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ABSTRACT

ihe purposes of this stedy were: 1) to develop
techniques for in vitro maturation of rat oocytgs which
would permit fertilization and normal embryonic
development, and 2) to investig;te the role of-somatic
cell-gerh cell Qﬁteractions, and hormonal influences, in
the physiological regulation of oocyte maturation as
assessed by these techniques. .o -~
Procedures for in vitro fertilization (IVF) of .rat
oocytes were developed and validated by transferring the
}esulting embryos to recipient females. Although embryos
- .resulting from IVF were less successful in establishing
-pregnanéy tﬁeh appropriate in vivo fertilized controls,
_haoptimizatg;n of culture and transfer techniques enabled
- minimizatign of embryonic losses and permitted valid use of

these techniques.

OocCytes matured in the presence of their cumulus cells

L

and serum were as capable of IVF, embryonic and Petal

" development as ovulated oocytes. Oocytes matured in the
absence _of cumulus cells[ehowed\a high incidence of
abnormal pronuclear formation aurinb fertilization, _

! 1ndicating that the cumulus cells played.a role 1n ensurlng

£

normal cytoplasmic maturation.

——

o Oocyt§§\matured in the absence of cumulus cells, serum

-~

or follicular fluid had an increased resistance to sperm

‘"penetration.. When this penetration problem was overcome -by
- e

drilling a hole in the zona pellucidah'cumulu5rfree-oocytes R

L]
~

iid




continued to show a high incidence of abnormal

fertilization, verifyibg a xole for cumulus cells in
. . : ¢
cytoplasmic maturation. o

-~

Immature oocytes obtained from prepubertal rats were
T

capable of §pontaneous nuclear maturation, and a smail
proportion was capable of being fertilized. Admiﬁlétration
of pregnant mares’ serun gonadotropip prior to oocyte
collect%on increased the proportion of oocytes which
subsequently underwent fertilization. Follicle-stimulaéiﬁg
hormone (FSH) stimulation of in vitro maturing oocytéa
delayed:nuclear maturation but did not affect the

’
proportion of oggytes capable  of undergoing fertilization.

Conditioned media from cultures of ¥FSH- or LH-stimulated
granulosa cells could substitute tor serum or follicular
fluid in preventing zona hardening.

The results of this research indicate that a granulosa

cell product(s), present in,foliicular fluid and serum,

oocytes. Cumulus cells play an essential role in ensuring
normal cytoplasmic maturation and, therefore, normal

pronuclear formation in oocytes dgfing fertilization.

- » “
-
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. CHAPTER 1

INTRODUCTION

The central role played by the oocyte in all mammalian
reproduction is exemplified by the statement "Omne vivum ex
ovo"a(WAll living things csme from eggs"), which 1is

_'attfibﬁted to William Harvey. , The mammalian oocyte
achieves the capacity for fertilization and subseguent
development after a lengthy "period of growth'and
differentiation. _%é rodents and humans, oogenesis begins
with primordial germ cell formatioﬂ in early fetal
development and ends, weeks to years later, in the sexually
mature adult. Around the time of birth, the ovary is
populated with nongr;wing primary oocytes that have reached
the diplotene stage of prophase I of meiosis. At this
stage meiosis is arresfed, the chromosomes decondense and a
prominent nucleus or germin%l vesicle is formed. This
diffuse diplotené or dictyate stage of meiosis persists
until puberty. 1In response to the surge of 1ﬁteinizing
hormone (LH) in each estrous or menstrual cycle, some of
the ococytes resume the meiotic brocess, by a mechanism that

~
is not yet ungerstood, and progress to the metaphase II
stage, at which time the oocytes enter a second meiotic
arrest. The resumption of meiosis after the first period
of arrest 1is characterized by the dissolution of the

nuclear'membrane, condensation of the diffuse chromatin,

separation of homologous chromosomes and emission of the

1
l
- ’mJ



first polar body. The secondary oocyte,-nglated wh%}g in
the second>meiotic arrest, cogpletes meiosis and extrudes
the second polar body following fusion with the
spermatozoan at fertilization.

Primary oocytes liberated from their follicles before
the LH surge are capable of spontaneous resump;ion of
meicsis (Pincus & Enzmann, 1935). This phen®wenon has been

used extensively in studies that attempt to determine the
mechanisms 1involved in meiotic ;rrest and oocyte
maturation. The-resumption of meiosis is morphologically
seen as the disappearance of the germinal vesicleg.and the
extrusion of the first polar body and these changes are
widely used as criteria for the resumption of meiosis.
However, there is no assurance that these oocytes mature in
z;ggg by a mechanism similar to that occurring in the
follicular environment and, indeed, the developméntal
competence of these oocytes is often limited (Cross &
Brinster, 1970; Thibault & Gerard, 1973; Leibfried &
Bavister, -2983). Until 1t can‘be demonstrated that
spontaneously maturing oocytes can attain the same level of
fertilizability and developmental competence a; ovulated
oocytes, éhe results of experiments that use germinal
vesicle breakdan as the criterion of success will be
clouded with some degree of doubt.

* Although the rat is one of the most commonly ushed

animals in laboratory studies of reproductive bio}ogy and
g

endocrinology, the fertilization of rat oocytes in vitr

10
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has been di{ficult'to achieve, being carried ou
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successfully only after similar success with several other
species. There are numerous reports of inconsistent or
irreproducible results (Shalgi et al., 1979; Blandau, 1980:
Quigley, 1980, 19;2), but successful in vitro fertilization
.pas been reported by three groups (Togoda & Chang, 1974a;

Kaplan & Kraicer, 1978; Evans & Armstrong, 1984).
The purpose of the present research was twofold: 1)

.to develop a technique for in vitro fertilization of rat
oocytes that would allow developmental success of these
oobcytes following transfer to a .recipient ute;ine
environment, and 2) to use this technique of in vitro
. fertilization with in vitro matured rat oocytes to assess
their developmental capabilities following various

manipulations in vitro. 1In doing!so,‘possible factors

regulating oocyte maturation in vitro were studied.

—



CHAPTER 2

LITERATURE REVIEW

2.%___OOCYTE DEVELOPMENT

L

2.1.1 Oocyte Growth and Acquisition of Meiotic Competence

Y

At the time of birth, tﬁe rodent ovary is populated
with small, nongrowing oocytes arrested in meiotic prophase
and surrounded by a layer of follicular cells. Durihg the
first 2 weeks after birth, some of these oocytes and their
surroundiﬁg follicles begin to grow, with the growth being
apparently regulated within the ovary (Krarup et al.,
1969). In rodents, cocytes complete growth in 2-3 weeks,
before the formation of the follicular antrum. During this
period of time, ocoocytes grow from a diameter of ~10 um to a
size of ~80 um and fhey acquire a proteinaceous
extracellular coat called the zona pellucida. Throughout
its growth phase, the oocyte remains arrested in the
dictyate stage of the first meiétic prophase.

Although the oocyte has bompleted its growth
relatively quickly, the follicle continues to grow. The
stromal cells differentiate into an external theca cell
layer separated by a basemeqt memﬂrane from the internal
granulosa Gells.‘ The falligular celis undergo rapgi

N

proliferation and a fluid-filled antrum appears, resulting

in a mature, Graafian follicle with® diameter greater than
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500 pm. The follicular fduid is cdmprised of serum
transudate and of glycosaminoglycans and other substances
secreted by the granulosa cells. At this étage the oocyte
ie enclosed by,a*dense mass of granulosa cells called the
cumulus o?phorus or cumulus cells and is suspended in the
follicuiar fluid connected only by_a stalk of cells o the
mural granu;o;a cells. The innermost layer of cumulPs
cells, the corona radiata, forms specialized intercellular

gap junctions with the ocolemma. Oocytes appear to be
dependent‘on the cumulus‘;ells for their growth (Eppig,
1977, 1979a),* since the cumulus cells may be a primary
source of nutrients (Herlands & Schultz, 1984). In one
study, however, the authors reported the growth of naked
oocytes, provided that ovarian cells were included in the
culture (Bachvarova et al., 1980). The discrepancy in
these reports may be dge to differences in ﬁhe culture
conditions. . -

During oocyﬁé growth, the dictyate-stage oocytes
acquire meiotic campetence, i.e. the ability to undergo
spontaneous meiotic maturation following isélation from
their follicles (Pincus & Enzmann, 1935; Szybek, 1972;
Sorensen & Wassarman, 1976). RAS it occurs within °the
follicle, this maturation involves the breakdowr of the
germinal vesicle and prggression to metaphase II of
peiosis, with extrusion of the‘first pelar body. The
acyuisition of meiotic competeﬁcé appears to be correlated.

with the stage of oocyte and follicular development

(Erickson & Sorensen, 1974, Iwamatsu & Yanagimachi, 1975;

./’ .
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Tsafrifi & Channing, 1975a). 'Meiotic competence is
acquired. between 15-21 days of age in mice k52ybek, 1972;
Sorensen & Wassarman, 1976), at 23 daxs in hamsters
(Iwamatsu & Yénagimachi; 1975) and between days 20-26 in
rats‘(Bar-Ami & Tsafriri, 1981). The mean diameter of
competent mouse oocytes is larger than that of incompetent
ones (Sorenéen & Wassarman, 1976) and there is a high
correlation between rat oocyte diameter and the ability to
undergo spontaneous maturation (Bar-Ami & Tsafriri, 1981).
However, oocyte diameter does not seem to be tﬁe only
determinant of meiotic competence in the rat, since the
average diameter of the few competent ococytes on day 20 is
less than that of incompetent ocoocytes on day 26. This is
in agreement with otﬁer evidence that indicates that the
acquisition of meioti¢’ competence is not only time-
dependent, but is also independent of the presence of
follicle cells, heterologous cell contacts and cell growth
(Canipari et al., 1984). aTherQ.as some evidence to suggest
that the time-dependence is related to the time of antrum
formationfErickson & Sorensen, 1974; Bar-Ami & Tsafriri,

1981) .

When mouse oocytes are explanted on day 7 (Bachvarova

]
t al., 1980) or day 8 (Eppig, 1977, 1979a) and grown in

(0]

O

Wlture, only 10-20% undergo meiosis in culture. It is

cleﬁ5<that growth in vitro deprives these oocytes of some

essential factor or condition necessary for them to acquire

meiotic competence. In attempting to identify the

* v
~.
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correlation between antrum formation and the acquisition of

meiotic compgtence, the observation that the development of
the antrum is dependent on gonadotropin \stimulation‘
(Richards, 1980) naturally led to investigations of the
role of these hormones on the acqﬁisition o} meiotig
g&mpetence. Hypophysectomy of immature rats on day 15
(prior to the acquisition of meiotié tompetence) reduces
the percentage of competent oocytes on day 26 by S58% (Bar-
Ami & Tsafriri, 1981). This response can be reversed by
treatment of the hypophysectomized rats with pregnant
mares’ serum gbhadotropi;XPMSG)or follicl;-stimulating
hormone (FSH). Further study revealed that the act}on of
the gonadotropins is, at least partly, med?ated‘by ovarian
e§tfogen proéﬁction (Bar-Ami et al., 1983). It remains to
be determined whether the proportion of oocytes acquiring

meiotic competence after growth in vitro can be increased

by addition of these hormones.

S

-
Numerous studies havgeinvestigated the details of RNA

synthesis and accumulation during oogenesis and the
changes in the gqualitative patterﬁ of protein synthesis
dukind cocyte growth (reviewed by Bachvarova, 1985;
Schultz, 1987). These changes precede acquisition of
meiotic comp;tence and become more pronounced'with
increasing oocyte diameter (Schultz et al., 19%979),
which suggésts that the synthesis o; specific proteins may
be reSponsible,‘at least in part, for acquisition of

meiotic competence. .

<




2.1.2 Oocyte Maturation

One of the major probléms in developmentai biology and
reproductive physiology today is the elucidation of the
mechanisms regulating mammalian ococyte maturation. Several
factors have been implicated in the matJ:ation processes;
howevera there- is no generally accepted model for the
coordination of these factors in the regulation of cocyte
maturation. Oocyte maturation ;ﬁ vivo 1s the result of the
preovulatory surge of gonadotropins, leading one to suspect
that oocyte maturaticn is under the positive control of
gonadotropins. However, when fully grown dict}éte stage
ocacytes aré isolated from their follicles and cultured in
the absence of any hormoﬁés, they undergo spontaneous
meiotic maturation (Pincus & Enzmann, 1 : Edwards,
196§a,b). This observation led to the conclusion that some
g9mponent(s) of antral follicles inhibits ococyte
mafuration. Consequently the action of the gonadotropins,
could be to reverse this inhibition through modification or
inactivation of the inhtbitory factor. Subsequent 'sections
of this chapter will 'present evidence to suégest that
.steroid hormones, oocyteqéumulus cell couplinq,‘cyclic
adencsine monophosphate (cAMP) and a tollicular oocyte
maturation inhibitor may all play roles in maintaining the’
follicular oocyte in meiotic arrest. The possible
existence of a matusaiidn—prombtinq factor will alsoc be

discussed.



A Phases of Maturation

Invest;gatérs of mammalian oogenesis usually refer to
maturation as the processes occurring during the final
stages of preovulatory meiosis in oocytes. - A more
restrictive, yet more accurate, definition of maturation
may be those developmental processes byd%hich the immature
mammalian ooc§te at the germinal vesicle stage becomes
fertilizabie (McGaughey, 1983). Complete maturation of the
cumulus-ococyte complex thus involves three separate
processes: 1) Buclear or meiotic maturation, 2)
cytoplasmic maturation, and 3) cumulus cell ﬁéturation, all
of which are under regulation by the intrafolli;ular
environment. These three phases of .maturation will be
considered here briefly, with greater detail provided where

appropriate in other sections.

-

Nuclear maturation

Throughout the growth phase, the cocyte remains at the

dictyate stage of prophase I. The nucleus, or germinal

vesicle, of the oocyte is prominent and the chromosomes are

highly diffuse and transcriptionally active. Following the

acquisition of meiotic competence, resumption of meiosis
5 :

can be mediated by a hormonal stimulus in vivo or simply by

the removal of the oo%&te from its ovarian follicle into a

suitable culture medium in vitro. Melotic maturation of
* L

the fully grown dictyate ococyte is characterized by the

dissolution of the nuclear membrane, condensation of the
&

diffuse chromatin into distinct bivalents, separation of

ﬁ ‘ N
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homologous chromosomes andemission of the first polar
body, with arrest at metaphase II. This sequence of events
is morphqlogically”ﬁeen as the disappearance of the
germinal vesicle or germinal vesicie bre&kdpwﬂ (GVBD)
followed several hours later by polar body extrusion.
éince GVBD is the first prominent change observed, if is

widely Used as a criterion for .the resumption of meiosis.
-~ >

Cytoplasmic maturation K

Earliers%sdies have/shown that the spontaneous
maturation of liberated oocytes results in morphologically
normal secondary -oocytes, but the developmental compet?ncc
of these ococytes is limited. Spéntaneously matured oocytes
from:mice (Cross &'Bfinster, 1970; Mukherjee, 1972),
rabbits (Thibault & Gerard, 1973), rats (Niwa & Chang,
'1975a), pigs (Motlik.& Fulka, 1974) and hamsters (leibfried
& Bavister, 1983) exhibit very leow fertilization rates.
'Thkbault & Gerard (1970, 1973) noted that follicle-free
rabbit oocytes undergoing spontaneous maturation are
incapable of transforming sperm nuclei into pronucleil in
the cytoplasm of the penetrated oocyte. Similar
dgfigiéncies in pronﬁclear formation have becen found in
rats (Niwa et al., 1976), pigs (Motlik & Fulka, 1974) and
hamster§ (Leibfried & BavisFer, 1981). When pronuclear
development does occur, -thhe rate of cleavaqge an; the
frequency of preimplantation develépment to blastocyst
stage are low, with deQe]opment‘to live offspring even

lower when compared to oocytes matured in vivo (Cross &

. 8
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Brinster,. 1970; Niwa et al., 1976, Moor & Trounson,_1977:
Sﬁalgﬁ et al., 1979). It has been suggested, therefore,
that deficient cytoplasmic maturation occurs in
spontaneously maturing Qocytes even though nuclear
maturation appears normal (Thibault, 1972, 1977).

Changes in the cytoplasmic activity of mammalian
oocytes during the course of maturation have been sEudied
by.the inseminationf of oocytes at various stages of
maturation. Using hamster oocytes, Usui & Yanagimachi
(1976) observed that, although sperm penetration of the
zona-free ococytes can occur at any stage of maturation,
decondensation of the sperm chromatin will occur o:by after
GVBD. Similar results were reported in studies using mice
(Iwamatsu & Chang, 1972a) and rats (Niwa & Chang, 1975a).
Thus the proc;ss of GQBD may cause the release of some
nuclear factor(s) or induction of some cytoplasmic changes
that are necessary for male p:enuclqus development
following penetration of the ococyte. Support for this
theory 1s provided by a study wifh starfish oocytes, in
which the mechanical breakdown of the germinal‘vesicle, in
the absence of any hormone Ereatment, was able to induce
complete cytoplasmic maturity (Guerrier et al., 1983).

Cytoplasnmic matur;Eion has been.found to be somewhat
dependent on the conditions under which the cocytes are

induced to mature. Further details will be provided in

subsequent sections (see Section 2.1.2 B).

11



Cumulus maturation

Cumulus cells surround the oocyte and send out

.
LY

processes that traverse the zona pellucida and terminate on

the oolemma. Fully grown oocytes are couplea with the

strrounding cumulus cells by gap junctions between these
proje;tions and Fhe oocyte (Albertini & Anderson, 1974:;
Amsterdagfgg al., 1976; Gilula et al., 1978). During
oocyte growth, gap junctions mediate intercellular
communication between the ocoecyte and the cumulus cells.
The ceils are®both metabq}ically and lonically coupled
(Gilula gé al., 1978; Moor et al., - 1980a: Racowsky &

Satterlie, 1985) and experimental evidence indicates that

the cumulus cells furnish nutrients to the oocyte via these:

gap junctions,. with the conclusion that this heteréloqous

intercellular communication is essential for oocyte growth

(Cross § Brinster, 1974; Eppig, 1975@; Bachvarova et al.,
7£980: Heller et al., Qéal: Herlands & Schultz, 1984).
Following the pggobulatory‘surqe of gonadotropins,

morphological transformation of the cumulus oophorus

occurs. There is a significant decrease in the number of
N d . "

gap junctions associated with a decrease in the extent of

metabolic and ionic coupling (Gilula et al., 1978; Heller &

-

Schultz, 1980:; Eppig, .1982a). Cumulus cell cytoplasnmic

processes retract from the oolemma (Gilfla et al., 1978;
Dekel et al., 1978) and the gumulus oophorus undergoes
expansion or mucification. Mucification refers to the

mechanical separation of the cells due to the intercelldlar

deposition of "hyaluronic acid. This separation is

3.
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neces@ry to allow sperm penetration: to Qccur after

ovulat®n. Complete cumulus maturation therefere involves

the 2 processes: uncoupling of the ococyte-cumulus ceil

complex and mucification. JIn géggg studies have depe;mined'

that FSH is a very effective uncoupling agent fHoor et

al., 1981; Eppig, 198_2b) as well as.a stimulus for camulus
o~

expansion (Dekel & Kraicer, 1978; Eppig; 1979b). Although

both processes occur 51mu1taneously 1n vivo, FSH-stimulated

——

cumulus expansion is not requ1red for cumulus cell-ococyte

uncoupling in vitro (Eppig & Ward-Bailey, 1982; Salustri\ﬁbk}

*

Siracusa, ' 1983).

In additjion to their Jutrltlonal role cumulus cells

are involved in regulat1ng several functlons of the oocyte.

. Their 1nfluence on nu¢lear and cytoplasmic maturation, on

occur spontaneously. The cumulus oophorus«rema1ns tightly

quallty of fertlllzatlon And on subsequent developmental
potent1a1 are dlscussed 1n detail in other sectnons.

L]

"It should he stressed‘at this point that spontaneous
Oocyte maturatlon refers only to the meiotic maturatlon,

P
(1%: GVBD)'that occurs when an oooyte is removed from 1ts

~

foll;cle. As such, this phenomenon can be used to study

the ultrastructural and biochemiga% changes that occur
Quring meiotic maturation. Howaver, there~ is evidence to

- TN * ° I.I'
indicate that cytoplasmic and cumulus maturation do not

» -»

.

packed around spontaneously maturlng oocytes (Dekel &
Kraicer, 1978; .Eppig, 1979b) and the oocytes may have

difficulty in forming the male pronucleus after sperm

o~

0
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penetratioh (see Section 2.1.2) -Thus the spontaneously
maturing oocyte has potential problems if it i’s used to
Qetermihe the mechanisms of oocyte maturation, particularly
if the criti;ion o{_guccessful maturafion is simply GVBD.
It is clear that the fertilizability and the developmental

competence of the in vitro matured oocyte are criteria of

-

equal and possibly greater importance.

B Oocyte Maturation in vitro

The investigations of ococyte maturation in mammals
e .

14

have been pursued through the use of several differempt——

appréaches, using: 1) bocytes matured ;g.vivo, 2) ovaries
or ovarian fragments in organ culture, 3) isolated ovarian
follicles in culture, or 4). the culture of isolated

oocytes. The advantages and limitations of each épproach

A

will be presented here briefly.

“

In most mammals, meioti® maturation occurs in the

ococytes of a select group of aA!ral follicles as a result

of the endogenous pfeovulatory gonadotropin surge, or the

administration of exogenous gonadotropin to a suitably
prepared female. Blocking. the preovulatory surge of
gonadotropin in the rat by Nembutal prevents the resumption

of meiosis (Ayalor et al., 1972), while administration of

exogenous gonadotropins to the Nembutal-treated rats
results in GVBD within 2-3 hours (Vermeiden & Zeilmaker,

1974; Magd‘Lson et al., 1977). The basic method for

examining the maturation of oocytes in vivo has been to.

o
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administer exogenous gonadotropins to femal;s and to
recover ovarian or oviductal oocytes at various times
following the hormone administration. The oocytes analyzed
.from intact animals have been matured under physiological
conditions and, therefore, accurate opservations can be

made concerning the processes that occur in vivo. Using

this method, gross observations have been made regarding S
the relationships between meiotic maturation,ithe dose and
time 6f gonadotropin administration and follicular growth
and steroidogenesis (reviewed by Donahue, 1972; Bakery,
1979); In addition, oocytes matured in vivo are

>
fertilizable and competent to undergo émbryonic and fetal

developmant. Unfortunately, the'complexity of the in vivo

system makes it less effective for the investigation of

mechanisms involved in oocyte maturation.

The culture of whole ovaries or ovarian fragments has
proved to be of liﬁited value 1in the detailed
=~ investigations into the regulation of ococyte maturation.
Gonadotropins induced complete meiotic ﬁafuratiQn of
oocytes in large (but.not‘smaller) follicles of these
cultures (Baker & Neal, 1972; Neal & Baker, 1973, 1974) and
this maturation was reported to be similar ﬁé maturation of
oocytes in vivo (Bakef & Neal, 1972, Bakér, 1979).
Although taiis app&oach_can be used for describing
maturation in vitro, it resembles the in vivo madel in that
it is a multicellular system in which complex,

intercellular interactiohs are difficult to interpret.

Like ‘the organ qufiure, the culturecof preovulatory

14
. .
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follicles provides an in vitro model in which the normal
.association between various follic¥lar cell types and
compartments are maintained. Follicle-enclosed oocytes are
dependent upon hormonal stimulation to induce the
fesumption of meio;is. Meiotic maturation can qp induced
when follicles are cultured in the presence of

gonadotropins (Tsafriri et al., 1972; Leal & Baker, 1973;

Lindner et al., 1974; Hillensjo, 1976; Meinecke & Meinecke-

It

Tillman, 1981), prostaglandins (Tsafriri et al., 1972;

Lindner et al., 1974), dbcAMP (Tsafriri e

Iet

al., 1972;
Lindner et al., 1974), forskolin (Dekel & Sherizly, 1983),
gonadotropin releasing hormone (GnRH) (Hillensjo & LeMaire,
1980, Ekholm et al., 1981; Dekel et al., 1983a), epidermal
growth factor (Dekel & Sherizly, 1985) or tranforming
growth factor-B (Feng et al., 1988). Follicle-enclosed
oocytes matured in vitro appear to resemble those maturing

in vivo since they are fertilizable and developmentally
competent. This system 1is ideal  for studying the
mechanisms underlying the hormonal induction of meiosis,
i.e. the role of gonadotropins, steroids, cyclic AMP,
prostaglandins, growth féctors, protein syrthesis and
energy metabeolism. Like the previous two syétems, however,
this ‘model suffers the disadvantage of being multicellular
and therefore has limitations for studies examining the

: -/ . *
site of gonadotropic¢ action or localization of the

response. 7

tate

. ‘ 7
In 1935, Pincus & Enzmann demonstrated that germinal

4

-
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vesicle stage rabbit cocytes will resume meiosis

spontaneously when removéd from antral_folliclés and

cultured in hormone-free media. This study, with the
support of a subsequent one by Chang (1955), led the way

into one of the largest areas of study 1n the field bf

cocyte maturation: the elucidation of the mechanism by

which follicular components maintain the intrafollicular

oocyte in meiotic arrest (see Sectiop 2.1.2 C). ' Most of

the investigations using isolated mammalian oocytes attempt

to determine the chronology of mathrational stages in vitro

or to idehtify;the culture conditions optimal for-
successful mgturation in various species. This latter goal

has led to a tremendous diversity in the culture media ana

culture COndition§ employed, thus making interp{étation and

comparison of studies-a difficult task.

. ™
The major advantage of culturing isolated oocytes is

_its relative simplicity in comparison with the other

approaches. Only one or two cell types are inéleed,
thereby alleviating much of the di}ficulty in
interpretation of results posed by the more complex,

multicellular systems. From ovaries of immature mice and

rats, it is possible to obtain a large numbeér of oocytes at

the same developmental stage (Mangia & Canipari, 1977),
facilitating large-scale, reliable studies. The most .
important drawback Of this model is that it may not

represent physiological events. Oocyte maturation in vivo

"is dependent on gonadotropic stimulation~ahd therefore,

’

unless special precautions are taken, it cannot be assumed-

17
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that hormone-independent spontaneous maturation'accurately

reflects the physiological processes of oocyte maturation.
Published accounts of studies in which isolated
descriptions of optimal culture media and culture
conditions. Most studies employ complex media containing
L

amino acids, nucleic acid precursors, vitamins, biological

fluids and various hormones (mouse: Creopss & Brinster, 1970;

~
hamster: Gwatkin & Haidri, 1973; rabbit: Thibault et al.,
1975; sheep: Moor & Trounson, 1977; cow: .Newcomb et al.,
1978; rat: Shalgi et al., 1979). The purpose of these

experiments was to determine in vitro conditions capable of
allowing normal fertilization and. development of the
ococytes after maturation. 1In contrast, some investigations
sought to describe the minimal.requirements for normal
cthgenetic maturation leading to the secondary oocyte
(pig: McGaughey, 1977a; rat: Fleming et al., 1986) with
mcderate success. In all studies, the oocytes were able to
undergo GVBD and polar body formation; however: the
fertilizability and developmentallcompeEence appeared to be
dependenﬁ on the presence of two key - features 1in the
culture systems: cumulus cells and serum.

As mosgjof the experimental methods that will be
presented in this thesis involves the culture of isolated
oocytes, the Yemainder of this chapter predominantly will
consider previous literature concerning‘the selection of

- /—J
oocytes, regulation of maturatiqp,/?ertili;ability and

[ 4

‘ !
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developmental competence of isolated oocytes matured in

vitro.

o

L

c Inhibitors Of Meiotic Maturation in vitro

The finding that mammalian cocytes removed from their
follicles mature spontaneculy in culture led to ﬁﬁe
suggestion that within the follicle meiosis is prevented
through follicular inhibitof} actions (Pincus & Enzmann,
1935; C%;ng, 1955). Several factors hage been implicated

in the mechanism by which intrafollicular oocytes are

. . s . . & .
maintained in meiotic arrest: steroid hormones, granulosa

cells, follicular fluid, cAMP, purines, cumulus cells and a

specific maturation-inhibiting factor. The following
discussion will present the evidence that supports the

involvement of these factors in meiotic inhibition.
o .

Follicular fluid, granulosa cells, OMI and puriﬁes R

The existence bf a factor in follicular fluid which
prevents cdocytes from spontaneously maturing was first
demonstrated with isolated rabbit oocytes cultured in media
containing follicular fluid (CHang,:lQSS): Maturatjion#
inhibiting activity has also’been demonstrated by porcine
(Tsafriri & Channing, 1975b; Jégiello.ég al., 1977)\and

[

bovine follicular fluid (Gwatkin & Andersen, 1976). The
effects of the follicular Fluid inhibitor of oocyte
maturation do not seem to be species-specific (Gwatkin &

Andersen, 1976; Tsafriri et al., 1977:; Hillensjo et al.,

1978a; Chari et al., 1983; Downs & Eppig, 1984)._ As

»
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sugporg Sfor the exisfence\of a physiologically relevant
factor in fdlLicular fluia, Channing et al. (}983) and
Hillensjo et al. (1985) have reported that follicﬁlar fluid
from preovuiatory human follicles contains significantly
less inhibitory activity than do follicles that contain
immature oocyteé. In addition rat oocyteg show a decrease
in sensitivity to the inhibitor during the course of
f'llicular development (Tsafriri et al., 1977). Despite
the variety of evidence available to, support the existence

F]
investigators have failed to confirm the maturation-

of ar inhibitory factor (in.follicular fluid, i?yeral other

inhibiting effect of porcine follicular fluid on boving
(Leibfried & First, 198ba), porcine (Leibfried & First,
1980b; Racowsky ; McGaughey, 1982a) or rat oocyﬁes (Fleming
et al., 1‘;83). ‘ .

There is considerable evidence to suggest that the
inhibitory activity in follicular fluid is a product ot
‘granulosa cells. Cocultures of pofEine grénulosa cells
with oocytes result in a density—depgndent inhibition of
cocyte maturation (Tsafriri ﬂithanninq, 1975b) which is

ceversible by the addition of LH (Tsafrir et al., 1977).

Since follicular fluid fraonm larqeffollicl contains less

inhibitory activity:(see above),: it is n
¢

surprising that

granulosa cells collected f follicleé inhibit
meiosis more effectively than cells from medium or large

follicles (Tsafriri & Channing, 1975b; "Centola et al.,

1281). -Further studies also determined that cell contact
S

20




between the oocytes and granulosa cells is not necessary,
as extracts from granulo;a cells or granulosa cell-
conditioned medium elicited similar inhibitory effects
(Gwatkin & Andersén, 1976; Centola et al., 1981; Sato &
Koide, 1954; Andersen et . al., ' 1985). The addition of’FSH
or prolactin to cultures of porcine granulosa célls
facilitates the accumulation of the inhipitory factor in
the medium, whereas androgens reduce it (Channing et g;.,
1982; Andergen et al., 1985). Altﬁ&ugg’there-is much
evidence to indicate that the inhibitory factor is a
granulos} cell product, numerocus other Studies have
demonstrated that granulosa cells were ineffecpive in
inhibiting the maturation of oocytes from the pig (3agiello

et al., 1977; Leibfried & First, 1980a; Rice & McGaughey,

21:

1980), cow (Jagiello ét al., 1977; Leibfried & First,
1980a), sheep (Jagigllq et al., 1977) or mouse (Nekola &
[ . \

Smith, 1974). “ A\

Tﬁe'&esults of cocult&re of ococytes with various
follicular components corroborated the concept of
follicular inhibition of meiotic maturation and led to the
partial characterlzatlon and purification of a polypeptide,
the anyte,maturatlon 1nh1b1tor (OMI) (Tsafrir! & Channing,
1975b; Tsafriri_ggygl., 1976; Stone et al., 1978; reviewed
by Tsafriri, 1988). OMI apparently exerts lts inhibitory
action via cumulus cells since it prevents the maturation
of cumulus celljziclosed oocytes, but has no effeot on the
maturation of denuded oocytes (Hillensjo et al., 1979) and

it has been suggested that OMI passes through the gap
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junctions between:the cumulus cells gnd the ococyte to
prevent the maturation of the oocyte (Tsafriri, 1985).
A physiological role for -OMI in !ixg has not been
demonstrated and this factor requires further purificat}on
and ddentification before the necessary studies can be
pursued.

'OMI has not been the only inhibitory factor “identified
in follicular fluid. Recent evidence suggests that

o]
hypoxapthine, adenosine and/or guanosine are components of
»

porcf;e follicular €fluid that prevent the spontaneous ’

v

maturation of murine ococytes in vitro (Dow et ak¥., ,1985;

Eppig et al., 1985). ’ ' =

Oocyte-cumulus cell communication It

The presence 6f gap junctions between the cumulus cell
projections and the ococytes results in bidirectjional
metabolic and ionic coupling. During.maturation the
cumulus ceIIS'Surroundihg the oocyte become more loosely
organized and the c¢ytoplasmic projections withdraw from the
oocyte, thereby decreasing the number of‘gap junctions and
reducing the degree of intercellular coupling (see Section
2.1.2 A). These observations led to the hypothesis that,
in response to LH, the release of the oodyte from
follicular suppression of meic_osis is the resu}’of the
uncoupling of the cumulus cells from the oocyge, thereby
pfeventing’the transfer of an inhibitory factor from the

cumulus cells to the ococyte (Lindner et<al., 1974; Dekel &

Beers, 1978, 1980; Gilula et al., 1978: Moor et al.,
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1980a). Several studies have produced results that argue

against this hypothesis. The timing of the disruption of

the cumulus-ococyte coupling has been found to be

inconsistent with this model of gap junctional reguiation
of oocyte m;turation. Studies in which the transport of
choline or uridine (Moor et al., 1980a;: Eppig, 1982a) or
ionic coupling (Dekel & Beers, 1980) was measured indicate
that the disruption of oocyte-cumulus cell communication
temporally follows rather than precedes GVBD. Another
study éemonstrated that low concent;ations of Fsﬁ sup?ress
intercellular coupling but'do not induce resymption of
meiosis in follicle-encloéed ovine oocytes, whereas LH
induces resumption of meiosis but. not disruption of
coupling (Moor et al., 1981). This dissociation between
GVBD and oocyte-cumulus uncoupling casts doubt on the
hypothesis  that the transfer of an inhibitory factor from
the .cumulu/b cells to the oocyte 1is reduced by the
uncoupling mechanism, allowing meiosis to resgme, It is
possible, however,‘that oocyte maturation occurs because of
a quantitative or qualitative change in the inhibitory
signal commuricated from the cumulus cells to the oocyte
(Moor et al., 1981).

Since the tran§fér of-amino acids (Colonna & Mangia,
1983) and of uridine (S;Lust}i & Siracusa, 1983) to the
oocyte increases in direct proportion to their uptake by

&umulus cells, more recent studies have expressed oocyte
o :

uptake as a fraction of total cumulus uptake (as opposed to

’,
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the absolute values of label incofporated into treated
versus control oocytes reported in earlier studies). When
measuring relative uptake, Salustri & Siracusa (1983) noted
a temporal correlation between the uncoupling in mouse
oocyte-cumulus complexes and the resumption of meiosis. In

addition to this correlation, Dekel et al. (1984): Dekel &

"Sherizly (1985) and Racowsky & Satterlie (1985) reported
L 4

that metabolic uncoupling p;eceded GVBD in rat .and hamster
for the original hypothesis. The evidence provided by
these most recent studies suggests that the reductidn in
coupl ing between the cumulus cells and the opcyte may serve
to signal the resumption of meiosis in the ococyte; however,
it has yet to be demonstrated that the temporal
relationship between these two events is not merely a

result of a common trigger.

Cyclic AMP

Although the mechanisms that maintain meiotic arrest
inp vivo remain to be elucidated, it is generally accépted
that cAMP plaxs a central role in this process (reviewed by
Masui & Clarke, 1979; Eppig & Downs, 1984: schuttz, 1987).

Neither the origin of the cAMP nor its mode of action has

" been clearly established. The first evidence for a

possible regulatory role for cAMP came from experiments
showing that dbcAMP injected into cultured rat follicles

induces ococyte maturation (Tsafriri et al., 1972).

-

Similarly, many of the agents capable of inducing
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maturation of follicle-enclosed oocytes in vitro also

stimulate the production of cAMP (Tsafriri et al., 1972;
Lindner et al., 1974). In contrast, the LH-stimulated
resumption of meiosis in follicle-enclosed oocytes and the
spontaneou® maturation of isolated oocytes are prevented
by Ehe continuous presence of cAMP derivatives or

: °
inhibitors of phosphodiesterase (Cho et al., 1974; Lindner

H
et al., 1974; Dekel & Beers, 1978; Hillensjo et al., 1978b,
Rice & McGaughey, 1981). The addition of the adenylate

cyclase activators cholera enterotoxin (Dekel & Beers,

11980) or forskolin (Dekel et al., 1983b) inhibits the

spontaneous maturation of rat oocytes cultured within their
cumulus but not in denuded ocoocytes. A similar result has
been reported by Eppig et al. (1983) who showed that
suboptimal concentrations of dbcAMP produce a greater
inpibitory effect on cumulus-intact ooaytes than on denuded
ocoocytes. Gonadotropins reverse the inhibitory action of
dbcAMP on the maturation of cumulus-intact rat oocytes but
have no effect on the dbcAMP inhibition of denuded oocytes
(Dekel &% Béers, 1978, 1980). These results, together with
the knowledge that there are no LH receptors on the oocyte
(Amsterdam et al., 1975), suggest that the CAMP analogs
stimulate the cumulus cells to shppress oocyte maturation
by either the transfer of cAMP to the oocyte to maintain
high levels there or perhaps by the generation and/or
activation of a maturation-inhibiting factor that is

transferr?d to the oocyte. To support a direct role for

CAMP, recent studies have shown that exposure of Qocyte-
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cumulus complexes to agents that elevate the cumulus cell
cAHP‘lévels also increase the intraoocyte cAMP levels
relative to denuded oocytes similarly exposea (Racowsky,
1984, 1985a; Bornsléééér & Schultz, 19895).

These above stugiés clearly establish a.central role
of ogcyte cAMP in the maintenance of meiotic arrest wﬁépin
the follicle. This led to the hypothesis that maturation
‘is initiated by a fall in intra-ococyte cAMP and, indeed,
'a decrease in cAMP levels has been found to occur ggiox to

GVBD in mouse oocytes (Schultz et al., 1983a). This

‘"observation lends support to'the idea that the LH surge

induces the disruption of interqeliular communication

between the cumulus cefls and the oocyte, thereby leading
to oocyte matur;?zon (Dekel et al., 1981). Such a
reduction in coupling cole.re;ult in the maturation-
associated decrease in oocyte cAMP while overall follicle
cell cAMP levels are increasing in response to the LH
surge. It remains to be determined whether the intra-
oocyte QAMP has direct effects in.the oocyte or whegher the
levels of this compound are merely a‘reflectiqn of the

- .
influx of another substance of cumulus cell origin, the

decreased levels of which allow GVBD to proceed."

Steroids ' ; V

Steroids have also been implicated in the

intrafollIicular maintenance of meiotic i?gest. As

described above, it is generally accepted that ¢cAMP plays
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a central rcle in the mechanisms that maintain meiotic

arrest and steroids have been tested as participants in

- - »

these mechanisms. Androgéens-have been reported to gugment

the maturation-inhibiting action of dibutyryl cyclic AMP,

(dbcAMP) on porcine oocytes (Ricé & ‘McGaughey, 1981,

Racowsky, 19883; Daniel et al., 1986). Estradiol can.

>

directly arrest the maturation of pig (McGaughey, 1977b,

Racowsky & McGaughey, 1982b) and hamster oocytes (Racowsky,

1985b); however, the inhibitory effect of estradloL was
expressed only in the absence of exogenous protein, an

ﬁnphysiological state (Racowsky & McGaughey, 1982c). 1In

the presence of forskolin and estradiol, the maturation.of

denuded and cumulus intact oocytes is inhibited (Racowsky,
. ST -~

1985b).. The maturation-inhibiting actien of FSH,

forskolin, cholera toxin or suboptimal concentrations of

dbcAMP on denuded or cumulus intact mouse oocytes is
augmenteé by progesterone or testosterone (Epﬁig et al.,

~

1983; Schultz et al., 1983b). It has been postulated that

-

the synergistic interaction bé@ween the steroids and cAMP

may be'due to a steroid hormone-induced increase in the
»

~

activity of the regﬁlptory subunit of cAMP-depenant
protein iinase (Liu et al., 1981). Howeve;,.the role of
steroids in the mainéenance ofiméiotic arrest requires
further study, particularlf ;6 determine how the
preovulatory surge _of gohadotropins, wﬁile rausiﬁg a brief
rise in folliculax»ster&ldbqenes1s, can at the same time
induce the regymption of meiosis (reviewed by Tsafriri,

1985) . .

> -8 - P
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D Stimulation of Maturation

- -

While tl-'re are clear differences\gﬁetwe\gn the coqtroi

of maturation in mammals and lower vertebratés, there a;é

indications that these groups'may share some fundamental

mechanisms. A cytoplasmic factor known as maturation-

promoting fhctor>(MPF) appears in{starfish (Kishimoto &
—_ |

Kandtani, 1976) and amphibian oocytes (Masui & Markert,

1971) undergoing GVBD and a similar factor present in

--maturing mouse ococytes is capable of inducing meiosis in
\ _.

immature ococytes (Balakier, 1978; Sorensen et al.,1985).

In the starfish, follicle cells ﬁfoduce a maturation-

inducding supstance,‘identified as l1-methyladenine (1-MA)
{
(Kanatani g§~§;, 1969). 1-MA then acts on the plasma

membrane of the ococyte (Kanatani & Hiramoto, 1970; Doree &

Guerrier{‘1975) to indgceutge appearance of the cytoplasmic
MPF which is the direct trigger for GVBD (Kishimoto &
Kanatani, 19763f In amphipians,:“frogesterdne is the
stimulus for MPF production (Masui &. Markert, 1971).
Effucleated oocyteé’produce much less"M?E than 1intact
oocytes; some germinai vesicie material is thus required

for MPF productiofi  (Kishimoto et al., 1981). In most

. Species the germinél ﬁ@sicle must break down and release

\ » R ,\"‘

AL,

its cég}ents into the cytoplasq”Béfore the oocyte acquires

the capacity to induce sperm pronucleéf—fcrmation. It has
reéﬁntly been shown that ‘mechanical breakdowh of the

germinal vesicle, in the absence of any hormone treatment,

induces complete cyto?}asmic maturity in starfish (Guerrier

A hRN Y ked




fet al., 1983). The role of MPF in_ this species,  then

appears to be simply the induction of GVBD.

Since the cytoplasmic control of nuclear behavior is
well documented for both mitotic and meiotic ﬁammalian
cells (Gurdon & Woodland,» 1968; Johnson & Rao, 1971;
Gerhart et al., 1984), it seens likéﬁy that the control of
nuclear progression‘auring maturation of the mammalian
oocytg,is, at least in part, regulated by cytoplasmic
factors. Evidence to support this suggestion comes from a
variety of studies. éision of fully grown, qeiotically
mature mouse oocytés with meiotically incompetent oocytes

L4

results in GVBD of the nucleus of the incompetent ococyte

. ¥ .
(Balakier, 1978). 1In another study, cytoplasmic extracts.

of meiotically mature mouse oocytes injeétea into immature

X. laevis (Sorensen et al., 1985) or Asterina ggctiniferé
oocyteé (Kishimoto' et al., 1984) causes GVBD within "2

\ -

hours, in the absence of progesterone'or 1-MA,

res;abtively. In addition, cytoplasm obtained from oocytes
inhibited from resuming maturation does not elicit GVBD in
these cases (Sorensen et al.,  1985). In contrast to non-

mammalian species, however, the mammalian MPF appears to be

generated in the cytoplasm in a manner independent of

o" »

nuclear cvontrol (Balakier & Czolowska, 1977). Enucleate

fragments of fully grown but immature ococytes gain Ehe;

ability to cause chromosome condensation in inactive Ccells

(after fusion) during the same period of time required for
. s .

the nucleate fragments to undergo GVBD. The results of a1l

these experiments suggest that mammalian oocytes gengrafe

: | )
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\
cytoplasmic MPF activity during the course of maturation.

Immature mammalian oocytes have the capébility to

‘ undergo GVBD spontaneéusly when removed from follicular

influences; ngever, it appears thathVBD induced in this

Mmanner is insufficient for cytoplasmic maturity as
-

indicated by the low incidence of spefm pronuclear

formation during fert%lization (See section 2.1.2 A). The

putative MPF may therefore play a more complex role in the

maturation of the mammalian oocytes, one that involves Ehe

L K

regulation of cytoplasmic maturation. In this.respect, the
timing of acquisition of cytoplasmic maturity may bes

relevant. In starfish, the oocyte cytoplasm develops this

capaclty soon after GVBD, with maximal levels of MbF 20-40

R .
min. after exposure to 1-MA (Meijer & Guerrier, 1984). In

mammals, cytoplasmic mafurity (as measured by the ability

to form ;géhmaie.pronubieus after fertilization) develops
;rédﬁafly during maturation, requiring 8-10 hours to be
complete (Niwa & Chang, 1975a). These results indicate
that the action'of_MPF may involve more than the indd%tion
of GVBD in mammalian oocytes. Alternatively, another
factor or combination of factors may be requiredigé attain
compleﬁe cytoplasmic maturation. )
Maturation of the oocyte is i?imulated physiologically
byiLH but can be induced effectively in follicle-enclosed
docytes in vitro by GnRH (H;llensjo & LeMaire, 1580: Ekholm

et al., 1981; -Dekel et al., 1983a), forskolin (Dekel &

Sherizly, 1983), epidermal growth factor (Dekel &

~
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Sherizly, 1985), transforming growth factor-B (Feng et al.,
1988) as well as gonadotropins (Lindner et al., 1974).

Beyond the investigations into the various inducers of

LY

. .
cocyte maturation, however, the mechanism for this.

induction has yet t&6 be fully determined. A recent study by

Downs et al (1988) demonstrated that FSH and EGF induce’

GVBD in isolated oocytes arrested with dbcAMP,
isobutylmethylxanthine (a phosphodiesterase inhibitor),
guanosine or hypoxanthine plus adenosine. Brief exposure

of the oocytes to a high concentration of dbcAMP alsco

‘induces GVBDP in oocytes maintained in meiotic arrest.

Since both FSH and® EGF stimulate cAMP qipduction in‘oocyte-
cumulus complexes, the authors sdggested that, in response
to hormone treatmﬁnt, the cumulus Eellg ggnerate a positive
signal thét acts:upon the oocyfes to stimulate CVBD. GVBD
is stimulated by acute, but not chronic, exposure bf
cultured follicles to dbcAMP {Hillensjo et al., 1978; Dekel
et al., 1981), hhich suggests that oocyte maturation is

modulated according to the duration and magnitude of

™
~

1]

elevated cAMP levels.

From other stﬁdies, evidence has been prqvided for a
mechanism‘of oocyte maturation gzth a different role for
CAMP." It has recently been shown that phospholipase.C and
diréct activation of protein kinase C can mimic the effects
of GnRH on rat oocytes (Aberdam & Dekel, 1985). The
results suggest that tﬁe GnRH-induced meiotic maturation of

rat oocytes is mediated by the phospholipid-dependent

protein kinase C. Protein kinase C is not independent of

e
-



cAMP but—rather can be inhibiFed by the presence of this
cyclic nucléotide_(Nishizukalgg al., 1984). Since many
studies have established that cAMP inhibits the resumptiqa
of meiosis in ma?malian ococytes (Cho et al., 1974; Dekel &
Beers, 1978; Ball et al., 1983), it is Sossible that
activagion of phosphol&gid turnover and protein kinase E_by
GnRH may reverse that nzgative ¢0n§r01 exerted by cAMP on
the oocyte leading to resumption of-méﬁosis. This process
would be particularly effective if the cellular levels of
CAMP were to decrease- at the same time, as demonstrated by
Schultz et al. (1983a).. It has yet to be determined if LH-

stimulated meiotic maturation is mediated by the same

.
-~

mechanism.
A study by Powers & Paleos (1982) has shown the effect

of a calcium 1onophore (A23187) and 2 inhibitors of

transmembrane calcium’ transport (verapamil and tetracaine)

on denuded mouse oocyées incubated in dbcAMP-supblemented
media. An_}n{?ease in the external calcium concentra¥®on
or addition éf‘the célcium ionophore decrease the
inhibitory effect of dbcAMF on.GVBD® Furthermore, it was

found that verapamil or tetracaine ¢which would reduce

calcium- influx) can potentiate the inhibitory effect of.

suboptimal concentrations of dbcAMP on GVBD. ' These results
suggest that'there may be an interaction between cAMP
levels and intracelluiar calejum levels such tﬁat raising
the iptracellular concgntration of- free calcium may cause

oocyte maturation. This work supports the mechanism

~
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described above. Clearly, a spaégal and temgoral ;nalysis
of in;racellular free calcium concentrq%igns during oocyte
maturation is necessary to é&ucidate further the role of
this ion in the maturation process.

The ability of gonadotropins to alter the

physioclogical environment of the follicle is sufficent td&

allow the oocyte to resume meiosis and there is:much

a significant role in the maturation of oocytes. The role
of steroids ‘in the mediation of the gonadotropic stimulus
for the resumption of meiosis in lower vertebrates

(amphibians and fish) is well estab1{§hed. As in mammals,
4

gonadotropins act on ovarian follicles in Rana pipiens to
induce maturation of khe enclosed oocytes (Heilbrunn et
al., ‘193§); however, progesterone addec« to lncubated

follicles will also induce oocyte maturation (Schuegtz,

-

1967a). Folliacle-free vocytes undergo maturation in
response to progesterone qhasui, 967} Schuetz, 1 7b;
Smith et al., 1968) or to gonadot ins, when they e

incubated with follicle cells (Masui, 1967). In raddition,

' t
gonadotropin tréatment has ;ghn shown to induce follicles

. 4
to convert pregnenolone to progesterone (Fortune et al.,

1975; Thibier-Fouchet et al., 1976). Although progesterone

©

is the most potent inducer of maturation in R. pipiens and

Xenopus laévis, otheifsterdids such as testosterone and
4

deoxycorticosterone can be effective (Schuetz, 1967b; Smith

et al., 1968; Schorderet-Slatkine, 1872; Jacobelli et al.,

1974).

r
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" . evidence to support the view that follicular steroids play
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Evidence for a physiological role for steroid
hormones in the rggulation of mammgtian ocoocyte maturation
is much less co%sistent. Resumption of meiosis can be
triggéred in rat follicles explanted on the day of
proestrus by LH, humgn chorionic gonadotropin }hCGL
immunoéhemically pure FSH, or prostagléndin E,. All of
theseéaubstances induce an immediate rise 1in CAMP
accumulation in granulosa cells and follicular fluid and a
somewhat later increase in progesterone synthesis (Tsatriri

et al., 1972, 197°:; Lindner et al., 1974, 1977). Similar

results,wefe obtained by thé culture of preovulatory

follicles from immature PMSG-treated rats (Hillensjo, -

» r
1976). In the. rat, cumulus cells isolaé&d ftrom

preovulatory-fodiicles after the LLH surge have enhanced

-

prodqction of progesterone 1n qQulture compared to those
visolated before gha surge (Hillensjo et al., 1981). The
post-LH rise aAn progesterone could 1qd1cn§e A possible role
for progesterone in mediating the action ot ILH on cocyte

maturation. Progesterone has been shown to facilitate the

maturation of rabbit ococytes (Bae & Foote, 19/%); however,'®

‘here was no effect observed on the maturation of human
(Shea et al., 197%), ‘porcine (MJGauqhey, 19/77b% or moune
(Eppig & Koide, 1978) isolated ooc?to".

Addition of stercids to the culture mcdidm did not
induce the maturatién(of bévine, Hoqpinn (Foote & Thibault,

1969) or rat (Tsafrirx et al., 19772) folllcle—ehglosod

oocytes. Suppression of steroidogenesis by the inhibitors
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cyanoketone or aminoglutethimide did not affect meiotic
maturatiA; of follicle-enclosed oocytes induced to matures
with LH (Lieberman et al., 1976). 1In contrast, fhe normal
maturatiod of follicle-enclosed sheep oocytes appears to be:
dependent upon tge presence of estradiol in the culturg
mediunm (Moor & Trounson, 1977; Moor et al., 1980Db). In
studies using isolated oocytes, exogeﬁous estradicl and
progesterone were unable to altef the maturation of mouse
oocytes in vitro (Eppig & Koide, 1978, Richter & McGaughey,
1979; Smith & Tenney, 1980). However, porcine oocytes
cultured in media containing both progesterone and
estradiol showed a highef incidence of normal haploidy than
did control oocytes (McGaughey, 1977bl. In the human,
higher follicular‘fluid estradiol levels correlated well
with succedsful -fertilization and an enhanced cleavage rate
of oocytes associated with pregnancy following in-'vitro
fertilization (Botero-Ruiz et al., 1984). Thus, althoug&
steroids may affect the>maturation of oocytes in some
species, their §pecifi€'action(s) duriﬁg this process is
still unclear. -

1 ]
E Fertilization and Developmental Capabilities

The fertilizability and developmental capabilities of
oocytes matured in vitro are lérgely dependent on the
conditions of culture. .Under certain conditions, isolated.
maturihg oocyteS may exhibit chrompgomal abnormalities

(McGaughey & Polge, 1971) or ultrastructural abnormalities
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(Thompson et al., 1971; Zamboni, 1971) that may influence
further developm;nt. In addition numerous investigators
have observéd abnormal p;qpuclear formatipn possibly
resulting from inadeqguate cytoglasmic maturation 1n oocytes

matured in vitro (see Section .2.1.2 A). These studies

suggest that the spontaneous maturation of isolated oocytes

v

vitro may be an anomalous, non-physiological process.

In contrast, however, a review of all studies in which in

itro matured oocytes have been normally fertilized and

<

]

leads one to the inescapable conclusion that this success

is dependent upon the addition of serum to the culture

medium.

Serum appears to improve the fertilizability of the,

hd «

ocoocytes compared with those matured in media supplemented
with bovine serum albumin (BSA). Although Niwa & Chang
(1975a) and Fleming et al., 1986) repozﬁed fertilization of
rat oocytes following maturation(Ln BéA-supplemented media,
only 28-32% of the cocytes were penetrated by spermatozoa,
few cleaved to normal 2-cell embryos and only 2.3%
developed to viable fetuses following transfer _ into
.recipient uteri. A possible beneficial effect of serum has
not been examipeq in this species; however., Schroeder &

-
Eppig (1984), Leibfried-Rutledge et al. (1986) and Choi et

al. (1987) have shown the importance of serum in the

1 -
~

maturation media in maintaining the fertilizability dnd

developmental competence ¢f mouse, cow and hamster oocytes.
/N - '

These studies report no abnormalities 'in pronuclear

-

»

ound capable of normal embryonic and fetal development -
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development and the developmental capability of a

proportion of the fertilized oocytes, thereby suggesting

‘that cytoplzfmic maturation was not deficient in all

oocytes. The mechanism by which serum has a positive
effect on cytoplasmic maturation requires furtMer study.
Few studies have examined the factors that may
influence the fertilizability and developmental competence
of in vitro matured rat ococytes, primarily because attempts
somewhat inconsistent results by various investigators.

However, the effect of LH on the fertilizability of in
) s

et al., 1986). Unfortunately the results of these. two
studies conflict. Oocytes matured in vitro in the presence
of LH and fertilized in vivo showed a 3-fold increase in
fertilizability compared to non-stimulated oocytes. 1In
contrast, there was no detectable difference in the in
gig;g fertilization rate as a result of exposure of
isolated ococytes to hca. flearly the influence of other

; ‘
factors in these studies confound any attempt at

comparison.
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2.2 TECHNIQUES FOR FERTILIZATION IN VITRO

The maturation, capacitation and activation of the

! L

-

male gamete and the union of the male and female gametes

for fertilization is a complex series of events whose

details are beyond the scope of this discussion. However,

a brief summary of the process of fertilization as it

occurs in vivo is necessary to understand the description
of in vitro fertilization techniques in later sections.

Following ejaculation, spermatozoa require a period of
time in the female genital tract to undergc some
physiological/funé%ional changés (capacitation) which
render them capable of fertilization. There has been much
speculation about the conditions or factors directly
controlling capacitation within the female genital tract,
and 1in vitro studies have identified changes 1in adenylate
cyclase/protein Kinase activity, metabolism, intracellular
ions gnd the plasma membrane (reviewed by Yanagimachi,
1988). However, 1t 1is not certain which of thesc
represents changes necessary for capacitation.

The acrosome 1s a membrane—bodnd, cap-like structure
covering the anterior portion of the sperm nucleus.
Although it contains numerous enzymes, hyaluronidhsé and
acrosin appear to be particularly important for sperm
function in fertilization. Hyaluronidase and acrosin are
believed to assist in the digestion of the extracellular

cumulus matrix of hyaluronic acid which suriounds the

oocyte and in the passage of the spermatozoa{gprouqh the



zona-pellucida of the oocyte. 1In addition the acrosome
reaction renders the spermatozoa capable of fusing with the

plasma membrane of‘the oocyte. There is some &vidence to

- [ 4

suggest that components of the cumulus may promote th®

acrosome reaction of mammalian spermatozoa (Bavister, 1982;

Tesarik, 1985: Westrick et al., 1985), while the ability of

the 2ona pellucida to induce the reaction is clear

(reviewed by Meizel, 1985).

Acrosome-reacted spermatozoa probably use both
mecha’ical and enzymatic means in passing through the zona
pellucida (reviewed by Yanagimachi, 1988). Acrosomal
enzymes appear to alter the zona structure such that
vigorous tail movement can force the spermatozoon through

L
equatorial membrane of the sPerm head fuses with the

this layer. Once through Se zona pellucida, the
colemma. The sperm-egg fusion is completed by the gradual
incorporation of first the sperm head and then the entire
tail (reviewed by Gaddum-Rosse, 1985).

In response to the fusion with the spermatozoon, the
oocyte undergoes activation, a process characterized
primarily by the exocytosis of cortical granules and the
resumption of meiosis (for the second time). cOrtica}
granules are small, membrane-bound vesicles containing
hydrolytic enzymes and saccharide components’ (Gulyas,
-.1980). The contents of these granuleé, when released by
exocytosis during oocyte activationﬂ alter the physical and
chemical characteristics of the zona pellucida such that

the zona becomes impenetrable by other spermatoioa. This

39
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process, called the zona reaction, is largely responsible
for the block to polyspérmy in such qucie§ as hamsters,
dogs, sheep and humans (Austin & Braden, 1956; Barros &
Yanagimachi, ¥972; Wolf, 1981; Sathananthan & Trounson,
1985). <An alternative méchanism to block polyspermy is
that presented by the oocyte plasma membrane (Austin &
Braden, 1956; wolf; 1981). Although this block 14 an
effective means of rejecting excess spermatozoa in the
rabbit and mole, the nature and mechanism of its action are
poorly understood. Numerous species, including the rat,
mouse, cat arfd guinea pigq, apbeér to benefit from the
presence of a block_ at Both the zona pellucida and the
plasma qembraﬁé'of.the oocyte.

During the process of meiotic maturation within the
follicle, the nucleus of the oocyte undergoes GVBD and
extrusion of the first palar body. ' At ovulation the
secondary oocyte, .arrested at ﬁetaphase df the second
meiotic divigion: is released. At the time of sperm-eqq
fusion, meliosis is resumed again, with the resulting
haploid nucleus being transformed into the female
pronucleus. Meanwhile the nuclear envelope ot the sperm
heaq disintegrates and the sperm nucleus decondenses and is
gransformed into the male pronucleus. IL_Lg/ihterestinq to
" note that the sperm nuclei decondense only very slightly
without t‘;_presence of germinal vesicle material {A the

oocyte cytoplasm+ (Balakier & Tarkowski, 1980: %sui &

Yanagimachi, 1976). Thus GVBD apparently prepares the
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oocyte for fertilization by providing a ¢ytoplasmic factor
> .

needed for decondensation of the sperm ﬁucleus«,w, In

comparison, an additional cytoplasmic” factor (male

pronucleus growth factor) appears to be essential for the

b N

formation of the male pronucleus (Thibault & Gerard, 1973; -

.

Yanagimachi, 1981), But may appear in the ocoplasm
independently of the breakdown of the germinal vesicle
(Iwamatsu & Ohta, 1980). Both the sperm nucleus
decondensing factor and th§ male pronucleus growth factor
appérently fail to appear within the oocyte cytoplasm when
oocytes are matured in vitro under suboptimal conditions
(Usu{}& Yanagimachi, 1976; Masui & Clarke, 1979).

In thé final stages of fertilization, the fully
developed male and female pronucleil migrate towards the
center of éhe zygote, their nuclear envelope; disintegrate
and their chromosomes intermix. Thus, the resumpticn nf
meiosis. that occurs during: cocyte activation has initiated
a series of nuclear eventsAthat culminates in the
cémpination of‘the male and female chromosomes for the

-

first mitotic division, signalling the end of fertilization

and the beginning of embryonic development.

2.2.1 In the Human .

The birth of Louise Brown in July, 1978 was the first

’
case in which a human’oocyte was recovered from a woman’s

ovary, fertilized iﬁ vitro, developed in culture and

implanted into the uterine lumen where it developed to term
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(Steptoe & Edwards, 1978). Although human oocytes~had been

fertilized in vitro'.a decade earlier (Edwards et al.,

1969), it took the birth of a "test tube" baby to bring

~

attention to the fechnique. The Procedure immediately

.. ~.
became recognized as one of the most advanced, and

ethically complicated, techniques for the treatment of

infertility.

Human oocytes have been collected by various
aspiration technigues during laparoscopy, laparotomy or
with t%e aid of ultrason%c methgé:. Since the number of
cocytes recovered in cycling women is fairly low,
administration of gonadotropini has been used to stimulate
follicular growth and oocyte maturation (reviewed by
Soupart, 1981). Up to 14 oocytes per patient were obta’ined
by stimulation with FSH (Jagiello et al., 1968). Similar
techniques were introduced later using other supergchlatory
agents: human menopausal gonadotropin (Steptoe & Edwards,
1970), hunan pituitarv gonadotropin (Talbot et al., 1976)
and clomiphene citfatef(Lopata et al., 1978). As cfforts
are made to recover all the ococytes from follicles of
various sizes, the stage of development of these ococytes is
uncertain, as are their normality and capabilities for

future deVelopment. The success of in vitro f-rtilization

thus depends on the collection of oocytes at the right

stage and}or the improvement in the culture methods for the _

A
proper maturation of immature ococytes.

embryoc transfer are often difficult to evaluate and even



more difficult to compare as the end-points vary éreatly.

Cr%teria for the success of in vitro fertilization have
included the presence of a sperm tail in the vitellus, kﬁe
presence of male and female pronuclei, the presence of two
polar bodies or cleavage of the zygote. None.of the
criteria alone is sufficient to asseés\fertilization
accurately since rapid sperm tail digest;on; spontaneous or
parthenogenetic activation, abnormal fertilization or;
fragmentation can confound the evaluation. Fertilizationi
and cleavage normally occur within th? oviduct where they
cannot be visualized difectly.. Therefére identification of

the normality of in vitro fertilized and cleaving human
embryos becomes a critical broblem.

The evaluation of the proportions of ococytes/embryos
giving pregﬁéncies following in vitro fertilization can be
as complicated as the assessment of fertilization.
Investigators publish pregnancy raées in a variety owaay§,‘
i.e. per treatment cycle, ﬁer laparoscopy/ultrasound or per
embryo transfer. Results reported from two well-
established in vitro fertiliztion-embryo transfer programs
indicate that both have a pregnancy rate of less than 20%
per treatment cycle (Jones et al., 1984; Wood et al.,
1985). A review summarizing the pregnancy nates of several
programs in the dnited States, Europe and Australia found

an average pfegnancy rate per laparoscopy of 8% (Grobstein

et al., 1983). A major problem for the successful

development of in vitro fertilized oocytes following




placement in the uterus may be the précedure used to
collect the ococytes. The stimulation of a large number of
follicles alters the maternal endocrine environment which
nay affect embryo development in a number of ways: 1) by
causing degeneration of the embryo due to asynchronous
development of the embryo and the uterus (Chang, 1950;
Dickmann & Noyes, 1960; El-Badrawi & Hafez, 1982), 2) by

causing expulsion of embryos from a non-receptive uterus
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(Adams, 1980), 3) by failure of the transferred embryos to
develop sufficiently to stimulate the maternal system for
recognitioé and maintenance of pregnancy, or 4) by impropér
formation and development of the corpus luteum after
aspiration from the follicles. Most of these problems
might possibly be overcome by freezing the embryos and
delaying transfer to a non-stimulated cycle. Testart

(1987) has shown a high pregnancy rate when transfers were

performed with frozen-thawed embryos coming from in vitro

fertilization cycles in which pregnancy did not occur after

transfer of fresh embryos. 'Although this study has yet to

be confirmed, it is a promising means of dealing with the

tentative problems dssociated with stimulated cycles.

It is cleaf that there is much room for improvemenf at
process. In view of its importance for practical animal
breeding and the high demand for clipiéal application,
considerable research.effort has been given to the various
aspects of tle techniques in other spec.ies. As knowledge

of the natural processes accumulates,.aﬁ increase in the

-

- & -




pregnancy rate following transfer of in vitro fertilized

mamm@alian oocytes can be expected.

2.2.2 In . other mamrals

The clinical application of the in vitro
fertilization-enoryo transfep\techniques is a culmination
of two decades of research os,éimilﬁr techniques in other
species. Chang (1959) was the first to obtain live

offspring following the transfer of rabbit oocytes

fertilized in vitro by capacitated sperm. Successful in .

vitro fertilization has also,been achieved in the hamster
(Yanagimachi & Chang, 1963), mouse (Iwamatsu.& Chang,
1969), cat (Hamner et al., 1970), guiﬁea pig (Yanagimachi,

1972), squirrel monkey (Gould et al., 1973), rat (Miyamoto

.

& Chang, 1973a), dog (Mahi and Yanagimachi, 1976), cow
(Iritani & Niwa, 1977) and pig (Iritani et al., 1978). As

in vitro fertilization of mouse and hamster dccytes is

relatively easy to achieve, a variety of culture systems
have been developed by different investigators (reviewed by

Rogers, 1978) and the most extensive studies inveolving in
vitro fertilization have“been done with these spegies.

I iy

Although the rat is one of the most commoﬁly used

animals in laboratory studjes in reproductive biology and

endocrinology, the fertilization of rat oocytes in vitro
was apparently more difficult to achieve, being carried out

successfully only after similar success with several other

‘

species, including humans. Barly studies in rats required
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that the zona pellucida be dissogVed by chymotrypsin before
in vitro fertilization (15 to 53%) could be achieved
(Toyoda & Chang, 1968). éuccessfpl capacitation of rat
spermatozoa in vitro followed by in vitro fertilization was
first reported by Toyoda & Chang (1974a). Until 1984, all
published reports of successful in vitro fertilization 1in
the rat had come from this same group of investigators/'
with the exception of one abstract published 1in 1980.

Pfeifer et al. (1980) claimed success at in vitro

c'? -«
fertilization in the rat without assessing fertilization

directly. Thelr success was based on cleavage of ococytes
AN
that had been exposed 2 days earlier to sperm for 6h.
' % .

Because unfertilized ooeytes.will often undergo

‘segmentation in a manner similar to that of normal,
5 .

cieavage {; probably the iegst/reliable evi&ence of
fertilization.

Blandau (1980) has noted the fréquer{t lack of
reprodgcibility 5; results in experiments using 1n vitro
ferpilization. Quigley (1%50) attempted duplication of the
procedures of Toyéda & Thang (1974a)7.bht)did'not achieve'
feftilization. Even after extensive studies involving
varigtion; of many.components of the media and several
changeg,fé methodoliogy, none of.ghe rat oocytds underwent
'feitikizat{on. ‘Later Quigley (1962)-published acritical

analysis of 16 bapefs publ ished b; tqe only group achieving

* s
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1978. A comparison of the sperm penetration rates in the
» ’

control groups of the various studies revealed a range of

15 to 100%. Presuming thatathe media, techniques and
) oo

culture conditions of the investigators in this group are
similar, ft‘is clear that the optimal culturé cogoitions;
for in vitro feftilization of rat oocytes.had not been
fully identified.

Following the reports of inconsi;tent\ or
irreproduoiblg results (Shalgi ég gi., 1979; Quigley, 1980,

1982), successful in vitro fertilization in the rat was

finélly described+by two other groups (Kaplan & Kraicer,
~
1978; EV¥ans & Armstrong, 19§4) Both groups used

L]

modrflcatlons of the methodology descrlbed by Toyoda and
Chang (1974a) and have achieved 81m11ar fertlllzatlon rates

(77% - Evans & Armstrong, 1984; 81% - Shalgi, 1984).
) . Lo .

One of the most important considerations 1in the

development of successful in vitro fertilizatior progedurég'

~

has been the identification of the media combqqents_

A ]
.

essential for sperm capac1tatlon and fertilization. Eafrf
experiments used folllcular fluid (Gwatkln & Andersen,
19'69;¢ Yanagimachi, 1969a,b)) blood sera (Barros &

<

Garavagno, 1970; Yanagimachi, 1970) or tubal fluid (Barros

& Austin, 1967; Iwamatsu & Chang, 1972) to supplement the

media. More chémically defined media were described by
. : 'y . .

Bavister (1969), Toyoda et al. (1971), Miyamoto & Chang

(1973b) and Davis (1976) in which the importance of serum
albumin and metabolic intermediates was emphasized. They

concluded that serum albumin, lactate '‘and pywruvate could



replace tissue fluids in the induction of sperm
capacitation and the acrosomg reaction for in vitro
fertilization.f A later study (Tsunoda & Chang, 1975a)
revealed that cumulus-intaét oocytes could be fertilized in
the absence oé-pyruvéte, substantiating an earlier
observation that the cumulus cells produced pyruvate
(Donahue & Stern, 1968). Investigatione of wvaricus sugars
by Niwa & Iritani (1978) indicated that D*gl;cose was most
effective in permitting fertilization.. hd

Fgrthe£ investigations into the conditions that permit
fgrtilization i;éludeduthe determination of optimal media
b:étentration of calcium (Miyamoto é I;hibashi, 1975),
sodium (Niwa & Chang, 1975b). and the pSta;sium/sodium ratio

(Toyoda & Chang, 1974b). Maximal rates of_fertilization in

the rat could be obtained with a pH range of 7.5-7.8, a

48

more restricted range of pH than for the hamster (6.8-8.2) .,

(Miyamoto et al., 1974). However, the pH in these
-~ . L 4

experiments was not determined or controlled daﬁhng the

.

incubation period so that the optimal pH during continued

culture has not beeq'détermined. In the mouse and hamster
» . e . . -

systems (Miyamoto & Cﬁang, 1973¢), the ideal rénge of -

-

Bsmdiérity {6r fertilizat{on was between 310 and 3990
.mdsmofes (mOsm)/l with low fertiliztaion rates at
osmclarities greater than 410 mOsm/1l or less than 250
mOsm /1. Niwa & Chaﬁg (1975b) demonstrated that the
proportion of rat oocytes fertilized was the same when

osmolarity was increased from 309 to 357 or 397 mOsm/1,



indicating that rat oocytes are less sensitive to

osmolarity than to pH.

Additional variables affecting in vitro fertilization
of rat oocytes were‘reported by Niwa & Chang (1974a).
Supplemental CO, [5% CO, in air) gave a higher proportion
of "oocytes penetrated (77%) than air a%one (24%). When the
§ize of the incubation drops was altered, the percentage of
oocytes undergoing fertilization in volumes of 5, 10, 50,
100 and 400 ul was 6, 13, 47, 86 and 78% respectively.
These' authors also performed studies in which oocytes, in
the presence or absence of their cumulus cells, were
éxposed to capacitated sperm. There was no change in the
fertilization rate of ogZytes if their surrounding cumulus .
cells were removed. -

It is clear that various factors play important roles
in achieving in vitro ‘fertilization ip the rat. The
inconsistent and often irreproducible results, however,
indicate that the optimal conditions need to be defined
more completely. In "addition, there are ;ignificant
intangible factors (degcribed by Quigley, 1982) é;at seem
to be overcome by experienée and‘technical expertise.

Comments such as these have come from the authors

themselves:

3 o )
According.to our experience, the rat sperm are very
sensitive to environmental changes such as temperature,
dilution and other unknown factors (Niwa & Chang,
1974b) . »
Since, however, .the rates of fertilization in theé early
trials were always lower than in later trials the




.

) .

experience of the researcher to conduct such an
experiment must also be of importance (Niwa & Chang, .
1973). ’

The improved fertilization rate for oocytes of rats in
the present study is unlikely. to be due to strain

difference and is most probably related to technical
improvement (Niwa et al., 1976).

P
2.2.3 Sperm preparation

Mammalian spermatozoa undergo morphological and
biochemical maturation in the epididymis, but they require
further maturation in the female reproductive tract before
they attain the ability to penetrate oocytes. The changes
that the spermatczoa undergo in the female tract are not
well-defined, but there are two particular evepts that have
relevance to theif Use in in vitro ‘fertilization
proced&;es: capécitatién apd.‘the acrosome reaction.
« Capacitation involves changes fn the motilig; of the

—

spermatozoa and § o changes in the character of the sperm
‘membrane. This latter aspect of capacitation appears to be
an‘essential pre—pequisiﬁe for the acrosome reaction to
occuf\(see Section 2.2). The need for spermatozoa to
uggergo capacitation to achieve fertilizability was first
described by Austin (1951) and Chang (1951). Becquse’fhe
mechanisms of capacitation wére not understood at the time,
tha earliest successful atgémpts at in vitro fertilization
of rat oocytes were achieved u;ing in vivo capacitated
spernatozeoca (Miyamoto & Chang, 1973a,d). Spermatozoa were

recovered fram the\uterus of maied females and it was

reported that the pr értidﬁs of penetrated oocytes were
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higher following insemination with spermatozoa which had
bcen removed 4-5 h after mating than with spermatozoa
obtained 0.5-1 h'or 10-11 h after mating.

Although in vitro capacitation and fertilization were
.described for the hamster in 1963 (Yanagimachi & Chang,
1963), the first report of ;ﬁ vitro fertilization in the
rat using epididymal spermatqQzca rapacitated in vitro did
not appear until 11 years later (Toyoda & Chang, 1974a).
The vast majority of reports on in vitro fertilization have
used preincybated epididymal spermatozoca. Although two

other groups have reported successful 1in vitro

fertilization using in vitro capacitated spermatozoa

1

(Kaplan & Kraicer, 1978; Evan; & Armstrong, 1984), the
former group has since gone back to using spermatozoa
capacitated ‘in vivo (Shalgi et al., 1985). The two most
imgortaﬁt factors controlling fertilizability of
preincubated'spermatpzoa are the concentration and the
length of the preincubation period. Components af the
incubation media that are optimal for.capacitation in vitro
(See Section 2.2.2) have been identified in the same
studies that determined optimal conditions for in vitro

fertilizatdon, _as the latter process is dependént upon
succéssful capacitation. ’

Several studies (Niwa & Chang, 1973, 1974Db,cC, 197$c)
have shown maximal rates of fertilization of rat cocytes

-5 X

when spermatozoa are .preincubated in a dilute (0.5-1
106 spermatozoa/ml) rather than a concentrated (5-15 x 106

spermatozoa/ml) suspension. The minimal number of
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spermatozoa/oocyte required for fertilization was 3000-6000
spermatozca, compared with 100-800 spermatozca/oocyte for
the mouse (Tsunoda & Chang, 1975b). There was littie
apparent difference in spermatozoa motility regardless of
whether the spermatozoa were incubated in low or high
dilutions. It was also found that increasing the number of
oocytes in each drop increased the proportion of oocyte§
penetrated, indicating that the presence of a certain
number of oocytes may facilitate capacitation of sperm ‘or
penetration of oocytes. =

Attempts to determine the optimal length of the
preincubation period has led to some ‘contradictory results.
In thelfirst report of successful in vitro capacitation of

rat spermatozoa (Toyoda & Chang, 1974a), the spermatozoa

were preincubated for 1 h before adding the oocytes.

Subsegyently two papers were published whose results were

directly contradictory. The first (Toyoda & Chang, 1974Db)
reported a proéressive decline in the percentage of ococytes
penetrated as the preincubation time was increased from 0.5

h to 5.5 h, whereas the second paper (Niwa & Chang, 1974Db)

noted a progressive increase in fertilization rate over the.

same period of prei%cubétion. Clearly factors other than

the length of preincubation may be affecting the

fertilization capabilities of these .spermatozoa. -

Although ejaculated spermatozoa are used routinely for

the in vitro fertilization of cocytes from humans and large

I -

-

animals, they have limited use in the-.i vitro
i

e
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fertilization of lfdents because of difficulties in

)

obtaining ejaculates. The use of ejaculated rat
spermgtozoa has been reported (Tsunoda & Chang, 1975a) but
with a fertilization rate of 0-8%, compared with 80% using
epididymal spermatozca. Conditions for preincubation of
both sources of spermatozoavwere similar:; however, it is
apparent that those conditions optimal for epididymal
spermatozoa are not.adequate for ejaculated spermatozoa.
The penetration of more than one sperm Into the
vitellus of an oocyte, or polyspermy, is rare (<1%) in in
vivo fertilized oocytes when mating occurs at the normal
time (Braden et al., 1954; Austin, 1956). In contrast,
polyspermy is frequently observed in in vitro fertilized
ococytes at rates of 10 to 30% of penetrated hamster
(Yanagimachi & Chang, 1964), mouse (Iwamatsu & Chang, 1969)
and rét odcytes (Miyamoto & Chang, 1973a; Toyvoda & Chang,

1974a). This high incidence of polyspermy may be due to

the larger number of spermatozoa around the oocytes during,

in vifro fertilization (3000-6000; Niwa & Chang, 1974d) as
opposed to ddring in vivo fertilization (20-60; Blandau &
Odor, 1949). In addition, polyspermy in vivo is apparently
prévented by the formation of a block to sperm penetrétion

at the level of the aona pellucida and the oocyte plasma

o=
membrane following penetration by the first sperm (Fukuda &

Qhang, 1978). Under the conditions of in vitro

fertiligation, this block te-polyspermy may develop more

slowly, at a rate not fast enough to prevent the

penetration of more than one spermatozoon.




2.2.4 Developmental capability

-

The ability to fertilize mammalian oocytes in vitro
does not necessarily bestow on them the normal capacity for
sfurther development. Numerous factors affect the

probability of successful development of 1in vitr

[e)

fertilized ococytes. As described earlier (Chapter 2.1.2
D), rates of in vitro fertilization are highest when the
oocytes are collected Jjust before or soon after ovulation.
Generally oocytes that are matured in vitro have lower
fertilization rates and survive to viable fetuses 1in
proportions lower than those’of in iixg fertilized oocytes
(Chang,/1955:,Cross & Brinster, 1970; Niwa et al., 19Y6;
Moor & Trounson, 1977; Shalgi et al., 1979; Leibfried-
Rutledge et é;., 1987). Thus improvément in thgrBulture
methods for the proper|maturétion of oocytes is of great
importance for the successful transfer of oocytes
fertilized in vitro. ‘ '

In coﬁtrast to humans, the probability of pregnancy
ensuing in thevrecipient animals after transfer of in vitro
fertilized oocytes is relatively high (>60%) (reviewed by
Chang, 1982). This may be due to the fact that the
recipient animals are better prepared, not necessarily
exposed to the hormonal §timu1ation required for oocyte
recovery, whereas in human studies, the donor and the
_;ggéptgpt pprmglly are the same patient. The ability to
use different individuals as a;nor and recipient in animals

studies lends itself to an even greater advantage. Embryos

-
3
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can be transferred to recipient animals that are at a stage
of pregnancy that will be optimal for continued development
and implantation of the embryo (See section 2.3.3).
Despite all the.advantages available with the use of
laboratory animals, the potential for development of in
vitro fertilized oocytes still appears to be considerably
lower than that of in vivo fertilized cocytes. The
propo}tions of in vitro fertilized oocytes that develop
into viable fetuses or normal offspring is relatively 1low,
about 20-30% (Cross & Brinster, 1970; Mills et al., 1973;
Toyoda & Chang, 1974a; Shalgi, 1984) whereas 75% of in vivo
fertilized oocytes are expected to,-develop into young in

these species. Several studies. have reported that the

majority df{embryonic losses occurs before implantation;.

however, significant postimplantation losses have alsc been
noted. In one study, 31% of in vitro fertilized rabbit

oocytes implanted, but only 19% developed to term (Mills et

al., 1973). Similarly in the rat, 34-42% of transferred in

vitro fertilized ococytes had undergone implantation, but

only 24-25% developed into\viable fetuses (Toyoda & Chang,
1974 .-Shalgi, 1984). The cause(s) of the pre- and
postimplantation losses are as yet unknown; however, 31-55%
of transferred in vivo fertilized rat or rabbit oocytes in
these studies were capable of development to full-terﬁ

fetuses. This suggests that the cause of the developmental

incompetence arises during the procedure for in vitro

fertilization rather than as a consequence of the embryo

transfer technique. Defects may be due to unfavorable

v
-
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e
conditions in vitro (culture media, exposure to
environmental stresses, handling) or possibly due to
chromosomal aberrations (Wood et al., 1982). Since some
embryos derived from in vitro fertilization are able to
develop to term under these conditions, it is apparent that
improvement of the culture conditions will probably lead to

L]

an increase in the number of viable embryos.

2.3 EMBRYO TRANSFER

2.3.1 Embryoc development in vitro

-

The most commonly used criterion for the viability of

oocytes that have been manipulated in vitro is

fertilization. More rigid criteria of developmental
competence would be the demonstration ot normal embryonic
and fetal development. The development of techniques for

I3

i itro fertilization in many species naturally led to

efforts to determine the appropriate culture conditions for
° 4

preimplantation embryo deVengn§257gg vitro. Culturing

embryos fertilized in vitro to the blastocyst stage would
be a feasible criterion of successful fertilization and is
more conviﬁcing as an indicator of normalcy than is
penetration, pronuclear formation or cleavage. Embryo
development in vitro would also bé_less costly,” less

difficult ahd less time-consuming than embryo transfers.

In early studies investigating the developmental capacity

Se



of in vitro fertilized hamster (Yanagimachi & Chang, 1964;
Whittingham & Bavister, 1974) énd rat (Toyoda & Chang,
1974a) oocytes, more than 90% cleaved in culture to produce
2-cell embryos but no further cléavage occurred. This "2-
cell block" has been demonstrated with in vivo fertilized
oocytes as well (Whittingham & Bavister, 1974), so
abnormalities resulting from in vitro fertilization
‘procedures can be discounted as causative factors. In
addition, the viability of in vivo fertilized ococytes, as
determined by oviductal embryo transfer, is compromised
within minutes of exposuré to various culturé media (Sato &
Yanagimachi, 1972; Farrell & Bavister, 1984). The rapidity
of these detrimental effects suggests that the 2-cell block
is daused by some physico-chemical imbalance and/or the
deficiency of some critically important factor in the
culture environment. It was initially thought that some
special oviducgel factor was necessary for the embryos to
proceed from the 2- to 4-cell stage (Whittingham & Biggers,
1967). It soon became apparent, héwevery.that fertilized
mouse oocytes were able to develop to the blastocyst. stage
in BSA-supplemented medium. Optimal culture conditions
were determined by-altering osmotic pressure (Brinster,
1965a; Whitten, 1971), pH kBrinste}, 1965a) and energy
sources (Brinster, 1965b; Whitten & Biggers, 196;: Whitten,
1971). THe first successful transfers of embryos that had
been fertilized in vitro and cultured to tire blastocyst

stage were reported in the mouse (Mukherjee & Cohen, 1970;

Hoppe & Pitts, 1973). With the ability to develop mouse

\
N
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embryos in vitro, this species was (and still is) used
extensively in studies Bf eérly embryonic development.
Unfortunately, embryos of most other mammalian speties
including the hamster (reviewed by Bavister, 1987)) other
laboratory animals (Whittingham, 1975), domestic ﬁpimal

species (Wright & Bondioli, 1981) and even outbred strains

.~
-

of mice (Goddard & Pratt, 1983) appear to be mucp more
difficult‘to maintain in culture. In fact, there are no
reports of culture of hamster or rat 2-cell embryos that
supported further development. .

The inability to supporf the development of embryos of
many species in vitro suggests that these embryos may
require specific environmental factors that have yet to be
identified. Reliable information on the composition of
oviductal secretions is scarce (Borland et al., 1977;
Shalgi et al., 1977; Bavister, 1981) making it difficult to

Y

C . &, . . .
mimic that environment 1in vitro. As an alternative,
Biggers et al., 1962) devised a technique in which embryos
are cultured within an oviduct which is itself maintained

in culture. ;The'oviduct thus provides the environment that

.directly nourishes the embryos. Difficulty with the:

culture of the oviducts of some gpecies has led to cross-
species culture techniques; i.e. culture of the oviduét of
one species containing the embryos of another (Bavister &

Minami, 198e6). There are also numerous reports of
-

successful cross-species preimplantation embryo development
N .

.

1

<

ivo, where embryos are surgically transferred into the

se
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oviduct of another. species and recovered several da&s later
for transfer into an appropriate recipient for implantation
and fetal devefgﬁment (Boland, 1984; Eyestone et al., 1985;
Sirard et al., 1985).

4
have variable defirees of success, their improvement should

‘Although these techniques currently

serve to increa the proportion of embryos able to develop
to morulae or blastocysts and therefore perhaps improve the

success of these embryos following'transfer.

2.3.2 Embryo transfer - The technique

The first experiments employing transplantation of

mammalian flertilized oocytes were described by Heape in
1890. In these éﬁpefiments, rabbit embryos were transferred

to the uterus of recipient animals for embryonic and fetal

development. Similar experimentfPwere performeg in the rat

more than 40 wyears later_wNicholas, 1933) to test for
embryo viability. 1In this gparticular study, albino and
pigmented rats were used so that pigmentation served as the
decisive criterion of the origin of - the developing embryos.
Of 18 transferred embryos, 11 implanted in the uterus and
developed to viable fetuses. The success of embryo
transfers in small animals signalled the beginning of maéyv
studies in which this techniqdé was used to investigate the
developmental capabilities of oocyte; or embryos unaergoing

in vitro manipulations or to determine the importance of

various aspects involved in implantation. These studies

. 4 . . .
became the groundwork leading to the development of the
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human in vitro fertlllzatlon-eqbryo transfer programs that
are now used for the treatment of 1n‘rtll\ty The
treatment attempts to’ c1rcumvent many causes of infertility
inclyiding anovulation, blocked Fallopian tubes and

olggospermia.
»

/ A
M\ Numerous factors may affect the success. of embryo

~ .
transfers in mammals but they can be divided into 3 main
° o .

categories: 1) the source of embryos, involving embryo
number, age and gquality, 2)-in vitro manlpulatlon,

including method of éollection, expofpuire to environmental

-

factors, treatments such as freezing or m‘cromanipulation,

- P :

and method of transfer, and 3) the recipient, in which the
site of'transfer, the maternal endocrine envirenment,
] ~
) AN
genetic disparity and dehor-recipient synchqony,ére

important factors. Fortunately, mgft of these factors can

be controlled to allow maximallspCCess rates.

Embryo transfer in farm animals has become a technique‘

of growing commercial value. High pregnancy rates have

"been achleved after embryo transfers using surglcal

techn1ques in cows (Rowson et al., 1969; Be'terldge &

Mitchell, 1974; Sreenan & Beehan, 1974), sheep (qu@er et

A -

al., 1955, Averill, 1938; Moore, 1968), goats (Nishikawa et

——

al.,’1963a,b: Moore, 1974) and pigs (Pope et al., 1972).

Sgrgical,techniques performed via laparotomy under local or

general anaesthesia involve transfer of tﬁe-embryos into’

. \
the infundibulum or ampulla of the oviduct or.into the

lumen of the uterus using a capillary pipette (reviewed by.

s

.
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Sugie et al., 1980). Non-surgical transfers of cattle

& ~

-'emﬁryos is now practised widely. Embryos are deposited

directly into the uterus through the cervix (Sugie, 1965),

similar to_the technique-used with humans. While pregnancy
—e—— .

rates may be 10 -to 30%.lower and less consistent following

non-surgical (reviewed by Greve & Del Campo, 1986) compared

with surgical transfers (reviewed by Betteridge, 1977),

non-surgical transfers involve less cost, less risk, are

faster and are therefore becominé the method of cﬁoice»

= In small animals, embryo transfers are largely
performed surgicaily,-although fairly successful technigues
for non-surgical embryo transfer have been described for
the rat (Vickery:gg al., 1969) and the mouse (Marsk &
farsson, 1;74). As mentioned earlier, thé first transfers
performed in the rat involved the transfer of embryos to
£Hé uteri of g%?etically-distinct fecipient rat§>thét were
matea at the same time as the donors (Nicholas, 1933).
gmbryo transfers into the uterus have been gsed commonly,
to invgitiqate the relationship between the age oﬁ the
embryo§ and endometrial development in rabbits (Chang,

19505, mice (Fekete & Little, 1942; McLaren & Michie, 19%6)

&nd rats (Dickmann & Noyes, 1960; Noyes & Dickmann,-1960).

During embryo -transfers into the uterus, the recipients are,

l—gsuglly anaesthetized and a surgical needle is passed

throuéh the antimesometrial wall of the uterus in the area

qlose,to the uterotubal junction: A micropipette

»

containing the embryos is then inserted through the

"puncture and the embryos -are géntly injected into the

*

&

k.
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uterine cavity. Although the technique 1itself is
relatively simple, this method suffers .from the
restrictions imposed by the critical developmental
requirements of the embryo and the endometrium (See
Section 2.3.3).

Initial attempts to transfer rat oocytes inko the
oviducts of recipient rats 'fai;ed because of
inaccessibility of the-tubal ostium .and because the
infundibulum was too gmall to receive the pipette carrying
the ococyte-cumulus cell comﬁlexeS'(NOYEs, 1952). Special
consideration %as necessary in these animals due to the
presence of the bursa, a membrane enclosing the ovary.
However, n; succeééful results were obtained when tke

bursal membrane was pierced by a pipette and the ococytes

were transferrad under the ovarian bursa (Noyes, 1952).

Alden (1942) had described a foramen in the bursal membrane °

which became critical for the.success of oocyte transfers..

>

Noyes (1952) passed the transfer pipette through the

foramen and expelled the oocytes into the bursal sac. With
this technigue,. 41% of mature follicular oocytes develqped
to term following fertilization and transfer into mated

recipients. After consideration of several factors that

Y
4

may limit the deyelophent of a greater proportion of
. - ‘
oocytes, Noyes suggested that the success rate may be

..
N .

limited by & relative progesteron ‘ﬁE?lClency, since with
b

this technjque there is always an hysiological excess of

oocytes compared with orpora lutea. A similar experiment

.
*

~
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performed 30 years later (Walton & Armstrong. 1983)
resulted in a success rate of 56.5%; however, 1in this
experiment only 2-4 oocytes were transferred to each
recipient'as compared with 4-10 oocytes in the early
exreriments. If success is dependent on progesterone
levels, then the transfer of fewer oocytes/recipient would
ensure an overall greater proportion of oocytes develcping
to fetuses. A more likely-possibilgty is that the transfer
of a fewér number of embryos reduces the incidence of
growding in the uterus, an occurrence related to greater
‘mortality (Bowman & Roberts, 1958; Harper, ;964L
When cﬁmulus—enclosed oocyte§/are transferred into the
ovarian bursae of rats, ciliary activity of tﬁe tubal
mucosa tran$;!:rts them rapidly (within 1 h) into the
oviduct:; however, - denuded oocyées are not picked up as
efficiently by the oviduct (Noyés & Dickmann, 1%61). Since
the t;me that elapses between fertilization and denudation
is only a few hours, the method of intrabursal transfer
suffers from even more stringent‘:iming re;trictions than
does uterine transfer (Noyes & Dickman, 1961). To attain
the H&ghest proportion of viable fetuses from transferred
+ oocytes/émbryos, it'-was hecessary to develdp a method to
transfer.the oocytes/embrygs directly igto the ovidh;t. -
Although Bittnédr & Little (1937{ reported the transfe£
"of denuded 6ocytes to the oviducts of mige, they did not

-

report, the technical details. Tarkewski (1959)

L

successfully transferred 2*cell mouse embryos into the

oviducts of the recipients but, unfortunately, he too 4f8 .

»
'
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J ) .

v




*\\/

e

b
A 18
. .

not report on his method of dealing with the presence of
the gbursa. The first rat oviductal transfers were
described in detail hy NoyJ&\f Dickmann (1961). 1In these
studies, an incision was made“in the bursal membrene with a
high frequency current eiectroscalpel to prevent bleeding.
The pipette was then passed through the incision into the
infundibulum of the oviduct and the ngotes were expelled.

51% of the zygotes developed to near-term fetuses following

synchronous transfer to recaipients. The authors concluded

that, although oviductél transfers are more drf¥icult, they

offer a wider margin .of safety in cases when the.exact

- -

stage of development of the.embryos and the rectpient

endometrgpm is not known. A.modification of this tecﬁnique

was described by Toyoda & Chang (1974a) in whlch a small‘

cut was made at the antlmesometrlal side of the bursal

membrane and the bursa was removed from around the ovary by

means of a small forceps. - The flmbrlated end of the

oviduct was then recognized as an extru51on between the.

ovary and the oviduct with the ostium clearly exposed.
Unfortunately other variaMles of these two experiments

orevent the comparlson "of their success rates, but it is

clear that both methods of oviductal transfer can be used

‘effectively to determine the,viability of transferred

ococytes or’ embryos.:

2.3.3 -Asynchroncus’ vs synchronous transfers

-".1 ~ P ' . .

.

Early studies in rabbits (Chang, 1952) and mice
T . T ..
Y . ) * 2 . L J

-
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.
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(Bowman & Roberts, 1958) demonstrated the ability of nearly
all ovulated oocytes to be fertilized and develop normally
in the oviduct. However, a significant proportion of
reproductive.loss in these species results from functional
defecfs'occu;ring around the time of implantation.
Extensive studies have been performed in the mouse (Fekete
& Little, 1942; Méharen & Michie, 1956), rabbit (Chang,
1950) and rat (Dickmann & Noyes, 1960# Noyes & Dickmann,
19&0,1961) to determine the relationship between the embryo
and the endometrium at the time of implantation. 1In all
these studies embryos at various stages of maturity were
transferred to the oviducts or uferi of recipient animals
that were at various preimplantation stages of pregnanc

thus, transfers were either synchronous (gg. Day 3 embyro

into Day 3 pregnant animals) or asynchronous (eg. Da§ 3
empryosrinto q?y 4 pregnant animals). Generally these
éxperihents indicated that transferred embryos that were
the same developmental stage or 1 day more»advanced than
the uterus su;vived to yiabie fetuses in the highest
pfoportions. Transferred embr&os thgt were 1 day younger
than the recipient uterus developed at the usual rate until
the fifth day of pregnancy (normal day of implantation) and
then dégenerated rapidly and failed to implant. The factor:
‘detrimental to younger embryos was not uniformly
distributed throughout the early days of prédnancy, but'was
limited to a combaratively brief period 3around thex;ime of

implanthtion (Dickmann & Noyes, 1960;. It was concluded




that the uterine environment undergoes changes in the
afternoon of Day S5, becoming detrimental to younger
embryos, but stimulating Day 5 blastocysts in such a way
. that they become attached to the endometrial epithelium and
elicit the decidual reaction. The suggestion that the
uterus can exert a negative influence on the development of
the embryos has been demonstrated in numerous hormonal and
metabolic studies (Gulyas & Daniel, 1969; Psychoyos, 1973;

Weitlauf, 1971, 1973). 1In summary, normal implantation can

take place only when the embryo and the endometrium have"

simultaneously reached specific stages in their

4

development. ’
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CHAPTER 3

RATIONALE AND OBJEUTIVES

A current treatment for some. causes of human
infertility employs the techniques .of 1in vitro
fertilization and embryo transfer. The 5ucqéss of these

techniques relies partly on the collection of mature

”
-

oocytes frqgm thei; follicles prior to ovulation. The
precise timing of odcyte collection is necessary because
the mechanisms regulating oocyte maturation have not been
fully elucidated. Numerous investigations of the
regulatian of oocyte maturation have goncentrated on the
resumption of meiosis in -resp.or;se to the LH surge. Most of
these studies have‘used spontaneously maturing oocftes,
i.e. oocytes removed from their follicles'prior to the LH
surge. However, there is evidénce fo'suggest that
spontaneously matured oocytes may ‘not have complete
developmental coﬁpetence. 2Pus, the observation of nuclear

.

maturation as seen by germinal vesifie bgeakdown and polar
body formation may not be an Accuraie evaluation of
complete ooﬁyte maturation. A better criterion of
successful maturation and developmental competence of
séontaneously maturing ooqyteé would be the abiiity of
these oocytes to be fertilized. If fertilization Qas.ﬁsed
to assess thé develbpméntal competence of spontanedugly
maturing oocytes, the regulation of both nhclear and

. .

cytoplasmic maturation could be investigated by maturing

oocytes under various conditions in vifro.




—

The overall objective of this research project was to
study.the regulation of eocyte maturation. To achieve this
objegtiVe, it was first necessary to develop a method for
assessin;'Aevelopmental competence. Thus, the first part
of tﬁe'project concentirated on establishing a method for in
reéipient animals for further development. The development
of a téchnique for producing unilateral preénancy in rats
has been described in Chapter 5. The ndn—pregnant uterine
horn was a natural envirconment in which in vitro fertilized
oocytes could undergo embryonic and fetal development. Thé
ability of in vitro fertilized oocytes to develop to
various stages (Chapter 6) led to a study which attempted

that would undergo normal development to near-term fetuses

(Chapter 7).

b 8

capable of embryonic and fetal development, the second part
of the project included the use of in gi_t;g-_q ferth,ization
to assess complete oocyte maturation. Initial studies
determined the appropriate culture conditions to achieve
nuclear maturation and fertilizability of spontaneousl§
mafuring oocytes, and the dévelopmental competence of some

of these oocytes was tested (Chapter 8), As oocytes

matured under sub-optimal conditions showed a low incidence

' \\ (\;;/ftrtilization, the cause of this inability was

vestigated further by testing the penetrability of these

in'vitro matured ococytes (Chapt 9). Oocytes maturing in
in = in



vivo do so in response to the LH surge; therefore, the last

group of studies in this project examined the influence of
various hormonal factors on the maturation-fertilization
proces;.
To summarize, the specific aims of this research
project were:
1) To éevelop a system in which fertilized rat oocytes
could undergo embryonic and fetal development.
2) To determine the ability of in vitro fertilized ococytes
to develop to various ehbfyonic and fetal stages.
3) To de;ermiﬁe thé‘cause'of embryonic losses following
the transfer of in vitro fertilized oocytes to pregnant
recipients.

.

4) To incréase the proportion of in vitro fertilized
_oocytes capablé of development to near-term fetuses.

5)- To determine the appropriaté culture conditions to

[ 4
achieve fertilizability of in vitro matured oocytes.

6) To determine the devélopmental competence of rat
oocytes matured iﬂ vitro.

7) To- increase the penetrability of in vitro matured
oocytes by drilf&ng a hole in the zona pellucida of each
oocy.e.

8) To establfsh the fole of cumulus cells 1n the
cytoplasmic maturation of oocytes matured in vitxp.

9) Té detdrmine the possible rofes for hormonal factors
(PMSG, FSH and granulosa cell products) in regulating‘

! &

nuclea¥ and cytoplasmic maturation as well as

LY .
fertilizability of in vitro matured rat oocytes.




CHAPTER 4
GENERAL MATERIALS AND METHODS

4.1 Animals

Three strains of rats were used in these experiments:
Sprague-Dawley (Crl: CD ® (SD)BR), Long-Evans (Crl: (LE)BR)
and Wistar (Crl: (WI)BR). All rats ;ere purchased from
Charles River Canada Inc., St. Constant, Quebeé. Unweaned
Wistar female pups were caged with their mot@ers until the
time of sacrifice. Prepubertal Sprague-Dawley female rats

. '
were housed until they weig{ed 60-65 g (approximately 26

f
days old) before treatment began. Adult Sprague-Dawley and
Long-Evans rats were obtained at 110-120 g and were allowed
a minimum period of one w;ek to adjust‘to thelr environment
before experiments were initiated. The g%imals were housed
in air-csndibioned quarters with free access to fooé and
water. Lighting was provided forgTE\h daily with the
lights on from 0500 to 1900. In some experiments the
timing of the périod of illumination wd? altered to
manipulate the time of ovulation., Ovulation in the low-

dose PMSG-treated immature rat occurs between 0200 and 0400

of Day 1 (Day 1

day.qf eStrus).durigg a nor%a] light
cycle (Walton et al., 1983): .Therefore, animals used for
the collection and/or transfer of o uiated oocytes were
exposed to light from 1700 to 0700, causing eovulation to
occur during nid-afternoon. To avoid confusion, all times

cited in the remaining text refer to the diurnal cycle of

| 70
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the animals, i.e. 0000 refers to the midpoint of the dark

period and 1200 1is the midpoint of the light period.

4.2 Experimental Methods

The methods used in this study vary considerably among
experiments; therefore details of each are given in
subsequent sections. There are, however, two procedures

that are used in many of the experiments: 1in vitro

described in Section 4.2.1. The general methodology for

-

maturing oocytes in vitro is given in Section 4.2.2.
L

4.2.1 In vitro Fertilization -

The technique of in vitro fertilization has been used

in most experiments of this research project. The .method
used for fertilization was basically that ?escribed by
Toyoda & Chang (1974a) with some minor modifications. The
fertilization medium was prepared as two stock soluti?ns
using triple distilled water. Solution-A comprised 6.636 g
NaCl/1, 427.7 m3 KCl/1, 301.7 mg cacl,s/Y}, 194.4 mg
KH,PO,/1, 171.9 mg MgSO4/l and 2 mg phenol fed/l. Solution
rB comprised 12.940.9 NaHCO5/1 and 2 mg pheﬁol red/1. With
the exception of RH2P04, all “components were obtained from

Fisher Scientific Company, Fair Lawn, New Jersey; KH, PO,

was obtainéd from the Mcfjthur Chemical Co. Ltd., Montreal.
- —‘(.’ :
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Solutions A.and B were stored at 4°C for a maximum period
of three months. The final solution, prepared 12-24 h
before use, comprised a mixture of €1.7 ml Solution ix, 8.1
ml Solution B and 0.2 ml sodium lactate (60% solution:
Fisher Scientific). To this were added 2.75 mg sadium
pyruvate (Gibco Laboratories, Grand Island, New York), 50
mg dextrose (Fisher Scientific), 1250 IU penicillin and
}.25 mg streptomycin (Gibco Laboratories). The solution
was gassed for 10 minutes with 5% CO, in air and then 200
mg bovine serum albumin (BSA, Fraction V; Sigma Chemical
Co., St. Louis, Missouri) was added. The fertilization
mecdium was sterilized using a 0.20 uym positive pressure
filtration system (Nalgene: Sybron/Nalge, Ro;ﬁester, New
York). The medium was allowed to equilibrate for a minimum
of 6 h in a humidified incubator at 37°C with 5% CO, in air
as the gas phase. The final pH was 7.4-7.6 §nd the
osmolarity was 290-300 mOsm/1.

' In most experiments ovulated ococvtes were used as a
body weight 60-65 g (~26 days of age), immature rats were
inj’e‘ct?d -'s'ubcut.::lné-?_l&sli with 4 or 6-IU PMSG (Equinex:
éber:t, Montredl) at 0806 to—1000 on Day .=2. Although
ovulation would occur in response to the endogenas LH

» ) 2

surge in these animals, an intraperitoneal injection of 15

IU hCG at 1000 on Day O was used, when it was necessary,

-~ e -

to ensure a more accurate synchronization of ovulation.
The rats were killed by cervical dislocation on Day 1

between 0200 and 0500. The oviducts were dissected out in

tﬂiZ?\>é”\\ bd .
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Dulbecco’s phosphate-buffered saline (DPBS; Gibco

Laboratories) with 5% heat-inactivated, charcoal-treated
rat serum (DPBS-S). The sw?ﬁlen ampullae were torn open
with fine forceﬁs to allo# the oooytes to escape. The
ovulated oocytes were then transferred to the fertilizatioﬁ’
medium. .

Whether the oocytes were ovulated or matured in vitro,
they were washed in DPBS or DPBS-S before transfer to 50 nl
droplets of fertilizatiqy medium. -The dfoplets were
incubated under mineral oil (U.S.P. Heavy, Drug TFading
Co., Toronto or U.S.P., Ingram & Beli Ltd., Don Mills) in.
10 x 35 mm plastic tissue culture dishes (Nunc: Roskildé,
Denpark). Each droplet contained 1-8 oocytes.

To prepare the sperm suspension, adult males of provén
fertility were anaesthetized with ether and killed by
cervical dislocation. The cauda epididymis and vas
deferens of each testis were removed and kept moist withs
fertilization mediun. Appréximauely 4 cm of the ep&dlé;%al.
dué; proximal to the vas deferens and 1 cm of the vas
defernens were dis;gcted free of fat and blbsd ves?els.
Using fine forceps, the sperm suspension was expressed from
the duct into a aﬁop og fertilization medium. This drop
was added to 0.6 ml of fertilization medium under oil and
allowed to disperse for 2-3 minutes in the jincubator. Oniy

&
sperm suspensions showing vigorous, progressive motility

were used. Using a hemocytometer, the concentratior of

sperm was determined and thé sperm suspensibn was thén

-
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diluted to a concentration of 1.25 x 106 spermatozoa/ml.
‘Droplets. of fertilizatiaon medium already contaiﬁing oocytes
were inseminated with 40 pl of the diluted spe®™m suspension ¢

to give a f¥nal concentration of 5 x 10° spermatozda/ml.

. 3 . . .
In early experiments the diluted sperm preparation was

’.O\

incubated for 1-2 h-before insemination. This period was

soon reduced to 15-30 minutes, an alteration that resulted

A Y
Y

in a.slight increase "in the proportion of oocytes ®

undergoing fertilization. o’
Fertilization wf the cocytes was assessed by phase-
contrast microccopy 14-18 h after insemiﬁation. .Ooéytés

were considered normally fertilized if they had 2 prornuclei
-~

and 1 sperm tail with%n the vitellus. Oocytes with >1
sperm tail were classed as polyspernmic; those with only "1
pronucleus were classed, as abnormally fertilized., "The

remaining oocytes were assessed as unfertilized, or

degenerating if they skhowed fradmentation or abnormal
. . ) ’ e~ -

structure. In most experiments the oocytes were examined
* Ce-

again after a further 24 h to assess development to the 2-
4 .

-

cell stage.‘ . ‘ . . .
- - . . N \d

]
4.2.2 Oocyte Maturation in vitro
in vatro

AY
¢- . ¢
COLLEGTI®N OF IMMATURE OOCYTES ) N ' k

At body weight. 60-65 g, immaturQ'Sprague-Dawley rats

were tr2ated with 6 IU PMSG at 1400'h on Day -2. Hetween'' i

0100 and 0600 on Day O (unlésg otherwise stated);{;he_ B

. -

animals were killed by cervical dislocation and "their .

* - 2 4 ..
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5.2.3), 12% showed complete reg-encapsulation and-dﬁ'showed

parﬁial re—éncapsulation of the  ovary, but only 8% of the

animals had fetuses.in the uterine horn ipsilateral to the

peeled ovary. .
L .
In the first experiment, the reasons for the increase

in the number of corpora lutea between Weeks 1 and 5 both

in the control and peeled ovaries are not yet known. There

LY

is, evidence. to suggest that the number 6f ovulations
increases to a maximum during the early reproductive life

of the female (Biggers et al., 1962; Kennedy & Kennedy,

1972) .

-

-~

ovary were not always found in rats with complete

‘resacculation. On four occasions oocytes were found in the

oviduct next to an ovary that was still completely exposed.-

- > .

These results agree with those of Neugebauer (1935) who

concluded that the o§aridn bursa is practically

indispensabie for. .oocyte pick-up and tjmat bilateral .-

pregnancy rarely occurs after unilateral bursa peeling. ,

The results of these experimenfs indicate that this

prepafation could ' be "used to produée unilateral pregnancy

with only a small margin of error (<8%). This error may be

- further reduced by equudiﬁg animals in which the peeled

bursa has completgly’Te-encapsuléted.the 6yary. -The

sué?ical technique appears tB have no effeet on the ability

of that ovary to'ovulate or on the ability of 2ygo£es to.

develop into viable fetuses in tlie ipsilateral uterine

e . » . re

horn.

chyfes in the oviduct ipsilateral to the bursa-peeled
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volume of.sefum had been colléctgd, the pooled serum was

-

Ythawed and heat—inac;ivateg for lg;minutes in a s6°c

"

shaking xaterbath . Charcoal (50 mg/ml, Norit A: J.T. Baker

Chenfical Cow Phllllpsburg, New Jersey) was gdded to remove

r

.Steroids and,other lpw molecular weight substances and the

solution was-gtisred overnight at 4°C. The follqwing
morning the charcoal was removed by centrifugation at 1800

b4 g‘for 30 mlnutes Thﬁ pernatant was then centrifuged

for 60 minutes at 27,000 x‘bkln an ultracentrifuge. The

serum was sterilized by positive pressure filtration (pore

N
(4

REMOVAL OF CUMULUS CELLS

v

»In studying the role of cumulus -cells in the

maturation process, oocytes were matured either with their

cumylus cell layer intact (CI) or the cumulus cells were

‘. removed and the oocytes were matured cumulus-free (CF), To

" from the oocyte by repeated pipetting with a fine-bore,

.

remove the cumulus cells, ococyte-cumulus complexes wére.'

-
. [N
N

placed in DPBS with 0.1% hyaluronidase (bovine testes:

Sigma Chemical Co.). “ The cumulus cells were stripped away

heat-polished pipette. In most experiments tﬁe cumhlus
cells were Tremoved .from "those oocytes that ha‘ been
cultured with their cumﬁlus cell léyer intact such that all
oocytes Qerq cumulus-free prior to inseminatian. ‘The

oocytés were washed in DPBS "and transferred to

fertilization medium for in vitro fertilization$

size = 0.20um) and stored at -20°C until use. . -




Although_in all *‘experiments the GVBD and the GVBD +

polar body (PB) ococytes were separated and placed into

different droplets for fertilizafion, the proportiohs of

\ .
GVBD and GVBD + PB oocytes fertilized in each group were

never signific&nt}y different. This observation could be -
expectea as polar bgdies are'transient étruqtures fhat&,:\
degenerate quite rapidly and, thefe%bre, the ;;paration of
GVBD and GVBD + PB was rather artificial, depend@ng
entirely on the time of analysis. Only when the length of
culture ya\s_strictly controlled (see Section 8.2.2,' 10.2.2 . .
B and 10.2.3 C) could the evgnt-of PB extrusion be
considered important. v
By combiningxz or more‘replicates of each egperiment,

a minimum of 100 oocytes/treatment was used. The

fertilization of ovulated oocgtes (see Section 4.2.1) was

normally used as a control.:

4.3 Statistical Analyses

The results of the studies présented here hawve been’
largely reported as the proportion of oocytes achieving a

certain stage of development following one of seyeral

treatments. For experiments with 2 treatments,qthe‘
Jproportions were compared wsing x2 analyses with Yates’
correction. For more complex designs involving a factorial

arrangement of treatments, prdportions were cohpared using

.

the R X C test for "independence and X2 analyses (Steel &

Torrie, 1980). Most experiments were performed at d1east
‘ twice and inter-replicate and . treatment differences were

I's

i

=
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. g . . . L
identified by analysis of variance using arcsin
- - .

tr%nsformation of the propértions (Steel & Tprrie, 1980).
If the analysis revaaled no_in;er-replicate differences,
the data were pooled and have been presented as such.
Presumably due to thé variability in the pénetraiing
ab¥lities of each sperm preparation, some studies showed
inter-replicate differences and, therefore, ohl§ the
result; of one experiment have been presented. Although
some ;tudies showed inter—reﬁlicaﬁevdifferences, the effect

of similar treatments was always the same between

! ’
experiments.- . .

\For experiments i which the effects of a treatme‘nt
resulted in a measurable response im each individual of
that Ereatment, the mean + the standé;d error of the mean
(S.E.M.) were used for comparison. When the experimental
design involved 2 ‘treatments, the means of the 2 groups
were compared asing Student;s two—tailed‘t—pest. For
experiments with more than 2 treatments, comparisons of the
means were made 4sing oné-way analysis of variance with

Bartlett’s test of;homogéﬁeity of variance and Duncan’s new

multiple range test (Steel & Torrie, 1980).

¢+
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~ . €HAPTER 5

REMOVAL OF THE OVARIAN BURSA

’
.

5.1 Introduction

Currently rat embryos cannot develop in culture and,

—therefore, most investigations into the viability of in

vitro fertilized rat ococytes have involved transfer into
pseudopregnant recipients (Toyoda & Chang, 1974a; Shalgi,

1984). Pseudopregnancy is commonly indyred by electrical

stimulation of the cervix on the morning of estrus or by
matiné with a vasectomized male. With these vechniques,
4;/) however, ovulated ococytes will be present in the oviduct

and may interfere with investigationspof early embryormnic

development of transferred ococytes. Usiﬁg mated

recipients, some 1nvestlga*ors hav sed the genetic marker
\’

of eye colour to distinguish between endogenous and
transferred embryos (Noyes, 1952; Walton & Armstrong,

1983), but this technique is useful only when examining

b}
development to the later stages of gestation, when

plgmentatlon is at detectable levels
.l

To study embryanic development during early gestation,

a system was needed in which endogenous erbryos could be

distinguished from transferred embryos, or in which

trangferred embrybs,could remain isolated from endogendus

. :

e@bryoél As endogenous -.embryos cannat be distinguished
\.1 ’ 1

morphoioglcally from transferred embryos, 1dentif1catlon

could be difficult, reguiring specific genetic or

, 79
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biochemical m;rkers. On the other hand, physical
separation of the embryos may be possible by taking
advantage of the fact that the.rat has two uterine horn®
with separate cervices (Hamilton, 1947). _Using methods to
produce unilateral pregnancy, it would be possible to use
the "empty" horn as a récipient for transferred embryos
while the contralateral side would bear the endogenous
embryos. Two methods have been reported for the produc#ion

Y

of unilateral pregnancy: 1) ovariectomy, and 2) opening of

the ovarian bursa.

"To develop a.method for in vivo fertilization of
traﬁsférred oocytes,'Shélgi et al (1979) removed the ovary
atu;hgmiime of transfeft into-phe ipsiléteral.ov}duct. When

this" technique wag performed before ovulation had occurred

- -

in the recipient rat, the oviduct could contain only
transferred oocytes. . Although potentially a useful method

to-pﬁbdqpe unilateral pregnancy, removal of the ovary has

uncgrtaiﬁ effects on the subsequent pregnancy and can cause

bleeding that is sometime$s difficult to control.

In the rat and the ﬁoussw encapsulation of the ovary

‘by the bursa ova;iéé is almost complete lRébinsgn, i887:
ﬂlden;'1942a Wwimsatt. & Waldo, 1945), unlike in" women, in s
which the ovarian:bursa is absent or nearly so. ‘In the
rat, destruction or opening of the bursa before mating.h;s
been shown to be of moderate success in-limiting the:ﬁugber

of fetuses foynd in the ipsilateral uterine horn ..

(Neugebauer, 1935; Kelly, 1939). Perhaps.more complete




removal ‘of the bursa ‘_dould have resulted in a higher rate
of successful unilateral preénancy. In the pre;ent study
this procedure was modified and its usefulne;s for the .
study of trsnsferred oocytes or embryos was examiqu.

5.2 Methods and Results
5.2.1 Effects on Ovulation

Adult Long-Evans rats were anaesthetized by
intraperitonea; injection of tribromoethanol solution (2%, v
0.01 mg/g body weight) and:-the bursa was peeled,back‘from :

'?round the left ovarw of each rat ‘(Plate 1). The bursa

. !
around the right ovary was left intact and this side was

B

used as a control. The left ovary :as exposed thrgugh a
° et

flank incision and was drawn out by pulling -Qn the fat pad.
After lifting the bursa away from the ovayy with a pair of
fine forceps, a small hole was made in the bursa using a

» 1] L) . bl j a « - > *
pair of iridectomy sclssors, care being taken to.avoid-

PR

bleeding. It was presumed that, with a small hale, the
. f

bursa would be less likely to slip back on the ovary. The

»

P I_ . ﬂ N
ovary was manipulated gently through_the_hole with fine

D e T .
forceps -until the entire ovary was exposed. The ovéry was

then- replaced in the abdominal cavity. N
v ‘ . ) Neot &/
At 2 days after the operation (Day -4), the cycles of

- ' ' .. :
about one-fifth of the rats were synchronized with an LHRH

agonist (des—Glylo,;prlaG, L-ProNHEt? LHRH; %igma Chemical
L)

Co.)- tsing a method described- by Vickefy & McRae (1980) anq -
- Q Lt T T .

»

modified by Walton & Armstrorig ._(7198,35. Briefly, the rats




-

) ‘ ) R §
were injected subcutaneously with 40 jig of the LHRH agonist

-

at- 0600 on Day -4. With this treatment, ovulation occurs.

', _ . .
in the early morning of Day 1. On the morning of Day 1 (1

}wFék after the operation), vaginal smears were taken and

only rats in estrus were subsequently killed. The hursa-

4 . . ’ : -
free ovary was examined for adhesions or possible re-J

eﬁcapsulation of the ovary. Ovaries and oviducts from both

sides were removed. Corpora lutea associated with ruptured

.follicles were counted. The oocytes were collected by

N

insert%ng a 30-gauge needle into the infundibulum of the

of rat cycles and-subseguent killing during estrus were

fepeated so that 9-16 rats were kifled each week for 5

-

weeks from the day of bursa peelj
' The.;verage number of corpora lutea and ovulated
oocytés on the contxol and the peeled sides of the rats

have been summarized n Table 1. On the control side the
. —

average number of corkRora lutea was not significantly
- ! L \ ’ i

Idifferent from the avdrage number of obulatéd oocytes

- -

a
-(P>0.1). In contrast, although all the rats ovulated from
the peeled ovary, as indlc ed by the presence of cbrpora

dutea, only 18% contalned oocytes in the ipsilateral
- ‘ -

oviduct. 1In the rats in which' ovuTated oocytes were found
»

- on the operated side, the average number of oocytes (2.0 +

Olﬁ) was significantly less than the average numﬁer of

. +

» oviduct dnd flushing withno.z ml ﬁ%BS.~~Thé.synchronization‘

4

) |

-~ corpora lutea (6. 5 + 1. 1)cn1that side (P<0 01) There was .

a statlstically significant gﬁg?base in the number of
. R . , &( ~ ‘&‘
L .



‘infundibgﬂum of the oviddct_éhd the ovary. -

PLATE 1

A series of photographs showing the techhique for—-
peeling the bursa from around the rat ovary. (a)
The bursa is lifted away from the ovary with a pair

of fine forgeps. (b) Using iridectomy scissors, a

s’m'all hole.is made between'blood vessels of the

bursal membrane. (c) Fine forceps are used to

>

indicate the edges of the small hole that has been
made in-the bursa. (4) The ovary is gently
manipulated through the small holel In this
photograﬁh the uppen-%ortion of the ovary 1is

already free of the bursal coverihg. (e,f) Due to
L ]

its elastic properties, the bursa remains as an

" intact covering around the oviduct and, in
addition, now acts as barrier between the
a

»

—
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corpora lutea between Weeks 1 and 5 in both the control and
' , R
peeled ovaries (P<0.0S5).

[~

!

—_ The degree of re-encapsulation of the beeled ovary is

iﬁdicated in Table 2). 1In most cases presence of oocytes
on the operated side was associated with partial or
— conmplete re-encapsulation ;f the ovary. In each of 4 rats
(out of a total of 60 operated animals) one oocyte was

found in the oviduct wher the ipsilateral ovary appeared to

wt
be completely free of the bursa (Table 3). Complete re-_

encapsulation of the ovary was possible within 2 weeks of
the removal of the bursa_gyom around the ovary. The
percentage of rats with the ovary still completely exposied

did not clwange significaq;ly over the 5-week period (80-

89%) (P>0.1).

5.3.2 Effects on Fetal Development

The bufsa wag peeled from arsund the leféﬁovary of 35
mature.Spfague-Déwley rats and 19 Long-Evans rats, as

~i.2:t>t}fter'3-4 days for recovery,

the animals were caged|with males for 5 days and allowed to

desdribed in Section

—

A\ »
mate. The female rats were killed 13 days later and the

‘number of fetuses in each uterine horn was counted. The

! ¥ .
bursa-free ovary was examined for adhesions or re-

encapsulation, and the number of corpora lutea was counted.

-Only rats with fetuses,in the control horn were used in the

analysis, -
; . ‘
The degree of re-encapsulation of the ovary on the

N ‘ » -



<y

begree of re-encapsulation of ovary 1-% weeks

TABLE 2
after unilateral peeling of the bursa
< -
Time after No. of .~ ' Re-encapsulation
bursa rats - of ovary
peeling’ -
(weeks) )
None Partial Complete
1 10 8 2 . o -
2 15 12 2 1 ’\\\\;
3 10w 8 I 1
4 16 v 0 2
5 9 - - Q 1

87
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\(5.2 + 0.4) (P>0.1).

operated side and the presence of fetuses in the

ipsilateral.uteriné horn are summarized in Table 4. The
presence of feéuses in the uterine horn of the peeled ovary
was normally associated with completé re-encapsulation of
the ovary. 1In only one case, fetqses‘(3) were present 1in
the uterine horn of a rat in which the peeled ovary still
appeared to be completely exposed. In the Sprague-Dawley
rats (n=32), owvulation on‘tﬁe operated side was vérifieé by
the presence of cérpora lutea, and the average number o&f

corpora lutea on that side (5.5 + 0.4) was not

significantly different from the number én the control side

Y

5.2.3 Embryo Transfers

~Le

Immature female Sprague-Pawley (albino) rats were
treated.on Day -2 with 4 IU PMSG td induce follicular

growth. On or within 2 weeks before Day -3, the bursa was

e

\‘ESfled from around the left oVary‘of each Long-Evans

5 . .
(pigmented) rat. The Sprague-Dawley and Long-Evans r.

were caged with Sprague-Dawley males of proven fertility

from 2000 on Day 0 to 0300 on_Da9 1, with,dbpdyatory plugs:
or spermatozoa in the vaginal smears takeh ae evidence of .

insemination. The immature rats were killed at 2000 &n' Day

1 and the oviducts were flushed with DPBS. Oocytes with 2

. pronuclei and 1 sperm tail were trénsferred immediately

into the left oviduct of the mated recipient (Long-Evans)

rats. To perform the trgngfers, the recipient rats were

88
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anaesthetizei with tribrdmoethanoi solution and the bgrsa-
free (transf;r) ovary - was drawn out throdgh a lagéral
incision. Using a finely drawn (150-250 um, internal
diametef) heat-polished gla%s pipette, 4-5s iygotes-were
transferred to the infundibulum of the left oviduct of each
retipient. The reéipient rats were killed on Day 20 and
the fetuses in each uterine horn were counted And weighed.
In the‘transfef horn (i.e. the uterine horn associated with
the peeled ovary) the fetuses were identified as pigmented
(endogenous) or albino (transferred).

The recovery of viable fetuses after transfer of 85
in vivo fertilized ococytes was 60% (Table 5). In all cases

.

but one, the transfer horn contained only fetuses with non-

pigmented eyes, indicating the albino donor as the source.

In one case a single black-eyed fetus was found in the
transfer horn, along with the non-pigmented fetuses. 1In
all rats the control horn contained only fetuses wiﬁiﬁ/ﬁ
pigmented éyes.

There was no significant difference between the

control and transfer sides with respect to fetal or

placental weights (P>0.1). -,
i .
<

5.3 Discussion

Early experiments by Neugebauer (1935) and Kelly
(1939) indicated that opening the ovarian bu¥rsa in the
albino rat distinctly lessens fecundity on the operated

side: 44% of the rats studied by Kelly and 65% of those

91
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studled by Neugebauer were unllateralLy pregnant 'Thf‘

flqpre has been increased up to 93% using the modlflcatlons
L |
of the procedure descrlbed here. The use of this -

»
1

oreparatlon as a recipient’ for tnansferred oocytes of |

various origins should be considered. i

" — .

" Our technique for peeling the bursa has met with some
success with regards to maintaining a bursa-free ovdry. in

his experiments Kelly (1939) "pulled oﬁen’(the bursa) with
. e
forceps" and zeweeks‘later found compléte’%esaccdlation of -

- the ovary in 57% of his animals, with partial regaccuiation

in 16%. It is not surprising then that he should find

fetuses on thé bursa-peeled side in 56% of the animals. A

possibly more refined'technique of bursa.peeling was used

in the present experlments wath—mlnlmal if any, bleeding.

S

By passing the ovary throu&h a small openLng, thls
method had two major advantages. First, the elastic
propertles 'of the bursa made it difficult for the ovary to
slip back into the bursa after peelln ' Seequly,
peellng the bursa from around the ovary, the bursa w3s
- consequently in a p051t10n to é&ver the 1nfund1bu1um of the ¢’

‘'oviduct, further: inhibiting any ovulate@ cocftes from.
- . ' ' .
entering the oviduct, ‘

During the 5 weeks of experiments ,described \in Section-

.~ .

5.2.1, complete re-encapsulation of the ovary occurred in®

8% of the rats and partial re-encapsulation_in,athher 8y f

of the ah;mals. Oocytes were found in ov1ducts next to the

peeled ovary in 18% of the animals. When the anlmals were

used within 2 weeks of the bursa peeling (Sections 5.2.2 &



i

.

5.2.3), 12% showed complete rg-encapsulation and-s} showed

partial re—encapsulation of the ovary, but only 8% of the

animals had fetuses.in the uterine horn ipsilateral to the

peeled ovary. .
[ -
In the first experiment, the reasons for the increase

in the number of corpora lutea betwgen Weeks 1 and 5 both

in the control and peeled ovaries are not vyet known. There

.

is, evidence. to suggest that the number &f ovulations
incrpeases to a maximum during the early reproductive life

of the female (Biggers et al., 1962:; Kennedy & Kennedy,

1972) .

-

-~

ovary were not always found in rats with complete

‘resacculation. On four occasions cocytes were found in the

oviddét next to an ovary that was still completely exposed.-

- . ?

These results agree with those of Neugebauer (1935) who

concluded that the ovadrian bursa is practically

indispensable for.oocyte pick-up and tjmat bilateral .-

pregnancy rarely occurs after unilateral bursa peeling: ,
The results of these experiments indicate that this
preparatlon could ' be used to produce unilateral pregnancy

WIth only a small margln of error (<8%). This error may be

: further reduced by equud1ng animals in which the peeled

bursa has completelyﬂie-encapsuléted.the 6yary. -The

suévical technique appears te have no effeet on the ability

of that ovary to'ovulate or on the ability of zygotes to.

develop into viable fetuses in the ipsilateral uterine

. . ' . (s

hdrn.

chytes in the oviduct ipsilateral to the bursa-peeled

94



CHAPTER 6 ° \ .

EMBRYONIC DEVELOPMENT ?OLLOW£NG;;§ VITRO FERTILIZATION

6.1 Introduction ' y ]

Techniques for\in vitro fertilization of rat oocytes
have been established (Towocda & Chang, 1974a; Kaplan &

Kraicer, 1978; Evans & Armstrong, 1984) and it has been _
Y .- T—

O » - .
‘shown that rat oocytes fertilized in vitro are able to

develop to fetuses (Toyoda & Chang; 1974a; Shalgi, 1983;

Fleming, Evans, Walton & Armstrong, 1986), although there

..was a trend %or the proportion of oocytes or emérﬁos that
developed to) Day 20 fetuses to decrease with increasing
‘divergence from the natural situation. Oocytes.fertilized
ip the donor and transferred to a reci;;ient withir{ the next
24 h ‘exhibited the highest rates of development, while

.. oocytes fertilized.in vitro exhibited the lowest rate.

L

Vocytes transferred to a mated Pecipient iﬁmediately after

ovulation, for fertilization and. development in the

L

- recipient,.showed'an intermediate rate of development

kFleming et al., 1986). It was therefore suggested that in
« °vitro fertilization ‘or fértilizatioﬁ in the recipient

-

resulted in 1owef rates of normal embryo development

because of greafer susceptibility of unfertilized oocytes

N -
to damage ificurred during handling or to other
. ) "

C
environmental strocses.
There are several différeqces betweén conditions of
o —~ »
4 . / .
. ) 99 ’
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fertilization ;g'vivolgnd in vitro. Although it has been

establisned'that_greaper embryonic loss occurs after in

vitro than after in vivo fertilization, thé;jactor or

~

Qdmbinatioﬁ of factors that is responsible.for the

embryonic loss has-yef to be determined. In addition -

>

little is known as to when during development these losses

~ -~ -

are occurring.. Shalgi (1984) has damonstrateé-tngt,the

—— v

- ‘proportion of‘in xixg'or in vitro fertilized oocytes that

] s -
develop to Day 20 fetuses ishonly 10% less than the .

pfoportion of viable Day 13 fetuses, suggesting that the
embryonic losses due to in g;ﬁ;g fertilization are -
occurring before Day 13. As the most griticallevent befére
Day 13 is probably implantation, this study will pay
particular attention to the development of the, embryo
before implantation and the process of imp¥§ntati9n it;elf.

The present set of experimeiits was designed\to compare g
\\the developmeﬁ% of fetuses to Day- 20 affe;‘fertif&zation at N

’

different sites, and to determine the time of embryonic  -.
. f
loss during the development of oocytes fertilized ;g-vitroﬁ\“f

Q
i

6.2 Methods and Results
The methodologies of the three gxﬁeriments in this r”fq}
study are similar, differing only in the’final stages of
the experimgpt. The general protocol,ié,,theréfore,
.described first and presented in Figure 1. .- The distinctive
‘ L]

features of each experiment ares described in the subsequent

’ L Y ~

L ] ; . . 3
‘-\“) .: - -
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sections. - ’ ~

DONORS

At body weight 60-65 g, immature Sprague-Dawley rats
were treated with 4 IU PMSG at 0800 h on Dar -2. Qn Day 0
the rats .were allocated randomly to 3 groups. Rats in the
groups for;tfénsfer 9f unfertilized ococytes (Group 1) and
of oocytes fertilized in vitfb (Group 2) were ﬁilled oQ—Pay
1 between 0230‘and 0500. The oviducts were dissected out
in DPBS-S and thelswollen ampullae were torn open with fine
forceps to allow the oocytes to escape.— The oocytes were
éither fertilized in vitro or transferred immediately to
mated recipients (see below). Fertilization of all oocytes
in Group 2 was assessed by phase-contrast microscopy 14-16
h after insemination. 2ygotes with 2 pronuclei and 1 sperm

tail within the vitellus were then transferred. Rats in

Group 3 were caged with‘Sprague—Dawley males of proven

fertility from 2000 on Day O tob 0200 on Day 1, when they

N

were assessed for mating. The presence of a copulatory
plug and/or spermatozoa in fhe vaginal smear was taken as
evidence of insemination. Mated donors were killed at 1900
to 2200 on Day 1 and the ova were flushed from the oviduc;s
with DPBS-S, usiAg a 30-gauge needle. Fertilized oocytes
Qerekfoilected.and tranMfsferred immediately. In vitro and
in vivo fertilized cocytes not transferred were cultured

| o=t

v

for a further 24 h period and development to the 2-cell

stage was assessed.

~ ('
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RECIPIENTS

The recipients for the transfers were naturally
cycling female Long-Evans rats, but when synchronization
was necessary to ensur; an adequate humber of mated female
rats, the rats were treated withean LHRH agonist as
ldescribed in Section 5.2.1. At 3-5 days before the day of
transfer, one ovary gf each rat was exposed by bursa-

peeling. At 2000 on Day 0, the recipient rats were caged

with males of proven fertility. The rats were assessed. for

—~ mating at 0200 on Day 1 and only mated rats were

gﬁbsequently used. Transfers of unfertilized oocytes
JGroup l) were performed at 0230 to 0500 on Day 1. ~“Oocytes
fertilized in the donor (Group 3) or in vitro (Group 2)
were transferred at 1900 to 2%00 on the same day.
oviductal transfers were performed as described in Section

5.2.3. Animals with evidencé of large adhesions,
)

significant blood clots, or whose peeled bursae had slipped
back and enclosed the ovary were not used as recipients.
Volume of transfer material varied between 0.5 and 1 pl for

cumhlus-enqlosed ococytes (Group 1) to <0.4 nl for zygotes

JESES

(Groups 2 & 3).

r~——————

6.2.1 Effect of Site of Fertilization

One-third of rats in Group 1 were killed 16 h aftey
transfer (1800, Day ‘1) to assess efficacy of?fertilizadion
and transfer. -‘Both oviducts were removed and flﬁshed with

0.2 ml DPBS-S (0.1 ml wgs passed through the oviduct from

100



the {nfundibulug: 0.1 ml- was flushed in a retrograde
manner, from thé aterotubwlar junction). The recovered
oocytes and zygotes were counted and examined under a
phase-contrast microscope to assess the stage of
devélopment and the occurrence of fragmentation or other
degenerative changes. \ )
Recipients from all three groups were killed 40 h
after insemination to asse;s ;ffiéacy of transfer and
devellopment to the 2-cell stage, or at 0800 on Day 20 to
permit estimation of embryonic losses after the-first
cleavage. For animals killed on Day 20, the number of
fetuses and the total fetal and placentai_weights were
recorded for the,control and transfer horns. The number
and géze of resorption sites in each hor% were also noted.
At 16 h after. the transfér of unfertilized oocytes
.into mated recipients (Group 1), 84.2% (n=38) of the
oocytes fecovered were fertilized. A similar proportion
(85.7%, n=84) of endogenous oocytes in the con§rol horn
were ferti%}zéd. At 40 h, 77.1% of recovered ooc&tes were
2-cell embryos, which was significantly lower (P<0.05) than
the percentag%lof 2—-cell embryos recovéred aftgr transfer

of zygotes following fertilization in vivo (93.9%, n=49) or

_in vitro (98.4%, n=61f, (Groups 3 & 2). However, when
“

-
r

adjusted for the 84% feréTﬁization rate, the percgntage of

2-cell emb®yos recovered aftgr transfer of unfertilized
AN

cocytes increased to 91.5% (n=35), which/was not

significantly different from the values"%r the,K other two

groups. |
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Pronuclear zygotes resulting from in vitro and in vivo

fertilization and not transferred, but cultured for a

furither 24 h period, showed statistically similar in vitro

cleavage rates of '89.9% (n=109) and 98.2% (n=56),_

respectively.

The proportion of transferred oocytes or zydotes

recovered 40..h after insemination was significantly
different betweéen él} three groups kP<0.01). (Table 6).
The percentage of tranéferfed_oocytes or zygotes recovered
on Day 20 reflected, in ggrt; logsgs_that occurred due to
the transfer techniqpe or to failure of fertiiization. To
indicate more accurately the developmental abilities of the
Bocytes, these mumbers were corrected for the losses
occurring before Day 2. After this correction, les; than

20% of zygotes produced by in vitro fertilization were
-

.

.

recovered as live fetuses. This low percentage of recovery

on Day 20 was associated with a significantly higher
’

(P<0.005) percentage of resorption sites, compéred to

D

Groups 1 & 3. About 90% of al)i resorption sites were <6 mm

in diameter. K : 0

6.2.2 Embryonic Mortality after in vitro Fertilization

I'M this experiment, zygotes were derived from

fertilization in vitro (Group 2) or in vivo in the donor$

‘. -

(Group 3) ana transferred as describéd. Recipients were
. / . :
killed at 1800 on Day .2 (40 h), 0800 on Day 5, 2000 on Day

8, or 0800 on Day 20, to identify more, accurately the

[

ay
’
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signif;cantiy‘highg; (P<0.001) percentage of resorption
\\ - - 4' . . -

sites (32.7%); only '10% of- Group 3 zygotes were recqvered

asPresorption sites. All resorption sites were 6 mm or

N . .
less in diameter.

-
6.2.3 Effect of Environmental Conditions on Oocyte
Development

To detgrmihe possible effects of incubation and
| »

handling on the ability of ococytes fertilized in wivo to.

deveiop to Day 20 fetuses, donors (Group 3J) were mated as

-desc:ibed previously. At 6 h after mating, one-half of the

mated rats were Kkilled ‘and the oocytes were collected and

©

incubated for 10-12 h before transfer, under conditions

s{pilar to those used for in vitro fertilization, but

— e .

without the. addition of spermatozoa. The’ remaining mated

rats were killed 16-18 h after mating and the oocytes and

—

*

zygotes were collected, assessed for fertilization and the

zybotgs we;é transferred immediately. All }ecipients were

killed at 0800 on Day 20. ‘ - ) : .

o ~

The recbvery of viable fetuses after tranéfer of in
- - ) ~
vivo fertilized oocytes with or without in vitro-Zncubation
——— S\ Loy

was not significantly different (68.5%, n=92, and ﬁz.é\,
[ - fv- .~ -

n=43, respectively). There was also a statistically

similar proportion of resorbinq fetuses in both groups

(18.5%, n=92, and 11.6%, n=43, respectively).

The mean fetal—énd placental weights combined for all

experiments are suﬁﬁbrlzeajin Table 10. There was no

- ” .

A
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timing of embryonic mortality following transfer of in

vitro fertilized oocytés. For animals that were killed on

Days 2 or 5, both oviducts were removed and flushed with

2
"DPBS-S, as described, in Section 6.2.1. ©On Day 5, the

. -
uterine horns were flushed as well, in a manper similar to

N
that -described for flushing oviducts: .The recovered
oocytes, zygotes and~embr§os were cpunted ahq'examined
microscopically to assess the stage of develoément. Oon Day
8, implantation sites were dissected out, counted and
weighéd. They were fixed in Bouins’s solution, dehydrated

and embedded in paraffin wax. Serial sections of 10 um

LY
were stained-aith haematoxylin and eosin and examined for

evidence of normal implantation. Animals killed on Day 20

. were analyzed as described in the previous experiment.

There were notable differences between in vitro and in

- . b *
vivo fertilized oocytes (Groups 2 & 3, respectively) with
> -

- C L [
respect to the stage of development at which the

transferred zygotes .were ‘lost (Table 7).  2Zygotes

‘transferred after in vivo fertilization were lost priharily

- -
R

during the 24 h after transfer (26%) with né significant
loss between Days 2 and 20. 1In contrast, 24%. of the in

vitro fertilized oogcytes were lost'during the development

from 2-cell zygotes to'morulaq or ‘blastocysts, Qith further.

losses occurring}after.the blastocy§t~stage (40%).

In eacﬁ group the percentage of recovered zygotes that

had cleaved to 2 cells was comparable to that in the first
* D L]

experiment, with 89.7% of in vitro fertilized oocytes and

-

.0.
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100% of in vivo fertilized oocytes deveioping'to the Zléeli
-stage (P;b.OS). - .
Embryos produced by in !i;g fertilization. and
L\recovered 6% Day 5 were primarily at the blastocyst stage
of devélopment, althdugh a smali percentage wgye still at
the mo;ula stage (Table 8).- These results We;e ﬁot
statistically different from the gevelopment of embryos in
the control horns of-both groufs. In contrast, more than
half of the embryos produced in Group 2 uere'déQeloping at
a slower rate than those ih the contro}_horn;'as indicated
by éhe significantly higher proportion of Group 2 embryos -
-~ that were at the morulg-stage (P<0.001). In_both groups,
<3% of the fecovered embryos Qere degenérate.

On Day 8 there was a significant differ?nce (P<0.05f
bedtween thd mean weiéﬂts (g) of the implantation sites in
the transfer hor;s of rats in Groups 2 & 3 (Table 9). '
Histological examination of the implantation sites from the
transfer horn in Group 2 rats revealed ﬁha; 60% of the 20
sites examined showed no evidence‘of an embfyd or
trophoblastic invésion; suggesting that the embryos
elicjted a decidhé%-response, but developed no further.
The remaining 40% of sites and those from the transfer héfn

"in Group 3 (n=16) and ‘the c ntrol horns in both groups

(n=27) éll'contained embryos with &vidence of.implantation.

’ The percentqge of transéerredtzygotes that developed

. to Day 20 fetuses 'in this experiment (Table 7) was
[ 4 : s

comparable to {he recoveries in the first experiment,.

Associated with the great embryonic losses in Gr;hn\z was 'a

&
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TABLE 9 Mean weights of implantation sites 8 days after
zZygote transfer

Mean weight of
implantation 51tes’(gi;?

Group 2 Grét

Control horn 35.8 + 1.2 (15)°2 33.9 + 2.2 (13)°2
Transfer horn - 29.4 + 1.8 (15)P 35.2 + 1.4 (13)@
SN

Values are mean + s.e.m. for :the humber‘of rats in.
parentheses. ‘
\ .
a,b Values with different superscripts are 51gn1f1cantly
dlfferent (P<0 05) .

L4
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signif;cantly’highe; (P<0.001) percentage of resorptior

~ RSN

sites (5}.7%): only 10% of;broup 3 zygoteS wé;e recgvered
asPresorption sites. All resorption sites were 6 mm or

™ . .
less in diameter.

, )
6.2.3 Effect of Environmental Comditions on Oocyte
Development

To determine possible effects of incubation and
|0 »

handling on_the ability of oocytes fertilized in wivo to .

deveiop to Day 20 fetuses, donors (Group 3) were mated’as

-desc:ibed previously. At 6 h after mating, one-half of the

mated rats were killgd’and the oocytes were collected and

©

incubated for 10-12 h before transfer, under conditions

similar to those used for in vitro fertilization, but

without the. addition of spermatozoa. The’ remaining mated

rats were killed 16-18 h after mating and the oocytes and

— -

zygotes were collected, assessed for fertilization and the

—

szot%s we;é transferred immediately. 4All }ecipients were

killed at 0800 on Day 20. ‘ -, T ]
The recbvery of viable fetuses after'tranéfé} of in

!i!glfé}filized oocytes with or without in gggggflncggition

was not_signiﬁicanﬁly different (68.5%, nt92;m;nd.éé>8¥'

n=43, respectively). There was also a sfagiStically

similar proportion of resorbinq fetuses in both groups

(18.5%, n=92, and 11.6%, n=43, respectively).

The mean fetal ;nd placental weights combined for all

experiments are suﬁﬁhrize&jin Table 10.- There was no

- -~
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significant difference between experimenfs in any of the

values measured. There were no significant differences in

A a—

the mean fetal and placental weights in the control horn,
althoﬁgh artlett;s tést indicated,heterogeneity ;f
variance amongst the fetal weights. 1In théfﬁfansﬁer horn
there was no significant'difference between bé‘mean fetal
weights of the - four groupgn However, ﬁean placental

weights of the fetuses in Group 1 was significantly greater

than those in Group 2 and Group 3 (P<0.005).

6.3 Discussion

- ] .
- L]
- ~

Thé experiments reported here have examined a number

of the potential factors that may be responsible for the

o

reduced developmental'abilities of embrydés produced by in

vithro fertilization. It is clear that handling of the

unfertilized oocyte with subsequenty fertilization in vivo

111

~had no detrimental effect on Xhe devéobment of the oocyte. -

Folloewing fertilization- in the recipient (Group 1), the
transferred oocytes were able to develop into 2-cell
embryos'nq Day 20 fetuses in proportions‘comparabie to.

oocytes that ere fertilized in the donor and then

_transferred at the p uclear stage (Group 3).

.Transfer of unﬁgrtilii oocytes to mated recipients
for in vivo fertilization gave a s ificantly lower fgte
of recovery of‘tetuses than did transft f oocytes

fertilized in the donor. Wwhen co}rected for losses wi

h of transi:i;)the rate of recovery indicated that: only
. ’j/_'

c

-
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a small portion of the loss of embryos occurred after the

2-cell stage of development, i.e. the proportion of 2-cell

" . embryos that ‘developed to Day 20 fetuses was similar-in

both groups after in giig fertilization. The low: recovery
of 2—cei1 embryos at 40h was not significantly different
from-the percentage‘of oocytég recovered as zygotes 16 h
after transfer, suggesting'that embryo loss following
transfer of unfertiliied oocytes may be at least partly due
to losses of the oocytes shortly after iransfer. Whén
oocytes were collected immediately after ovulation and
transferred, the presence of cumulu® ce%ls necessitated the

use of a larger bore pipette and a largér volume of medium,

which has been suggested to increase losses due to

<
A

regurgitation (Shalgi et al., 1979).
The results of the experiments présented-here_show

trhat, compared to'oocytes fertilized in vivo, a lower

~_proportion of oocytes fertilized in vitro develop. to viable

fetuses. A comparable decline in development was dbserved
when in vitro fertilized oocytes were transferred at’ the 2-
cell stage of development (Shalgi, 1983). By recovering
embryos on Day 2, the present study determined-tﬁat there
was no dgficiency in the ability of in _iggg‘fertilized
cocytes tc undergo the first cleavage division. With

correction for losses before Day 2, it is evident that the

majority of the embryonic losses occurred after the 2-cell

"stage of development, which is in conirast‘to the time of

loss of oocytes transferred before fertilization. " This

finding is supported by the number °¢3‘s:?§Ption sites that

7
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are seen on Day 0. fhe inc;gasedénumber of resorptiop
sites found in Group 2 suggests that some of the losses
occurred at or after implantation. )

Shalgi (1984)!iﬁdicated thae 34% of in vitro
feffilized rat zygotes developed into Day 13.fethses, when

examined by laparotomy. The present study demonstrated

‘that a fairly high percentage (58%) of zygotes derived from

in vitro fertilization will develop to embryos capable of
eliciting decidualization, but a considerable proportion of
these undergo no further development. The slower rate of

development of such zygotes to the blastocyst stage

_suggests a possible reason for the high rate of

unsuccessful implantation in Group 2. When the embryo is
rd

delayed in development, as it was in 53% of the embryos

from i itro fertilization, implantation may or may not

occur, depending on the degree of asynchrony in development
\ = .

of the emb}yo and the uterine environment (Dickmann &

Neyes, 1960; ~Mantalenakis & Danezis, 1968). Since a
variety ofaartificial Epysical stimuli can imrcrease
endometrial vascular permeability ﬁnd~brinq about
decidualization (Psychoyos, 1973), 1t is possib{e that,
duging the beriod of optimal endometrial sensitiv;tyi.the
physical presence of the embgyo, even at an earlier slaqe
of development: may be syfficiené to initiate the decidual
cellLfeaction, without subseduent &ﬁﬁlanzatioh. Thisa

: ¥ ’
postulatz.is supported by the results of the histological
e : # /.‘ .

: - ; .
examination of the uterine swellings. For exanmple, some of

L 4
N
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what were recorded as implantation sites on Day 8 were
simply sites of decidualization in the absence of
implantated embfyos. It is possible that these siées
represented early implantation bf an embryo in which the

inner cell mass was incapable of: further development. The

lgper mean weight of the implantation sites in Group 2, as-

»

compared to that in Group 3, is indicative of tie higher
/

"proportion of decidualization sites as opposed to

-

implantation sites with developing embryos.” The majority

of the resorptiQn sites seen on Day 20 (i.e. tHose <6 mm)
were probably necrotic masses that resulted from the
regressién'of theseJAecid;omata (Lobel, Tic & Shelesnyak,
1965) . _ ' ‘ /
In the present étudy the majority of the embryonic
losses after ;g;gigig fértilization occurred after the 2-
-cell stage of development. As there was no evidence for
developmental inability ‘after in vivo fertilization, it gy
be concluded khat embryo losses beyond the 2-cell stage of
developmeﬁt are dué to defects in the embryos produced by
in vitro fertilization. Losses might be due to the
absernrice, in culture, Af some factor provided im vivo during
the 16 h after fertilization, of culture cond}tions.méy
have had a deerimental effect which was not manifested in
the zygote until.later stages of'development. The results

of the third experiment indicate that, after fertilization

ig.vivo, handling of zygotes, incubation or exposure to

. environmental conditions such as light or changes in

temperature do not have .any detrimental effects on the

[



.examined and only those with two pronhglei ana one sperm

* \
- - ..

development to Day 20 fetuses. L i .

- puring in vitro fertilization, the conditions for
gamete interaction Qary considerably from ébnditions in
vivo. Exposdré of the oocytes to a large ndmber of~
spermatozoa lgads to re}atively high rates of.poly§permic
fertilization (Niwa & Chang, 1975a). In this experiment
oocytes fertilized in vitro and inteﬁdgd for transfer were

‘ ‘
tail within the vitellus were transferred. These criteria
were insufficient, however, to assess the deve;oﬁmentay . :
abilities of the éygotes. Shalgi &.Phgllips (1982) have N
demonstrated a-different morphological pattern of spernr |
attachment and benetration into oocytes iﬁ vitro comp&fed

to i ivo. It is clear that furthegr investigation ‘is

needeé into the relevance of this differenée, and Gthers
resultiﬁ;\from in vitro conditi&gs, in the development of
the zygotes.

Development‘of fetusés aftef the transfer of
unfertilized oocytes into mated recipients was associated
wi;h placental weights that uerd’greateﬁ than those of the
other groups. Alfhough it was ‘not siénificant, blacentas
associated with fetusecs developing from oocytes fértilized
in vitro were also heavier. The reason for these elevated

weights is not known, but it may be associated with the

fact that generally ther® are fewer fetuses developing in

the transfer uterine hern of rats in these ;yc‘@roupsi

. : -
The similarity in the percentage survival of fetuses
>

‘ .
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developing from rat oocytes fertilized in witro in our
studies and the overall preénancy rates generally reported
in the most successful human in vitfo fertilization
progf%ms (Grobstein et al., 1983) suggests_that similar

mechanisms may be operating to cause the high rate of post-'

fertilization embryonic losses in both species.

( ’ s
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‘ . CHAPTER 7

d

MODIFYING PREIMPLANTATION EMBRYONIC DEVELOPMENT
FOLLOWINGIN VITRO FERTILIZATION

7.1 1Introduction

Most human oocytes retrieved <an be successfully.
4
fertlllzed in vitro but, even though several embryos are

¢
returned’ to the women, usually less than 252 ‘of embryo

-

trahsfers result in full-term pregnancy (Grobstein SE‘il;
1983; Jones et al., 1984 WOod et .al. 1985). Animgl
models have be®en developed to facilitate the study of
embryonit and fetal dev?lopment"of transferred embryos
resulting from feftilization lg.vitro (Noyes; 1952; Toyoda
& Chang, 1974a; Walton & Armstrong, 1983). fn these’models
early investigations. indicated that, after transfer,

oocytes fertilized in vitro were capable of devélopmént to

full-term fetuses in the loy‘iuoporéions similar .to those

-

seen in humans. In addition, experiments in th

chapter demonsérated that manygembryos fro
q -~

fertilized oocytes‘yere slower to advance to t
»

previous.

stage than were those from/ oo es ferti

When an embryo is delayed in development, implantation may

or may not occur, depending on the degree oY agsynchrony in
development of the embryo and the ugerine environment

(Dickmann & Noyes, 1960). Therefore, the slo®er rate of
~ v
development of the in vitro fertilized embryos may be the

. T
¢ : @
¢ o 117




cause of'unsuccessful.implantation. The present studies

were undertaken to detetmine whether the ability of in

v

vitro fertilized oocytes to produee full-term fetuses could
T \

be increased by providing them with additional time for

t

preimplantation development.

7.2 Methods o ) - T e

-

As the experimental protocol is rather complex, the

sequence’ of events has been summarized in Figure 2.

o
DONORS ' : o

At a body weight of 60- 65 g, 1mmature Sprague-Dawley

~rats were treated with 4 IU PMSG at 0800 on bay -2._ _On Day

0 the” rats were allocated -randomly to 3 groups. Rats in

the grbup for transfer of Day 4 dentrol embryos (Group l)

and oﬁhbgy S control embryos (Group 2) were caged with

hales of proven fertility from 2000 on Day.0 to 040Q on Day
2

1, when they were assessed for matlng. The presence of.a’

copulatory plug and/or. spermatozoa in the vaginal Smear was

-

taken as evidence of insemination. Mated donors were

killed at 2000 to 2200 on Day 4 (Group 1) o{ at 0800 to

. 1000 on Day 5 (Group 2). U51ng a 30 gauge needle, the

embryos were flushed from the oviducts and/or uterine horns

with DPBS-S, as®¥escribed in Section 6.2.1. _Embryos.were

collected .and transferred immediately to mated recipients

(see below).

Rats in the group for transfer of oocytes fertilized

.
\\V, ,
L .

. .



\\r Tt

q

-(Aoueubaad jo Avp

35113 = 1 Aeq) u:mEﬂMwam ay3 jo Aep a2y3 03 13Ja1 saaqunu a9yl

‘K19at3oedsaa, ‘yaep pue ybe1 jo mvoﬂ$mm 83EeD1pUT svale yiep

¢

Ucm.ucmﬁq .muwum:muuo>unsmuounmm: wm:anOuQ wcu.uo Ecubaﬁo
o . ]

' . ¢ NANDIL -

&



LR

i N

12

POl TIN

Buiyew Joy
pexnosy)

4 1
dnosg  dnoug

POLLIN POIIN

sdnouy

peivy
\l/

€
anoJr ¢

POL[IN

peAdEay

LR 1))
llm

'3'8 95Hg

ctnty

14

HY¥HY Yiim
Jyauhg




in vitro (Group 3) were killed on Day 1 between 0100 and
0300. The oviducts were dissected'out in DPBS-S and the
swollen ampullae were torn open with fine forceps to allow
the oocytes to escape. The oocytes weré then fertilized in
vitro as described previously with fertilization rates
- ranging from 85-100%. Fertilization was assessed by phase-
contrast.microscop§—14-16’h after insemination and only

zygotes with 2 pronuclei and 1 sperm tail within the

vitellus were transferred to mated recipients.

RECIPIENTS

The recipients for the transfers were prepared as in
previous experiments. The cycles of female Long-Evans rgts
were synchronized with 40 ﬁg LHRH agonist and at §¥14 days
before the day of mating, the ovarian Pursa was. peeled from
around the léft ovary of each-'recipient. At 2000 oh bay 0,

the recipient rats were caged with males of'proven

fértility. They were assessed for mating at 0400 on Day 1

and only mated rats were subsequently used. Some of_the -

mated rats were uded at 2000 to 2300 as Day l,recipients
for oocytes that had been fertilized in vitro. The
remaining raés were left until Day 4 of pregnancy at which
timg they became recipients of Day 4 or Day 5 embryos (see

below) .

-

COLLECTION AND TRANSFER OF EMBRYOS e

- 2

oocytes were allowed to reach Day 20 of gestation, at which

121




time the transferred zygotes were assessed for their
ability to develop to near-term fetuses. At 0600 to 0800

on Day 5 the remaining recipients were killed and both the

>

“transfer angd the control oviducts and uterine horns-were .

"removed and flushed with PPBS. The previous study

indicated thét half of the embryos developing from in vitro

feftilized oocytes and collected at this time were morulae,
while the remaining embryos were at the blastocyst stage.
Therefore, when ghe embryos were.collected in the current
experiment, they were divided into 2«;r5ups,‘depending_on
their stage o. development (Group 3m = morulae; Group 3b =
blastocysts). Groups of four or 5 embryvos were transferred
into the left oviduct or uterine horn of each of the Day 4
pregnant_recipients. Control embryos from the Day 4 (Groﬁp
1) and Day 5-(Group 2{ donor rats weré Eollected and
transferred in a similar manner. As an additional control,
some of the Da); 5 Groub 3 embryos (mqrulae and blasfocy:sts)
were fransferred into the uterine horn of Day 5 pregnant
recipients. Oviductal transfers were performed as
described earlier. For uterine tragsfers a small portion
of the uteriné horn near the uterofubular junction was
drawn through an incision by pulliné/the fat pad. A small
hole was made near the top of the horn with the i:»oint of an

18-gauge needle. The transfer pipette was inserted into

this hole and the embryos were gently expelled.

Toldetermine the stage of embryo development more

accurately, some of the embryos from each group were used

P
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for cell cbu?ting. Using a method described by Fujimoto e

m

al. (19751; an embryo was fixed in a soiution o
methanol: glaczal acetlc acad delonlzed water (4:1:3, by
vol. )’whlch caused dlssoiutlon of the zona pellucida. - The .
embryo was qnlckly transferred to a glass slide. The cells /7
were separated. by allowing drops of a methanol:glaciai. <.
écetic acid (3:1, v/v) solupion to fall -on the embryo from
a heighi of 10-12 cm. The embryo was then stained with
haemotoxylin and the number of cells® was counted. _‘;_;'\.

The recipient rats were killed’ at 0800 on Day 20. Tﬁe
numb of fetuses and the total fetal weig@ts and placental
~ weights were recorded for the control and transfer horrms of

. each rat. The num&sr[and size of resorption sites in each

horn were also noted. ' . , N :

7.3 Results

As in the previous study, the contrcl embryos prod?cgd
by in vivo fertilization and® recovered on Day S_QEEe
primérily at the b}aétocyst'stqge of devefgﬁhent (Table
{1). In contrast, half of the embf?os'gevelopinq'from in -«
vitro fertilized oocytes were still at the mo;ul; Qléée,
indicating that the developmenﬁ @f these embgfos was -
retarded compared with those in the control horn. -
Embryos from each group were collected and Fhe humber

of cells -per embryo was determined (Table 12). As tbild be

expected, Day 5 cantrol embryos had'a significantly

- o~

-greater -

mean number of cells per embryoc than did the Day 4 control



» ' ® .T
TABLE 11 Stage of develdpment of in vitro fertilized rat

oocytes on Day 5 after transfer to'.xecipiénts

Stage of "% (of-total no.) of

development . zygotes recovered
— . ~
_ Control horn = - Blastocyst : 80.9 (4447é —
o . .
~ " Morula . 19.1 (444)2 -
Transfer horn’ . . Blastocyst ' 51.1:(577)?
. ' . .
Morula 48.8 (377)F€
—— - R "
4' . . . ,
a,b,c -

Values with different "superscripts ar6'51gp1flcantly
different (P<0. le)
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TABLE 12 Mean number of Cells per embryo at time of
transfer into Day 4 prégnant recipient rats
o _ "\ . \
JT ’ , - Mean 4+s e.m.)’ of
. qf?pp Pmbryo Source N cellg/embryo (n)
. . ] _ .
N - 2 )
¢ s
Nes . RN
1 Day 4 morula ~~ . caontrol 22.4 + 0.6 (57)°2 .
. R — .
R Day 5 blastocyst control 26.1 + 0.8 (39)P
3m Day 5 morula - -IVF 17-.9 + 1.1 (21)€
3b Day,.5 blastocyst IVF 2[4__\.‘5 + 0.8 (25)aP
‘ . \‘ - \'
L ‘ »
7 .
T a,b,© vyalues with different superserlpts are significantly
different (P<0.01).
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2 . )
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enbr'yos (P<0.01). Blastocysts derived"from -in vitro.
. fertiliéed ococytes contained a megh ngmger of cells per
embryo that was not significantly different from that of
the control biastogysts or morulae. In agreement with tﬁé
ﬁorphologically evident retardati?p in development of the
morulae from in vitro fertilized oocytes, these embryos
showed a signifiéantly lower mean:number of cells per
embr;; cdmpared to the otﬁér three groups (p<o.01):-

The proportioé:;f'embrybs recbvered as near-term
fetuses after transfer into Day 4 recipi?nts'is summarized -
in Table 13. Ehbryos dgvelopiﬁb‘from in vitro fertilized
and control oocytés were equally c;pablevof implantation :
and fetal development when transferred into phe-év}ducts of

. . - .
the recipients. &owever, the survival of the Group 3

morulae after transfer jinto the recipient uterine horn was:

L

significantly less thgn that of Group 3 blastocyéfs‘or the
chvtrél morulae or blastocjsts (ﬁ<o.oiL ki;h no
significant differences between thg_lasﬁ three éroupsf
‘Within Groups 1, 2 and 3b, the embryos weré notigeabl}'more
capable of implantqtioh'and fetal developﬁent yhén.

transferred into the uterine horn rather than ;into the

oviduct of the Day 4 recipient, althoeough this improveméﬁéf ’

was statistically significant (P<0.001) only in Group f.’

There was no significant difference in the ability of Gfoup-

3 morulae to develop to-fetuses after transfer into the:

oviduct or uterus.” ' - . -

The proportion of transferred embryos recovered agi}

—-—

resorption sites in the transfer uterine horn on Day 20 i§,“ .

.4

- o
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also summarized in Table 13. There were no significant
differences ahong the four groups in the incidence of

resorption sites following embryo transfer into the

oviducts or uterine horns. In addition, the proportion of

4 :
embryos recovered as resorption sites after oviductal

transfer was not significantly different from that of
embryos recovered after uterine transfer within each—group.
Most resorption sites (92%) were <1 cm in diameter. '

The -results of transfers of-zygotes/embryos derived
from in vitro fertilization are summarized in Table 14.

Some of the in Vitro fertilized zygogges transferred on Day

1 were assessed on Day 20 of gestation for their ability to

-

<

develop to near-term fetuses without an intermediate

transfer. A large proportion of the transferred zygotes
became viable fetuses with 17.86% of the zygotes being
fecovgred as resorption sites. This success rate is
comparable ;6 the proportions of Day 5‘' blastocysts deri;ed
from -in vitro fertilized -oocytes (Groﬁp 3) that were
recovered as fetuses’;}ter synchronous transfer into Day 5
pregnént recipiénts or asynchronous'transfer into Day 4
recipiéﬁts. The transfer of Group 3 mdru;ae into Day 4 or

5 recipients showgh a significantly lower success rate

(P<0.01).

The mean fetal and placental yeights for each group.

with transfers of eﬁbryos on Day‘4 are summarized in Table
15. Within each treatment there was no significant

difference between the mean fetal or placental weights of

&
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the transfer side compared with thos®of the control side.

$
'

7.4 Discussion

<

- These experiments have examined the possibility that

low embryonic survival of in'vitro fertilized oocytes is

due tacgsynchgonous-development of the embryo and the

uterine environment at the time of implantation. TIn the

~

previous study\t:nsss determined that in vitro fertilized

oocytes showed a ay in development such that, at 0800 on

Ed

Day 5, half of the embryos were at the morula stage whereas

most control embryos were blastocysgs. This obsg;uarfgg
- 3 =f

j
, . . . . I
has been confirmed in the cUrrent experiments. It has beé#&n

tdemohstrated(tﬁht in vitro development of mougf/}fcell
embryos to the blastocyst stage is.delayed compared to
\development within® the reptoductive tract of pregnant
(Bowman |&'ﬁéLaren, 1970; Harlow & Quinn, 1982),
pseuddpgegnant or immature (Papaioannou & Ebert, 1986)

-

females. AI'though the oocytes in the present experiments

were 5‘ culture for only 16-18 h,' it possible that this:

in vitro was sufficient to cause the delay in the

—_— === .

perio
dévelopmént of these oocytes. - The previfus study
indicated, however,.that a 10-12 h period of in vitro

culture before transfter had nd‘detrimental eftéct on the
- ‘ . 3

ability of in vivo fertilized oocytes to develop to Day 20

- . : '
fetuses.~ The delay in embryonic development in this

experiment was_ quantified by counting the number of cells

in embryos from each group. The mean number of ceélls in
. . - . s
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. [} -
‘g?oups. Transfer of these embryos into theé

- —— b m—
-

the Day S coﬂ(lol blastocysts (26.1.+ 0.8) agrees well with

.that found in a study by Surani (1975) with a value of

27.5 + 4.0 (n=23). The lover mean number of cells in the

Group 3 morulae supports the suggestion that fertilization

in Vitro and/or the time in vitro associated with it caused

a delay in the development of the embfyos that ultimately
became detrimental at the time of implantation. .

The experiments reported here demonstrate the
increased ability of some Group ? embryos (IVF morulae) to
develop to fetuses if‘given additional time for

preimplantation growth. The transfer of Group 3 morulae

-

132

into the oviduct resulted in a proportiom of embryos .

developing to fetuses that is similar to the tofr three

uterus,

however, is not conducive to implaptation and subsequent

. fetal growth. Furthermore, transfers of Group 3 morulae

into.Day 5 uterine horns, i.e. not given aaditional.time
for preimplantation é;bwéh, result in a rite of survivai
signiffcantly less thaﬁ‘thap fo;'transfgfs into Day 4
recipients. These regsults fead to ainumber of possiﬁle
explqnations: (1) thet the oviduct is a more favorable
environment for embryos retangd in develépment; (2) that
the younger embgyos are too delayed in development to catch
up with the state of the qﬁqrus; or (3) that the uterus is

actually.a hostile envifonment, less tolerant of embryos

.that are not at the appropriate stage of development. o

Early studies in rabbits (Chang, 1952) and mice

(Bowman & Roberts, 1958) demonstrated the ability of nearly

> . i

+
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all ovulated oocytes to be fertilized and develop normally
. t
in the oviduct. A significant proportion of the

reproductive losses 1in these species resulted from .
functional Qefects occurring around the time of .
implantation. Implantation takes place only when the -
embryo and the endometrium have simultaneocusly reached
specifis,stages in their development;{Noyes & Dickmann,

1960, 1961; Dickmann & Noyes, 1960; Noyes et al., 1963).

Transferred embryos ihat_were 1 day younger than the

~

recipienf uterus develdped at the usual rate until! the’

- —

fifth day of H;egnancy and then degenerated rapidly and =

failed to implant. It fas concluded that the uterine

environment undergoes changes in the afternoon of Day &,

becoming detrimental to young embryos, but.stimulating
s .

Day S'blastocysts in" such a way that they elicit the

. 3

decidual rejction. These results possibiy‘;xpldin the poor

b :
survival of the Group 3 morulae when transferred directly

into the uterus in the current experiments,
+

In contrast to transfers into the uterus, oviductal

transfers may offer some advéntaqos to the embryo,

darticularly if it is delMayed in developmer®. " With

: : e
asynchronous development of the embryo and the recipilent
> X

[
«uterine environment, - there appears to be a wider margyn of’

safety for,oviductal-than.fof uterine fransters.:fﬂ&yos & .~

Dickmann (1961) determined that embryos 1 to % dnyg of aqge

‘were capable of survxvx%q ttanster to the Sviduct yhile

onnly 3- .to S5-day-old embryos ru&vxvod.trans!or to-.-the




A

uterus. While the oviduct may offer advantages when the
exact stageée of development of the donor embryos.ls

<
uncertaln ‘(as it was with the Group 3 embryos), the uterus

-

obviously has its own benefits when recelvrag embryos of
‘more,appropriete stages: slightly larger percentages of
embryos survived transfer to the uterus than to the
oviduct. This is in agreement with the work done by Noyes
& Dickmann (1961).

It is tempting to extrapolate the results of these

experiments to the human programs for in vitro

fertilization. In naturaifcycles, the blastocyst normally
enterslthe uterus 3-4 days afte?® ovulation (Jones, 1984).
In these programs, however, 4-cell embryos are commonly

transferred into the uterus 2 days after fo&}icular

aspiration. 1In addition, endometrial ﬁaturatiop may be
more advanced as a consequence of the endocrine
manipulations used for follicular stimulation (Martel et

al,, 1987). Therefore, an embryo is being transferred into

¢
a uterine environment which may be 1-3 days advanced in

] .
relation to the development of the embryo; this difference

may be sufficient to prevent implantation. Testart (1987)

.

has shown a high pregnancy rate-when transfers were

-—

performed wuth frozen-thawed embryos ‘coming from 1n vitro

fertilization cycles in whlch pregnadncy did not occur after

transfer of fresh embryos. He suggested that the

consequence of an unfavorable uterine environment resulting

from the ovarian stimulation procedures and thet an

13



increase in the success rxate of in vitro fertiiization can
be predicted if embryos are frozen and stored to be
transferred at a later cycle into a more normal uterine
environment not influenced by exogenous hormonal
stimulation. In contrast, there is some evidence to
suggest that the advanced endometrium may be more conducive
to implantation, regardless of the state of development of
the embryo (Jones, 19&&). Clearly more information about
the mechanism of implantation in humans is necessary. before
comparisons can be made. S ]

In conclusion, some embryos derived from in vitro
fertilized 6ocytes have a slower rate of development that
appears to be detrimental -at the time of implantation. It
given additional time for preimplantation development, many
of these embryos are capable of implantation and normal
fetal growth. The developmental potential of transferrecd
in vitro fertjlizgd~rat ooc{tes therefore appecars to be
limited, at lgast partly, by the asynchrony between tho

embryo and the uterine environment, rather than by a defect

in the oecyte caused by the fertilization procedure.

138



€HAPTER 8 _ -

OOCYTE MATURATION IN VITRO

8.1 Introduction .

A

It is accepted widely that the endogenous LH surge
triggers the resumption ofkmeiosis in oocytes }g vivo. As
a’ result .the dir_onologicél relationship between these two
events can be esfablisﬁed’accurately by the administration
of exogenous gonadotropin (usually hCG) and observation of
subsequent maturationral events. In this manner it has been -

determined that, following ﬁonadotropin injection, GVBD
occuré'hfter Z'h'in ghe mouse dwards & Gates, 1959) and
rabbit (Moricard & Henry, 1967), 2-3 h iR the rat
(Vgrmeiden & Zeilmaker, 1974) and hamster (Iwamatsu &
Yanagimachi, 1975), 18 h in the pig (Hunter & Polée, 1966)
and an estimated 25 h in the human (Edwards, 1965b). If
large preovulatory follicles from adult cycling rats are
explanted before the preovulatory LH'su;ge, the resumption
of meiosis must be triggered by hormonal stimulation (see
Section 2.1.2 D). §v411culture perio@ is needed for GVBD
to occur in.follicle—enclésed oocytes exﬁbséd to LH
(Lindper et al., 1974). In most studies, hééever, a large
number of synchronously growing follicles apd oocytes are

obtaibed from immature animals treated with PMSG (Cole &

‘ L
In vivo the majority of mammalian oocytes

S——

Hart, 1930).

degenerate through follicular atresia and never reach. the

136




stage of normal paturation or ovulation (Peters et al.,
1975; Peluso-QEJZE.,-l977). Thus, a major benefit of
éollecting follicles or oocytes from PMSG-treated immature
animals 'is that this pfocedure ensures the selection of
‘non-atrefic follicles for culture.

Administration of PMSG to immature animals induces the
aevelopment of a number of follicles, but the cocytes are
maintaihéd in the dictyate stage of meiosis. Since the
ocoocytes are usually meiotically competent at the time of
PMSG injectidn, it is clear that the LH content of the PMSG

. v _
p;;Laration is not sufficient to initiate the resumption ot
meiosig. . =,

This system 1s ideal, then, for ensuring that the
oocyte maintains a physiological relationship with the

other components of tbe’follicbe until just prior to the

preovUdlatory LH surge. . At this time the oocyte can be

5
. H

removed from the follicle and maintained in meiotic arrest

for a furkther period of time in vitro {see Section 2.1.2 ()
to .facilitate our understanding of the inhibition imposed
by the follicular énvironment. Alterﬁatively, the 1solated
oncytes can be allowed to undcrqo spontaneous mdturation
under_varlous Fondltlons, in attempts ~;s>undorn tand the

-

requirements of the oocyte in achievinq.tnrtxlnzabxl:ty and

137

.

develnpmental competence. - . ' o

The purpose of this study was to lsolate:ooc}tos {ré&m-

< -

PMSG-treated rats and to identify the essential features of

a culture system for maturation 1n vitro. Jn doing sa the

Al ¢ \
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AN

o-timal conditions for in vitro maturation were\abterminqu
such that maximum fertilizability of the oocytes-and normal

fetal development could be achieved.
8.2 Methods and Results .~

8.2.1 ’ poklicle vs Oqcyte é;ltures

The speLific aim of this study was to compare the
fertilizability of oocytes foll?wing maturation within the
follicle or as isolated ocoocyte-cumulus cell complexes, in
the presence or absence of LH. Immature rats were injected
s:ub_c:utaneously with 6 IU PMSG at 0800 on Day -2. They were

~*t =

given an intraperitoneal injection of 15 IU hCG 24 h later
and were divided into 2 groups. At 4 h after the
administration of hCG, all crats were killed. %From one
ovary of each rat, oocybtes were collected as described in
éection 4.2.2. The CI oocytes aere washed and transferred
EP wells éontaining 0.5 ml MEM_supplemented with 0.5% BSA.
For haxlf the oocytes, the medium also contained 100 ng/ml
LH (USDA-bLH-B5). From the other ovary of each rat, the

largest 4 to 7 follicles were dissected out using 25-gauge

needles. The follicles were placed on metal grids in the

[ 4

wells of 24-well plates (Falcon: Becton Dickinson and

Company, Rutherford, New Jersey). MEM +.BSA + LH was added
until the’follicles were 3just submérged beneath the
surface. The oocytes and folflicles were cultured gor'e h
at which time the oocytes were retrieved from the
fgllicles. All the oocytes were washed in DPBS-S and

transferred to droplets of fertilization medium for

-

v

13
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insemination. The oocytes\vére assessed 13-16 h later -for
fertilizationb; . ' -

This experiment was performed iﬁmg replicates.

-

Although the effects of the treatments were the same in all
replicates, the proportion bf cdvulated oocytes that were

fertilized differed by 15% among the -replicates and

4

therefore the data could not be poéied. Table 16
summarizes the results™f one of the replicates. Oocytes
matured wifhin their follicfes were fertilized in
proportions significantly greater than isolated oocyﬁes
(P<0.05). The addition of LH to the,culture medium had no
effect on the fertilizability of isolated ococytes or of

oocytes matured within their follicles.
. AN
8.2.2 Length of Culture. Period

Since oocytes can’ mature spontaneously when placed in

-

a cultur% system, it was of interest to note the effect ot

.
3

certain protein supplements in the maturation medium on the

-

maturation and fertilization of in vitro matured oocytes.
Immature oocytes were éollected as.described in Sectién -
4.2.2 and half were transferred to the maturation medium.
The remaining éocytes were stripped of theéir cumulus cells
using a fine-bore, heat-polishea pipette. The ococytes were
tﬁen washed and transferred to the culture medium. ‘The C1
anl CF oocytes weré cultured for up to 24 h in MEM + 0.%1%
BSA or'MEM + 10% heat—iﬁactjvaged, charcoal=-treated rat

~

serum. Samples'of aocytes were collected at 1-2 h




different (P<0.05).

TABLE 16 Effect of LH on the fertilization ¢of oocytes
matured either intrafollicularly or as isolated
ocoocyte-cumulus cell complexes Pl

Group LH No. Oocytes % Fertilized

C

. Folliicles + : 66 i 45.4°2

- 60 43.{3 .
‘Oocytes + 58 ¥ 13.8"2

- "62 9.7bP
Ovulated 58 93.1¢

~ -

a,b,c

Values with different superscripts are significantly

!
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intervals and examined for GVBD and PB formation. The
experiment was organized‘such that all CI'oocytes,&eEé
stripped and assessed within a 2.5 h period and a common _
sperm preparati;n was used to inseminate all the oocytesr
The oocytes were assessed for fertilization 14-16 h later.

The percentages of ooc&tes having undergone GVBD and
PB formation at various times during a 24 h culture period
are illustrated in Figures 3 (MEM + BSA) and 4 (MEM) +
serum). In both BSA- and sefum—supplemented media, CI1
oocytes required a longer period of time to undergo GVBD,
i.e. an additional 2-4 h compared to CF oocytes.> Ik

contrast the production of the first PB began slightly

earlier in CI oocytes, apprcocximately 1 h earlier for

-

ococytes in MEM + BSA, 1.5 h for oocytes in MEM + serum. In

adaition thg.PB preduced by CI oocytes were fofmod_ipd, »
disintegraged quite rapidly relative to. PB formed'by CF
cocytes. Comparing CI oocytes matured in BSA- and sorum-
supplemented media, oocytes matured in the presence of -
serum showed more rapid GVBD + PB torﬁ;tion (by 2 h) than
oocytes rmatured ip MEM + BéA. .
Tpe fertilization rate of the ClI ococytes matured in
MEM + BSA or serum for various lengths of time is n%nwn in
Figure 5. Oocytes matured in the presence of serum showed
an increase in fertilizability as GVBD occurred. The
proportion of fertilized oocytes that cleaved to 2-celf

embryos was 80%., A second increase occurred immediately

following the production of the first PB. The maximum

4 percept fertilization (96.8%, n-126) occurred with oocyte:n

/ N g




FIGURE 3

Nuclear maturation of o?sytes'maturedrCI'(.) or CF
(@) in MEM + 0.5%-BSA.;«§he solid line indicates
GVBR: the dashed line shows preseﬁcé of PB. A
minimum of 150 ococytes/group was assessed at each

-

time.

FIGURE 4

Y

——

Nuclear maturation of oocytés matured CI (6);or CF
(@) in MEM + 10% serum. The solid line indicates.
GVED; the dashed line shows presence of PB. A

minimum of 150 oocytes/group was assessed at each

) . N\
time. £ ~
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natureg for 12 h and is comparable to that of ovu%ated
(control) oocytes (92.3%, n=104). Most (91.1-100.08%) of
the ococytes that weré fegtilized following maturation from
6-16 h cleavea to 2-cell embryos in p;cportions~comparab1e

to that of Jdvulated ococytes (97.9%, n=96). Following a

148

slight decline, the frequency of fertilization then

"plateaued at ~75% for oocytes cultured Eetveen 16-24 h.

The .cleavage rate of these oocytes ar?pped to 62.1% (n=87)
for oocytés cultured for 24 h before insemination. In
cb;trést to éocytes matured in,ﬁEM + serum, those matured
in MEM + BSA exhibited a‘rgp!a increase in fertilizability
when matured for 0-6 h; however, the propotrtion of oocytes
fertilized fell quickly to 0 for oocytes matured longer
than 10 h. The rate of cleauage‘of.these oocytes reached

57.1% (n=28) for oocytes matured for 6 h.

8.2.3 Serum Concentration and Source

-~ [ 4

[y

The result of the second experiment indicifed that the
. . i

pPresence of serum in the maturation medium particularly

enhanced the fertilizability of the Gocytes. To determine

‘the optimal concentration of serum, immature ococytes, CI

. : v .
and CF, were matured in MEM or MEM + 5, 10, 15 or 20% rat

. serum for 10-12 h. After their stage of maturation was

determined, the oocytes were fertilized in vitro and

-—

assessed for fertilization and cleavage to 2-cells. «

-~

/

'The sera of*' other species were tested .for their °

-ability to maintain the fertilizability of oocytes auxiqg



~

-

v . -

>

their maturation in vitro. Immature CI oocftes were
m&tured for 10 h in MEM + 10% untreated goat, pig or fetal
calf serum,. heat-inactivated human §eru§ or heat-
inactivated, charcoal-treated rat serum. As before the
oocytes were examined for GVBD and PB formation gad Qere
then fertilized in vitro. '

The proportion of oocytes fertilized following
maturation in MEM '+ various concentrations of rat serum is
shown in Figure 6. Oocytes matured CI were fertilized in

significantly higher proportions than .their CF counterparts

(P<0.01). The proportions undergéing fertilization

‘increased with increasing serum concentration and reached

. : ]
its maximu¥ at a minimum concentration ‘of 15%: The

proportion of oocy;gs/gérfiliééd following maturation ih

L . .
MEM + 15% serum was not significantly different from the

) .
propprtion of ovulated ococytes fertilized. .- The cleavage
rate of the CI ococytes of all groups was, >92%. .

Table 17 summarizes the maturation, fertilization and

cleavage of oocytes matured CI in MEM + serum from various.

~ ) . L. . - ~
sources. GVBD occurred .in oocytes 1in all sera; however,

»the.percentage GVBD was significantly less in oocytes

matured in MEM + porcine or fetal calf serum (P<0.05) than

in ocoocytes matured in rat serum. Of the oocytes in all
groups having undergone'GVBD, >88% aiso extruded the first
PB. Goat, pigjaid'fggal calf serum enhanced the
fertilizability of tDe ococytes to a degree similar to that

of rat serum. Although some oocytes that matured in. MEM +
W



FIGORE 6

-~ ~

Fertilization of oocytes matured CI or CF in MEM +
various concentrations of rat serunmn. At each
concentration of serum, oocytes matured CI were

fertilized in significantly higher proportions than

oocytes matured CF (P<0.01)." The number of oocytes

(e L 4
matured in each group ranged from 64 to 224.

OVUL = ovulated
® = % of fertilized oocytes u;aérgoing cleavage to

" 2-cell embryos
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human serum vould be fertilized, the proportion was

significantly less than that of the other 4 groups

(P<0.05). )
a

o

8.2.4 Normality.infi;til'zation and Cleavage

An experiment with methodology gsdmilar to that
described in Section 8.2.2 was performed. Immature oocytes
were cultured CI or CF for 8=10 h in MEM, MEM +'0.5% BSA or
MEM + 10% serum. Again, the CI ococytes were stripped of
their cumulus cells at the end of the period of maturation
and all oocytes were exposed to epididymal sperm for in
vitro fertilization. At 14—1é-h after insemination, the
oocytes were ass.;essed for spérm p'enetratio-ry and the
presence of pronuclei. Cleavage rate of the fertilized
oocytes was assessed after an additional 24 h.

Figure 7 indidates the proportion ;of cocytes
fertilized following maturation CI or CF for 8-10 h in

various media. Careful analysis‘of the in vitro matured

V]

oocytes revealed that a propoftion of the oocytes cultured
CF and/or in the absence of serum showed evidence of
abnormal fertilization. ﬁhile normally fertilized oocytes
‘show 2_pronuc1ei‘and 1 sperm tail within the vitellus, the
majority of these abnormally fertilized cocytes showed 1
sperm taiil énd no pronuc%ei in the vitellus, or 1 sperm
tail and only 1 pronucleus in the cytoplasm. This latter -
situgtion was particularly prominent in the MEM + serum, CF

group. A small percentage of the fertilized oocytes (<10%)

) .- o



FIGURE 7

Normal and. abnormal fertilization of oocytes
matured CI or CF in MEM, MEM + 0.5%°.BSA or MEM +
10% serum. The number of oocytes ‘matured in each
grohp ranged.from 67 to 148. Within each medium
grbup, the fertilization rate of oocytes-matured CI
is significantly higher than that of CF oocytes
(P<0.01). The addition of serum significantly
increased the proportiog of oocytes undergoing

fertilization compared with those ‘in serum-free

medium.

P _
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7
were recorded as abngrmally fertilized due to polyspermy.
.\ ’
Within each medium grouﬁ, the fertilization rate of
the oocytes matured CI was significantly higher than that

of the CF oocytes (P<0.01). The fertilization rate of the

—

CI oocytes _was also significantly different among the 3

. types pf media and the ovulated oocytes (P<0:05). The
presence of serum in the medium enhanced the
fertilizability of the in vitro matured ococytes to a 2- to

3-fold increase in fertilization rate over the other 2

’

groups.
Of the fertilized oocytes in the MEM and MEM + BSA
groups, 75-80% cleaved to 2-¢ells. This was not

? significantly different from the cleavage rate of oocytes

matured CF in MEM + serum (65.6%); however, these cleavage
' ,,// ’ rates were all signifigantly less than the rate observed

for CI oocytes matured;in media supplemented with serum
- ' .

-
. (92.9%) and that of ovulated oocytes (100.0%; P<0.05).

]
.

8.2.5 Deéelopmental Capabilities

Having demonstrated that immature oocytes can be
matured and fertilized in vitro, it was necessary to show

>

that these oocytes were capable of ‘complete e?bryonic and

N

after PMSG and matured CI in MEM + 10% serum for 10-12 h.

. )
fetal developzﬁnt. Immature oocytes were collected 36 h
The oocytes were fertilized in vitro with Gvulated oocytes
- being used as controls. Oocytes assessed as being normally

.

fertilized 14-16 h\ipter were transferred immediately .into

v



Day 1 pregnani recipient rats. Repipient rats were mature
Long=-Evans rats ﬁregared as described in Section 5.2.3.
Briefly the cycles of the recipients were synchronized &ith
an LHRH agonist. At 3-5 days before the day of trghsfer,
the ovarian bursa was peeled back from around the left
ovary of each recipient such that the ovary was completely

<

exposed. In vitro matured and ovulated oocytes with 2

*

pronuclei and 1 sperm tail were considered normally

fertilized and were transferred ipto the left, non-pregnant

(transfer) oviduct of the recipients. The recipients were

-

killeQ’Day 20 of gestation and the number of fetuses and
the total fetal and placental weights were recorded for the
control and transfer horns. The number‘;nd size of the
;esorption sites in each horn were also noted.’
Pronuclear =zygotes résdlting from in vitro
fertia}zation of in z;&gé matufed or ovulated oocytes
showed ;tat;stically similar proporti;;; of zygotes
developing to fetuses following transfer (57.8%, n=45 and

55.0%, n=40, respectively). Within each group, the mean

fetal weight andoblacental weight in the transfer horn were™\

not-significantly different from those in the control norn

(Table 18).

8.3 Discussion

The meiotcic maturation of rat oocytes under various
conditibns and their subsequent ability to be fertilized

have been studied in these experiments. In the first

L) . *
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experiment it was denonstré;a? that oocytes matured within
their follicles had greater fertitizability tt": isdated

oocytes.  The later experiments revealed that tpe poor

LY

. fertilization of isolated oocytes was primarily -due to

w

subopt!hal cuiture media. LH had no apparent effect on the
fert1?’§ab111ty of isolated oocytes or of oocytes matsFed
within their follicles whlch suggests that continued

.".
exposure to LH was not necessary for maturation to occur.

"This observation indicates that the LH surge acted only as

r 4

a trigger for the initiation of odgyte maturation. The

effect of LH on the fertilizability and developmental
- . N .
capacity of in vitro matured rat oocyktes has be@en studied

previoﬁsly (Shalgi et al., 1979). Although that study

reported that the additiofi 'of LH increased the

fertilizability of"isolated oocytes 3-f§6d the oocytes had |

'been collected prior to the gonadotropin surge and matured

w1th or w1thout LH. The advantage of the experiment
. . -

described hére is that all oocytes had been exposed-to a

k4

gonadotropin surge by administration of.an Qvulagory dose
of hCG. In this way the role of the LH surgefco‘id be

differentiated from'a‘possible role £for EH duging the
13 .

. ~

,maturat:.on process. © ' - .

There is much evidence to suggest that elevated CAMP

”

ievels,ln the oocyte are responsible for malntalq;ng the

L

oocyte in meiotic arrest (Che et al., 1974; Schultz &

. N
Wasserman, 1977; Dekel & Beers, 1978). In the present .

éxperiments, meiotic maturation, as seén by GVBD, occurs

within 2 h for isolated CF oocytes and is completedgby 4-6

-

L4 rd

,"‘”‘ - - -
3 .

v
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h for CI oocytes. If high cAMP leveéls maintain meiotic

arrést, then it appears that the cumulus cells may
____\ ’ :
contribute to ,the leyels of cAMP in the oocyte, thus

delaying GVBD for 2-4 h. This is in agreement with results

described hy Dekel & Beers (1980) who showed that both LH

and denudation accelerate the rate of GVBD compared to

.

cumulus-oocyte complexes alone. Orice maturatjon has been

in%pfated; however, the presence of cumulus cells

accelerates’ the process, particularly in serum-supplemented
media; At 8 h of culture, polar body extrusion had

occurred 1n >80% ‘of the CI oocytes, whereas this phase of

-

maturatlon was slower to begln and more prolonged for CF
[ ]

. oocytes. . Thus the presence of cumulus cells and serum

appear to enhance completion af maturation, includin;\?olar
- b . ) [}

bodf extrusion, through some unkpown mechanism.

Phe beneficial effect of cumulus cells on maturation

has been reported for the human (Kennedy‘& Donahue, 1969),
the rabbit and the €ow (RoBertson & Baker, 1969) and the
mouse‘(érpss & Brinster, 1970). 1In these studies, serum

dié gpt appear-to contribate any additional maturation-

enhancing factors to those prouided by'the cumulus cells.

'In:coptrast the present study indicated that serum and

cumulus ceils have beneficial effects oﬁ maturetion that

are seﬁarate and possibly additive. Althoug? the nature of

4 L)

the benefxcial effect of cumulus cells has“&et to be’

deternined they may provide an energy source fpr oocyte

- maturation or may produce factors or hdrmone§ capable of

-“ : . ) I */ &

. -

v



reéulating maturation. Serum may maintain or enhance
’coupling of the qpmulhg cells to tﬁe oQcytes and thus
improve the'transport of nutrients, hormones or factors
involved in controlling the rate of ma;uration. To support
this suggestion, a recent studf has shown that serum
iﬁproved cumulus cell viability and completion of the first

-

meiotic division in bovine and hamster oocyte~cumulus
éompleiés cﬁmpared with BéA (Leibfried-Rutledge et al.,
1986). - , ~

‘ In addition to if&s influence .on maturation, .serum alsao
appears .to improve the fertilizability of the oocytes
-compared with tﬁose matured with BSA. Although Niwa &
Chiag (L975a) aﬂd ‘Fleming et al. (19865 reported
fertilizdtion of rat gocytes following matuégtion in BSA-

- . . . \ . .
supplemented media, only 18-32% of the oocytes were

penetrated by spermatozoa, few cleaved to normal 2-cell -

. . .
~embryos and <3% developed to viable fetuses following

transfer. Schroeder & Eppig (1984), Leib¥fried-Rutledge et

~

al. (1986) and Choi g%Agl: (1987) have shown the importance
L] .
of serum in the maéhratjon media in maintaining the

fertilizability and developmental competence of mouse, cow
. . - Y '
and hamster oocytes. '.\‘

Rat serum was initially used in these experiments to

-

”

bresent in vitro conditions to the‘ooéy thdt resembled
¢ ~
T ey

their in vivo environment ‘as clésely B .possible. The

caution, however, was.unnelessary as sera from goat, pig

and fetal calf were‘all capab é'of oting maturation,

N\ . .
[ . .‘\ T . - »
. ' . ‘ ) . -
-, .. e . - . [ »

fertilYzation and cleavage in vitro ipiﬁfgportions similar

R T N TEEERAT
- .
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" is still unclear. The role of the cumulus cells in this o .

”n

to rat serunm. B ;

In the bresgntqstudy, oocytes matured without cumulus
cells and/or without serum frequently quwed deficiencies
in pronuclear formation that led to ﬁoor cleavage rates.

Similar deficiencies have been reported in the rabbit

(Thibault, 1977)_,‘ha'n;stez"s (Leibfrieqd &‘Bavister, 1983) and
. ) - _ .

cows (Leibfried-Rutledge et al., 1987). These authors

suggested that the developmental problems of the oocytes

—

were. due to deficient cytoplasmic maturation. From our
experiments, it became clear that, although serum was able

to enhance the penetrability of 'CF. oocytes, the presence of
j L ~

cumulus cells (ev‘n in the absence~of'serum) promoted

normal fertilization with proper pronuclear formation.

Cumulus cells then not only coﬁtrolled the tate of nuclear

A 4
maturation, but their presence also ensured normal
- ' v -
cytoplasmic maturatjon as well. .

-

Much evidence has been brought forth suggesting that
: v

meiosis is inhibited in vivo by a follicular facior (Chang,

1955; Tsafriri & Channing, 197.8b) with CAMP playing a major
. . ’ ‘
rolg in this -inhibition (Schultz’et al., 1983b; Downs &

Eppig; 1984; Eppig & Powns, 1984). 1In addition purihes

-

have been found to be.effective inhibitors of meiotic

maturation (Dowhs et al., 1985; Eppig et g;i, 1985).' The

d

regulation %f these factors and the meéhanism(s) by which,

they are removed or modified to allow maturation to occur

process.is-equaliy unclear. It QFS been postulateh.that,

"
»
. »

<

e
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the inhigitory factor is transported fror the cumulus cells

-

to the oocyte via the gap junctions that join them. The

‘surge- of gonadotropins then must either modify _the

inhibitory activity or cause the'production‘of'a
maturation-promoting factor (MPF) that, when delivered to'
the oocyte, can act to over-ride. the inhibjtion. The

inclusion of a MPF in this mechanism would make . it

comparable to mechanisms whlch are already eluc1dated in
lower vertebrates. In the itarflsh foIl:Lcle cells‘produce

a factor (1- methyladenlne) that acts on the plasma membrane

. of the oocyte (Kanatanr & leamoto 1970: Doree & Guerrier

. -
¢ pa e

1975) to induce the appearance of A cytoplasmlc MPF whlah

FY >

is the direct -trigger’ for GNBD (Klshlmoto & Kanatanr"-

Iy -

.1976). In amphibians progesterone is the stlmulus faor MPF

production (Masu1 & Markert‘ 1971)' A srmllar mechanlsm‘.

can be hypothe51zed for mammalian oocytes. In response to

- - . \ Y
the gonadotropln surge, cumulus cells produce a fagtor,

L4 ! ’, . -0

possibly progesteron2, that acts on the_oolemmé‘an@/or
ooplasm to induce the product}bn of a cytoplasmic MPF L.
This MPF could be a trigger for GVBD and may also play a

role 'in fac111tat1ng cytoplasmlc maturation. Ehus, as in - .

the present‘experiments, oocytes matured in the absence of

cumulus would undergo meiotic maturation, due tp the

Fzd

»
- * »

. . . -~
rémoval of the'inhibitory factor, but cytoplasmic ,) -

'maturation wo.uld not. bccu'r due to the absence of the MPF.

4

- These EXperfments have demonstrated that immature, '
M . ‘s " . X
Ch e cumulus cel- enclosed oooytes can be matured in vitro in
. . [

et serqm-supplemented media,.can be-fertilized‘and can develop

- . » L4
-



to viable fetuses in proportions similar to oocytes matured
\ 'ig vivo. The fertilizability of the ocoocytes is dependent
on the presence of both serum and cumulus cells. It

appears that these two factors may play separate roles in

co;petence, The beneficial effect of serum appears to lie

in its ability to maintain pehetrability ®f the oocytes. .

. Cumulus cellé also help fo'maintain the penetrability of

. the oocytes,'and appear to have an additional role in
ensuring normal cytoplasmic maéuratiop, as indicated by the

reduced freqﬁency of abnormal fertilization of oocytes

' matured in the presence of their cumulus cells. The
| éxpérimental model developed in the present studies shoul&‘

» ‘prove useful in_elucidafion of the mechanisms by which

cumulus gelis exerly their beneficial effect on cytoplasmic

maturation of oocytes. : . -

enabling the cocytes to acquire their developmental

182
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CHAPTER 9

. . HARDENING OF THE ZONA PELLUCIDA .. ___

9.1 Introduction .

. When establishiné the optimal conditions to achieve
mé#imal fertilization rates for in vitro fertilization-
systeﬁs, the ratio of sperm to oocyte is usually increased
to several thousand to one. Fertilization is clearly far
less efficient in vitro than in the oviduct where only a
small numker of éperm is needed. Possiblg reasdns for the

Al ’

necessity of the supernumerary sperm include decreased

proportions of sperm undergoing capacitation or the
acroscme reaction in vitro and/or reduced sperm motility or
vidbility under the culture conditions. In addition to

alterations in the fe;tiliziﬁq capability of the sperm,

the oocyte.

As a conseguence of-fe;'ti~lizat’1'on in gi\_/%; the zoha
pellucida shows an increased'res%§taace to further sperm
penetration, a modi%ica;ioﬂhthat is attributed to the
secr:etbry pRoducts gf the corti_cal gmanules- of thg, obcytes
and is §ﬁought to érevent‘pquspermy. It has been
demonstrated, however, that the zona pellucida of ﬁouse

oocrtes cultured in vitro in serum-free medium also become'
¢ ¢ .

proggessively more fesistaht-to solnhilizétion.by

chymotrypsin, indepqndent of Eorpical-granule release

.(DeFelici & S{raeusa, 1982). This "ﬂardening" of the zona
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<+ pellucida in'&hi;nre.has been correlated with a decrgase in
the frequency of fertilization (Gianforfohi‘& Gulyas, 1985;
Downs et al., 1986). Other sépdies have indicated that
spontanedus zona hardéning is reduced in :ﬁeﬁp;esence of
cumulus cells (DeFelici & Siracusa, 1982; Gianfortoni § '
Gulyas, 1985) or seérum (Downs et al., 1986),or -
glycosaminoglyc;ns‘(GAGs? DeFelici'gE.gi.,-iQSS). GAGs afe
synthesized actively by granulé;a and cumulus cells in
vitro (Gebauer et al., 1978; Ax & Ryan, 19'79;' Ya;nagishita u
Haskell, 1979; Bellin et al., 1983) ;ﬁd are found in high
concentratiggs in follicular fruid‘(Yangéishita et al, -~
’ i979; Grimek & Ax, 198e). It is therefbre probable thét
GAGS play a role in maintaining %he zona pellqcida of the

oocytes during their maturation dn vivo in a state capable

\
'
I

of penetration.
The development: of significan {;na hardening during
4 h of culture (DeFelici el al., 1985) makes this

phenomeﬁon a major factor for considerdtion in developing

- -

- * [

procedures for ‘'in vitro fertilization. | Furthermore,
v investigators must differentiate between a loss of

fertilizability due to the unsuccessful maturation of the

ococyte and that due to the increﬁsed'resistanqe of the-zona

pellucida t6 sperm penetration. For this reason,.almosf

all studies maturing oocytes in vitro use: media
1 ]

dhppibmented with serum. . ) ) .

The zona pellucidea may act as a poteytial barfieé to

L4 B

sperm penetration that can be somewhat overcome by an

appropflatg cnltdre medium or an increase in the éperm

.
¢
. . ¢ . - *

. » . ]




: efficiency of fertilization. $ . k

o ‘ 168

. . LY .
concentration; however, oligospermia 1s a common cause of

male infertility and in vitro fertilization is still an '
impegfect technique whe¥e the male gamete is concerned.
Any a&vance that could improve penetrability of ococytes
without requiring increased sperm congentrations would
increase the success of in vitro fertilizatjon in all
species.

Previous work with the mouse suggests that removal of
the zona pellucida can allow marked reducticn'of the
sperm:oocyte ratio for fertilization (Fukuda & Chang, 1978;
Thadani, 1982). However, the zona pellucida is believed to

—

contribute to the block tb polyspermy (Bradén et al., 1954;

- 8

Barros & Yanagimachi, 1972) and may play as yet undefined .

in ‘-normal tubal transport or protection of-the erbryo
{ -

Yor to implantation. An alternative to zona removal has

een provided recently by Gordon & Talansky (1986) who

devi ethod to weaken the zona pellucida such that

'fertilization was athieved with a lower sperm:oocyte g%tio,

without compromiSing the b101091C?1 function of the zona or

-

the Viability of the oocyte. House oocytes were placed in .
a micromanipg}ation device and, acid Tyrode’s solution was
expelled ffoﬁ*a micropipette, creating a small hole in the

zona. These oocytes were not inferior in terms of

. fertilizability,~ susceptibility to p9«yspermy or -

‘e .

developmental potential indicating that thLS technique may

be useful in both humans and animals to enhance the



Numerous investigato}s.have noted that isb>lated
oocytes undergoing spontaneous maturation were incapable of
transforming sperm nuclei into pronuclei in the cytoplasm
of the oocyte (Thibault, 1977; Niwa & Chang, @976;
Leibfried & Bavister, 1983; Leibfrieq-Rutledge et gl.f

1987). In experiments presented earlier, this phenomenon

wds Cclosely related to the absence of cumulus cells during

- maturation. Therefore, 1t was suggested that the cumulus

cells may play a role in ‘facilitating cytoplasmjc
‘maturgtion as.QeII as heYping to maintain the penetrability
of oocytes. .

The purpose of this study was to investigate the role
of cuiulué cells® in cytoplasmic maturation by alleviating

the penetrability ;roblems that result following in vitro

maturation of cumulus-free oocytes.

9.2 Methods énd Results

. . .t .

The first two experiments of' this study attempted té
reduce the incidence‘gf spontaneous zona hardening by
supplementing the maturation media with agents known to
have this ability, namely serum, fecllicular fluid and
GAGSs. In tbe_third experiment, the technique of zona
drilling.&as*used to by-pass the zona Qarriér\to

v

penetration. ~

9.2.1 Fallicular Fluid

-

To investigate the iméorténce of follicular: fluid

'] -

-’ . . N
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components in the maturation process, immature CI oocytes
were matured for 11-12 h in MEM, MEM + 10§ or 20% serum,
and MEM + 25% or 50% rat follicular flﬁid (rFR). For the
collection of rFF, immatu;e rats were treated at 0800 on
D;ay -2 with 15 IU PMSG to induce the development of a large
number of follicles. At 0606 on Day O, the rats were
injected with }5 IU hCG. The ovaries og the rats were
collected in DPBS 7-9 h later. The largest folliclés were
punctured with a 25-gaugg needle and the rFF was
immediately collected using capillary tubes. The capillary

(

tubes Qere centrifuged for 3 minutes to c}ear the rFF of
granglos; cells. The rFF was refrigerated until its use En
the matgration media 8 h later. Following the period of in
vitro maturation of the ooc§tes,'they were stripped of
their cumulus cells, rinsed in DPBS and‘tranéferred to the
fertilization.medium for insemination.

Of 51 imhature coocytes cultured for -12 h in MEM,
86% underwent GVBD. When rFF or serum was added to the
cult:_ure media, >97% sl';owed GVBD. The perc;ntage‘\:f these

oocytes that were fextilized has been summarized in Table

""19. The results indicated that both serum and rFF contain

a factor(s) that enhanced the"fertilizab’lity of the -

oocytes, with rFF being slightly better than serun.
Oocytes that had matured in serum or 25% rPFF and had been
fertilized showed cleavage rates "that were not

signiticantly different. Oocytes matured in 50% rFF and

. fertilized, however, cleaved in proportioné significantly

less (940.05),
) \ - .
1] ‘ ) ‘ .



TABLE 19 Fertilization and cleavage of oocytes ' matured
in media containing serum or follicular fluid

Culture § Fertilized (n) % (of Fert.)
media 2-cell
' ' -

. * Y

MEM 2.3 (44)° . 0 (1
* b z b

MEM + 10% serum 55.4 (74) 82.9 (41)
MEM + 20% serum 69.8 (63)PC © 81.8 (44)P°
MEM + 25% rFF 87.3 (71)9 71.0 (62)°
MEM + 50% rFF ' 76.5 (34)°9 42.3 (26)€

a,b,¢,d yithin each column, values with different

superscripts are significantly different (P<0.05).
: N
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9.2.2 Glycosaminoglycans

» 4 ) ’

Since GAGs occur in faifly high concentrations in
follicula; fluid and since they have been implicated iﬁ\\\//
maintaining the penetrability of the -zona pellucida,
several GAGs were tested for their effects on oocytes
during maturation in the presence or absence of serum.

-~

Igymature oocytes were cultured for 12 h with or without

R :
o S — .
\ Mmulus cells in MEM + 20% serum and 2 mg/ml heparin,

chondroitin sulfate-B or hyaluronic agidn(sigma Chemical
Co.). Once again, the oocytes were then stripped, if
necessary, washed and transferred to the. fertilization
media for in vitro fertilization.

Figure 8 illustrates the percentage of oocytes
fertilized following maturation CI or CEiif MEM £ serum + L
GAGs. The results show that, in all groups, the percen;age
of CI oocytes that were fertilized was significantly higher
tg;Q that of CF oocytés in sbrﬁm:supﬁiemented media

. (P<0.01). The percentage of CI oocytes that underwent

’ L.
fertilization £ollowing maturation in MEM 4 serum was not

- . . ;

_ éi&pffidﬁnkly dfffq&sn; from the percentage fertilized
. following maturation in similar media with any of the GﬁG
-supplements. In GAG-supplemented media, oocyfés matured éF
or‘in serum-free mnmedia or‘both showed fertilization rates

of <10.0%. Oocytes matured €I in MEM + serum #+ GAGs and

¥

fertiiized, had perortions that cleaved to 2-cells (90-
100%) not significantly different'from ovulated controls

(88.9%).

>

Toax : . | -
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9.2.3 "Drilling" ‘of the ZOna'P§11ucida

L 4
.

As follicular fluid was difficult to obtain.in

sufficient quantities to do an extensive study.and since

-

. . ® . . :
GAGs-were found to be ineffective in our culture system, an_

R alternate method” was' sought to iKcrease fhe penetrability

.of in V1tro matured oocytes. We used a method for

"drilling" a small hole in the zodé pellucida usifng an

. . N
~

‘adidic medium, essentially as described by Gerdon &

drilled usigg a Nikon phase contrast m%croscope with Leitz
\ micromanipulator;: Holding pipettes (1 mm, outer diameter;
Clark Electromedical Instruments, England) wero pulled with
a Flaoing Brown Micropipette Puller (Sutter Instrument Co.,

U.S.A.)- and heat-polished on a microforge (Norishige

Sc1ent1f1c Inst. Lab., Tokyo) to a tip diameter of 75 pm.

.zonae. The solution was comprised of 8.0 g NaCl/1l, 0.2 g
KCl/1, 0.24 g CaCl,/1, 0.1 g MdCli/l and 1. g glucose/l.
__The pH of the Solution was adjus€ed to 2.5. ' The final
‘solution was sterilized by'positive pressure filtration
'throuqh a Millex-GV 0.22 um f11ter unit: (Miilipore

Corporation, Bedford MA) and stored at 4° C. Ori the day of

and loaded into the drilling pipette.

To drill the ococytes, groups of 25-75. oocytes were

placed in 500 ul droplets of DPBS + 0 1% BSA under oil. An

Talansky (1986). The zonae pellhcidae of oocytes were

Drllllng plpettes were pulled to a tip diameter of 10 pm.'

Acid Tyrode’s solution gas uged to "drlllﬂ the holes in the

the experiment.the solution was warmed to room temperature-

.
a™




Y
NS

MR
v

‘A. Sperm Concentration

. ) e ] . c

oocyte was picked up with the holding pipette and the zona
was held'agaiqgt the drilling.pipette in a Eangential
pgsition. Acid Tyrode’s solution was sloyly expelled from

. . . . ‘
the drilling pipette until a dimple in the oolemma

appeared, ;hereby'sigﬁafling a rupture in the 2zona

‘pellucida. At this point the ococyte was imhediately

withdrawn. For most oocytes, the hole was not visible with
. - ) . 1
the phase contrast microscBpe. If the hole was too large,

the zona would loosen its enclosutre of the oocyte and/or

occasionally “fall off with handling; these oocytes were not

used in the experiment.

LI . .
This study included four experiments, to determine:
. -

‘A) an appropriate'sperm concentration, B) the effect of

drilling on the fertilizability of CI and CF in vitr

o)

matured oocytes, C) the developmental capability of drilled

ooéytes; and D) the effect of dnilling and progesterone on

" the maturation and fertilization of in vitro matured

e )

LR

oocytes.

Immature oocytes were collected As dgscribed in
Section 4.2.2 and were matured CI for 8-10 h in MEM + 15%
raf s;rum; At the end of the culture period, all the
oocytes were stripped of their cumulus cells and half had a
holes drilled in teeir zonae'pel}pcidae, one hole pér

oocyte. - The oocytes were rinsed with fresh DPBS and

.div;ded into 50 ul droplets of fertilizatidn medium. The

droplefs of medium were randomly divided into 5 groups,

T e - B - o - - . . o o
. - .. . - - N .
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each inseminated with?one of 5 concentrations of
! H

spermatdzoa: 10,000, 25,000, 50,000, 100,000 or 250,000

sperm/ml. Fertilization and incidence of polyspermy’' were

assessed 14-16 h later and cleavage of fertilized oocytes

Ld

was assessed after an addifional 24-Ah.
. . The proportfions of drilled and non-drilled ooc}fes
that were fertilized are summarized in Figure 9. At all

sperm concentrations, the proportions of drilled oocytes
FA N -

that were fertilized was significantly greater than that of
[ - . )

non-drilled ococytes (P<0.01). There was no incidence of

polyspermy in fertilized, non-drilled oocytes exposed to

lower sperm concentrations; howevexr, 17.4% of non-drilled
oocytes in dropléts with the highest sperm concentrati;n
showed incideﬁce.df polyspermy, although in all cases the
polyspermy was limited to 2 sperm taiis in th; vite;lds.
The incidence of polyspermy in drilled oocytes is indicated
in Figure. 10. The percentage of polyspermic oocytes
increased with increasing sperm concentrations, such that
the incidence of polysperm& was sigﬁificantly higheé at
conc?ntrations greater thén 50,000 sperm/ml than at
concenirations less than 50,000_5§er$/m1 (P<0.01). At the
higher Foncentrations, polyspermi? codytes were gnften
. characterized by 2 or more spe;m taiis within the vitellus.
l In all groups the proporiions of fertiiit&d oocytes
cleaying to 2-cell 'embryos was >608%. of allithe non-
arilled, fertilized oodyfes,'sp.ot (n=55) cleaved to 2-

ceLIsc while 78.5% (n=158) of fertilized oocytes in the

- |
. ‘ ‘_/- __.
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drilled group cleaved to 2-cell enbpyos:‘ At each spern
) : ) - , \

y concentration, the proportion of Ye ized oocytes in the
non-drilled group that cleaved was not significantly
dﬁfferent from that ‘in the drilled group (P>0.1).

- * \/ - . .* . - -
\\\ - B. Fertlllzablllty of Oocytes Hatured under, Var:.ousJ

-~ . Conditions ‘bé&fore Drilling .

»

Im&ature ooéytes were matured CI orCF for 8-10 h in
. MEM + 15% rat serum or 0.5% BSA. At the end of the culture

-t periocd, .the CI oocytes were stripped of'gheir cumulus\gells

179

» and half the ococytes of each grdﬁp had a hole drilleé in.

their zonae. Ovulated ococytes were collecfed as ‘described
N _

‘in Section 4.2.1 and were treated similarly. All the

oocytes were washed in DPBS and tfhnsferred to

fertilizaeiop medium. The droplets were 3 Sy ¥ed with
50,000 séerm/mi and the oocytes Kere assessed i4r16‘h later
/ "~ 7 _for evidence of fertilization. , ‘ e
- The results of the three repIicates of this expe;imene

L

have been summarized in Figure 11. As in the previous

experimeﬁt,f drilling sigﬁificantly incredsed the

- - -

proportions of in vitro matured oocytes undergoing
feftilizatinn (P<0.01); however,- drilling‘had no effect on
the fertilizabillty of- ovul:ted oocytes. In aéfeement'with
experiments presented in, Sectlon 8.2:4, both seru; a'nd
camulus cells had beneficial effects on the fertillzablllty
of ig vitro matured oocytes. : “~

Al oocytes matured CF, regardless of the culture

_‘medium,_showed a high inci&enij of abnormai fertilization,

.o~ - LY

L . »e - r & .’ s -
e s
. r
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i.e. only one pronucleus inséead of the normal two in the
cytoplasm of the oocyte. Even when' drjlling overcame the
barrier to penetration, the prbportion of penetrated
oocytes that were fertilized abnormally was not
significantly different from that of non-drilled oocytes
(P>0.1). In contrast to the high incidencé of abnormal
fertilization with CF oocytes, the incidence of abnormal
fertilization in ovulated ooqytes or ococytes matured CI was
<5%. with the exception of CI ococytes matured in MEM + BSA
and then drilled; 14.5% of penetrated oocyteé—ln this group
were abnormally fertilized. ' .

The incidence of polyspermy in oocytes undergoing

- these various treatments is summarized in Table 20. For

most treatments the proportiéns of penetrated oscytes
having at least two sperm tails within the vitellus were’
sigﬁiiicantly greater for drilled oocytes than for non-
drilled oocytes (P<0.01); for oocytes ﬁaturea CF ig MEM +

serum, this increase was not .signficant.

C. Development Capability of Drilled Oocytes

Immature oocytes were collected and matured CI in MEM
+ 15% serum. Following an 8-10 h period of maturation, the

oocytes were stripped of their cumulus cells and half the

oocytes were treated with the zona drilling technique. The -

oocytes were washed and placed in droplets of fgitilization‘
-~
medium. The droplets of non-drilled oocytes were

w2

inseminated with a concentration of 1@0,000 sperm/nl;

-3
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drilled oocytes were exposed to-+50,000 sperm/mi.
Fertilization of the oocytes was assessed 14-16 h later.

frilled and non-drilled zygotes w)lth 2 pronuclei and 1

r

sperm tail were transferred into mated recipients. As in

previous experiments, the recipients were Long-Evans rats

“
RPN

that had been unilaterally bursa—peeied (see Section

5.2.1). The recipient animals:€;&e killed on Day 20 and

$ g
. r
'

- / -
the number of fetuses and resorption sites and the total

~

fetal and rlacental weights fn each uterine horn were

-

recorded. .

The proportidn of transferred zygotes recovered as
fetusés or resorption sites An Day 20 have been summarized
ir{ Table 2‘ The proportion of fetuses recovered folloying
the transfer Qf drilled zyéotes was significaﬁtly less tha
that of non-drilled ;ygétes (P<0.095). In both drilled and
non-drilled groups, the mean- fetal weiéht in the transfer
horn was significantly less th that in the cgn%rol horn
(P<0.01); however, the mean fe::ﬁ\WEiqnéﬁ in the transfer
horns were not significantly differgat between groups
(P>0.1). There was nqQ significant differences .among the
placental weighis within or between groups (P>0.1). The
pr;portion of drilled ococytes recovergd as’resorption sites
folldyinq transfer was not si;;ificantly different from

)

that of non-drilled oocytes.

D. Effect of Progesterone on the Maturation of Oocytes
In previous experiments, the presence of cumulus cells

during~ maturation in vitro was essential to ensure normal

[
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cytoplasmic maturation. As mentioned in the discussion of

”
- -

the previous study,_progesteggne plays a major role in the
, mechanism of maturation in non~mammalian: species. The
'incfeased accumulation and release of prggésféroné by rat
ovarian follicles in response to.LH\(Stoklosowa &.
‘Nalbgndov, 1972; Tsafriri.gg al., 1973; Hillensjo et al.,
1981) suggests that progesterone may play a role in the
m;turation of mamma}ian’bobytes.'The,present experiment
examined:the possibBle involvement of ﬁrogesterone in the
cytoplasmié maturation-of rat oocygeﬁa‘ ;mmature-oqcytes,
were collected ané divided intp 4 groués: 1) nbh-drilLed,
2) drilled Sftef culture, 3) Qrilied before culture, ééé 4)
CI (+ aminoglutethimide phosphate (AGP), a steroidogene;is
inhibitor. The cumulus cells wefé remerH from the oocytes

. 4
of the first 3 groups. CF oocytes in groups 1 and 2 were

’,

immediately subdivided and transferred to-one of 4 culture

. media: a) MEM + 0.5% BSA, b) MEM + BSA + 2 ng..’
. progesterone/ml, c) MEM + 15% serum, or d) MEM + sSerum + 2
3 q y . i .
ng pr;;:;terone/ml. CF oocytes in group 3 had hooles K\

drilled in their zonae as describedléafliep before being .
placed in one of the 4 types of cqltﬁve media listed.
Group 4 ovocytes were matured CI in MEM + 15% sép&q, but.
half the oocytes were matured in media contéininqtlo-s M
AGP as an_additional supplement. Oocytesntéom all groups
were matured for 8-10 h. At tRe end of tﬁe:&élture period,
. ooc&fes in groubs 1l and 3 were washed énd traﬁségfred to
droplets of fertilizati%n:medium. _Group 2 oodyteé had ~

P

- -




holgs‘drilied in their zonae before being transferred éo
:ertilization medium. CI oocytes in group 4 were stripped
of tooir cumulus cells before being placed in fertilization
droplets. The droplets were inseminated with 50,000
sgerm/ml and fertilization was assessed 14+-16 h later. The
proporéion of fertilized oocytes cleaving to 2-cell embr;os
was determined after an aqditional 24 h culture period.

The proportion of ooc;tes penetrated in each group and
the incidence of abnormal fertilization are summarized in

[ . ’

Figure 12 ard Table 22. In most groups of media, CF

oocytes drilled before maturation had a greater incidence

of penet?ation thdn those drilled at the end of the culture
period; however, ﬁhis increase was only significant with
oocytes-matnred in‘HEﬁf+'serum + progosterone (P<0.05). Io
all- cases the proportion of drilled oocytes that underwent
fertiliﬁstion'was significantly greater than that of non-
drilled CF oocytes (P<0.05). The addition of progestorone

to either serum-free or serum-supplemented media did not

significantly'alter the proportion of CF oocytes (drilled

t o, .
_or non-drilled) achieving fertilization >06.1). For most

treatments, the presence of progesterone did not affect the

incidence of abnormal fertilization (P>0.1) (Table 22). 1In
one treatment (oocytes matured CF in MEM + serum and

drilled before the culture period), the addition of

-
.

progesterone to the culture media significantly increased

,

the incidence of abnormal fertilization (P<0.05).

The addition of AGP to the maturatjon media for CI

L, oocytes significantly reduced the fertilizability of these

-
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oocytes (P<6.05); hohe&erf\the incidence,of abnormal

fertilization'in CI ococytes was not significantly altered

. \ by the presence of AGP. during maturation (Table 22). In

s
all oocytes matured CI; the proportion of’ oocytes

~

underéoing abnormal fertilization was <3%.
The proportions of fertilized oocytes undergolng

cleavage to 2-ce1f‘embryos are summarized in Table 22.
. -’ .-

C, ) ] )

,Qocytes drilled before the period of maturation showed less
v _ ¥

¢ ability to cleave to 2-cells after fertilization than’

-

oocytes drilled at the end of the culture period. For all

treatments the addition of proge3terone to the maturation
media did not significantly-affect the ability of"

fertilized oocytes to cleave to 2~-cell embryos.

g

9.3 Discussion

—

v o DeFelici & Siracusa (19&2) reported that“immature,'

S

cumulus- free mouse oocytes cultnred in vitro- un‘ergo

L\vf spontaneous hardening of the 2Zona pelldczda, as indicated

by an/-increased resistance to chymotryp51n diéesticn. In

addition, hardening of tHe zona pellucida im culture has

been correlated with a decrease in the frequency of
fertilization (Gianfortoni & Gglyas, 1985; Downs et al.,

1986). - In our experinents a-detrease in the'frequency.of

) fertilization was also observed with oocytes matured CF.
While this observation suggests “that zona hardening had

occurreds these oocytes wére not exposed to chymotrypsin

v . [}
digestion und, .thus, the.possibility exists that other



-*

'fertilizability whereas GAGs alone did .not.

L'changes in the zona pellucida had occurred; i.e. loss or

damage to spern receptors on the zona pellucida. For
simplicity,°however, the decrease in penetrability of -

oocytes matured CF will be referred to as zona hardening.
o &
In our experiments serum and follicular fluid were

»
f

both able to prevent or liqit zona hardening such that

fertilizability was maintained. Previous studies have
-

(S
indicated that spontaneous-zona hardening is reduced in the
presence of ‘cumulus cells (DeFelici & Siracusa, 1982) or

serum (Downs et al., 1986) or GAGs (DeFelacx et al., 1985).

-

Although GAGs were able to preveéent zona hardening almost

.completely during a g h culture (DeFelici et al., 1985),

their protective effect decreasad to varying degrees during

longer culture peripds. In the preeent study, GAGs were

unable to maintain fertilizability of oocytes,matured.in
: 2]

‘media contaiﬁing the same concentrations of GAGs as

-

reported previously. Since: -@AGs cannot completely prevent

L d

zbna hardering during longer culture periods, it is
possible that additional factors present in follicular

fluid cooperate with GAGs to serve this function; this is

supported by the fact that follicular fluid maintained

Y

As detailed }n preVious chapters, there is some
evidence to suggest that meiosis is inhibited in vivo by a
follicular factor;s maturation-inhibiting actiJity has been

demonstrated in rabbit (Chang, .1955), porcine (Tsafriri &
Channing, 1975b), bovine (Gwatkin & Andersen, 1?96) and
't
\ A




" human folliéular fluid (Chari et al., 1983). For meiotic

maturation to occur in vixo, the inhibitory factor must be

inactivated or its levels must dectease in response to t§5;

LH surge. ‘Channing et al. (1983) and Hillensjo et al.
(1985) have reported that follicular fluid from
:preovulatory human follicles contains sigﬁificantly less
act}v1ty of the putative maturation—inpiblting factor than

-

do follioles that contain immature oocytes. . Indeed,

t .' a >

preovulatory rat follicular fluid in the present experiment
‘supported'meturation and enhanced fertilizagility of in
‘vitro matured oocytes, clearly indicating that le¥vels of
eny matufation-inhibiting factor are 10; enough to be
_geffective This does not eliminate the possibility that
a maturation-promoting factor may be 1nvolved in the

modification or reduction of 1nH1b1t1ng activity.

The technique @f drilling a hole in the zona pelluc1da,

was shown to be an effective method of. increasing the
\ .

penetrability of oocytes. At low sperm cohcentpations_

(i‘es 50,000 sperm/mil) the fertilization rate of non-

drilled oocytesjwas 5-fold less than that of d;ﬁlled

S

'oocytes, and yet the non-drilled .oocytes showed only an

950%*§reater«capability for development to term fetuses.
Thus: drillino was the more advantageous method téﬂproduce

fetuses in cases of'low spefm numbers.

.

The proportion of drilled oocytes that developed to
'fetuses following transfer was sigpificantly less than that

of non-drilled oocytes. Although the reasons for this

-~

difference.are_not known, it can be .speculated that'the

N
- L :

5 .
~ L,



presence of a hole reduced the ability of. the zona
A AN -

' pellucida to protect the oocyte from pbssiBTé adverse

conditions in the oviductal or uterine environment. <
Altﬁougﬁﬁoriginally-designed to be helpful in cases of

oligospermia, the zona drilling technique waé especially

"useful in this study for by-passing the barrier to

-

pehetration that is normally presented by the hardening
zona_ggllucida of in vitro matured CF ococytes. Oocyte3
maturezd CF in serum-free media had 10w fertilizability and

a high incidence of abnofm§l pronuclear formation. The
high incidenc; of abnormal fertilization in CF oocytes
matured in MEM.+f§erum suggested that _the abnormal
fertilization was related to the lackl9ﬁ cuﬁulus cells
rathef thag an in;deéuqte culture megium. To provide
evidénce to support tﬁis sufdgestion, the drilling technique
was used to increase the penetrability of CF'Bocytég
matured in serum-free heéiﬁf“ €n doing so, the incidence of
abnormai‘fertiliz;tion in these oocytes could be directly

related to the absence of cumulus cells during maturation.

. Thus the loyer penetration raté of t?ese oocytes (which was

overcome by drilling) was prgsably due to zona hérdening

- during’ the period of maturation; whereas the high incidence

\
of abfiormal pronuclear formation was caused by the absence

»

of cumulus cells.
In.Chaatgr 8, a hypothesis was proposed for a
mechanism by whickg the gonadotropin surge triggé\rs ‘the

maturation of oocytes. Since progestercone plays a major

- —




~

-

, role in this sjechanism in non-mammalian species, it was of

interest to determine if progesterone was involved in the
maturation of mammalian oocytes. 1In the rat, cumulus cells
isoclated from prebvulgtory follicles after the LH surge
haveeenhanced production of progesterone in culture
compared to those isolated before tﬁé surge (Hillensjo et
gl.; 1981). It was a likely possibility then that, if
progesterone was involved in the ;aturation of the oocytes,
thecumulus cells would be the source of progesterone for
the ococytes, probably delivering it to the ococytes by means
of projections through the zona pellucida which communicate
direcfly with the. ooplasm via gap junctions. As it\is not
known if progesterone can enter the oocyte directly in the
absence of these cumulus cell projections through the zona,
the present study attempted to allow the ;rogesterone
access to the ocolemma via a hco’le made by zona Qrillinq. As
the results indicated, progesterone had no effect on the
penetrabiiity of the oocytes nor on the incidence of
abnormal fertilization. Thus, proqesterone‘may not play a
direct role in cytoplasmié maturation of mammalian oocytes.

The addition of an inhibitor- of steroidogenesis, AGP,

. \\ .
to the maturation media reésulted in a significant decrease

198

in fertilization. Although only a preliminary study, the-

concentration of AGP used was one known to inhibit fully
granulosa cell steroidogenesis under similar culture
conditions. The results suggest that some aspect of
steroidqgenesis is involved in the fertilization of rat

oocytes, but the possibility that this concentration of AGP



had a toxic effect’ on .the oocytes cannot be ignored.

In conclusion, this study provided additignal evid?nce
that cumulus celis play a dual ;ole in.the maturation of
rat oocytei. Cumulus cells help to maintain the
penetrabifity of the ococytes while, at the same time,
ensuring that normal cytoplasmic maturation occurs. The
factor(;) involved.in the maturation-promoting action of

]

the cumulus cells has yet to be identified.

2
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CHAPTER 10°

HORMONAL FACTORS AFFECTING THE IN VITRO

’ - -

- MATURATION-FERTILIZATION PROCESS

10.1 Introduction

The previous two chapters have described experiments
which sought to detefmine the optimal conditions for
maturation of ococytes in vitro. Both serum and cumulus
cells were apparently neceésary to help maintain the
penetrability.of the oocytes during the culture g?riod. In

addition, cumulus cells were involvad in regulating normal
cytdplasmic.maturation through some unknown mechanism. As
matu;ation;;g Yivo occuré in an environment abundant in -
hormones, it was of interest to investﬁgaﬁé-the possible
roles of some of these hormones in éhe méturation of
oocytes in vitro. - ‘

- The increased accumulation and release of progeste;oﬁé
by rat ovarian follicles in response to LH (Stoklosowa &
Nalbandov, 1972; Tsafriri et al., 1973; Hillensjo'_e_g al.,
1981) suggests that progesterone may play a role in the
maturation offoocytéé. However, previous studies have
failed to provide a link between'steroidogenes&s and oocyte
maturation in the rat, when GVBD ?as been used as the end- -
point. Tsafriri et al. (1972) ‘could not- mimic the meiosis-
inducting action of LH on cultured follicle-enclosed rat

oocytes by\addition to the medium of progesterone, 20«-

B 197 o SR
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dihydroprogesterone or 178 -estradiol. These same authors

fognd that the meiosis;inahcing action of LH was. not

prevented by the addition of cyancketone, an iﬁhibitor of

stercid hormone synthesis. The'éxperiment performed in the

previous chapter suggested that, while~progesterone did not

.affect maturation directl-’, inhibition of steroidogenesis
with AGP reduced the proportions of -oocytes undergoing
fertilization. Thus it appears that the stergidogenic
response of the ovarian follicle to LH may not be involved,
in the ability of this hormone fo-induce meiotic maturation
of oocytes, but may be important for providing the maturing
ooc;te with the ability to be fertili-zed.

‘gémy of the studies that have 1investigated the
hormonal control of ococyte maturation-fertilization have
used follicle—;nclosed obcytes. Although this system is
more closely related to the in vivo environment than
isolated oocytes, cultured folLicles‘suf;er the
disadvantage of complexity. Due to interactions among the
various cell types, the response to a stimulus éo the
entire follicle is difficult to interpret. %of.example,
consider fhe following possibility. Since the Qoéadqtropin

suxge induces c¢omplete maturation’of the cocyte, LH may

have a duad role in the process; {.e. removal or
. — - \

. r modification of tue inhibitory factor and formation of a
maturation-indué@ng substance. While removal of the

inhibitory fActor would allow GVBD to occur, the MPF

(possibly a stercid) would elicit normal cytgzlasmic

»

“>




maturation. Thus, studies which examine the response of
follicle-enclosed opcvtes to changes in steroid hormone

levels may.indicate a lack of response where, in' fact, the

a . .
ooyctes cannot respond while the inhibitory factor is still

199

‘present. Conversely, numerous 1nvest1gators are pursu1ng‘

the identity of the melos;s 1nh1b1t1ng factor. In many

studies the occurrence of GVBD has been made synonymous

N .
" - with oocyte maturation, without the appropriate attempts at

fertilization or subsequent,devefopment. Clearly more

-

information about both nuclear and cytoplasmlc maturation

\

must be obtained before a possible mechanlsm for complete

oocyte-maturation can be ocutlined.

The maturation of isolated oocytes, being a more

Al

simpile s&stem, may be useful in determining the importance
. -
of hormonal factors on nuclear and cytoplasmic maturation.

Three groups of experiments were performga with the
. :
following objectives: 1) to determine the need for PMSG

stimulatioh prior‘fo the collectidn and maturation of

immature oocytes; 2) to determine the effect of FSH on the

-

————— s o
oocytes, and 3) to determine if substances relggsed by FSH-

stimulated granulosa cells can influence oocyte maturation
2
and fertilizability. (h' R

10.2 Methods and Results

10.2.1 Varying Time after PMSG

The results of the previous experiments indicated that

- . -
) -

14

Lv ]
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- o
immature oocytes collected 35-40,h after the PMSG injection

weré capable of maturation and fertilizapiéﬁ in vitro. To
detérmipe the minimal length of time post-PMSG that was
necessafy to allow this capability, imma;;;; oocytes were
collected at 0, 6, 12, 24, 36 and 44 h after tﬁe PMSG
injection and ‘were matured in the p;esence of their cumulus
cells in MEM + -20% rat serum for 10-11.5 h. The ococytes
were assessed for GQBD and PB formation and thén
inseminated in vitro. The PMSG injections were staggered
such that the peripgd of matufation in vitro and the sperm
preparation were‘common-tq all treatments. After 14-16 h,
the ococytes were examined for evidence of fertilization.
_Cleavage of fertilized oocytes was assessed'é4 h later.
s

o More than 98% of the oocytes in each group had
undérgone GVBD by the end of the culture period, with 71~
100% of these forming the first PB. The fertilization. rate

R

of these oocytes is shown ‘in Fidure 13. bocytes collected

from rats that did not receive any PMSG were capable of in

significantly lowér rate than oqcytes collected at least 12
b after the'Pgsc injection (P<0.01). vaximum percentagé of
fertilization was obtained with oocytes collected as soon
as 12 h aftez: PMSG': hov.ae‘w:_gr, maximum cleavage of fertil ized

oocytas occurred in docytes collected at least 24°h post-

PMSG.
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10.2.2 Effect of FSH

In-vitro studies have determined that FSH is a potent
stimulus fér cﬁmulus expansion during the maturation of
cocytercumulus cell compilexes (Dekel & Kraicerf 197@:
Eppig, 1979b).. Since cumulus expansion and dgé;fé
maturation occur during the same ;ériod of time, it was of
interest to determine if, in addition to its effect on
cumilus expansion, FSH also had an jnfluence on nuclear’and
cytoplasmig maturation. The role -of FSH was invéstigated
in three experiments: A) FSH dose response; B) “time course

of maturation in FSH—supplement:? media, and C) effects of

FSH on ococytes maintained in meiotic arrest in vitro.

A  FSH boég Response

Immathre oocyses were collected from PMSG-treated rats
as described in Section 4.2.2. The oocytes were matured CI
in’wells containing MEM + 10% serum and 0, 1, 10, 100 or
1000 ng FSH (NIH-OFSHLSIG)/ml. At the end of thé 9-10.5 h
culture period, the cumulus cells were stripped away from
the oocytes and the ococytes were assessed for GVBD and PB
formation. They.wefb washed in fresh DPBS and transferred
-
to droplets of fertilization medium for insemination with
epididyﬁql sperm. )
. The proportions of oocytes unaergoing.GVBD and PB
extrusion dﬁring)the 9—10:5 h culture period are shown in

Figure ¥4. Higher concentrations (100 or 1000 ng/ml) of

FSH in the matsration media significantly reduced the

| proportions of oocytes with PB at the end of the cult&>h\



» .
‘v

FIGURE 14
e .
Proportion of oocytes undergoing GVBD + PB
extrusion during a 9-10.5 h éulture period in MEM
supplemented with various concenpraﬁioné of FSH.
) H;gher consentrations (106 Sr 1000 ng/ml)
significantly reduced the proportian of oocytes
wwith PB at the end of the cdrﬁure period (P<0.61).
The results for each concentration of an were

. [~ o
,  Y'obtained fééj the -maturation of 124 - 436 oocytes.
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‘cells were stripped from the oocytes and the oocytes wgre

o - . - . T i S e T R ET
. ot . . S TR g
— - . N
¢ . - -
.

~

period (P<0.01). . ' — .

~

Oocytes matured in- the presence of varying

concentratipons. of FSH showed a biphasic change in'

fertilizability. (Figure 15). Low concentrations of FSH (1
or 10 ng/ml) in the maturation media resulted in a
significant decrease in fertilizability compared to mon-
stimulated ococytes, whereas high concentrations of FSH led

to similar (at 100 ng/ml) or significantly:higher (1000

L
ng/ml) proportions of oocytes undergoing fertilization

(P<0.01).

B Time Course of Maturation

)

In the previous experiment, the higher concentrations .
of FSH réduced the proportions of oocytés with PB after 9- v -
10.5 h of cudture. This result suggested thaé FSH;either
decreased or inc:ease& the rate of nuélear_maturation. If

the rate of maturation was decreased, PB would.not yet be
formed; an increase in the rate of maturation woald lead to
earlier disintedqration of PB. To determine which ot thesea

. P

C v te . . : } »
two possibilities was <correct, 1mmaturec oocytes were

collected and matured CI in wells containing MEM + 10%

serum. For half the oocytes, 500 ng FSH/ml was added ta

the culture medium. Oocytes were removed from the cultuge.
. \ - i l.‘

media at 2 h intervals after 6 to 16 h of culture. Cumulus

assessed for nuclear maturation. Following transfer to

droplets of fertilization media, they were exposed to

epididymal sperm for in yftgo~fértilization. The

-
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FIGURE 1%

Fertilization of ooc{ytes matured CI in MEM

-

(n = 124 - 225 oocytes/group). Low concentrations

= 3

of FSH (1 or 10 ng/ml) caused a significant

decrease in fertilization compared fo non-
£ ® ‘\' R >~ . e
stimulated gocytes. High concentrations of FSH lecd

LI T

to similar (at 100 né/ml) or §ignif§c5nt1y higﬁer

(1000 ﬁq/mli'prppértions of obcyte5¢uhdp}going
: 4

4

supplemented with various concentrations of FSH

.- . . .
fertilization (P<0.01). The fertilizatioh-.of

ovulated (OVUL) eocytes were used‘asla_cdntrol.
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experiment was organized such that all the ococytes were

collected within a 2.5 h periéd and a common sperm
preparation could be used to inseminate all the ococytes.
The oocytes were assessed for fertilization i4r16 h later
and were examined again after aﬂ\aaditional 24 h for
cleavage to 2-cell embryos. —

The proportion of oocytes undergoing GVBD and PB
formation after various lengths of time in culture are
'illustréted in Figure 16. All oocytes had undergone GVBD
by 6 h of culture. FSH clearly decreased the rate of
nuclear maturation such that maximum incideﬁze of PB was
seen at 1211agqcompared witklstlfér'unstimulgtea ococytes.
In addition, PB were apparently more stable in FSH-
supplemented media. In MEM + serum, PB were formed and
_@isinteg;ated within a 6 h pgriod. In contrast, 40% of
oocytes in FSH-supplemented media still had PB 8 h after
the time when PB were first evident. | .

It appears that individual oocytes in the FSH-
supplemented media may hav; responded differently to the
presence of FSH since the formation of PB by the oocytes
occurred between 6-12 h of culture, whereas all the
unétimﬁlated oocytes formed PB within a‘zrlperiod (6-8 h
of culture). This extended period of PB formation may have
contributed-to the apparent PB stabiiity described in the
¢

previous paragraph.

]

~

Figure 17 shows the proportion of.poc?tes undergoing

fertilization after various lengths Of time in culture.

.
a

hd
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FIGURE 16

Proportion of ootytes undergoing GVBD + PB
extrusion after various lengths ©f time in MBM or
MEM supplemented with 500 ng/ml FSH. The lines
indicate the percentage of GVBD oocytes that have

formed a PB. (n = 58 - 205 oocytes/group)

»
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FIGURE 17 ) -

-

~

Proportion of oocytes undergoing fértiiization
after various lengths of time in MEM or MEM
supplemented with 500 ng/ml FSH. The maximum
proportion of oocytes undergoing fertilizatisn
following maturation in the présence of FSH ¢gid not
differ significantly from that of unstimulated

—~
oocytes (P>0.1). The number of oocytes used in

each group ranged from 54 to 114.

-
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The fertilizability 6f oocytes mabured in MEM + serum was
similar to thatfy seen in Sec;ion 8.2.2, feaching peak
percentage fgrtilizatio{ after 12 H of culture. The
fertilizability of oocytes maturea in the presence of .FSH
increased significantly befweén 6 and 8 hvof culture, then
slowly climbed to a maximum of 88.9% (n=81) at 14 h.,.
lthough delayﬂi~by 2‘h, the maximum’proportion of oocytes
anergoing fertilization followin? maturation in the
presence of FSY Aid not ?iffer significaﬁtly from that of

ey

unstimulated oocyées (95.0%, n=100).

C FSH - An Inducer of Nuclear Maturation? ' n

The results of the previous e#perimeht inéicated that
fSH had ap effett bn the rate of nuciear maturation in
spontaneously maturing ooc;tes. The purpédse of Fhe present
experiment was to determine~if FSH playéd a role in
?nitiatingtnuclear maturation by obsgzying its effects on ,

oocytes naintained in meiotic arrest in vitro. Oocytes

were maintained in meiotic afrest using isobutylmethyl-
.xanfhine (IBMX), a phosphodieséerase inhibitor; 1.e. IBMX
~. C . ' .
increases cAMP levels by preventigq its degradation.
. . >

cescribed earlier, elevated levels of CAMP help to maint

P 3 ¢+
the oocytes in meiotic arrest. A_greliminary

indicated that IBMX at a concentration o 0HM was

effective in inhibiting GVBD in 86.7% (n=105) of oocytes

matured for 10 h.

Immature oocytes were obtained 30 h agter PMSG

3

injection into the immature domRar rats. They were

A




* P

collected and rinsed in DPBS-+ 200 uM IBMX before transfer
to wells containing MEM + 5% serum ? 25, 50, 100, 150 or
200 uM IBMX. The oocytes were cﬂltured fér 6 h and then
washed twice in DPBS + 200 pM IBMX. Approximately 25% of
the oocytes from each treatment were stripped of their

- <
cumulus cells and assessed far GVBD and PB° formation. All

oocytes were then returned to media-similar to that of

their first period of cultfire wi-th the exceptien %hat all
wells contained 1000 ng.FSH/ml as an additional supplement.
Freshly collected immature ococytes were matured in MEM + 5%
serum and - used as a control. At ﬁhe end of the 10 h
culture éeriod, the cumulus cells were removed from CI
ococytes ana the oocytes were examined for:signs of nuclear

maturation. Mature (GVBD) oocytes were washed in DPBS

.before ‘transfer to droplets of fertilization media for

insemination. Fertilization was assessed 14-16 h later.

3 - : S
During the- first culture period, lncreasing
a -

-~

" concentrations of IBMX caused an increase in the proportion

of.oocytes ﬁaiﬁtqined.in meiotic arrest, as seen by the
pers;stence of the germinal.vesicle (Figure 18). The
addItion of FSH to the culture media of these ococytes for
the second'cultufe périod did not sigﬂificantly affect the

propoffions of CI oocytes with an intact germinal vesicle.

Oocytes matur’ed@ during the second period of culture,
however, were not maintained in meiotic arrest as
effectively as CI oocytes such that, at each concentration

of IBMX (except 25 uM), the proportion of CI oocytes with

germinal vesicle intact (GVI) at the end of the culture

218
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i
period was significantly greater than the proportion of GVI

cocytes following CF maturation (¥<C.01).(Figure 18). 100%

of oocytes matured in MEM + serum underwent GVBD. »
Figure 19 indicates the proportion of mature oocytes

fertilizgd following maturation CI or CF in MEM + serum +

E)

IBMX + FSH. The incidence of fertilization was higher with
ooc{fes matured in lower concentrations oﬁ IBMX, with a
plateau in fertilization occyrring at IBMX qoncentrations
leés than 100 uM IBMX. The.maximdm percentage of oocytes
fertilized (£0.0%; IBMX at 100 pM)'was not significantly

different from the percentage of ococytes fertilized in the

MEM + serum group.

10.2.3 Granulosa Cell Preconditioned Media’

In response to the gonadotropin'surqe, intratallicular
opcytés unaergo complete maturation-in preparatién for
ovulation. As‘the oocytes themselves do not have receptbrs
for_gonadotropins (Amsterdam et al., 1975), it is
reasonable to assume that ®the granulosa and cu;ulus cells
respond to the gonadotropins in such a way as to provide an
environment suitable for oocyte maturation. The purpose of

this experiment was to observe the effects of granulosa

cell rioducts on the maturation and fertilization of

vocytes.
A Pat and Porcine Granulosa Cells from Preovulatory
Follicles y

As the intrafollicular changes that induce oocyte

218
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maturation occur during the_few hours prior to cvulation,
the aim gf this first experiment wa§ to obtain granulosa
cells fr;m preogpietofy follicles. Immature rats (60-65 g)
were treated with 40 i.U. PMSG at 2000 to inéuce tpé
development of a large number of follicles.' The rats were

» [y

killed by cervicii;i?slocation 60 h later and the follicles

o~
. - -,
'

were bunctured wikHh a 25-gauge needle. Using déntLg .

2
pressure, the granulosa cells were expressed into

Dulbecco’s Modified Eagle’s Medium: Nutrient Mixture F12

(1:1) (DMEM;FIZ; Gibceo Laboratories) containing 1.2 9.

NaHCO,/1, 15 mM HEPES (pH 7.2) and antibiotics® (50 U

'penicillin/ml, S0 pg streptomycin/ml and 0.625 pg‘,\

fgngizone/mi). Thé.suspension of granulosa cells was ~—
centrifuged "at 270 X g for 3 minutes. The supernatant was

discarded and the cells were resuspeﬁaed in 5 ml Hank’s

-

balanced salt solution (Gibco Laboratories) containing 2,5

mg collagenase/ml, 0.5 mg protease/ml and 0.5 mg

. hyaluronidase/ml, The cells were allowed ép disperse-in

this solution for 1§.minutes in a shaking water bath at

37°C. The suspension waé‘centrifugéd-again at 270 x.g for

-

3 minutes and the cells were resuspended in MEM. Aliquots
: - P -
of the'cell suspension containing 125,000, 250,009,_500,000

or 1,000,000 cells were qutured in 24-well tissue culture
. f * . e
plates (Falcon). FSH YNIH-oFSH:SAA) wagwadQQd to each well

-

at a final concentration of Soo‘ﬁé/ml.*:beiié'were cultured
in 1 ml of medium at 37°C in a humidified atmosphere of 5%

CO, and 95% air. The preconditioned medfa were collected
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e
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after 40 h and, if necessary, was stored at -20°Cc. -~
. . \;'

ey et

223

Porcine.ovaries were obtained from a local abattoir _

(Thorndale, Ontario) and transported to the laboratory on

ice. Medium to large follicles (3-6‘bm in di%mete}) were

-

"bisected and the granulosa cells gen¥1y scraped off into

DMEM:F12. The suspension was centrlfuged at 270 x g for 3

N
minutes, the superhatant was remoyed and the cells were

resuspended iq\yEM. They were mechanically dispersed by

repeated pipefting and cultured under the same conditions

as for rit granulosa cells. ' The preconditioned)mégiumﬁyas

collected_agdjstoredfg% described above. ...
Immatu;; oocyteé\were collected from PMSG-treated rats

(
and matured CI for 9-10 h iwW tne prqcondltiQped media. At

the end of the culture period the oocytes were stripped ot
their cumulus cells and assessed for GVBD-qnd PB formation.

They were washed in fresh DPBS and placed in.droplets of
-

-
v
S

fertilization medium for in vitro fertilizatien.

Preconditioned medium from porcine granulosa cells

decreased the pfgpértions of oochés with PB in a dose-

Adepqﬁaent manner (Figure 20). Precond;tioneaamedium from

rat granulosa cells at concentrations qréateEJthan 250,000

npells/ml also (significantly reducegﬂkhe proportion ot
~ N

cocytes “with PB, coppared to that tromréi} lowest

-

l.
concentration ¢P<O 05). In both types of media, 100% ot

the oocytes had ugaérqone GVBD.

FZain

Although the precondxtgqned medium from ﬁnrcine

-~

granulosa cells at the higher concehtrations reducod the
. K g t ~ .

incidence of PB formation at this time, th;s medium
T - ~- -,

<

. J : h } (‘4./'; ‘ \\,-' - .
: N Y P »

- W,
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significantly enhanced the fertilizability of the in vitro
matured oocytes (P<0.05) compared with oocytes matured in
preconditioned medium from lower density qganuloga ?ell
cultures (Figure 21). In éontrast, there were no
significant differences among the proportions of ococytes
fertil@zed following maturation in preconditioned medium

from rat granulosa cells.

B Granulosa Cells from DES-primed Rats
One of the amajor problems in the previous experiment
was the dispersion of rat granulosa cells from preovulatory

follicles. The granulosa cell suspension was extremely

'viscous and the cells were difficult to separate, even _with

enzymatic dispersion. For this reagon, granulosa cells
were collected from stimulated, but non-preovulatory,
follicles for the remainder of the experiments.

Immatdre femalg Wistar rats wefe injected
subcutaneously at 08CC"at 18, 19 and 20 days of age with 1
mg diethylstilbestrol (DES; Sigma Chemical Co.) irxoll ml
sesame o0il to increase cell yieid (Goldenberg et al.,
1972). The animalicyefe killed at 0800 at 2} days of age
and thé ovaries were collected. The ovaries'werz'punctured
;ith a 25-gauge needle and the granulosa cells were gently
e%presseé to DMEM:F12. Thé suspension was centrifuged and
resuspended in MEM as described earlier; however, no
enzfmatic &ispersion was necessary. Weils containing o0,

500:000 or, 1,000,003 cells/ml with or without 500 ng FSH/ml

were incubated for 40 h. Immature ococytes were collected

<
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and matured CI }3 the preconditioned media for 10-11 h.
The mature oocytes were then stripped of their cumulus
cells, washed and transferred .to fertilization medium for

insemination. Fertilization was assessed 14-16 h later and

cleavags rates werefdetermined after ah additional 24 h. a

The resYlts of one of the replicates of this
experiment are summarized in Table 23.. There were no
significant differences among thé4 freatments 1in the
6ccurrgpce of GVBD. The proportion of oocytes extruding a

PB was significantly reduced when oocytes were matured in

. e
medium from FSH-stimulated cell cultures as coTﬁared 70-

unstimulated cultures or cultures without qranurosa cells

(P<0.05). Only ootytes matured in media from FSH-

stimilated cell cultures were capable of fertilization;

-
e

none of the oocytés in the remaining groups showed any
- ,

evidence of fertilization. The proportifion of fertilized
ococytes .that cleaved to 2-cell embryos was not
significantly different between- the 2 groups that had

o

fertilized orytes.
»

C. Time Course for MAaturation in Preconditioned Hedia
It is clear from the previous experimeni that FSH-

stimulatved granulosa celi cullures produced a substance

- that affected the -incidence of PB formation and, therefore,

possibly the rate of huclear maturation. This possibility
was investigated by maturing oocytes in preconditioned

medium for varying lengths of time.

Granulosa cells were obtained from DES-primed rats as

L4
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described iﬂ the previous experiment. They were cultured
for 40 h unstimulated or supplemeﬁted wiéh %00 ng FSH/ml or
FSH (500 ng/ml) + LH (250 ng/ml). FSH was added to some
wells without cells as an additional control. The
preconditioned media were collected and a sample of each
was stored at -20°C for later analyses of progesterone,
178 -estradiol and 20% -OH-progesterone levels.
Radioimmunoassays for progesterone (Leung & Armstrong,
1979), lzﬁ -estradiol (Dagiel 5 Armstrong, 1984) and 20e -

OH-progesterone (Moriey et al., i987) have beaer previously

described and \walidated for direct measurements. The
' -\ . .

remaining volume of.%ﬁeconditioned media was used tox

maturing ococytes. Imimature oocytes were coylccted and
matured CI in the 2 types of breconditioned media trQqm cell
cultures. . Oocytes were collected at 2 h intervals atter 2
to 16 h of culture. They wére Strippcd'of thoir‘Lumplus

N .
.cells and assessed for nuclear. maturation.

230

Spontaneous nuclear maturation of immature oocytes in

preconditioned medium (Figure 22y occurred at a slower rate

than in MEM + serum (cf Figure 4). GVBD was completed 1n

Ve

most oocytes after & h of culture. Oocytes m{turnd in
e

medium from unstimulated granulosa cells showed the highest
proportion with PB at 12 h of culture. FSH-séxmu Skéd
‘qranulosa cells prodhc;d qed}um i-n whicﬁ oocy£e§ mhsh

much more slowly, with thg incidence of PB formation stilf
_increasinq at the end of the experiment. The additfun of

LH to FSH-Qtrmulated cultures anroaged the rate of

red -.

»
.
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maturation until it was compérable to that of ungtimulated
cultures. v »

-~ Table 24 summarizes the results obtained from
radioimmunoassay of the sémples of preconditioned media.
17p-estradiol concentrations were close to 0 in all“ types
of media. The addition of FSH to the cuitures
significantly increased the levels of both progesterone and

s
20x-OH-progesterone {(P<0.05). The concentrations of 20«-

OH-progesterone in cultures supplemented with both FSH and
. e
LH was significantly greater than that of FSH alone

(P<0.05) .

D FSH- and LH-stimulated Gran sa Cell Cultures

In anh_}earl.ier exgeriment%ection 10.2.3 B), it was
demonstrated that oocytes matured in preconditig;ed media
from FSH-stimulated granulosa cell cultures were capable of
fertilization. The purpose of the present experiment was
to determjine a possible role for LH in this system.

Granulosa cells were obtained from DES-primed rats and
cultured for 40 h unstimulated or with 500 ng FSH/ml, 250
ng LH/ml or both FSH + LH at these concentrations. The
pfeconditioned media were collected .and used for the
maturation of oocytes. Immature oocytes were obtained from
QﬁSG-treatedvrats and some were matured CI for 11-12 h in
the precondigioned medium. As controls, the remaining
oocytes were matured in MEM + 5% serum, or the same medium

supplemented with 500 ng FSH/ml, 250 ng LH/ml or both FSH +

LH at these concentrations. At thg end of the culture
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\\/;eriod the ococytes were stripped of their cumulus cells\éie
washed in DPBS. Following transfer‘to droplet;;of
fertiliza;ion medium, they were inseminated with epididymal
- sperm. Fertilization was assessed 14-16 h later and the
proportions of fertilized oocytes undergoing cleavage to 2-
cell embryo; wefe determined after an additional 24 h.
The proportions of ococytes fertilized in each group
are illustféted in Figure 23. Oocytes matured in MEM +
serum + LH were fertilized in proporgions significantly
* lower than oocytes matured in the other 3 serum-
sup;;iemented media (P<0.01). The addition of FSH or FSH +
LH to éerum—supplemented medium did ﬁot change
significantly the proportion of oocytes undergoing
fertilization following maturation in this medium (P>0.1Y.
Oocytes were capable of being'fértilized aftef maturation
'in all types of preconditioned media in the absence of
serum. The addition of FSH or LH to the granulosa cell
culture éedium significantly increased the fertilizagility
of oocytes matufed in ﬁhat medium (P<0.0l1) compared with
oocytes matured in medium frowm unstimJlatea granulosa
»

cells. When both FSH + LH were present in the granulosa
cell cultures, the fertilizability of oocytes matured in
that médium was significantly higher than that of oocytes

matured in only F§H- or LH-§timu1ated agultures {(P<0.01).
N ‘ For all treatments, the prcportion of fertilized

docytes undergoing cleavage to 2-cell embryos was greater

than 75%.

-
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10.3 Discussion

The results of theée experimeyts indicate that both
maturation and fertilization of-rat oocytes are strongly
T influenced by gonadbtropins and the intrafollicular
environment produced by gonadotropic stimulation. The
first exper;ment demonstrated théf oocytes oEtaiﬁed from -
- immature rats‘(at‘approximate}y 26 days of age) were
capable of spontaneous meiotic maturatiqﬁ. The ability of
oocytes to resume meiosis spontaneously in culture is not
acquired until the age of 15 days in mice (Szybec, 1972;
Sorensen & Wassarman, 1976) and at 23 days 1n hamsters
(Iwamatéu & Yanagimachi, 1975). Bar-Ami & Tsafriri (1981)
demonstrated that rat ococytes acquire meiotic competence
between 20 and 26 days of age, although their proportion ot
oocytes from 26-day—oid rats underéoing GVBD (67.6%) was
significantly less than that found in the present
experiment (100.0%;: P<0.001}).

Short term (12 h) exposure to PMSG was sutficient to
Although this exposure was beneticial, it was.not necessary
as 17% of ococytes obtained from rats without PMSG injection
were capable of maturation and tertilization ih Ql@ro.‘ The

mechanism by which PMSG treatment improved the

fertilizability and cleavage of in vitro

matured oocytes is
not known. It can be speculated that PMSG stimulated the
follicles of the immature ovaries to produce an environment

more suétable for oocyte development, perhaps by altcrind




the producticn aﬁd/or'secretion'of steroid hormones or
growth factors. .

The results of the time course of oocyte maturation in
medium supplemented Qith FSH clearly indicated that FSH had
an influence on oocyte nucleagxmaturation. Since it 1is
understood that FSH increasesiihtracellular CAMP levels
(Eppig et al., 1983; Schultz et al., 1983) and CAMP in
vitro inhibits oocyte Taturation (Dekel & Beers, 1978), it
is probable that FSH acted on the cumulus cells to
initially sustain a level of cAMP sufficient to prolong

meiotic arrest in the oocyte. Phosphodiestgrase activity

in the cumulus-oocyte complex may have n reduced the

CAMP concentrations and nuclear maturati ﬁ‘proceded. This

sCcheme is supported by evidence that mouse cumulus-oocyte
complexes iﬁcubated in media containing'cAMP analogs or
phosphodiesterasé inhibitors were maintéined in.meiotic
arresc for at least 24 h (Cho et al., 1974; Magnusson &
Hillensjo, 1977; Dekel & Beers, 1978). It was also shown
that Epe maturation of denuded oocytes was not affected by

the presence of FSH and that cAMP analogs were nmcre
! <

‘effective in inhibiting maturation in cumulus cell-enclosed

oocytes than in denuded oocytes (Eppig et-~dl., 1983).
fherefore, the cumulus cells appear to bé necessary for the
cAMP—med%ated inhibition of maturation. These studies
support the hypothésis that oocyte maturation is inhiqited
by a cAMP-induced factor transmitted from cumulus cells to

the oocytes via the gap junctlons that ]01n‘Ehem.



The inhibition of nuclear maturation §aused by the
preconditioned medium from granulosa cells in this study is
in agreement with results from a similar study reported

previously. Cocultures-of porciﬁe granulosa cells with

-

‘oocytes resulted in' a dose-dependent inhibition of oocyte

maturation (Tsafriri & Channing, 91975b) which was
’ .

rever€ible by the addition of LH (Tsafriri et al., 1977).

Further studies also determined that cell contact between

7 v

oocytes and granulosa cells was not necessary, as extragts
?rom granulosa cells .or granulosa cell preconditioned
\

medium elicited similar inhibitoripeffects (Gwatkin &

N ” .
Andersen, 1976; Centola et al., 1981; Sato & Koide, 1984

‘Andersen et al., 1985). In thig study FSH stimulation of,

.

. . . ) | .
in vitro maturing oocytequgduced the rate ot‘nucloar

~

maturatjon. FSH-stimulated granylosa-cells releaged a
\ . * . "
substance(s) intd the mgdium that further reduced the rate

of nuclear maturation in a density-dependent manner, which
suggests that the action of FSH 1in influenéinq the rate of
nuclear maturation is mtdiated by a cAMP-stimulated
granulosa cell product. ‘ SRR

Although.FSH delayed nuclear maturation in this study,
the maximum fertilizability of, thé mature pocyte:s ;ds not
aitered, as long as serum was bresent in the deiUnL The
results of the eégerimént using varying concentratiens -of
FSH in.the matugéégbn medium were dif.icult to interpret
uritil the_time course bf matg}ifion in FSH-supplemented

. -
nedium was performed. Then it became clelar that oocyte

fertilizability was 3<f3nction ®f both the length of the

+ -
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culture period and the prasence of FSH. Thus the
; ¥
fertilizabAility\sLoocytes exposed to varying

. X
concentrations of FSH was influenced by the length of the-
s éu’lture‘ (which wvaried by 1.5 h) and-by th.e presence of

‘ different concengtrations of FSH, which presumably might

A}

have delayec'l oocyte maturation to varying degrees.

FSH is khown to be .a po'(t'.ent‘.9 stimulus, f'o‘r cumulus
‘expansien in:cumulus-oocyte complexes in vitro. Since
cumulus exp‘ansién&‘igs initiated duting the same period of
time as ffucléar maturation in 23\19: it was of interest to

determipge if theése two procesées_ responded to a common
stimulus, namely FSH. When meiétic‘ma‘t;u‘fat'iton was J
inhibited by the presence of IBMX, FSH had no effect on the

maturation or fertilizability of the ococytes. Thus, .ESH

did not agt as a trigger for the induction of maturation of <

*° . study which demonstrated that FSH induced GVBD in mouse.

v . .o *

oocytes meiotical-ly arrestéd with 200 nM IBMX. (Downs et

5 a oL - i N -
al., 1988). Previpus ‘investigators have induced the
N

o e

resur.npt“ion of meiosis, in follicle-enclosed rat oocytes by

the addition of FSH (Lindner et al., 1974). - This
) ‘observation suggests that FSH-stimulation of cx;ltured

follicles. initiates a m_ecr'xa’nism4by which the enclosed

- .

oocytes will resume meios'i‘s, but the machinery for the

mechar’ism may be lacking or may be unable to perform at &

*

" level sufficient to induce the resumption o¥ meiosis in

isolated rat oocytes, particularly: in the p;esénce of IBMX.




It appears, however, that this observation may be species-
P T

specific.

The ability of oocytes matured in granulosa cell-
conditioned med}é to be fertilized leads to an important

observation. Granulosa cell culturxres were clearly able to

<
release a substance intc the medium that was able to help

a

maintain the penetrability of the oocytes -during in vitro

maturation. Although this substance did not act as
effectively as serum in this study, it is possible that the

amount releasea\;oto the large voiume of medium resulted in

'a concentration less than optimal to support penetrability

1

v
of in vitro matured oocytes.

i

N Medium from granulosa cell cultures stﬂmulated by both
FSH and LH supported oocyte fertlllzablllty to a degree
greater than cultures stimulated by either qonadotropln
alone. This suggests that FSH and LH, additively or

collaboratively, increased the concentration of some factor

in the medium and thus increased tne penétrabillty of the

)

zona of in vitro matured.oocytes. Alternatively, ‘the

!
medium produced when LH wa;\}dded to the granulosa cell

cultures was seeh to prevent the FSH- -induced delay in

l
.

nucleat maturation in spontaneously maturlng oocytes. In
doing so, a high number of ococytes were completely mature
at the time of insemination, poésibly leadlng to an
increased proportion‘of oocytes undergolng fertilization.

In all these studies, 1mmature oocytes undergo1ng

spontaneous maturation required cumulus cells and serum or

follicular fluid to ensure normal cytoplasmic maturation

~ -



and fertilizability. Although associated with the role of

maintaining penetrabilify of the ococytes, serum may have

other less obvious forms of §upport to the oocytes maturirg

in vitro.- The observatloAvthat cocytes can mature in
medium from ;ranulosa cell cultures and can be fertlllzed
is ;n important step towards the identification of Fhe

mponent(s) that are essential for Qhe normal m;turation
-and fertilization of oocytes. Since prdbesterone and 20e< -
OH—progestgrone are produced in significant amaunts by FSH-
étimulatéd g}anulosg cells, these substances may play a
role in the maturation—fertiiizat?on process. Further
analysis of granulosa cell-conditioned medium and its
gffects on maturing oocytes may help to identify the
components involved 1in regulation of maturation-

fertilization of oocytes.

-
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SUMMARY AND CONCLUSIONS & -

A technique for the 1in vitro fertilization of rat

oocytes was established such that normal embryonic and

fetal development were possible. This technigue was then

various conditions. In this Qay some of the factors

regulating maturation and fertilization of rat oocytes were

studied.

To be able to determine the developmenta)} capability

-of the ococytes fert&lized in vitro, it was necessary to

establish g technique whereby these oocytes co&ld undergo
embryonic development. The teSﬁnfque for peeling the bursa
was an effec;ivg means of producing unilateral pregnancy
without having a qetrimental effect on §ubse§qent fetal

development.:
Using the unilaterally pregnant animal as a recipient

for transferred oocytes, it was determined that, compared

(Table 6). There was no deficiency in the ability or in

itro fertilized oocytes to undergo the first cleavage

<

e

vision. Furthermone, a fairly high perpentaqé&(ss%) of
zygotes derived from ifh vitro fertilization developed to

embryos capable of eliciting decidualization;: however,

¥
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these'embryos were unable to undergo complete implantation
or subsequent fetal developmeht (Table 7). The slower rate
of development of embryos derived from in vitro
fertilization, compared with those from in vivo
fertilization,~?ay have been responsible for the incidence
of unsuccessful implantatiop (Table 8). This 15 supported
b§ the observation that these embryos, giveh additional
time for preimplantétion development in the‘oviduct, were
as capable of development éo Day 20 fetuses as morulae'or

blastocysts derived from in vitro fertilization (Table 12).

. The technique of in vitro fertilization was used with

developmental competence. Cocytes matured cumuius-intact
iﬁ medium supplemented with serum were capable of
fertilization 1n proportions similar to ovulated oocytes‘
(Figﬁre 6). In additioﬁ theée';g vitro matured and
ovulated oocytes,devéloped to viable fetuses in similar
proportiors followiny transfer to unilateraily pregnant
recipierts. Maturation.of cocytes in the ébsence of either

or both cumulus c:lls and serum not only decreased the rate

of nuzlear matuiation, but also reduced the proportion of

oocytes capahble of fertilization (Figure 7). Oocytes
matured in the absence of cumulus cells_showed a high

incidence of abnormal pronuclear formation, which was

24

indicative of abnormal cytoplasmic maturation.

Progesterone stimulation of cumylus-free oocytcs did not
alter the incidence of abnormal fertilization (Table 21).

Cocytes matured cumulus-intact in serum-free medium



were fertilized'in lower proportions than those matured in
the esence of serun. The incidence of abnormal
fesgjfizz?Twn was low (Figure 7). The addition of
follicular fluld to the maturation medium ielp to maintain
thé penetrabiJity of in vitro matured oocytes (Table 19).
An alternate method to inc¢rease penetrability, by drilling
a hole in the zona p‘llucida, was also effective in
increasing the proportion of oocytes penetrated (Figure 9).
By increasing the number of ococytes penetrated Eollowing
maturation cumulus-free, this method helped verify that the
incidénce of abnormal pronuclear formation was associated
with the absence of cumulus cells (Figure 11).

Oocytes obtained from unstimulated rats (i.e. no PMSG
injection) were capable ©f spontaneous meiotic maturation

and a small proportion underwent fertilization. PMSG-

stimulation of the ovary prior to oocyte collection

h

increased the proport{on of oocytes undergoing
fertilization (Figure 13). Maturation of oocvytes in the
presence of AGP, a steroidogenesis inhibitor, significantly
reduced the proportion of oocytes being fertilized,
indicating that some aspect of the steroidogenic response
to PHSG plays a role in maintaining the fertilizability of
the 6ocytes. ‘ rd )

FSH stimulation of 15/41359 maturing oécytes reduced
the rate of nuclear maturation (Figure 16) but did not

affect the proportion of oocytes caeable of undergoing

fertilizatdion (Figure 17). FSH~stimulated granulosa cells

NS




.

released a substance(s) into the medium that furtherh

reduced the rate of nuclear maturation in a densityf
dependent manner, which suggests that the action of FSH in
influencing the rate of nuclear maturation is mediated by a
granulosa cell product. Granulosa cell’ preconditioned
medium was also capable of maintaining the penetrability of
cocytes during in vitro maturation, previded the granulosa
cells were stimulated.with FSH, LH or both. Since
progesterone and 20 -OH-progesterone are produced in
siénifica.nt amounts by FSH-stimulated granulosa cells,

these substances may play a role in the maturation-

. fertilization process in vivo.

The results presented in this thesis can therefore be

'summarized as follows:

1) The removal of the bursa from around one ovary is an

effective means of producing unilateral pregnancy,
~without affecting the number of ovulations or fetal

development.

-

2) Following transfer, in vitro fertilized rat oocytes
develop to viable fetuses in lower proportions ESan in

vivo fertilized oodftes.

-

3) Following transfer to a recipient for embryonic
.development, in vitro fertilized rat oocytes show a
‘'slower development to the blastocyst stage that may be

aide;:imental at the time of implantation. If given
additional time for preimplantation development in the

L
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4)

5)

6)

7)

‘8)

3 -

oviduct, in vitro fertilized oocytes can become viable..

fetuses in broportions similar to in vivo fertilized

oocytes. . - o

Following the LH surge, continued exposure to LH is
not necessary for normal maturation of ococyte-cumulus
complexes.

\

The presence of cumulus cells and/or serum increases
the rate of nuclear maturation in ococytes matured in

vitro. ’

Oocytes matured in vitreo in the absence of cumulus
cells show a high incidence of abnormal pro;mclear
formation; the preseﬁce of cumﬁlus cells ensures normal

cytoplasmic maturation.
o

Oocytes matured in vitro in the presence of cumulus
cells and serum are aé capable of in‘vitro
fertilizafion, embryonic and fetal development as
ovulated oocytes. The presence of follicular fluid
instead of serum in the maturation medium supports the
normal maturation, fertilization and cleavage of in

vitro matured ococytes.

Oocytes matdred in vitro in the absence of cumulus
cells, serum or follicular fluid have an increased
res.stance to sperm penetration, that can be overcome by

drilling a hole jn the zona pellucida.



9) Progesterone dées not appear to directly influence

cytoplasmic maturation of rat oocytes.

10) In vitro matured oocytes exposed to the zona drilling
technique are capabl normal embryonic and fetal
developnent.

11) Oocytes obtained from hormonally unstimulated rats

were capable of spontaneous nuclear maturation, and a
small proportion was capable of being fertilized
norﬁgiiy. Exposure of the rats to gonadotropic
stimulation increased the proportion of oocytgs capable

of in vitro fertilization.

1z2) The addition of FSH to the maturation medium
decreases the rate of nuclear maturation in eocytes
matured in vitro, but does not affect the proportion of
oocytes undergoing fertiliiatipn. Oocytes matured in
preconditioned medium from Féﬁ-stimulated granulosa
cells undérgo a slower rate of nuclear maturation than

~

oo¢ytes matured in MEM supplemented with FSH.

13) Oocytes are capable of normal maturation,
fertilization and cleavage when matured cumulus-intact
_(and serum-free) in preconditioned medium from FSH-

or LH-stimulated granulosa cells.

The use of in xitro'fertilization as the criterion to
determine normal maturation of rat oocytes in these studies

has led to the following general conclusions:

-

.
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1)

2)

3)

-4
L
’

’ /l

Cumulus cells play an essential role in ensuring
normal cytoplasmic maturation and, theréfore, normal

pronuclear formation in oocytes matured in vitro.

A substance(s) produced by the gonadotropin-
stimulated granulosa cells,’ and present in both
-
follicular fluid and serum, is capable of maintaining

the penetrability of oocyt&s matured in vitro.

Fully grown rat oocytes can spontaneously undergo
meiotic maturation independent of hormonal stimulation.
Gonadotropic stimulation of the fo?licle, probably
through changes in follicular steroidogenesis, renders

the oocytes fully capable of fhaturation and

fertilization.
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. . . . :
oocyte was picked up with the-hblding pipette and the zona
was held‘agaiégt the drflling.pipette in a Eangential
pes;tion. Acid Tyrode’s solution was sloyly expelled from

. . . i ‘
the drilling pipette until a dimple in the ocolemma

appeared, thereby'sigﬁaflinq a rupture in the zona

‘pellucida.. At this point the ococyte was imhediately

withdrawn. For most oocytes, the hole was not visible with
. ‘ ) . 1
the phase contrast microsctpe. If the hole was too large,

the zona would loosen its enclosute of the oocyte and/or

occasionally “fall off with handling; these ococytes were not

used in the experiment.

v ' i .
This study included four experiments, to determine:

\A) an appropriate'sperm concentration, B) the effect of

drilling on the fertilizability of CI and CF in vitro
. ’ =
matured oocytes, C) the developmental capability of drilled

oo&ytes; and D) the effect of dnilling and progesterone on

" the maturation and fertilization of in vitro matwured

\rrz\)
. 4R
oocytes. [

Ihmature ococytes were collected és dgscribed in
Section 4.2.2 and were matured CI for 8-10 h in MEM + 15%
raf sérum: At the end of the culture period, all the
oocytes were stripped of their cumulus cells and half had a
holes drilled in tgeir zdnae'peJ}Pcidae, one hole pér

oocyte. The oocytes were rinsed with fresh DPBS and

.divided into 50 nl droplets of fertilizatidn medium. The

droplefs of medium were randomly divided into 5 groups,
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