l) steady levels for cyclin A; 2) steady levels followed by a

2-3 fblcl increase during the G2 phase of the second mitotic cell cycle for cyclin Dl, E,

r
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cdk2 and P2l; 3) a transient increase during the S and/or G2 phase of the first mitotic cell

cycle for P27 (ce\l cycle regulatory protein), cyclin D3 and the two forms of cdk2; and 4)

higher levels during the first cell cycle and then a decrease with lower levels during the

second mitotic cell cycle for cyclin D2 and Rb (Retinoblastoma).

Studies have shown that many of the changes in the pattem of protein synthesis in the 1-cell

mouse embryo are products of mobilization and translation of maternal mRNAs, whereas

many of the changes during the second mitotic cell cycle are products of the activation of

the zygotic genome (Howlett, 1986; Conovet et al., 1991; Latham et al., l99l). This

conclusion is supported by Moore et al. (1996) who showed that the increase in the amount

of PCR products for the cdk4 gene during the first cell cycle was due to polyadenylation,

whereas the increase in the amount of PCR products for cdk4, cdk2 and cyclin D I and E in

the second mitotic cell cycle was a product of activation of the embryonic genome.

However, other studies have also shown a significant level of transcription at the G2 phase

of the first cell cycle (Ram and Schultz , 1993; Worrad et al., 1994). This suggests that the

activation of embryonic genome begins to occur at the G2 phase of first cell cycle and

becomes more significant in lhe second cell cycle.

1.2.3 The uptake, metabolism and utilization of nutrients in preimplantation embryos

The development in vivo of embryos is controlled and regulated by many factots, such as

hormones, cell paracrine and autocrine secretions and interaction and communication

between mother and ernbryos. In contrast. when embryos are cultured in vitro, owing to

unsuitable composition of medium, their development may be inferior to that in vivo.

Therefore, appropriate uptake, metabolisnr and utilization of nutrients such as proteins,

carbohydrates, amino acids, vitamins, growth factors and othel substrates by preimlantation
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embryos are important for their health and development. These nutrients have been shown

to provide beneficial factors to culture milieu and improve embryo development (Bavister,

1995). In addition, the uptake, transport and the roles of carbohydrates particularly glucose

and amino acids in embryo culture have also been more extensively studied, compared with

other nutrients such as proteins, growth factors and vitamins. This is because glucose and

amino acids are not complex and can replace other nutrients in supporting embryo

development. Both glucose and some amino acids are used as energy sources for embryo

development. As embryos develop, glucose is used as a precursor of macromolecules i.e.,

ribose moieties for DNA and RNA synthesis whose synthesis increases dramatically during

the later preimplantation stages (Leese, 1991). Furthermore, glucose may act as an internal

signal at the cell surface and within the cells for embryo development. For example, Chatot

et al. (1994) reported that a l-min exposure to 27 mM glucose in CZB at 42h of culture

supported a high rate of development of the l-cell mouse embryos to the blastocysts (757o).

This must be due to some signalling effect because glucose can not be taken up in this short

time by the mouse embryos.

Amino acids may not only be used for protein synthesis, triacylglycerols and other lipids.

but also play other roles in preimplantation embryo development. Evidence from in vitro

culture has shown that taurine may help them resist oxidative, osmotic and other stresses

(Huxtable, 1992). Glycine protects against a rise of inorganic ions within embryos since

excesses of inorganic ions in cells probably perturb the structures and activities of some

enzymes. The ability of glycine to improve development of preimplantation embryos at the

high ionic concentrations of ovlductal fluid-tike medium probably occurs by this same

mechanism (Van Winkle et al., 1990).
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1.2.3.7 The uptake and transport of carbohydrates in preimplantation embryos

Many studies have indicated an increase in glucose uptake between the l- and 2-cell stages,

but no[ between 2- and 8-cell stages, followed by a gradual increase at the morula and

finally a rapid increase at the blastocyst stages (V/ales and Brinster, 1968; Leese and

Barton, 1984; Butler et al., 1988). Pyruvate is easily utilized by the early preimplantation

stages, followed by a decrease at the early morula stage. The uptake of other carbohydrates

including citrate, malate and 2-oxoglutarate increases belween the2- and 8-cell stages, with

further increases in malate and oxoglutarate to the morula stage (Wales and Biggers, 1968;

Kramen and Biggers, 1971). In vitro studies have also shown that glucose is inhibitory

during the first 48h or at the l- to 4-cell stages whereas at the 4- to 8-cell stages exposure to

glucose for24h, and even for only I min, is stimulatory for embryo development (Chatot et

al., 1989, L990, 1994). However, when KSOM is used, glucose is not inhibitoly at any

stages of preimplantation embryos (Summers et al., 1995) which is more consistent with the

high concentrations of glucose reported in vivo in the oviduct and the uterus (Gardner and

Leese, 1990; Leese, 1995).

Glucose can be transported across membranes by two different types of mechanisms,

namely a sodium-coupled active carrier system that is expressed in epithelial cells

(Esposito, 1984) and a sodium-independent facilitative glucose transporter system (Wheeler

and Hinkìe, 1985). Gardner and Leese (1988) studied glucose transporter systems in

preimplantation mouse embryos by measuring glucose uptake by single mouse blastocysts

at different concentrations (1, 2,3,4,5mM) of glucose and found that the glucose transport

system consists of a simple and a facilitated diffusion system. Subsequently, using a

medium containing specific inhibitors of glucose (phloretin or cytochalasin B) or a medium

containing sodium ions or no sodium ions, they found that the inhibitors signrficantly
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inhibited glucose uptake, but the absence of sodium had no eff-ect on glucose uptake by

single mouse blastocysts. They concluded that preimplantation embryos possess a sodium-

inclependent facilitated transporter system for glucose which strengthens transport function

as embryos develop (Table 1.5).

Table 1.5 The effect of the presence and absence of phloretin on

glucose uptake by different stage embryos (Gardner and Sakkas, 1993)

nd: not detectable (glucose uptake remained close to zero)

It has been shown that a sodium-independent, facilitated glucose transporter system ls

regulated by glucose rransport proteins GLUT 1 to GLUT 7 (Bell et a1., 1990; Kasanickl

and Pilch, 1990; Mueckler, 1990; Thorens et al., 1990; Pessin and Bell, 1992; Baldwin,

i993). In preimplantation mouse embryos, by using immunohistochemistry and reverse

transcription combined with the polymerase chain reaction (Hogan et al., l99l) and

Westem blot analysis (Aghayan et al., 1992), GLUT I has been found to be expressed

throughout mouse preimplantation embryos and may be responsible for the low levels of

glucose uptake observed from the l-cell stage onwards. GLUT 2 begins to be expressed at

the 8-cell stage and is switched on through the morula and blastocyst stage. GLUT 3 is

highly expressed at blastocyst formation (Pantaleon and Kaye, 1998). Taken together, the

0.05

0.73

0.82

4.78

nd

nd

nd

I .22

In the absence of phloretin

I -cell

2-ceIl

8-cell

Blastocyst

In the presence of phloretin

I -cell

2-cell

8-cell

Blastocyst

Glucose uptake (pmol embryo''h'')
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GLUT proteins may cooperate to be responsible for the rise in glucose uptake fiom the 8-

cell stage to the later stage of development .

The regulation of glucose transport in preimplantation embryos is not well understood.

However, recent studies have suggested that the glucose transport in the mouse blastocyst is

regulated by receptors for insulin-like growth factor I (IGF-1). The teasons for this are as

follows: l) receptors for IGF-l (Heyner et al., 1989; Rappolee et al., 1990) and insulin

(Mattson et al., 1988; Harvey and Kaye, 1988,1991) are first expressed at the 8-cell stage in

mouse embryos; 2) Insulin is almost 1,000 fold more potent in its stimulation of glucose

transport than in the stimulation of protein synthesis (Harvey and Kaye, 1988),

morphological development and cellular proliferation in mouse blastocysts (Harvey and

Kaye, 1990); 3) In the presence of insulin or IGF-I, glucose uptake by single mouse

blastocysts can be increased by from 177o to 62Vo (Gardner and Kaye, 1984; Willis et al.,

1985; Pantaleon and Kaye, 1996);4) Preimplantation embryos have stage specific binding

of glucose which appears to be strongest in the blastocyst (Pantaleon and Kaye, 1996).

Therefore, Pantaleon and Kaye (1996) proposed that IGF-1 and insulin regulate glucose

transport in mouse blastocysts via IGF-l receptors. A model for the regulation may be that

IGF-1 or insulin binds to the IGF-1 receptors but not the insulin receptor, further inducing a

signal of unknown nature. The signal leads to redistribution of intracellular vesicles

containing glucose transport protein (GLUT 1) by means of a way oi an exocytosis-like

mechanism to the plasma membrane. Following fusion of GLUT I with the plasma

membrane, GLUT I is then exposed to the extracellular medium and this causes an increase

in glucose transport activity. However, Gardner and Leese (1988) showed that glucose can

also be transported by mouse embryos in the absence of insulin, suggesting that the glucose

is also Iikely to be transported into blastomeres by other transport mechanisms.
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1.2.3.2 The uptake and transport of amino acids in preimplantation embryos

The uptake of different amino acids depends on the type of amino acid and the

developmental stages of embryos. For example, there is a small amount of uptake by ova

and zygotes, and the rate of uptake actually decreases somewhat between the l- and 2-cell

stages. There is then a small increase between 2- and 8-16 cell stages and a major increase

between the later stage and the early blastocyst stage (Brinster, l97l;Epstein and Smith,

r913).

Transport systems of amino acids in preimplantation mouse embryos vary with the kinds of

amino acids and the different stages of preimplantation embryos. The transport system for

taurine is a system p (p amino acid transport system) for the selective, Na+-dependent

uptake of taurine. This system is also expressed at all stages of preimplantation

development although its activity is greatest at the blastocyst stage (Van Winkle et al.,

1994); the taurine content of embryos increases considerably between the 2-cell and

blastocyst stages (Van Winkle and Dickinson, 1995); furthermore, mRNA encoding the

mouse taurine transpol't protein (TAUT) is present in embryos throughout preimplantation

development (Van Winkle et al., 1994). For glycine, system Gly is a Na+-dependent

transport process (Van Winkle et al., 1988). System Gly activity could depend on the

developmental stage. it has a strong activity at about the 2-cell stage, then rapidly decreases

to reach its lowest levels at the blastocyst stage. Glycine content in embryos also appears to

change in a similar manner (Van Winkle and Campione, 1996). Additionally, the complete

loss of system Gly activity at the blastocyst stage is associated with the loss of mRNA

encoding the mouse glycine transport protein. The transport system of glutamine is by a

Na+-depenclent and selective system and appears to rise dramattcally and transiently
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between the 2-cell and 4-cell stage, then decreases again (Van Winkle and Campione,

1996). From these studies, it may be concluded that transport of most amino acids is

regulated by gene transcription. However, to account for a transient rise and decrease of

glycine and glutamine uptake, Van Winkle and Campion (1996) proposed the possibility of

a transient, pulsatile expression of tt'ansport actrvities which might involve activation and

inactivation of extant transport proteins.

1.2.4 Zygotic gene activation in the mouse

During the growth phase, mouse oocytes synthesize and accumulate RNA (mRNA, rRNA

and IRNA), proteins and organelles (e.g. mitochond¡ia) which in turn direct the early

development following fertilization. This period corresponds to the time of transition from

maternal to zygotic transcription.

Zygotic gene activation (ZGA) is involved in the destruction (or loss) of most matemal

tlanscripts and the corresponding generation of new transcripts that are unique to the

developing embryo. The significance of ZGA is evident in the fact that embryos that fail to

undergo the ZGA can not develop any further. Additionally, the in vitro Z-cell

"developmental block" (Whitten and Biggers, 1968; Bavister, 1988) found when mouse

pronuclear embryos or zygotes are cultivated in some in vitro media, is often related to an

inability to undergo ZGA (Johnson and Nasr-Esfahani, 1994). However, the molecular

basis for theZGA is poorly understood in the mouse.

1.2.4.7 Time of the mouse ZGA

Most studies suggest that the ZGA occurs by the 2-cell stage in the mouse (Flach et al.,
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1982; Sawicki et al., 1982; Bensaude et al., 1983; Latham et al., 1991;Manejwala et al.,

l99l;Schulfz, 1993;Mooreetal., 1996).Thisrssupportedbythefollowrngseveral linesof

experimental evidence: l) Expression of paternally-derived isozymes is detected at the 2-

cell stage (Sawicki et al., 1982);2) The transcription-requiring complex (TRC) is a family

of structurally-related polypeptides of Mr=70,000 used to assess transcriptional activity. It

issynthesizedinthe2-cellembryo(Conoveretal., l99l)andconstitutesgreaterthan4Toof

total protein synthesis (Latham et al., 1991). In addition, it is inhibited by cr-amanitin, a

specific inhibitor of RNA polymerase II and III (Golbus et al., 1973; Conover et al., 1991)'

Thus, TRC is an accepted molecular maker forZGA.,3) Consistent with the 2-cell embryo

being transcriptionally active, analysis of cDNA libraries generated from preimplantation

embryos reveals the existence of some cDNAs only detected from the 2-cell stage onwards

(Rothstein et al., 1992); 4) The expression of several different reporter genes is easily

detected at this time (Ueno et al., 1987; Bonnerot et al., l99l; Ram and Schultz, 1993:

Wiekowski et al., 1993; Matsumoto et al., 1994); 5) Endogenous RNA polymerase activity

is detected in the nuclei of 2-cell embryos, but not the pronuclei (Moore, 1975).

On the other hand, mouse ZGA is triggered in G2 of the first cell cycle (Latham et al.,

1992; Ram and Schultz, 1993; Matsumoto et al., 1994; Christians et al., 1995) and also

supported by experimental evidence, as presented below: l) There is evidence for the

existence of TRC in G2 of the first cell cycle. To assess the presence of functional RNA

polymerase II in the recipient l-cell embryo, a donor nucleus that could express TRC but

whose endogenous RNA polymerase II was inhibited by u-amanitin, was transplanted to an

enucleated recipient l-cell embryo (Latham et al., 1992). The result showed that TRC

expression can be cletected and the level of synthesis is about 307o rhat in the mid 2-cell

when the recipient embryos are tadiolabeled in G2 of the first cell cycle, but little or no
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TRC expression was detected when the emblyos were radiolabeled in S; 2) There is also

evìdence lor the presence of functional transcription factor in the l-cell embryo. When a

plasmid containing an Spl-dependent luciferase reporter gene was microinjected into the

pronucleus, expression of this gene could be detected and the level of luciferase expressìon

in G2 was about 207o of that observed when the nucieus of a 2-cell embryo was injected

with the reporter gene. In addition, higher levels of reporter gene expression following

injection of the male pronucleus were observed, but no luciferase activity was detected

following injection of the female pronucleus (Vasseur et al., 1985; Ram and Schultz, 1993).

These results suggest that functional transcription factors which are present in the l-cell

embryo and the male pronucleus support a higher level of transcription.

In summary, the above evidence indicates that transcription is initiated in the 1-cell embryo

and that the rate of transcription dramatically increases during the 2-cell stage. Thus, the

onset of the ZGA appears to involve some activation during the l-cell stage and a more

substantial activation during the 2-cell stage. However, furthel investigation of this process

is required.

7.2.4.2 Regulation of ZGA. in the mouse

Studies have shown that changes in chromatin structure that are coupled to DNA

replication, rather than changes in the activity of transcription machinery per se, may be the

primary site of regulation of gene expression in the embryo (Schultz et al., 1995).

Chromatin is inherently transcriptionally repressed because the nucleosomal subunit

stl'ucture can prevent transcription factors tiom binding to their cognate sequences in DNA

(Wolffe, 1991,1994). In other situations, however, a positioned nucleosome is essential f,or
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transcriptional initiation (Wolffe, 1994).In some cases, the role of chromatin can at least be

modulated by post-translational modifrcation of core histones'

Histones are susceptible to a wide spectrum of modification, including phosphorylation,

ADP-ribosylation, ubiquitination and acetylation (Turner, I991, 1993; Wolffe and

Dimitrov, 1993). In addition, hyperacetylation of histone is highly correlated with

transcriptionally permissive chromatin. Nucleosomes bearing acetylated histones can bind

transcription factors in vitro, whereas nucleosomes containing hypoacetylated histones do

not (Lee et al., 1993).

Chen et al. (1986) and Worrad et al. (1995), using antibodies that recognize specific

isoforms of histone H4 together with laser-scanning confocal microscopy, found the

monoacetylated form of histones H4 in a relative uniform staining pattern throughout either

the pronuclei or nuclei in l-cell and 2-cell embryos. In contrast, an enhanced localization of

higher acetylated isoforms of histone H4 at the nuclear periphery has been found and

restricted to the 2-cell embryo, using those either cultured from the l-cell to the 2-cell stage

or from the oviduct. Such temporal and spatial distributions have not been observed in 4-

cell embryos onwards. Moreover, RNA polymerase II also appears to manifest an enhanced

peripheral localization.

The development of this regionalized domain of chromatin is under maternal control and

does not require transcription since it occurs in 2-cell embryos that are cultured from the l-

cell stage in the presence of g-amanitin; it also occurs when cytokinesis is inhibited by

cytochalasin D treatment. Inhibiting DNA replication by adding aphidicolin during early S

phase inhibits the formation of the domain of hyperacetylated histone H4 at the nuclear
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perìphery (Wonad et al., 1995). The formation of chromatin bearing nucleosomes

containing these acetylated isoforms of histone H4 may be a repressive state that develops

following the first mitosis (Wiekowski et al., 1991, 1993). Thus developmentally regulated

histone acetylation may be critlcal to sustain continued gene expression that is necessary for

further development. The onset of ZGÃ is associated with the temporally and spatially

restric ted l oc al i zati on of poten ti al ly tlan scripti on al ly pern-ri ssi ve chromatin.

1.2.4.3 Identification of genes that manifest a transient increase in expression during

the 2-cell stage

Latham et al. (1991) reported that there is a small subset of polypeptides whose relative rate

of synthesis increases transiently during the 2-cell stage. This is in contrast to the vast

majority of genes that are constitutively activated following ZGA (Schultz et al., 1995). A

DNA sequence has been subsequently found to correspond to the protein synthesis

translation initiation factoÍ eIF-4C (Schultz et al., 1995). eIF-4C stimulates the formation of

43S preinitiation complexes and the dissociation of 80S ribosomes (Hershey, 1991). The

use of two independent RT-PCR based assays indicated that there is a 3-10 fold increase in

the amount of eIF-4C between the l-celì and mid Z-cell embryos, and by the late 2-

cell/early 4-cell stage. This level ultimately decreases to a level similar to that in the l-cell

embryo. Moreover, the increase in eIF-4C is inhibited when l-cell embryos are cultured to

the mid 2-cell stage in the presence of o-amanitin. This result is consistent with the increase

in eIF-4C transcript levels being due to transcription.

7.2.4.4 Role of DNA replication in the onset of ZGt\

Earlier results have suggested that the onset of ZGA was independent of the first round of
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DNA replication (Clegg and Pikó, 1982; Poueymirou et al., 1989). The recent evidence,

however, has shown that the onset of ZGA is related to the first round of DNA replication.

Forexample, when aphidicolin is added to the l-cell embryo already in S phase, the level of

TRC expression is reduced when compared with control embryos. Therefore, inhibiting

DNA replication in turn inhibits an increase in the nuclear concentration of transcription

factors such as Spl and TBP as well as the enhanced peripheral localization of

hyperacetylated histone H4 which is correlated with ZGA (Schultz et al., 1995).

Furthermore, addition of aphidicolin to l-cell embryos prior to entry into S phase

substantially inhibits the increase in expression of eIF-4C that occurs during the mid Z-cell

stage. Conversely, addition of aphidicolin to 1-cell embryos that were in late S phase has

little effect on the increase in eIF-4C that occurs by the mid 2-cell stage (Schultz et al.,

1995). These results imply that the first round of DNA replication is "permissive".

Although chromatin is inherently transcriptionally repressive, DNA replication disrupts

assembled nucleosomes. The fertilized ovum inherits a functional transcription machinery,

e.g. RNA polymerase II associated activators and transcription factors. The clearance of

nucleosomes during DNA replication would provide a window of opportunity for these

proteins to gain access to their DNA-binding sites. This would account for the

permissiveness of the first round of DNA replication with lespect to transcription. A

spectrum of genes that would be expressed during ZGA would reflect the array of enhancer

and promoter elements that regulate the expression of a gene and the complement and

concentration of maternally derived transcription factors and enhancers (Schultz eL al.,

le95).

37



1.3 Implantation

Implantation involves a direct interaction of the trophoblast with the luminal epithelium of

the uterus when the conceptus acquires a fixed position within the uterine lumen, with the

resulI that leac]s to the establishment of the placental structures and finally assul'es a

clìalogue between the maternal cells and the conceptus. This leads to a shift from a distant

molecular dialogue by means of secreted factors to mole intimate and local exchanges

mediated by cell to cell contacts. This definition clearly shows that any factors (e.g. heat

stress) influencing normal blastocyst development could disturb the normal implantation of

with long term consequence. Therefore, it is neccessary and essential to briefly summarize

the histological structures of the uterus and the blastocyst, preparation of the endometrium

for blastocyst implantation, trophoblast-uterine adhesion and transformation of the uterus in

order to understand correctly the relationship between perimplantation embryos and the

uterus

1.3.1 The histological structures of the uterus and the blastocyst

The ute¡us consists of several layers including the uterine epithelium, basement membrane,

uterine stroma containing the uterine glands and blood vessels, myometrium and peritoneal

membrane. The mouse blastocyst is composed of trophoblast, inner cell mass and

endoderm. These structures are shown in figurel.4.
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Fig1.4. The histological structures of the uterus and the blastocyst (Cross et al., 1994)

L.3.2 Preparation of the endometrium for blastocyst implantation

The oestrogen released at about the time of ovulation in the mouse initiates the first waves

of epithelial proliferation and its withdrawal on the third day of pregnancy is responsible for

a wave of activity in the secretory glands. Progesterone from the corpus luteum then acts on

the stroma, and a little amount of oestrogen induces proliferation of the stroma on the

fourth and fifth days in preparation for implantation.

Cell differentiation also occurs in response to ovarian hormones. Oestrogen results in loss

of basal lipid-droplets (Fuxe and Nilssons, 1963), increases the height of the luminal

epithelium and the length of microvilli, makes the nuclei occupy a more basal position and

promotes an increase in the amount and prominence of the endoplasmic reticulum and

Golgi complex (Nilsson, 1958, 1959). In addition, oestrogen can also increase the activity

of several enzymes, such as alkaline phosphatase and nonspecific esterase (Hall, 1975;

Smith and Wilson, t97l). Progesterone increases cathepsin D activity, promotes the

development of extensive interdigitation of the apical microvilli on the apposed luminal

surfaces (Pollard and Finn, 1972) and the formation of pinopods (Bergstrom and Nilsson,

Ig76). Both oestrogen and progesterone lead to the development of a generalized oedema in

pre-sensitized stroma. These changes are characteristic of the first phase of uterine closure
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and therefore, associated with "presensitive" endometrium. Subsequently, the apical

membranes are more closely apposed and the surface becomes irregular because oestrogen

promotes increases in prominence of the rough endoplasmic reticulum and a reduction in

rhe number and the size of microvilli (Pollard and Finn, 1912). A little aûlount of oestrogen

and progesterone dominance results in an increase in the size of uterine glandLrlar cells and

enhanced glandular secretion (Finn ancl Martin, l97l). Moreover, progesterone and

oestrogen markedly enlarge the nucleoli and the granular component, increase the rough

endoplasmic reticulum in the sftoma which becomes distended. These changes lead to the

second stage of uterine closure. Uterine closure is advantageous to trophoblast-uterine

adhesion

Synthesis of uterine DNA, RNA and proteins increase during implantation (Miller and

Emmens, 1969). With oestrogen alone the increases of uterine proteins are greatest in the

epithelium, but with progesterone alone the increases are more dramatic in stroma (Smith et

al., 1970). Oestrogen reduces total lipid, primarily by influencing neutral triglycerides,

whereas progesterone causes an increase. It is particularly effective in this regard if it has

been preceded by oestrogen (Goswami et al., 1963). Neutral lipids provide an energy source

for the developing embryo and phospholipids may be important for synthesis of such

components as cell membrane and prostaglandin during decidualization.

Hormone-dependent changes in cell proliferation, in cytodifferentiation and in the different

metabolic and synthetic patterns must ultimately be responsible for the development of

utenne receptlvlty.
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1.3.3 Trophoblast-uterine adhesion

At implantation, the previously nonadhesive apical surface of the trophectoderm becomes

adhesive. Although the molecules that mediate binding of trophoblasts to the uterine

epithelium remain to be fully cletermined, the materials produced by the blastocyst and the

uterine epithelial cells coulcl be related to adhesion of the trophoblast to the uterine

epithelium, as described below: l) Mouse blastocysts express several carbohydrate

structures, including a selectin ligand and sialylated ligand, whereas the uterine epithelium

produces lectin. Carbohydrate-lectin interactions might mediate initial blastocyst adhesion,

which is then stabilized by binding of integrins to their extracellular matrix (ECM) ligands,

such as laminin and fibronectin (Cross et al., 1994); 2) Mouse blastocysts synthesize

proteoglycan (e.g. perlecan, the basement membrane form of heparan sulfate proteoglycan)

(Carson et al., 1993), while uterine epithelial cells express heparan sulfate-binding proteins

(Farach et al., i987), that could interact with the proteoglycans; 3) Uterine epithelial cells

express an H-type-1 carbohydrate around the time of implantation (White and Kimber,

1994) and the abembryonic trophectoderm acquires the ability to specifically bind H-type-1

structures at the late blastocyst stage (Lindenberg et al., 1988; Lindenberg et al., 1990).

Saccharides that carry this epitope inhibit embryo attachment to endometrial monolayers in

vitro. Uterine glycosaminoglycans, such as chondroitin sulfate and hyaluronic acid (HA)

may also participate in adhesion because blastocysts attach and spread on HA in culture

(Carson et al., 1987; Jacobs and Carson, l99l).

Integrins could be critical fot trophoblasI-ECM interaction. For example, intergrins

recognized by an antiserum against a-Vu3 intergnn have been detected in the apical surface

of the trophoblasts and crV integrins bind several ECM components, including perlecan. As
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mouse blastocysts mature ancl acquire the ability to attach to ECM, a7ß I integrin, a

laminin receptor, is up-regulated (Sutherland et al., 1993).

1.3.4 Transformation of the uterus

The tissue-specific response of the uterus to an implanting mouse embryo is the decidual

response. The initial stages share many features with the acute inflammatory responses

(Welsh andEnders, 1985, 199I and 1993). Several cell changes occur, including l) Loss of

the urerine epithelium (Starkey et al., 1988). The uterine epithelial cells exhibit all the

characteristics of apoptosis, including surface blebbing, shrinkage and fragmentation of the

cell, condensation of chromatin and indentation and fragmentation of nuclei. Cytoplasmic

organelles remain morphologically intact, and the cytoplasm remains morphologically

intact, or shows increased staining density. The epithelial cells and ceìl fragments are also

phagocytosed by the adjacent trophoblast cells. The loss of the uterine epithelium

surrounding the blastocyst is important in bringing the trophoblast into close association

with the endometrial stroma during embryo implantation; 2) Poorly characterized stromal

(decidual) cells undergo an epithelial transition and proliferate, producing a massively

thickened uterine wall. The decidua also contains large numbers of macrophages and

lymphocytes with unusual properties (Mincheva-Nilsson et al., 1992).

In addition to these changes, vascular changes also occur. At 6.5 day post coitus (p.c.), local

blood vessels lose patency and blood drains into the lumen that surrounds the ectoplacental

cone (El-shershaby and Hinchliffe, 1975; Welsh and Enders, l99l). At 7.5 day p.c., the

integrity of the circulation is restored. Large blood sinuses form and active angiogenesis is

appzrrent at the polar (mesometrial) end of the embryo (Welsh andEnders, l99l).
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1.4 The Effects of Paternal Heat Stress on Reproduction Performance in

the Animal

1.4.1 The effects of heat stress on male reproduction

In tropical and subtropical climates, high ambient temperature is an important factor

influencing male reproductive performance. This conclusion has also been confirmed under

experimental conditions. Therefore, the testis becomes the natural focus of attention in

considering the effects of elevated temperatures on male reproduction.

The actions of heat on the testis may be seen as a dynamic process. On the one hand, heat

can directly damage specific cell types within the testis. On the other hand, heat can also

indirectly impair cell function within the testis, disrupting the biochemistry, molecular

biology and endocrinology of the testis. Both direct and indirect effects of heat stress on the

testis may finally reduce reproductive pedormance in animals and humans. In addition, the

extent of effects of heat on the testis may depend on the magnitute of temperature, type of

heat stress and species of animal.

Extensive studies have been conducted and many articles have been published so far on the

effects of heat stress on male reproduction. Therefore, in this section, the effect of heat

stress on male reproductive perfotmance will be briefly summarized.
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1.4.1.1 The effect of heat stress on the semen quality

1.4.1.1.1 The effect of seasonal changes on the semen quality

Animals can be divided into seasonal (sheep, goats, horse etc.) and non-seasonal breeders

(cattle, pigs, mice, rats etc.) according to their reproductive behaviour and seasonal

changes. This implies that seasonal changes may affect the semen quality.

In the ram, there were contradictory reports on the effect of season on reproductive

performance. One study examined the effect of excessive skin folds (selected for in some

breeding programs to increase wool production) on semen quality. In the summer of

Australia (from late January to early March), the semen of Folds Plus Merino rams had a

lower motility (5.8), proportion of live morphologically normal sperrn (63.97o) and

concentration of sperm (1.565 x1Oo/ml) than the semen of Folds Minus rams (corresponding

figures of 7.3, 8O.8Vo and 2.081 x 10'/ml) (Fowler and Dun, 1966). This is probably

because the presence of excessive skin folds (Folds Plus) prevents the diffusion of heat

within the testis. Furthermore, Sapsford (1951) found that the incidence of abnormal sperm

increased during the summer months of two consecutive years, rather than during other

seasons. It is suggested that these seasonal cyclic changes in ram semen were caused by

environmental factors, particularly temperature. This is also supported by observations of a

decrease of the semen volume, sperrn concentration and total sperm per ejaculate in the ram

during the summer (Dutt and Simpson, 1957). However, Fowler (1965) also demonstrated

that the highest semen volumes were collected in the spring (2.0-2.4 ml) and the highest

proportions of live sperm were observed during the summer months (807o) although
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significant differences were found between months of the year for every characteristics

studied

In the bull, limited infomation indicates seasonal changes to not affect the semen quality

(Miijovic et al., 1980; Downey et al., 1984), In contrast, other reports show that there are

significant seasonal trends in semen quality, including low semen volume, spern motility,

total sperm/ejaculate, high number of abnormal sperm and testicular degeneration in the

summer (Igboeli and Rakha, l97l; Fields et al., 1979;Parkinson, 1987).

In man, during the summer, the semen volume, sperrn concentration and total

sperm/ejaculate decreased, while the number of abnormal sperm increased (Levine et al.,

1988; Levine et al., 1990). A recent study (Gyllenborg, et al., 1999) has shown that seasons

affect sperm concentration and total sperm count in men. Highest sperrn counts were found

in the spring with a mean concentration of 77.6 x 10u/ml (71.9-83.7) and lowest in summer

with a mean of 57.5 x 10u/ml (50.1-65.4). These results suggest that the poor quality of

semen produced by both animals and man through the summer is mainly due to the

detrimental effect of summer temperature on sperrnatogenic activity, but one can not

exclude the effect of other factors (e.g. photoperiod, nutrition and other important male

characteristics such as libido) during seasonal changes on reproductive perforrnance in both

animals and man.

1.4.L.7.2 The effect of artificial heat stress on the semen quality

In the bull, whole body heating did not reduce the ejaculate volume, but significantly

decreased sperm motility, sperm concentration and total sperm counts (Casady et al., 1953),

the number of live sperrn, motility index but increased the number of abnormal sperm as
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the time of exposure to the high temperatures changed (Tablel.6) (Skinner and Louw,

1966).

Tablel.6 Effèct of exposure of bulls to 40'C on motility and percentage of
live and abnotmal spermatozoa (Skinner and Louw, 1966)

6.5r 1.6

7.2 + 2.2
6:7 t2.6

r0.0 t2.3
t0.2 + 3.7
r0.t + 2.9

Secondary abnormality MVBE
7o + SE MVAE

9.9 + 2.8
17 .2 t 3.1

6.8 t2.2
22.3 ! 5.2

1.6 + t.]
22.7 !3.4

Primary abnormalities MVBE
Vo t SE MVAE

72.4 t 3.1

6t.6 + 3.7

67.7 ! 4.r
52.5 ! 6.3

68.4 + 4.6

5t.2+ 4.8
Live sperm
TotSE

MVBE
MVAE

10.4
9.8

l0.l
8.6

r0.6
8.1

Motility index MVBE*
MVAE

Exposure period
24h 6 dayst2h

Criteria

* MVBE - mean value betbre exposure, semen collected at weekly intervals tbr 3 weeks before exposure;

MVAE - mean value after exposure, semen collected at weekly intervals for 8 weeks after exposure.

Local heating of bull testes also causes similar changes to whole body heating. Scrotal

insulation for 24 or 72h reduced the number of live and normal sperm to approximately

65Vo and, 607o respectively of the controls in the second and third weeks, returning to

normal levels by 42 days after insulation and increased the number of abnormal and dead

sperrn (Austin et al., 1961).

Occurrence of specific types of abnormal speÍn may be dependent on the time after

insulation. The number of decapitated sperm increased at 6-14 days, sperm with abnormal

tails at 12-23 days and those with abnormal acrosomes at l2 days after insulation for 48h

(Wildeus and Entwistle, 1983). Subsequently, Vogìer et al. (1993) found that predictable

chronoìogical sequences of specific abnormalities were tailess at day l2 to 15, diadem (a

row of vacuoles across the nuclear ling of the sperm head) at day 18, pyriform-shaped (or

pear-shaped) head and nuclear vacuoles at day 21, knobbed acrosome at day 2l and Daj-

defect (as nameci afier an infertile Danish bull with defective sperrn tails) at day 30 after

I
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insulation. In addition, epididymal sperm reserves were lower in the scrotal insulated bull

(9.15 x l0') than the conrrol bulls (17.4 x 10) (Wildeus and Entwistle, 1983), which could

be clue to an adverse effect of elevated testicular temperature since semen collected from

bulls during day 3, 6 ancl 9 (sperm presumed in the epididymis or rete testis during

insulation) after insulation did not differ from that collected from control bulls, but

following cryopreset'vation, viability of sperm was significantly reduced (Vogler et al.,

l99r).

In rams, early studies have shown that whole body heating reduced sperrn motility, and the

number of live speûn, increased the number of abnormal and dead sperrn, but did not affect

the volume of semen (Dutt and Hamm, 1957; Moule and Waites, 1963; Smith, 1971)'

Moreover, the effect of whole body heating on the semen characteristics of rams varies with

the temperature, time of heat stress and the time of recovery after treatment. After a single

heat stress, sperïn motility began to fall from 7 days after treatment, reached the lowest

point at 35 days, and returned to the normal levels 52 days after treatment (Dutt and Hamm,

1957). Abnormal sperm began to increase from 9.\Vo in control group to 12.87o at 7 days

after treatment, reached the highest point of 25.9Vo at 21 days, and then gradually decreased

and returned to the normal levels at 42 days after treatment (Smith, I9'71). Exposure of

rams to 41oC for either 4h or 6h did not affect semen characteristics, but for 9 or 13.5h

reduced sperrn motility and increased the percentage of abnormal sperm (Smith, l97l),

Local heating of ram testes reduced the percentage of motile sperm and increased the

number of dead and tailless sperm between l1 and 50 days after treatment (Waites and

Setchell, 1964; Braden and Mattner, 1970; Mieusset et al., 1992). However, there are

contradictory reports on the effect of local heating of testes on epididymal sperm and the
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number of sperm per ejaculate. Mieusset et al. (1992) found that scrotal insulation did not

affect the number of sperm per ejaculate, but adversely affected quality of epididymal

sperm. However, exposure of ram testes to 40.5'C for elther l.5h or 2h did not affect spenn

quality in the epididymis, but adversely affected sperm developing in the testes (Braden and

Mattner, 1970). These differences could be due to differences of the time and method of

heat stress and ram strains.

In the boar, an early study showed that whole body heating reduced total sperm counts

(Wettemann et al,, lgig), but this finding is not supported by later results (Larsson and

Einarsson, 1984). Moreover, whole body heating not only reduced the number of sperm in

the epididymis (both in the caput-corpus and cauda epididymidis) of boars (Wettemann et

aI., 1976) and sperm motility ( Larsson and Einarsson, 1984; Malmgren and Larsson,

1984), but also increased the number of abnormal sperm (Larsson and Einarsson, 1984;

Malmgren and Larsson, 1984). In addition, occurrences of specific types of abnormalities

were related to the time after treatment. Proximal cytoplasmic droplets increased between 2

and 6 weeks, defective middle-pieces between 3 and 5 weeks, bent and coiled tails between

3 and 4 weeks, abnormal sperïn head between 3 and 5 weeks and acrosome defects between

3 and 4 weeks after treatment (Larsson and Einarsson, 1984).

1.4.1.2 The effect of heat stress on the testis

7.4.1.2.1 The effect of heat stress on testicular weights

Effects of temperature on testicular weights are clependent on the magnitude of the

temperature change, methocls and time of heating. Mlce were maintained at various ambient

temperature for between 4 and 35 days or made bilaterally cryptorchid and then sacrificed
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at day 4,7, I I and 14 after the start of treatment or at day 7, 12, 14,21 and 30 following the

operation (Meistrrch et al., 1973). The testicular weights were pooled together and shown in

Table 1.7 since weights of the testis were not significantly different between various points

of the time following either the start of heating or the operation (Meistrich et al., 1973).

Mean testicular weight decreased signrficantly when animals were exposed to 35"C or were

made cryptorchid. Exposure to temperatures up to 30'C had no effect on the testis weight.

Other studies have shown that local exposure of mouse testis to 38oC or 40oC for 60 min.

did not reduce the testis weight, but exposure to 42"C dramatically decreased the testis

weight to 507o of control values (Sailer e,¡- aI., 1997). Exposure to 43oC for 20 min reduced

the testis weight to 50Vo by 2I days after heating of males (Van Zelst et al., 1995). The

weight loss of cryptorchid testes varies with the time after operation. Testicular weight

remains unchanged for the first 6 days, followed by a 337o and a further 227o Ioss from

days 6 to 8 and days 8 to 16 respectively (Yin et al., 1997). These losses in testicular weight

are likely due to depletion of hyperthermia-sensitive cells from the testis.

Table 1.7 Effect of ambient temperature and cryptorchidism
on the testis weight of mice (Meistrich et al., 1973)

207
199
205
IJJ

r60

2l
20
20
24
t2

23
26
30
35

23, cryptorchid

Mean weight per two testes (mg)No. of miceTemperature ('C)

A reduction in testis weight resultrng from heat stress has also been reported in the rat

(Setchell and Waites,1972; Fridd et aL, 1915; Galil and Setchell, 1987b; Fujisava et al.,

1988; Mclaren et al,, 1994; Setchell et al., 1996) and ram (Lunstra and Schanbacher, 1988;

Hochereau-de Reviers et aI.,1993; Santbrd et al., 1993).
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7.4.L.2.2 Effects of heat stress on the testis cells

Paternal heat stress reduces testis weight by damaging germ cells. The extent of damage to

germ cells could be related to temperature and time used during heat stress' When mice

were kept at 32"C for I I days (Meistrich et al., 1973), the testicular histology appeared

abnormal. There was degeneration of the seminiferous epithelium, the absence or reduction

in various generations of germ cells, with especially significant decreases in the number of

both round spermatids and early pachytene spermatocytes. At 35oC, all gonads showed

histological damage. After 4 days of exposure, there was an absence of pachytene

spermatocytes at stages III-V[I, a reduction in the number of pachytene spermatocytes at

stages IX-X[ and round spermatids at step 1, with abnormal shaped spermatid nuclei at

steps ll-13 (Meistrich et al., 1973). These results have been further confirmed by more

recent studies (Gasinska and Hill, 1990; De Vita et al., 1990; Sailer et al', 1997)'

Experimental cryptorchidism in the mouse also seriously damaged primary spermatocytes

and round spermatids and affected spermatogonia slightly (Meistrich et al', 1973; Yin et al',

lggT). Whole body heating and local heating of the testis have been reported to increase the

incidence of X-Y dissociation in primary spermatocytes in diakinesis metaphase in the

mouse, which means that the primary effect was on pachytene spermatocytes (Garriott and

Chrisman, 1980; Waldbieser and Chisman. 1986; Van Zelst at al., 1995)'

Heat stress also results in changes in testicular-cell type ratios in the mouse. Exposure of

mouse scrotum and testis to 40oC for 60 min caused a reduction in the relative percent

haploid germ cells below control levels after I I to 14 days of treatment, with a

coresponding rise in the relative percentage of diploid and tetraploid germ cells' However,

exposure of the scrotum and testis to 42oC for 60 min resulted in a significant decrease in
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the percent haploicl germ cells alter day 3 through day 35, with a conesponding significant

increase in the percent of diploid germ cells (Sailer et al., 1997).

In the rat, exposure of testes to 43oC for 15 min increased the number of abnormal

pachytene spermatocytes, but did not aftèct the numbel' of spermatogonra (Chowdhury and

Steinbetger, 1964,1970). Later, Blackshaw and Hamilton (1970) found that exposure of the

testis to 42oC for 30 min caused the appearance of dye chromophilia in pachytene and

diplotene spermatocytes as early as th after heat stress. In addition, exposure of rats to an

environment of 35'C for 3 months severely affected spermatogenesis in about 207o of

tubular cross-sections (Sod-Morich et al, 1974).In both immature (Shikone et al., 1994)

and mature (Henriksen et al., 1995) rats, experimentally-induced cryptorchidism also

caused an increase of apoptosis of germ cells, and damaged sperrnatocytes and round

spermatids in mature rats. Blanco-Rodriguez and Martinez-Garcia (1997) reported that

exposure of the rat testis to 43oC for l5 min. resulted in significant increase of dying A*

spermatogonia, pachytene spermatocytes and spermatids at stage I, dying ,\

sperrnatogonia, zygotene spermatocytes, pachytene spermatocytes at stage XII, and dying

A, spermatogonia, pachytene spermatocytes and metaphase spermatocytes at stage XIV.

In rams, exposure of the testes to 40oC for 150 min resulted in significant increases tn

degenerating pachytene spermatocytes and dividing B-spermatogonia (Waites and

Ortavant, 1968).

In pigs, an early study showed that exposure of pigs to a hot environment (34.5 t loC for

8h and 3l t l"C for the remaining l6h during each24h period) for 90 days reduced only

the number of spermatids (Wettemann and Desjardins, 1979). However, a later study
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indicated that the number of pachytene spermatocytes and early spermatids were decreased

after the scrotal rnsulatìon for l00h (lvlalmgren and Larsson, 1989).

1"4.L.2.3 The effect of heat stress on proteins, mRNA and DNA in the testis

Paternal heat stress has been reported to reduce protein synthesis in seminiferous tubules

and germ cells (Nakamura et al., 1,978; Nakamura and Hall, 1980; Mclaren, et al., 1994).

Spermatids isolated from rat testes showed decreased incorporation of amino acids into

proteins when incubated at 37'C and 40oC compared with 34"C (Nakamura et al., 1978;

Nakamura and Hall, 1980). Even though adult rats were injected (s.c) with 25mg

testosterone ester just before local testicular heating (43"C for 30 min.) in order to maintain

normal intratesticular concentration, heat stress still reduced the synthesis of proteins in the

testis, including three androgen-regulated proteins in the seminiferous tubule (Mclaren et

al., 1994).

Heat stress and other stress factors induce the synthesis of a small number of proteins,

called heat shock proteins (hsps) in cells of all organisms, which could protect cells against

the effects of adverse environmental conditions. For example, heat stress could affect

protein synthesis and possibly gene expression during embryo development. Exposure of

bovine 2-cell embryos to 39oC resulted in slight alteration of hsps 68,70 and 71, but

exposure of them to 42"C greatly increased the amount of hsp68, but not hsps 70 and 7l

(Edwards and Hansen. 1996). However, some of these hsps have also been reported to be

present in normal tissues, at normal temperatures and in different eukaryote species from

insects to mammals and serve a lange of vital functions in nolmal cells (Lindguist and

Craig, 1988; Gething and Sambrook, 1992; Christians et al., 1997). For example, the hsp90
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family plays an important role in cell function both under stress and non-stress conditions.

It is an abundant, essential cytosolic protein, amounting to l-27o of total soluble protein

under normal conditrons and becoming even more abundant with stress (Craig et al., 1994)'

In vjvo studies have shown that the hsp90 binds to many steroid hormone receptors,

forming stable, tong-lived complexes, keeping them inactive until hormone binding triggers

release and activation (Craig et al., 1994). Furthermore, Gruppi and Wolgemuth (1993)

examined the changes of two members of the hsp90 family, designated the hsp84 and 86 in

the mouse testis under normal conditions and found that the hsp86 was expressed in both

germinal and somatic cells, pailicularly in germ cells and the hsp84 in somatic cells. In

addition, specification of the hsp86 and 84 is related to mouse age. The hsp86 was lowest in

the day 7 testis (only spermatogonia), increased in the day 17 testis (germ cells in all stages

of meiotic prophase and spermatogonia) and highest in the adult testis (complete germ cell

lineage); the hsp84 was only detected in day 7 and day 17 but not in the adult testis (Gruppi

and Wolgemuth, 1993), suggesting that these two hsps may be involved in the normal

process of spermatogenesis. Mouse spennatogenic cells have been shown to synthesize

relatively large amounts of a 70,000 molecular weight protein (P70) that appears to be a

cell-specific isoform of hsp70, the most heat-inducible protein (Allen et al., 1988a). A

further study showed that relatively large amounts of P70 were present in unstressed

pachytene spermatocytes and round spermatids. However, synthesis of hsp70 was not

detectable in unstressed cells (32'C) but was induced in all stages of isolated germ cells

following heat stress at42.5"C for 30 min. and does not protect male germ cells from heat

stress (Allen et al., 1988b). Subsequently, hsp 36 and 14 were found to be synthesized and

secreted at 38oC (Lemaire and Heinlein, l99l). Heat stless also causes relocation of hsps in

male germ cells. Biggiogera et al (1996) found that when the mouse testis was exposed to

42"C for lh, hsp 90 ancl 27 were relocated from the cytoplasm oi cells in the unstressed
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testis to the nucleus which is actively involved in RNA synthesis and processing, thus

suggesting that they may have protective functions in these processes in a tissue which ls

particularly sensìtive to heat stress. One of main regulators of hsp gene expression is heat

shock transcription factor (HSF). In the mouse, there are two HSF genes, HSFI andHSF2.

HSFI has been shown to mediate the induction of hsp gene expression in response to

elevated temperature and other environmental stresses. HSFI activation in mouse

pachytene sperrnatocytes occurred at 35'C and caused elevation of the hsp 72, while a

preparation of somatic testis cell types exhibited HSF activation only at temperatures of

42oC and. above. These results may mean that a reduced HSFI activation temperature is a

unique property of male germ cell types within the mammalian testis and demonstrate that

HSFI activated at this lower temperature threshold is fully capable of mediating a

protective cellular stress response in these cell types (Sarge, 1995)'

Heat stress also has differential effects on translation of normal mRNAs of the different

cells in the testis. A recent study has shown that exposure to 37oC, 42.5"C and 44"C

reduced incorporation of ["S]-methionine into histone Hlt (the testis-specific subtype of

histone Hl) in pachytene spermatocytes, but had minimal effects on the translation of

mRNAs for transition proteins I and 2 in elongated spermatids. Moreover, exposure to

37oC and 44oC reduced incrementally the size of polysomes translating H1t mRNAs in

pachytene spermatocytes and sulfated glycoprotein 2 mRNA in Sertoli cells, but did not

affect the proportion of polysomal protamine 2 mRNA in elongated spermatids (Cataldo et

al., 1997). This shows that paternal heat stress may inhibit the initiation of translation in

pachytene sperrnatocytes and Sertoli cells, but not in elongated spermatids. However,

culturing rat and mouse Sertoti cells at 4loC resulted in an increase of mRNA for clusterin

by l2h and reached a maximum of 2-fold and 16-fold over that of controls by 48h after heat
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sh'ess (Clark and Griswold, 1997). The diffèrence between these two studies could be

related to heat-stress time and the temperature used. In addition, in vitro results may not

really reflect in vivo situations, therefore, the effect of heat stress on expression of mRNA

for clusterin in Sertoli cells in vivo merits further investigation.

Heat stress has been reported to reduce significantly DNA synthesis in spermatogonia and

primary spermatocytes (see Table 1.8) (Nishimune and Komatsu, 1972) since DNA

synthesis in the seminiferous tubule is attributed to these two germ cells. DNA synthesis in

germ cells showed a maximal value (100) at 32.0"C and was then inhibited when

temperature was elevated. Conversely, DNA synthesis in supporting cells increased with an

elevation of temperature and reached the maximal level (100) at 38.5'C and then reduced

again at 40.0"C.

Table 1.8 The relationship between incorporated ['H]-thymidine per cell and

incubation temperature in cultured cells (Nishmune and Komatsu, 1972)

100 9

8 14 43 100 64
Testicular floating cells (germ cells)
Testicular suDportins cells (Sertoli cells)

Incubation temperature oC

32.0 35.0 37.0 38.5 40.0
Culture cell type

The values represent incorporated [3H]-thymidine per cell. The maximum value in each row is taken as I 00Vo

DNA synthesis requires DNA polymerase s, 0,y and topoisomerase I. Fujisawa et al.

(1988) examined the activities of these four enzymes in rat testis after inducing

cryptorchidism and found that the activities of DNA polymerase c¿ and topoisomerase I

were unaffected at 7 days after operation, while DNA polymerase p was reducedby 437o ar,

5 days and by 477o at 7 days. The reduction in the activity of DNA polymerase y was much

greater and reached the lowest point of 78Vo al" 7 days after surgery. Several studies have

shown that DNA polymerase ct plays a major role in chromosomal DNA replication, while
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DNA polymerase p is probably responsible for DNA repair and the recombination process

associated with meiosis (Weissbach, 19'71; Grippo et al., 1978). DNA polymerase y may be

involved in DNA replication in mitochondria (Weissbach, 1977). In addition, heat stress

(cryptorchidism) seriously deptessed the recombination activity in rat spermatocytes (Hotta

et al., 1988). These results indicate that the spermatocyte is more sensitive to heat stress

than spermatogonia and heat stress may disturb differentiation and maturation of

spermatocytes.

1.4.1.2.4 Effects of heat stress on sperm chromatin structure

Sperm chromatin structure assayed (SCSA) by studying acridine orange (AO) staining with

subsequent flow cytometry (FCM) measurement (Evenson, 1989, 1990; Evenson and Jost,

1994), has been used to monitor the susceptibility of sperm chromatin DNA to abnormal

conditions, such as acid-induced denaturation in situ (Darzynkiewicz et al., !976; Evenson

et al., 1980, 1985; Evenson and Jost, 1994) and heat stress (Sailer et al., L997). AO has

been reported to be intercalated into double-stranded DNA (dsDNA) (normal chromatin

structure) where it fluoresces green. When bound to single-stranded RNA or single-

stranded DNA (ssDNA) (abnormal chromatin structure), it fluoresces red (Darzynkiewicz,

1979). Furthermore, several studies have shown that the SCSA is a sensitive measure of

sperrn chromatin structure as related to fertility in the bull (Ballachey et al., 1987), the boar

(Evenson et aI., 1994) and man (Evenson et al., 1999; Malcello et al., 2000). A recent study

has also indicated that heat stress in the mouse can increase the number of abnormal

chromatin structures, as shown from the SCSA data (Sailer et al., l99l). The effect appears

to depend on the degree of exposure to temperature and time of sperrn recovery. In bulls,

scrotal insulation for 48h detrimentally affected the chromatin structure of subsequently
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ejaculated sperrn from both epididymis and testes although the effect of heat stress on the

chromatin of testicular sperm was more severe than that of epididymal sperm (Karabinus et

aI., 1997).

1.4.1.3 Effect of heat stress on endocrine function

The testis is not only an organ of gametogenesis, but also an organ of endocrine secretion

and is highly sensitive to external hormones. Therefore, it is possible that heat stress may

affect normal endocrine function in the testis, with indirect influences on spermatogenesis.

Many studies have shown that local heating of the testis did not change peripheral

testosterone values in rats (Main et al., 1978; Kerr et al., 1979;Dambe¡ et al., 1980; Main

and Setchell, 1980; Jegou et al., 1984; Galil and Setchell, 1987a). However, either exposure

of male rats to 33-35'C for 3 weeks (Bedrak et al., 1980) or experimentally induced

cryptorchidism (Clegg, 196l; Eik-Nes, 1968; Amatayakul et al., l97l; Hall and Gomes,

I975; Bergh et al., 1984a) reduced the peripheral levels of serum testosterone, the number

of LH-binding sites per Leydig cell and inc¡eased the rate of testosterone catabolism by the

liver and kidney.

Androgens are mainly produced from the interstitial tissue and in particular the Leydig

cells. The effect of heat stress on steroid biosynthesis in the testis may be a gradual process.

In 2O-day-old rats made unilaterally cryptorchid at birth, androgen-binding protein (ABP)

content of abdominal epididymides was reduced, but intratesticular concentrations of both

testosterone and oestradiol did not change (Bergh et al., t984a). Cryptorchidism of adult

rats made unilaterally cryptorchid at birth resulted in decreases of the cross-sectional area of

57



Leydig cells, the number of the endoplasmic reticulum and an increase of the number of

lipid dLoplets in the cytoplasm (Bergh et al., 1984a). These changes of Leydig cell

morphology reduced the conversion mediated by lTcr-hydroxylase and l7B-ketosteroid

reductase and increased the conversion mediated by 2Oo-dehydrogenase, thus disturbing

steroid biosynthesis (Bergh et al., 1984a). The reason for the disturbed steroid biosynthesis

may be also related indirectly to altered paracrine influences from the damaged tubules

produced by the effect of heat on the testis. In the scrotal testes of adult rats, the size of

peritubular Leydig cells varies with the stage of spermatogenic cycle. The size of

peritubular Leydig cells especially surrounding stages VII-VIII (88.7 t 7.1 um') has been

reported to be larger than perivascular Leydig cells (69.3 + 5.9 um'). Leydig cells

surrounding stages IX-KV were found to be similar in size to perivascular cells (Bergh,

1983; Bergh and Damber, 1984). Conversely, in the abdominal testes, no spermatogenic

cycle and no stage-dependent variation in the size of peritubular Leydig cells were present

with increased numbers of degenerating germ cells in stages XIV-III of the sperrnatogenic

cycle and increased amounts of lipid droplets of the Sertoli cells in srages XIV-Vn (Bergh,

1983; Bergh and Damber, 1984). Jansz and Pomerantz (1986) examined Leydig cell

responses to disrupted gametogenesis in vitro using tissue slices and collagenase dispersed

Leydig cells from testes of unilaterally or bilaterally cryptorchid rats. Four weeks after

surgery, androgen secretion per mg of tissue or per Leydig cell in response to maximal LH

stimulation was greater in damaged testes than in sham-operated testes. It was concluded

that disruption of spermatogenesis led to Leydig cells that were hyperresponsive to LH

stimulation in vitro.

Sertoli cells have been reported to procluce lactate for the energy-requiring processes in

testicular germ cells and plasminogen activator (t-PA) which is controlled by follicle

stimulating hormone (FSH) and preleptotene spermatocytes. However, tubules from
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cryptorchid rat testes secreted Iess lactate than the scrotal tubules and the basal secretion of

t-PA was similar but the FSH stimulation increased the content of t-PA secretion (Bergh et

al" 1987), indicating a more specific dysfunction of the Sertoli cells in the cryptorchid

testes (Bergh et al., 1984b). Alterations in testosterone levels could be related to an

increased concentration of oestradiol (Munabi et al., 1984), altered paracrine influence by

the damaged seminiferous testis, changes in the microci¡culation of the testis, and a

decrease in the available number of LH, FSH receptors (Steinberger, 1989). Therefore,

these results indicate that cryptorchidism may damage gerrn cells and Sertoli and Leydig

cells' further disturbing steriod biosynthesis in the testis. On the other hand, the changes of

steroid biosynthesis may also promote the extent of damage of germ cells.

Heat stress not only influences production and secretion of local hormones in the testis, but

also changes hormone patterns produced in the hypothalamus and the pituitary by feedback

mechanisms of hormones produced by the testis. Several studies have indicated that heat

stress significantly increased the values of serum LH and FSH (Colìin et al., l97g; Main et

al', 1978 Galil and Setchell, 1987a,b). However, Bedrak et al. (1980) reported that heat

stress reduced concentrations of LH and Gonadotropin-releasing hormone (GnRH), but

increased levels of FSH in peripheral blood. These changes of serum LH and FSH could be

related to secretion of inhibin and/or the changed number of LH and FSH receptors in the

testis' Experimentally induced cryptorchidism and local heating of the testis resulted in a

decrease in inhibin production (Seethalakshmi and Steinberger, 1983; Au et al., l9g7).

Inhibin secretion in Sertoli cells may be directly suppressed by elevated temperature since

inhibin secretion declined to near zeto at 38"C, but remained unchanged at 32oC when

normal rat Sertoli cells were incubated at these two temperatures for 2I days (Steinberger,

1980)' Moreover, its secretion may also be affected by the types of germ cells changed by
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heat stress because both in vivo and in vitro results suggested a dual stimulatory and

inhibitory effect of higher temperature to inhibin production, an initial rise due to the direct

etfect of elevated temperature on the Sertoli cells followed by a decline due to the

disruption of the seminiferous epithelium (Gonzales et al., 1989). Therefore, a decrease of

inhibin in Sertoli cells may lead ¡o an increase of FSH since inhibin plays a regulatory role

of feedback on FSH secretion in the pituitary (Lincoln et al., 1990; Plymate et al., 1992). In

addition, an alteration of blood circulation and a decrease in the number of LH and FSH

receptors in the testis could increase peripheral concentrations of LH and FSH (Galil and

Setchell, 1987b; Steinberger, 1989).

In bulls, compared with the levels during scrotal insuiation, testosterone levels declined

during scrotal insulation for 4 days, then increased by 7 days after scrotal insulation,

followed by a decline until 28 days after scrotal insulation (Prabhakar et al., 1990), reached

minimum value 42 days after scrotal insulation before returning to be normal 56 days after

scrotal insulation (Sidibe et al., 1992). There were no distinct changes in the LH levels

during all experimental periods (Prabhakar et al., 1990) or the level of plasma LH did not

change during scrotal insulation, then gradually increased after scrotaì insulation, and

reached a maximum level 28 days after scrotal insulation, then decreased and reached the

lowest point 105 days after scrotal insulation (Sidibe et al., 1992). These studies suggest

that the feedback mechanism of testosterone regulation of LH seemed disturbed since LH

and lestosterone peaks were correlated inversely and seemed not to be the only component

involved in the testicular regulation.

In rams, artificially induced cryptolchidism and shortened scrotum caused an increase in

peripheral LH concentration (Hillard and Bindon, l9l5; Schanbacher and Ford, 1917;

Schanbacher, 1980; Lunstra and Schanbacher, 1988; Sanford et al.,1993) and peripheral

FSH concentration (Sanford et al., 1993), However, testosterone levels in peripheral blood
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were unchanged (Schanbacher and Ford, 1977; Schanbacher, 1980; Tierney and Hallford,

1985; Lunstra and Schanbacher, 1988; Sanford et al., 1993). In addition, although testicular

concentrations of testosterone and oestradiol-l7p were increased, the total content of

testosterone within the testis was increased only in pre-pubertal testis (Barenton et al.,

1982) and levels of testosterone in spermatic venous blood were norrnal (Lunstra and

Schanbecher,1988).

In boars, whole body heating and local heating of the testis can change endocrine function

within the testis. Exposure of mature boars to 35'C slightly increased testosterone levels

duling the first day of heating, and thereafter continuously decreased levels for another 4

days of heating. However, the testosterone values were then increased during the next 5

days after heat exposure (Einarsson and Larsson, 1980; Larsson et al., 1983), then began to

reduce and returned to control levels 20 days after exposure (Larsson et al., 1983). Lowered

testosterone concentrations during heat stress and its increase during the following 5 days

after the heat exposure period may be related to an increase in cortisol levels during heat

stress and its decrease during the first 5 days following exposure (Larsson et al., 1983)

since corticoids have been found to suppress testosterone secretion in men (Doerr and

Pirke, 1976), bulls (Welsh et al., 1979) and rats (Bambino and Hsueh, 1981). During scrotal

insulation of mature boars, plasma testosterone concentrations continuously decreased from

14.5 to 7.5 nmolil and there were also falls in oestradiol and oestrone sulphate levels.

Plasma testosterone values showed different patterns after the removal of scrotal insulation.

One group of boars showed an increase in testosterone during the first day after removal of

the device and then a decrease for the following 6 days. Another group of boars showed a

rise in testosterone 4 days after the removal of the device which continued for 3 days

(Malmgren, 1990). These differences may possibly be due to variation of individual boars.

61



Moreover, the reduction in testosterone levels may reflect the lowered testosterone

secretion in heat-stressed testes which would mean impairment of Leydig cell function. The

decrease in testosterone values during and after heat stress could account for the reduction

in oestradiol-l7p and oestrone sulphate levels (Malmgren, 1990) since oestrogens are

synthesized from androgen in the testis. However, in peripubertal boars, scrotal insulation

did not reduce testosterone levels and there were no changes in the values of oestradiol-l7p

and oestrone sulphate. After removal of the scrotal insulation device, levels of these three

hormones remained similar to those in control groups (Malmgren, 1990).

1.4.1.4 Mechanism of heat damage

The mechanism of heat damage to the testis has not been well understood, but it could be

related to the following possibilities.

Heat stress is likely to cause a decrease in oxygen tensions in the testicular tissue which

could be responsible for damage to germ cells. An early study (Waites and Setchell, 1964)

showed that local heating of ram testes increased metabolic rate in the testicular tissues. and

significantly reduced the oxygen content of the blood in the spermatic veins when the

temperature of the testis had risen from normal values to about 37"C. This did not change

further when the temperature rose to 40'C despite a maintenance or slight increase in blood

flow. Therefore, a conflict between oxygen supply and oxygen consumption may change

metabolic processes within germ cells and cause cellular damage.

Heat stress also reduced fluid secretion in the testis (Setchell et al., l97l). If the germinal

cells are dependent for nutrients on fluid secreted around them by the Sertoli cells, any
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reductron in the production of this fluid could lead to damage of the germinal cells

(Setchell, 1978),

Heat stress might directly affect the germ cells in the testis resulting in increased rates of

apoptosis. Bilateral and unilateral experimental cryptorchidism or local heating to the testis

can induce germ cells to undergo apoptotic cell death in the rat (AIlan et al., 1987; Shikone

et al., 1994; Henriksen et al., 1995) and mouse (Yin et al., 1997). The extent of germ cell

apoptosis has been shown to be related to the time after surgery and the types of germ cells.

In the rat, apoptotic DNA fragments significantly increased by 2.8 + 0.3-fold and4.2 + 0.3-

fold at days 4 and 7 after clyptorchid operation, respectively, compared with control group

and the affected cells were mainly primary spermatocytes (Shikone et al., 1994). In the

mouse, the percentage of apoptotic germ cells within the cryptorchid testis was 3.67o and

4.9%o on days 7 and 10, respectively, while that in scrotal germ cells was 0.27o. The

affected germ cells were in turn primary spermatocytes, round spermatids and occasional

spennatogonia (Yin et al., 1997).

Germ cell loss induced by heat stress could also be accelerated by the p53-dependent

pathway. A tumor-suppressing protein called p53, accumulates and becomes activated in

response to DNA damage, thus inducing apoptosis. The testis in some mouse strains has

been found to have high concentrations of p53 (Rogel et al., 1985; Almon et al., 1993) with

the highest expression in primary sperrnatocytes (SchwaÍtz et al., 1993). Experimental

cryptorchidism in p53 +/+ mice has been shown to result in apoptosis of germ cells on day

6-7 after operation, while this result was delayed by 3 days in p53 -l- mice (Yin et al.,

1998).
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Heat stress may also alter contact and signal communication between germ cells and

between germ cells and Sertoli cells, thus leading to damage of germ cells in the testis. It

has been known that normal spermatogenesis in the testis of mammaìian animals is a

dynamic and highly ordered process, which consists of different stages of the

spermatogenic cycle. Each stage is composed of spermatogonia, spermatocytes, spermatids

and the Sertoli cells (Skinner, 1991; Jegou, 1993; Kierszenbaum, 1994, Griswold, 1995).

This means that cell-cell contact devices between germ cells and between geÍn cells and

Sertoli cells are present. Sertoli cells provide physical and biological support to these

developing germ cells, while germ cells are endocrine-sensitive cells depending on the

action of hormones on the Sertoli cells (Bremner et aL., 1994, Vornberger et al., 1994). The

Sertoli cells secrete a number of important proteins including several soluble or membrane-

bound growth factors (Jegou, et al., 1993;Kierszenbaum, 1994; G¡iswold, 1995;Lee, et al.,

1997) and their corresponding receptors of the Fas-Fas ligand system (Packer, et al., 1995;

Lee, et al., L997), integrins (Ruoslahti and Pierschbacher, 1987; Salanova et al., 1995) and

cadherins (Geiger and Ayalon,1992: Munro and Blaschuk, 1996). Most of these proteins

are likely to be involved in Sertoli-germ cell communication and some of them may be

extracellular regulatory signals responsible for stage-specific control of cell survival and

death. Therefore, it is suggested that heat stress may disturb synthesis of these important

proteins and the endocrine function in both the Sertoli cells and germ cells, thus disturbing

Sertoli-germ cell normal signal communication, finally leading to apoptosis of germ cells.

Many studies have shown that epididymal spermatozoa are much less susceptible to heat

than their testicular counterparts, but a few studtes have shown that elevated testicular

temperature reduced epididymal sperm reselves and damaged epididymal sperm ('Wildeus

and Entwistle, 1983, Mieusset, et al., 1992; Karabinus et al., 1997). This may be because

heat stress at least changes in part the ionic and protein composition of cauda epididymal
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fluid by virtue of an effect on the cauda epithelium (Bedford, 1989). These results have

suggested that heat stress may disturb further maturation of spermatozoa in the epididymis.

1.4.1.5 The effect of heat stress on fertility

The effect of heat stress on the fertility of male animals varies with individual animals and

the time and methods used during heating. Young (1927) found that after the testes were

heated, two guinea pigs remained normally fertile, fourteen appeared temporarily sterile

between I to 44 days and three became perrnanently sterile.

In the male rat, heat stress generally reduced fertility, but the effects varied between studies

(see Table 1.9). In addition, treatment with hormones also influences the sterile period after

heat stress. Elfving (1950) found that treatment with FSH, thyroid hormone or a low dose

of testosterone delayed the onset of the sterile period in a small number of animals, but

hCG or a large dose of testosterone had no effect.

Table 1.9 The effect of heat stress on the fertility of male rats

Setchell et al

( l e88)

S terility of rats began
between 7 and 14 days and
ended between 49 and 56
days.

Testes were placed in a

waler bath at 43'C for
30 min.

Elfving (1950)

Three rats were permanently
sterile; twelve rats were
temporarily sterile, starting
between l0 and 20 days and
ending between 50 and 140
days.

Testes were placed in a
water bath at 43oC for
20 min.

Cunningham and
Osborn (1929)

16-82 days
34-85 days

Infra-red
Hot-air

AuthorsSterility after heatingivlethod of heating
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In the mouse, the time of exposure of the testes to a hot environment directly affects the

fertility of male animals. Male mice remained fertile after exposure of their testes to 42oC

for 20 min, but if the time was extended to 30 min at the same temperature, sterility

occurred between 10 and 32 days with one group and 38 days with the other group (Setchell

et al., 1998). Furthermore, exposure of mice to an environment of 35"C and657o humidity

for 24h, appeared to have no et'fect on fertility, but exposure for 48h, 96h and t20h, reduced

fertility to367o,27Vo and 187o, respectively (Ganiott and Chrisman, 1981).

The effect of heat stress on fertility may also depend on the adaptability of male mice to

acclimatize. Exposure of adult male mice to an environment of either 32.7"C or 36.1'C for

2 weeks resulted in sterility of 437o and I007o of the animals, respectively. However, when

mice we¡e placed in the same environment for the period from weaning to maturity, only

I77o were sterile at 32.7"C and 33Vo at 36.1"C (Pennycuik , 1967).

7.4.2 The effect of paternal heat stress on reproductive performance in the normal

female

L.4.2.1The effect of paternal heat stress on fertilization

Burfening et al. (1970) placed male mice into an environmen¡ of 32"C and 657o relative

humidity for 24h followed by mating with normal females from dayl to day 30 after their

exposure. Fertilization rates (the ratio of cleaved ova to total ova recovered 48h after a

successful mating) fell from 827o on day I to 69Vo on day 5, 547o on dayl0, I07o on day15

to37o on day 20. This decline was followed by a recovery to857o on day 25 and lO07o on

day 30 after heating (control males had fertilization rates of between 78 and 9l7o over the

same time). Artificial insemination undertaken with epididymal sperrn from mice whose
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testes had been heated to 42"C for 30 min 28 days earlier resulted in fertilization rates that

were t'educed from 657o in con trols to 457o in heated groups (Jannes et al., 1998).

In rats whose testes had been heated to 43'C for 30 min, the fertilization rates of ova

collected from the oviducts of normal females, the morning after mating were reduced from

l67o to 11Vo, 16 to 20 days after heat rrearment (Setchell et al.. 1988).

In rams, time and temperature used during heat stress affect the fertilization rates achieved.

Howarth (1969) reported that fertilizatron rates were shghtly reduced at 1 week and reduced

to zero 2 and 3 weeks after rams were exposed to an environment of 32"C and 65Vo relative

humidity for 4 days. Subsequently, when the testes were heated to 40.5"C for 2h or 1.5h

and 39.5oC for 4h, the first procedure resulted in low fecundity between days 14 and 34,

and zero between days 34 and 47. These results have been further confirmed by Rathore

(1970) who found that when each male was exposed to 40.5o for 8h on one, two, three or

four occasions on successive days and was then mated to eight superovulated ewes between

l0 and 27 days after heating, the fertilization rate in controls was937o of the ovarecovered

60-70h after mating, with corresponding figures of 66, 42,23 and, 6Vo in the heated groups.

However, the later two treatments did not affect fecundity (Braden and Mattner, l97O).

The results from in vitro fertilization using sperm from scrotal-insulated rams indicate that

fertilization rate decreased from 73 to 77o with l6h per day insulatron for 18 days. There

were also significant reductions with 8h per day insulation for 35 days during both the

insulation period and the following 14 days (Ekpe et al., 1992, 1993; Setchell, 1994).

When boars were exposed to 34.5"C for 8h and 3loC f'or t6h per clay for 6 weeks, both

natural mating and artificial insemination reducecl fertilization rates (59 and 297o,
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respectively), compared with corresponding figures of 857o and 4I7o in controls

(Wettemann et al., 1916, 1919).

7.4.2.2 The effect of paternal heat stress on embryo development

Young (1921) found that there was an increase rn the percentage of stillborn and aborted

pups sired by heated mde guinea pigs when mating was allowed to continue until 48 days

after heating, but strangely he did not consider that this was a direct effect of heating on

survival rate. He also subjected sperm to temperatures in vitro ranging from 38"C to 46oC

for 30 min, prior to insemination and the results indicated an increase in early embryonic

mortality with increasing temperature (Young, 1929). Howarth et al. (1965) found a

significant decrease in the rate of embryo survival prior to and following implantation when

sperrn were capacitated in the uterus of the female rabbit maintained at an ambient

temperature of 32"C compared with controls kept at 2I"C. Subsequently, Burfening and

Ulberg (1968) incubated ejaculated sperrn at either 38'C or 40oC for 3h and found a

decrease in the rate of embryo survival prior to ( control. 62.5Vo, 38oC, 64.37o; 40oC,

42.27o) and following (control,94.37o;38oC, 9I7o; 40"C,8OVo) implantation (while having

no effect on fertilization rate: control, 98.2Vo:38oC, 98.27o;40oc, 95.97o).

In sheep, paternal heat stress can reduce the proportion of preimplantation embryos and

increase the number of degenerated embryos. Several recent studies have demonstrated that

development of embryos (2 or 4-celI, 8-cell, morula or blastocyst) produced by in vitro

fertilization was slower when using semen from scrotal-insulated rams than from control

rams. There was also an increased degeneration at the blastocyst stage during I I days of

insulation (Ekpe et al., 1992, 1993; Setchell, 1994). Paternal heat stress can also increase

the rate of embryonic mortality afier implantation (Mieusset et al., 1992). These authors
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reported that followìng insemination using semen from rams after 4, 15 or 2I days of

scrotal insulation, pregnancy rates were not at-fected at l7 days after insemination, but the

rate of embryonic mortality between 17 days and 65 days after insemination was higher at

days 4, 15 and 2l in the heated rams (78.7,78.6 and 937o) than in the control rams (55.9

and 65.77o). This observation is supported by an early study (Dutt and Simpson, 1957) in

which the embtyonjc death rate fell by 277o when rams were kept in air-conditioned

chambers during the summer months.

In the mouse, Bellve (1972) exposed ICR albino male mice to an ambient temperature of

34.5"C and 65Vo relative humidity for 24h. When normal female mice were mated from day

3 to day 8 after heat stress of the male, the embryos produced in vivo 54h after an observed

plug showed an increase of 4-cell (control 1.68 vs heat-sired 3.70 per mouse) and a

decrease of 8-cell embryos (control 8.75 vs heat-sired 6.48 per mouse). Subsequently,

embryos were collected from oviducts and the uterus of superovulated mice at 64,72, 88

and 96h after hCG injection and it was found that paternal heat stress allowed normal

embryonic development during early cleavage stages but caused an accumulation of

embryos at the morula stage at 88h after hCG injection (control 14.01 vs heat-sired22.L2

per mouse), thus reducing the number of embryos developing to blastocysts at 96h after

hCG injection (control 20.73 vs heat-sired 17.74 per mouse) (Bellve, 1973). These results

were further extended by Bellve (I976). When the late 2-cell heat-sired and control-sired

embryos were cultured for 66, 72,88, 96 and 120h, respectively after hCG injection, the

results demonstrated that exposure of the male to 34.5'C resulted in a marked accumulation

of morula at the 120h (control 27o vs heat-sired 33.77o) and a significant decrease of the

number of blastocysts (control 78.3Vo vs heat-sired39.37o).
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Paternal heat stress not only reduced the development of preimplantation embryos, but also

influenced the development after implantation. It has been previously reported that paternal

heat stress significantly increased embryonic nrortahty by clay 10.5 of gestation ( Burfening

et al', 1970; Bellve, 1972, 1973). When the testes were heated by immersion in a water bath

at 42"C for 20 min and mating was allowed to continue until 38 days after heating, it was

found that 10.5 or 10.7-day-old embryos sired by the heated males berween 4 and35 days

after heating were significantly smaller than those sired by control males (control 1,7. 95 +

0.54 mg vs heat-sired 12.95 t0.72 mg). However, embryos produced before 4 days or after

35 days post-heating were not significantly different from controls ( control lj.g5 + 0.54

mg vs heat-sired 20.89 t 0.65 mg). The authors further examined the effects of paternal

heat stress on weights of embryos of different ages( from 7.5-day-old to 18.5-day-old) and

found that paternal heat stress reduced the weight of other embryos except for those

collected on 7.5 and 14.5 days of gestation. Trophoblasrs and yolk sacs were also smaller in

10'5-day-old embryos sired by the heated mdes than in those sired by the control males

(trophoblast: control 36.8 + 0.79 mg vs hear-sired 31.6 + 0.92 mg; yolk sacs: conrrol4.26+

0'15 mg vs heat-sired 3.35 t0.26 mg). There were no significant differences in 15.5 and

l8'5-day-old trophoblasts and yolk sacs. Litters sired between32 and,37 days after 30 min

of heating were smaller than those sired by control males (control g.25 + 0.20 mg vs heat -

sired 3'75 + 1.25 mg) (Setchell et al., 1998). In contrast, there were no significant

differences in litter size following heating of males for 20 min (Setchell et al., l99g). These

findings of smaller fetuses with normal litter sizes from heat-exposed sires have been

confirmed by Jannes et al. (1998).

In rats, patemal heat stress has been reported ¡o affect the development of pre- and post-

implantation embryos, thus leading to low pregnancy rates. When normal female rats were

mated with males,0-6,7-10, ll-15, l6-20 and 2I-25 days after exposure of the testes to
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43oC for 30 min, pregnancy rates were reduced significantly from 87.57o in controls to

36.37o ãt 16-20 days and 25.07o at2l-25 days, but did not change at the other days after

heat treatment. The number of degenerating embryos significantly increased to 53.37o and

20.57o respectively at 2 and 15 days of pregnancy when females were mated with males 14

days after heat stress (Setchell et al., l9S8). In contrast, exposure of rats to 35oC for 3

months reduced mating and conception rates, but once conceived, embryo development

appeared normal (Sod-Moriah et al., 1974).

In pigs, the effect of paternal heat stress on embryo survival is related to the procedure for

mating. When natural mating was used, heat-stressed boars did not show reduced embryo

survival rates (control 82 ! 2Vo vs heat- sired 79 ! 47o), while following artificial

insemination, heat-stressed boars did show reduced rates of embryo survival (control 74 *

47o vs heat-sired 48 ! 57o) (wettemann et al., 1976; Wettemann and Bazer, 1985).

Both whole body heating and local heating of the testis in male mice prior to mating caused

an apparent retardation in embryonic development at the late morula and early blastocyst

stage (Bellve, 1972, 1973. I916) with embryonic mortality occurring at or shortly after

implantation (Bellve, 1973, 1916; Setchell et al., 1998). This indicates that the factor(s)

responsible for the delayed embryonic death are mediated by the fertilizing sperm. The

effect of male hyperthermia on in vitro ['H] uridine incorporation of preimplantation

embryos has demonstrated that during the early cleavage stages (2-cell,3-cell and 4-cell),

the patterns of ¡'H1 uridine incorporation appear to be entirely normal. However, at the 8-

cell and in particular morula and blastocyst stage, 4O7o of embryos failed to incorporate

['H] uridine or exhibrted recluced levels of incorporation (Bellve, 1972 and I973), which

could make a contribution to later embryonic mortality.

71



Another possibility is that heating the testes reduces the amount of a sperm-supplied factor

essential for development of the early embryos, analogous to SPE l1 in Caenorhabditis

elegans. This novel, very hydrophic protein is formed dudng spermatogenesis, but is not

essential for that process, and in its absence, the embryo is incorrectly or only partly

activated by the sperrn (Hill et al., 1989; Browning and Strome, 1996). However, the

mammalian equivalent of the protein has yet to be identified.

1.4.3 Conclusion

Natural heat stress including summer heat and cryptorchidism, and artificial heat stress such

as whole body heating, local heating of testes and experimentally induced cryptorchidism

have been reported to disturb spermatogenesis, endocrine and biochemical functions of

testicular tissues, thus leading to temporary and permanent sterility in the animal and

human. However, an exact mechanism for the effect of elevated temperature on

spermatogenesis and testicular function has not been elucidated and the complexity of

contact and communication devices between germ cells and between gerrn cells and Sertoli

cells during and following heating are not well understood.

Some studies have shown that summer heat, occupational hazards or clothing fashions may

contribute to infertile or subfertile problems in humans (Levine et al., 1990; Mieusset and

Bujan, 1995',Parazzini et al., 1995;Tiemessen et al., 1996; Thonneau eta|., 1997). This has

led some to suggest that heating the testes may be a possible contraceptive technique

(Kandeel and Swerdloff, 1988; Setchell, 1994) provided the technique can meel

convenience, comfort, reliability and reversibility.
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Envìronmental pollution has also been aknowledged to contribute to global warming and

climatic changes which may be a further contributing factor in the reported decline in sperm

counts in humans (Carlsen etal., 1992; Augeret a[., 1995; van Waeleghem et al., 1996).

1.5 Aims of the Research Project

Paternal heat stress has been shown to affect the development of preimplantation,

implantation, post-implantation embryos in both animals and humans (Setchell, i998;

Section 1.4 in this review). However, the relationship between the development of

preimplantation embryos and the extent of damage of the germ cells during heating has not

been well identified and molecular mechanisms for the effect of paternal heat stress on the

development of preimplantation embryos have not yet been investigaled. The present

project was undertaken to examine some of these issues. Aims of the study were to

establish an in vitro culture system for studying embryo development, investigate the effect

of paternal heat stress on development in vitro and in vivo and to examine profiles of

proteins produced by preimplantation embryos in the mouse, in an attempt to elucidate

mechanisms of embryo development influenced by paternal heat stress.
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Ghapter Two

Materials and Methods



2.1 Reagents

Sodium bicarbonate (NaHCO,) (5-5761, Lot 96H0540), SocÌium chloride (NaCl) (S-5886,

Lot 96H06075), Calcium chloride (CaCl,.2H,O) (C-1902, Lot 96H0955), Potassium

chloride (KCl) (P-5405, Lot 85H07855), Potassium phosphate monobasic (KH"POr) (P-

5655, Lot 115H07485), Erhylenediamine-rerraaceric acid (EDTA) (E-6635, Lor

65H000825), D-(+)-Glucose (G-1021, Lot i6Hoo43), Magnesium sulfate (MgSo,) (M-

2643,Lot 85H04205), HEPES sodium salt (H-0763, Lot 76H5731), Bovine serum albumin

(BSA) (A-9418, Lot 41H04311), Hyaluronidase type IV-s (750-1,500 u/mg) (H-427z,Lot

16H4677) were all obtained from the Sigma Chemical Co, Sr Louis U.S.A, having been

tested as suitable for cell culture or embryo culture.

Pregnant mare serum gonadotrophin (PMSG) (Folligon, 5000 I.rJ, #26532) was purchased

from the Intervet Pty. Ltd., Castlehill, NSW, Australia. Chorionic gonadotrophin (hCG)

was obtained from either the Sigma Chemical Co, St Louis U.S.A (CG-2, Lotl8F0277) or

Intervet Pty. Ltd. (27524).

2.2 Animals

The use of animals was approved by the University of Adelaide Animal Ethics Committee

(Ethics No. W030/95, W009l9l andWllg/99). C57 male and CBA female adult mice

were purchased from the Adelaide University Central Animal House for use as breeders. Fl

male and female mice (C57 male X CBA female) were bred in the animal house, the

Depattment of Animal Science, the University of Adelaide throughout this study. All mice

were housed under standard laboratory conditions and maintained wirh l4h of light (06:00-

20:00) and lOh of darkness daily. A commercial pelletecl diet (manufactured by Ridley

Agriproducts Pty. Ltd., South Australia, Australia) and water were provided ad libitum.
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2.3 Superovulation and Mating

Fl C57|CBA female mice (4 to l0 wk old) were superovulated by an intraperitoneal (i.p.)

injection of 5 to l0 IU PMSG between 16:00 and l7:00h, followed 47-48h later by an i.p.

injection of 5 to 10 IU hCG. After hCG injection, each female mouse was immediately

paired for mating with a proven fertile male of the same strain. The presence of a

copulatory plug the following morning was assumed to indicate a successful mating.

2.4 Embryo Collection

2.4.1 Hepes-HTF medium

Hepes-HTF medium (Quinn et al., 1985) was used as a flushing medium. Stock solutions

for Hepes-HTF medium were prepared as indicated below:

Stock A: (lasts 3 months)

NaCl 5.9319

KCI 0,3509

KH2PO4 0.0509

MgSO,.7H,O 0.0509

Glucose 0.5009

Penicillin 0.0609

H,O* 96.3m1

Na Lactate 3.70 ml

Stock A was made up in either a glass or a plastic bonle.

+H"O is ultra-pure water (also called Milli-Q Water) produced by Ultra-pure Water System

(Millipore, Selby-Biolab, Australia). This H,O is used through all the experiments.
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Stock B: (lasts 2 weeks)

NaHCO, 0.2109

Phenol Red 2/3 grains

H,O lOml

Stock B was made up in a 14ml (17xl00mm) sterile Falcon tube (#80200752, Becton

Dickinson, USA).

Stock C: (lasts 2 weeks)

Sodium pyruvate 0.519

HrO 10ml

Stock C was made up in a 14ml (l7x100mm) sterile Falcon tube (#80200752, Becton

Dickinson, USA).

Stock D: (lasts 3 months)

CaCI,.ZH,O 0.2629

HrO lOml

Stock D was made up in a l4ml (17x100mm) sterile Falcon tube (#80200752, Becton

Dickinson, USA).

Stock E: (lasts 3 months)

Hepes 3.2549

Phenol Red 2/3 grains

HrO 50ml

Stock E was adjusted to pH 7.5 with 1N HCI before making up to a final volume of 50ml

and stored in a 50ml tissue culture Falcon flask (#3014, Becton Dickinson, England).

All stocks were stored at 4oC.

Finalpreparation of the working strength medium is as shown in Table 2.1
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Table 2.1 Final preparation of Hepes-HTF medium from stock solutions

10.000

1.600

0.710

l.150

8.400

78.100

5.000

0.800

0.356

0.575

4.210

39.050

1.000

0.1 60

0.071

0.1 15

0.840

7.810

Stock A (mt)

Stock B (ml)

Stock C (ml)

Stock D (ml)

Stock E (ml)

HrO

10050l0Volume (ml)

osmolarity of this medium was measured by a Vapor Pressure osmometer (#552o,Wescor,

Surgical & Medical Supplies Pty. Ltd., USA) to ensure rhat it was within the range of 265

and 285 mmol/kg (mOsM). If under, drops of stock A were added into medium.

Conversely, if over, drops of water were added to the medium until the appropriate

osmolarity was reached.

BSA (5mg/ml) was added to the bottom of a 14ml (l7x100mm) sterile Falcon tube

(#80200752, Becton Dickinson, USA), followed by the medium. The medium was mixed

well (not shaken) to dissolve the BSA and finally sterilized by passing it through a 0.20 ¡rm

sterile filter (#37070, Minisart, Germany).

The medium was equilibrated in an atmosphere of 5Vo COrin air overnight at 37.C before

2.4.2 Embryo collection

Twenty-tìve to twenty-eight hours afier injection of hCG, mice were euthanasized by

cervical dislocation and the oviducts were recovered using a pair of sterile scissors and

use
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lorceps. The oviducts were placed into a sterile Falcon tissue culture dish (35X10mm)

(#3001, Becton Dickinson, England) containing lml of Hepes-HTF and putative mouse

zygotes were subsequently released by piercing the swollen portion of the ampulla with a

27-garge sterile needle. Alternatively, a27-gauge sterile needle was inserted in the ostium

of the oviduct and approximately 0.1 to 0.5 ml of flushing medium injected to release

embryos. The embryos were then washed three times with Hepes-HTF medium.

2.5 Culture of Preimplantation Embryos

2.5.1 Culture media

Media used included HTF, CZB and KSOM medium which were prepared as described by

Quinn et al. (1985), Chatot et al. (1989) and Lawitts and Biggers (1993), respectively. The

formula of HTF is based on the composition of human fallopian tubal fluid (HTF) (Quinn et

al., 1985). For culture, Hepes was replaced with 25 mM NaHCO, and thus this medium was

identified as HCO,HTF. CZB was developed by Chatot, Ziomek and Bavister et al. (1989)

by modifying a BMOC-2 medium. The lactate/pyruvate ratio was increased to l16, lmM-

glutamine and 0.1 mM-EDTA were added, but glucose was removed because it could

inhibit the further development of 2-cell mouse embryos in outbred strains. However,

because C57/CBA Fl mice used in this study do not show a 2-cell developmental block,

5.6 mM glucose was added to CZB. Lawitts and Biggers (1992) compared three different

components of each medium at three different levels, in a 3' factorial design. Thus 27 media

were produced and compared in a single trial in each experiment in order to determine the

effect of each medium on mouse zygotes developing to the blastocysts. In three

expeúments, three täctors were examined, each al three concentrations, simultaneously. A

new simplex optimized medium (SOM) which is the best fbr embryo development was
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finally produced. Following this, a modified version of SOM called KSOM has been

produced by increasing the concentration of sodium (95mM rather than 85mM) and

potassium chìoride (2.5mM vs 0.25mM) (Lawitts and Biggers, 1993).

The composition of these three media are shown inTable2.2

Table 2.2. The composition (mM) of medla used for embryo culture

95.00

2.50

0.35

0.20

10.00

0.20

0.20

25.00

t.7 |

1.00

0.01

100U/ml

50ug/ml

4.0mg/ml

82.70

4.68

t.L7

l l8
30.10

0.26

5.60

25.00

1.7 L

1.00

0.10

l00U/ml

50ug/ml

5.Omg/ml

10 r.60

4.69

0.37

0.20

2t.40

0.33

2.78

25.00

2.04

lO0Uiml

50ug/mi

5.0mg/ml

NaCl

KCI

KH,PO*

MgSO.

Na lactate

Na pyruvate

Glucose

NaHCOI

CaCl,

Glutamine

EDTA

Penicillin

Streptomycin

BSA

KSOMCZBHCOTHTF

Media were prepared as presented by Lawitts and Biggers (1993). Most components were

stored as 0.lM solutions although NaCl and NaHCOT were stored as 1.0M solutions. Other

materials were stored as follows: BSA as lO0mg/ml, CaCl, as 0.17lM, EDTA as l.OmM,

penicillin-G and streptomycin as 10,000U/ml and 5.Omg/ml, respectively. Most of the

above components were stored at 4oC in 50 ml conical centrifuge tubes. Glutamine and the

antibiotic mixtule were stored at - 20oC in 5 ml polypropylene tubes. Solutions of
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NaHCO' sodium pyruvate and sodium lactate were prepared weekly. BSA solution was

prepared fresh every time media was made.

The day before the start of each trial, l0 ml of HCOTHTF, CZB or KSOM solutions were

prepared. Five ml of H,O was added to a 14 nll (l7x100mm) sterile Falcon culture tube

(#80200752, Becton Dickinsin. USA). AII components were then added to the tube. H,O

was added to each tube to 9.0 to 9.5 ml. CaCl, was then added to the tube and each tube was

inverted twice to mix the components. pH and osmolarity of each medium were measured

with a Digital pH meter (TPS Pty, Ltd, Brisbane, Australia) and a Vapor Pressure

Osmometer (#5520, Wescor, USA), respectively. Finally, H,O was added to make 10.0 ml

of each medium. The medium was drawn into a disposable sterile syringe and pushed

through a 0.2 ¡tm sterile filter (#37070, Minisart, Germany) into a second 14 ml sterile

Falcon culture tube (#80200752, Becton Dickinson, USA). BSA was then added to each

medium and then the medium was drawn into a disposable sterile syringe and pushed

through a 0.2 ¡rm sterile filter (#370370, Minisart, Germany) into two 6 ml (12x75mm)

sterile Falcon tubes (#70600353, Becton Dickinson, USA) for later use.

2.5.2 Cùture in vitro of putative zygotes

Putative zygotes were cultured in sterile 4-well tissue culture dishes (#176740, Nunclon'",

Demark) in 50 ¡rl drops of medium under paraffin oil at 37oC in an atmosphere of 5To CO,,

57o O, and9OTo N,. The developmental progress was recorded at 24h infervals for 120h.

2.5.3 Inner cell mass and trophectoderm cell numbers in the blastocyst

Phosphate-buffered saline (PBS) solution (Hogan etal., 1986) and Acidic Tyrode's solution
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(Hogan et aì., 1986) for removing the zonae pellucidae of blastocysts were prepared as

shown in Table 2.3 and2.4.

Table 2.3 PBS solution pH7.2

0.800

0.020

0.115 or 0.289

0.020

to 100.00m1

NaCl

KCI

Na,HPO, or Na2HPO.,. l2H,O

KH"PO4

H,O

g/100m1Compositiort

Osmolarity of the PBS solution was measured to ensure that it was maintained within the

range of 280 and 285 mOsM. PBS was subsequently sterilized by passing through a0.2¡tm

sterile filter, prior to storage at 4oC.

Table 2.4 Acidic Tyrode's Solution tbr removing zonae pellucida

0.800

0.020

0.024

0.010

0.100

0.400

to !00.00 ml

NaCl

KCI

CaClr.2H,O

MgCl,.6H,O

Glucose

Polyvinylpyrrolidone (PVP)

H"O

g/l00mlComposition

The above solution was adjusted to pH 2.5 with I M HCl. The PVP was added to increase

the viscosity of the solution and reduce embryo stickiness. The solution was then sterilized

by passing through a 0.2¡-tm sterile filter (#37070, lvlinisart, Getmany) and stored in

aliquots at -20oC.
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Differential fluorescent labelling of trophectoderm (TE) and inner cell mass (ICM) cells in

the mouse blastocyst was determrned using a modified method of Handyside and Hunter

(1984). Blastocysts were transferred from Hepes-HTF medium to acid Tyrode's solution,

under constant observation for 30-60 sec, until the zonae pellucidae were completely

dissolved. They were then washed 3 times in a Hepes-HTF medium and transferred into a

CZB medium containing I07o rabbit anti-mouse whole serum (Sigma, M5774, Australia),

and then incubated at37"C for l5 min. The embryo was washed 3 times in Hepes-HTF and

transferred to a CZB medium containing l07o guinea pig serum complement (Sigma,

51639, Australia) and incubated at 37oC for 5-6 min. They were washed 3 times in Hepes-

HTF and stained in CZB medium containing 20 ¡t"glml bisbenzimide (DA) (Sigma, 82883,

Australia) with 10 ptg/ml propidium iodide (PI) (Sigma,P4l70, Australia) at 37"C. After

30-40 min, the blastocyst was fixed in I7o paraformaldehyde in PBS for I min and washed

3 times in the Hepes-HTF. Then, the embryos (3-6 embryos/slide) were transferred to a

glass slide (size:76.2x25.4mm, thickness: 0.8-1.Omm) (37101-4, Livingstone International

Pty.Ltd, Australia) in a droplet of less than 5 prl, covered with a microscope cover glass

(size:22X22mm) and squashed gently with the blunt end of a pen. The area under the cover

glass was filled with the Hepes-HTF. Nail varnish (Supershine, Sally, Hansen, North Ryde,

Australia) was used to seal the cover glass. Finally, the differentially labelled nuclei were

examined quickly using an Olympus BX60 fluorescent microscope within a rage of 330 to

385 nm of UV exciting light and of 410 to 600 nm of emission in blue. The total

magnification in eyepiece and photograph was x400 and x250, respectively. Pl-labelled

nuclei (dead cells or TE cells) appeared red while DAP-labelled nuclei (viable cells/ICM

cells) appeared blue because of different emission spectra of DA and PI.
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2.6 Heat Stress of Male Mice

Mature Fl C57ICBA male mice (3 to 5 months old) to be heated were placed in a chambe¡

set at 36oC with 62-66Vo relattve humidity for 24h. Control male mice were placed in the

chamber set at 23oC. Both control and heated mice were allowed free access to diet and

water. Details of the chamber are presented in Fig 2.1 andFig2.2.

Fig2.l Diagrammatic outline of a heating chamber

Note: l-Power',2 - CAREL "IR32" universal Programrning controller (R & H Wholesale (SA) Pty. Ltd.,

Australia); 3 - EwT heater (Model 0lS, Australia); 4 - A conrainer of warer for regulating relarive humidity

within the chamber; 5 - A cage tbr male mice; 6 _ wet and dry bulb thermometer for measuring relative

humidity; 7 - Te[e-thermometer, a, b, c or cl are thermometer's probes which can measure the temperatures

tiom the bottom, middle or top of the cage or above the cage; 8 - Heating chamber was macle of steel ancl

perspex with doors from tbur sides of the chamber able to be openecl in orcler to place the mice, or add water

or diet; 9 - arrows show the tlow of heat transmission cluring heating.

The temperatures in the bottom, middle and top of the mouse cage ancl above the mouse

cage were measured by a, b c or d probes on the tele-thermometer and the relative humidity
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Fig2.2 Photograph of heating chamber

1,2,3,4,5,6,7 (a,b, c or d) or 8 as per Fig 2.1.
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within the chamber was calculated by the air temperature value (dry bulb) (t'C) and the wet

bulb value (t'C) read from the wet and dry bulb thelmometer

In order to maintain constant temperatures and the relative humidity within the chamber,

the chambel was pre-heated for l2h before mice were put into the cage. The mean value of

the tempelatures from the bottom , middle and top of the cage was used to determine the

actual temperature of heating. The results of a validation experiment are shown in Table

2.5

Table 2.5 Temperatures and lelative humidity (RH) in the cage and above cage

t5
70
70
70
67
64
62
62
62
62
62
62

**

65.5+4 2

4.5
5

5

5

5.5
6

6.5
6.5
6.5
6.5
6.5
6.5

30.5
30.0
30.0
30.0
29.5
29.0
28.5
28.5
28.5
28.5
28.5
28.5

35.0
35.0
35.0
35.0
35.0
35.0
35.0
35.0
35.0
35.0
35.0
35.0

36.0
36.0
36.0
36.0
36.0
36,0
36.0
36.0
36. l
36.0
36.r
36.r

36 0t0 I

36.0
36.0
36.0
36.0
36.0
36.0
36.0
36.0
36.r
36.r
36.1
36. r

36 0r0. r

36. l
36.1
36.r
36.1
36.t
36.2
36.2
36.2
36.2
36.2
36.2
36.2

36.210 l

35.3
3s.3
35.3
35.3
35.3
35.3
35.3
35.3
35.3
35.3
35.3
35.3

35.3r0.0

After (h) 1

2
aJ

4
5

6

7

8

12

t6
20
24

MtSD

518.527.035.534.835.035.334.8When

64629.535.536.036.036.235.3Before*

(7o)(w)(D)TopMiddleBottomAbove

RHD-WWetDryTemperatures of the cage

('c)

x Betbre, when ancl after the mice were placed into the cage; ** Due to opening oT the chamber for mouse

placement ancl loss ol humiclity at this time, aclclitional water was routinely added to the chamber after mice

were placed into the cage. This resulted in a transient increase in humidity initially.

These results showed clearly that this heating system is completely suitable for the

subsequent investigations of the effect of paternal heat stress on the development of

preimplantation mouse embryos with the system maintaining constant temperatures and

relalive humidity.
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2.7 Synchronization of Oestrus in the Female Mouse

Oestrous synchronization of female mice was used to increase the number of oestrous

female mice available at any one time in order to investigate the effect of paternal heat

stress on development in vivo of mouse embryos.

The procedures employed were adapted from Jemiolo et al. (1986). Mature female mice (2

to 3 months old) were housed in a male-free room for 14 to 28 days in order to suppress the

oestrous cycle of the females. After that, male mice were placed into the room. A

pheromone produced by the male causes the release of gonadotrophins from the pituitaries

of female mice, stimulating the growth of smaller follicles, shortening, and synchronizing

their oestrous cycles. It has been reported that a peak in the incidence of oestrus occurs on

the 3rd night after exposure to the male pheromone (197o to 4lVo) (Whitten et al., 196g;

Gangrade and Dominic, 1984; Jemiolo et al., l9g6).

In order to ensure olfactory and visual contact, but not physical contact between the males

and females and allow male wastes, in particular urine to enter the female cage, a small

cage containing 3 to 5 male mice was put on the top of a large cage containing the females

(the distance between the two cages was I cm).

On the 3rd day after exposure to the males, the oestrous stages in the females were

determined according to the size of the vaginal opening, the clegree of vaginal swelling, the

color and moistness of the tissues, and the presence or absence of obvious celluìar debris

within the vagina (Table 2.5). Oestrous female mice were selected ancl mated with f'ertile

ü,t
t

N

male mice.
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Table 2.5 Appearance of the vagina at various stages of the oestrous cycle

(Champlin et al., 1973)

Vagina has a small opening and the tissues are bluish-

purple in color mcl very rnoist.

Vagina is gaping and the tissues are reddish-pink and

moist. Numerous longitudinal folds or striations are

visible on both the dorsal and ventral Iips

Vaginal si-qns are similar to proestrus, but the trssues

are lighter pink and less moist, and the striations are

more pronounced.

Vaginal tissues are pale and dry. Dorsal lip is not as

edematous as in estrus.

Vaginal signs are similar to metestrus l, but the lip is

less edematous and has receded. Cellular debris may

line the inner walls or partially fill the vagina.

Dioestrus

Prooestrus

Oestrus

Metoestrus I

Metoestrus

AppearanceOestrous stage

2.8 Protein Patterns of Preimplantation Embryos Determined by One-

Dimensional SDS Polyacrylamide Gel Electrophoresis (PAGE)

2.8.1 Stock solutions for SDS electrophoresis

2.8.1.1 30Vo AuylamidelBis

2L).2 g acrylamide (Bio-Rad, I165334, Australia) plus 0.8g N'N'-Bis-methylene-

acrylamide (Bio-Rad, 43386A, Australia) were made up to 100 ml with H"O, and filtered

using a 0.45¡rm sterile filter (Medos Company Pty Ltd, Australia). Alternatively, a

ü
l\È

I

I

I

r
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commercial pre-formulated 3OVo acrylamide/Bis solurion (37.5:l) (Bio - Rad, l6l-015g,

Australia) was used and stored at 4"c in the dark for a maximum of 30 days.

2.8.1.2 1.5 M Tris-HCt, pH g.8

18'5 g Tris-base (Sigma, T8404, Australia) was made up to 50 ml with H,O and adjusted

to pH 8.8 with lN HCl, then made to 100 ml with H,o and srored at 4oc.

2.8.1.3 0.5 M Tris-HCt, pH 6.g

6 g Tris-base (Sigma, T8404, Australia) was made up to 60 ml with H,O and adjusted to pH

6.8 with lM HCl, made to 100 ml with H,O and stored at 4"C.

2.8.1.4 107o SDS

10 g sodium dodecylsulfate (SDS) (Sigma, C-3771, Australia) was dissolved in H,o with

gentle stirring, brought to 100 ml with H,o and stored at room temperature.

2'8'1.5 Sample buffer (sDS-reducing buffer) (Laemmti, 1970)

l

l,l

I

H,O

0.5 M Tris-HCl

Glycerol (Sigma, G8773)

107o SDS

2-þ Mercaptoethanol (Sigma, M-7 1 54)

0.0570 (w/v) Bromophenol blue Sigma, 8g062)

4.0 ml

1.0 ml

0.8 ml

1.6 ml

0.4 ml

0.2 ml

8.0m1

:

i

i
l'

I

i

''

fr
T

I

I

I
I
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2.8.1.6 5X Electrode (running) buffer, pH g.3

Tris-base (Sigma, T8404)

Glycine ( Sigma, G8898)

SDS (Sigm a, C3771)

45s

2l6g

l5g

These chemicals were made up to 3 litres with H,O and stored at 4"C. The solution was

warmed to 37oC before use if precipitation occurred.

200 ml 5X concentrate was diluted with 800 ml HrO to produce enough working strength

buffer for one electrophoresis run.

2.8.2 Buffers and solutions for one-dimensional gel electrophoresis

Stacking gel (4Vo Acrylymide/Bis) and slab gel were prepared as shown in Table 2.6 and,

2.7.

Table 2.6 Compositions of stacking gel

I

I

i

t'

I

l
!,

I'
I

II

t
I

1.400

2.500

0.100

6.000

0.050

0.008

30Vo Acrylymide/Bis

Tris-HCl pH 6.8

1O% SDS

HrO

107o Ammoníum persulfate (ApS)(fresh) (Bio-Rad, I 159538)

TEMED (Bio-Rad, 5 1 I 85C)

Volumes (ml)Compositions
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2.5000

1.2500

0.0500

0.80009

0.7700

0.0170

0.0017

1.3300

1.1700

0.0s00

2.4500

0.0170

0.0017

307o Acrylarnide/Bis

Tris-HCl pH 8.8

IO% SDS

H,O

l07o APS (fresh)

TEMED

I57o Heavy solutions (5 ml)
307o AcrylamideiBis

Tris-HCl pH 8.8

107o SDS

Sucrose

H,o

107o APS

TEMED

solutions (5 ml)87o Light
Volume (ml)Constituent

t
I
I

I

Table 2.7 Composition of sJab gel (gradient gel)

2'8'3 Preparation and running of embryo sampres and gradient gels

Superovulation and mating of female mice, and collection and culture in vitro of mouse
zygotes were conducted as presented in 2.3, 2.4 and, 2.5. Embryos deveroping to 2_ce¡
embryos and morulaeincz9 medium were collected and washed three times with BSA-,
glutamine-' pyruvate- and lactate-free czB medium. Embryos in a droplet of less than 5¡rl

cZB medium were subsequently placed into the bottom of a 1.5m1 microcentrifuge tube

(Treff AG' Switzerlancl) and then lOprl sample buffer as describecl in 2.g.1.5 was added to

this tube' Finally, the tube containing embryos was boiled for 2 min. in 100"c water and

stored at -80oc prio' to one-dimensional gel electrophoresis and silver staining.

I
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Two-cell embryos, 4-cell embryos, morulae or blastocysts of putative mouse zygotes were

collected, l8h, 39h, 63h or 87h respectively after culture ìn vitro in CZB medium. They

were then cultured for 3h in 50¡,tl CZB medium containing 2OOprCi/ml of ["S]-methionrne

(lOooCi/mmol, Amersham Pharmacia Biotech UK Ltd), as described by Van Blerkom and

Brockway (1975). Embryos were then washed three times in BSA-, glutamine-, pyruvare-

and lactate-free CZB medium and placed into the bottom of a 1.5m1 microcentrifuge tube in

a droplet of less than 5prl- CZB medium (Treff AG, Switzerland), resuspended in l0¡.rl

sample buffer as presented in 2.8.1.5 and finally boiled for 2 min. in 100"C water and.

stored at -80oc for one-dimensional gel electrophoresis and autoradiography.

A Bio-Rad Mini-Protein@ II dual slab cell kit (Bio-Rad Laborarories, 3300 Regatra

Boulevard, Richmond C494804) was used in this study. The slab gels were of a continuous

87o to I57o (acrylamide concentration) gradient with an exponential function in order to

fractionate a much wider size range of proteins on a single gel (because there are thousands

of proteins in mouse embryos, reported by Latham et al. (1991). The gel was poured from a

standard two-chamber gradient maker with 1.6 ml of a l57o acrylamide solution in the front

chamber and3.4 ml of aSVo acrylarnide solution in the rear chamber. A small stirring bar

was placed in the front chamber and the two chambers were isolated from each other by a

plastic stopper.

The filled gradient maker was pìaced on a magnetic stirring device (#20g-l,Industrial

Equiprnent & Control Pty. Ltd., Australia), the two chambers were connected and the

contents of the front chamber was gently stirred and the clamp was relaxed. During pouring

gel' the volume of the front chamber remained constant ancl was continuously diluted by the
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lncomlng solution from the rear chamber. This procedure generates an exponentially

decreasing gradient of acrylamide

After the gel had been allowed to polymerize for 40-45 min, a 4To stacking gel was layered

over the separating gel for about lh to polymerize. Ten sample wells were formed using a

Teflon casting comb (10 wellx0.75mm) (#165-2920, Bio-Rad). 5¡rl prorein markers were

loaded into well I with samples loaded into subsequent wells. Gels were electrophoresed

initially for 20 min at room temperature at a constant current of 20 mA per gel, followed by

2h at a constant current of l0 mA per gel.

2'9 Protein Patterns of Preimplantation Embryos Determined by Two-Dimensional

Gel Eletrophoresis

To examine specific protein changes in preimplantation embryos, a 2-dimensional

electrophoresis system was emproyed, as modified by o,Farreil (i975).

2.9.1 Isoelectric focusing (IEF) sample buffer

Urea

HrO

107o NP - 40 (2Eo)

Ampholyte-pH5-7

Ampholyte-pH3-10

B - mercaptoerhanol (5Zo)

5.7 s

7.30 ml

2.00m1

0.l6ml

0.04m1

0.50 ml
l0.00ml

92



2.9.2 IEF gels

Urea

l0% NP _ 40

307o Acrylamide/Bis

H"O

(Dissolved urea, then add) Ampholyte-pH 5_7

Ampholyte-pH7-9

Ampholyte-pH 3-10

(Mix, degas, then add) 10Zo ApS

TEMED

0.5 M Tris-HCl pH 6.8 (0.125M)

l}Vo SDS (2Vo)

Glycerol (l}Vo)

DDT (4.9mM)

Bromophenol blue (0.05Vo)

H,O

5.50g

2.00m1

1.33m1

2.I3ml

0.30m1

0.15m1

0.15m1

0.02m1

0.01mI

2.9.3 Transfer buffer or equilibration buffer

The transfer buffer employed was adapted from a laboratory manual provided by Hoefer

Scientific Instruments (1994) and its composition was as follows.

12.500m1

10.000m1

5.000m1

0.038g

0.025g

22.500m1
50.000m1

93



2.9.4 Slab gels (gradient gel)

Table 2.8 Composrtion of slab gels for 2D-pAGE

2.9.5 Preparation and running of samples and the flrrst dimensional gel

Two-cell embryos and morulae of putative mouse zygotes were collected, 1gh and 63h

respectively after culture in vitro in CZB medium and cultured for 3h in 50¡rl CZB medium

containing 50OprCi/ml of f"S]-methionine (lO00Ci/mmol, Amersham pharmacia Biotech

UK Ltd) as described by Howe and Solter (1979). Embryos were then washed three times

with BSA-, glutamine-, pyruvate- and lactate-free CZB medium and placed into the bottom

of a l'5ml microcentrifuge tube. The embryos were lyophilized using a speed vac

concentrator (Model SVCl00H, Savant, Germany), resuspended in 20¡rl sample buffer and

stored at -80oC prior to two-climensional gel electlophoresis.

Tube gels were used as the first clirnension to separate the proteins by isoelec[ric points (pI).

The tube gels were prepared for IEF as described,in2.9.2. After the solution was degassed

15.0m1

7.5mI

0.3mI

4\o

4.59m1

99¡rl

9.9¡tl

17.5m1

l7.5ml

0.7m1

34.0m1

231¡tl

23.L¡t"l

307o Acrylamide/Bis

l.5M Tris-HCl pH8.8

107o SDS

Sucrose

H,O

l07o APS

TEMED

Heavy solutions

(15%o,30ml)

Light solutions

(7.57o,70m1)

Constituent
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for 15 min, the APS and TEMED were added and the gels were cast in 160 mm x 1.5 mm

capillary tubes to a height of marked 130 mm using a 5ml syringe connected to a gel tube

loading needle (180x0.75mm) (Bio-Rad Laboratories, 2000 Alfred Nobel Drive, Hercules,

CA94547). They were then overlaid with deionised water and left for lh before the water

was replaced with fr-eshly prepared 20 mM sodium hydroxide (NaOH) for a further lh.

Once polymerised sufÏciently, the overlay solution was replaced with fresh degassed 20

mM NaOH and the gels loaded into the electrophoresis apparatus (Protein@ II xi cell, Bio-

Rad, Australia) for pre-focussing at 200 V for 15 min, then 300 V for 30 min. and 400 V for

30 min' The anolyte and catholyte used for this procedure were fresh 6 mM phosphoric acid

and 20 mM NaOH respecrively.

Protein samples were loaded directly onto the gel, then overlaid with l0 to 20 ¡rl half-

strength sample buffer (diluted 1:2 with H,O) in order to protect samples from exposure to

the basic upper buffer. The remainder of the tube was filled with 20mM NaOH ro eliminate

any bubbles. The gels were then focussed at 400 V for approximately l7h and then a further

th at 800 V (Cullen et al., 1980b). The sample gels were extruded usìng a 10ml syringe

connected to a tube gel extrusion needle (9x0.4mm) (Bio-Rad Laboratories, 2000 Alfred

Nobel Drive, Hercules, CA94547), then injected at the basic end with a small amount of

Indian Black Ink (Superior Ink, Australia) to mark this end of the tube gel and finally

placed in a test tube containrng 0.5m1 of transfer buffer and incubated at room temperature,

for 3 min before freezing for later use, or 10-15 min if being used immediately.

The pH gradient rn the tube gels was determined with the use of spare gels electrophoresed

without sample. The gel was cut into 8-10 even lengths, each being placed in I ml 0.025 M

KCI solution for at least lh before the pH was read (Hames and Rickwood, l9g3).
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2'9'6 Preparation and runni'g of the second dimensionar gers

The second dimension graclient gels were prepared as detailed in Table 2.g and cast to a size

of 150 mm x 160 mm x 1.5 mm' The gel was poured from a standard two-chamber gradient

maker (Gradient Mixer GM-1, sweden) with 13.5 ml of a r5To acrylamide solution in the

front chamber and 31.5 ml of a7.57o acrylamide solution in the rear chamber- The other

methods were the same as those described in 2.8.3. A two-well (one is 4xl.5mm for

standard protein markers and another one is I42xL 5mm for IEF gel) Bio-Rad relfon comb

was put into the acrylamide solutions in orcler to form one small and one large sample

wells' water-saturated iso-butanoì (1:4) was used to overlay the gels while polymerising for

approximately 45 min. before being rinsed with deionised water and overlaid with 0.375 M

Tris-HCl (pH 8'8)' The gels were left overnight at 4oc to ensure complete polymerisation.

Before use, each gel was washed with deionised water and a very thin layer of hot (50.C)

0'5-I7o agarose pipetted on the top of the slab gel to be loaded. The IEF gels were then

carefully transferred to the top of a very thin layer of agarose and then overlaid with a thin

iayef of hot (50'C) 0'5-r7o agarose to seal the gel in place. Ten prl of standard protein

markers were loaded into the well for protein markers.

Electrophoresis was carried out using the electrode buffer described in 2.g.1.6 at lg mA/gel

for approximately 5h
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2.10 Staining of Acrylamide Gels

2.70.1 Silver staining

In order to determine the protein profiles of preimplantation embryos, silver staining was

used to stain gels after one-dimensional gel electrophoresis. proceclures employed have

been detailed in Bio-Rad, silver stain plus kit (#61578, Australia). Briefly, rhe protocol was

essentially as follows. Gels were placed in 400m1 fixative enhancer solution and fixed with

gentle agitation for 20 min. Fixative enhancer solution was then decanted from the staining

vessel and the gels were rinsed in 400 ml H,o for 10 min. with gentle agitation. After 10

min', the water was replaced with fresh rinse water for a further l0 min. The gels were then

placed in 100m1 staining solution (35m1 H,o, 5ml silver complex solution, 5ml reduction

moderator solution and 5ml image developer regent, and finally 50ml development

accelerator solution) for 10-20 min. until the desired intensity of staining was reached. The

staining vessel was gently agitated throughout the procedure. Finally, the gels were placed

in 400m1 57o acetic acid solution for a minimum of 15 min in order to stop reaction

between silver ions and proteins in the gel, and then rinsed in Hro for a further 5 min. The

gels were then stored in zip-rock bags with a smail amount of H"o or photographed.

2'10.2 coomassie brue staining, autoradiography and phosphoimaging

In order to examine protein synthetic patterns of preimplantation embryos, Coomassie Blue

staining was usecl tor gel staining afier one- or two-dìmensional gel electrophoresis. Gels

were stained for 25-30 min. in 0.17o Coomassie BIue R-250 (Sigma, B-0149) in fixative

(4ovo MeoH' l07o HoAc), and then destained twice with a solution containing 40To MeoH
and l07o HOAc to remove hackground for l5_20 min.
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After destaining, gels were dried (Gel dryer, Model 583, Bio-Rad) for about 2h at 80"C for

one-dimensional gels or for approximately 3h at62"c for two-dimensional gels.

Following one-dimensional gel electrophoresis, the dried gel containing radioactive

samples was exposed underFuji medical X-ray films (18x24cm) (Fqi photo Film Co. Ltd,

Japan) in hyper-cassettes'n' (Amersham Lifè Science, Bio-Rad) for approximately 14 days

at -80oC. The cassettes were then thawed and the films developed in a dark room, using

standard procedures with a developer (Phenisol X-ray developer, Ilford, Australia),

deionised water wash and a fixative (Hypam rapid fixer, Hypam hardener, Ilford,

Australia). The film was left in each solution for 2-3 min. under safelights (Kodak,

Australia) before being rinsed and left hanging to dry.

A Phosphoimaging system was used also to examine protein spots on gels after two-

dimensional gel electrophoresis. The Phosphoimager and Densitometer scanners were both

part of a Molecular Dynamics system and were complemented with the IBM compatible

software ImageQuantR. The protocol employed was as follows. The process of

phosphoimaging involved the exposure of eletrophoretic gels to a phosphoimaging screen

inside a BAS Fujix Molecular Dynamics cassette for 7 to 30 days before scanning with a

Phosphoimager. This screen was scanned by the phosphoimager under the conditions of

Orientation=R and 100 microns for 9 min./gel. After that, the ImageeuantR file was opened

for determining the desired intensities of protein spots by regulating the range of greyscale

under 1000 tillres sensitivities. The image of the proteins recorded were then copied as a

TIFF file using Photoshop. The desired intensities of protein spots were adjusted by

brightness/contrast levels and copied and pasted to Powerpoint. A desired photo was made

and printed using the powerpoint software package.

98



2.11 Estimation of Molecular weights of Embryonic proteins

Molecular weights of specific proteins in sample runs were estimated by comparison to

prestained SDS-page standards-Bio-Rad-broad range run under the same conditions (#l6l-
0318, Australia), incruding myosin (206,000), p-garactosidase (u7,000), bovine serum

albumin (79,000), ovalbumin (4g,300), carbonic anhydrase (34,700), soybean trypsin

inhibi tor (29,300), I ysozyme (Z 1,300) and aprorini n (7, 600).
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Ghapter Three

Determination of An

Optimised ln-Vitro Gulture

System



3.1 Introduction

Optimising the in vitro culture system is an essential ple-requisite if one is to produce

preimplantation embryos of high quality that are fi'ee of extraneous influences.

Based on the rationale that in vitro culture conditions need to be as similar as possible to

those found in the oviducts, Quinn et al. (1985) developed a culture medium that was

biochemically very similar to that of human tubal fluid (HTF). In order to overcome the

phenomenon of the in vitro "2-cel| block" of mouse embryos from outbred stains, Chatot et

al. (1989) formulated a CZB medium based on the composition of BMOC2 medium (Ebert

and Brinster, 1983) that contained a high lactate/pyruvate ratio with glutamine, but without

glucose. Subsequently, a modified version of a sirnplex optimized medium (SOM) (Lawitts

and Biggers, 1991a,b) with a high K*concentration (KSOM) was established (Lawitts and

Biggers, 1993). A high proportion of mouse zygotes from different strains have been

reported to develop to blastocysts in HTF, CZB and KSOM (Quinn et al., 1985; Chatot el

al., 1989; Erbach et al., 1994). However, the best medium for culture of mouse zygotes

from the strain of mice used in the present study has not been determined.

Paraffin oil (Harvey and Kaye, 1992; Lonergan et al., 1996: Walker et al., 1996), mineral

oil (Nagao et al., 1995; Harayuchi et al., 1996; Partridge and Leese, 1996: Zhang et al.,

1996) and silicone oil (Lawitts and Biggers, 1992; Wilkinson et al., 1996) have been used

extensively to protect culture medium from evaporation and contamination when early

embryos are cultured. However, it was not clear which type of oil is the best for culture in

vitro under various conditions. In addition. it was not known whether the volume of oil

used affects the development of preimplantation embryos.
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It has been reported that removing embryos from the incubator several times a day impede

embryo development (Lawitts and Biggers, 1993). However, repeated observation is

required in order to score temporal development of preimplantation embryos when zygotes

are cultured in vitro.

Therefore, the expelinlents presented in this Chapter aimed to study effects of three media,

volume and type of oil, and frequency of observation on the development in vitro of mouse

zygotes.

3.2 Materials and Methods

3.2.1 Superovulation, embryo collection and culture in the mouse

Fl C57/CBA female mice (4 to 6 wk old) were superovulated and mated as described in

2.3.

At25 to 28h after the injection of hCG, mice were euphonised by cervical dislocation and

embryos were flushed from the excised oviduct as described in 2.4.2 into 0.5 ml of a

Hepes-HTF medium containing 300 units/ml of hyaluronidase type IV-S (Sigma, H-4272,

Lot I6H4677) to remove cumulus cells. The embryos then washed 3 times in 1.5 to 2 ml of

Hepes-HTF medium before culture.

Zygotes with polar bodies were selected and cultured in 4-well tissue culture dishes (Medos

Co PM. Ltd., Nunclon4, 116740) in 50 ¡rl of medium covered with paraffin oil (BDH, Prod

2943751) or mineral oil at 37'C in an atmosphere of S%oCOr, 57o O. and 907o Nr. as
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described in2.5.2. The developmental progress was checked and recorded at either 96h and

l20h or every 24h for 120h.

3.2.2 Experimental designs

3.2.2.1 The effect of medium (CZB, KSOM and HCOTHTF) and the volume of

parafän oil on the development in vitro of zygotes

This experiment was designed to compare the effect of three different media on the

development in vitro of zygotes in the mouse. The formulations of CZB, KSOM and

HCOTHTF medium were as described by Chatot et al. (1989), Lawitts and Biggers, (1993)

and Quinn et al. (1985) (see in2.5.l). Fifteen to twenty zygotes in each well were covered

with either I ml or 0.5 ml paraffin oil. There were three replicates in this experiment.

The mammalian embryo first differentiates into two distinct cell types at the blastocyst

stage. One is the inner cell mass (ICM) responsible for the embryo proper and the other is

trophectoderm (TE) which contributes to blastocoel fluid accumulation and implantation,

and formation of the placenta and fetal membranes after implantation (Handyside and

Johnson, 1978; Hogan et al., 1994).It is suggested from these observations that the number

of TE and ICM at the blastocyst stage could affect the ability of embryonic development

beyond the blastocyst stage (Hogan et al., 1994). Therefore, differential fluorescent

labelling of TE and ICM in the blastocyst was also investigated in this experiment to

determine the effect of CZB and KSOM on the number of ICM and TE rn the blastocyst.

No embryos developed to blastocysts in HCO,HTF.
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At 120h of culture in CZB and KSOM media blastocysts covered with I ml of paraffin oil,

respectively, were stained to differentiate ICM and TE cells, using a modification of a

method as descnbed previously (Handyside and Hunter, 1984, see Section 2.5.3.3). The

number of ICM and TE cells in blastocysts covered with 0.5 ml of paraffin oil was not

examined because the total number of blastocysts (blastocysts + hatched blastocysts) under

0.5 ml of paraffin oil was lower than that under I ml of paraffin oil (see Table 3.1).

3.2.2.2 The effect of paraffin oil and mineral oil on the development in vitro of mouse

zygotes

To compare the effect of paraffin and mineral oil on the development in vitro of mouse

zygotes, 15 to 20 zygotes in 50 pl of CZB medium within each well of the 4-well tissue

culture dish were covered with either I ml of paraffin or mineral oil and then cultured using

methods as described in 3.2.1. The number of blastocysts were examined unsung an

Olympus microscope (B06l, Japan), respectively at 96h and 120h after culture in vitro.

The total magnification was X100. There were two repìicates in this experiment.

3.2.2.3 The effect of observation times on the development in vitro of mouse zygotes

To determine the effect of observation tìmes on the development in vitro of mouse

embryos, 20 zygotes in 50 ¡"rì of CZB medium within each well of the 4-well tissue culture

dish were covered with I ml of paraffin oil and cultured using methods as described in

3.2.1. The developmental progress was checked using an Olympus microscope (806l,

Japan) at either 96h and l20h or every 24h. There were four replicates in thrs experiment.
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3.2.3 Data analysis

Comparisons and clifferences between groups were made using the Chi-squared test and

analysis of variance. A significant ditterence was assumed to exist when the probability of

it being due to chance done was less than 57o.

3.3 Results

3.3.1 The effect of CZB, HCOTHTF and KSOM and the volume of paraffÏn oil on the

development in vitro of mouse zygotes

The results obtained with these three media and the different volumes of paraffin oil on the

development in vitro of mouse embryos are shown in Table 3.I,3.2 and 3.3.

During 96h of culture in vitro, and using I ml of paraffin oil, 91.77o and 65.87o zygotes

developed respectively to blastocysts in CZB and KSOM, but no embryos developed to

blastocysts in HCO,HTF (0.07o) (Table 3.1). These differences in the development of

blastocysts between the three media were highly significant and the proportion of embryos

developing to the blastocyst stage was greater inCZB than KSOM (P<0.001) and greater in

both CZB and KSOM than in HCO,HTF (P<0.001) (Table 3.2).

During l20h of culture in vitlo, signilicantly rnure zygotes developed to blastocysts

(P<0.001) and hatched blastocysts (P<0.01) in CZB and KSOM than HCO.HTF (Table .3.1

and 3.2). A greater proportion of embryos developed to the blastocyst stage in either KSOM

or CZB than in HCO,HTF (P<0.001), with CZB being better than KSOM (P<0.02) (Table
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3.2), although there were no significant differences in the development to hatched

blastocysts between KSOM and CZB (Table 3.l).

Table 3.1 The effecl of three media and the volume
of paraffin oil on the in vitro development of zygotes

* C-Cell, M-Morulae, B-Blastocysts, HB-Hatchedblastocysts,Ab-Abnormal, D-Dead

Values given in brackets are the number of embryos at the given stage as percentages of embryos collected.

During 96h of culture in vitro and using 0.5 ml of paraffin oil which just covered the media,

the proportion of embryos developing to blastocysts in CZB and KSOM was much higher

than in HCO3HTF (Table 3.1). More embryos developed to blastocysts in either KSOM or

inCZB than in HCO'HTF (P<0.001) (Table 3.2).

During 120h of culture in vitro, the proportion of embryos developing to blastocysts was

significantly higher in CZB and KSOM than in HCOTHTF, and higher in CZB than in

KSOM, but this difference was not srgnificant. About 207o of embryos cultured in KSOM

and CZB developed to hatched blastocysts, but no zygotes developed to hatched blastocysts

in HCO,HTF (Table 3.1). Further analysis showed that there were highly significant
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differences (P < 0.001) in the proportion of embryos developing to blastocysts plus hatched

blastocysts in either KSOM or CZB than in HCOTHTF (P<0.001) (Table 3.2).

Table 3.2 Analyses of results on the effect of three media

on in vitro develoPment of zYgotes

KSOM, CZB, HCO,HTF

KSOM, CZB, HCO,HTI'

KSOM andCZB

KSOM, CZB, HCO,HTF

KSOM anclCZB

KSOM and HCO.HTF

CZB and HCO.HTF

NS

P<0.001

NS

P<0.001

NS

P<0.00 t

P<0.001

4.2'788

24.6680

r.3714

30.9620

r.3163

16.067-s

28.1409

B

HB

HB

B+HB

B+HB

B+HB

B+HB

0.5t20

KSOM, CZB, HCO,HTF

KSOM andCZB

KSOM and HCO.HTF

CZB and HCO,HTF

KSOM, CZB, HCOTHTF

KSOM andCZB

KSOM, CZB, HCO,HTI'

KSOM andCZB

P<0.001

P<0.02

P<0.001

P<0.001

P<0.01

NS

P<0.001

P<0.01

95.2836

5.890 I

6r.8026

9t.4230

13.4936

0.0086

161.1960

10.1930

B

B

B

B

HB

HB

B+HB

B+HB

It20

KSOM, CZB, HCO,HTF

KSOM andCZB

KSOM and HCO,HTF

CZB and HCO,HTF

P<0.001

NS

P<0.001

P<0.001

60;79t1

0.94'/5

49.99t6

56.5901

B0.596

KSOM, CZB, HCO.HTF

KSOM andCZB

KSOM and HCO.HTF

CZB and HCO,HTF

P<0.001

P<0.001

P<0.001

P<0.001

t41,2408

2t.1868

14.697 4

t4r.4200

B96

BetweenPX'Stage of

Embryos*

Paratïin

oil(ml)

Time ol

culture (h)

+ B, HB, as Table 3.1
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Table 3.3 Analyses of results on the effect of volume of paraffin oil

on in vitro development of preimplantation embryos

I ml and 0.5 ml

I mland 0.5 ml

I ml and 0.5 ml

I ml and 0.5 ml

I ml and 0.5 ml

I mland 0.5 ml

I ml and 0.5 ml

P<0.01

NS

P<0.05

P<0.001

P<0.05

P<0.01

P<0.001

1.6063

8.t229

0.3842

6.5986

25.2t35

4.0348

15.6468

B

HB

B+f{B
B

IIB

B+lIB
B

t20

KSOM

CZB

HCO.HTF

I mland 0.5 mt

I ml and 0.5 ml

I ml and 0.5 ml

NS

P<0.001

NS

l.5l I I

19.6965

2.8532

B

B

B

96

KSOM

CZB

HCO.HTF

BetweenPX,Stage of

embryos*

Time ol

culture (h)

Culture

media

* B, F{8, as Table 3.1

When using CZB and 96h of culture in vitro, the proportion of embryos developing to

blastocysts was significantly higher when covered with 1 ml of paraffin oil than in this

medium covered with 0.5 ml of paraffin oil, but with KSOM, this difference was not

significant (Table 3.1 and 3.3).

During 120h of culture in vitro, more zygotes developed to blastocysts in KSOM or CZB

covered with I ml of paraffin oil than media covered with 0.5 ml of paraffin oil (Table 3.1

and 3.3).

The proportion of embryos developing to blastocysts plus hatched blastocysts was

significantly higher in KSOM or CZts covered with I ml of paraffin oil than in medium

covered with 0.5 ml of paraffin oil. However, the proportion of embryos developing to

hatched blastocysts InCZB was higher if 0.5 ml oil was used (Table 3.1 and 3.3).
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The effect of KSOM and CZB on the cell number in blastocysts was also determined (Table

3.4) in this experiment. The results given in Table 3.4 indicate that the number of ICM and

TE+ICM cells in embryos cultured in CZB medium was higher than that in KSOM

medium, while the ratio of ICIvI/TE in CZB medium was not significantly different from in

KSOM.

Tabte 3.4 The effect of KSOM and CZB on the cell number of blastocysts

F=8.2763

P<0.01

F=0.3657

NS

F=5.7998

P<0.05

F=3.0097

NS

Anova:

Single-Factor

65.3r+2r.25

49.09+17.08

0.72+0.32

0.85+0.83

24.97+8.10

t1.82+10.27

40.25+17.91

30.92!16.32

t6

JJ

CZB

KSOM

Total No.

TE + ICM
Ratio

(ICM/TE)
ICM*TE*No.

Blastocvsts

* TE - trophectoderm; ICM - inner cell mass; Values given are mean + SEM.

These results show clearly that CZB appears to be the most suitable medium for embryo

culture under the conditions adopted for these investigations.

3.3.2 The effects of types of oil on development in vitro of mouse zygotes

To examine the influence of oil (paraffin vs mineral) on embryo development, embryos

were cultured in CZB medium and culture droplets covered either with i ml of paraffin or 1

ml of mineral oil for the duration of culture. The results are shown in Table 3.5.

During 96h and l20h of culture in vitro, the proportion of embryos developing to

blastocysts was significantly higher using paraffin oilthan using mineral oil (P<0.001)'
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Based on these results, it was decided thatparaffin oil would be used in the subsequent

cultures

Table 3.5 The effects of type of oil on in vitro development
of mouse zygote in CZB medium

C, M, B and D are the same as in Table 3.1.
Values given in brackets are the number of embryos at the given Stage as a percentage of the total number

of embryos collected

3.3.3 The effects of the number of observation on development in vitro of mouse

zygotes

The effect of observation times on embryo development are shown in Table 3.6.

After 96h and l20h of culture in vitro, the proportion of embryos developing to blastocysts

was similar whether the embryos were observed only at these times or at24,48 and 72h as

well.

These results suggest that repeated observations did not influence the proportion of

embryos developing to blastocysts, allowing for routine monitoring and scoring of embryo

dcvclopment in subsequent experimcnts.

*

',1ïl
i:p
l;g

I

t20P<0.00127.800514(33.3)
28(66.7)

41(87.2)
6(t2.7)

B
D

96

P<0.00134.1',703

6(t4.3)
3(7.r)
r(2.4)
2(4.8)

16(38. l)
7(76.7)
7 (t6.7)

s( r o.6)
37(78.7)

5( 10,6)

I l-tk

3-C
4-C
8-C
M
B
D

4247No. zygotes

Time of
culture(h)

PX,Mineral
oil

Paraffin
oil

I
109



I
r

Table 3.6 The effect of observing frequency on in vitro development of zygotes

* C, M and B are the same meanings as those in Table 3.1; EB is referred as early blastocysts

Values given in brackets are the number of embryos at the given stage as a percentage of the total numbe¡

of embryos collected.

3.4 Discussion

The proportion of embryos developing to blastocysts (96h) and blastocysts plus hatched

blastocysts during 120h in culture (Table 3.1) was similar to those reported by Chatot et al.

(1989) using CZB, but lower than those reported of Erbach et al. (1994) using KSOM and

of Quinn et al. (1985) using HCO,HTF. These differences could be related to different

mouse strains and local culture conditions. However, under the present conditions, when all

3 media were compared directly, CZB appeared to be the most satisfactory medium.

Therefore, all subsequent studies were undertaken using this medium.

It is known that the main diftèrences among these media are in the concentrations of NaCl

and glucose and the addition of glutamine and ethylenediaminetetraacetic acid (EDTA).

High concentrations (125 mM) of NaCl in culture media have been reported to decrease

I

NS0.0624

2 (0.e) 2(r.3)

181 (84.6) 130(8s.s)

M
B

t20

NS0.2370

l i (5. 1) 3(8.6)

172 (80.4) 119(78.3)

M
B

96

ee(6s. 1)

4s(29.6)

M

EB

72

l0(6.5)

3(2.0)

134(88.2)

4-C

8-C

M

48

r42(93.4)a a\rk24

PX'2r4 t52No. zygotesTime of

cul ture(h)
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rates of protein synthesis (Anbari and Schultz, 1993), change the patterns of protein

synthesis and reduce the rates of mRNA synthesis and its stability, and the relative amount

of mRNAs for IGF-I and IGF-II and their cognate receptors (Ho et al., 1994). These

changes of protein and mRNA synthesis subsequently inhibit the development of mouse

zygotes to blastocysts (Lawitts ancl Biggers, 199la,b; Biggers et al., 1993) since the

development and differentiation of preimplantation embryos require protein synthesis. In

contrast, media containing a low sodium concentration (85 mM) may overcome these

problems and support embryo development (Anbari and Schultz,1993; Biggers et al.,1993;

Ho et aI., 1994). The CZB medium found be the most appropnate in the present study

contains only 82 mM of NaCl.

In the mouse, zygotes can utilize only pyruvate (or oxaloacetate) as energy sources, but

lactate can support development from the 2-cell stage onwards and together with glutamine

helps support development in vitro. Many studies have indicated an increase in glucose

uptake between the l-cell and 2-cell stage, but not between 2- and 8-cell stage, and that

glucose can be used as the sole substrate from the 8-cell stage onwards (Whitten, 1957;

Brinster, 1963, l965a,b; Biggers, et al., 1967; Whitten and Biggers, 1968; Whittingham,

1969,1971; Biggers and Stern, 1973:Biggers, 1987; Leese, 1991;Bavister, 1995). In this

experiment, glucose concentrations in CZB, KSOM and HCO3HTF were 5.6, 0.2 and2.78

mM, respectively (Table 2.2 in 2.5.2) and the high concentrations of glucose in CZB might

better support the development of mouse zygotes onward because there were a higher

proportion of 2-cetl embryos in KSOM and HCO,HTF than CZB, during 96h and 120h of

culture in vitro.

Glutamine may improve the development of mouse zygotes from outbred strains (Chatot et

al., I989). Similar beneficial effects of glutamine on embryonic development have been
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reported in other species, including the hamster (Bavister et al., 1983; Carney and Bavister,

1987), rabbit (Brinster, l97O), pig (Petters et al., 1990) and sheep (Szell, 1995). Therole of

glutamine in embryonic development may be to act as a source of amino groups for

transamination and/or as a source of energy, and a regulator of the detrimental effects of

excessively high NaCl concentrations (Lawitts and Biggers, 1992; Biggers et al., 1993).

The combination of I mM of glutamine with 105 mM of NaCl appears to be optimal

(Biggers et al., 1993).In the present study, glutamine concentrations in CZB, KSOM and

HCOTHTF were respectively I mM, I mM and 0.0 mM (Table 2.2 in 2.5.2) and our results

showed clearly thatCZB and KSOM were much better than HCO,HTF.

Previous studies have indicated that ethylenediamine-tetraacetic acid (EDTA) may exert its

beneficial effect on embryo development by chelating toxic metals, or by facilitating the

transport of other factors important for embryo development (Loutradis et al., 1987; Chatot

et al., 1989; Fissore et al., 1989; Uranga and Arechaga, 1997), or by increasing protein

synthesis (Poueymiou et al., 1989), through its action on the cell surface of the embryo

(Abramczuk et al., 1971). Furthermore, EDTA may be more important for embryo in vitro

development beyond the 2-cell stage than either protein or amino acids (Fissore et al., 1989)

and improves the development of postimplantation embryos (Mehta and Kiessling, 1990).

The EDTA content used varies with different studies reported. Some studies have shown

that the optimum EDTA concentration is 10 LrM (Abramczuk et al., 1977; Erbach et al.,

1994), while other studies have indicated that the optimum EDTA concentration is 100 uM

(Chatot et al., 1989; Poueymiou et al., 1989; Mehta and Kiessling, 1990). This value is

supported by our results because CZB containing 100 prM of EDTA was better at

supporting embryo development rn vitro than KSOM containing l0 ptM of EDTA (Table

2.2 ìn 2,5).
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The results presented here on the number of TE, ICM and TE+ICM are not in agreement

with those previously reported by Erbach et al. (1994) who showed that during 96h of

culture in vitro of mouse zygotes, the number of TE, ICM and TE+ICM in the blastocysts

was higher in KSOM than in CZB. This difference may be due to the differences between

mouse strains, between culture conditions and the time at which the blastocysts were

sampled. However, the rate of success for transfer of embryos cultured for 4 days in KSOM

andCZB indicated that the former is not better than the latTer (307o vs 5O7o) (Erbach et al.,

1994), and this is supported by the present study which suggests that the number of ICM,

and the total number of ICM pìus TE cells are higher in embryos cultured in CZB than in

KSOM.

The proportion of embryos developing to blastocysts in the presence of mineral oil was

significantly lower than in the presence of paraffin oil. Mineral oil (Sigma, M-3516) is

known to cause irritant damage to some tissues (e.g. Eyes, Sigma Company) and therefore

may disturb developmental in vitro capacity of preimplantation embryos. On the other

hand, the paraffin oil used (BDH, 294315J) contains the lowest toxin and impurity level

according to the manufacturer's specifications and these features appear to be an advantage

in the development in vitro of preimplantation embryos.

During repeated observations, embryos are exposed to light and transient temperature

fluctuation as they are moved repeatedly from the incubator to the atmosphere and returned.

This could result in an interference with the optimal in vitro development of mouse

embryos. It has been shown that increasing the length of exposure of mouse zygotes to

room temperature significantly reduced the rate of development to blastocysts since

temperature reductions may slow the metabolic processes of zygotes and disrupt their
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enzyme systems and mitotic spindle formation, Howevet, 2-cell embryos were less affected

by temperature fluctuation (Scott et al., 1993). Whilst handling conditions were optimized

in the present studies to minimize temperature fluctuation by reduced number of

observation, the results in the present study have shown that repeated observations did not

subsequently reduce development, compared with those observed only once at the end of

the developmental period.
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Ghapter Four

The Effect of Paternal Heat
Stress on Development ln
Vitro of Preimplantation
Embryos in the Mouse



4.1 Introduction

Bellve (1973) first studied the development in vitro of late 2-cell mouse embryos sired by

males from day3 to dayS after heat stress and showed that paternal heat stress can cause

some developmental retardation at the 8-cell stage and a marked accumulatton of morulae

at 120h. Heat-stressed rams have also been shown to have a reduced in vitro fertilisation

rate (Ekpe et al., L992), and a slower in vitro development of preimplantation embryos with

an increased degeneration at the blastocyst stage (Ekpe et al., 1992, 1993; Setchell, 1994).

The present experiment aimed to study the effect of paternal heat stress between 3 days and

42 days previously on the development in vitro of preimplantation embryos in the mouse,

and determine which stage of preimplantation embryos are most seriously affected by the

heat-stressed male.

4.2 Materials and Methods

4.2.1 The effect of heat stress on body temperature and testicular temperature in the

male mouse

Body temperature and testicular temperature under heat-stressed conditions were first

determined in order to understand the actual insult of heat stress on the mouse body and

testes. Sixty C57/CBA Fl male mice (13 to 22 weeks old) were used in this experiment.

Control (23'C) and heated (36'C, 627o rclative humidity) mice were anaesthetised using

fluothane (ICI Australia Operations Pty. Ltd., AUSTR 11216, Australia) at0, 6, 12,18 and

24h during heat stress and core body temperature (intra-peritoneal) and testicular
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temperature were measured uslng a "Digi-sense" thermometer (Model 91100-200, Extech

Equipment Pty. Ltd., USA) collected with a type T needle probe in 0.75 length (Model

E08505-93, Extech. Equipment Pty. Ltd., USA). This thermometer has a sensitivity of +

0.1"C at 36-40"C. Six control and sìx heated mice were used at each time point.

4.2.2 Heat stress of the male mouse

To investigate the effect of paternal heat stress on the development of preimplantation

mouse embryos, six mature and fertile C57/CBA Fl male mice (13 to 22 weeks old) were

placed in a psychrometric chamber set at 36 + 0.1"C and62+ 0.47o relative humidity for

24h. Two control male mice were similarly maintained at 23"C for 24h with other

conditions being the same as those in the experimental group. There were two replicates in

this experiment.

4.2.3 Superovulation and mating of female mice

One-hundred and twelve normal C57/CBA Fl female mice (4 to 10 weeks old) were

superovulated as method presented in2.3. Briefly, female mice were superovulated by the

i.p. injection of 5 to l0 IU PMSG (Folligon, 26532, Australia) at approximately l6:00h,

followed 47 to 48h later by an i.p. injection of 5 to 10 IU of hCG (CG-z, Lor 18F0277,

Australia). Eight female mice were used each time, six mice in the experimental group and

two in the control group.
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Following the injection of hCG, each superovulated female mouse was caged overnight

with either a control or a heated male from one of experimental groups on Day 3 (D3), Day

1 (D7), Day 14 (Dl4), Day 2I (D21), Day 28 (D28), Day 35 (D35) or Day 42 (D42) after

heating of the male. The presence of a vaginal plug the following morning was taken as an

indication of a successful rnating.

4.2.4 Collection and culture in vitro of control-sired and heat-sired putative zygotes in

the mouse

Materials and methods employed for these studies have been described in detail in sections

2.4.2 and 2.5.2. Briefly, 25 to 28h after the injection of hCG, the females were euthanized

by cervical dìslocation and control-sired and heat-sired embryos were collected from the

oviducts by piercing the swollen portion of the ampulla with a needle or by insertinga2T-

gauge needle into the ostium of the oviduct and injecting approximately 0.5 ml of Hepes

HTF. Cumulus cells were dispersed by a brief Íeatment with a Hepes HTF containing 300

¡rg/ml of hyaluronidase type IV-S (Sigma, H-4272, Lot 16H4677). Embryos with two

pronuclei or one-cell lzygotes were selected and washed in a Hepes HTF for 3 times.

Control-sired and heat-sired embryos were cultured in 4-well tissue culture dishes (Falcon,

300l,Australia)in50ul of aCZB medium(Chatotetal., 1989)underparaffinoil(BDH,

294375J, Australia) at 37"C in an atmosphere of 57oCO.,57oO, and 907oN,. The

developmental progress was checked ¿rnd recorded every 24h, for l2OIt.

Control-sired (n = 2 sires) and heat-sired (n - 6 sires) embryos were collected at D3,7,14,
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21,28,35 and 42 after paternal heat stress

4.2.5 Morphological evaluation of preimplantation embryos in the mouse

The development of preimplantation mouse embryos was examined using an Olympus CK2

inverted microscope (Olympus Optical Co., Japan). Embryos can be classified into 4

categories according to their morphology after culture in vitro (Wright and Ellington,

1995). They are defined as:

4 : Putative zygotes have developed to a specific stage after aem

defined time of culture in vitro, i.e. to 2-C (after 24h), 4-C to morulae (48h), 8-C to early

blastocysts (72h), morulae and early blastocysts to blastocysts (96h), and blastocysts

(120h). Developed embryos appear symmetrical with cells of uniform size, colour and

texture;

Non-developine embrl/os (Fie 4.l. I l): Embryos did not develop during culture in vitro;

Abnormal embr),os (Fie 4.1. l2-14): Embryonic morphology is not spherical, but shows

extruded blastomeres, irregular shape, colour and texture;

Dead/d)¡ing embrl¡os (Fig 4.1. l5-16): Cells within embryos have dissolved during culture

in vitro.

The appropriate development stage of preimplantation embryos at a given time were first

defined in order to analyse the effect of paternal heat stress on the development in vitro of

mouse embryos. Embryos were examined at 5 times namely 24, 48,72, 96 and l20h of
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Fig 4.1 Development in vitro of mouse embryos

I and2. Zygotes collected respectively from either a control mouse oviduct or a
experimental mouse oviduct 25-28h after hCG injection; 3. 2-cell embryo (24h of
culture in vitro); 4. -cell embryo (48h of culture in vitro); 5. 8-cell embryo (48h or
72h of culture in vitro); 6-7. Morula and early blastocyst(72hof culture in vitro); 8-9
Blastocyst and expanded blastocyst (96h of culture in vitro); 9-10. Expanded and
hatched blastocysts (120h of culture in vitro); 11. Not developed embryo; 12-14.
Abnormal embryos, 15-16. Dead/dying embryos. X250.

13 16
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culture to determine the development stage. At each of these five times, the number of

fertilised ova to have reached the appropriate development stage out of the total number of

fertilised ova 'Risk Set' was determined. The "approptiate development stage was taken to

be that stage nonnally reached by healthy control embryos in that time frame as

summarised below Table 4.1.

Table 4.1 The appropriate development stage

For each time ol observation

2-cell

4-cell to morula

8-cell to early blastocyst

Morula to blastocyst

Blastocyst1

24

48

72

96

20

Development stageTime (h)

Survival, as an outcome, was scored when an embryo was deemed to have reached the

appropriate development stage. Consequently, the event of interest, namely the failure to

reach the appropriate development stage was also recorded. Failure also included fertilised

ova that were abnormal, dying/dead or not developed.

4.2.6 St¿tistics

Comparisons and differences of body temperature and testicular temperature between

groups and within groups were tested for signifìcance using analysis of variance. A

significant diff-erence was assumed to exist when the probability of it being due to chance

was less than57o.
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Analysrs of developmental competence of embryos was found to be complicated by

variation over time in the rate of development of normal, conh'ol-sired embryos and the

lack of independence of the data. In particular, for each replicate, at each day after heating,

in each heat treatment group, the same embryos were examined over the development times

between 24 and l20h (repeated measures). Most statistical methods require independence

of observations. To address this, the assistance of a professional biometrical consultant was

sought for statistical analysis of these data. The assistance of Ms. H. Oakey of Biometrics

SA is acknowledged again at this point.

Survival analysis (Cox and Oakes, 1984) provides one way to overcome the lack of

independence of these data and was used to investigate the effect on embryonic in vitro

development of heat treatment and days after heating on the "response time until failure"

[where failure is deemed to be not reaching the appropriate development stage at the

appropriate time (24,48,72,96 or 120h) and includes embryos that are abnormal, dead or

not developedl.

At the last development time (120h), any embryos that have reached the correct

development stage are treated as 'right' censored. Censoring implies that we only know that

this embryo has reached the correct stage at this particular time, we do not know what

happens to the development of the embryo after this time i.e. failure has not yet occurred at

the last time that we examined the embryo.

In summary, our response is time untrl failure. This response can take on the value 24, 48,

72,96 or 120h, or greater (but unknown). It was of interest to determine the effèct of the
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explanatory variables heat treatment and days after heating on the response

Preliminary investigation of the time to failure (hours) was performed by graphing Kaplan

Meier (KM) estimated Survival Curves (Cox and Oakes, 1984) for each control and each

heat treatment group at each day after heating.

A Log-Rank test (Cox and Oakes, 1984) was then used to determine whether the plotted

Kaplan-Meier (KM) survival curves were different. This test is approximately Chi-squared

with I degree of freedom. The null hypothesis was that there was no overall difference

between survival curves for the control and heat-treated groups. The graphs and testing

were performed using Splus 2000 (Splus 2000 Professional Edition for Windows Network,

Release 1, 1988-1999 MathSoft, Inc., Math. Soft International, Knightway House, Park St.

Bagshot, Survey, GU19 5AQ, UK).

A Cox Proportional Hazard (PH) Model (Cox and Oakes, 1984), which is a semr-

parametric model was used to determine whether the hazard of failure differed with the two

explanatory factors of interest-heat treatment and days after heating.

For data in the present study, the Cox PH model fitted was:

h(t;=¡011;. 
(A)* {nl

Note: (A)*(B) = A+B+4.8, where A and B represented the main factors for heat treatment

and days after heating, respectively, and A.B was an interaction term between the two

explanatory factors.
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Where

The hazard function h (t) was interpreted as the instantaneous potential per unit time

for failure of a fertilised ovum given that this fertilised ovum had survived up to a

specrfic development stage.

ho (t) is the unspecified baselinehazard, which was taken the form of a non-negatlve

function and t was time until failure.

The two explanatory factors included in the model were:

Heat treatment which had two levels, corresponding to the control and heat-treated group

and days after heating which had 7 levels, corresponding to the following times 3,'7, 14,

21,28,35 and 42 days. An interaction between these two variables was also investigated.

Both these factors were examined as categorical variables, and were fitted such that one

level was a baseline to which the other leveì(s) were compared (known as corner point

parameterisation). Thus instantaneous relative risks or 'hazard ratios' of the baseline level

to the other levels were determined. For example, the hazard ratio for the control as

compared to the heat-treated group at a particular day after heating was determined if

appropnate.

Replicate had two levels corresponding to the two replicates. It was included in the model

to allow for variation between replicates and was fitted as a categorical explanatory

variable. However, as opposed to corner-point constlaints, we imposed a zero sum

constraints on this effect, thus L replicate = 0 and the mean was zero. As a result of this the
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other explanatory variables (heat treatment and days after heating) were estimated at the

'mean' replicate level, providing an estimate of the hazard ratios at the mean replicate level.

Therefore, the contribution by the replicate to the hazat'd ratio was taken as zero.

The importance of the explanatory variables was determined using a likelihood ratio test (-

2+Change in log likelihood), (Cox and Oakes, 1984). This test is approximately Chi-

squared. A significant difference was assumed to exist when the probability of it being due

to chance was less than 57o. The importance of model terms was tested in a hierarchical

manner, so that the interaction term between days after heating and heat tteatment was

tested before main effects. If the interaction term was significant it means the two variables

did not act independently of each other and therefore it was not appropriate to test for the

main effects of these variables.

The Cox PH model was fitted using the SAS procedure PROC PHREG (SAS for Windows

Version 6.12, I989-i996, SAS Institute Inc., Cary, NC, USA), with the "exact" method for

dealing with ties.

4.3 Results

4.3.1 The effect of heat stress on body temperature and testicular temperature in the

mouse

As can be seen in Fig. 4.2, exposure of maìe mice to the elevated environmental

temperature of 36oC for 24h slightly increased body mean temperature (P<0.005), but

significantly increased testicular mean temperature (P<0.001).
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groups at each time point and between HB groups over tlme;

Values with c, d, and e ditfer significantly in mean testicular temperatures (P<0.001) between CT groups

and HT groups and between HT groups over time.

4.3.2 The effect of paternal heat stress on the development in vitro of preimplantation

embryos in the mouse

A summary of the raw results of the effect of paternal heat stress on the development in

vitro of preimplantation mouse embryos is presented in Table 4.2.KM survival curves for

each treatment group, each day after heating, and the log-rank tests for embryonic survival

are presented in Figures 4.3 and Table 4.3, respectively.
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Table 4.2.The effect of paternal heat stress on in vitro development
of preimplantation embryos in the mouse

*C-Cell, M-Morulae, EB-Earlyblastocysts, B-Blastocysts, Nd-Notdeveloped embryos, Ab-
Abnormal embryos, D - Dying/dead embryos;

**Pooled data from the control groups across days after heating; The values given in brackets were the number

of embryos developing to given stilges as a percentage of the total number of putative zygotes.

During 24-120h of culture in vitro, the proportion of embryos developing to 2-C,4-C to M,

8-C to EB, M to B and B showed no detectable difference between control and heat-treated

groups at day3 and day 42 alter heating of the male (Fig 4.3, A and G, respectively, Table

4.3), but were significantly reduced in other heat-treated groups compared with control
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Figure 4.3 KM Survival curves for embryos sired by control and heat tteated males

A: 3 days after heating B: 7 days after heating
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groups (Tabte 4.2, Fig 4.3, E-F, Table 4.3). The proportion of zygotes unclergoing further

development was significantly (P<0.0001) decreased by clay 7 (Fig 4.3,8, Table 4.3) after

heating, and had not recovered to control tevels by day 35 after heating of the male (Fig 4.3,

F, Table 4.3). Maximum impairment to development occurred at day 14 and d,ay 21 afrer

heating of the male (Fig 4.3, C and D, respectively, Table 4.3).

Whilst all nominated stages of embryo development were affected by paternal heat stress,

the number of embryos at the 2-C stage were severely reduced in all heat-treated groups

except day 3 and day 42 after heating (Table 4.2). Furtherrnore, at days 14, 21,28 and,35

after heating of the male, development 4-C to M stage and M to B stage also demonstrated

substantial impairment (T able 4.2).

Paternal heat stress increased the number of 3-C to 5-C embryos after 24h of culture in

vitro. However, the proportion of 2-C to 3-C at 48h, 2-C to 6-C at 72h and,2-C to 4-C at

96h were higher at days 7,14,21,28 and 35 after heating than that in control groups and

day 42 after heating of the male (Table 4.2).

Table 4'3 Log-rank tests comparing the control and heat-treated group survival curves
separately at each day after heating using a Chi-square test with I degree of freedom

NS
>k*

)k ,ß

ri< *
>k ,k

,< >k

NS

0.357
0.00003
0

0

0

0
0.342

0.8
t7.I

r54
173
39.7
35.8
0.9

Day3
DayT
Day14
Day2l
Day28
Day35

_Day42

p-valueChi-squareDay after heating

NS indicates no significant clitt'erence between the control and heat-treatecl group at the 5olo level;
**indicates a highly significant clitference betrveen the control ancl heat-treatecl group significant
at least the 0.017o level.
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Modelling showed that the interaction between heat treatment and days after heating was

highly significant when tested using the likelihood ratio test (X2= 42.8, df = 6, P<0.001).

This indicates that the hazard ratio of the control and heat-treated groups al'e different

depending on the clay after heating.

Using different days after heating as the baseline level when model fittrng, we can

determine the hazard ratios of the control to the heat-treated groups for each day after

heating. These are shown in Table 4.4.

Table 4.4 Hazard ratios comparing the control and heat-treated groups
for each day after heating

NS
*
,!

*
>F

NS

( 0.549, 4.637)
( 2.420, 26.554)
(19.580, 206.9r7)
(22.600,396.594)
( 3.926, 18.968)

( 0.109, 2.583)

1.595
8.016

63.705
94.673

8.630

0.531

0.534
0.599
0.589
0.7 16

0.394

0.791

0.461
2.081
4.t54
4.550
2.r55

-0.633

Day3
DayT
Day14
Day2L
Day28
Day35
Day42

957o CI for
hazard ratio

Hazard
Ratio I I

Standard
CTTOT

Parameter
Estimate t

Day after
heating

NS indicates hazard ratio not significantly clitTèrent tiom I i.e. No ditference between the control and heat-

treated group;

* indicates hazard ratio significantly c.titterent tiom I i.e. Control ancl heat-treateci group have significantly

ditferent hazards at rhe 5Vo Ievel;

i) parameter estimate obtained tiom Cox PH moilel by fitting clay x and control as the baseline level;

o I the hazard ratio was given by the exponential of the parameter estr mate.

Note: the results tbr clay35 were not shown because there was 1007o censorship in the control group at

day35, meaning none of the t-ertilisecl ova in the control group hacl failecl. The Cox PH moclel was unable to

cope with this degree of censorship and the moclel fit tbr this parameter was unreliable.

Paternal heat stress al day 3 before conception did not increase the hazard ratio compared

with that in control groups (Table 4.4). However, by d,ay 7, rhe heat-treated groups had a

hazard of failure 8.0 times that of the control group (Table 4.4).The hazard ratio rose and

peaked over day 14 and day 21, such that the hazard of a failure occurring in the heat-
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treated groups was 63.7 and 94.7 times the hazard of a failure ìn control grolrp on day 14

and day 2l respectively (Table 4.4). 
^t 

28 days after heating, the hazard of failure in the

tteatment group had returned to be only 8.6 times that of the control group, and by day 42

the hazard of failure was not significantly different to the controls (Table 4.4).

4.4 Discussion

It is clear from the results of the present study that paternal heat stress affects the

development of mouse preimplantation embryos and the extent of the effect may be related

to the time of mating after heat stress of the male. The present results support a previous

report in the mouse by Bellve (1973) who found paternal heat stress to reduce the number

of blastocysts at l20h of culture in vitro when heat-stressed males were mated 3 to 8 days

later. However, in contrast to his results (Bellve, 1973), we did not find a marked

accumulation of morulae after 120h of culture. One possible reason for these differences is

that mouse strains were different with mice in our experiment being C57/CBA Fl mice,

while Bellve used ICR albino mice. The heat-stressed conditions used in the two

experiments were also different, with Bellve's experiment being conducted with an

environmental temperature and relative humidity oT34.5 + 0.2"C and 65 t- 57o, while in our

experiment, the values were 36.1 t 0.loC and 62 -l 0.47o, respectively. Exposure of male

mice to higher temperature in our experiment resulted in higher temperatures in the testis,

which is tikely to have contributed additional damage to spermatogenesis and endocrine

functions, finally influencing male fertility. The mating times after paternal heat stress were

also dìfferent between the two studies. In Bellve's experiment, the male was kept with

females only from days 3 to 8 inclusive, whiie in our experiment, the female was mated

with the male after days 3 and 7, but also at later times after paternal heat stress.
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Furthermore, the in vitro culture system and embryo stages used for investigation were

different. We used 50 pl of CZB medium to culture l-cell embryos in an incubator

maintained at37"C and rn an atmosphere of 57oCO,/57oO,1907oN., while Bellve used 200

pl of BMOC-2 medium to culture late 2-cell embryos in the incubator kept at 31.5"C and in

an atmosphere of 57o CO, in air. Nevertheless, the results of both experiments confirm that

paternal heat stress has an effect on the development of preimplantation embryos in the

mouse.

Heat stress is well documented in affecting spermatogenesis in the mouse and other species.

The extent of the influence seems to be related to the temperature to which the individual is

exposed during heat stress and to the sensitivity of the different types of germ cells in the

testis. It has been previously demonstrated that late spermatocytes are the cell type most

susceptible to heat exposure, followed by spermatids, spermatogonia and finally sperm in

the mouse (De Vita et aì., 1987, 1990; Sailer et al., 1997). According to the timetable of

sperrnatogenesis, sperrn involved in fertilization at day 3 and day 7 are those which would

have been already in the epididymis at the time of heating (Meistrich et al., 1975;Dadoune

and Alfonsi, 1984). That paternal heat stress 7 days earlier reduced the development of

preimplantation embryos suggests that heat stress can damage sperrn from the epididymis.

Paternal heat stress 14 and 21 days prior to mating had a greater effect on embryo

development, than at days 3, 1 or 42. Sperm at D14 and D2l arise from round spermatids

(Dl4) or diplotene and pachytene spermatocytes (D2l), respectively (Oakberg, 1957)

which are known to be seriously damaged by heat stress (De Vita et al., 1987, 1990; Sailer
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et al., 1997). The susceptibility of these cells to heat stress might also be expected to

influence the development of preimplantation embryos which they produce.

Similarly, paternal heat stress at 28 and 35 days prior to mating also reduced significantly

the development of embryos. These results suggest that heat stress might also damage

preleptotene spermatocytes and/or spematogonia (Oakberg, 1957).

Paternal heat stress 42 days before mating did not affect the development of embryos to the

different stages studied, compared with those in control group. This indicates that the new

cycle of spermatogenesis which begins from Type A spermatogonia within this time frame

is not affected by the heat exposure, and suggests that Type A spermatogonia appeil not to

be affected directly by the heating.

It is of interest that paternal heat stress reduced significantly the proportions of embryos

developing to the 2-cell stage in particular, and therefore also 4-cell to morula stages, and

the blastocyst stage in this experiment. Several studies have shown that endogenous

transcription takes place at the late l-cell stage of mouse embryos and that transcription is

first initiated in the paternal pronucleus (Ram and Schultz, 1993; Matsumoto et al., 1994;

Bouniol et al., 1995; Christians et al., 1995; Nothias et al., 1996). The results of our

experiments have shown that heat stress of the male reduced significantly the proportions of

embryos developing from 1-cell stage to 2-cell stage. This may suggest that sperm from

heat-stressed male mice could be damaged such that the paternal pronucleus produced after

fertilisation with these sperm is unable to initiate appropriate transcription at the late l-cell

stage. It is also possible that even though these sperm have fertilized an ovum, the sperm
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asters can not be apptopriately formed (Schatten, 1994; Navara et al., 1995; Sutovsky and

Schatten, 2000), thus influencing the development of embryos after t'ertilization.

The two-cell stage of the mouse embryo is a key period which determines the later

developmental fate of embryos since zygotic gene activation (ZGA) occurs at this stage. It

is possible that, when normal ova have been fertilised by spenn from heat-stressed male

mice, they can not destroy the maternal transcripts and produce the corresponding new

transcripts that are unique to the developing embryos, thus leading possibly to a failure of

ZGA. The low proporlions of embryos developing to 4-cell to morula stages are in

agreement with the failure of the ZGA which occurs only at the 2-cell stage (Flach et al.,

1982; Bensaude et al., 1983; Latham et al., 1991; Manejwala et al., 1991; Schultz, 1993:

Moore et al., 1996). Differentiation of cells within the morulae is responsible for the

transition from morula to blastocyst. In the mouse, the first process of differentiation begins

at the 8-cell stage with compaction of the embryo and development of cell polarity

(Ducibella et al., 1975; Ziomek and Johnson, 1980). Moreover, these morphological

changes require zygotic transcription (De Sousa et al., 1993; Fleming et al., 1993). If

paternal heat stress damages or reduces zygotic transcription, the differentiation events of

cells within morulae will possibly be disturbed, reducing the proportion of embryos

developing from morulae to blastocysts.

Paternal heat stress not only reduced the proportion of preimplantation embryos at the

different stages, but also changed the developmental capacity of some preimplantation

embryos. The present study has shown that during 24h of culture, patemal heat stress

increased the number of embryos developing to 3-cell to 5-cell stages, especially at D28

and D35 after heating of the male. This suggests that heat stress could increase the
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functions of some sperrn processes, such as sperrn motility, sperrn metabolism or fertility,

which could accelerate sperm entry and penetration through the zona pellucida, activation

of the ovum and fertilisation, and thus promote indilectly greater development and

differentiation of the early preimplanlation embryos. However, whether the 3-cell, 4-cell

and 5-cell embryos produced in this way continue developing normally or not is not clear,

although it seems unlikely.

After 48h-120h of culture, respectively, the number of 2-cell, 3-cell and 4-cell embryos in

experimental groups, especially at Dl4, DzI, D28 and D35 were much higher than in

control groups. One possibility for this is that paternal heat stress could result in the failure

of zygotic gene activation at the 2-C stage in the mouse, reducing development past the 4-

cell stage; another reason could be related to the cell cycle of preimplantation embryos

since the first and second cell cycles have longer Gl and G2+M stages, compared with the

later cell cycles (Streffer et al., 1980; Molls et al., 1983; Howlett and Bolton, 1985; Smith

and Johnson, 1986; Chrisholm, 1988; Moore et al., 1996).If paternal heat stress disturbs the

normal process of the first and second cell cycle of preimplantation embryos in the mouse,

it may disturb cell differentiation and subsequent development. In addition, it might mean

that although 2-cell embryos have differentiated into 3-cell or 4-cell embryos, these may

not be able to further differentiate if DNA replication has not been completed.

Paternal heat stress also increased the number of non-developing, abnormal and dead/dying

embryos in the mouse. The extent of this increase is also related to the difïerent types of

germ cells damaged by heat stress. The present results suggest that once an ovum is

fertilised by a sperm from a heat stressed male, these fèrtilised ova are likely to express
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abnormal metabolism, abnormal protein synthesis and/or abnormal gene expression, thus

leading to an increase of non-developing, abnormal and dead/dying embryos.
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5.1 Introduction

Paternal heat stress has been reported to reduce fertilization rates (Burfening et al., l9l0;

Jannes et al., 1998) and the development in vivo of preimpiantation embryos (Bellve, 1972)

in the mouse. Setchell et al. (1998) fLrrther reported that local heating of the testis between

day 7 and day 35 prior to mating reduced the size and weight of litters in the mouse. Studies

in this thesis have also indicated that in vìtro developmental rates of heat-sired

preimplantation embryos begin to decrease when sired at day 3 after heat-stress, were

lowest when embryos were sired on day 2l after heat-stress, and then gradually returned to

control levels when sired by day 42 (Chapter 4). Although an optimised in vitro culture

system has been established to minimise the effect of in vitro culture conditions on embryo

development (Chapter 3), it remains highly likely that the in vitro environment is inferior to

in vivo environment. Furthermore, given the significant effect of paternal heat stress on

development in vitro, it was of interest to determine whether embryo development was

improved when allowed to occur in vivo. Therefore, this study have investigated the effect

of paternal heat stress on the development in vivo of preimplantation embryos conceived at

J,2I and 35 days after heating of the male.

5.2 Materials and Methods

5.2.7 Heat stress of the male mouse

Materials and methods employed are described in detail in Section 2.6. Briefly, twelve

normal fertile C57/CBA Fl male mice (13 to 15 weeks old) were maintained in a

psychrometric chamber set at 36 t 0.3'C and 65.8 t 5 .6 7o relati ve h umidity and heated for

T
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24h, while another twelve comparable, fertile F1 male mice were kept at 23"C as a control

group. There were three replicates in this experiment.

5.2.2 Oestrous synchronization and mating of female mice

Normal C5T1CBA F1 female mice (9 to l3 weeks old) were synchronized to be oestrous as

the described in Section 2.7.

Each control male and each heat-stressed male was caged with2 oestrous females in7,2I

and 35 days after heating of the respective male. The existence of a vaginal copulation plug

the following morning, was taken as an indication of a successful mating.

5.2.3 Collection of preimplantation mouse embryos

Successfully mated mice were selected and euthanasized by cervical dislocation. The

mating time was defined as midnight (0:00h) and female mice were allocated randomly for

the collection of preimplantation embryos. One-cell, Z-cell, morula and blastocyst stage

embryos were collected 14-16h, 34-39h,61-65h and 85-90h after mating, respectively. The

numbers of corpora lutea were recorded. The number of preimplantation embryos recovered

at the different stages were also scored.

5.2.4 Morphological evaluation of preimplantation mouse embryos

Embryos were examined using an Olympus CK2 inverted microscope (Olympus Optical

Co', Japan) at a magnification of X200. The quality of individual embryos was determined

lti
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by a method modified from Wright and Ellington (1995), scoring Normal, Abnormal or

Unfertilized ovum. The definitions applied were:

Notmal: The embryo was spherical and symmetrical with cells of uniform size, colour and

texture, and was at an appropriate stage of development, i.e. embryos recovered at 14-16h,

34-39h,61h-65h and 85-90h after mating were zygotes (judged by the pr.esence of the

second polar body or pronuclei), 2-cell, 8-cell to morulae or morulae to blastocysts,

respectively.

Abnormal: Embryos showed extruded blastomeres, a few cells of variable size, and.

contained numerous large vesicles.

Unfertilized ovum: An ovulated ovum which did not contain two polar bodies or pronuclei.

Embryos were photographed using professional colou¡ reversal film (Kodak Ektachrome

64T Tungsten, Q-LAB Service, Australia). Slides were then scanned into a pC computer,

for subsequent reporting.

5'2.5 Differential fluorescent labelling of trophectoderm and inner cell mass in the

blastocyst

To examine blastocyst quality and the development of cellular polarisation, blastocysts

were stained for differential fluorescent labelling of trophectoderm (TE) and inner cell mass

(ICM) cells as described in Section 2.5.3 and, the relative proportions of each cell type

scored between control and heat-sired embryos.

I
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5.2.6 Data analysis

Comparisons of diff'erences between groups were made using the Chi-squared test for

embryo development and analysis of variance for the number of TE and ICM cells in the

blastocyst. A significant difference was assumed to exist when the probability of it being

due to chance was less than 57o.

5.3 Results

5.3.1 The effect of paternal heat stress 7 days earlier on development in vivo of

preimplantation mouse embryos

Paternal heat stress 7 days prior to mating had no significant effect on the proportion of

embryos developing to the zygote and 2-cell stages atl4-l6h and 34-39h respectively after

mating, but significantly decreased the percentage of 8-cell embryos to morulae recovered

at 6l-65h after mating and the number of hatched blastocysts at 85-90h after mating (Table

5.1). However, the number of zygotes at 61-65h and morulae at 85-90h after mating were

significantly higher in the hearsired group (H7) (Table 5.1) than controls (C7) (Table 5.1).

Morphological changes in control-sired and heat-sired embryos collected from female mice

at the diffèrent times after mating are shown from Fig 5.1 to 5.4. Morphology of the

zygotes in the control group (Fig 5.1, A) were not obviously different to those in the heated

group (Fig 5.1, B). However, as embryos developed firther, paternal heat stress 7 days
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Table 5.1 The effect of paternal heat stress 7 days prior to mating

on the in vivo development of embryos

I The values given in brackets are the total number of embryos collected as a percentage of the total number
of corpora lutea.
2 The values given in brackets are the number of embryos at the given stage as a percentage of the total
number of embryos collected.
3. C-Cell, M-Morula, B-Blastocyst, EB-Expandedblastocyst, HB-Hatchedblastocyst, Abnormal
- Abnormal embryo, Unt-ertilized - Unfertilized ovum.
Values with *, x{' and *'r'x superscripts ditter signitìcantly (P<0.05 - 0.001) between the heat-sired group (H7)
and controls (C7) for a given group.

previously appeared to have reduced developmental capacity. Although most heat-sired

zygotes had developed to the 2-cell stage by 34h afiel mating, some remained undivided

(Fig 5.2, B). In contrast, all control-sired zygotes had developed to the 2-cell stage (Fig 5.2,

A). By 64h after mating, all control-sired embryos had developed to the morula stage (Fig

5.3, A), but some heat-sired embryos remained as zygotes (Fig 5.3, B and C),2-cell and 3-

cell embryos (Fig 5.3, C). Some did develop to the morula stage (Fig 5.3, B and C). By 89h

after mating, control-sired emblyos had developed to either the expanded blastocyst stage

or the hatched blastocyst stage (Fig 5.4, A). In contrast, although there were no abnormal

embryos seen in heat-sired groups, the numbel' of morulae and blastocysts was increased,

and no embryos had developed to the hatched blastocyst stage (Fig 5.4, B, C and D).
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Fig 5.1 Embryos collected 14h after mating

A. Zygotes from a female mouse after mating with a control male; B. Zygotes from a
female mouse after mating with amale heat-stressed 7 days previously. Xl20

Fig 5.2 Embryos collected 34h after mating

A. Embryos (2-cell) from one female mouse after mating with a control male; B
Embryos from one female mouse after mating with a male heat-stressed 7 days
previously, a> zygotes, b> 2-cell embryos. X100
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Fig 5.3 Embryos collected 64hafter mating

A. Embryos (morulae) from a female mouse after mating with a control
male; B. Embryos from afemale mouse after mating with amale heat-
stressed 7 dayspreviously, a> zygote, b> morulae; C. Embryos from
one female mouse after mating with amale heat-stressed 7 days previously,
a> zygote, b> 2-cellembryo, c> 3-cellembryo, d> morulae. X150
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Fig 5.4 Embryos collected 89h after mating

A. Embryos from a female mouse after mating with a control male, a> expanded
blastocysts, b> hatched blastocysts; B. Embryos from a female mouse after
mating with amale heat-sfressed 7 dayspreviously, a> morulae, b> blastocyst,
c> expandedblastocysts; C. Embryos from one female mouse after mating with a
male heat-stressed 7 days previously, a> morulae, b> blastocysts, c> expanded
blastocysts; D. Embryos from one female after mating with amale heat-stressed 7

days previously, a> morulae, b> blastocysts, c> expanded blastocysts.
xl30
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5.3.2 The effect of paternal heat stress 21 days earlier on the development in vivo of

preimplantation mouse embryos

Paternal heat stress 2t days prior to mating significantly (P<0.01-0.001) reduced the

propoltion of zygotes developing to 2-celì embryos, 8-cell to morulae and prevented any

emblyos becoming blastocysts up to 90h after mating. The number of zygotes and 2-cell

embryos that did not further develop, and the number of abnormal embryos (Table 5.2)

were increased in this time frame, compared with control groups (Table 5.2).

Table 5.2 The effect of paternal heat stress 2l days prior to mating

on in vivo development of embryos

I, 2, 3, are as defined in Table 5.1

Values with ** and *** superscripts diifer significantly (P<0.01 - 0.001) between the heat-sired group (H2l)
and controls (C2 I ) tbr a given group.

As can be seen in Fig 5.5 (B and C), paternal heat stress 2l days earlier reduced the number

of embryos developing to the 2-cell stage, compared with that in the control group (Fig 5,5,
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tl

A). This decrease may be related to individual males after heating (Fig 5.5, B and C). In Fig

5.5 (B), 2 zygoles developed to the 2-cell stage and 7 did not develop. Conversely, in Fig

5.5 (C),7 zygotes developed to the 2-cell stage and 2 did not. This suggests that the extent

of testes insulted by heat stress could be related to individuals although dit-ferences in time

of fertilization could be responsible. However, as embryos developed further', paternal heat

stress 2l days prior to mating increased significantly the ploportion of abnormal embryos

and the number of zygotes and 2-cell embryos that did not develop beyond the 2-cell stage,

indicating that time of fertilization is not a confounding factor. In fact, no embryos

developed to the blastocyst stage at 6ah (Fig 5.6, B, C, D, E)or at 88h after mating (Fig 5.7,

B, C and D). it was of interest to note the morphology of abnormal embryos recovered at

64h and 88h after mating. Most abnormal embryos showed extruded and loosed

blastomeres, cells of variable size, cellular fragments and large vesicles. In Fig 5.6 (B),

three abnormal embryos appeared pear-shaped, indicating that paternal heat stress may

inhibit cell differentiation and/or influence the nature of cell contact. In contrast, control-

sired embryos had developed to morulae (Fig 5.6, A) and blastocysts (Fig 5.7, A) with

spherical and symmetrical with blastomeres of uniform size, colour and texture at 64h and

88h after mating respectively.
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Fig 5.5 Embryos collected 35h after mating

A. Embryos (2-cel1) from a female mouse after mating with a control rnale; B'

Embryos from a female mouse after mating with a male heat-stressed 2l days

previously, a> zygotes, b> 2-cellembryos; C' Embryos from a female

mouse after mating with amale heat-stressed 21 days previously, a> zygotes,

b> 2-cell embryos. Xl20
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Fig 5.6 Embryos collected 64hafter mating

A. Embryos (morulae) from a female mouse after mating with a control male
mouse; B. Embryos from a female mouse after mating with a male heat-stressed 21
days previously, a> 2-cerrembryo, b> abnormal embryos; c. Embryos from a
female mouse after mating \¡/rth a male heat-stressed 2l days previously, a> 2-celI
embryo, b> abnormal embryos; D. Embryos from one female mouse âfter mating
with a male heat-stressed 2l days previously, a> rygotes, b 2-cellembryo,
c> abnormal embryos; E. Embryos from a female mouse after mating with â male
heat-stressed2l dayspreviously, a> zygotq b> abnormalembryoi. xtoo
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Fig 5.7 Embryos collected 88h after mating

A Embryos from a female mouse after rnating with a control male, a>
expanding/expanded blastocysts, b> hatched blastocyst; B. Embryos from a

fernale mouse after mating with a male heat-stressed 21 days previously,
a> zygote, b> abnormal embryos; C. Embryos from one female mouse
after mating with a male heat-stressed2l days previously, a> zygotes,
b> 2-cell embryo, o abnormal embryos, D. Embryos from one female
mouse after mating with a male heat-stressed 21 days previously, a> zygole,
b> 2-cell embryos, c> 3-cell embryo, d> abnormal embryos. X160
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5.3.3 The effect of paternal heat stress 35 days earlier on the development in vivo of

preimplantation mouse embryos

Paternal heat stress 35 days prror to mating significantly (P<0.01-0.001) increased the

number of zygotes that did not develop further and reduced the proportion of embryos

developing to the 2-cell stage at 34 to 39h after mating (Table 5.3), compared with the

control group. Furthermore, Paternal heat stress 35 days before mating also reduced

significantly (P<0.01) the proportion of embryos developing to the expanded blastocyst

stage (Table 5.3).

Table 5.3 The effect of paternal heat stress 35 days prior to mating

on in vivo development of embryos

1,2,3, are as defined in Table 5.1

Values with ** and *:ß)k superscripts ditTer signilicantly (P<0.01 - 0.001) between the heat-sired group (H35)
anti controls (C35) tbr a given group.

Morphological changes in control-sired and heat-sired emblyos at 35h and 87h after mating

are presented in Fig 5.8 and 5.9. Paternal heat stress 35 days earlier increased the number of
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zygotes at 35h after mating (Fig 5.8, B). In contrast, all control-sired embryos had

developed to the 2-cell stage (Fig 5.8, A) at that time. However, by 88h after mating, there

were no obviously moçhological differences seen between control- (Fig 5.9, A) and heat-

sired (Fig 5.9. B) blastocysts.

5.3.4 The effect of paternal heat stress 7 and 35 days earlier on the number of TE and

ICM cells in the blastocyst

There were significantly (P<0.001) fewer total cells in blastocysts sired by heat-stressed

males on day 7 after heating. Reductions occured equally in both the TE and the ICM, with

no change in the ICM/TE ratio (Table 5.4). However, these differences were no longer

apparent in embryo sired 35 days aftel heating (Table 5.4). No blastocysts were available in

the H21 group for analysis due to developmental retardation (refer Table 5.2).

Table 5.4 The effect of paternal heat stress on the number of
TE and ICM cells in blastocysts
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Values are mean + standard enor (M+SEs).

Values with *, ** and *+* superscripts ditter significantly (P< 0.02, 0.005 and 0.001) between the heat-sired
group (H7) and controls (C7) tbr the number oi ICM and TE cells.
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Fig 5.8 Embryos collected 35h after mating

A.Embryos(2-cell)fromafemalemouseaftermatingwithacontrolmale;
B. Embryos from afemale mouse after mating th ill: heat-stressed 35

duy. pr.nioosly, a> zygotes, b> 2-cell embryos' ){l20

Fig 5.9 Embryos collected 88h after mating

control male, a> blastocYsts'

, B. Embryos from afemale

PreviouslY, a> morulae'

b> blastocysts, c> expandedblastocysts'Xl20
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5.4 Discussion

The results of this study in the mouse confirm previous reports for the rabbit (Howarth et

al., 1965; Burfening and Ulberg, 1968) and mouse (Bellve, 1972, 1973; Chapter 4) which

have shown that when spelm are subjected to an elevated temperature in the uterus or in

vitl'o or when males are exposed to high ambient temperatures, there are reductions in the in

vivo and in vitro developmental rates of preimplantation embryos. The present finding that

the number of 8-cell embryos plus morulae found 61-65h after mating is signìficantly lower

in experimental groups at 7 and 2l days after heat stress, with a higher proportion I or 2'

cell embryos differs from the findings of previous studies which suggested that paternal

heat stress significantly increased the number of 4-cell embryos 54h after an observed

vaginal plug (Bellve,I972). This discrepancy could be attributed to the differences of

mouse stlains used, heat-stress conditions and lhe time of collecting embryos. However, the

results are also completely consistent with the results of the in vitro studies presented in

Chapter 4. In addition, the decrease in the number of blastocysts sired 7 days after heating

of the male is in accord with earlier results (Bellve, 1973). Therefore, a common feature in

this experiment and previous studies (Bellve, 1972, I9l3; Setchell et al.. 1988) is that the

heat-stressed male can reduce the developmental rate of preimplantation embryos and

increase the number of retarded embryos.

Sperm ejaculated on day 7 after heating would have been in the epididymis at the time of

heating (Oakberg, 1957; Dadoune and Alfonsi, 1984). An earlier study showed that scrotal

insulation for 48h rn the bull did not damage sperm of the epididymis (Vogler et al., l99l).

However, recent studies witli scrotal rnsulation for 48h in the bull (Karabinus et al., 1997)

or exposure of mouse testes to 4O or 42oC for 60 min. (Sailer et al., 1991) have indicated
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disturbed maturation of the sperrn at the epididymis, with heat stress reported to damage the

chromatin structul'e of sperm in the epididymis of the mouse and the bull. Theresults of the

present study have shown that when embtyos arise from epididymal spelm of heat-stressed

males, the developmental rates during preimplantation are reduced and this is in agreement

with an increased mortality of embryos produced with immature, epididymal sperrn

collected from rams during scrotal insulation (Mieusset et al., )'992).

The mammalian embryo first differentiates into two distinct cell types at the blastocyst

stage. One is ICM cells responsible for embryo proper and the other is TE cells which

contribute to blastocoel fluid accumulation, implantation and formation of the placenta

(Handyside and Johnson, 1978; Cross et al., 1994). Recently, homozygous integrin p-

subunit null mouse embryos, produced by gene targeting in embryonic stem cells, have

been reported to develop normally to the blastocyst stage and initiate implantation, but die

thereafter (Fassler and Meyer, 1995). Analysis of the p-null blastocyst shows a delayed

growth of the ICM (Stephen et al., 1995). This suggests that appropriate differentiation of

ICM and TE cells in the blastocyst may play an important role in subsequent healthy

embryonic development. In the present study, paternal heat stress 7 days prior to mating

reduced the number of TE and ICM cells in the blastocyst although the ratio of ICM/TE

was no[ different. This suggests that paternal heat stress may reduce the rate of cell mitosis

and affect the cell cycle stages in the blastocyst stage. A reduction of TE and ICM in the

blastocyst stage could further decrease its autocrine capacity which could be extremely

important in any communication between the conceptus and the uterus. This could affect

directly the subsequent implantation and establishment ol pregnancy because paternal heat

stress has been reported to reduce implantation rates (Bellve, 1972, 1913) and fetal weight,

litter size, and weights of trophoblast and yolk sac in the mouse (Setchell et al., 1998 and
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Jannes et af ., 1998), ancl pregnancy rates in sheep (Mieusset etal., 1992), rat (Setchellet al.,

1988), pig (Wettemann and Bazer,l985) and humans ( Thonneau et al., 1997).

Twenty-one days after heating, there were significant reductions in the development rate of

2-cell embryos and an increase in the number of abnormal embryos. AdditionalìY, no

embryos developed into blastocysts when sired 21 days after heating. These results strongly

support the results of in vitro studies in the mouse presented in Chapter 4. Furthermore, an

increase in the number of abnormal embryos in this study is similar to results published

previously tbr the rat at 15 days after heating (Setchell et al., 1988), and with the reduced

implantation rate reported in the mouse at 21 days after heating (Burfening et al., 1970). A

model proposed by Haig and Westoby (1989) predicts that paternally imprinted genes will

promote growth and matemal genes will inhibit growth. A paternally imprinted gene

encoding U2afbp-rs, an RNA processing protein is transiently transcribed at the 2-cell stage

in the mouse (Latham et al., 1995). Itis possible that heat stress could impair and/ordisturb

one or more paternally imprinted genes during sperrnatogenesis, thus inhibiting subsequent

embryo development. Furthemore, a higher proportion of 2-cell embryos 85-90h after

mating may arise because endogenous markers of zygotic gene activation including a

transcription requiring complex (TRC) (Poueymiron and Schultz, 1989; Latham et al., 1991

and Schultz,1993), HSP70.l (Bensuade et al., 1983; Thompson et al., 1995 and Christians

et al., 1997) and a translation initiation factor (eIF-aC) (Davis et al., 1996) might eithernot

be transcribed transiently and/or be abnormally transcribed during the 2-cell stage. These

suggestions merit further investigation.

Sperm ejaculated 2l days after heating would have been pachytene and diplotene

spermatocytes at the time of heating (Oakberg, 1957; Dadoune and Alfbnsi, 1984) and
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these cells have previously been reported to be seriously damaged by heat exposure (De

Vita er al., 1987. 1990; Sailer et al., 1997). Apparently this damage can extend to an effect

on the development of preimplantation embryos because the present study has cleally

indicated that paternal heat stress significantly reduced the number of 2-cell embryos and

morulae, and increased the proportion of abnormal embryos and zygotes.

Paternal heat stress 2I and 35 days prior to mating also increased the number of embryos

remaining as the zygotes at34-39h,61-65h and 85-90h after mating, compared with control

groups. This may be because paternal heat stress could damage nuclear remodelling and

pronuclear formation (Wonad and Schultz,lggl; Latham, 1999), inhibit the first round of

DNA replication (Forlani et al., 1998) and/or impair the regulatory balance between cell

death genes and cell survival genes (Jurisicova et al., 1998a). Furthermore, paternal heat

stress 35 days earlier reduced the number of 2-cell embryos at34-39h after mating, which is

consistent with our own results of in vitro studies (Chapter 4) and the number of expanded

blastocysts 85 to 90h after mating. However, the number of the total blastocysts in the

present study are higher than those in the in vitro study (Chapter 4). This difference may be

attributed to different environments of embryo development and it would not be

unreasonable to suggest that development may be better supported in vivo than in vitro.

These results also suggest that spermatogonia in the testis can be damaged by heat insult

because spern ejaculated 35 days after heating would have been spermatogonia at the time

of heating (Oakberg, 1957; Dadoune and Alfonsi, 1984).

In summary, the present results have further clemonstrated that paternal heat stress not only

reduces the development in vivo of preimplantation embryos, significantly reducing the

number of 2-cell embryos, 8-cell to morula and blastocysts, but also decreases the number

of both ICM and TE cells in the blastocyst. These results also suggest that heat stress has

155



damaged germ cells in both the epiclidymis and the testis, and significantly damaged

spermatocytes, and possibly also spermatogonta.
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Chapter Six

Protein Profiles of Gontrol-
sired and Heat-sired

Preimplantation Embryos



6.1 Introduction

The development of preimplantation embryos involves specific alterations in gene

transcription, mRNA content and protein synthesis, Both one- and two-dimensional gel

electrophoretic analyses have revealed concomitant stage-specific changes and extensive

remodelling in protein synthesis as well as alterations in post-translational modification in

preimplantation embryos in the mouse (Epstein and Smith, 19'74; Van Blerkom and

Brockway, 1975; Levinson et ai^, l9J8', Howe and Solter, 1979; Cullen et al., l980a,b;

Johnson and Calarco, 1980; Howlett and Bolton, 1985; Howlett, 1986; Conover et al.,

1991; Latham et al., 1991; Latham et al., 1992;Latharn et al., 1994; Shi et al., 1994: Sasaki

et al., 1999) and in the rabbit (Manes and Daniel, 1969; Van Blerkom and Manes, 1974;

Van Blerkom and McGaushey, 1978; Van Blerkom, 1919). Early development in embryos

of most species, if not all, has been shown to be controlled, largely or exclusively by the

maternal genome (Denny and Tyler, 1964; Brachet et al., 1968; Woodland et al., 1919;

Braude et al., 1979; Rosenthal et al., 1980; Woodland and Ballantine, 1980; Wells et al.,

1981;Van Blerkom, 1981;Pratt et al., 1983; Bolton et al., 1984; Howlett and Bolton, 1985;

Howlett, 1986), but the duration of this period of exclusive maternal control varies in the

different species (Davidson, 1976; De Sousa et al., 1998). In the mouse embryo, although

the period of maternal control appears to extend from ovulation through cleavage to the

early Z-cell stage (Johnson, 1981; Pratt et al., 1983), several groups of proteins such as

30kD, 35kD and 46kD appear to change significantly between the unfertilized ovum and

the l-cell embryo (Van Blerkom and Brockway, 1975; Braude et al., 1979; Cullen et al.,

l980a,b; Bolton et al., 1984; Howlett and Bolton, 1985). This evidence represents a

tèrtilization-accelerated and/or fertilizatron-dependent polypeptide synthetic change (Pratt

et al., 1983, Howlett, 1986). In addition, transcriptional activity irom the embryonic
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genome is fitst detected at the early to mid 2-cell stage (Young et al., 1978;Levey et al.,

1978; Flach et al., 1982; Bensaude et al., 1983). These reports suggestpaternally important

roles in regulating and controlling the development of preimplantation embryos involving

gene transcription, mRNA content and protein synthesis.

Both in vivo and in vitro studies (Chapter 4 and 5) have clearly shown that paternal heat

stress significantly reduced the proportion of developing preimplantation mouse embryos.

This effect is detected between 7 and 35 days after heating of the male, with the greatest

effect occurring 2I days after heating of the male. In an attempt to explore the influence of

paternal heat stress on embryo development via a change in protein synthetic potential, the

present study examined the protein synthetic patterns of control-sired and heat-sired

embryos at7, 14 and2I days after heating of the male.

6.2 General Materials and Methods

6.2.1 Heat stress of the male mouse

Materials and methods used are largely described in Section 2.6.Brtefly, mature and proven

fertile C57/CBA Fl mde mice (13 to 17 weeks old) were maintained in a psychrometric

chamber set at 36 + 0.3"C and 62 + 2.77o relative humidity for 24h, while control male

mice were similarly kept at 23oC for 24h. Other conditions were the same in both the

control and the experimental groups.
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6.2.2 Superovulation and mating of female mice

Normal fertile C57ICBA Fl female mice were superovulated as described in section 2.3.

After the injection of hCG, each superovulated mouse was caged overnight with either a

control male or one which had been subjected to heat stress eitherT, 14 or 21 days earlier.

The presence of a vaginal plug the following morning was taken to indicate a successful

mating.

6.2.3 Coltection and culture in vitro of control-sired and heat-sired putative zygotes in

the mouse

Materials and methods employed were adapted from Section 3.1. In brief,25 to 28h after

hCG injection, the females were euthanasized by cervical dislocation and embryos were

collected from the oviducts by piercing the swollen portion of the ampulla with a 27-gauge

needle. Control-sired and heat-sired putative zygotes were selected, washed three times

using Hepes HTF medium and finally cultured in 50 ¡rl of CZB medium under paraffin oìl

(BDH, Australia) at 37"C in an atmosphere of 57o CO./57oO.l90VoN, for late¡ use (see

Section 2.5).
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6.3 Specific Methods and Results

6.3.1 The effect of paternal heat stress on protein patterns of preimplantation

embryos in the mouse: determination using one-dimensional gel electrophoresis and

silver staining

To investigate the effect of paternal heat stress on protein profiles of preimplantation mouse

embryos, 2-cell embryos and morulae were used. Zygotic gene activation in the mouse

embryo definitely occurs by the Z-cell stage (Flach et al., 1982; Manejwala et al., 1991;

Moore et al., 1996) with concomitant changes in the profile of synthesised proteins (Latham

et al., i991). Furthermore, a transition from the morula to the blastocyst leads to cellular

polarity and differentiation, thus probably resulting in a change of protein profiles in

preimplantation embryos (Cullen et al., 1980b). Our own previous studies have shown that

during the transition from the zygote to the 2-cell stage and from the morula to the

blastocyst, paternal heat stress significantly reduced the proportion of the in vivo and in

vitro development of 2-cell embryos and blastocysts (Chapter 4 and 5). In addition, the

protein patterns of heat-sired abnormal embryos were also determined because paternal heat

stress, 7, 14 or 21 days after heating of the male significantly increased the number of

abnormal embryos (Chapter 4 and 5), suggesting that paternal heat stress may disturb

normal expression of genes, further affecting protein synthesis.

6.3.1.f Materials and methods

140 control- and 200-300 heat-sired zygotes, sired 7, 14 or 2l days atier heating of the

male, were collected and cultured. Sixty two-cell embryos and 30 morulae and abnormal
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embryos (selection criteria are as described in Section 5.2.4) were collected, 20 and 64h

respectively after culture of zygotes. Embryos were washed three times with BSA-,

glutamine-, pyruvate- and lactate-free CZB medium, placed in 10 ¡rl sample buffer

(Laemmli, 1970), boiled for 2 min and finally stored at -80oC prior to one-dimensional (1-

D) gel electrophoresis.

Materials and methods employed in 1-D gel electrophoresis and silver staining for detecting

proteins were as described in Sections 2.8 and 2.I0.1, respectively.

There were two replicates in this experiment.

6.3.1.2 Results

The results, as shown in Fig. 6.1 and Fig 6.2, did not suggest detectable differences in

protein patterns between control-sired (Fig 6.1, C7, C14 or C21) and heat-sired 2-cell

embryos (Fig 6. I, }J'7, H14 or HZL), or between control-sired (Fig 6.2, C7 and C21), heat-

sired morulae (Fig 6.2,H7 and H21) and heat-sired abnormal embryos (Fig 6.2, H21-A).
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6.3.2 The effect of paternal heat stress on protein synthetic proflrles of

preimplantation embryos in the mouse: determination using l-D gel electrophoresis

and autoradiography

Since that there were no obvious differences seen in the protein profiles between control-

sired and heat-sired 2-cell embryos and morulae, sired 7,14 or 2l days after heating of the

male when protein patterns of mouse embryos were determined by l-D gel electrophoresis

and silver staining, and given the relative insensitivity of this approach, it seemed important

to further examine the effect of paternal heat stress on protein synthetic profiles of

preimplantation mouse embryos after the embryos were labelled using [3'S]-methionine.

6.3.2.1 Materials and methods

Labelling of embryonic proteins by ["S]-methionine was as described in section 2.8.3.

Briefly, 50 two-cell embryos, 45 4- to 8-cell embryos, 30-32 morulae or l0-16 blastocysts

of control-sired and heat-sired putative zygotes, sired 7, 14 or 2l days after heating of the

male were collected, 18h,39h,63h or 87h respectively after culture in vitro in 50¡rl CZB

medium. They were then cultured for 3h in 50 ¡tl CZB medium containing 200 ¡rCi/ml of

["S]-methionine (1000Ci/mmol, Amershan Pharmacia Biotech UK Ltd), as described by

Van Blerkom and Brockway (1975). Embryos were then washed three times with BSA-,

glutamine-, pyruvate- and lactate- free CZB medium and placed in l0 ¡rl sample buffer

(Laemmli, I970), boiled for 2 min. and stored at -80'C prior to l-D gel electrophoresis.
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Materials and methods used in l-D geI electrophoresis and Commassie blue staining or

autoradiography for detecting proteins were as described in Sections 2.8 and 2.10.2

respectively. There were [wo replicates in this expenment.

6.3.2.2 Results

Preliminary investigations demonstrated that use of 50 embryos and 14 days exposure of

the gel to X-ray film were optimal for determination of protein profiles although protein

bands would be detected when between 30-60 2-cell embryos and between 7-14 days

exposure were used.

Paternal heat stress 7 and 14 days prior to mating did not have any detectable effects on the

protein patterns of 2-cell embryos (Fig 6.3, H7 and Hl4),4-cell to 8-cell embryos (Fig6.4,

H7-4-8), morulae (Fig 6.4, H7-M, Fig 6.5, H14-M and Fig 6.6, Hzr-M) or blastocysrs (Fig

6.4,H7-B; Fig 6.5, Hi4-B), compared with those of the control groups (Fig 6.3, cj and,

C14; Fig 6.4, C7-4-8, C7-M or C7-B; Fig 6.5, Cl4-M and C14-B; Fig 6.6, C2l-M).

However, paternal heat stress 2l days earlier significantly reduced the synthesis of some

groups of proteins in 2-cell embryos including molecular weights 7.6,40.3,43.4,45.2,

53.3,57.2,71,78,83.8, 88.5, 117.OkD. In particular, there were very significantly

decreases in the synthesis of proteins with molecular lveights of 34.7,41.1,51.3 67,68,70,

75.6,78.1 or 162kD indicated by arrows (Fig 6.3, H2l). Furthermore, paternal heat stress

2l days before mating also significantly reduced the synthesis of several groups of proteins

with molecular weights of 44.2,52.5,76,87.4kD, indicated by arrows (Fig 6.6, H21-A) in

the abnormal embryos, but did not apparently change protein patterns of heat-sired morulae

(Fig 6.6, H2l-M), compared with those of conrrol groups (Fig 6.3, c2I;Fig6.6, c2l-M).
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6.3.3 The effect of paternal heat stress 21 days earlier on protein synthetic profiles of

preimplantation embryos in the mouse: determination using 2-D gel electrophoresis

and phosphoimaging

The results obtained by l-D get electrophoresis and autoradiography have shown that

paternal heat stress 7 or 14 days earlier did not significantly change the protein synthetic

patterns of preimplantation mouse embryos. However, paternal heat stress 2l days prior to

mating did significantly affect the protein profiles of both 2-cell embryos and abnormal

embryos, compared with those of the control groups. In order to extend these results and

increase expenmental sensitivity, two-dimensional (2-D) gel electrophoresis following

labelling of embryonic proteins by ["S]-methionine was undertaken using control- and

heat-sired 2-cell embryos and morulae, sired 2I days after heating of the male.

6.3.3.1 Materials and methods

Labelling of embryonic proteins by ["S]-methionine was as detailed in Section 2.9.5.In

brief, 70 two-cell embryos and 40 morulae of control-sired and heat-sired putative zygotes,

sired 21 days after heating of the male were collected, l8h and 63h respectively after

culture in 50pl CZB medium. They were cultured for 3h in 50¡rl CZB medium containing

500 ¡rCi/ml of ["S]-methionine (1000 Cilmmol, Amershan Pharmacia Biotech UK Ltd), as

described by Howe and Solter (1979). Embryos were then washed three times with BSA-,

glutamine-, pyruvate- and lactate- free CZB medium, collected into a 1.5 ml

microcentrifuge tube (CH-9113, Treff AG, Switzerland) and lyophilised. Twenty ¡rl of lysis

buffèr was then added and the tubes stored at -80'C prior to 2-D gel electrophoresis.
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To determine the number of counts incorporated as a means of assessing the likely

sensitivìty of detection required to examine ernbryonic protein synthesis, randomly sampled

2-cell embryos labelled using ["S]-methionine incorporation in a 3h petiod of culture were

collected and washed three times in BSA-, glutamine-. pyruvate- and lactate-free CZB

medium. Following the addition of 3ml biodegradable counting scintillant (BCS) solution

(NBCSl04, Amersham International Plc., USA), radioactivity incorporation was measured

using a Liquid Scintillation Counter (Beckman, LS3801, USA). On average, 6000-8500

CPM per embryo were Íecorded for control-, heat-sired 2-cell embryos, and heat-sired

abnormal embryos.

Materials and methods employed tn 2-D gel electrophoresis were as described in Sections

2.9.

Determination of the pH value in IEF gels was as described in Section 2.9.5. Briefly, the

pH gradient in the tube gels was detected with the use of spare gels poured and

electrophoresed at the same time as the sample gels, but run without sample. Each gel was

cut into 8-9 even lengths with each piece being placed in I ml 0.025 M KCI for at least th

before the pH was read.

Phosphoimaging for detecting proteins was as described in Section 2.10.2. Briefly, the

process of phosphoimaging involved the exposure of gels to a phosphoimaging screen for 2

weeks at room temperature. This screen was scanned by the phosphoimager under

conditions of Orientation=R and 100 microns for gmin/gel. The imageQuant@ file was

opened in a Macintosh computer for determining the desired intensities of protein spots by

regulating the range of greyscale under 1000 times sensitivities. The images of the proteins
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recorded were copied as a TIFF file using Photoshop program and then copied to the

Powerpoint program. To facilitate the comparison of protein profiles between control- and

heat-sired embryos, protein spots determined by the Macintosh computer using molecular

weight and isoelectric point as coordinates, were identified and certain gÍoups of proteins

collectively identified as "constellations". Each constellation was marked by drawing a box

or a circle around it, but neither the box nor the circle has any specific meaning. The

position of each constellation and positions of protein spots within each constellation must

be emphasised to be consistent both in gels from the control-sired embryos and in gels from

the heat-sired embryos rn order to compare accurately pattern differences seen in different

2-D gels from control-sired and heat-sired embryos. Each constellation was given an

arbitrary name and a spot number for each protein within each constellation was also

allocated. In this study, each 2-D gel is therefore presented both in its original form and in a

plotted form.

There were two replicates in this experiment

6.3.3.2 Results

6.3.3.2.1 The effect of paternal heat stress 21 days earlier on protein profiles of the 2-

cell embryos in the mouse

As seen in Fig 6.7 (A, C or E), paternal heat stress significantly changed protein synthetic

pattems of both 2-cell embryos and abnormal embryos, thus supporting the results of the l-

D gel electrophoresis study. In order to facilitate comparisons in protein profiles, the main
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protein spots identified in both the control and experimental groups and their molecular

weights are summarised in Table 6.1, based on data given in Fig6.7 (8, D or F).

Paternal heat sh'ess 2i days prior to mating appears to have inhibited the synthesis of

several groups of ploteins includtng molecular weights 13-l6.3kD in constellation A,

14.9kD in B, 39kD in H, 45-48kD in J, 53.7kD in K and 70kD in M (Table 6.1, Fig 6.7,D;

or F) compared with those in the control-sired 2-cell embryos. Patemal heat stress also

reduced the number of protein spots in several constellations. In constellation C, control-

sired 2-cell embryos had two protein spots (spot I and 2) in Fig 6.7 (B) and Table 6.1,

while heat-sired 2-cell embryos contained only protein spot 2 (Fig 6.7, D and Table 6.1). In

constellation D. control-sired 2-cell embryos had three protein spots (spot 1,2 or 3; in Fig

6.7,8 and Table 6.1), but heat-sired 2-cell embryos and abnormal embryos contained only

spot 3 (Fig 6.7, D and Table 6.1) and spots 2 and 3 respectively (Fig 6.7, F and Table 6.1).

Furthermore, in constellation N, control-sired 2-cell embryos contained 3 protein spots (1,2

or 3) of molecular weights 67 -70kD, but heat-sired 2-cell embryos contained protein spot I

of molecular weight 67kD and heat-sired abnormal embryos did not have protein spots in

this constellation. However, there were two protein spots (spots 1 and 2) including

molecular weights 35kD in heat-sired 2-cell embryos, but one protein spot (spot 2)

respectively in control-sired 2-cell embryos and heat-sired abnormal embryos in

constellation F. Furtherrnore, the spot in constellation i had shifted its isoelectric point from

position in pH 7.4in control-sired2-cell embryos to position in pH 7.8 in heat-sired 2-cell

embryos.

Ë
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Table 6.1 The effect of paternal heat stress 2l days earlier on protein

patterns of 2-cell embryos and abnormal embryos in the mouse

d
'll
tl

Ì

r

NoneNone61I61-103N
NoneNoneNoneNone70IM
67I67I61IL
NoneNoneNoneNone53.7IK
NoneNoneNoneNone45-482J

NoneNone39.4I39.4II
NoneNoneNoneNone39IH
3'7.8I31.8I37.8IG
35I35235IF
NoneNone30t30IE

3r.3-33.6233.6I29-33.6JD
NoneNone2t.3I21.32\-
NoneNoneNoneNone14.9IB
NoneNoneNoneNonel3- i 6.33A

MW (kD)No.sfiotsMW (kD)No.s¡rotsMW (kD)No.spotsConstellations
Heat-sired abnormalHearsired 2-cellControl-sired 2-cell
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6.3.3.2.2 The effect of ¡raternal heat stress 21 days earlier on protein profiles of

morulae in the mouse

Paternal heat stress 2l days prior to mating reduced significantly the protein synthetic

capacity of morulae (Fig 6.8, C compa¡ecl with A). The main protein spots and their

molecular weights in the control-sired and heat-sired morulae are summarised in Table 6'2'

based on data presented in Fig 6.8 (B or D)'

Table 6.2Tieeffect of paternal heat stress 21 days earlier on protein profiles of morulae

82.5-90.4182.5-99 4l0o
54.4-12.9IJ54.4-12.9l6P

44.5-48.3344.5-48.35o
4r.9-43.5341.9-48.3)N

NoneNone36.7 -31 .6JM

NoneNone36.7-38.82L

33-34;7J33-34.15K

33.'7-34.7233.1-34.13J

30.8-33430.8-335I

NoneNone29.3-3r.53H

29.3I29.3)L'

22.82laaaÁ1
5F

23.6-26.6J23.6-26.63E

23.6-25.7J23.6-25.13D

2t.322r.33C

18.8-21.33l 8.8-21 .35B

12.6-14.3Jt2.6-14.3-)A

MW (kD)No. spotsMW (kD)No. spotsConstellation

Heat-sired morulaeControl-sired morulae

Paternal heat stress 21 days earlier appears to have inhibited the synthesis of three groups of

proteins including molecular weights, 29.3-3l.5kD in constellation H, 36'7-38'8kD in

constellation L and 36.7-37.6kD in constellation M because there were not comparable

proteins detected in the heat-si¡ed morulae (Table 6'2 and Fig 6'8, D)' Furthermore'

patelnal heat stress 2l days prior to mating also reduced the number olprotein spots in

r
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constelf ations B, C, F, G, I, J, K, N, O, P, or Q (Table 6.2,Fig 6.8, D), compared with those

of control groups (Tabte 6.2 and Fig 6.8, B). The number of protein spots observed in

constellations A, D, E dicl not change between the control and the heated groups, but the

i¡te¡sities of spots are reducecl in the heatcd groups and spot 3 in constellation D seemed to

shift from a pI of 6.7 in control-sired morulae (Fig 6.8, A or B) to a pI of 7.1 in heat-sired

morulae (Fig 6.8, C or D).

6.4 Discussion

The results obtained using both 1-D and 2-D gels clearly indicate that paternal heat stress,

2l days prior to mating, significantly reduced protein synthesis by 2-cell and abnormal

embryos. This result was particularly noticeable in the synthesis of proteins that are

dependent on zygotic genomic activation such as 68kD and 70kD (Bensaude et al., 1983;

Poueymirou and Schultz, 1987) and.67 kD (Flach et al., 1982), the transcription-requiring

complex (TRC) of molecular weights 68-73 kD (Conover et al., l99l). In addition, The

developing embryo requires large amounts of 30kD, 35kD and 46kD proteins at a time

when a sudden burst of transcription is inconvenient or impossible, and the embryo

therefore relies on a post-transcriptional control mechanism (Braude et al., 1979; Howlett,

1986), thus assuring the later development of embryos. However, as zygotic genomic

activation occurs at the 2-cell stage in the mouse, this norrnally causes a reduction in the

amount of these proteins (Pratt et al., 1983) and they are gradually teplaced by new

synthesised proteins. The present study showed that paternal heat stress 2l days prior to

mating increased the number of spots of proteins with molecular weight 35kD and the

intensity of the protein spot of molecular werght 30kD (Fig 6.8, C and D). This may mean

that paternal heat stress has clamagecl sperrn, further disturbing and/or reducing the function
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of these sperrn tbllowing ovum penetration and fertilization, limiting the functionality of

the genome and impacting on subsequent embryogenesis. Furtherrnore, paternal heat stress

2l days prior to mating also disturbed the synlhesis of several other groups of proteins such

as 13-16.3, 21.3,34.J,45-48, 51.3, 53.7,75.6,78.1 or 162kD in the 2-cell embryos,

compared with control embryos. These proteins have been reported to be first produced in

mouse emb¡yos at the Z-cell stage (Van Blerkom and Brockway, 1975; Cullen et al.,

1980b). Although their roles in embryonic development have not been elucidated, both the

in vivo and in vitro studies on paternal heating indicate that these proteins are likely to play

important roles in the later development of these embryos'

During the morula stage, position, morphology and polarization of cells within the morula

are changed in order to contribute to the subsequent formation of the blastocyst (Watson,

1992; Gueth-Hallonet and Maro, 1992). These changes seem to be regulated by changes in

previously synthesized proteins (Gueth-Hallonet and Maro, 1992). In addition, proteins

synthesized initially at the 2-cell stage are again synthesised at the morula stage (Cullen et

al., 1980b) and paternal heat stress significantly influences the protein profiles of 2-cell

embryos. it is possible that patemal heat sffess may continue affecting the synthesis of such

proteins at the morula stage. Furthermore, a set of proteins of molecular weights around 20-

42kD first appear at the morula stage (Cullen et al., 1980b). The results obtained by 2-D gel

electrophoresis and phosphoimaging have shown that paternal heat stress 2l days

previously appears to have inhibited the synthesis of proteins in this molecular weight range

(29.3-31.5, 36.1-37.6 and 36.7-38.8kD) and reduced the number of protein spots in

constellations B, C, F, G, I, J, K, N, O, P, or Q. This suggests that changes in the protein

profiles caused by paternal heat stress may f'urther affect expression of new gene products,

post-translational modification of ploteins appearing at the earlier stages, cell lineage-

specific proteins, differentiation requiring peptides and housekeeping proteins, finally
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decreasing significantly the proportion of in vivo and in vitro development from the morula

to the blastocyst in the mouse (Chapter 4 and 5).

It has been well docurnerrtecl that patemal heat stress increased significantly the proportion

of abnormal embryos (Chapter 4 and 5). In the present study, it was of interest to note that

heat-sired abnormal embryos appear to have inhibited protein synthesis including proteins

of molecular weights 44.2, 52.5, 67,70 and 87.4kD (Fig 6.6, H2l-A; Fig 6.8, E and F).

Whilst this could be a consequence of the abnormal development of these embryos, it

remains possible that a significant decrease in protein synthetic capacity of embryos caused

by paternal heat stress may at least contribute to subsequent abnormal development.

In summary, paternal heat stress significantly affects many but not all protein synthesised

patterns of preimplantation embryos. At the 2-cell stage, paternal heat stress influenced

mainly the later development of embryos by reducing the protein synthesis normally

associated with zygotic genomic activation such as 67kD, 68kD and 70kD, altering

fertilization-accelerated and/or fertilization-dependent polypeptide synthetic changes

including molecular weights 30kD, 35kD and 46kD, and also affecting the synthetic

profiles of other proteins. At the morula stage, paternal heat stress reduced the later

development of embryos with the synthesis of specific constellations of proteins being

inhibited (29.3-3l.5kD inH,36.7-38.8kD in L and 36.7-3'7.6 in M) and the number of

protein spots being reduced in some constellations. Furtherrnore, paternal heat stress

increased the number of abnormal embryos and this was associated with altered protein

synthetlc patterns. Therefore, the etfect of paternal heat stress on mRNA content and gene

expression of embryos merit further investigatron.
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Ghapter Seven

General D¡scussion



The results of both rn vitro and in vivo studies presented in this thesis show clearly that

paternal heat stress retarded the development of preimplantation embryos in the mouse.

These results have extended previous findings which covered the period fì'om 3 days to 8

days after heat-stress of the males (Bellve, 1912, 1973 and 1976) and extend this to 42 days

after heating of males. In the earlier studies, the fertilizing sperrn would have been in the

epididymis at the time of heating, while the present study extends the observations to cells

present in the testis at the time of heat stress.

In mice and other animals such as rats, rabbits, sheep, pigs, cattle, even humans, most

studies have to-date focused on investigating the effects of paternal heat stress on

fertilization and post-implantation embryos (Setchell, 1998; reviewed in Chapter 1). In

contrast, only a few investigations have examined the effects of paternal heat stress on the

development of preimplantation embryos in mice (Bellve, 1972, 1973 and 1976), rats

(Setchell et al., i988) and sheep (Ekpe et al., 1992, 1993; Setchell, 1994). These studies

have demonstrated that paternal heat stress reduced the developmental capacity of

preimplantation embryos and increased the number of degenerated blastocysts in the sheep

sired during 11 days of scrotal insulation (Ekpe et al., 1992, 1993; Setchell, 1994), and

caused an accumulation of morulae at 88h and a significant decrease of blastocysts at 120h

after hCG injection in the mouse (Bellve, 1972, 1973 and 1976). However, the relationship

between the stage of the spermatogenetic cycle at which the cells were affected by heat

stress and the subsequent development of preimplantation embryos has not been completely

understood. The present studies have indicated that the extent of effect of paternal heat

stress on the development of preimplantation embryos is related to the stage of

development of the male gernr cells at the time of heat stress.
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It is known that heat stress may change endocrine function and induce intracellular damage

to germ cells in the testis of mice, and other animals including humans (Setchell, 1998;

reviewed in Chapter l). Experimental cryptorchidism, whole body heating and ìocal heating

of the testis in the mouse have been shown to seriously clarrtage pritrtary spemlatocytes,

followed by round spermatids and spermatogonia (Meistrich et al., 1973; Van Zelst et al.,

1995; Sailer et al., 1997;Yin et al., 1997). Subsequent development of heat-sired mouse

preimplantation embryos is directly affected by the extent of germ cell damage caused by

heat stress. In the other words, the more germ cells in the testis that are damaged by heat

stress, the lower the proportions of subsequent embryo development in the mouse.

The finding that paternal heat stress 14 and2l days before mating significantly reduced the

proportion of preimplantation embryos developing normally is particularly interesting

because the sperm involved in the fertilization of these embryos would have come from

spermatids (dayl4) and spermatocytes (day 2I) at the time of heating. These results suggest

that heat stress might impair the suitable allocation of chromosomes within each

spermatocyte and/or damage the chromatin and acrosome structures in spermatids.

The spermatocyte is a key stage in the spermatogenetic cycle because it is characterized by

meiosis and the formation of pairs of chromosomes and doubling of the chromosome

number (Setchell, 1978). Several studies have demonstrated that heat stress increases the

incidence of X-Y dissociation in the primary spernatocytes in diakinesis of metaphase in

the mouse (Ganiott and Chrisman, 1980; Waldbieser and Chisman, 1986; Van Zelst et al.,

i995) and X-Y chromosome dissociation may be related to sterility in the mouse (Beechey,

1973) and humans (Chandley, 1973; Chandley et al., 1916; Burgoyne, 1979)' Therefore,

heat stress may disturb the normal process of meiosis, further affecting the appropriate

allocation of chromosomes within each spermatocyte. Spermatids are the cells resulting
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fiom the second meiotic division. These cells are finally transformed into the very complex

spermatozoa, undergoing condensation of the nucleus, formation of the acrosome, virtual

elimination of the cytoplasm, development of a tail and the an'angement of its mitochondria

into a helix to produce the midpiece (Setchell, 1978). In addition, chromatin progressively

aggregates from a fine dusty state in the early spermatid stage into the chromatin granules

which then produce the highly condensed nucleus of the late spermatid (Setchell, 1978).

Sperm chromatin structures have been shown to be related to fertility in the bull (Ballachey

et al., 1987), boar (Evenson et al., 1994) and man (Evenson et al., 1999; Marcello et al.,

2000). Furthermore, heat stress in both mouse (Sailer et al., 1997) and bull (Karabinus et

al., 1997) can damage the chromatin structure of sperm cells. The effect of heat stress on

the chromatin of testicular sperrn was more severe than that of epididymal sperm

(Karabinus et al., 1997; Sailer et al., 1997).

The preimplantation period represents a time where fundamental developmental decisions

are made that culminate in the formation of the blastocyst. Preimplantation development is

dependent mainly on three key events, namely zygote genomic activation, compaction and

the cavitation. The present results have also shown that paternal heat stress not only

reduced significantly the proportion of 2-cell embryos, morulae and blastocysts (although it

affects the development of preimplantation embryos at all stages), but also changed the

protein synthetic profiles of 2-cell embryos and morulae.

Certain maternal and paternal autosomal genes are differentially expressed in mammals, a

phenomenon termed genomic imprinting (Baltolomei and Tilghman, 1997). Imprinting of

genes must be established during gametogenesis since this is the only time when maternal

and paternal genes can be subject to differing influences (Bartolomei and Tilghman, 1997;

Morison and Reeve, 1998;). Furthermore, imprinting must be capable of being erased and
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reset during the production of the germ cells such that the appropriate sex-specific impnnt

is transmitted to the progeny(Bartolomei and Tilghman, 1997; Tilghman, 1999). Haig and

Westoby (1989) early proposed a model of parent-offspring conflict and further referred to

this as a paletttal "Lug-of-war"' in which the weapons are imprinted genes (Moore and Haig,

l99l; Haig, 1992). This model predicts that paternally expressed genes will promote

growth and maternal genes will inhibit fetal growth. One example of this model is that

insulin-like growth factor II (IGF2), a paternally expressed gene that promotes growth, and

Hl9, and IGF2 receptor (IGF2r), two maternally expressed genes that inhibit IGF2 by

transcriptional or biochemical ways (Bartolomei and Tilghman, 1997). This balance

between IGF2 and IGF2r or H19 may at least maintain partly healthy development of

embryos. IGF2 has been reported to stimulate the growth of both pre-implantation (Harvey

and Kaye, 1992) and post-implantation embryos (Baker et al., 1993). Furthermore, another

paternally imprinted gene encoding U2afbp-rs, an RNA processing protein, is transiently

transcribed at the 2-cell stage (Latham et al., 1995). This imprinted gene may promote early

embryo growth because its expression in androgenetic embryos is greater than biparental

zygotes, which in turn is greater than gynogenetic embryos (De Sousa et al., 1998). In the

present studies, paternal heat stress increased the proportion of abnormal embryos and

reduced the developmental capacity of preimplantation embryos, compared with control-

sired embryos. The possibility that the effects of paternal heat stress are mediated through

imprinted genes remains an option that results require further investigation.

During pronuclear formation in the mouse, spelm chromatin packing protamines are

replaced by histones, resulting in the nuclear remodelling and different pronuclear

lranscriptional activity. This exchange has been suppolted by evidence that the transcription

factors Spl and TATA-box binding protein (TBA) appear to be more concentrated in male

than female pronuclei (Worrad et al., 1994; Worrad and Schultz, LggT). The capacity of
I
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RNA polymerase I, II and III to mecliate embryonic transcription at the 2-cell stage appears

to develop in paternal pronuclei during the G2 phase of the first cell cycle (Ram and

Schultz, 1993: Nothias et al., 1996). In addition, the frequency of mouse embryo

cytoplasmic fragmentation is affected by maternal age, fertilization conditions and genetic

background (Jurisicova et aì., 1995, t998a,b). Fragmentation occurring in l-cell embryos

has been shown to be related to an elevation of the temporal expression of some cell death

genes (MA-3, P53, Bad and Bcl-xS) and a decrease of expression of Bcl-2 involved in cell

survival (Jurisicova et al., 1998a). Furthermore, treatment of male rats with 5-aza-cytidine

(5-AZAC) interferes with proper DNA methylation during sperrnatogenesis and causes

DNA damage. After mating to normal females, embryos sired by I-AZAC treated males

appeared fragmented 24h after fertilization (Doerksen and Trasler, 1996).In the present

studies, paternal heat stress reduced significantly the proportions of l-cell embryos

developing to the Z-cell stage. This may imply that paternal heat stress could damage

nuclear remodelling, reduce the production of RNA polymerases and disturb the regulatory

balance between cell death genes and cell survival genes, thus causing fragmentation of the

1-cell embryo.

Transcription stops in the mouse oocyte during metaphase II (Wassarman and Letourneau,

1976) and transcriptional permissiveness is re-established in the late l-cell embryo prior to

the activation of zygotic genes at the 2-cell stage (Matsumoto et al., 1994; Aoki et al., 1997;

Forlani et al., 1998)' However, a transcriptionally repressive environment is produced

between the end of oocyte maturation and the 2-cell stage. This appears to involve the

absence of an active h'anscriptional apparatus, suppression of long-range activation due to

absence of a putative coactivator activity (Majumcler et al., 1997) and a non-perïnissive

state of the genome (Forlani et al., 1998). A transcriptionally repressive environment in the

l-cell mouse embryo may prevent the premature expression of genes whose effects are only

t
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required at a subsequent stage (Maj umder et al., 7997; Forlani et al., 1998). One example of

this is that if genes involved in differentiation of the trophoblast are expressed at the l-cell

stage, this would be lethal to the embryo (Forlani et al., 1998). Moreover, gene activation at

the beginning of development is controlled by a zygotic clock (Wiekowski et al., 1991)

which may prevent the premature expression of paternal genes although the chromatin of

paternal genes has an open configuration, allowing the formation of active transcriptional

complexes without the need of enhancer elements (Majumder et al., 1993). The first round

of DNA replication has been shown to mediate the resumption of transcriptional activity

through activating of a transcriptional apparatus, long-range activation and establishing a

permissive genomic state and control of ZGA (Howlett, 1986; Davis et al., 1996; Latham,

1999). Endogenous markers of ZGA, including a transcription requiring complex (TRC)

(Poueymirou and Schultz, 1989;Latham er al., 1991; Schulfz, lg93),HSP70.l (Bensuade et

al., 1983; Thompson et al., 1995; Christians et al., 1997) and a translation initiation factor

(eIF-aC) (Davis et al., 1996) are transiently transcribed during the 2-cell stage in the mouse.

The present studies have indicated that paternal heat stress reduced significantly synthesis

of 70KD proteins at the 2-cell embryo. This suggests that paternal heat stress may disturb

the transient accumulation of mRNA and protein for these proteins.

Blastocyst formation, essential for implantation, is initiated during compaction. E-cadherin

mediates cell-to-cell adhesion and drives trophectoderm cell differentiation. In E-cadherin

null embryos, cell polarization is not prevented, but rather the orientation of cell polarity is

delayed and randomized, thus preventing the formation of an ordered trophectoderm cell

layer (Larue et al., 1994; Riethamacher et al., 1995) and normal blastocysts (Riethamacher

et al., 1995), The formation of tight junctions is also important in blastocyst formation

because it plays a role in the regulation of paracellular transport (the movement of water

and solutes between epithelial cells) and maintenance of epithelial cell polarity (Biggers et
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al., 1988; Stevenson et al., 1988; Watson, 1992;Citi, 1993). One of the proteins involved in

the formation of the tight junction, ZO-1 was localized at contact sites between outer

blastomeres lollowing compaction (Rajasekaran et al., 1996). Furthetmore,ZO-la isoform

proteins first appear in compacting mouse morulae as perinuclear foci, followed by

membrane accumulation between the outer blastomeres (Fleming et al., 1989). By the late

morula stage. Na/K-ATPase localized to the basolateral domains of the outet trophectoderm

may play a very important role in the onset of fluid accumulation and the formation of

blastocyst cavitation through regulating cell volume and ion concentration (Watson and

Kidder, 1988; Watson et al., 1990; Watson 1992: MacPhee et al., 1994). Watson et al.

(1999) proposed a hypothesis that the blastocyst cavity forms as a result of a trans-

trophectoderm ion gradients established, in part, by a polarized trophectoderm Na/K-

ATPase, which facilitates the osmotic movement of water into the extracellular space to

form the fluid-filled cavity of the blastocyst. The tight junction permeability seal regulates

blastocyst formation by restricting the leakage of fluid via paracellular routes, thereby

ensuring the expansion of the cavity as fluid accumulates. In addition, DNA replication

may also control the compaction of the 8-cell embryos (Smith and Johnson, 1985) and the

timing of blastocoele formation (Smith and Mclaren. l97l; Mayor and Izguierdo, 1994). In

the present study, paternal heat stress inhibited the synthesis of many proteins in the

morulae (Chapter 6), thus probably affecting normal cell-to-cell adhesion, cell

differentiation and DNA replication in the morulae, and finally influencing the formation of

blastocysts (Chapter 4 and 5).

In summary, the present studies and previous studies have clearly indicated that paternal

heat stress may influence the development of embryos lrom preimplantation, through to

implantation and postimplantation. The present investigation has contributed new
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information about the heat-susceptible stages of male germ cells in the testis, and possible

events in preimplantation embryo development that are affected by paternal heat-stress.

This study has highlighted a number of issues that require further investigation, and future

studies should concentrate on the effect of paternal heat stress on chrotttatin structure, DNA

replication, the zygotic gene activation and paternally expressed genomic imprinting of

preimplantation embryos in the mouse. It is suggested that further investigations of the

mechanisms by which paternal heat stress affects embryonic development will be beneficial

as a model for examining the importance of paternal contributions to reproductive biology

and embryo development, and may provide important information relevant to improving

the success of in vitro fertilization, embryo culture, transgenic and cloning techniques.
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