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Chapter 1

Ovarian follicle development



Introduction

Reproduction is the most important factor for the mainfenance of a species, The key evenf in
this process is fertilization: combination of haploid cells from male and female parents,
spermatozoon and oocyte, respectively. Before spermatozoa and oocytes are formed and ready
for fertilization many processes have taken place, which are very different for spermatozoa
and oocytes. One of the most striking differences is the continuous production of newly
formed spermatozoa in the fertile male, while the formation of oocytes is already complete
before birth. The oocyte is surrounded by supporting cells. In the complex of the oocyte with
the surrounding cells, called the follicle, close collaboration exists between the cocyte and the
surronnding cells. The main part of this thesis describes the dynamics of follicle development
and the hormonal factors influencing this development,

Development of the female germ cells

Qocytes are derived from germ cells that migrate from the yolk sac to the genital ridge and fill
the indifferent gonads. In both male and female mice this process has taken place at about 11
days postfertilization (E11){(Hirshfield, 1991). The germ cells in the female mouse will then
start to divide very rapidly until a number of 85,000 is reached at E18.5 (Hirshfield, 1991). In
the rat 75.000 germ cells are found at E18.5 (Beaumont & Mandl, 1962). Histological
recognition of the ovary and the oocytes is only possible after the end of the mitotic activity of
the oogonia, when oocytes and the somatic cells are organized in discrete follicles (Hirshfield,
1991). In the rat ovaries can be recognized from E16 (Torrey, 1945). Germ cells differentiate
into oocytes when they stop dividing and begin to undergo meiosis (Hirshfield, 1991).
Meiosis' progresses through the leptotene, zygotene and pachytene stages but stops in the
diplote¢ne stage of the first meiotic division (Bachvarova, 1985). By day E17 all germ cells
have entered meiosis in the mouse (Evans, Robb, Tuckett, ef al., 1982).

Two days after bith the ovary of the rat contains about 27.000 oocytes (Beaumont &
Mandi, 1962), each surrounded by a few flattened pregranulosa cells. All these oocytes are
arrested in the prophase of the first meiotic division. The same holds true for the human, only
the number of oocytes is 2.000.000 at birth (Baker, 1963). From this time on the number of
oocytes decreases gradually until the end of reproductive life. The loss of oocytes per day after
birth is highest in the prepubertal period, i.e. the period before the first ovulation. During
reproductive life the number of growing follicles is correlated with the number of non-
growing primordiai follicles (Krarup, Pedersen & Faber, 1969). Around the time of first
ovulation 6.000 (22% of the number present at birth) follicles were found in the rat (Meijs-
Roelofs, van Cappellen, van Leeuwen, ef al., 1990) and 400.000 (20%) in the human (Baker,
1963). In women, who shed one oocyte per 4 week cycle, only 400 (0.1%) of these 400.000
folticles will eventually ovalate. Most other follicles will vanish by a process called atresia, In
contrast to the human, the rat ovuslates about 12 oocytes in every 4 or 5 day cycle (Greenwald,
1961; Welschen, 1972a), When the ovarian cycle stops in the rat at the age of about one year,
about 800 follicles {13% of the number at first ovulation) wil! have ovulated and most of the
other follicles will have disappeared by atresia.



During the period of ovarian cyclicity the ovary ovulates a species specific, constant number
of folticles at constant time intervals (Lipschiitz, 1928). This constancy is most striking in the
rat and hamster, because a relatively large number of follicles are ovulated in every cycle
{Greenwald, 1961; Welschen, 1972a). It should be realised that the genetic variance in inbred
laboratory rat strains is probably much ower than in humans, This constancy is even more
striking when one considers the fact that there are two ovaries that together produce the
species dependent number of ovulating follicles. In humans only one ovary ovulates per cycle,
while in the rat both ovaries will ovulate. Communication between the two ovaries is
established by hormonal signals between the pituitary and the developing follicles in the
ovaries. A tight feedback mechanism between these two components regulates the ovarian
cycle, as will be described in the section about cyclic follicle development. The effectiveness
of this mechanism can be shown by removing one ovary, which will result in normal ovarian
cyclicity in the remaining ovary with unchanging total numbers of ovulations per cycle
(Greenwald, 1961; Peppler & Greenwald, 1970; Hirshfield, 1982; Meijs-Roelofs, Osman &
Kramer, 1982). This compensation is induced by a follicle-stimulating hormone (FSH)
increase 6 to 8 hours after wnilateral ovariectomy (Welschen, 1970; Welschen & Dullaart,
1974; Butcher, 1979; Osman, Meijs-Roelofs & Kramer, 1982). In the same way FSH
containing preparations can be used to induce superovulations in intact immature or adult
animals (Edwards, 1960, Wilson & Zarrow, 1962; Lostroh & Johnson, 1966; Greenwald,
1974; Nuti, McShan & Meyer, 1974; Chiras & Greenwald, 1978; Miller & Armstrong, 198{;
Armstrong & Opavsky, 1988) or an inhibin-neutralizing antiserum can be used to increase
endogenous FSH causing increased ovulation numbers in rats (Sander, Kramer, van Leeuwen,
et al., 1991a; Sander, Meijs-Roelofs, van Leeuwen, ef al., 1991b).

Follicular development
From primordial to Graafian follicle

At birth alt cocytes are surrounded by a few flat pregranulosa cells. This stage of development
is called a primordial follicle (Figure 1.1b). The whole follicle is surrounded by a non-celiular
layer, the basement membrane which consists primarily of type IV collagen, laminin and
fibronectin (Hirshfield, 1991). Primordial follicles are present from bigth until almost the end
of reproductive life, depending on the species studied. In the rat primordial follicles are still
found at the end of reproductive life (Mandl & Shelton, 1959), while in humans and mice the
primordial follicles have disappeared by this time (Gosden, Laing, Felicio, ef al., 1983, mice;
Richardson, Senikas & Nelson, 1987, humans). However, the differences found also reflect a
difference of the definition of the end of reproductive life. The reason why some follicles start
their development directly after birth, white others remain quiescent for many years, as in the
human, is still unkaown.

The first sign of follicular development is the transformation of the flattened
pregranulosa cells which surround the oocyte info round granutosa cells. At this time also the
cocyte will resume its growth (Arendsen de Wolff-Exalto & Groen-Klevant, 1980). An oocyte
surrounded by one fayer of rounded granulosa cells is calted a primary follicle (Figure 1.1b).
The mitotic activity necessary for granulosa cell division can be monitored by injecting rats
with tritiated thymidine. In this way it was shown that there is almost no mitotic activity in the
primordial follicles (Hirshfield, 1989). Only after infusing rats for 7 days with tritiated



thymidine some incorporation was found in almost all primordial follicles, which indicates
that almost all of these follicles are developing bul at an extremely slow speed,

After the formation of a primary follicle, a second layer of round granulosa cells wilt be
added. The follicle is now entering the secondary follicle stage (Figure 1.1c). During this
period the follicles will start their so-cailed “slow growth phase”; in these follicles at least
some dividing granulosa cells can be found (Pedersen, 1969). In contrast to the slow, ongoing
growth of the number of granulosa celis, the oocyte will have grown 1o almost its final volume
at the end of the formation of the third layer of granulosa cells (Arendsen de Wolff-Exalto &
Groen-Klevant, 1980). At the same time the follicle wiil be surrounded by a layer of so-called
theca cells at the outside of the basement membrane (Hirshfield, 1991). These cells appear to
originate from the ovarian cords during embryonic development (Merchant, 1975). Although
folticles will develop until the end of the secondary phase in the absence of gonadotrophins,
there can be little doubt about the imporiance of the effect of gonadotrophins, especially FSH,
secreted by the pituitary, on follicle developiment (for review see Greenwald & Roy, 1994). At
the end of the secondary phase of development liquid fifled spaces will be formed in between
the granulosa cells. The liquid is not excreted by the granulosa cells, but is derived from
serom from blood vessels surrounding the follicle (human: Shalgi, Kraicer, Rimon, ef al.,
1973; pig: Chang, Jones, Ellefson, ef al., 1976). This liquid appears to arise from filtration of
thecal blood through a molecular sieve which retains 50% of molecules with a molecular
weight of 250,000 and is impermeable to proteins with a molecular weight above 850.000
(human; Shalgi, e al., 1973).

Figure 1.1 Different stages of follicle development. &) Ovary with different stages of developing
follictes. b) Primordial follicle (PM, | layer of flat cells surrounding the small oocyte), primary follicle
(P, 1 layer of cuboidal granulosa celis surround the growing oocyle) and secondary follicles (S, more
than 1 layer of cuboidal granulosa cells surround the fully grown oocyte). ¢} Secondary follicle. d)
Tertiary follicle (T, antrum between the granuiosa cells). ¢) Preovulatory follicle after the preovulatory
LH surge, a few hours before ovalation; note resumption of meiosis, first polar body and dispersion of

the cumulus cells, §) Ovulation,
10



When the fluid-filled spaces associate with each other the follicular antrum is formed and the
follicle now enters the “fast growth phase” of the tertiary or antral stage of development
(Figure 1.1d) (Pedersen, 1969). This stage of development can only be reached when there is a
sufficiently high concentration of FSH in the peripheral circulation; without FSH no antral
follicles can be formed (Hirshfteld, 1991). In this stage the follicle is composed of the oocyte,
the granulosa cell layer surrounding the antral cavity, the non-cellular basal membrane, the
theca interna cells and the theca externa ceils. The follicle develops towards a preovulatory or
Graafian follicle (Figure 1.1e) and wiil ovulate (Figure 1.1f) in the night after the luteinizing
hormone (LH) surge. All the different stages of developing foilicles, except the Graafian
follicle, are continuously present in both ovaries during reproductive life (Figure 1.1a). The
question whether follicles will continuously grow into the pool of antral follicles (Peters &
Levy, 1966; Pedersen, 1970; Welschen, 1972b; Hirshfield & De Paolo, 1981; Hirshfield,
1988; Fauser & Van Heusden, 1997) or are recruited from a pool of preantral follicles at
oestrus (Greenwald, 1973; Greenwald, 1974; Osman, 1985) is still not answered.

Atresia

The connection between the cocyte and the surrounding cells seems to be vital for the
development of both the oocyte and the surrounding cells. Destruction of the cocytes in a
prenatal ovary by busulfan treatment results in an ovary without developiag follicles (Kasuga
& Takahashi, 1986). Culturing oocytes without surrounding (pre)granulosa cells, results in
regression of these oocytes (Buccione, Schroeder & Eppig, 1990). If, however, the oocytes are
surrounded by granulosa cells, the oocytes can be cultured for some days (Li, Phillips &
Mather, 1995).

Figure 1.2 Atresia in preantral follicle in the prepubertal mouse. a) Extrusion of a primordial follicle
(arrow). b) Degenerating oocyie surrounded by healthy granulosa cells.



The vital connection between the surrounding cells and the oocyte can also be seen in
vivo. When the surrounding follicle cells regress the cocyte will also regress, This system of
follicle regression is seen very often during reproductive life. It occurs mainly in antral
follicles and is called atresia. A comparison between the number of developing follicles and
the number of ovulations makes it clear that mos( follicles never reach ovulation and most of
these follicle will become afretic in the antral stage of development. Three other types of
regression may be seen especially during the prepubertal period. (1) In mice cocytes are lost
during the first six days of life by migration of the cocytes through the ovarian epithelium
(Figure 1.2a). These cocytes will be lost by elimination in the peritoneal cavity (Peters, 1969;
Byskov & Rasmussen, 1973; Hiura & Fujita, 1977). (2) Also degeneration of primordial
foliicles is observed regularly in mice during the first 30 days of life (Edwards, Fowler, Gore-
Langston, et al., 1977). (3) Another type of follicular regression mainly seen in secondary
follicles alse occurs during the prepubertal period (Figure 1.2b). The first sign of regression
normally seen during this period is the disappearance of the germinal vesicle of the oocyte
followed by cleavage of the oocyte. By this time also the granulosa cells surrounding the
oocyte will start their regression (Greenwald & Roy, 1994). This type of follicle regression is
rarely seen in the adult rat.

Figure 1.3 Different stages of follicular atresia. a) Early atretic follicle stage 1%, focal pycnosis in the
granulosa cell layer (arows), oocyte intact, b) Early atretic follicle stage 1°, pycnosis all around the
granufosa cell layer, cocyte intact. ¢) Late atretic follicle stage 2*, pycnosis all around the granulosa cell
layer, germinal vesicle breakdown in the oocyte nucleus. d) Late atretic follicfe stage 2°, germinal
vesicle breakdown in the oocyte nucleus, naked oocyte.
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During reproductive life most follicles will develop towards the antral stage of
deveiopment and during this stage most follicles will become atretic. This type of atresia starts
with pycnosis in the granulosa cells. Because pycnosis is always visible in some granulosa
cells of every follicle it is difficult to define a starting point for this type of atresia. Criteria
most often used are 5 pycnotic nuclei, 5 percent pycnotic cells (Byskov, 1974), or localized
pycnosis at different spots (Osman, 1985) in the largest cross section of the follicie (Figure
1.3a). Within 24h after the first signs of atresia, pycnotic cells will be seen throughout the
granulosa cell layer (Osman, 1985, Figure 1.3b). Thereafter regression is observed in the
oocyte by the disappearance of the germinal vesicle and shrinkage of the granulosa celf layer
(Figure !.3c). The theca cells seem not to be affected in Lhis stage of atresia (Mori, Pujila,
Nihnobu, et al.,, 1982). During the last stage of atresia the oocyte starts dividing and all
granuiosa cells will get lost by pycnosis (Figure 1.3d). The follicle shrinks and the remnant
will be either destroyed or taken up by the interstitial stroma cells (Greenwald & Roy, 1994).
The total process of atresia will take up about 3 (Osman, 1985) to 5 (Byskov, 1974) days in
small animals like mice and rat.

Recently more and more evidence is accumulating that pycnosis can be regarded as
apoptosis (Gerschenson & Rotello, 1992). Apeptosis is a way of programmed cell death. This
would fit with the idea of tightly controlled follicular atresia as a tool to regulate the ovarian
cycle in time and numbers. Lacker ef af (1981; 1987a; 1987b) developed a model based on the
feedback mechanism between the ovarian hormones and the gonadotrophins secreted by the
pituitary to explain the regulation of the ovarian cycle. In this model the number of interacting
follicles influences the timing and the number of ovuiations, Best results in terms of timing of
ovulation and the number of ovulations were found when many more follicles started their
development than needed for ovulation. This means that most follicles are sacrificed to get a

tightly reguiated ovarian cycle.

Hormonzal factors
Interovarian hormonal factors

Two types of hormones are involved in the hypothalamic-pituitary-ovarian feedback
loop: protein and steroid hormones (Figure 1.4). Steroid hormones are produced in the ovary
by the multi-step enzymatic conversion of cholesterol (Figure L.3). Steroidogenesis is
regulated by influencing the amount of substrate and the expression levels of the different
enzymes.

The hypothalamus secretes gonadotrophin releasing hormone (GnRH) into the porial
blood vessels of the pituitary. This hormone activates the secretion of LH and FSH from the
pituitary. LH and FSH are both dimeric proteins composed of the same e-subunit but with
different P-subunits. Both hormones exert their effects by activating specific membrane
receptors in their target cells. The FSH receptor is located in the membrane of granulosa cells
of primary and larger follicles (Oxberry & Greenwald, 1982; Mulheron, Quattropani & Nolin,
1989), The receptor consists of a hermone binding domain outside the cell, a trans-membrane
domain which transverses the membrane 7 times and a signalling domain inside the cell
(Savarese & Fraser, 1992). There is no significant change in FSH binding of the largest
follicles during the ovarian cycle related to the amount of DNA (Uilenbroek & Richards,
1979). There seems o be some increase in the amount of FSH receptor mRNA on pro-oestrus
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after the LH surge (Camp, Rahal & Mayo,
1991). Known actions of FSH are induction of
mitosis in granulosa cells (Hirshfield, 1986),
activation of the aromatase activity , induction
of LH receptor formation (Moley & Schreiber,
1995} and stimulation of inhibin production
{Lee, McMaster, Quigg, et al., 1982).

LH receptors are found in the theca cells
of antral follicles and in the mural granulosa
cells of Graafian follicles (Camp, ef af., 1991).
LH activates steroidogenesis by activation of
the side chain cleavage enzyme (P540sce,
Figure 1.5} which converts cholesterol into
pregnenolone. In this way LH activates the
formation of androgens in the theca cells,
because theca cells contain the enzymes which
converl pregnenotone to androgens. These
androgens diffuse to the granulosa cells where
they are converted to oestrogens, mainly
oestradiol. The secreted oestradiol will, through
its receplors in the pituitary, give rise o an
increased sensitivity of the pituitary towards
GnRH (Figure 1.4). However, the Ilarge
amounts of oestradiol secreted during the last
stage of the ovarian cycle will have a specific negative feedback effect on the GnRH, LH and
FSH secretion. Inkibin which is also secreted by the granulosa cells will have a negative
feedback action on the FSH secretion of the pituitary. This action is presumably performed by
blocking the action of locally produced activin which stimulates the FSH secretion of the
pituitary. Until now no specific receptor for inhibin has been found. Inhibin probably has its
effect by inhibition of the activin binding to activin receptor type II (Martens, de Winter,
Timmerman, ef al., 1997).

The secretion of gonadotrophins can also be influenced by treatment with GnRH agonists or
antagonists. Treatment with a GnRH antagonist leads to a decreased secretion of LH and FSH
from the pituitary which in turn will lead to a decreased ovarian stimulation. This treatment
partly resembles the effect of hypophysectomy without abolishing the secretion of other
factors from the pitvitary. The secretion of LH and FSH, however, will not be completely
suppressed. Treatment with a GnRH agonist can provoke different responses depending on the
type of treatment, Treatment with a single dose of GnRH agonist will lead to an increased LH
and FSH secretion which in torn will lead to more or less follicle growth stimulation
depending on the stage of follicular development at the moment the treatment takes place
{Naor, Zilberstein, Zakut, ef al., 1983), Chronic treatrnent with a GnRH agonist will lead to
desensitisation of the GnRH receptor in the pituitary which will fead to the same effects as
treatment with a GnRH antagonist. However GnRH (agonist) may also have a direct effect on
the ovary itself trough local GnRH receptors (Knecht, Ranta, Feng, ef al., 1985). GnRH
agonist treatment decreases the LH receptor formation in developing foilicies which in turn
decreases the progesterone production of these follicles {(Jones & Hsueh, 1980; Naor, ef al.,

yvpothalamus

Oestradio]]
Inhibin

Figure 1.4 Hypothalamo-pitaitary-ovarian
feedback foop.



1983}, and suppresses the FSH receptor levels in granulosa cells (Ranta, Knecht, Baukal, ef
al., 1984),

o
Cholesterol #?é» Pregnenolone —  — » Progesterone
& Y v P450c17
17-hydroxypregnenolone  —¥ 17-hydroxyprogesterone
+ y  P4s0c17
Dehydroepiandrosierone — = Androstenedione — P Oeslrene
é )Y!\ 17PHSD ¥
Andrestenediol — ¥ Testesterone — ¥ Oestradiol
o
f-?zts? Q"“)@

Figure 1.5. Ovarian steroid synthesis. P450ssc - cholesterol side chain cleavage enzyme.
P450c17 - 17-hydroxylase. 17PHSD - 17f-hydroxysteroiddehydrogenase.
3BHSD - 3p-hydroxysteroiddehydrogenase. P450aro - aromatase.

Intraovarian hormonal factors

Follicle development is not only regulated by the hypothalamic-pituitary-ovarian axis, but also
by intra-ovarian factors. Because intra-ovarian factors are locally produced and regulated,
their local and peripheral concenlrations may be very different. This makes it difficult to study
them. The role of most of these factors is still not very clear,

Oestradiol

This steroid hormone is not only important as a feedback component but it also has effects on
the follicle directly. Oestradiol is produced by the granulosa cells (Marut, Huang & Hodgen,
1983} by aromatisation of androgens secreted by the theca cells, This androgen secretion is
stimulated by LH while the aromatisation of androgens to oestradiol in the granulosa cells is
stimulated by FSH (Fevold, 1941; Falck, 1959). One of the important actions of cestradiol
seems to be the prevention of atresia. When immature female rats are hypophysectomized,
atresia in the antral follicles can be prevented for some time by injections with the synthetic
oestrogen diethylstitbestrol (Schwall & Erickson, 1981). It was also found that cestradiol
induces mitoses in granulosa cells (Richards, 1980). The granulosa cells do not only produce
oestradiol, but they also contain oestradiol receptors (Hillier, Saunders, White, et af., 1989),
which makes aufocrine and paracrine action possible. The importance of the oestradiol action
was demonstrated with an oestradiol receptor knock-out mouse in which the female offspring
was infertile with haemorrhagic cystic ovaries (Lubahn, Moyer, Golding, ef al., 1993). A
constitutively active oestradiol receplor resulted in the formation of ovarian tumours (Fuqua,
Fitzgerald, Chamness, ef al., 1991). Oestradiol can only be formed when the P450aromatase
enzyme is present and active. Defects in this enzyme lead in human females to ovaries with a
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higher than normal number of small aniral follicles from 6-8 mm (Morishima, Grumbach,
Simpson, ef al., 1995). No follicles larger than this size were found. This is the folliclar size at
which follicles become ESH dependent and the size at which follicle selection takes place
{Pache, Wladimiroff, de Jong, ef al., 1990). However, using data obtained after FSH treatment
of patients with genetic defects which inhibited the oestradiol formation, it was shown that
follicle development could take place in the absence of oestradiol, This led to the conclusion
that oestradiol is not vital for human follicle development (Fauser & Van Heusden, 1997).

Inhibin and activin

Inhibin is a dimeric protein composed of an ¢- and a 8- or 8y-subunit, linked by a disulphide
bond. Alternatively, two B-subunits can be linked to form activin, Inhibin was first described
as a substance of gonadal origin that specifically decreases FSH release without altering the
LH release. Both inhibin and activin were found in follicular fluid (Inhibin: de Jong & Sharpe,
1976, Activin: Ling, Ying, Ueno, ef al., 1986a; Vale, Rivier, Vaughan, ef al., 1986). Locally
produced activin is known to stimulate the FSH secretion of the pitvitary (Ling, et al., 1986a;
Vale, er al., 1986). Activin is also produced in the ovary (Ling, Ying, Ueno, et al., 1986b).
Besides the pituitary actions of inhibin, more and more evidence for autocrine/paracrine
actions of this hormene and of activin are found. Tnhibin was found to reduce the FSH
induced aromatase aclivity and progesterone production in rat granulosa cell culture (Ying,
Becker, Ling, ef al., 1986). This result could not be reproduced by Hutchinson ef af (1987)
using bovine inhibin treated rat granulosa ceils, Activin was found to stimulate the
progesterone and inhibin production, and the FSH stimulated aromatase activity in rat
granulosa cells (Xiao, Findlay & Robertson, 1990). This is in contrast with the findings in vivo
that human recombinant inhibin positively influenced follicle development, while human
recombinant activin treated ovaries were negatively influenced in there follicle development
after injection directly into the ovary (Woodruoff, Lyon, Hansen, ef al., 1990). Activin A can
stimulate granulosa cell DNA replication i vitro (Li, ef al, 1995). The situation is
complicated further by the presence of follistatin, a protein which is known to bind and
deactivate activin, in follicular fluid (Klein, Robertson, Shukovski, ef al., 1991; Kogawa,
Nakamura & Sugino, 1991}, The inhibin e-subunit is found in ail foliicles from primary to
Graafian (Cuevas, Ying, Ling, et al., 1987; Merchenthaler, Culler, Petrasz, ef al., 1987,
Tisdall, Hudson, Smith, ef al., 1994). The inhibin p-subunits are mainly found in the
granulosa cells of large healthy antral follicles. At oestrus the [-subunits were also found in
the smaller antral follicles (Meunier, Cajander, Roberts, ef al., 1988). An increase in the
expression of inhibin &- and 8,-subunit-mRNA was found in newly recruited follicles in the
rat after the periovulatory FSH surge (Woodruff, D'Agostino, Schwartz, et af., 1988;
I¥Agostino, Woodruff, Mayo, ef af., {989).

Activin action in induced by binding of activin to an activin membrane receptor type I
(ActRII, A or B). The activin receptors belong to the family of transforming growth Ffactor-3
(TGFB) receplors. These ActRI mRNAs were found in oocytes, int the corpus luteum and in
granulosa cells of rat follicles at dioestrus-1{Cameron, Nishimura, Mathews, et al., 1994). The
ActRIT-activin complex will bind to an ActRI membrane receptor and subsequently induce
phosphorylation of the ActRI receptor (Attisano, Wrana, Montalvo, ef af., 1996). All inhibin
effects found are inhibitions of activin action (Mathews, 1994). However, not all activin
actions are antagonized by inhibin (Mathews, 1994). This may be explained on the basis of
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high number of ActRIIA receptors in the granulosa celis and the lower binding of inhibin to
the ActRIIA receptor compared to activin (Martens, ef al., 1997). Further investigations on
the role of inkibin and activin were carried out by making inhibin-o and inhibin-p subunit
knock-out mice, The inhibin-e¢ knock-out mouse develop gonadal stromal fumours after
normal gonadal development. In case of the female mouse the tumour develops before normal
ovarian cyclicity takes place which makes it impossible to identify the specific role of inhibin
during normal follicular development (Matzuk, Finegold, Su, et al., 1992). However, it is
possible to stimulate follicle growth in prepubertal knock-out mice before tumour
development, and in this way ovulated oocytes can be fertilized (Matzuk, Kumar, Shou, ef af.,
1996). From this observation it can be concluded that follicle development and ovulation can
take place without inhibin action. This model, however, does not reveal the auto- or paracrine
role of inhibin during normat cyclic follicle development. Activin knock-out mice do have a
disturbed embryonal development which makes the study of the effects on postnatal ovarian
development very difficult (Matzuk, Kumar, Vassalli, et al., 1995).

The role of inhibin in the endocrine feedback regulation of FSH production is quite
clear, but the roles of activin and inhibin and their importance as local regulators still need
further study.

Other intraovarian factors

FSH is generally accepted as a key factor in follicle selection. It rescues follicles from atresia,
but it is unknown how FSH selects certain follicles for ovulation. Probably other (local)
factors are involved in follicle selection. It was hypothesized that the physiological basis of
follicle selection is the differential expression of factors that modulate the action of
gonadotrophin on follicular cells at key points during the process of follicle development
{Campbeli, Scaramuzzi & Webb, 1995). Some of the possible factors are summarized in table
8.1. The problem with most these local factors is the lack of evidence that they are also
working in vivo (Fauser & Van Heusden, 1997). The most atractive factors for follicle
selection are the factors that have both a peripheral and a local activity. This could explain the
coordination between both ovaries.

Follicle development in the rat
Prepubertal follicle development

The prepubertal period is the period from birth to the first ovulation. It was shown by Peters
that there is active follicle development during this period both in girls (1976) and mice
(1969). Also in other species proncunced follicle development has been observed during this
period. In rat and mouse it was found that follicle growth during the prepubertal period is
somewhat faster than during cyclic life {mouse: Pedersen, 1969; rat: Hage, Groen-Klevant &
Welschen, 1978). Although some follicles do start their development in the prepubertal period
most primerdial follicles witl remain in their resting stage of development. What could be the
reason for follicles to start their growth shortly after birth 7 One theory is that preantral follicle
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Table 8.1. Factors influencing follicle selection

Factor Species Reference
Acfivins, inhibins, and Human Giudice, Chandrasekher & Cataldo,
follistatin 1993
IGEBP-2 and -3 Human San Roman & Magoffin, 1993
IGFBP-3 Human Magoffin, San Roman &
Muderspach, 1995
Naturalty occurring Porcine, human, rat | DiZerega, Tonetta & Westhof, 1987
aromatase inhibitors
TGF-B Rat Knecht, Feng & Catt, 1987
Follistatin Rat Nakatani, Shimasaki, Depaolo, ef al.,
1991

Anti-Mullerian hormone Rat Hivobe, He, Gustafson, ef al., 1994
Vascular endothelial growth | Primate Ravindranath, Little-Thrig, Phillips,
factor et al., 1992
Qestradiol Ovine Fortune, Sirois, Turzillo, ef al., 1991
Pulsatile LH Ovine MgcNeilly, Picton, Campbell, et al.,

' 1991
Vitamin A Bovine Schweigert & Zucker, {988
IGFBP-2 and -4 Ovine Perks & Wathes, 1996
Qestrogen Porcine Veldhuis, 1985
Bel-xlong Chicken Johnson, Bridgham & Wagner, 1996

development is an aufonomous process not regulated by extra-ovarian factors. This theory is
based on the fact that in hypophysectomized rats there is still follicle development until the
antral stage (Lane & Greep, 1935; Pacsi, 1949). Another theory postulates that the high
gonadotrophin levels, especially FSH during this period, induce prepubertal follicle
development (Eshkol, Lunenfeld & Peters, 1970; Eshkol & Lunenfeld, 1972; Baker & Neal,
1973; Schwariz, 1974). During the first three weeks of life the FSH levels in female rats are
much higher than during cyclic life with the exception of the ovulatory FSH peak (Goldman,
Grazia, Kamberi, ef al., 1971; Kragt & Dahlgren, 1972; Ojeda & Ramirez, 1972; Meijs-
Roelofs, Uilenbroek, Osman, et al., 1973). These high gonadotrophin levels are very
important for normal ovarian development (Schwartz, 1974). Reduction of the high
gonadotrophin levels by treatment with testosterone propionate, anti-serum against FSH or
Se-dihydrotestosterone propionate resulted in a decreased number of preantral and small
antral follicles 15 days after the last injection (Uilenbroek, Arendsen de Wolff-Exalto &
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Blankenstein, 1976a; Uilenbroek, Arendsen de Wolff-Exaito & Welschen, 1976b; Uilenbrock
& Arendsen de Wolff-Exalto, 1979). Due to their limited growth rate the first antrat follicles
in rat and mouse are seen around day 20 of life (Pedersen, 1969), When the first follicles reach
the antral stage of development they start to produce inhibin (Sander, Meijs-Roelofs, Kramer,
et al., 1985), which is reflected in a decrease of FSH until the day of first pro-oestrus (Sander,
Meijs-Roelofs, van Leeuwen, et al., 1986). During the period between day 20 and a few days
before first ovulation the follicles do not grow larger than a volume of 500 * [0° pm?
(diameter < 450 pm) before they become atretic and the amounts of inhibin produced are
relatively small (Sander, ef af., 1986), During the last 4 days before first ovulation the largest
antral follicles (vol. > 350 * 10° pm®, diameter > 400 pm) do contain increasing amounts of
inhibin, which correlate negatively with the decreasing peripheral FSH concentrations
(Sander, ef al., 1986). The pulsatile LH pattern which can be seen from 10 days before first
ovulation onwards (Meijs-Roelofs, Kramer & Sander, 1983), may be the reason why only
during this last period follicles develop to volumes = 500 * 10° pm®.

Cyclic follicle development

After the first ovulation has taken place, the ovarian cycle starts. In our rat strain (Wistar R-
Amsterdam) the very first cycle takes 7-8 days (Osman & Meijs-Roelofs, 1976). This first
cycle is followed by a period of 4-6 months (Sander, 1988} during which 11 follicles will
ovulate in every 5-day cycle (Welschen, 1970). In this thesis the days of the 5-day cycle will
be referred to as oestrus (OB), dioestrus-{, -2, -3 (D1, D2, D3) and pro-oestrus (PO), This
highly organized system is regulated by hormones secreted by the hypothalamus, the pituitary
gland and the developing follicles.

Oestrus

In our strain of rats ovulation will take place between 02.00h and 04.00h in the early morning
of oestrus {(Osman, 19753), Characlteristic for oestrus morning (about 10.00h) is a high FSH
serum concentration (Figure 1.6) and the presence of a large number of smali antral follicles
in the ovaries {Welschen & Rutte, 1971), Also the incorporation of [*H]thymidine in preantral
follicles increases (Roy & Greenwald, 1986; Wang, Roy & Greenwald, 1991}). It was
postulated that the high FSH levels are responsible for recruitment of these small antral
follicles (Welschen & Rutte, 1971; Welschen, 1972b; Hirshficld & De Paolo, 1981). Later it
was demonstrated that suppression of the FSH levels at oestrus by injection of porcine
follicular fluid (pff, a crude inhibin preparation) indeed decreases the number of antral
follicles found at dicestrus-1 (Hirshfield & De Paolo, 1981). The number of small antral
follicles (100-350 * 10° pm® diameter 265-400 pm) found at oestrus morning (about
30/ovary, Osman, 1985) is five times the number which will eventually ovulate. At this stage
of development it is not possible to induce ovulation of these follicles by means of hCG
(Welschen & Rutte, 1971). The inhibin-like activity found in the ovary at oestrus is low
compared to levels found during the second part of the cycle (Sander, ef al., 1986). Also, the
oestradiol serum levels are low at oestrus. Immuno-reactive inhibin in serum was found to
increase slightly during oestrus (Watanabe, Taya & Sasamoto, 1990). The progesterone
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secretion from the newly formed corpora futea (CLs) at oestrus increases until dioestrus-2
whereafter the progesterone secretion decreases.

Dioestrus

The number of healthy antral follicles at oestrus will gradually decrease to about 14 medium
to large antral follicles (vol. > 200 * 10° um?®, diameter >350um) per 2 ovaries at dioestrus-3
{Osman, 1985). This decrease is the result of atresia of a number of the antral follicles. At
dioestrus-1 the number of early atretic follicles is much higher than during oestrus (Osman,
1985). The largest follicles found at 10.00h on divestrus-1 have a volume between 350 and
500 * 10° pm’ (diameter 350-400 pm). Ovulation can be induced in these follicles by
treatment with 15 IU of hCG (Welschen & Rutte, 1971), During the dioestrus period the
inhibin-like activity in the ovary increases gradually (Sander, ef al., 1986). At the end of the
dioestrus period the oestradiol serum concentration will start rising. The increasing oestradiol
concentrations will make the cells in the pituitary more sensitive to GnRH from the
hypothalamus (Docke, Rohde, Stiirzebecher, et al., 1990). Both LH and FSH are low during
this period due to the feedback action of inhibin and cestradiol on the pituitary. 'Fhe immuno-
reactive inhibin-o serum conceniration, which does not necessarily reflect the bioactive
inhibin levels, does not change very much during this period (Watanabe, ef al., 1990).
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Figure 1.6 Hormonal patterns during the 5-day cycle of the rat

Pro-oestrus

On the morning of pro-oesirus big Graafian follicles will be found in the ovaries. These ate
the follicles that will ovulate the next morning. By now the number of ovulating follicles is
fixed. The inhibin-like activity in the ovary is very high {(Sander, et al., 1986) and also the
serum oestradiol concentration reaches a maximum level. The high oestradiol concentrations
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in serum will increase the hypothalamic pulsatile secretion of GnRH, which leads to an
increased secretion of LH and FSH from 13.00-17.00h in the afternoon of pro-oestrus. The LH
surge stimulates the oocyte in the Graafian follicle to resume meiosis. The granulosa cells of
the Graafian follicles stop producing oestradiol and switch to the production of progesterone.
In contrast to the LH surge, which declines rapidly after 15.00k on pro-cestrus the FSH
concentration remains high until the next day, oestrus 13,00h (Hirshfield & De Paolo, 1981).
This second part of the FSH surge is often called the secondary FSH peak and is probably
caused by the drop in the serum inhibin concentration which occurs shortly after the LH peak.
In the rat there is not much distinction between the first and second part of the FSH surge.

The end of reproductive life

The period of regular cyclicity in our rats will last for about 4-6 months (Sander, 1988). This
period is followed by a period in which the percentage of normal 5-day cycles will decrease.
Due to different definitions for the end of reproductive life, different conclusions are drawn
about its cause. Depletion of follicles as a main reason was found by some authors (Sopelak &
Butcher, 1982, rats; Gosden, ef al., 1983, mice; Richardson, ef al., 1987; Gosden & Faddy,
1994, humans), changes in hormonal control by others (Jones & Krohn, 1961, mice). The
change in hormonal control was also mentioned by the authors of the first theory. In women it
seems clear that before follicle depletion occurs changes will be found in the ovarian-pituitary
feedback system (Richardson, et al., 1987; Gosden & Faddy, 1994). Because women will
normally live long after the end of reproductive life, the ovary will end up completely devoid
of follicles.
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Aim and scope of this thesis

The aim of this thesis is to describe the effect of gonadotrophins, especially FSH, on the
development of preantral and antral follicles in the rat. The peripheral concentrations of
gonadotrophins are very high during the first two weeks of life in this species. Suppression of
these high levels yields a good model system to study the effect of the high endogenous
gonadotrophin concentrations on growth and development of preantral and small antral
follicles. During cyclic life the effect of manipulation of the levels of ESH on antral follicle
development was stadied to determine when and from which class of follicles the follicles
which will ovulate are selected. In order to reach this goal, a method was developed to
describe dynamic events of antral follicle growth during the ovarian cycle of the rat. These
studies were performed by measuring the number of ovarian follicles in the different size
classes and the levels of different hormones involved in the ovarian-hypothalamo-pituitary
feedback system.

In the next chapters studies will be presented investigating the role of the prepubertal
FSH surge in the regulation of preantral follicle development and of fiest ovulation (chapter
2), the stability of the ovarian-hypothalamo-pituitary feedback loop before first ovulation
(chapter 3), the dynamics of antral follicle growth during the cycle (chapter 4), the contents of
inhibin-like activity of foilicles during the ovarian cycle (chapter 5} and the influence of
exogenous FSH on the ovarian-pituitary feedback loop (chapters 6 and 7). Chapter 8 will
contain a general discussion of the studies performed. Finally the appendix presents
physiological data fitted to the follicle inflow model presented in chapter 4.
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ABSTRACT

The high concentrations of gonadetropins present In immature female rats by the end of the second week
of life were suppressed by treatment with an antagenist against hteinizing hormone-releasing hormone
(LHRH-A; Org. 30276) on Days 6, 9, 12, and 15 of life. Differential ovarian follicle counts were made on
Days 15, 22, 28, and on the day of first esirus of all growing follicles and folliclesz100 x10° {mostly
antral}. In LHRH-A-treated rats, a retardation of follicle growth was noted on Day 13, followed by a gradual
loss of growing follicles that amounted to 20% on Day 22 and 40% on Day 28; ar first estrus, the towal
population of growing follicles was only 50% of that present in conirol rats. Aniral follicles, first present at
22 days of age, were lower in number at 28 days of age and at first estrus in LHRH-A-treated rais; this was
trite for both healthy and atretic follicles. Ovarlan weights were significanily reduced in LHRH-A-treated rats
at 15 and 28 days of age and on the day of first esirus. However, the numbers of corpora Intea following the
first, and normally timed, ovulation were the same in bath groups.

1t was concluded that for early recrultment of follicles to reach a full-sized pool of growing follfcles at the

age of puberty, high concentrations of gonadotropins early in life have a significant role.

INTRODUCTION

It has been well established that gonadotropins are
indispensable for normal ovarian development already
during the first weeks of life (see Schwartz, 1974). A
role for follicle-stimulating hormone (FSH) in enhanc-
ing follicle movement into the proliferating pool and in
achieving follicle stages with more than a few layers of
granulosa cells has been demonstrated (Eshkol et al.,
1970; Eshkol and Lunpenfeld, 1972, Baker and Neal,
1973; Schwartz, 1974). Luteinizing hormone {LH) has
been found to play a role in the development of ovarian
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vascularization and of interstitial tissue, as well as in
the development of follicutar theca and antrum forma-
tion (Bshkel and Lunenfeld, 1972; Schwanz, 1974).
On the other hand, the question as to the significance
of the extremely high FSH concentrations present in
immature rais by the end of the second week of life
{Goldman et al., 1971; Kragt and Dahlgren, 1572,
QOjeda and Ramirez, 1972; Meijs-Roelofs et al, 1973)
has not been answered satisfactorily. Suppression of
these high FSH levels by treatment with testosterone
proprionate {TP) (Uilenbroek et al, 1976a,b), with 5-
dihydrotestosterone proprionate (Uilenbroek and Arend-
sen de Wolff-Exalto, 1979), or antiserum against FSH
{Uitenbroek et al., 1976b) results in decreased numbers
of medium and large follicles prepubertally, but litde or
no change is detected in the timing of first ovulation
and in subsequent cyclicity (Uilenbroek and Arendsen



de Wolff-Exalto, 1979). However, early vaginal open-
ing and the presence at that time of advanced growth of
large follicles are found in TP-wreated rats (Uilenbroek
et al.,, 1976a); in these {androgenized) rats, no ovulation
lakes place. Anderson et al. (1976} have found that
using antiserum to gonadotropins is inadequate; after
such treatment, even elevated FSH levels have some-
times been found. No changes in follicle population
have been detected on Day 15 {Anderson et al., 1976).
With the availability of LHRH antagonists, a new
approach for suppression of gonadotropin concentra-
tions has become possible. In the present study, we
used an EHRH antagonist (LHRH-A) that appeared to
effectively suppress the high gonadowopin levels nor-
mally present early in life. After LHRH-A treatmeat,
the ovarian follicle population was swdied at various
prepubertal ages, up to the age at first estrus.

MATERIALS AND METHODS

Immature femate rats of our inbred Wistar substrain
(R-Amsterdam) were used. They were kept in a ¢on-
trolted temperature of 22-25°C with a light period from
0500-1900 h daily. Standard dry pellels and tap water
were available ad libitum. Rats were weaned at 22 days
of age and thereafier checked daily for vaginal opening.
Starting on the day of vaginal opening, daily vaginal
smears were made until the day of first estrus, On this
day, a fully cornified smear was found and ovulation
was confirmed by the presence of tbal ova.

Treatment

On Days 6, 9, 12, and 15 of age (day of birth
counted as Day 0}, at 1100 h, rats received an s.c.
injection of either 500 pg/100 g body wt of LHRH-A,
Org. 30276 (Ac-D-pCiPhe-DpCiPhe-D-Trp-Ser-Tyr-D-
Arg-Leu-Arg-Pro-D-Ala-NH;.CH3.COOH,  Organon,
Oss, The Netherlands) or of saline. The peptide was
dissolved in saline at a concentration of 1 mg LHRH-A/
ml. Rats, 7-10 per group, were kilted by decapitation
between 1100 and 1300 h on Days 6, 7, 9, 12, 15, 18,
22,28, 34, and on the day of first estrus, Rats killed on
Days 6, 9, 12, and 15 did not receive the injection due
that day. At the time rats were killed, trunk blood was
collected and allowed to clot in a refrigerator before
centrifugation, The serum was separated and stored at
—-20"C uniil assay of LH and FSH. Body, ovarian, and

uterine weights were recorded; ovaries were fixed in
Bouin's fluid for histological examination and follicle
cousts.

Histology and Follicle Counts

Serial sections (10 pum) of the ovaries, embedded in
paraffin wax, were stained with hematoxylin and eosin.
Follicle counts were made in both ovaries using two
methods:

1)  With one method, we measured all follicles in
which the oocyte was surrounded at some places
by at teast two cell layers (roughly comparable to
fype 3b-4 of Pedersen and Peters, 1968). This
means that medium and large follictes (Pedersen
and Peters, 1968} were counted. Each fifth serial
section was searched for follicles that showed the
nucleus of the oocyte, which were then measured.

2) The method of Boling et al. (1941), as modified
by Welschen (1973), was used for further analysis
of the population of large follicles. Measurements
were made of all follicles with a volume2100 x
105 pm3 (mean diameter=about 275 um; generally
comparabte to Types 6, 7, and § of Pedersen and
Peters, 1968). These follicles, which mostly have
an antrum and which show significant changes in
volume and number during the adult cycle (Wel-
schen, 1972), were classified inio five volume
classes (1: 100-199; 2; 200349, 3: 350-499; 4:
500-999; 5: 21000 X 105 pmd). Healthy and
awetic follicles were counted separately; criteria
for atresia were changes in granulosa cells and
changes or loss of the ococyte nuclens (Meijs-
Roelofs et al., 1982). This method involved exam-
ining each histological section; two perpendicular
diameters were measured in the section in which
the nucleolus of the oocyle was seen.

By measuring two perpendicular diameters with a
Summagraphic MM 1201 Data Tablet, connected with
an Olivetti M24 Microcomputer, and substituting the
third diameler by the mean of the other diameters, the
volume of the follicles was calculated. A computer
program was developed to manage the measurements,
to perform some statistical analysis, and to draw block
diagrams, Additionally, in iwo age groups (15 days and
at the day of first estrus) we also measured all type 3b
fotlicles, i.e. including those with only one layer of
granulosa cells surrounding the ococyte (the smallest
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growing follicles [Pedersen, 1969; Hage et al,

1978]).

Hormone Measurements

The concentrations of LH and FSH were estimated
by radioimmunoassay, with anti-ovine LH or FSH as
antiserum and rat LH or FSH as tracer (Welschen et al,,
1975). Serum concentrations of LH or FSH are ex-
pressed as pg reference preparation/l {(NIAMDD-rat
LH or FSH RP-1). Samples were measured in duplicate
and the intra- and Interassay variability was 3 and 18%
for LH and 9 and 16% for FSH.

Statistical Analysis

Statistical analysis was performed by the Mann-
Whiwmey-U-test. A difference was considered signifi-
cant if the double-tail probability was <0.05.

RESULTS

The LHRH-A treatment resufted in a striking and
significant suppression of FSH levels to a level of about
200 peA, lasting from 7 until at least 28 days of age.
Thus the extremely high levels present in control rats
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{LHRH-A}-trexted rats fsofid bars) at various ages. LHRH-A was administered
at 6,9, 12, and 15 days of age. Each bar represents the mean & SEM of 6-12
rats. *p<0.01, LHRH-A-treated vs. saline-treated rats.

had been completely abolished (Fig. 1). Also LH
concentrations in LHRH-A-treated rats between 7 and
28 days of age, were, with (he exception of levels on
Day 22, significantly suppressed compared with con-
centrations in control rats (Fig. 2). Vaginal opening (of
a pinhole type) occurred about 5 days earlier in LHRH-
A-treated rats than in saline-treated rats. However, net-
ther age nor body weight on the day of first estrus
differed between groups (383 £ 0.7 (n = 10) vs.
382 £ 05days(n=9 and 4.3 £ 22 vs, 94.8 + 2.6
g). Also, the number of corpora lutea present in the
ovaries at first estrus (9.8 + 0.4 vs. 104 % 0.3) were
similar.

Ovarian Morphology

At 15 days of age, the ovaries of LHRH-A-treated
rats were visibly smaller than those in saline-treated
rats (Fig. 3-1}, as was also apparent from their weight
{p<0.01, Table 1). Follicles in the ovaries of LHRH-A-
treated rats differed from those in saline-treated rats in
that they often showed irregular oocytes, whereas gran-
ulosa cells were smaller and were crowded together
(Fig. 3-3). The space between the occyte and the sur-
rounding granulosa cells was often larger in LHRH-A-
treated rats (Fig. 3-2), Moreover, the interstinal tissue
seemed smaller in volume and cells were less devel-



TABLE 1. Total numbet of fellicles with 22 granulosa cell layers (mean & SEM) present at various ages In the 1wo ovasies of luteinizing hormone-releasing

hommone antagonlst (LHRH-ARreated sats and saline-treated control rats.

Toul no. of

Age Body wt No. of fotlicles Weightof 2
Treatment {days} {mmean + SEM)  rans measured ovaries {mg)
Saline 15 252 %14 ¢ Hegx 7 13+ 02
LHRH-A 26012 10 Bt 6 19 £ 0.03¢
Satine 2 188 £23 ? %6t 9 95 % 08
LHRH-A 98120 g 21 & 10* 6% £ 08
Saline 23 528 £23 7 289 % 18 166 £ 0.5
LHRH-A 542+ 20 10 168 £ 10* 110 £ 03
Saline first estrus X8 £ 26 9 175t & 365 % 10
LHRH-A 943+ 22 9 84 & 4* 235 1 035

*p<0,01, LHRH-A-treated vs. saline-weated, Mann-Whitney U-test,

oped in LHRH-A-trealed rats: cells were less disc-like
than in the ovaries of saline-treated rats (Figs. 3-1 and
3-3).

In 22-day-otd ovares, no differences were seen in
the follieles and interstidal tissue of LHRH-A-treated
and saline-treated rats. Furthermore, there was no signi-
ficant difference in absolute weight between the ovaries
of LHRH-A-treated rais and those of saline-treated rats;
however, expressed as relative ovarian weight {mg/100
g body wt), there was a difference (p<0.01) between
LHRH-A-treated (17.0 £ 1.4) and saline-treated rats
(24.5 + 1.2}, At 28 days of age, the histological picture
was similar in LHRH-A-reated and saline-treated rats,
but both absolute and relative ovarian weights were
significantly lower (p<0.01) in the LHRH-A-treated
group. Also, on the day of first estrus, absolute and
relative ovarian weights were about 30% lower in
LHRH-A-treated rats than in saline-treated rats (p<0.01,
Tabte 1).

Counts of Medium
and Large Follicles

Numbers of medium and large follicles -present in
saline- and in LHRH-A-treated rats on Days 15, 22, 28,
and on the day of first estrus are shown in Figure 4.
Follicles were arbitrarily subdivided into 12 volume
classes.

Cn Day 15, the number of follicles present in the
classes with a volume of 2-4 x 105 um3 and 4-6 x 10
#m? was significantly higher (p<0.05 and p<0.0f, re-
spectively) in LHRH-A-treated rats than in saline-
treated controls, In the larger follicle classes, those
between 10 and 40 x 105 pum3, the number of follicles

was significantly reduced in LHRH-A-treated rats com-
pared with conirol rats. The smallest growing follicles
(atl type 3b follicles, Pedersen and Peters, 1968, 20-60
granulosa cells) were counted at Day 15 of age (not
shown in Fig. 4}, and a small difference {p<0.05) in the
numbers was scen between LHRH-A-trezted rats
(112 £ 4) and saline-treated rats (131 + 3).

Figure 4 shows that on Day 22 significant differen-
ces between groups were only seen in the volume class
of 10-15 X 10° um?; the total number of follicles was
significantly lower (p<0.01) in LHRH-A-treated rats
than in saline-treated controls.

On Day 28, the number of follicles in the LHRH-A-
treated rats was significantly lower in most of the
volume classes between 2 and 80 x 105 pm3; the most
pronounced reduction was found in follicles between 6
and 40 x 105 pm3 in volume,

On the day of first estrus, the numbers of follictes
from classes 6-8 x 105 pm3 and greater were always
significanly reduced in LHRH-A-treated rats compared
with those in saline-treated rats. The number of type 3b
fotlicles in LHRH-A-treated rats (62 £ 3) was not dif-
ferent from that in saline-treated conirols (71 £ 4).

The total number of growing follictes present in the
two ovaries was progressively and significantly
(p<0.01) reduced in LHRH-A-treated rats, compared
with control rats, on Days 22 and 28 and on the day of

FIG. 3, Ovaries of 15-day-oid controb {lefl) and uieinizing bormone-releas-
ing hotmone antagonist-treated (right) rats. 1) Note differences in ovarian slze
between eontrol and LHRH-A-treated rals and the scarcely developed intersti-
tal tissue in LHRH-A-treated rats (x40), 2) Note imegutar 00cytes and spaces
belween oocyles and granulesa <ells in LHRH-A-treated rats {x100). 3} Note
flat nzerstivial cellsin LHRH-A-treated rats s well as imegular spaces betwesn
granulosa cells (x400).
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first estrus (Table 1). On the day of first estrus, the total
population of follicles measured had been reduced in
LHRH-A-treated rats to about 50% of that in saline-
ireated rats (84 + 4 vs, 175 = 6),

Changes with age were seen in the tolal number of
foltictes, there was a significant increase in total num-
ber of follicles between 15 and 22 days of age, both in
LHRH-A-treated (p<0.05) and in saline-treated rals
(p<0.01), Maximal numbers of follicles were reached at
22-28 days of age in saline-treated rats and at 22 days
of age in LHRH-A-treated rats; the reduction in number
of follicles between 22 and 28 days in LHRH-A-treated
rats was significant (p<0.05}, In both saline-treated and

in LHRH-A-treated rats, the total number of follicles
had significantly decreased (p<0.01) on the day of first
estrus compared with Day 28.

Counts of Follicles
with a Volume2100 X 10° pn?

The numbers of follicles=100 X 105 pm3 (mostly
antral follicles) subdivided into five volume classes and
into the categores “healthy™ or “atretic” are shown in
Figure 5.

Follicles of these sizes, still absent from the ovaries
on Day 15, seemed larger in number in the ovaries of
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22-day-old saline-treated rats than in LHRH-A-treated
rats, but differences were not significant (Fig. 5, Table
2.

On Day 28, the number of healthy and atretic folli-
cles in class 1 (F00-199 x 10% pm?) was significantly
lower (p<0.01 and p<0.03, respectively) in LHRH-A-
treated rats than in saline-treated rats. The total num-
bers of healthy follicles and of atretic follicles, or the
sum of both, were abways significantly lower (p<0.01)
in LHRH-A-treated rats than in saline-treated rats (Ta-
ble 2}, the difference in number being about 35%.

On the day of first estrus a similar picture was seen:
the number of class 1 (p<0.01) and class 2 (p<0.05)
follicles was significantly lower for both healthy and
atretic follicles in LHRH-A-treated rats (Fig. 5). The
total numbers of healthy or awetic follicles 2100 x 105
um? in LHRH-A-treated rals were significantly lower
{p<0.01) and amounted only about 50% of those¢ in
saline-treated rats (Table 2).

DISCUSSION

The LHRH-A-treatment effectively suppressed both
FSH and LH concentrations over the period between 7
and 28 days of age, a result that is in agreement with
earlier studies (van den Dungen, unpublished resulis),
The treatment did not include the first week of life, the
period during which gonadotropins have been reported
10 be essential for the development of ovarian FSH
receptors. (Smith and Ojeda, 1986). In a pilot experi-
ment, rats 'received LHRH-A-treatment at 4, 4, and 7
days of age, and vaginal opening and first estrus oc-
curred at an age and body weight not different from
those in controls. At first estrus, there was a significant
(p<0.01) difference in ovarian weight between LHRH-
A-treated and control rats (319 £ 0.5, n = 8 vs.
37.0 £ 1.0 g, n = 7; unpublished results). Thus the
decrease in ovarian weight was less severe than we
found after LHRH-A-treatment from Day 6 on: about
30%, From the present work, a clear role emerges for
the high concentrations of gonadotropic hormones pre-
sent in the fernale rat by the end of the secord week of
life. After suppression of the peak concentrations of
gonadolropins, rats were capable of ovulating normal
numbers of ova at normally timed first ovulation, which
is in agreement with previous studies (Uilenbroek and
Arendsen de Wolli-Exalto, 1979). After LHRH-A wreat-
ment, a basic level of about 200 pg FSHA always
remained. This tevel presumably resulted from the au-



TABLE 2, Total numbers (mean £ SEM) of healthy and atretic follictes 2100 x 108 pm’ in the 2 ovaries of Jucinizing hormone-releasing hormons antagonist

(LHRH-A)treated or satine-treated rats al various ages.

Age No.of No, of follicles

Treatment {days) rats Healthy Atretic Total
Saline 2 7 4 +4 LT X2 16543
LHRH-A 9 T%3 09 & 05 8§13
Siline 28 9 43 £ 3 0 x2 734
LHRH-A 0 29 £ 1.8 19 £2¢ 48 £ 3¢
Stline first estrus 9 5412 38 %3 924%5
LHRH-A 9 XA 21 fLI* 46 & 3¢

*p<0.0F, LHRH-A-trealed vs. saline-treated, Mann-Whitney U-test.

tonomous, non-LHRH-stimulated FSH secretion (Schud-
ling et al., 1984) and seemed to safeguard a basic
follicular development leading to first ovulation. A
similar low FSH level is normally reached only during
late prepuberty {Meijs-Roclofs et al., 1982), However,
the present data also showed that, after LHRH-A treat-
ment, at the time of first estrus, the total population of
growing follicles In the ovary was reduced to a ere
50% of the follicle population present in untreated rats,
This seemed to be the result of a gradual process. After
LHRH-A treatment, on Day 15, fewer follicles had
grown Into the larger volume classes (1040 x 105
um?) than in control rats. Since the total numbers of
folticles present were not different between groups, it
seems that at this age follicle growth was merely de-
layed; however, irregularities in oocytes and in granu-
losa cell arrangement were seen, indicating a qualitative
difference in the growing folticles that might tead to
increased loss of follicles by atresia. No attempt was
made to detect (early) atresia in the measwrements of
total follicle population in this study. Atresia in small
and medium follicles is a relatively rapid process and
involves changes in the cocyte nucleus at an early stage
{Byskov, 1978). Therefore, since we used presence of
the oocyte nucleus as a criterion for counting a follicle,
it seemed sensible not to measure and count follicles in
which a clear ooccyte nucleus was abseat.

The development of interstitial tissue scemed to lag
in the LHRH-A treated rats, which may have added to
the effect of diminished follicle growth by causing a
reduction in ovarian weight, At 22 days of age, 7 days
after the last LHRH-A injection, the morphological
picture for both interstitial and follicular populations
was largely restored, although serum FSH levels were
still suppressed. Moreover, the total number of growing
follicles had been reduced by about 20%. Due to the
relatively large variations, only relative ovarian weights

differed significantly between groups at this age. An
even larger reduction, of about 40%, in total number of
growing follicles and significamly reduced ovarian
weights was seen at 28 days of age. Also, at the day of
first estrus, a significant decrease in ovarian weight was
seen in LHRH-A-treated rats, notwithstanding the equal
numbers of corpora lutea present in the ovaries of
LHRH-A-treated and control rats. This weight reduc-
tion probably was caused by the loss of about 50% of
the growing follicles in LHRH-A-wreated rats; lower
follicle numbers were now found not only in nearly all
preanmral follicles (6-100 x 105 pm3) but also in the
total numbers of follicles 2100 x 10° pm3 (mostly
antral}. The more detailed study of antral follicles con-
firms this: no significant differences in numbers of
antral follicles were scen on Day 22, but on Day 28,
significantly less of the smallest antral follicles (class 1)
were found in LHRH-A-treated rats, On the day of first
estrus, significantly fewer class 1 and class 2 follicles
were present, In the LHRH-A-treated rats, with their
thoroughly reduced follicte population {to about 50%),
a much lower number of follicles apparently was re-
cruited to grow and reach the antral stage; at the same
time, a lower number of these antral follicles became
atretic, resulting in equal numbers of follicles reaching
the ovulatory stage in LHRH-A-treated rats and in
control rats.

‘The question arises whether a female rat reaching the
stage of sexual maturity with an experimentally in-
duced, significant reduction in follicle population will
show deviations from the nomm in terms of follicle
recruitmeny, cycle length, numbers of ovulation, and
length of the total reproductive period. Buicher (1985)
reported that unilateral ovariectomy, and thus reduction
of the number of growing foilicles, during adulthood
resulted in disturbance of subsequent estrous cyctes and
early acyclicity. It would be of interest 10 see whether
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this also holds for rats with a prepubenally {(experimen-
1alty) reduced populadon of growing fotlicles, An alter-
nalive possibility is suggested by the theory that follicte
recruitment and malturation take place on the basis of
follicle sefection as described by Lacker et al. (1987).
This would imply that a female rat, starting reproduc-
tive life with a much smalter folticle population size
than normat, might still be capable of a cyclic peried of
normal lepgth and of normal evulation numbers, but
with a greater spread in cycle length, by invelving
smaller numbers of follictes in the cyclic maturational
processes, together with reduced follicular atresia. In-
deed, the situation found at first estrus in our LHRH-A-
treated rats may support this possibility. Normal num-
bers of ova ovulated, but lower numbers of both healthy
and atretic small antral follicles were present In the
ovarfes.

The effects of LHRH-A treatment on ovarian mor-
phology, i.e. lrregularities in cocytes and differences In
size and arrangement of granulosa cells as well as a less
developed interstitial tissue, are in good agreement with
those described earlier (Eshkol and Lunenfeld, 1972;
Anderson et al, 1976), following treatment with an
antiserum against gonadotropins, In the present study,
we found that these morphological changes quickly
disappeared: 1 wk after LHRH-A treatment was
stopped, they were no longer clearly visible (Day 22).
However, neither the size of the follicle population nor
ovarian weight was restored.

it should be noted that the totat numbers of follicles
in the ovaries reported in the present study do not
represent the absolute numbers of follicles pregent.
Since follicles were measured in each fifth serial sec-
tion of the ovary and sections were 10 jm thick, and
since the nucleus was about 15 pum in diameter, a
number of follicles were missed. (Multiplication of the
numbers found with a factor of 2,5-5.0 would probably
yield the absolute numbers.)

In conclusion, the present study reveals that in the
female rat abolishing the early exiremely high levels of
gonadotropins—especially FSH-results in a 50% reduc-
tion of the population of growing follicles at the start of
cyctic life. Whether this reduction Is due mainty to loss
of follicles by increased follicular atresia (as seen on
Day 15), by a decrease in numbers of follicles entering
the growing pocl, or both is currently under study, as
are consequences of the thorough reduction of numbers
of growing follicies at pubenty for later cyclic perform-
ance.
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We conclude that the high levels of gonadotropins
circulating early in life are of physiological significance
for development of the population of growing follicles
present in the ovary at puberial age.
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combined LH-releasing hormone antagonist treatment and
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ABSTRACT

The effect on first ovulation of the massive reduction
of the total pool of ovarian follicles during the infant-
ile and late juvenile period was studied in rats, Treat-
ment with an LH-releasing hormone antagonist
(LHRH-A) during infancy {5 mg/kg body weight on
days 6, %, 12 and 15 of life) was combined with unilat-
eral ovariectomy performed on either day 15 (early
ULO) or 2-5 days before the expected day of first
ovulation (late ULOY). Rats were killed on the day of
first or second oestrus, when blood was collected and
the (remaining) ovaries were prepared for differential
counting of follicles and corpora iutea, In addition,
blood was sampled 8 h after ULO and the ovaries
studied histologically in the group of rats which were
unilaterally ovariectomized 2-5 days before first
ovulation.

The time of first ovulation was not influenced by
treatment with LHRH-A, early or late ULO, or a
combination of LHRH-A treatment and ULO. Ovul-
ation rate after LHRH-A treatment was decreased,
but was still within the normal range in intact rats

and in early ULO rats compared with saline-treated
controls,

Serum FSH concentrations 8 h after ULO per-
formed 2-5 days before first ovulation were similar
in saline- and LHRH-A-treated rats {845+59 and
801 99 (s.e.M.) pg/l respectively) and had increased
compared with intact controls (216 + 15 pg/l).

Treatment with LHRH-A resulted in a reduction
of more than 50% in healthy and atretic follicles, and
late UL.0 reduced the number of healthy follicles even
further, In saline-treated rats late ULO decreased the
rate of atresia, but in LHRH-A-treated rats atresia
was not reduced further by (late or carly) ULO.

It is concluded that even after massive reduction
of the pool of ovarian follicles by early LHRH-A
treatment combined with late or early ULQ, the tim-
ing of the first ovulation was normal and ovulation
rates, although somewhat lower in some LHRH-A-
treated rats, were within the normal range.

Journal of Endecrinology (1992) 135, 439-446

INTRODUCTION

Ovulation rate in mammals is generally fairly constant
and species-specific {Lipschiitz, 1928; Greenwald,
1961; Welschen, 1972). Even after the loss of a large
part of the total pool of ovarian follicles, e.g. after
unilateral ovariectomy, a constant ovulation rate is
maintained in both short-term and long-term experi-
ments (Greenwald, 1961; Peppler & Greenwald,
1970; Welschen, 1972; Hirshfield, 1982; Meijs-
Roelofs, Osman & Kramer, 1982).

A mathematical model was recently developed
which takes into account regulatory mechanisms

involved in maintaining constant ovulation rates
under normal and a number of experimental condi-
tions (Lacker, Beers, Meuli & Akin, 1987a,b). This
model assumes independence of ovulatory numbers
from the size of the fotal pool of growing ovarian
follictes. ¥t largely limits itsell 1o the dynamics of
antral follicles during the ovarian cycle and does not
take into account prepubertal maturation of the total
follicle population. It seemed possible that ovaries
that undergo serious developmental disturbances dur-
ing infancy would function differently in adulthood.
In an earlier study we found that the total number of
growing follicles present at the time of first ovulation
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in rats can be reduced by suppression of the high
gonadotrophin levels normally present early in life
{van Cappelien, Meijs-Roelofs, Kramer & van den
Dungen, 1989); an antagonist against juteinizing
hormone-releasing hormone (LHRH-A; Org 30276)
was used for this purpose. In these LHRH-A-treated
rats the number of corpora lutea as well as the timing
of first ovulation were normal, Moreover, in adult-
hood the number and distribution of the ovarian fol-
licles over the various size classes were not different
from those in control rats. Thus, the induced long-
term diminution of prepubertal follicle growth was
compensated for and did not result in a permanent
effect on adult ovarian function {Meijs-Roclofs, van
Cappellen, van Leeuwen & Kramer, 1990).

A method often used to reduce the population of
follicles by about 50% is unilateral ovariectomy
{ULO). In both adult and prepubertal rats, ULO
induces an increase in serum follicle-stimulating hor-
mone (FSH) concentration within 6 to 8h, and
this causes a compensatory growih of, especiaily
antral, follicles in the remaining ovary (Welschen &
Dultaart, }974; Butcher, 1977 ; Osman, Meijs-Roefofs
& Kramer, 1982).

In the present study, a rigorous reduction of the
population of growing follicles was achieved by com-
bining the early LHRH-A treatment during infancy
of the previous study (van Cappellen ef al. 1989} with
{1) the acute effect of ULO performed during the late
juvenile period (late ULO) or (2) the long-term effect
of ULQ during the infantile period (carly ULO). We
investigated whether, under these circumstances of
severe two-way reduction of the pool of growing fol-
licles, the remaining ovary would, within a few days,
be capable of compensatory follicle growth and ovula-
tion and would thus stifl follow the model described
by Lacker er al. (19874).

MATERIALS AND METHODS

Immature female rats of our inbred Wistar substrain
(R-Amsterdam) were used and kept in a controled
temperature (22-25 °C) with a light period from 05,00
to 19.00 h. Standard dry pellets and tap water were
available ad libirrn, The rats were weaned at 22 days
of age and thereafter checked regularly for vaginal
opening. In this strain of rats, the day of vaginal open-
ing generally coincides with the day of first ovulation
{Meijs-Roelofs, Kramer & Sander, 1983) and occurs
around day 39 of age. Starting on the day of vaginal
opening, daily vaginal smears were taken until the day
of first or second owvulation when a fully cornified
smear was found. Owvulation was confirmed by the
presence of tubal ova and of corpora lutea in the
ovaries.
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Treatment

At 11.00 kon days 6,9, 12 and 15 of age (day of birth
counted as day 0), rats received an s.c. injection of
either 500 g LHRH-A/100g body weight {Org
30276; Ac-ppClphe-ppCiphe-ptrp-ser-tyr-Darg-leu-
arg-pro-pala-NH;; Organon, Oss, The Netherlands)
or 0-9% (w/v) NaCl as described previously (van
Cappellen et al. 1939). In the first group of rats
(saline-treated, n=7; LHRH-A-treated, r=10) the
right ovary was removed 2-5 days before the day
of expected first ovulation, between 34 and 40 days of
age (late ULO). Blood was collected 8 h after late
ULO., Rats were killed at first or second oestrus when
the remaining ovary was removed and blood col-
lected. Rats in which ULO had been performed on
the day before first ovulation were excluded from the
study, In the second group of rats the right ovary was
removed at 15 days of age (early ULO) and rats were
killed at first cestrus (saline-treated, n=8; LHRH-A-
treated, n=8), At necropsy, blood was sampled and
body, ovarian and uterine weights were recorded.
With the exception of the ovaries removed at 15 days
of age, all ovaries were fixed in Bouin's fluid for histe-
logical examination and counting of follicles.

Histology and counting of follicles

Serial sections (10 pm) of the ovaries, embedded in
paraffin wax, were made and stained with haematoxy-
lin and eosin. Follicle counts were made using the
method of Boling, Blandau, Soderwall & Young
(1941) as modified by Welschen (1973). All follicles
withavolume > 25 x 10* pm® (diameter = 170 pm, with
four granulosa cell layers or more, comparable o
types 5* and larger according to Pedersen & Peters,
1968) were measured in the section containing the
nucleolus, Two perpendicular diameters were meas-
ured with a summagraphic MM 1201 Data Tablet,
connecled to a microcomputer. The volume was cal-
culated by substituting the third diameter as the mean
of the other two diameters. Follicles were divided into
two volume classes: follicles with a volume of between
25%10° pm® and 100 % 10* pm® (diameter between
170 pm and 265 pm, corresponding with types 5% and
5° described by Pedersen & Peters, 1968) are called
preantral folticles and follicles with a volume>
100 % 10° um’ (types 6-7 according to Pedersen &
Pecters, 1968) are called aairal follicles. All follicles
which showed at least local pycnosis in the granulosa
cell layers and often further signs of atresia were
counted as atretic (Osman, 1985).

Hormone measurements

The concentration of FSH in serum samples was meas-
ured by radicimmunoassay, using anti-ovine FSH as
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antiserumn and rat FSH as tracer {Welschen, Osman,
Dullaart et al. 1975). Measurements were made in
25 pl serum/tube, with a sensilivity of 4 ng/tube.
Serum concentration of FSH are expressed aspg
NIADDK-rat FSH RP-1/]. Samples were measured
in duplicate. Intra- and interassay variabilities of the
assny were 6 and 11% respectively.

Statistical analysis

All data were analysed by the Systat computer pro-
gram (Systai Inc.). If two groups were compared, a
Student's f-test was performed; if more than two
groups were compared a one-way analysis of variance
followed by Tukey's multiple comparison test was
petformed (Miller, 1985; Einot & Gabriel, 1975),
Differences were regarded as significant when the {wo-
taited P value was <0-85.

RESULTS

The weight of the ovary removed at ULO shortly
before first ovulation was lower (P <0-01) in LHRH-
A-treated than in saline-treated rats (6-0£0.2, n=10
and F-310-3 mg, n="7respectively (means £ s EM)).
Serum FSH concentration 8 h after ULO were not
different between saline- and LHRH-A-treated rats
(845+ 5%, n=4 and 801 £ 99 pg/l, n=3 respectively)
and were significantly higher than in sham-operated
control rats (216+ 15ug/t, n=9). Rats that were
unilaterally ovariectomized shortly before first
ovulation, reached first ovulation 2-4£0:2 (n=7)
days after ULO (age at ULO 35:-7£0-5 days) in the
saline-treated group, and 35104 (n=10) (age ai

ULO 35-2+£0-4 days} after LHRH-A treatment,
LHRH-A-treated rats often showed a pinhole
type, i.e. a flat vaginal membrane with a tiny perfora-
tion, of vaginal opening preceding the day of first
ovulation,

No differences were found between the ages and
body weights at first ovulation in the groups treated
with saline or LHRH-A (Table 1), or between uterine
weights in these groups (data not shown). Although
the number of corpora lutea (CL) was generally
higher than seven {with the exception of one rat which
ovulated six oocytes), numbers of CL were lower in
LHRH-A-treated intact rats and in LHRH-A-treated
rats with early ULO compared with their saline-
treated controls { P <0-05). At first ovulation, ovarian
weight was significantly (P <¢-01) lower in LHRH-
A-treated compared with saline-treated control rats
which was the same for intact rats as for rats with
late or ¢arly ULO (Table 1). Ovarian weights at first
ovulation in the saline-treated early (27-2mg) and
late ULO rats (25-0 mg) were significantly (P <0-01)
higher than the weight of one ovary of the saline-
treated intact rats (34-7/2=17-4 +0-8 mg; Table 1).
The same was true for the ovarian weights in early
{17-6 mg) and late ULO LHRH-A-treated groups
(152 mg) compared with those in intact LHRH-A-
treated rats (22:3/2=11-240-3 mg; P<0-01). Serum
FSH concentrations at 11.00 h on the day of first ovul-
ation were significantly (P<0-01) higher in the
LHRH-A-treated rats with fate ULO compared with
saline-treated rats in the same group (Fig. 1).

After late ULO, the Iength of the cycle foltowing
first ovulation was significantly (£ <0-01) longer in
LHRH-A-treated than in saline-treated rats (Table
1). Also bodyweight at second oestrus was higher in

TaBLE |. Body and ovarian weights and number of corpera Jutea (CL) on the day of first and second ovulation alter
treatment with LH-releasing hormone antagonist (LHRH-A) or saline on days 6, 9, 12 and 15 and unilateral ovari-
ectomy (ULOY) performed 2-5 days before first ovulation {fate ULO} or at 15 days of age (early ULO). Data are
means £s EM. For intact rats the weight of the two ovaries is given

At flrst ovulation

No. of Time of Body weight Ovartan weight Length of first

rats ULO Age (day)y (&) {mg} No. of CL cycle (day)
Treatment
Saline 8 36-8+0-7 923 34-7%1-5 10-5+£04 —
LHRH-A 7 3531203 833 223507 9-0x0-4* e
Saline 7 Late 381207 9443 25005 10-6+0-7 —
LHRH-A 10 Late 38704 8942 15-2+0-3%* %3206 —
Saline 8 Early 38010 EAE X 272403 97404 —
LHRH-A 8 Early 373110 881 17-6£0:3** 8-6+£0-2* —

At second ovulation

Saline 7 46-3:0-9 12243 54-7+£2:1 10-6+0-6 79211
LHRH-A 13 473+ 11 1614 42:44 2.5 E0-9+0-3 8-8§+1-2
Saline 6 Late 450404 1093 35915 107403 57203
EHRH-A 10 Late 439416  132&5* 387£23 10-5+0-4 102x12*

*P <005, **P<0-0l compared with satine {reatment in the same group {Student’s t-1est).
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FIGURE I. Mean£5.EM. serum FSH concentrations on the day of first
ovulation {11.00 k) in rats that were in part subjected to unitateral ovariect-
omy {ULO) at different times (late and early ULO) and treated with
saline (open bars) or LH-releasing hormone antagonist (LHRH-A;

solid bacs) on days 6,9, 12 and 15 of age. ** P <0-01 compared with the
saline-treated control group {Student’s t-test}.

LHRH-A-treated rats compared with saline-treated
rats after late ULO (£ <0-01). At second ovulation,
ovarian weights in intact LHRH-A-treated rats were
lower (P<9-01) than in their saline-treated controls,
but no difference was found between ovarian weights

of LHRH-A- and saline-treated rats with late ULO
(Table 1). The weight of one ovary at second ovu-
lation in_ salinc-treated intact rats (54-2/2=
2713+ 1'0)\<4as stilf fower than that in saline-treated
rats with late ULO (359mg; P<0-01) as were

TasLE 2. Number of preantral and antral healthy and atretic follicles in one ovary 2-5 days before first oestrus after
treatment with LH-releasing hormone antagonist (LHRH-A) or saline on days 6, 9, 12 and 15, Data are means tSEM.

Nuniber of follicles

Healthy Alretic
Neo. of Preantral Antral Preantral Antral
Tats (25-100 % 10° pn®) (= 100 x 10* pm?) (25-100 x 10* pm) (=100% 10° am’)
Treatment
Satine 7 51342 247420 4593 26-3£22
LHRH-A 10 19-2+2-5** 12:3£0-9** 17:942.3** HEES Hiidd

**P£0-01 compared with the saline-treated control group {Student's r-test).
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TABLE 3. Number of preantral and antral healthy and atretic follicles at fiest oestrus afler treatment with LH-releasing
hormone antagonist (LHRH-A) or saline on days 6, 9, 12 and 15 and unilateral ovariectiomy (ULO) performed 2-5
days before first ovulation {late ULO} or at 5 days of age (early ULO). Data are means+s.e.m. For intact rats the

numbger of follicles in Iwo avaries is given

Number of follicles
Healthy Atretic
No. of Time of Preantral Antral Preantral Antral
rats ULO 25-100% 10 im’y  (2100x 10°pm’) (25100 % 107 pm®) (2100 % 10 g}
‘Freatment
Satine* 7 93-6+£9-7" 61-1+4-8 61040 0-4+31*
LHRH-A" 6 39711 30-7£2-8° 333+£3-5° 13:5£0-9°
Saline 7 Late 47-6£2-5° 5491217 1804 2-8° P44+ 155
LHRH-A 10 Late 17515 149+ 1-8° 120 1.7 11-6+0-6°
Saline 7 Early 49 1£51° 399+3.5" 33.7155° 22.7434°
LHRH-A g Early 204£ 154 168415 160+ |-4° 166+ 13>

Rows with different Jetters are significanily different {# <0-035) (Tukey's multiple comparison test).

*Numbe of follicles/two ovarigs,

those of LHRH-A-treated intact rats (42-4/2=
21-2+ (-3 mg) compared with LHRH-A-treated rats
with jate ULO (387 mg; P<0-01; Table 1). The
number of CL was not different betiveen the groups
at second ovulation.

Follicle counts

In the ovaries removed a few days before first ovula-
tion {late ULO), the number of healthy and atretic
preantral and antral foliicles of LHREH-A-treated rats
was lower than those of saline-treated controls
(P<0-01; Table 2) and generally amounted to tess
than 50%.

Late ULOQ in saline-treated rats resulted in a sig-
nificant {£ <0-05) diminution of the number of pre-
antral healthy follicles in one ovary to about 50% of
the number found in two ovaries in the saline-treated
intact rats at first ovulation (Table 3). The number of
preantral and antral atretic follicles in one ovary in the
late ULO saline-treated rats was reduced (P<0-05) to
about 35% of that in two ovaries in the intact saline-
treated rats, The number of healthy antral folticles in
two ovaries in the saline-treated intact rats was not
different from the number of follicles in one ovary of
the late ULO saline-treated rats.

Early ULO in the saline-treated rats resulted in a
reduction {P <0-05) of the numbers of preantrai and
antral healthy and atretic follicles in one ovary to
about 50%, compared with numbers in the two ova-
ries of saline-treated intact rats (Table 3).

LHRH-A trealmeat in intact rats caused a decrease
{F <0-05} in the number of preantral and antral heal-
thy and atretic follicles compared with saline-treated
intact rats (Table 3).

Combining LHRH-A treatment with late ULO
resiilted in a reduction {P<0-05) of the number of
preantral and antral healthy follicles and of the
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number of preantral atretic follicles in one ovary com-
pared with those in the two ovaries in intact rats after
LHRH-A treatment (Table 3). No difference was
found between the number of atretic antraf fotlicles
in these two groups. After LHRH-A treatment and
early ULO the numbers of aniral healthy and pre-
antral atretic follicles in one ovary were reduced
(P <0-05) compared with that in the two ovaries in
LHRH-A-treated intact rats. No differences were
found between the LHRH-A-treated early and late
ULQ groups.

DISCUSSION

The present study addressed the question of whether
prepubertal reduction of the follicles population to
about 25% of the normal number would still allow
for normat first ovulation in terms of timing and ovul-
ation rale,

Two clearly different experimental situations were
tested; (1) a double reduction in the number of fol-
licles by LHRH-A treatment and ULO during the
infantile period, long before first ovulation (early
ULO) and (2) a first reduction in follicle number by
LHRH-A treatment, resubting in a 50% reduced popu-
lation shortly befere first ovulation, and an acute
second reduction 2-5 days before first ovulation {late
ULO).

Both in the long-term {early UL O) and in the short-
term {(late ULQ) situation the Rexibility of the follicte
population appeared to result in normally timed first
ovulation with a normal or near normal (wilhin the
physiological range) ovulation rate.

Follicle dynamics, during the days preccdmg this
ovulation, must be clearly different in the various
experimental situalions, because different numbers of
follicles 2-5 days before first oestrus led to the same
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or a stightly decreased number of ova shed a few days
later, To examine these differences, the population of
preantral foflicles (volume 25-100 x 10° pm?; diameter
between 170 and 265 pm) with four or more granulosa
cell tayers was also studied. Thus, possible changes in
inflow of preantral follicles into the antral class could
be detected.

Ovarics taken out 2-5 days before first ovulation
showed that LHRH-A treatment easly in life not only
reduced the population of healthy preantral and
antral follicles, but also reduced the number of atretic
follictes to a similar degree, i.e, to about 45%. Follicles
becoming atretic take 2-5 days before they totally
collapse {Byskov, 1979; Osman, 1985), and the
number of atretic folticles therefore provides informa-
tion about the rate of atresia during the last few days
before surgery. It should be realized that in advanced
stages of atresia, because of shrinkage, follicles will
no longer be included in the counts (Byskov, 1979;
Osman, 1985) or small antral follicles becoming
alretic may be counted as preantral atretic stages
because of reduced size. These errors were not com-
pensated for in the countings.

In agreement with earlier studies (Welschen &
Dullaart, 1974; Butcher, 1977), ULO shortly before
first ovulation induced an increase in serum FSH con-
centration 8 h later, in ‘both saline- and LHRH-A-
treated rats. No difference was found in the FSH serum
concentration between saling- and LHRH-A-treated
rats 8 h after ULO, suggesting that there were no
direct effects of the LHRH-A any more. In an earlier
study, suppression of FSH and LH by LHRH-A was
no longer found at day 34 (van Cappellen et al. 1989).
As observed previously, in both adutt and prepuberial
rats, an increase in serum FSH concentration causes
an increase in the number of healthy {antral} follicles
(volume =100 % 10° pm®; diameter =265 pm; Osman
ef al, 1982) which have entered the final accelerated
growth phase in the remaining ovary {(Pedersen, 1970;
Welschen, 1973; Hirschiield, 1982) and which deter-
mine the number of ovulations at the end of the cycle.

Compensatory ovulation in the remaining ovary
may then be achieved by (a combination of) two
mechanisms: (1) reduction of the rate of atresia of
antral follicles present (Greenwald, 196F; Welschen,
Dullaart & de Jong, 1978; Hirschfield, 1982; Gosden,
Telfer, Faddy & Brook, 1989) or {2) recruiiment of
an additional number of small antrat follicles (Peppler
& Greenwald, 1970; Osman ef al. 1982; Meijs-
Roclofs, Kramer, Osman & Sander, 1984).

ULO 2-5 days before first ovulation (Jate ULO) in
saline-treated rats caused a reduction of atresia of
preantral and antral follicles in the remaining ovary
to 35% of the number of such follicles in the two
ovaries of saline-treated intact rats, and the number of
healthy antral follicles at first oestrus was nol different
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from that in the two ovaries of intact rats, The reduc-
tion in the number of healthy preantral follicles did
not exceed 50%, so no indication of increased inflow
from preantral to antral follicle stages was found at
first oestrus, It should be realized that the average
time it takes a preantral follicle to grow l‘rom four
granulosa cell fayers (volume25 % 10° ym’, type 5%,
according to Pedersen & Peters, 1968} to an ovulat-
able size is about 8-5 days in unfreated mice and rats
(Pedersen, 1969; Hage, Groen-Klevant & Welschen,
1978).

In an earlier study it was found that the LHRH-
A-treated rats had a normal population of nm-
ordial and small follicles with a volume <6 x 10° um’,
diameter < 105 pm {Meijs-Roelofs ef af. 1990), where-
as this population is obviously halved by early ULO.
Thiis mai reduction of the population of the smallest
follicles did not have a significant influence on the
number of growing follicles with a volumez=
25 % 10° pm® present at first ovulation. This is clearly
in contrast with earlier findings in cyclic mice, where
a linear relationship between the number of non-
growing and growing follicles was found (Krarup,
Pedersen & Faber, 1969). A possible explanation for
this discrepancy is the fact that, in the present study,
exclusively prepubertal rats were studied, whereas
Krarup ef al. (1969) used mice of all ages.

Combining LHRH-A treatment with late or early
ULO resulted in a further reduction in the number of
healthy preantral and antral follicles, but atresia was
only reduced in the preantral folticles of LHRH-A-
treated rats after eatly ULO compared with the saline-
treated controls after late or early ULO. This suggests
that the number of atretic follicles cannot be reduced
any further by this combined treatment. Probably the
number of atretic follicles is not directly related to
the number of healthy follicles when the number of
healthy follictes becomes very low. In this sifuation,
the percentage of preantral plus aniral follicles that
are atretic increases compared with late and early
ULO saline-treated control rats. Notwithstanding the
low numbers of healthy antral follicles recruited al
first oestrus, 2 normal ovulation rate at second oestrus
could still be achieved, as could be observed in
LHRH-A-treated rats with late ULO. Probably
LHRH-A-treated late HJLO rats can, by reducing the
inflow of follicles into the antral stage, use their fol-
licles much more economically than intact rats.

The low number of growing follicles present shortly
before ovulation, in the ovaries of late ULO LHRH-
A-treated rats (Table 2), was sufficient to achteve a
norma! number of ovulations. This phenomenon
could be predicted from the model of Lacker es al.
{1987a), where a normal number of ovulating cocytes
even afier a severe reduction of the interacting popula-
tion of follicles (i.e. antral follicles that secrete oestra-
diol) are generated. According to this model, changes



might be expected in the timing of ovulation, but these
were not observed at first ovulation in the present
study.

In contrast to a previous study {van Cappellen ef
al. 1989), a somewhat lower number of CL at first
ovulation was found in some LHRH-A-treated rats,
but the number of CL. was still within the physiologi-
cal range (7-11; Meijs-Roelofs, Kramer & Osman,
1985).

The low ovarian weights after LHRH-A treatment
may be explained by the smaller number of follicles
present in the ovaries. The increase in weight of the
remaining ovary in ULO rats, observed after first and
second ovulation, was probably due to the larger
(doubled) number of CL in this ovary. After the
second ovulation, a difference in ovarian weights
between saline- and LHRH-A-treated rals subjected
to {late) ULO was no longer seen. At that time fwo
full sets of CL were present in the ovaries, which prob-
ably had a predominant influence on ovarian weight.
The difference in bodyweight between saline-treated
and LHRH-A-treated fate ULO rats at second oestrus
could be caused by the longer first cycle.

Differences in the FSH serum concentration
between saline-, ULO- and LHRH-A-treated rats at
first ovulation might explain differences in recruit-
ment of antral follicles and could be an indication
that the responses of the FSH feedback system are
augmented by ULO and by the LHRH-A treatment
in the infantile period. Alternatively, a difference in
timing of the secondary FSH peak under the various
experimental conditions could also explain our obser-
vation of differences in FSH concentration (see also
Butcher, 1977), A direct ¢ffect of LHRH-A on FSH
secretion is not very likely because this treatment
ended more than 20 days earlier,

It may be concluded that a normally timed first
ovulation with a normal or slightly reduced number
of ova shed can be accomplished with a quarter of
the normal number of growing follicles, The pool
of primordial and small slowly growing follicles
(volume <6 % 10° ym?; diameter < 10S um) did not
influence the number of healthy antral follicles present
al first oestrus.
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Model of antral follicle dynamics during the 5-day cycle in rats based on

measurement of antral follicle inflow

W. A. van Cappellen, P. Osman and H. M. A. Meijs-Roelofs

Department of Endocrinology and Reproduction, Medical Faculty, Erasmus University, Rotlerdam,
PO Box 1738, 3000 DR Rolterdam, The Netherlands

Antral follicles were counted in ovaries from young adult Wistar rats, collected on the 5 days
of the ovarian cycle. Follicles were classified as healthy, early atretic or late atretic and
divided into five volume classes, From these data, a model was developed in which the inflow
of healthy follicles into the various size classes was quantified. This model describes the
follicle dynamics during a normal 5-day cycle. It was concluded that the stage of early atresia
takes between 20 and 24h. The inflow of follicles into the antral stage (volume
=100 x 10° pm’) was continuous but not constant. The highest inflow was found during
pro-oestrus and oestrus, at about the time of the first and second FSH surge. The total inflow
during each cycle was about 120 follicles of which only 106% ovulated. These owulating
follicles were recruited during the previous pro-oestrus and oestrus. Follicle selection tock
place in volume classes I and 2 {volume 100-350 x 10° pm’} during oestrus and dioestrus 1.
At dioestrus 2, the follicles that will ovulate have been selected and can be recognized on the

basis of their bigger size.

Introduction

Recent developments in in situ hybridization and immunohisto..

chemical techniques make it possible to study the regulation of
a large number of endocrine and paracrine factors in the ovary,
It is important ko have a model of follicle dynamics during the
ovarian cycle so that the results obtained with these new
techniques can be interpreted correctly. It is not known, for
instance, whether growing follicles continuously enter the antral
iHollicle stage throughout the cycle (Peters and Levy, 1966;
Pedersen, 1970; Hirshfield and Del’aola, 1981; Hirshfield, 1988)
or whether there is a resting pool of preantrat follicles from
which follicles are recruited only during oestrus (Greenwvald,
1973, 1974; Osman, 1985). This question is particularly import-
ant in relation ko treatments alming at increasing the number of
ovulatory follicles. For 2 basle understanding of ovulatory
quota reached at superovulation it is of interest to know the
total number of follicles involved in cyclic follicle development.
Moreover, knowing the developmental path of the follicles
destined to ovulate may be of great help in interpreting results
of histological and in pitro studies. In this study a model will be
developed in which the Inflow of antral follicles is quantified.
This model should provide a tool to discriminate between the
effect of increased/decreased follicle inflow and decreased/
increased atresia in in vive experiments, The model, although
derived from static data, presents a dynamic picture of antral
follicle development. In this study we also try to fit isclated
statements about follicle dynamics, found in the literature, Into
one model.

Received §7 August 1992

Materials and Methods

The histological material previously used and the follicle
counts made earlier (Osman, 1985) served as a basis for the
develapment of a medel of inflow into the antral follicle stages.

Adult female rats of our inbred Wistar substrain (R-
Amsterdam) were used and kept In a controlled temperature
{22-25°C) with lights on frem 05.00 to 19.00 h. Standard dry
pellets and tap water were available ad libitum. Vaginal smears
were taken daily at 10.00 h. The first day after oestrus when an
influx of leucocytes became visible in the vaginal smears was
designated as dioestrus 1, Only animals displaying at least bwo
consecutive 5-day cycles were used.

Groups of 6-7 animals were kilted on each day of the cycle, at
10.00 h and 17.00 h with an overdose of ether. The ovaries were
dissected out, fixed in Bouin's fluid and embedded in paraffin
wax, Serial sections of 10 pm were stained swith haematoxylin
and eosin.

The number of follicles was counted in one ovary per animal.
All follictes with a volume >100 x 10°pm’ (diameter
> 265 P} were measured in the section containing the nucleolus
of the cocyte to ensure that all follicles were measured only
once. These follicles were all at the antral stage of development.
Follides were divided in 5 volume classes: class I, 100-200 x
10° um? diameter 265-350 pem}; class 2, 200-350 x 10° pm®
(diameter 350-400 rm); class 3, 350-500 x 10° pm’ (diameter
400-450 pmY; class 4, 500-1000 x 10° pr’ (diameter 450—
575 pm} and class 5 2 1000 % 10° pm* (diameter =575 pm).
All follicles were classified as healthy, early atretic or Jate atretic.
A follicle was regarded as early atretic when there was at least
localized pycnosis in the granulosa cell [ayer, but the nucleolus
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Table 1. Number of healthy, (early atretic) and [ate alretic] follicles in one ovary at 10 h in the
morming of the various days of the ovarian cycle of rats

Volurae class

(x10° um’j Oestius Dicestrus 1 Dicestrus 2 Drioestrus 3 Pro-oestrus
5 00 00 0.0 35+ 09 56+ 08
{=1000) 05+ 03) {0.0) ©.0) {03+ 032 {03 +02)

0.2 +02] 0.0} {o.0 {0.0] [0.:0]
4 0.0 13+ 06 57+ 10 3z 408 03102
(5001000 {05+ 03 2+02) (02402 {13+03) (L0 + 0.4)
[0.0]) 0.0] [0.2 £ 0.2] 0.0} 0.3 £ 02]

3 03 +02 43+ 07 32+ 11 0.0 00

(350-500) (0.0 07+03n (18108 (1.5 +£03) {0.0)
63 +0.2] [0.0] 0.2 %01 03 4021 0.9 + 03]
2 83+07 147 + 0.7 58 % 14 03102 03 +02
(200350} (15 + 1.0) (50113} (55107 {52109 (13 £ 04
28+ 09] [024+02 PB3x1Li [33 4 09] 130 + 1.0]
1 27+ 15 it3 1+ 1.9 93+ 13 58 + 038 84+ 10
(100-200) 2309 63+ 18) (52106 {78 + 1.2} 6.1+ 21)
[11.2 % 19| [27 4+ 10] [83+ 16  §120 % 16] (9.4 + 1.8]

Number of rats ] ] 6 6 7

Values are means 4 SEM.

was still visible, Late atresia was defined by the presence of
pycnosis all over the granulosa cell wall and changes of the
oocyke such as breakdown of the nuclear membrane with
or without formation of a maturation spindle, and oocyte
fragmentation.

Results

During the cycle a daily change was found in the number of
antral follicles in the different volume classes of healthy follicles
(Table 1). Class 1 follicles were present throughout the cycle
and reached highest numbers at oestrus and lowest numbers at
dioestrus 3. Large numbers of class 2 follicles were present at
ogstrus, digestrus 1 and dioestius 2. At dioestrus 3 and pro-
oestrus there were few class 2 follicles. Class 3 follicles were
nearly exclusively present at dicestrus 1 and 2 and class 4
follicles at dicestrus 1, 2 and 3. Class 5 follicles were seen only
at the end of the cycle (divestrus 3 and pro-oestrus).

Early alresia was infrequent in all volume classes (but not
always lowest) at oestrus and tended to Increase to maximum
values during dicestrus (Table 1). Late atresia did not show
much variation except for the low total number at diestrus 1.
Late atresia on all days is highest in volume class 1 (Table 1).

During the cydle, follicles are grewing through the different
follicle classes and finally ovulate or become atretic. By count-
Ing the number of follicles in histological sections the number of
healthy follicles at 10.00 h and 17.00 h was known. To caleulate
the inflow of follicles from one class into the other, it is necess-
ary to know how many follicles left a healthy follicte class by
early atresia between two time points. For this it is necessary to
know how long a follicle stays at the stage of early atresia as
well as the number of early atretic follicles at a time point. From
the follicle counts an indication of the duration of early atresia
could be found. The rise in the number of early atretic follicles

between oestrus and dicestrus 1 {from 4.8 + 16t012.2 + 1.7,
Table 1) is followed 24h later by a rise in the number of
late atvetic follticles {from 2.8 + 0.9 to 12.0 £ 1.8, Table 1),
indicating that early atresia takes about 24 h,

This value of 24 h was used to construct a fizst model in
which the inflow of follicles was calculated. Only the numbers
of follicles counted In the rats at 10.00 h were used.

On dicestrus 2, no class 5 follictes were seen. On divestius 3,
3.5 healthy and 0.3 early atretic follicles were counted: 3.5 +
0.3 = 3.8 follicles must therefgre have entered volume class 5
between dioestrus 2 and dioestrus 3. At pro-oestrus, 5.6 healthy
and 0.3 early atretic class 5 follicles were counted. The 0.3 early
alretic follicles differed from the 0.3 early atretic follicles of
dioestrus 3: 5.6 + 0.3 — 3.5 (3.5 follicles were already present
the day before) = 2.4 follicles must therefore have entered class
5 over the past 24 h.

In the same way the number of follicles that entered class 4
from oestius to dioestrus 1 and from dioestrus 1 to dicestrus 2
could be cakulated (Fig. 1) using the formuta:

Inflow = number of healthy follicles -+ number of early alretic
follictes — number of healthy follicles present on previous day

Between dioestrus 2 and dioestrus 3 healthy follicles leave class
4 by alresia as well as by growing, that is developing into the
bigger folticles of class 5. The formula has to be changed to:

Infow = number of healthy follicles + number of eary atretic
follicles + inflow to bigger size class — number of healthy
follicles present on previous day

In this way the inflow into class 4 behween dioestrus 2 and
dioesttus 3 could be calculated as 3.2 4+ 1.3 ++ 3.8 — 5.7 =
2.6. Repeating this calculation, inflow values for the five volume
classes could be caleulated throughout the cycle Fig. 1).

The sum of all follicles entering class 1 during the 5 days of
the cycle represents the number of follicles involved in antral
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Table 2. Inflow of follicles from one follicle class to another during the 5-day cycle of the rat. Models were calculated separately for

the rats killed at 10 and at 17h

Follicle

Inflow of foliicles in 24 h of rats killed at 10h

Inflow of follicles in 24 h of rats killed 2t 17h

velume Time® Inflow Inflow
class Fator'  (h) OE DI D3 PO total  OE DI Dz D3 PO total
5 0.2 120 00 00 3.6 2.2 10.8 00 o2 3.2 L1 4.5
4 0.z 120 —0.2 13 44 14 —0.5 64 2.0 i1 3.2 [o X —04 5.2
3 02 120 01 54 37 —15 —0.5 7.2 1.2 5.2 1 —16 —0.6 6.3
2 02 120 84 128 —~41 60 —0.2 109 143 57 57 32 —-0.9 10.2
1 02 120 20.2 57 —s51 =79 36 165 267 ~11 715 —17 03 167
5 a5 48 0.0 00 3.7 22 109 0.0 02 32 11 4.5
4 05 48 00 14 4.5 19 —0z 2.6 0.1 Li 39 09 —0.3 57
3 05 18 a3 5.7 43 =05 —0.2 96 1.3 54 26 10 —04 7.9
2 0s 48 91 1S —18 —34 04 189 14.5 0 —42 -—11 —04 15.3
3 0.5 48 216 2.4 -1z =30 6.1 329 272 1.7 —54 20 27 284
] 0.67 36 00 0.0 37 23 110 00 0.2 3.2 L1 45
4 0.67 36 0.0 14 4.5 2.4 o1 é.1 a2 i1 39 12 —02 6.2
3 0.67 36 03 LE-] 46 —01 0.1 10.7 14 54 30 -—04 —-0.2 9.2
2 0.67 36 9.3 156 06 —2.1 19 232 4.7 727 =31 0.4 090 19.7
1 067 6 222 114 09 —04 1.7 41.8 276 34 32 4.5 4.4 367
5 1 24 00 0.0 3.8 24 il2 00 0.2 3.2 12 4.6
4 1 24 02 15 46 26 05 24 04 1t 39 16 00 7.0
3 1 24 05 6.2 53 0.9 0.5 134 1.6 56 37 a4 0.1 114
2 I 24 100 17.6 1.9 06 18 LB 15.0 3 11 3.1 ¢y 270
1 1 24 236 15.5 5.1 49 105 59.6 28.4 70 02 9.2 727 525
5 1.2 20 o0 00 a9 24 113 00 02 3.2 12 4.6
4 12 20 03 15 46 30 07 0.1 0s L1 39 19 0.1 7.5
3 12 20 06 6.3 5.7 16 0.7 14.9 1.7 5.7 4.1 0.9 03 127
2 [ 20 0.4 18.7 34 23 22 370 15.2 10.3 o 48 11 35
L iz i) 245 179 76 82 122 704 289 9.2 2.2 12.2 9.7 622
5 LS5 16 0.0 Q.0 40 25 115 0.0 9.2 32 i3 4.7
4 15 16 0.5 P& 47 35 LI 114 0.7 11 39 2.3 03 8.3
3 15 6 08 6.6 6.4 26 11 175 19 59 48 17 LX) 14.9
z 15 16 111 203 58 49 10 45.3 15.5 188 20 73 18 384
i 15 16 259 216 1L5 131 148 809 296 125 54 16.5 127 76.7

*Factor to mulliply the number of eardy atretic follicles by to simulite an early alretic stage which takes more (factor < 1) or Jess (factor > 1) than 24k

*simutated time of the duration of early atresia.
OE: oestrus; D1: dicestrus 1; D2: dicesteus 2; D3: divestrus 3; FO: pro-oestrus.

follicle dynamics teading towards ovulation during that cycle.
This sum amounts to 59.6 {155 + 5.1 + 4.9 + 105 + 23.6)
follictes per ovary {Fig. 1). During one cycle in the rat strain
used about 120 follicles, therefore, grow into the antral follicle
classes > 100 x 10° im® per two ovaries. Only about 10% of
this number will ovulate.

There was a continuous inflow of follicles into class 1 (that of
the smallest anteal) follicles, but not at a constant rate. The
inflow from pro-oestrus at 10.00 h to cestrus at 10.60 b is very
high (23.6follicles in 24h) and this inflow remains high
between oestrus ab 10.00 h and dioestrus 1 at 10.00h (15.5
follicles in 24 h). Thus during the pedovulatory period, the time
of the first and secondary FSH peak, inflow was highest.

With the model (Fig. 1) it was possible to track down the
path of follicles that ovulate. Follicles that eventually ovulate
(ctass 5 follicles) have entered class 5 during divestrus 3 and
pro-oestrus or, referring to the procedure of follicle counting,
between dicestrus 2 at 10.00h and pro-oestrus ab 10.00h.

These follicles were class 4 follicles during dioestrus 2 and
dioestrus 3, class 3 follicles during dioestrus 1 and dicestrus
2, class 2 follicles during oestrus and dioestrus 1 and dass 1
follicles during cestrus and pro-oestrus of the preceding cycle.
Thus we could trace the time-frack of the follicles destined to
ovulate, including the morment of their recruitment {i.e. inflow
into the antral class 1) which was during pro-ocestrus and oestrus
and the moment they were selected (i.e. selection to continued
growth up to ovulatory size instead of becoming atretic) which
was during the days of oestrus and dicestrus 1.

The model was also developed from the follicte counts made
in a group of rats killed at 17.00 h (Fig. 2). Follicle dynamics did
not show much difference compared with those of the group of
rats killed at 10.00 h (Fig. 1).

Once the type and number of follicles from which the ovulat-
ing follicles would emerge were known for every day of the
cycle, it seemed of equal interest to characterize follicles which
will become atretic. In an attempt to achieve this, follictes were
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Fig. 1. Inflow of antral Follicles In one ovary into the different volume classes during the cycle of rats. Upward arrow: number of follicles
entering a ¢lass (Inflow). Downward amow: number of early atretic Follicles. Numbers of healthy and atrelic follicles were counted at
10.00 h in the moming. The inflow data are based on an early atretic period of 24 h. Numbers sumounded by an ovold indicate the type of
follicle containing those that will ovulate at pro-oestrus. OF: oestrus: DT: dioestrus 1, D2: dioestrus 2, D3: dioestrus 3, PO: pro-oestrus.
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Fig. 2. Inflow of antral follicles in one ovary into the different volume classes during the cycle of rats. Upward arrow: number of follicles
entering a class {inflow). Downward arrow: number of early atretic follicles. Numbers of healthy and atretic follicles were ¢ounted at
17.00h. The stage of early airesiz was assumed Eo take 24 h OF: oestrus: D1t divestrus 1; D2: dicestrus 2 D3: divestrus 3; PO:

pro-oestrus.
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Fig. 3, Profiles of {2) healthy and (b} eatly atretic follicles in one ovary at 10.00 h during the various days of the cycle: (c) represents the
number of healthy follicles (thin Eine) with the number of early alretic follicles (thick line) 24 h fater projected on top of it. For instance the
top right panel displays the number of healthy foliicles at oestrus {thin line) and the number of early atretic follicles at dicestrus 1 (thick
line). Follicles are classified in 251 classes with a width of 10 x 0° pm’. The values were smoathed with a moving average of three values.
Class 151 contains all follicles with a volume > 1600 X 10* . The y-axis is logarithmic in all graphs.

divided into much smaller classes of equal width {10 x
10* am’) rangling from 100 to 1600 x 10° pm’. The results of
this classification, after smoothing with a moving average of
three values, are shown (Fig. 3). The right five panels show for
each day of the cycle the number of healthy follicles in combi-
nation with the number of early atretic follicles 24 b later (Fig.
3¢). This was done to show which part of, for instance, the
healthy follicle population of oestrus at 10.00h will be early
atretic at dioestrus 1 at 10.00 h. Thus the early atretic follicles of
dioestrus 1 at 10.00 h are projected on top (thick line) of the
healthy follicles of eestrus 10.00 h (Fig. 3a top panel).
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From the group of healthy follicles present at oestrus, only a
small part will become atretic within 24 h (Fig. 3¢, note that the
y-axis is Jogarithmic). On dioestrus 1 more of the follicles with a
volume belween 100 and 350 x 10° pum’® {class 1 and 2) will
become atretic. At dicestrus 2, almost all follicles <350 x
10° pum? will become atretic. This means that the larger follicles
present at dioestrus 2 did grow into the larger size classes and
were finally selected to ovulate. An interesting phenomenon
was seen at dioestrus 3, swhen a clear gap between the smatler
(up to 350 X 10° pm’) antral and the larger {above 700 x
10° pm®) follicles appears, This gap was still present at pro-



oesteus, The smallest antral follicles (<350 x 10° um?, Fig. 39
present at pro-cesirus will no longer become atretic and they
will be joined by the high inflow inko class 2 follicles during the
next 2 days.

Discusslon

The model of follicte inflow developed here was based on the
assumplion that the passage of follicles through the early stages
of atresia takes about 24 h, Moreover, no correction was made
for shrinkage of atretic follicles that might lead to disappearance
of follicles into smatler volume dlasses, This latter point will be
discussed first, Because in different studies criteria for atresia
have been used, it Is difficult to compare the reported or implied
speed of shrinkage of atretic follicles. Byskov {1974) in an efec-
tron microscope study in mice described atresia as a process
lasting 3-4 days, ending In follicles reaching the collapsed
luteinized state. This state is comparable to the late atretic 2°
phase according ko Osman (1985), which Is reached in rats more
than 48 h after the start of atresia. Considering the normal shape
of early atretic follicles and the fact that there are early atretic
follicles in all volume classes in which healthy follicles are
found, it is likely that follicle shrinkage only takes place at a
very low rate in early atretic follicles. Probably, late alretic
follicles will shrink much faster as shown in this study in which
almost no large {class 3, 4 and 5} late atretic follicles are seen,
although large early atretic follicles were counted. Because the
rate of shrinkage of early atretic follicles is not known (but is
probably low, as discussed above) an alternative model was
made in which a comection was made for follicle shrinkage. 1t
was assumed that 30% of the early alretic follicles in a volume
class had shamnk to a volume of the previous {smatles} volume
size class, This was corrected for by increasing the number of
early atretic class 5 follicles by 30%. The number of early atretic
follicles of class 4, left after reduction of the 30% of class 5, was
then increased by 30%, The same procedure was applied for the
number of the early atretic volume classes 3, 2 and 1. This cor-
rection cannot be made for pro-cestrus and oestrus class 4 early
atretic follicles because there are no class 3 early atretic follicles.
In this case there was no increase in the number of early atretic
class 4 folficles.

Use of the thus corrected model presented here resulted in
only minor changes in follicle inflow. Thus the possible shrink-
age of early atretic follicdes does not seem to have much
influence on the madel. For the same reason, growth of early
atretic follicles, which is not very likely because of the low
mitotic index of early atretic follicles (Hirshfield, 1989), does not
have much influence on the model. Reversal of early atresia
does influence the model, but Hirshfield (1989) concluded that
there is no retumn to the ovulatory pathway after follicles
become atretic.

With regard to the assumption that early alresia takes 24h,
the follosving points can be ralsed. The period of early and late
alresia has been estimated as 3—4 days (Byskov 1974; Osman
1985; Greenwald, 1989). Bukcher and Kirkpatrick-Keller (1984)
described early atresia as a very rapid process, However, only
Osman {1985} gave 2 more detailed description of hmrng of the
atretic process. He suggested that eardy 1* plus 1% atresia,
according to his definitions, would take at least 24 b, and that at

least another 24 his needed for the 2* phase of atresia, The time
that follicles persisted in the 2” late ateetic stage was not deter-
mined because there were no criteria for the end of this stage.
One way of arriving at some answer to the question of the
actual duration of early atresia Is to study the effects of other
time values for atresia on the mode| presented here.

A reasonable value for the duration of the stage of early
atresia was found by multiplying the number of early atretic
follicles by a certain factor to simulate other durations. For
instance, when atresia takes 48 h and the sample rate Is 24 h,
the same early atretic follicles are counted bwice, This can
be corvected for by multiplying the number of atretic follicles
by 0.5.

Models were caleulated by multiplying the number of early
atretic follicles by a value of 0.2, 0.5, 0.67, 1.0, 1.2 and 1.5 to
simulate a duration of the early atetic phase of 120, 48, 36, 24,
20 and 16 h (Table 2). Another group of rats kilted at 17 h was
included to reconfirm the results.

The longer limes of atresia (36120 h) resulted in four or
more negative inflow nurbers. A negative inflow means that
follicles leave a healthy follicte dass without reappearing in
another healthy or atretic follicle class, i.e. extremely fast atresia,
which contradicts the assumption of an early atretic period from
36 to 120 h. Negative inflow numbers disappeared in the group
of rats killed at 10h when early atresia was assumed to take
24h or less. In the rats killed at £7h, negative inflows dis-
appeared when the assumed period of early atresia was 20h or
less. The negative inflow values were fow from an early atretic
period of 24 h.

When the duration of early atresia decreases, the total
number of follicles which enter follicle volume class T increases,
When the number of follicles that disappear from the ovaries in
one cycle is known, it is possible to determine the lower border
of the duration of the stage of early atresia.

Pedersen (1970, 1972) calculated an inflow of 96 follicles per
bwo ovaries mto his follicle class 3* per 5-day cycle in mice. This
follicle class 3° consists of small preantral follicles with 20 or
more granulosa cells (volume about 0.9 x 10°um®). The
method used by Pedersen {thymidine pulse labelling) was com-
pletely different from the method used here. Using the same
technigue as Pedersen, Groen-Klevant (1981) found an inflowr of
144 follicles per two ovaries per 5-day cycle in our rat strain,
Butcher and Kirkpatrick-Keller {1984) mentioned an inflow of
21 follicles per ovary betiveen pro-oestrus and oestrus in the rat
which is almost the same number as in the model at an early
atretic period of 24 h {23.6). Butcher and Kirkpatrick-Keller used
histological examination of rat ovaries during the various days
of the cycle. In a recent experiment we calculated the pumber of
follictes in our rats that disappear from the ovary between day
40 and day 90 of life, by counting all follicles {preantral and
antral healthy and early atretic) in each fifth seral section
(Meijs-Roelofs ¢t al, 1990). This nurmber amounled to 115
follicles per two ovaries per 5-day cycle. Thus the number of
follicles disappearing from the pool of healthy follicles every
cycle may be between 115 and 144 in our rat strain. The period
of early atresia could not be shorter than 20h in the group of
rats killed at 10 h in this study. If the stage of early atresia takes
20 h, during young adult life, most of the follicles with a volume
2100 % 10°pm’ (volume class 1) would become atretic.
QOccurrence of atresia was found in follicles with volumes
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between 20 and 350 x 10° pm® (Mandl and Zuckerman 1952,
87-200 % 10° prw’; Pedersen, 1970, 1972, large follicles type
5% and 6 20-130 x 10' pm%; Mariana and Meyer, 1979,
88% of atretic follicles > 149 x 10° pim’; Butcher of of, 1984,
20155 x 10" pm’; Hirshfield, 1988, 41-350 x 10° pm®). The
mentioned numbers of follicles lost per cycle (between 96, mice
(Pedersen, 1970) and 144, rats (Groen-Klevant, 1981)} were all
found in studies of young adult animals. When the animals were
older the rumber of follicles that are lost per cycle wili decrease
{Meijs-Roelofs ¢t al, 1990), These studies indicate that there is
early atresia In follicles with a volume <100 x 10° pm’, but
most atresia is fourd In the bigger antral follicles, so the stage of
early atresia must take longer than 20h. Best results were
obtained when the stage of early atresia takes between 20 and
24h.

In some cases in this study the number of follicles that leave a
follicle class is bigger than the number of healthy follicles in this
class. Some follicles did therefore grow more than the size of
one class in 24 h, This finding is 1o be expected because the
volume classification was not intended to create classes in which
healthy follicles would stay for 24 h or more,

The differences in the data from the groups of rats killed at 10
and 17 h are small and may be partly accounted for by the
difference in timing, The difference in the total number of
follicles entering follicle volume class 1 was about 12%.

From: the model presented here the following conclusions can
be derived. First, the follicles that appear in volume class 1 dur-
ing pro-cestrus and oestrus seem to be the follicles that will
ovulate at the next pro-oestrus. From these class 1 follicles, a
selection is made that does not depend on their size during
oestrus. At dioestrus 2, the selected follicles can be pointed out
as the larger follicles of the antral follicle pool (this study; see
also Pedersen, ¥970; Welschen, 1973; Butcher ot al, 1984;
Osman, 1985).

Second, follicles that ovulate at pro-oestrus seem to have
developed according to the following time scheme: inflow inte
volume class 1 during pro-oestrus and oestrus, inte volume
class 2 during pro-oestrus and oestrus, into volume class 3 dur-
ing oestrus and dioestrus 1, into veolume class 4 during dicestrus
1 and dioestrus 2 and finally, inflow into volume class 5 during
dicestrus 2 and dicestrus 3.

Third, in the total process of maturation and atresia during a
cycle, about 120 follicles are lost (in agreement with Pedersen
{1970), mice; Groen-Klevant (I1981), rats; Meijs-Roelofs ¢t al.
{1990, rats).

Fourth, there is a continuous infow of follicles into volume
class 1, However, this inflow is not constant: it is much higher
during pro-oestrus and oestrus than during the dioestrous
period. Probably there is a confinuously, but slowly, growing
pool of follicles that starts to grow much faster when influenced
by the ovulatory FSH peak{s} {see also Welschen, 1973).
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Among these follicles appear the ‘privileged” ones destined to
ovulate.

Finally, follicle selection seems o take place in the volume
classes 1 and 2 during the days of oestrus and dioestrus 1, since
the follicles that eventually ovulate can be traced back to this
pericd of the cycle.

In furthier studies, this model will be applied to describe the
follicte dynamics in a situation of follicle stimulation with an
FSH preparation. The model makes it possible to distinguish
easily between reduced atresia and an Increase in the follicle
inflow and can also be used in other species, when numbers of
healthy follicles and numbers of atretic follicles of certain stages
are known.

The authors wish to thank J. Moll for critical reading of the
manuscript,
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Abstract

On the various days of the 5-day oestrous cycle of the rat,
ovarian antral follicles were dissected out and grouped in
five size classes. Four follicles of the same size class were
homogenized jointly in medium, after which inhibin-like
bioactivity, inhibin immunoreactivity and oestradiol-17p
content were measured. In general, there was a significant
correlation between immunologically and biologically
active inhibin levels in the different size classes; overall
correlation was 0-85 {(n==87, P<0-00001). In the smallest
antral follicles (classes 1 and 2) iphibin bioactivity was
detected only during the first three days of the cycle. With
increasing follicle size, inhibin bicactivity and immuno-
reactivity increased, with maximal activity present in the
fargest, i.e. preovulatory, follicles {class 5} dusing the fast
three days of the cycle (the day of oestrus denotes day [ of
the cycle). These results indicate that only follicles which
reach the antral stage at oestrus, and are known to be
recruited by the perdovulatory FSH peak, acquire the
potency to produce biologically active inhibin. This is the

cohort of follicles from which selectdon of ovulatory
follicles will nonnaily take place.

In contrast to inhibin, follicular cestradiol-17f concen-
trations were negligible until the last days of the cycle
when oestradiol-17B was present in follicles larger than
class 2; levels increased with increasing follicle size and
a maximal level was found in preovulatory follicles at
Pro-oestiuis,

It is concluded that (1) there is a good correlation
between follicular content of inhibin-like bicactivity and
inhibin immunoreactivity and (2) there are differences
between patterns of follicular evels of inhibin immuno-
reactivity and oestradiol-17p during the ovarban cycle:
follicles destined to ovulate start to produce inhibin in
volume chasses [ and 2 and only therealter also contain
cestradiol-17f3. Follicles entering classes 1 and 2 at
dioestrus-2 and -3 or at pro-oestrus do not produce inhibin
and become atretic.

Journal of Endacrinology (1995) 146, 323-330

Introduction

During the 5-day ovarian cycle of the rat recruitment and
selection of follicles destined to ovulate takes place at
predictable moments. Entry of follicles into the smablest
antral phase, where accelerated growth starts, takes place
continuously, but on the days of pro-oestrus and oestrus
more follicles start this antral growth under the influence
of the periovulatory follicle-stimulating hormone (FSH)
peak compared with the other days of the cycle (Peters &
Levy 1966, Welschen 1972, van Cappellen ef af. [993),
Selection for continued growth, up to preovulatory size, is
seen as cardy as the days of ocstrus and dicestrus-1
{Greenwald 1974, Osman 1985, van Cappellen ¢ al.
[993), The follicles recruited by the sccondary FSH peak
contain the cohort of follicles ovulating at the end of
the cycle (Schwartz 1974, Welschen & Dullaart 1976,
Hirshfield & Midgley 1978, Hinshileld & De Paolo 1981}
and characteristic changes in these follicles have been

Journal of Endocrinology (1995) 146, 323-330
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reported. An increase in the expression of inhibin @- and
B,-subunit-mRINA in follicles newly recruited by the
petiovulatory FSH suige has been reported in the rat
(Woodrufl ef al. 1988, D*Agostino ef al. 1989). Also, an
increase in the incorporation of [*H]thymidine under the
influence of periovulatory gomadotrophin levels has been
described, indicating increased DINA synthesis in preantral
follictes (in hamster and mouse, Roy & Greenwald 1986,
Wang ef af. 1991},

Since the inflow of follicles into the accelerted antral
growth phase is continuous, the above data raise the
question whether the follicles recruited by the peri-
ovulatory FSH peaks are qualitatively different from those
entering the antral phase during other phases of the cycle.
In other words, is the individual maturational path of a
follicle during the cycle dependent on the hormonal con-
ditions at the moment of entry into the amtral growth
phase? We studied this question by estimating the levels of
inhibin and oestradicl-178 in follicles of the different antral
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size classes during the various days of the 5-day oestrous
cycle, Apart from information on possible functional differ-
ences between follicles of the various size classes, these data
may give insight into the refative importance of inhibin
and oestradiol-17f in the regulation of FSH secretion and,
therefore, in the selection and determination of numbers of
ovulatory follicles during the ongoing cycle.

Materials and Methods

Awnipals

Female rats of a Wistar substrain (R-Amsterdam} with
regufar 5-day oestrous cyceles were used. They were kept
in conditions of controlled temperature {23+2°C) and
light (on from 0500 to 1900 h} and allowed free access to
standard dry pellets and tap water. Vaginal smears were
taken every morning and rats were used onfy after at least
two successive 5-day oestrous cycles. The day of vaginal
oestrus was called day 1 of the cycle,

fsolation of follides

Ovarigs were removed between 0900 and 1200 h on the
various days of the oestrous cycle and placed in medium
F-12 {Boehringer, Mannheim, Gennany} supplemented
with 10 mum Hepes (Gibco, Grand Island, NY, USA),
2 mM magnesium acetate and 50 mM p(+) glucose.

They were then incubated for 7 min at room tempera-
ture in this medium comaining 5 myy EGTA and, after
three washes, ovaries were dissected and antral follictes
were harvested by sight {in a laminar flow cabinet in case
of culture of follicles) under a dissecting microscope with
sterile infection needles (19 gauge). Pollicles were col-
lected in supplemented medium F-12 in a watchglass and
then selected according to their size with the aid of
precalibrated micropipettes, taking care to apply minimal
force when sucking a follicle into the micropipette, The
calibre of the pipettes was set to the upper level of the
diameter window of one of the five follicle size classes,
defined before in histological studies (Sander ef al. 1991):
class 1, 260--340; class 2, 340-405; class 3, 405-460; class
4, 460-580 and class 5, >580 pm; the actual calibers
were 318, 414, 484 and 574 pm. AH larger follicles
were categorised as class 5.

Starting with the smallest pipette, all antral follicles
were divided into the five size classes. Four follicles of the
sante size class from one mat were put together in |l
meditm and homogenized immediately or after 24 h of
culwre. Mediom of the homogenized follicles was stored
at — 20 °C until assayed.

Culture of follicles

Follicles were cultured in 24-well culture plates (Falcon,
Lincoln Park, NJ, USA). The bottom of the wells was

Jounal of Endocrinology (1995) 146, 323-330

precoated with 100 pl bacteriological agar (0-625%). Sub-
sequently, the four follicles in the well were covered with
a further 100 pl agar to prevent foating. Fimally { ml
medium was added, Follicles were cultured in sterile
Eagle’s minimal essential medium with EBarle's salts
{MEM,; Bochringer), supplemented with 1% non-essential
amino acids {Gibco), 1% antibiotic-antimitotic solution
{Gibco; containing 100 000 units penicillin, 100 mg strep-
tomycin and 250 pg fungizone/l medium), 1% glucose,
1% Hsulin Transferdin Selenium stock solution (ITS';
Collaborative R.esearch, Bedford, MA, USA; final con-
centration 625 pg Insulin, 625 pg transferrin, 6-25 g
selenivan, 1-25 mg BSA and 535 pg linoleic acid/ml),
cortisol (40 ng/mi} and 1% sodium pyruvate (Roy &
Greenwald 1989). -Follicles were cultured for 24 h in a
moist chamber at 37 °C in a 5% C0O,/95% air atmos-
phere. Subsequently medium from individual wells was
harvested and stored at — 20 °C until assayed. The follicles
were homogenized in [ ml fresh culture medium and
stored at —20 °C until assayed.

Expeniment |

Every day of the cycle 4 rats were killed, ovaries were
removed and follicles were isclated and honiogenized.
The experiment was performed twice. Tn a first sedes
inhibin bicactivity and immunoreactivity were measured
in the medium of homogenized follicles. A second series
was used to measure inhibin immunoreactivity and
cestradiol-17[3.

Experiment 2

In a control experiment the production of bicactive
inhibin and oestradiol-17P during & 24-h culture period
was estimated in follicles from one rat for each day of the
cyele. Follicles were homogenized at the start of the
culture or afier 24 h as described before.

Experimens 3

An additdonal expetiment was pedormed in order to study
the influence of atresia on the content of biocactive inhibin
in media derived from cultured fellicles. On the day of
pra-cestrus a number of follicles of class 4, which were
expecied to be mostly atretic on the basis of routine
histology, and of class 5, which should be mostly healthy,
were harvested and cultured separately for 24 h; the
medium from individual wells was harvested and assayed
for inhibin bicactivity.

Homione detenttinations

Inhibin biocactivity was estimated wsing a  dispersed
pituitary eell cultuce bicassay (Sander of al. 1984). Inhibin
immunoreactivity was estimated by RIA according to
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Robertson et al. (1988), using a bovine follicle fluid
preparation with an arbiteary potency of 1 U/pg protein as
a standard (Grootenhuis ¢f af. 1989). Within assay variation
was 12%,

Ovestradiol- 17 was estimated by RIA using kits pro-
vided by Diagnostic Products Corporation (Los Angeles,
CA, USA.). Within assay variation was 5% and the limit of
detection was 15 pmol/l,

Statistical procedures

All data were analyzed using the Systat computer program
(Systat Inc, Evanston, IL, USA), The linear comrelation
coefficient R was calculated after a logarithmic (base 10)
transformation of the data, When the data for inhibin
bicactivity were below the limit of detection {078 U/ml
or approxinnately 0-2 U/follicle, Sander et al. 1985), a
value of 0-2 was substituted. The comelation coeflicient
was regarded as significant if the two-tiled P value was
<005, When results from more than two groups were
compared, the data were analyzed by the Tukey multiple
comparison test, Values are shown as hormene content/
follicle. For measurement of the difference in inhibin
immunoreactivity between the first and second series, a
three way analysis of vardance was nsed (variables: series,
day of cycle, volume clas). The levels of inhibin bio-
activity and oestradiol-17f before and after 24 h of culture
weie analyzed by a two way analysis of variance {vardables:
tirrte and day).

Results

Experinient |

Figure I shows the comtent of inhibin bicactivity and
immunoreactivity in isolated follicles of the various size
classes during the five days of the cycle. Class 1 and class
2 follicles contained detectable amounts of inhibin bio-
activity only during the first three days of the cycle. The
same pattern was paralleled by the inhibin immuno-
reactivity. The bioactive inhibin content increased with
follicle size with masximal content in the largest follicles,
thase of ovulatory size {class 5) present during the last threc
days of the cycle. Inhibin immunoreactivity levels showed
the same pattern,

FIGURE 1, Inhibin bioactivity (broken lines, capital letters) and
inmminereactivity (solid lines, small letters) in the media of
homogenized follicles of various size classes (see Materials and
Methods for explanation of class size). Values are means+5.5.0.
and are expressed per follicle {mean of 4 rats=4 wells of 4
follicles). Different letters represent a significant difference
between the days of the cycle (PO, pro-oestrus; OE, cestrus;
D1, dioestrus-1; D2, dioestrus-2; D3, dicestrus-3). *, no
follicles preseat. 2, follicles of two rats (n=2),
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Figure 24 shows the relationship between the levels
of inhibin immunorcactivity and inhibin bicactivity,
Correlations between these levels for the varous follicle
classes are shown in Table 1; the overall correlation
coeflicient {R) was 0-85 {P<0-0001; n=387). FThere was a
significant comrelation between inhibin bioactivity and
immunoreactivity for follicle volume classes 2, 3 and 4.

Figure 3 shows the levels of inhibin immunoreactivity
and ocestradiol-17f in follicles of the various size classes.
Enhibin immunoreactivity, found in this second series of
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samples, did not differ significantly from that found in the
first seres, Qestradiol-17P levels were generally below
detection level until the last days of the cycle, when
cestradiol-17B could be detected in follicles larger than
volume class 2. The ocestradiol-17f3 level increased with
increasing follicle size with maximal levels in preovulatory
{class 5) follicles on pro-oestrus, Significant corzelations
between oestradiol-17f and inhibin immunoreactivity
were only found in class 4 and class 5 follicles (Fig. 2
Table 2). The overall cofrelation coeflicient for the
relationship  between  imimunoreactive inhibin  and
oestradiol-17P was 0-70 (P<(-0001; v=91).

Experiment 2

There was no difference in the inhibin bicactivity and
oestradiol- 17 concentration between the media of the
homogenized follicles at 0 h and the media after 24 h of
culture {data not shown), Follicles homogenized in fresh
medium after 24 h of culture did not contain detectable
amounts of inhibin bicactivity or ocstradiol-17f (data not
shown). The data indicate that inhibin bioactivity and
oestradiol-17 values do not change berween 0 and 24 h of
culture.

Experient 3

Only class 4 and class 5 follicles were collected at pro-
oestrus and cultured individually. On the basis of munbers
of follicles noninally present at pro-oestrus {Osman 1985) it
may be expected that 5% of class 5 folficles {0-3 out of 5-9)
and 81% of class 4 follicles (1-3 out of 1:6) are atretic,
Inhibin bivactivity (27-7 & 13-0 units/ml) was found in the
media of 22 out of 24 class 5 follicles; no activity was
seen in the remaining 2 (8% of the follicles). In class 4
follicles {n=14), 1 follicle showed inhibin bicactivity
(21-0 units/ml) and 13 (93%) showed no detectable
activity.

Discussion

In this study, follicle classification was carried out by means
of glass pipettes with openings of fixed diameters, Since
histological procedures will give rise to a certain shrinkage
of the tissue, histalogical follicle classes would need to have

AGURE 2. Relationships between o) inhibin inimunoreactivity
and bicactivity and 8) inhibin immunoreactivity and
oestrediol-17f in follictes of various size classes obtained during
the oesteous cycle (see Materials and Methods for explanation
of class size). Data of inhibin bioactivity below the limit of
detection were substituted by 0-2 U/follicle, Regression lines
were only drawn when there was 2 significant correlation
(P<0-05).

68

80 Glass & 4000
a
80 & 3000
40- a /IB 2000
/
rd
20 AB}“‘—"\{/ - 1000
- * 2
503 class 4 l ' ! 1 - 2500
40“ g 2000
a
30 1500
20 r1000
< 107 a 600
3 L R L 7 T
1 T T T T
& 104 clasaa rso0 =
~ b =
2 g r400 3
£ g
: 6 300 &
4 b @
q 4 ° g o
‘B g
& 2 F100 S
g A A B
5 > — —= fid
E 5 Cla1s 3 a 250 O
4 a 290
4 & 180
24 8 100
J a
1 A 50
A;—-——é HHHHH i/,—iﬂ
5" clu.. II T T T T "250
4 200
34 180
24 @ 8 100
1 A AB a 50
ABF ~ e — E——
1] T T T T T a

OE o3 D2 D3 PO '
Day of cycle
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of homogenized follicles of various size classes (see Materials
and Methods for explanation of class size). Values are

mieans +5.6.0. and are expressed per follicle (mean of 4 rats=4
wells of 4 follicles). Different letters represent a signiticant
difference berween the days of the cycle (PO, pro-oestrus;
OE, ocstrus; DI, dicestnss-E; 32, dicestmis-2; D3,
dicestrus-3). *, no follices present. 2, follicles of two rats
{n=2).
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TaBLE 1. Correlation between levels of biactive and immunoreactive inhibin,
(R.=correlation coefficient), Regression coeflicients were calculated after 2 logarithmic
transformation. Values of bicactive inhibin below the limit of detection were

substituted by 0-2

Regression

N R i coelficient Intercept
Potlicle
class
1 20 039 0-09 0-19 —093
2 20 052 002 0-39 009
3 20 0-83 <0-01 0-49 014
4 7 0-82 <001 0-53 LIRS
5 10 0-56 0-09 0-35 10
Day of
cycle
Oestrus 13 016 012 022 0-64
Biocstrus-t i6 470 <001 042 027
Dioestras-2 18 088 <0-01 055 0-37
Dioestrus-3 20 95 <001 037 068
Pro-oestrus 20 098 <001 074 0-32

r=number of fellickes in tne greap.
The comelztion is regarded as significans when P 003,

TasLE 2, Correlation between levels of immunoreactive inhibin and cestradiol.
(R.=comelation coeflicient). Regression cocflicients were calculated after a fogarithmic

transformation
Regression

n R r coefficient Intercept
Fellicle
class
1 20 00> G831 - 0408 1-29
2 19 41 08 — 032 136
K 20 0-27 25 048 098
4 20 0-82 <(01 1-61 025
5 12 0-87 <601 2-13 — 062
Day of
cycle
Oestrus 17 024 0-36 0-26 496
Diocsteus-1 17 6467 <00 1-09 49
Bioestoas-2 18 091 <0- 092 1-16
Biocstrus-3 19 082 <0 1-i7 68
Pro-oestrus 20 092 <{-01 095 1-65

m=number of fellicles in one group.
The cexechtion is wganded as significant when P 0-05.

somewhat lower size Hinits per class for comparison with
fresh material. On the other hand, sucking fresh follicles
into the pipettes may have slightly deformed the shape of
the follicle and thus a somewhar larger follicle may have
entered a pipette with a certain diameter. It was assumed
that these two factors are likely to balance out. Therefore
follicle sizes at the various days of the cycle, as used in the
present study, were directly compared with those observed
previonsly in histological studies (Osman 1985).

During the cycle only follicles reaching the antral stage
{class 1) during oestrus and dicestrus-f {i.e. recruited by
the periovulatory FSH peak) contain detectable amounts of

Journal of Endocrinofogy (19951 146, 323-310

inhibin bioactivity. This happens to be the cohort of
follicles which nommally contains the group of follicles that
will ovulate at the end of the cycle (Welschen 1972, van
Cappellen et al. 1993). This is in agreement with data of
D’Agosting ¢f al. (1989) who found, by in siftr hybridis-
ation, an increase in inhibin @- and f,-mRNA levels in
newly recruited follicles after uniltateral ovariectomy, but
in contrast with data of Meunier of ol (1988), who
reported that the g-chain of inhibin is expressed in follicles
at all stages of maturation, but that inhibin f,-mRNA is
seen only in large tetiary follicles immediately before
ovulation,
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A significant overall correlation was found between the
results of the two procedures for inhibin estimation, This
significance for the refationship between bioactive and
immunoreactive inhibin levels persisted in follicles of the
separate volwme classes except for classes | and 5. The class
1 follicles only contain stnall amounts of biclogicatly active
inthibin at the start of the cycle {oestrus and dicestrus-1)
and no detectable amounts thereafter, This may explain
the poor comelation for this class. Production of free
¢-inhibin subunits could be the reason for the lack of
correlation in follicle class 5. The antibody used in the RIA
was raised against purified 31 kDa inhibin, which repre-
sents only one of the biologically active forms of inhibin in
the female rat (Grootenhuis ef al. 1989).

The finding that a maximal content of biclogically
active inhibin is scen in the lazge, preovulatory follicles is
in good agreement with earlier observations by Sander
el al. (1984}, who showed maximal inhibin-like bioactivity
in cultured granulosa cells obtained on the day of pro-
oestrus. Similarly and again for the day of pro-oestmus,
Meunier ef al. (1988) and Woodeuff ef al. {1988) found
a dramatic increase in inhibin-subunit mRNAs in
preovulatory Graafian follicles.

Various authors have suggested an inverse relationship
between circulating FSH and inhibin levels duning the rat
oestrous cycle (DePaolo ef al. 1979, Welschen et al. 1980,
Hasegawa ef ol 1989, Watanabe of al. 1990) and in
pubertal rats a role for inhibin in the regulation of FSH
secretion and thus, indirectly, in the regulation of follicle
growth has been suggested (Sander ¢f of. 1986). Watanabe
et al. (1990) suggested changes in circulating inhibin
levels to be a precise indicator for events in follicular
development such as recruitment, selection and ovulation.
Accordingly, in the rat, inhibin would be a more impor-
tant factor than oestradiol-17f in detenmining follicle
growth and number of ovulations, via regulation of FSH
secretion. The present results support this suggestion, since
cestradiol-17B concentration in the follicles started to
increase only at the very end of the 5-day cycle, when not
only recruitment of new antrl follicles but also sefection of
follicles to ovulate has already taken place {van Cappellen
et al, 1993). Only in follicles with high oestradiol- 17} and
inhibin levels (classes 4 and 5} was a good correlation
between oestradiol-170 and immunoreactive inhibin
found.

Of the small antral follicles only those that were
recruited by the periovulatory FSH peaks contained de-
tectable levels of biologically active inhibin. This could
indicate that these follicles are more privileged in terms of
inhibin production and in their chances of surviving up to
the ovulatory stage than follicles entering the antral growth
phase at other times, It would be interesting to study other
possible qualitative differences, as for example the presence
of various growih factors, between these “privileged’ and
other follicles, Variation in the process of initiation of antral
follicle growih leading to 'privileged’ and ‘non-privileged’
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follicles, was an idea put forward by Gougeon in 1986 for
follicle growth in the human,

Tt has been reported in the rat that once the follicle has
become atretic inhibin as well a3 oestradicl-17 produc-
tion declines to a very low level within 24 h (Kaneko er al.
[987). The finding that the levels of inhibin and
oestradiol-17[3 after 24 h of culture were not significantly
different from those before culture, indicates that durng
i vifw culture only very small amounts of hormones were
produced. This may be due to the absence of hormones in
the culture system.

It is not possible to discemn (early) atretic follicles during
dissection of the ovaries and thus accidental presence of an
atretic follicle in a well containing four follicles cannot be
excluded. The additional experiment in which individuat
class 4 and class 5 follicles were harvested and cultured
on the day of pro-oestrus, suggests that hormone levels
in atretic follicles are low. This indicates that combined
results of 4 follicles are an underestimation of actual
amounts of hormones in healthy follicles.

From the current experiments it can be concluded that
inhibin immunoreactivity is a good indication for inhibin
bioactivity in follicles of classes 2, 3 and 4. The follicles
which enter the antral follicle stage during oestrus and
dioestrus-i contain bioactive and imnaunoreactive inhibin
and almost no oestradiol-17. Follicles with these charac-
teristics seem to constitute the cohort of follicles from
which the follicles for ovulation are selected.
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Abstract

The effects of a single injection of recombinant human
FSH {rhFSH; Org32489) on ovulation rate and timing and
on antral follicle growth were studied in adult 5-day cyclic
rats, Rats injected at 1700 h on dioestrus-2 with a dose of
10 TU rhESH showed, on average, no increase in ovulation
rate on the day of expected oestrus, However, an addi-
tonal, precocious ovulation resulting in a nommal number
of corpora Jutea (13-3 £ 0-4, n=6) was found to take place
on the night after injection, i.e. dioestrus-3. No mating
behaviour, as shown by the absence of vaginal plugs the
next moming, was observed at this ovulation. Follicle
counts showed a loss of large antral follicles due to
ovulation and increased numbers of healthy small antral
follicles at 17 and 41 h after injection, indicating a decrease
of atresia of growing follicles as well as additional recruit-
ment of new antral follicles. The endogenous serum FSH
concentration on the subsequent day of cestrus (65 h after

the thFSH injection) as well as recruiement of small antral
follicles were fower in the rhFSH-treated rats than in
saline-treated controls. The ovulation at cestrus, 48 h after
the precocious, rhFSH-induced ovulation showed large
differences in the number of oocytes between the rats in
one treatinent group,

Similar results in terms of immediate owulation indue-
tion were cbtained by using a highfy purfied human
urinary FSH preparation {i.e. metrodin). Furthermore, the
direct induction of ovulation by thFSH or metrodin could
not be prevented by the injecion of an LHRH antagonist.

It was concluded that thFSH can induce acute ovulation
in rats, and stimulates follicular development directly or
indirectly through increased FSH levels after ovulation. It
induces antral follicle growth and decreases early atresia in
smalk antral follicles,

Joumal of Endocrinlogy (19951 144, 39-47

Introduction

The availability of recombinant human follicle-stimulating
hermone (rhI*SH) with a high specific FSH bioactivity and
negligible intonsic juteinizing hormone {(EH) bioactivity
{Manmnaexts et al. 1991) provides a challenge for reinvesti-
gating the actions attributed specifically to FSH during the
ovarian cycle.

It has been generally accepted that FSH stinudates
follicles to grow (see Schwartz [974, Greenwald &
Terranova 1988) and may, via this action, regulate the
number of ovulations at the end of the cycle (see
Richards [980). On the basis of these observations,
various mwore of less punfied FSH preparations have
been widely used to induce superovulation, i.e.
ovulation of 3 supranommal number of ova, both in
immature and in adult rodents (Wilson & Zarrow 1962,
(tmmature mouse and rat), Lostroh & Johnson 1966
(inmnatre rat), Greenwald [974 (adult hamster), Nuti
ef al. 1974 (inumature rat), Chiras & Greenwald 1978

Journal of Endocrinclogy (1995) 144, 39-47
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(adult hamster), Miller & Armmnstrong [981 (inumature
rat), Armstrong & Opavsky 1988 (immature rat)). The
FSH preparations wsed showed varying low degrees of
LH contamination, Numbers of ovulations per ovary can
also be increased via a transtent rise in endogenous FSH
secretion, induced by either unilateral ovariectomy
(Welschen 1970, Welschen & Dullaast 1974, Meijs-
Roelofs ef al. 1982, Osman of of 1982) or by the
administration  of an  inhibin-neutralizing  antiserum
(Sander e al. 19914,8). On the basis of follicle counting
it was concluded that the increased number of
ovulations in the latter two conditions was caused by 2
combination of increased follicular recouitment and
reduction of atresia of antral follicles already recruited.
The aim of the present study was to investigate whether
similar mechanisms play a role during stimulation of
follicle growth and ovulation rate following rhFSH
treatment. During these investigations direct ovulation-
inducing properties of the thESH were found; this was
also studied in more detail.
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Materials and Methods

Aninrals

Female rats of a Wistar substrain (R-Amsterdam) with a
5-day oestrous cycle and body weight of 170-210 g were
used. They were kept in conditions of controlled teinpera-
ture (23 %2 °C) and light (lights on frem 0500 to 1900 by
and allowed free access to standard dry pellets and tap
water. Adult litermates were randomly divided over the
reatment groups. Vaginal smears were taken every mom-
ing and rats were used only after at least two successive
5-day cestrous cycles. To test mating behaviour female rats
were caged together with males of proven fenility and
checked the next day for vaginal plugs,

Experinent |

Rats received one intramuscular injection with thFSH
(Org3248%; batch IP 190/0824; Organon, Qss, The
MNetherlands) or solvent (0-9% NaCly at 1760 h on
dioesteus-2 (the second day after the day of oestrus).
Intemational Units (IU) refer 1o bicactivity (assay method
of Steelman & Pohley 1953) in terms of IS 71/223.
Different amounts of thFSH were used in small groups of
rats to find the optimal dose of thFSH for induction of
follicle growth.

Rats injected with saline (5=5), or 2-5 {#=5), 5 {#=5) or
[0 {(n=6) IU rhFSH were killed 65 h later, i.c. ar 1000 h
on the subsequent day of cestrus. Other groups of rats,
injected with saline (n=6}, 2-5 (v=5), 5 (#=7) or 10 {n=5)
IU thi*SH, were bled and killed 41 h after injection, 1.¢. at
1000 h on the day of expected pro-oestrus. A final group
of rats, injected with saline (n=7) or 1} (n=6) IU ¢hFSH,
was killed at [7h after injection, fe. at 1000h on
dioestrus-3, the day after injection.

At necropsy, blood was sampled, tubal ova were
counted whenever present and ovaries and uterd were
excised and weighed. Ovaries were fixed in Bouin's
Auid, embedded in parafiin wax, serially sectioned
(10um) and stained with haematoxylin and cosin.
Ovulation rate was confimed histclogically by counting
the number of fresh corpera lutea (CL} in the ovardes.
Differential counts of antral, healthy and atretic follicles
were made according to Meijs-Roelofs et al. (1982).
Volume classes and diameters for anwmal follicles were
defined as follows: class 1, [00-200 % 10° um and
260-340 pm;  class 2, 200-350% 10° pm® and  340-
405 pm; class 3, 350-500 X 10> pm and 405-460 poy;
class 4, 500-1000 % 10° pm® and 460-580 pn; class 5
>1000 % 10° pm® and >580 jun. Auwetic follicles were
designated as ‘early atrctic’ if local or widespread
pyenosis and cell shrinkage was present in the granulosz
cell wall and as ‘late atretic’ if the ococyte was
degenerating and either surrounded by degenerating
cumulus cells or naked {Osman 1985).

fournal of Endecrinnlogy 11995) 143, 39-47
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FIGURE [. Doseresponse curves for rat FSH-RP-3 {O) and
ThFSH (@) in the rat FSH RIA after log-logit transformation.
Points were assayed in duplicate; individual resulks are shown.
BN, nomulized binding.

Experiment 2

Rats reccived intramuscular injections of 50ug of a
luteinizing  hormone-releasing  hormene  antagonist
{(LHRH-a; Org30276, Organon, Oss, The Nethedands),
a dose which has been proven to suppress the ovulatory
LH peak {Meijs-Roclofs ef al. 1990), or solvent (0-9%
NaCl) at 1700 h on dicestrus-2. Thereafter rats received
either 101U thFSH or 101U highly purified buman
urinary FSH {hFSH; Metrodin, Serono, Rome, Italy, 75
IU/ampoule declared fir viva bicactivity). Rats were killed
17 h later, i.e. at 1000 h on dioestrus-3 and the number of
tubal ova was counted.

Honutone detenninations

Concentrations of endogenous FSH and LH were esti-
mated by radiokmmunoassay {REA} with anti-ovine FSH
and LH as antiserum and rat FSH/LH as tracer, and
expressed as pg NIADDK-rat FSH-RP-3/1 and pg
NIADDK-rat LH-RP-3/1 (Sander ef al. 1986}, Within-
assay vatiations were 4% {FSH) and 5% (LH). Paralel
dose—response curves for rat FSH-RP-3 and rhFSH were
found after log-logit transformation (Fig. 1) indicating that
cross-reactivity of thFSH in the rat FSH assay amounted to
2-6% on the basis of weight: since [ug of thFSH is
equivalent to 101U, 401U/ of 71/223 is equivalent to
01 pg/1 of rat RP-3. Finally, the immunopotency of IS
71/223 is 1-5 times higher than that of IS 78/549 in the
humian FSH immuonoassay. This results in equivalence of
01 pg rat FSH-RP-3 to 27 IU of IS 78/549. Immuno-
reactive iphibin was estimated by RIA according to
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Robertson et al. (1988), using a bovine follicle fluid
preparation with an arbitrary potency of 1 U/pg protein as
a standard {Grootenhuis er al. 1989). Within-assay vari-
ation was 12%. Oestradiol-17 was estitnated by RIA
using kits provided by Diagnosiic Products Corporation
{Los Angeles, CA, USA); intra- and interassay variations
were less than 5 and 8%. Progesterone was estimated by
RIA using an antibody described by de Jong et al. (1974).
Intra- and interassay variations were 16 and 17%.

Serum rhFSH concentrations (1U/1} were determined
using a two-site FSH time-resolved Auorcimmuncassay
{Delfta, Pharmacia, Woerden, The Netherlands) for
hurnan serum, Rat seruin samples of untreated animals
caused only background signals indicating that rat FSH is
either not recognized or below the detection limit of the
assay. When rat serum was spiked with thFSH a linear
log-dose—response curve parallel to the FSH kit standard
(IS 78/549) was obtained. The detection limit of the
assay applied for rat serum was 0-2 {U/L. The intra-assay
variation was 4-3%.

Statistical procedures

Data are presented as mean £ s.e.M. Student’s independent
t-test was used to detect differences between saline-treated
controls and thFSH-treated groups. When all values in one
group were zero or below the detection limit of the assay,
a {-test against zero was performed. A difference was
considered significant if the double-tail probability (P
was <005,

Results

Experiment !

Effects of thFSH on ovulation After injection of thFSH
on dioestrus-2, cestrus was found at the expected time in
19 out of 20 rats; in one rat treated with 2-5 [U rhFSH
oestrus occurred 1 day early. Data from this rat were
excluded from the study.

The effects of a single injection of thFSH (dose 25, 5 or
101U} on dioestrus-2 at 1700 h on the number of ovu-
lations observed on the subsequent day of oestrus are given
in Table 1. The mean number of fresh CL in rhFSH-
treated rats was not diffcrent from that in saline-treated
rats; however, variation in the number of ovulations
increased with increasing doses of thFSH: superovulation
but also partial ovulation occurred in a number of rats
treated with a 5 IU or 10 IUJ rhFSH dose.

Ovarian histology on the day of oestrus revealed that in
thIFSH-treated rats, apart from fresh CL and unduteinized
or partly luteinized follicles with fragmented trapped ova,
older CL and older CL with trapped ova were also present.
Based on morphelogy, these older CL were mere than 1
but less than 5 days old, i.e, they were generated dudng
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TABLE 1. Ovulation rate {number of corpora futea; CL) per
two ovaries in s on the day of cestrus, 65 h afier an
injection of recombinant human FSH (rhFSH) on dicestras-2
at 1700 h. Control rats received saline. Values are

means & $.B.2s,

No. of fresh CL

No. of rats (range)

Dose of rhFSH

(1L}

Saline 5 130 £ 04 {12-14)
25 4 143+ 06 (13-16)
5 5 1204+ 25 (6-21)

10 6 103+ 43 ($-31)

the previous cycle. When rats treated on dicestrus-2 at
1700 b with 10 1U rhESH were caged together with males
of proven fertility on the day of pro-oestrus, vaginal plugs
were found in all rats the next morning, i.e. the day of
oestrus.

Ine the group of rats killed at pro-oestnus, i.e. 41 h after
injection, no signs of recent ovulation were found in any of
the six saline-treated rats; however, in rthi*SH-treated rats,
less than 4-day-old CL, presumably resulting from ovu-
fation during the night after injection, were often seen
(Table 2}, Low numbers of trapped ova were also found
after all deses of rhFSH.

The group of rats injected with 10U rhFSH on
dioestruis-2 and killed at 1000 h on dicestrus-3, showed a
mean mmber of 13-3 £0-4 (1214, #=06) fresh CL com-
pared with the absence of ovulaton in saline-treated
controls (n=7). When these rats were caged together at
dioestrus-2 with males of proven fertility, no vaginal plugs
were found the next morning (dicestrus-3).

Follicte counts after injection of 2:5~10 IU of rhFSH
at 1760 h on dioestrus-2 On dicestrus-3, 17 h after
injection of 10 TU ehFSH, 2 significant increase (P<0-01)
in the number of healthy class 1, 2 and 3 follicles was seen
compared with saline-treated rats; class 5 follicles were
absent {Fig. 2a). The total nuunber of early atretic follicles

rABLE 2. Numbers of fresh' corpora lutea {CL) present in the
ovaries of rats 41 h after injection of recombinant human FSH
(rhFSH) at 1700 h on dicestrus-2, Values are mean £ S.EM,

No. of rats ovulation/ No, of
totat no. fresh CL
Dose of thFSH
{uh
Saline (041 —
25 2/5 2:5% 15
s T 117
10 5/5 13006

“Morc than 1 but kess dhan 4 dsys &d
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FGURE 2. Mean+s.EM. number of antral follicles at 1000 h
on diocestrus-3, 17 h after treatment of rats with saline or 101U
recotnbinant human FSH (thFSH) at 1700 h on dioestrus-2.
{1) Number of healthy follicles, () number of early atretic
follicles, and {¢) number of late atretic follicles. *P<0-05,

%P 001 compared with saline-treated controls {Students
—test).

was significantly lower (P<0-01) and the nunber of late
atretic follickes was not different in the rthFSH-treated rats,
when compared with numbers in saline-treated controls
(Fig. 2b,)). The number of early atretic follicles was on
average 147 lower and the number of healthy follicles
was 375 higher in the thFSH-treated rats compared
with saline-treated control rats, representing an extra
recruitment of 22:8 follicles,
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RGURE 3, Mean & 5.E.M. number of antral follicles at 1000 h
on pro-ocstrus, 41 h after treatment with saline or 25, 5 or
10 [U recombinant human FSH (fhESH) at 1700 h on
dioestrus-2. {g) Number of healthy follicles, () number of
carly atretic follicles, and (¢ number of late atretic foilicles.
*P<0-05, #*P<0-01 compared with saline-treated controls
{Students ttest).

Follicle counts at pro-oestrus, i.e. 41 h after injection of
25, 5 or 10 1U thFSH showed a dose-dependent increase
(P<0°05) in the number of healthy class 2, 3 and 4 follicles
compared with saline-treated controls; numbers of class 5
follicles decreased dose-dependently (Fig. 3d). There was
no significant difference in the total nunber of early atretic
folkicles {Fig. 31). The number of late atretic follicles was
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reduced after treatment with 5 or 10 IU thFSH (class 1
and 2) compared with the saline-treated group (Fig. 3¢,
P<0-05).

At oestrus, i.e. 65 h after injection of thFSH (2-5, 5 and
H 1) the number of healthy class 1 follicles (newly
recruited) was lower after 5 (P<0-05) and 10 (P<0-01)
1 thFSH when compared with nunbers in saline-treated
controls. However, the number of healthy class 3 and 4
follicles was higher (P<(0-01} after these doses of thFSH
(Fig. 4a). Early atresia after thFSH treatment was generally
higher, but late atresia {class 1 and 2} was lower than in
controls (P<0-05, Fig. 4.

Serum  concentrations of FSH, LH, rhFSH,
oestradiol-17p, inhibin and progesterone after injec-
tion of thFSH Data on serum concentrations of thFSH at
various times after injection of 25, 5 or 10 IU rhFSH at
£700 b on dioestrus-2 are given in Fig, 54. thESH con-
centrations were undetectable (<02 IUA in tenns of IS
78/549) in saline-treated control rats, were highest at
1000 h on dioestrus-3 in thFSH-tecated rats, and low on
the days of pro-oestrus and ocestrus. A dose—response
relationship between the concentrations of thFSH and the
injected dose of thFSH was found.

At 1000 h on dicestrus-3, higher (P<0:05) serum
concentrations of rat FSH were found in rats injected with
O IU hFSH, compared with those in saline-treated
contzels {Fig. 5b). On the mornings of pro-ocestrus (10 [U
dose) and oestrus (5 and 10 TU doses) FSH concentrations
were lower (P<0-05} in rats that had been treated with
thFSH than thote in saline-treated controls.

A decrease {P=<(+01) in serum ocstradiol-178 concen-
tration was found at pro-oestrus in the groups of s
treated with 5 and 10 1UJ (hFSH (Fig. 54). At oestrus no
significant difference was found between oestradiol levels
in saline- and thFSH-treated rats. The oestradiol-17p
concemtration was significantly higher in rats treated with
101U thFSH (diocstrus-2 at 1700 ) at dioestrus-3 com-
pared with saline-treated rats at ocstrus. Both groups
ovulated the night before.

Serum inhibin concentrations were increased (P<0:01)
in the rats treated with 10 IU rhFSH compared with
" saline-treated rats at dioestrus-3 (Fig. 5/). No difference
was found between saline- and rhFSH-treated rats at
pro-oestrus. At oestrus the inhibin levels were increased
(P<0-05) in rats treated with 2:5-10 U rthFSH when
compared with levels in saline-treated control rats.

Serum LH concentrations were lower (P<0-0F) in rats
treated with 101U thFSH and killed at pro-oestrus when
compared with saline-treated controls (Fig. 5¢).

Finally, serumn progesterone concentrations were in-
creased (P<0-01) at pro-oestrus in rats treated with 10 1TU
thESH (Fig. 5¢). At oestrus higher (P<0-01) sermn
concentritions of progesterone were seen in rats treted
with either 5 or 10 1U rhFSH.
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HeORrE 4, Meants. e, number of antral follicles at cestrus
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recombinant human FSH (thFSH) at 1700 h on dioestrus-2.
{#) Number of healthy follicles, (8) aumber of early atretic
follicles, and () number of fate atredc foliicles, *P <005,
*kP2 (01 compared with saline-treated controls (Sudents
I-test).

Experiinent 2

After injection with combinations of LHRH-a and either
101U hFSH or 10TU WFSH at dioestrus-2 the same
number of tubal ova were found as with the FSH
preparations alone at 1600 h on dioestrus-3. No tubal ova
were found in the rats treated with saline (Table 3). No
LHR H-a-treated contrel group was added because it is
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D3, dicestrus-3; PO, pro-cestrus; OF, oestrus, *P<0-05, ¥*P 001 compared with saline-treated controls (Students t-rest).
Absence of bars means that no data were obtained, except for thFSH in saline-treated controls.

known that adminisitation of this amount of LHRH-a
given on the moming of pro-oestrus blecks oviation
completely (Meijs-Roelofs ¢f 4l 1950).

Discussion

Recombinant human FSH, which increased ovarian
weight and aromatase activity in hypophysectomized in-
mature rats (Mannaens e al. 1991), also provoked biologi-
cal effects during the cycle of the insact rat. The effects
depended on the dose and tine after administration of
thESH, A single injection of 10 [U thEFSH given at 1700 h
on dioestrus-2 caused a significant increase in the number

fournal of Endecrinology (1993) 144, 39-47

of small {class 1, 2, 3) antral follicles 17 b later. These
follicles are apparently scen as class 2, 3 and 4 follicles at
pro-oestrus; the non-ovulating smaller follicles are stilt
present at ocstrus. The absence of class 5 follicles, the
largest antral follicles of ovulatory size, at 17h after
injection of thEFSH may be explained by the finding that a
dose of 10 [U thFSH acutely induced ovulation,

The results of the follicle imeasurements indicate that the
increase of healthy class 1, 2 and 3 follicles 17 h after
injection of rthFSH was parily due to a prevention of atresia
in alrcady developing healthy follicles, but ako to
increased inflow of follicles into the anwal stage. The
number of late atretic follicles was not different between
the saline- and the rhFSH-treated group 17 h after
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TABLE 3. Number of cocytes present the next moring
{dioestrus-3) at 1000 h in the tubae of rats injected with 50 ug
LHRH antagonist (LHR H-a) and either 10 IU recombinant
human FSH {{hFSH} or purified human urinary FSH (hFSH)
at 1700 h on dioestrus-2. Values are means  S.E.M.

Mo, of rats

ovulating/ Neo. of tubal

total na, cocytes
Treatment
Saline 077 —
thFSH 6/6 11-3% 10
hFSH 717 111006
LHR H-a+rhFSH 747 10-7 £ 0-7
LHRH-a+hFSH 77 107

injection. Since the stage of early atresia takes about 24 h
(Osman 1985, van Cappellen ef al. 1993), this means that
follicles that were eatly atretic the day before were not
rescued from atresia. This confirms the earlier findings of
Hirshfield (1989}

Induction of ovulation by repeated administration of
more or lfess pure FSH has been reported previously
(Lostroh & Johnson 1966, Harrington & Elton 1969,
Harrington ef al. 1970, Tsafridi ef of. 1976, Greenwald &
Papkoff 1980, Taya & Greenwald 1980). In a recent study
Galway et al. (1990) reported induction of ovulation with
rhFSH in hypophysectomized imunature rats, pretreated
with pregnant mare serum gonadotrophin (PMSG) or
thESH. Ovulation induction with a dose of 1 [U of an
thFSH pieparation was also found in cyclic mice which
were pretreated with thFSH or PMSG (Rice ef al. 1993},
In the present study, acute ovalation induction by single
doses of 5-10 TU rhFSH was found 48 h before the normal
EH and FSH peaks, during the cycle of adult non-
pretreated rats. Even with a dose as low as 1-25 {U some
rats would ovalate (R de Leeuw, unpublished data).
During this precocious ovulation ohserved here there was
a dissociation between owvulation and behaviour shown by
the absence of vaginal plugs in rats caged with males, This
dissociation js probably duc to different hormonal con-
ditions during this precocious ovulation compared with a
nomal ovulation and was not seen in FSH-pretreated
cyclic mice in which ovulation was induced by thFSH
{Rice et al. 1993). The decrease of the oestradiol concen-
tration normally seen between pro-oestrus and oesteus
does not seem to take place between dioestrus-2 and
dicestrus-3 when the precocious thFSH-induced ovu-
lation takes place, In spite of the observed differences
between the nonnal and the precocious ovulation, the CL
formed during the latter ovulation are morphologically
normial  and  produce  progesterone  concentrations
comparable with the normal pattern (Toorop ef al. 1982).

Fhe mechanism of the precocious ovulation induced by
thFSH remains unclear. Induction of an LH peak very
quickly after the injection of FSH is not likely in view of
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the short interval between the FSH injection and ovu-
lation; induction of an EH peak by treatment with
oestradiol takes at least 24 h (Everett 1947, Brown-Grant
1969). The non-involvement of an LH surge was ascer-
tained in experiment 2 where an LHRH-a preparation
was used to suppress the possible occurrence of a pre-
cocious LH peak, This did not influence the number of
ovulated cocytes at dioestrus-3. The recombinant nature of
the FSH used was not a comrbuting factor in the
precocious ovulations, since there was no difference in
number of ococytes found after treatment with either
thFSH or a purified human urinary FSH preparadon, The
question remnains as to whether this ovulation-inducing
effect is typical for human FSH preparations used in rar
studies, or whether it is merely due to the pattern of
FSH concentrations after injection of an exogenous FSH
preparation. This problem can only be resolved when rat
recombinant FSH becomes available,

An interpreiation of the inter-retationships between the
data on ovulation and follicle growth and the observed
hormene concentrations can only be tentative, since the
honmoae values were obtained at intervals of 24 h and
because of the pastial or complete absence of advanced
ovulation in the groups treated with 2-5 and 5 [U rhFSH.
Therefore, only the group of rats treated with 101U
rhESH will be considered. The higher concentration of
endogenous scrum FSH 17 h after injection could be
explained by the disappearince of the largest follicles due
to ovulation, because these large follicles are the main
source of the FSH-secretion inhibitors oestradiol and
inhibin. These high levels of endogencus FSH after
ovulation and the still high circulating levels of thFSH
probably stimulated the inflow of small antral follicles.
These newly recruited follicles together with the remain-
ing class 3 and 4 follicles would then start to produce
inhibin in response to the high exo- and endogenous FSH
levels {Lee et al. 1982), causing the increased levels of
inhibin seen at 1000 h on dicestrus-3, Because inununo-
logically active inbibin was measured it is not efear
whether these higher inhibin levels could have had a
biclogical cffect or were due to free t~inhibin subunits.
The discrepancy between the high circulating levels of
endogenous FSH and the high levels of inhibin could also
be a question of timing, Because no intermediate samples
weze taken it cannot be ruled out that the serum FSH
concentration is decrcasing while serum inhibin and
oestradiol concentrations are increasing. Finally, thFSH
could be metabolized in rat serwm to a form that may
cross-react in the rat FSH assay. The induction of ova-
lation and the extra recruitment of follicles seen at
dioestrus-3 probably resulted at pro-oestrus in a very high
aumber of intermediate {espectally class 2 and 3)-sized
follicles and a severely decreased number of class 5 antral
fotlicles, This nmaay account for the lower concenteation of
oestradiol which, in turn, may have caused a subnonmat
LH peak, much lower in fact than that normally seen at
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this stage of the cycle. Also the increased progesterone
concentration, seen at pro-oestrus and probably due to the
steroid producdon of the CL formed at dioestrus-3, may
have caused the decreased serum LH concentrations at
pro-oestrus. ‘This combination of altered hormonal cir-
cumstances and the lack of viable follicles of the correct
size caused an abnonmal ensuing ovulation at eestrus in the
rhiSH-treated rat, as reflected by the wide range of
numbers of CL. In view of earlier findings (for review see
Rothchild 1965) it is surprising that these animals ovulate
at all since the progesterone concentration is significantly
increased. After ovulation, a significantly higher number
of class 3 and 4 follicles remained in the ovaries. This could
explain the higher serum inhibin concentration found at
oestrus. This higher inhibin concentration may finally
have cansed the low serum FSH values seen at oestrus
which may, in turn, have resulted in a lower number of
newly recruited class 1 follicles.

On the basis of the data on occurrence of ovulation
and follicle growth, it is concluded that in the rat the
administration of 5-10 IU thFSH on dioestrus-2 has an
acute ovulation-inducing effect. Apart from this effect,
recruitment of new antral follicles takes place and atresia
of antral follicles is inhibited. However, follicles that are
already atretic will not reverse this process after a single
injection of rhFSH. Finally, the acute ovulaton-
inducing effects of thFSH or purified human urinary

FSH do not result from a  stimulation of LH
concentrations,
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Chapter 7

Induction of superovulation in cyclic rats by
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The obfective of this study was (o set up a superovulation
proteco! In adult cyclic rats by using recombinant human
follicle stimutating hormone {thFSH; Orgd2489)., Good
results were oblained by treatment with decreasing doses
of rhFSH (2.5 ta 0.5 TU) durlng the dioestrus period, The
number of corpora lutea (CL) found in rais treated with
this protocel was 43.5 = 3.4; this Is more than three times
the number in saline-ireated control rals (13.6 = 0.4),
Fertilization of oocytes after superovulation was as good
as after normal ovulation in terms of number of 2-cell
stage embryos found 2 days after mating, The absotute
number of implantations was twice the number observed
In saline-treated conirol rats (23.3 *+ 1.8 versus 10.6 + 0.5);
therefore the number of implantations per CL was lower in
superovulated rats. The serum concentrations of luteinizing
hermone (LH), endogenous FSH and oestradiot-17f were
decreased during rhFSH treatment, while the inhibin serum
concentration was Increased. The progesterone serum con-
centralion was Increased on the days of pro-oestrus and
oestrus after freatment. No difference was observed in the
[estosterone serum concentration. Pretreatment with 10 IU
rhFSH at oestrus before giving the decreasing doses of
rhFSH during dioestrus reduced the ovulatory response.
Finally, freatment with a constant low dose of rhFSH
instead of a decreasing dose of rhFSH did net result In
spontaneous ovulation. However, ovulation induction by
means of a human chorlonic gonadotrophin bolus resulted
in superovulation in six out of efght rats. It is concluded
that superovulation in cycllc rats can be achieved using
rhFSH ireatment, However, it was found that the type of
rhFSH reglmen was very imporiant {o achleve appropriate
stimulation. The optimal protecol was treatment with
decreasing doses of rthFSH during dicestrus, The oocytes
retrieved could be fertilized as well as oocytes of saline-
treated control rats, The resulis also indicate that treatnment
with higher doses of rhFSH might Induce a desensitization
for FSH and LH.

Key words: adull rat/follicle development/FSH/frecombinant
FSH/superovulation

Introduction
Many studies have been performed in the rat on the subject
of superovulation, defined as ovulation of more than kwice the
normal number of oocyles, but very few studies have been
perfermed in the adult rat {Sameshima er af., 1982; Sander
et al, 1991; Akira ef al, 1993; Hayes et af., 1993; Szoltys
et al., 1994), Most studies were based on treatment with a
combination of pregnant mare's serum goradotrophin {(PMSG)
human cherionic gonadotrophin (HCG). One of the disadvant-
ages of this treatment is the long half-life of PMSG, which
interfeces with normal embryo formation (Miller and
Armstrong, 1981). As treatment of the infertile human patient
can now be performed with recombinant hurnan follicle stimu-
lating hormone (rthESH), we have tried to develop a superovula-
tion protocol in adull eyelic rats using rhESH in order to study
the hormonal and morphologicat development of follictes. In
addition, we have studied the effect of this treatment on early
embryonic development.

in an easlier study (van Cappellen et af., 1995a), il was
found that injection of 10 IU rhFSH in cyclic rats at 17.00 h
on dioestrus-2 resulted in a precocious ovulation during the
following night. This model was used in this study to test for
changed sensitivity of developing follicles towards thFSH.

Materfals and melhods

Anlntels

Female rats of a Wistar (R-Amstezdam) strain with a 5-day oesirous
cycle and a body weight of 170210 g were vsed. They were kept
under conditions of conurolled {emperature (23 * 2°C) and light
(Lights on from 05.00 to 19.00 h) and had frez access to standard dry
pellets and tap water. Adult littermates were randomly divided over
the treatment groups. Vaginal smears were taken every moming and
rats were wsed only after at least two suceessive §-day oestrous
cycles, For all experiments, approval was obtained from the Animat
Yelfare Committes (DEC) of the Erasmus Uriversity.

Histology and counting of follicles

Rats were killed by ether anaesthesia after blood sampling by punciure
of the cphthalmic venous plexus. Serum samples were stored at
—20°C until assayed. Tubal ova or implantation sites were counted
macroscopically and ovaries and uterl were excised and weighed.
Ovaries and uteri wer fixed in Bouin's fiuid, embedded in paraffin
wax, seriaily sectioned 10 mm) and stained with haematoxylin and

- eosin. Ovulation rate was confimmed histologically by counting the
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number of fresh corpora [utea (CL) in the ovaries. The numbers of
implantation sites were confirmed by histological examinalion of

the uted.
Differential counts of antral, healthy and atretic folticles were made
according to the method of Meijs-Roelofs er al. (1982). Volume
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classes and diameters for antral follicles were defined as follows:
small antral follicles, 100-500%10° pm? and 260450 pm: large
antral folticles, >500X [0° pm? and >450 pm respectively. Atretic
follicles were designated as ‘early awresic’ if local or widespread
prknosis and cell shrinkage were present in the granulosa cel] wall
and as ‘lale atretic’ if the oocyte was degenerating and either
surrounded by degenerating cumulus cells or no cumalus cells at all
(Osman, 1985)

Hormong determinations

Concentrations of endogenous FSH and luteinizing hormone {LH)
were estimated by radicinimunoassay with anti-ovine FSH and LH
as antisera and rat FSH/LH as tracer, and expressed as mg NIADDK-
rat FSH-RP-3/1 and mg NIADDK-rat LH-RP-37 (Sander er al, 1986).
Within-assay variations were 4% (FSH) and 5% (LH}. Cross-reactivity
of thESH in the rat FSH assay amounted to 2.6% on basis of weight;
this results in equivalence of 8.1 mg of rat FSH RP3 to 27 IUf of [$
78549 {van Cappellen er al,, 19952).

Immunoreactive inhibin was estimated by radioimmunoassay
according to Robertson et al. (1988), using a bovine foilicte fluid
preparation with an arbitrary poteacy of | Ufmg protein as a
standard (Grootenhuis e al., 1989y Within-assay variation was
£2%. Oestradiol-17P was estimated by radioimmunocassay using kits
provided by Diagrostic Produsts Corporation (Los Angeles, CA,
USA); intra- and inter-assay variations were <3 and 8% respectively.
Progesterone was estimated by radioimmunoassay as described by de
Jong et al, (1974). Intra- and inter-assay variations were <16 and
17% respectively. Testosterone was measured by radioimmunoassay
as described by Veddans et al. (1973). The intra-assay vasiation was 3%.

Serum chFSH concentrations (UN) were determined using a two-site
FSH time-resolved fluoroimmunoassay {Delfia, Pharmacia, Woerden,
The Netherlands) for human secum. Rat serum samples of saling-
treated animals caused only background signals, indicating that rat
FSH is either not recognized or below the detection limit of the assay.
When rat serum was spiked with chFSH, a linear log dose~tesponse
curve paraliel to that of the human FSH standard {18 78/549) was
obtained. The detection limit of the assay applied for ral serum was
0.2 U/ The intra-assay varfation was 4.3%.

Early and mid-cyele treatment {experiment 1)

Follewing the protocol used earlier 1o induce superovulation in cyclic
rats by means of PMSG (Welschen and Rutte, 1971), mis were
injected fm. with 10 U of fhFSH {0rg32489; batch IP 190/0824
from Qrganen, Oss, The Netheddands; Interational units (EU) refer
to in-vive bioactivity in terms of 1S 717223} at cestrus at 17,00 h
andfor digesirus-2 at 1700 h to induce ovelation. Rats In experiment
Fa were injected with 10 IU chFSH at oestrus, 17.00 h and killed
7 k later at dioestrus-1, 1000 h (see Table [). Rals In experiment
b were injected at divestrus:2, 17.00 h with either [0 [U fhFSH or
saline and killed 17 b later at dioestrus.3, 10.00 h. Animals in
experiment ¢ were injected at oestrus, 17.00 h with 10 1U thFSH
end at dioestrus-2, 17.00 h either with 10 11 (hFSH or 10 IU HCG
and kilfed [7 h bater at dicestrus-3, 10.00 h. After routine histology,
the number of follicles and the number of fresh CL weee counted at
the day of ovariectomy for all these groups.

Divestrus treatment with decreasing rhFSH doses (experiment 2)

Because the first treatment did not result in superovulation, a second
reziment pratoce]l was set up. The aim of this protocol was to
rescue follicles from atresia by giving repeated injections of shESH.
Treatment was started at dioestrus-1 with a low dose of 2.5 U thFSH
to prevent precocious ovuiation, and this dose was decreased even
further thereafier for the same reason. In a first experiment {experiment
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2a, Table I) groups of rats were treated with i.m. injections of rhFSH
vsing the following scheme: dioestrus-1, 10,00 b (2.5 ), 17.00 b
{1 ELTY; dioestrus-2, £Q.00 h (1 1), 17.00 h (0.5 IEN) and dioestrus-
3, 10,00 k (0.5 HU), 17,00 k (0.5 TU) or saline and were killed at
10.00 h on dioestrus-1 {controls # = 6), dioesurus-2 {1 = 7, controls
n = 6}, dioestrus-3 (n = 6, contols 1 = T}, pro-oesirus (n = 6,
controls n = &) or cestrus (0 = 8, controls # = 5}, Rats killed &t
dioestrus-I, -2 or -3 did not receive the rhFSH injection of that
moming. Ovarigs weee fixed and the follicles counted. Blood samples
were taken at the time of ovarectomy and hormone concentrations
were measured.

Additional groups of rats, treated according 1o this protecol, were
placed with males of proven feztility on the day of pro-o¢strus. These
rats were checked for the presence of vaginal plugs the next moming.
If a plug was present, rats were aliowed 1o live for 2 {n = 7, controls
n=T7), o0t for 7 (n = 7, controls a = 7) more days. Both oviducis
from the rats kifled 2 days after mating were Rushed with saline and
the Rushings were examined for the presence of fetilized ova (2-cell
stage embryos). The ovaries were fixed for histological examination
of the number of CL. Rats that were kifled 7 days after maring were
examingd for the number of implantation sites in both uterine homs.
Ovaries were fixed for histological examination of the number of CL.,

To test the effect of pretreatment with thFSH on superovulation, a
second group of rats {experiment 2b) was ficst treated with 10 U of
rhFSH at oestrus, 17.00 h and thereafter with the decreasing dosage
scheme as described for experiment 2a. These rats were killed § days
after the fiest injection on the expected day of cestrus at [0.00h {n =
5). Ovaries were dissected and fixed and the numbers of CL
were counted.

To investigate the sensitivity of the developing follicles (treated
with decreasing thFSH doses) to the ovulation-inducing effect of a
large dose of thESH, a third group of rats (experiment 2¢) was treated
with decreasing doses of thESH using the following scheme; dioestrus-
I, 1080 h (2.5 1U), 17.00 h (1 HU); dioestrus-2, 1000 h (1 IU)
These rats received an injection of 10 1U rhFSH at 17.00 h at
dioestrus-2 to induce ovulation and were killed at dioestrus-3, 10.00
h {n = 6). Ovaries were dissected and fixed and the number of CL
wege counted.

Divestrus treatment with a constent thFSH dose (experiment 3)
To investigate if decreasing doses of thFSH are necessary to induce
superovulation, rats were treated from dioestrus-1 until dioesteus-3,
at 10.00 h and 17.00 h with 2.5 iU fhFSH. At the expected day of
pro-aestrus at 17,00 h, rats were injected with saline {experiment 3a,
n = 8, Table 1) or with 10 HJ HCG (expedment Ib, r = 8), The rals
were killed 17 b later, and the ovaries were dissected and fixed for
counting of the number of CL.

Statistical procedures

Dala are presented as means £ SEM. Stwdent’s independent i-test
was used to detect statistically significant differences between the
control and thFSH-treated groups. When all values inone group were
zero or below the detection limit of the assay, a I-test against zero
was performed. When results from more than (wo groups were
compared, the data were analysed by the Tukey multiple comparison
test. A difference was considered statistically significant if the double
1ail probability (P) was <0.05

Results
Early and mid-cyele treatmment {experiment 1}

None of the rats in experiment la (7 = 4) ovulaied on
dicestrus-1 after an injection of 10 IU rhESH at oestrus,



Table {. Treatment protocols of the different groups. Saline-trezted controls were injected at the same time points whenever relevant

Expedment no.  Ovsiros Dicestrus-1 Dioestrus-2 Dioestrus-3 Pro-cestrus Crstrus
1000h 1700h  18000h 1708k 1000k 1700h 000K 1700h  1060h 17.00h  1000R 17.00h
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F = Recombinant hamaa fellicle slimulating homnone; H = human choricnic gonddotrophin; O = ovardesiomy; subscript is dose of recombinant kuman

follicte stimulaling hormone used (FU).

Table 11, Numbers of avulzting rats, of corpera Tutea (CL} and of healthy and eardy atretic follicles on diocstrus.3 in rats meated with combinations of saling
(8al), 101U of recombinant humaa follicle stimulaiing hormons (rhFSH) and 10 IU of human ¢horonie genadotroghin (KOG Values are means £ SEM

Expeciment no. Trealmeat day No. of ovulating  Fellicle counts on the day of ovarectomy No, of CL
rals total
Oestrus D2 Healthy follictes Exrfy awretic
Small antral Earge aniral Total antral

th Sat Sal o7 26.7 % 342 150 = 0.5% [54% 19 '3

Sat thFSH 66 695 = 62° 9.7 + 1.2t 0.7 £ 0.5> 133 = 0.9°
le thFSH thFSH o4 58% = 8.7° 250 £ 9.9° 230 = 59% o

thFSH RCG w5 53.2 £ 550 94 0T 33 =567 b

Lb<Suatistical significance was determined by analysis of variance. Values differing significanily (P < 0.05) do net share 3 commoa superseript

D2 = divestrus-2.

17.00 h (data not shown). Al chFSH-treated rats in experiment
1b ovulated precociously in response to the thFSH injection
at dioestrus-2, 17.00 h (Table IE). In addition, there was a
significantly increased number of smatt antral bealthy follicles
in the rhFSH-treated rats when compared to saline-treated
controls, After pretreatment with 10 IU rhESH at eestrus, ro
ovulations were observed after a second rhFSH injection at
17.00 h on dioestrus-2, Also, an injection of 10 TU HCG at
17.00 h on dioestrus-2 did not result in ovulation in the thESH-
pretreated rats {Table II). Both groups had a significanly farger
(P = 0.05) number of smal] anteal follicles compared to saline-
trealed control rats (Table H).

Dioestrus treatment with decreasing rhFSH doses (experi-
ment 2)

Numbers of ovulations

Rats treated with decreasing doses of thFSH (experiment 2a)
ovulated spontaneously at the expected day of cestrus with a
significantly increased number of ovulations when compared
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to saline-treated controls {Table III}. Pretreatmment with 0 1U
rhFSH at oestrus {experiment 2b) resulted in significantly
lower (P = 0.03) numbscrs of ovulations when compared 1o
rats that were not prelreated (experiment 2b compared to
experiment 22). However, the number of ovielations was highez
than in saline-treated centrol rats (Table L1, conteols compared
1o experiment 2b). Injection of 10 TU thFSH at dioestrus-2,
£7.00 h in the group of rats ereated with decreasing doses of
thFSH resulled in absence or very low nember of ovulations
at dioestrus-3, 10,00 h (experiment Z¢, Table 1),

Niumbers of follicles
Because of the effectiveness of the induction of ovulation with
decreasing doses of thFSH, numbers of follicles and hormone
concentrations in experiment Ja were studied in more detail
by killing groups of rats on various days after the start of
treataient.

Teeatment with a decreasing dose of thFSH showed a
significant increase in the number of small anual follicles on
diogstrus-3 and pro-oestus compared to saline treatment



Table 11 Nambirs of ovolating rats and corpora Jutea (CL} after treatmen? with dsreasing doses (see lext) of recombinant human follicle stimulating

hormone {thFSH). Values are means + SEM

Expedment rhFSH treatment Day of ovariestomy No. of rats ovulating No. of CL
Centrol — QE 5is 130 = 0422
2 depeeasing from D OE &8 135234
b 10 [U OF; decreasing from DI OE Ay 22.7 % 38
b9 decreasing from DI 1017 D2 D3 6 30+ 208

* 4Suaristical significance was determined by analysis of variance, Values differing significanily (P < 0.08) do not share a common superscript

OF = oestnus; D1-D3 = dicestrus 1-3,

Table £V, Fenilization and Implantation of oocytes ovulated after treatment
with decreasing doses {see tex) of recombirant heman follicle stimulating
hormone (thESH), betwean dioestrus-1 and dicestras-3. Valves are means *
SEM

Control rhFSH

Ne. of 2-cell ova 2 days after mating 8903 143 %16
No. of 2-cell ova/CL (%) 1 £3 83 2
No. of intact, L-ccll ova 2 days affer mating L4203 36 % 0.5+
Mo, of 1-cell ava/CL (%) 13 %2 9 *1
No. of fragmentad oocytes 2 days after mating 0.7 204 30 £ 08*
No. of fragmented oocytedCL (%) 6 *3 T %2
No. of implantations 7 days after mating 0605 233+ (8%
No. of implantaions/CL (%) 91 £5 48 X

<005, P < 041, rtest. CL = corpora Jutea.
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Figure 1. Numbers of healthy and eazly atretic follicles in rats
treated with decreasing doses of recombinant human folticle
stimulating hormone {(thESH: D1, 10.00 h, 2.5 and 17.00 b, 1 TU;
B2, 1000 b, 1 and 1700 b, 0.5 [U; D3, 10.00 b, 4.5 and 17.00 b,
0.5 TU; closed bars) and in saline-treated controt rats (open bars),
Small antral fodlicles had 2 volume between 100 and 500X 10° pm?
(diameter 265-450 pm). Large anwal foilicles had a volume
>500X10° pm®. *P < 0.05, **P < 0.01, Student’s I-test between
thESH-treated and satine-treated control rats on the same day. D1--
D3 = Dioestrus 1-3: PO = pra-cesirus; OE = oestrus.

{Figure 1a). The number of large antral follicles was signific-
antly increased from dioestrus.2 1o pro-oestrus and on oestrus
(Figure 1b). The number of small early atretic folkicles was
significatly fower on divestrus-3 and pro-oestrus and oestrus
(Figure lc). The number of large early atretic follicles was
significantly higher on pro-oestrus and oestrus (Figure 1d).
Oacyte quality

‘The absolute number of fentitized ova (2-cell siage) was almost
4-fold higher (P = 0.01) in rhFSH-treated rats (Table 1V}
when compared to that in saline-treated control rats. However,
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the ratio of fertilized ova o number of CL was not different.
The abselute numbers of intact {1-cell) and fragmented oocytes
were significantly higher (P < 0.01 and P < 0.05 respectively)
in thFSH-treated rats when compared to saling-treated control
rats, whereas the ratios of ova te number of CL and fragmented
oocytes to number of CL were not differeat. The ratio of
number of implantation sites to number of CL in rhFSH-
treated rats was lower compared to that in saline-treated control
rats (P < 0.01, Table 1V), but the absolute number of
implantation sites was significantly higher (P < 0.0, Table IV).

Hormone concentrations

The serum conceatration of endogenous FSH was decreased
(P =< 0.05) in thFSH-treated rats (experiment 2a} from
dioestrus-2 until pro-oestrus (Figure 2a) when compared to
that in saline-treated control rats, The thFSH serum concentra-
tion found at divestrus-2 was significantly higher (& < 0.0}
than that found on subsequent days of rhFSH treatment. At
oestius the thFSH concentration found in cthFSH-treated rats
was not significantly different from the detection limit of the
assay (Figure 2¢). The LH concentration was significantly
decreased from dioestrus-2 until pro-eestrus in thFSH-treated
rats when compared to saline-treated control rats (Figure 2b).
At oestrus the concentrations were no longer significantly
different. Progesterone concentrations were not different
between rthESH-treated and saline-treated control rats until
pro-oestrus, when progesterone was increased in the thFSH-
treated rats (Figure 2d). The serum oestradiol concentration
was decreased (P = €.05) on dicestrus-2 and -3 in thFSH-
treated rats (Figure 2e), but at pro-oesirus and oestrus no
significant difference was found. Serum inhibin was increased
(P =< 0.01) from dioestrus-2 until pro-oestrus in thFSH-treated
rats (Figure 2). At oestrus the inhibin concentrations were no
tenger significantly different. No differences were found in
the testosterone cencentration between rhFSH-qreated and
saline-treated control rats (Figure 2g).

Dioestrus treatment with a constant rhFSH dose (experi-
ment 3)

When rats were treated with 2.5 [U thFSH a1 10,00 h and
17.00 h from dioestrus-1 uniil dioestrus-3 (six injections in
total), no precocious ovulations were detected, Only two out
of eight rats had ovulated 2 days after the Iast injection on the
expecied day of oestrus. The numbers of ova found were 46
and 47 respectively. When ovulation was induced by 10 IU
HCG given a1 17.00 h [ day after the last thFSH infection
{the expected day of pro-oestrus) in a group of rats with the
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Figure 2, Hommone concentrations in sequm after treatment with decreasing doses of secombinant human follicle stimulating hormone
(rhFSH: DI, H0.00 b, 2.5 and 17,00 h, 1 1U; D2, 10,00 b, | and 17.08 h, 0.5 1U; D3, 10.00 b, 0.5 and 17.00 h, 0.5 IU rhFSH: closed
circles) and saline-treated control rats {open circles). *P = 0,05, **P = 0.01, Swdent’s t-test between thFSH-treated and saline-treated
control rats on the same day. D1-D3 = Dicestrus 1-3; PO = pro-oestrus; OE = o2strus,

same treatment, six out of eight rats ovulated, The mean
number {ZSEM) of ova found was 32.5 + 6.3,

Discusslon

Many studies on superovulation have been performed in rats.
Most of these studies vsed 2 PMSG/HCG combination in
prepubertal rats, where high numbers of ovulations were found.
However, fertilization of the superovulated oocytes yielded
rather poor results (Miller and Armstrong, 1981), probably
because of adverse hormonal cenditions in these rats due to
the long-tasting high circulating concentrations of PMSG,
resulting in high oestradiol concentrations. In contrast, it is
rather difficult to obtain superovulation in adult cyclic rats due
to different reactions 1o hormonal treatment on various days
of the ovarian cycle. In this respect, the rat differs from the
mause in which (superjovulation can be induced on random
days of the ovarian cycle (Fowler and Edwards, 1957; Edwards
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and Fowler, 1960). The problem in rats can be overcome by
synchrenizing the animals and suppressing the endogenous
gonadotrophin secretion by treatrnent with an juteinizing hor-
mone-releasing hormone antagonist (Hamilton and Armstrong,
1991), which, however, interferes with the ovarian-pituitary
feedback loop that plays a major tole in the regulation of
follicle development. This would make it also impossible to
study the direct effects of increased amounts of FSH on follicle
development, ovulation and the ovadan-pituitary feedback
loop, which was the aim of this study.

In ar earlier study it was found that one single injection of 10
T thFSH, administered at 17.00 h on the day of dioestrus-2,
induced ovulation in 5-day cyelic rats during the night following
treatment {van Cappellen e al., 19952}, as seen in experiment
1b. No superovulation was obtained. To mimi¢ superovulation
protocols using PMSG (Welschen and Rutte, 1971), rats were
treated with 16 ELJ chESH at oestrus to stimulate follicle growth
and again atdioestrus-2, 17.00 h to induce ovulation {experiment



Ic). However, none of these rats ovulated. Also, [0 1 of HCG
given at divestrus-2, 17.00 h failed to induce ovulation. Appar-
ently, the large antral follicles that grew under these hormonal
cenditions did not develop a normal ovulatory response system.
Because superovulation fatled in this system no detailed hor-
monal and fellicular measurements were made.

When 5-day cyclic rats were treated with decreasing doses
of thFSH during the period of dicestrus, spontancous ovulation
of an increased number of follicles occurred in all rats,
Decreasing doses of rhFSH were chosen because of the
ovulation-inducing effect of thFSH, an effect that was already
found in some rats after a single injection of 1.25 IU rhfSH
at dioestrus-2 {van Cappelien e¢ of., 1995a). This ovulation-
inducing effect of FSH was also found using a purified
FSH preparation (NIHESH-86; Harringion and Elton, 1969).
Treatment with decreasing deses of thESH resulted in an
increase in the number of healthy antral follicles and a decrease
in the number of early atretic follicles. However, an increase
of follicle recruitment is the most importaat factor responsible
for the in¢reased number of healihy follicles in this superovula-
tion cycle, because the reduction in number of atretic folticles
is much fower than the increase in the number of recruited
follictes (Figure 1). This is in agreement with the earlier
findings of Peppler and Greeawald (1970}, On pro-oestrus and
oestrus the nwmber of carly atretic large follicles increased to
valuzes higher than seen in saline-treated control rats, The
increase in number of large anteal follicles, the follictes that
contain oestradiol and inhibin (van Cappellen ¢! al., 1995b),
was not reflected in an increased peripheral oestradiol concen-
tration, This is probably due to the decreased LH concentrations
and is in agreement with the two celltwo gonadouephin
hypothesis, which posiubates that lowering the LH concentra-
tien lowers the androgen production by the theca cells which
will decrease the praduction of oestrogens by the granulosa
cells, even when the FSH concentration is high. The high
inhibin concentrations may also have had an effect oa the
aromatase activity, as inhibin can reduce the FSH-stimulated
aromalase activily in rat granulosa cell primary cultures (Ying
et al., 1986). The tow LH concentration cannot be explained
on the basis of increased amouats of progesterone or testoster-
ong, but may be due to another factor secreted by the ovary
under the influence of FSH, i.e. gonadotrophin surge inhibiting
factor (Eitman and Hedgen, £984; de Koning et al., 1989).
Serum inhibin concentrations were strongly incesased after
rhFSH treatment; this may explain the reduced concentrations
of rat FSH found in serum.

Pretreatment with thFSH at oestrus reduced the ovulation-
inducing effect of rhFSH at dioestrus-2 (experiment Ie). This
effect was found again after pretreatment at oestrus with 10
U thFSH, followed by injection of decreasing doses of rhESH
during dioestrus. Most of the rats treated in this way ovulated,
but although the nuember of ovutations was higher in thESH-
freated zats than in sabine-treated conteol rats, this number was
lower than that in rats which were not treated with rhFSH at
gestrus {Table IIE). Also, rats treated with decreasing doses of
rhFSH did not ovulate precociously after a preovulatory dose
of 10 IU hESH given at 17.00 h on dioestrus-2, Because these
results indicate that pretreatment with thFSH might result in
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a loss of sensitivity of follicles towards thFSH, a group of
rats was injecied twice daily with 2.5 IU (hFSH during the
divestrus period, None of these rals ovulated precociously.
Moreover, only two out of eight rats ovulated spoatansously
at the expected time. This lack of spontaneous ovulations
could be due to an insufficient LH peak, because a single dase
of HCG increased the ovulatory response to six out of eight
rats. Because these latter protocols did not improve the number
of ovulations, no detailed hormonal and follicular profites were
measuted. The reason for the reduced ovulatory response could
be a reduced number of LH receptors due to the lower
peripheral LH concentration (Richards, 1980). The reduced
sensitivity towards FSH could be explained on the basis of a
decreased number of FSH receptors due to decreased oestradiol
concentrations inside the follicles (Tonetta et af., 1985}, In
rats treated with decreasing doses of FSH an increased number
of large antral follicles was seen in combination with an equal
or decreased oestradiol concentration, depending on the day
of the cycle when compared to controls. This means that
the oestradiol secretion per large antral follicle is severely
decreased. Under the experimental conditions of most protecols
used in this study, treatment could result in reduction of both
the numbers of LH and FSH recepters, which could lead to
decreased responses to both EH and FSH. This was shown by
the decreased ovulatery response after an injection of 10 [V
thFSH on dioestrus-2 in rats treated with decreasing doses of
thFSH (Table HI, experiment 2¢). However, the oestradiol-
[7} serum concentration was apparently high enough to
induce a spontaneous LH peak at pro-oestrus which induced
superovulation in the group of rats treated with decreasing
doses of thFSH (Table 1], experiment 2a). It may be imporiant
that the amount of thFSH used was the lowest in the latter
protocol.

The quality of the oocytes found after superovulation was
normal in terms of fentilization. However, problems occurred
during implantation. This may be due to cocyte quality, but
also to spacing problems in the uterus with this larger-than-
nermnal number of embryos. Spacing problems have also been
described in rabbits (Adams, 1960) and in rats after unilateral
gvariectomy (Hirshfield, 1991).

It is concluded that the type of regimen of (th)ESH stimula.
tion is very important to achieve appropriate stimulatory effects
on ovulatory potential. thFSH, like rat FSH, induces follicle
recruitment and decreases follicular atresia. The oocytes found
aftec superovulation could be fertilized as well as cocytes
retrieved from satine-treatad control rats.
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Introduction

Foliicle development in the ovary has been and still is a fascinating subject to study. As
a source of new life it has a fundamental role in the reproduction of species. Although many
studies have been carried out, very little is still known about the fundamentals of follicle

development.

This discussion is intended to place the studies described in chapter 2 to 7 in a Iarger context

of follicle development as one dynamic process. From these studies it was concluded that:

1) Gonadofrophins, especially FSH, stimulate the development of preantral follicles.
However, the prepubertal FSH peak is not necessary for a normal first ovulation in terms
of timing and ovulation numbers (Chapler 2).

2) A quarter of the normal number of antral follicles, shortly before first ovulation, is
sufficient for a normal first ovalation in terms of timing and ovulation numbers, indicating
the flexibility of the system which regulates the number of ovulating follicles (Chapter 3),

3) During the 5 day ovarian cycle of the rat only 10% of the recruited antral follicles will
ovulate, 90% wili become atretic (Chapter 4},

4} Selection of the ovulating follicle takes place during oestrus and dioestrus 1 from the pool
of small antral follicles (Chapter 4). The follicles that will ovulate already contain inhibin
at the smail antral stage during oestrus. This inhibin content will increase until ovulation
(Chapter 5).

5) Inhibin is more important for the ovarian-hypothalamo-pituitary feedback system in the rat
than eestradiol-178 (Chapter 5).

6) FSH supplementation during the ovarian cycle will prevent atresia of antral follicles and
will recruit follicles into the antral stage of development, However, dose and fiming of the
FSH substitution is very important to reach desirable results. Stimulation of follicle growth
during the ovarian cycle with the aim to reach high ovulation numbers is optimal when
decreasing doses of FSH are used (Chapter 6,7),

7) The rat is a suitable model to study initialization of the growth of primordial follicles and
selection of the dominant follicle with respect to endocrine factors (Chapter 8).

Preantral follicle development

In the rat 75.000 germ cells are found at E18.5 (Beaumont & Mandl, 1962). Two days after
birth the 2 ovaries of the rat do contain 27.000 oocytes mostly in primordial follicles
(Beaumont & Mandi, 1962), This number of cocyies/follicles will only decrease. Some
folticles from this pool, will start their development immediately while others will reside in
the primordial stage until almost the end of reproductive life. The signals necessary to initiate
follicle and oocyle development are not clear yet. However, there is growing evidence that
gonadotrophins do play an important role. Continuous daily injections of an antiseram against
gonadotrophins from birth to day 7 of life, lead to decreased follicular development at day 7
(Lunenfeld, Kraiem & Eshkol, 1975). Transplantation of ovaries of 1-day-old rats into
ovariectomized or ovariectomized-hypophysectomized adult female rats resulted 15 days later
in more secondary and {arge follicles in the ovariectomized rats compared to ovaries in the
gonadotrophin poor environment (Arendsen de Wolff-Exalto, 1982). In young imrnature mice
(Pedersen, 1969) and rats {Hage, Groen-Klevant & Welschen, 1978) more follicles start to
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grow per day compared to the numbers in adult animals, This is the period with high
gonadotrophin levels (rat; Uilenbroek, Arendsen de Wolff-Exalio & Blankenstein, 1976). We
found that treatment with GnRH-antagonist from day 6 to day 15 of life, severely suppressed
the gonadotrophin concentration in serum and decreased the number of growing follicles
during the prepubertal period (Chapter 2). These findings seem {o contradict the data of Peters
et al (1973) from which it was concluded that exogenous gonadotrophins do not influence
preantral, especially primary, follicle development. This conclusion was based on studies in
early prepubertal mice. Later it was found that around this period the gonadotrophin servm
concentrations are very high. A further increase of gonadotrophin levels will probably not
have any effect. It was shown by Richards ef af (1980) that FSH receptors exist in all types of
follicles. LH receptors were only found in {arge preovulatory follicles. Also in humans it was
suggested that FSH plays a role in the development of small preantral follicies (Gougeon,
1986). In women with hypogonadotrophic hypogonadism almost no follicles larger than the
primordial stage of development are found {Goldenberg, Powell, Rosen, ef al., 1976) and in
ovaries of most women with gonadotrophin resistant ovary syndrome, follicular development
is limited to primordial and a few primary follicles (Talbert, Raj, Hammond, et ai., 1984).
These two conditions both indicate an important role of gonadotrophins in preantral follicle
development.

Prepubertal follicle development

Shortly after birth the gonadotrophin concenirations are very high in mice, rats and other
species. At this time the first primordial follicles will develop towards larger stages. In the
mouse it was found that the first follicles will reach the aniral stage of development around
day 22 (Pedersen, 1969). In the rat the highest serum concentrations of gonadotrophins are
found around day 15 (Meijs-Roelofs, Uilenbroek, Osman, ef al., 1973). Thereafter the serom
concentrations of gonadotfrophins and especially of FSH decrease until shortly before the
onset of first ovulation. During the prepubertal period the FSH decreases from very high
levels in the first two weeks to low (cyclic) levels in the last week. Also in the prepubertal
period the rate of atresia is much higher than later in life (Ingram, 1962), The appearance of
atresia in preantral follicles differs morphologically from that seen in antral follicles later in
life. In preantral follicles atresia is first seen as degeneration of the oocyte, i.e. germinal
vesicle breakdown, followed by division of the oocyte and formation of pycnotic nuclei in the
granulosa cell layer.

The appearance of antral follicles around day 22 marks the end of the high gonadotrophin
concentrations, During the last 10 days before first ovalation there is a negative correlation
between the serum FSH concentration and the combined volume of aniral follicles > 350 *
10° um? in the rat and a positive correlation between biologically active inhibin in the ovary
and the folliclular volume (Sander, Meijs-Roelofs, van Leeuwen, ef al., 1986). Large antral
follicles of = 500 * 10° um® are only found during the last 4 days before first ovulation. The
FSH serum concentration decreases at this fime to the lowest values during the prepubertal
period. In contrast, the biological activity of inhibin in the ovary reaches its highest value,
When prepubertal rats of 28 days of age were treated with GnRH-antagonist (500 pg/100
mg body weight at 3 day intervals), antral follicle development was arrested at volume class 2
(diameter < 400 pm, Meijs-Roelofs, van Cappeilen, van Leeuwen, ef ai., 1990). Arrest of
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follicles in this situation did not stop follicle development, but foilicles with volumes between
100 and 350 * 10° pm® (diameter 265-400 pm) became atretic as was shown by increased
early atresia in these follicle size classes. The treatment completely blocked development of
larger antral follicles. After treatment with this high dose of GnRH-antagonist it took a few
days before gonadotrophin levels regained their normal values {(Meijs-Roelofs, ef «l., 1990).

Although treatment with a GnRH-antagonist from day 6 to 15 suppressed the population of
growing follicles severely, first ovulation took place normaily in terms of timing and number
of CLs (Chapter 2). Five days before first ovulation the number of antral follicles (volume >
100 * 10° pm’) was only half the number seen normally (Appendix). The number of days
before first ovulation could be calculated by timing of first ovulation after unilateral
ovariectomy (ULQO). It has been shown before that ULO does not influence the timing of first
ovulation in untreated rats (Osman, Meijs-Roelofs & Kramer, 1982). Timing of first ovulation
was also not different between GnRH-antagonist-treated or untreated intact control rats, In the
groups of GnRH-antagonist treated control rats and of GnRH-antagonist-treated unilaterally
ovariectomized rats not only the timing of first ovulation but also the numbers of CLs found
were not significantly different from those in untreated intact control rats (Chapter 3). This
means that a) only one fourth of the normal antral follicle population is needed for normal
ovulation, b) the mechanism which controls the number of ovulations is already active in
prepubertal rats.

Follicle development during the oestrous cycle

Follicle development is regulated by endo-, para- and autocrine factors. However, the
regulation of the total number of ovulating follicles in both ovaries must be regulated by
interovarian communication, i.e. by endocrine factors. The endocrine factors, which play an
important role in this regulation, are LH and ESH secreted by the pituitary and oestradiol and
inhibin secreted by the developing antral follicles. During pro-oestrus and oestrus the high
FSH concentration stimulates granulosa cell growth and in this way recruits follicles for the
next cycle. Characteristic for these newly recrvited small antral follicles is their relatively high
content of biological active inhibin (Chapter 5) which is probably stimulated by the high FSH
concentration; in vivo treatment of rats with {0 IJ recombinant human FSH (rhFSH) at
17.00h on oestrus results in a significantly increased immunoactive inhibin concentration at
dioestrus-1 on 10.00h (97 + 17 U/ml, n=4) compared to 22.5 + 1.8 U/m! (n=35) in saline
treated control rats (unpublished results). From this pool of newly recruited follicles the
ovulating follicles are sefected. These selected follicles soon produce inhibin in increasing
amounts until pro-oestrus (Chapter 4; Chapter 5). Follicles entering the small antral stage later
during the cycle do not contain measurable amounts of biologically active inhibin (Chapter 5).
However, during this period the FSH concentration is quite low due to the increasing amounts
of inhibin secreted by the larger antral follicles. The oesiradiol content, like the inhibin
content, is strongly related to the dimension of the follicle and both hormones have their
highest follicular concentrations at pro-oestrus, Only inhibin seems to be stimulated in small
antral follicles. This stimulation is reflected in the peripheral concentration of
immunologically active inhibin at dioestrus-1 (Watanabe, Taya & Sasamoto, 1990). Fer this
reasen inhibin seems to be the main regulator of FSH secretion during the ovarian cycle in the
rat. Besides this endocrine role, inhibin may aiso have an auto- or paracrine function in the
developing follicle. It was found that direct injection of recombinant inhibin into a rat ovary

94



stimulated follicle development while recombinant activin induced atresia (Woodruff, Lyon,
Hansen, er al., 1990). Although the role of vestradiol in the regulation of FSH secretion seems
to be limited in the rat, there is evidence that oestradiol has a synergistic action on the effect
of FSH on follicular growth (Lavranos, O'Leary & Rodgers, 1996; Uilenbroek, Kramer,
Karels, ef al., 1997). The first selection takes place from the pool of follicles with a volume
between 100 and 350 * 10° pm® (275-400 pm) (Chapter 4). These follicles have an increased
inhibin production and in this way they keep the FSH secretion low. This results in a slower
growth of the small antral follicles. Follicles entering the FSH dependent stage when FSH is
low, will go into atresia (Chapter 4). The feedback balance between the inhibitory factors
inhibin and oestradiol on one side and FSH/LH on the other resulis in a second selection
between dioestros-2 and pro-oestrus from which the twelve ovulating follicles will emerge.
The model of Lacker (1987) explains this second selection on basis of small differences in the
initial secretion rates of oestradiol. It was found that these selected follicles keep on producing
inhibin (Chapter 5) until pro-oestrus, When the follicles reach a size of > 500 * 10° un?’, the
oestradiol production increases. Oestradiol plays an important role in making the pituitary
more sensitive for GnRH  and in high doses aiso stimulates the secretion of GnRH by the
hypothalamus (Diicke, Rohde, Stiirzebecher, ef af., 1990). When FSH is artificially increased
this results immediately in a decrease of atresia and an increased inflow of small antral
follicles {Appendix). However, when the FSH stimulus disappears, the normal feedback
mechanism starls working again. For this reason a correct timing of the FSH treatment is very
important in order to achieve an increased number of ovulating follicles (Chapters 6 and 7).

Human follicle development as compared to that in rats

In women, like in female rats, all oocytes that will be available during reproductive life are
formed before birth. During the prepubertal period follicle development starts and the number
of oocytes decreases from 2.000.000 at birth to 400.000 (20%) at puberty (Baker, 1963). In the
rat these numbers are 27.000 and 6,000 (22%) respectively (Beaumont & Mandl, 1962; Meijs-
Roelofs, et al., 1990). The antrum formation of the human follicle takes place around the same
developmental stage as in the ral, when the follicle diameter is between 180 and 240 pm
{Gougeon, 1981). The final diameter of a preovulatory rat follicle is about | mm whereas a
human follicle reaches a size of about 20 mm,

The ovarian cycle in women and rats is regulated by the hypothalamus-pituitary-ovarian
axis; the most important hormones are LH and FSH secreted by the pituitary and eestradiol
and inhibin secreted by the developing follicle. The ovarian cycle in women is divided in 2
parts, the follicular phase and the luteal phase, and lasts about 28 days while in the rat the
cycle consists of a follicular phase only and last 4 to § days. The number of ovalations in
women is | per cycle and in the rat 12. Still there are some clear similarities between human
and rat follicular development. Like in the rat the human preantral follicle seems to be
influenced by FSH (Greenwald & Roy, 1994) although there is still some discussion on this
point (Fauser & Van Heuvsden, 1997), caused by the different approaches of the studies done
in this field. At a certain point the small antral follicle reaches an FSH dependent state. During
this phase the choice between atresia and ovulation is made, From the class of follicles with a
diameter between 2 and 10 mm the follicle destined for ovulation is selected during the first
haif of the folticular phase (Pache, Wladimiroff, de Jong, ef al., 1990). This resembles the
situation in the rat where at the beginning of the cycle the follicles destined for ovulation are
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selected (Chapter 4). The model developed by Lacker (1987) for the human situation can also
be used to simulate the development of the larger antral follicles in the rat, which means that
the hypothalamus-pituitary-ovarian axis may be regulated in a similar way. The model
however is a very simplified system which does not really differentiate between the different
hormones LH/FSH on one side and oestradiol/inhibin on the other. The role of FSH is very
prominent in both species; its levels must reach a threshold value before follicle recruitment
will takes place (Brown, 1978, human; Hirshfield & Midgley, 1978, rat}. In addition to the
FSH threshold the FSH concentration must be available during a long enough period. This
period is described as the FSH window (Fauser & Van Heusden, 1997, human). This FSH
window is also seen in rats where suppression of the second part of the pro-cestrus FSH peak
leads to absence of antral follicle recruitment (Hirshfield & Midgley, 1978). The constant
inflow of follicles into the FSH dependent stage is illustrated by the follicle inflow model
(Chapter 4), The proposed continued inflow of human follicles into this FSH dependent stage
of development can be investigated in more detail in the rat model (Appendix). From this
model it appears that the inflow of follicles is influenced by hormonal conditions. This inflow
also seems to be influenced by the inflow during the last few days {Appendix). Also the
ovulation inducing effect of LH is clear in both species, The role of inhibin seems to be more
prominent in the rat (Chapter 5) than it is in humans (Baird, 1990) although recent findings
with the newly developed inhibin sandwich assay may lead to new insights (Fauser & Van
Heusden, 1997).

In rats Insulin like growth factor-1 (IGF-1) mRNA is present in the granulosa celis of
developing preantral and antral follicles, but not in atretic follicles or corpora lutea. In
preovulatory follicles high levels of IGF-1 mRNA are confined to the antral cell layers and to
the cells of the cummulus vophorus (Oliver, Aitman, Powell, ef al., 1989). In the presence of
FSH, IGF-1 has the ability to induce both DNA synthesis and differentiation. FSH determines
the action of IGF-1 on promotion of either growth or differentiation. Furthermore, priming
with FSH renders granulosa cells responsive to IGF-1 in terms of DNA synthesis (Kanzaki,
Hattori & Kojima, 1996). In human granulosa cells it was found that in cells from follicles of
non-stimulated cycles, FSH as well as IGP-1 significantly stimulated progesterone and
estradiol production. A synergistic effect of FSH and IGF-1 could be seen when low (1 and 10
pg/h) concentrations of the two hormones were used (Bergh, Olsson & Hillensjo, 1991b). It
was also found that IGF-1 alone stimulated thymidine incorporation in granulosa cells (Bergh,
Carlsson, Olsson, et al., 1991a),

Both insulin-like growth factor binding protein-! (IGFBP-1) and IGFBP-3 produced a
dose-related inhibition of IGF-l-stimulated oestradiol accvmulation in granulosa cell-
conditioned medium with complete reversal of the effects of IGF-1 in the presence of a molar
excess of binding protein. IGFBPs-1 and -3 also exerted a small (25-40%) but significant and
consistent inhibition of oestradiol secretion in response to FSH alone. The progesterone
response to IGF-1 was inhibited by IGFBPs-1 and -3 but there was no effect on FSH-
stimulated progesterone production (Mason, Willis, Holly, e af., 1992). IGFBP-1 and
oestradiol are differentially regulated by IGF-i in the human ovary (Mason, Margara,
Winston, ef al., 1993). IGE-2 inhibits IGEBP-1 production in luieinized human granulosa cells
in a dose-dependent manner and with potency similar to IGF-1 and higher than insulin
(Poretsky, Chun, Liu, ef al., 1996).

Epidermal growth factor (EGF) in the rat was found (o have a multi-functional nature in
influencing the growth and differentiation of immature granulosa cells. EGF can inhibit or
stimuiate growth and differentiated functions (aromatase and 3B-hydroxy steroid
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dehydrogenase), the response depending on the context of the signals that the cell receives
from its endocrine and micro environment (Bendell & Dorrington, 1990). Treatment of
granulosa cells with EGF inhibited the spontaneous onset of apoptotic DNA cleavage found
during culture by 40-60%. In contrast, IGF-I1 was ineffective (Tilly, Billig, Kowalski, ef al.,
1992). EGF inhibits apoptosis of large granulosa cells by stimulating progesterone synthesis
and regulating the distribution of intracellular free calcium (Luciano, Pappalardo, Ray, ef of.,
1994), It was also suggested that BEGF is involved in granulosa cell protiferation, irrespective
of the presence of FSH, in a pathway different from that of FSH (Liang, Yano, Tsutsumt, ef
al., 1994). Immunoreactions with anti-rat EGF monoctonal antibody were observed sparsely
in the granulosa layer and antrum of follicles, but not in the theca layer or stromal tissue
(Fukumatsu, Katabuchi & Okamura, 1995). Human granulosa cells produce estrogen in
response to EGF, but this effect decreased with increasing follicular size (Hurst, Zacur,
Schlaff, et al., 1993). Human granulosa-luteal cells require the early exposure and continuous
presence of EGF for the stimulatory effect of EGF on progesterone secretion. Cells not
exposed initially to EGFE do not respond in a similar way. EGF is capable of maintaining
progesterone production for a period > 12 days {Serta & Seibel, 1993),

In general, it can be concluded that the main factors, regulating the pathway of folliclar
development are not different between rat and human. The ovarian cycle differs in length and
functionality (luteal phase or not), but the main hypothalamus-pituitary-ovarian axis appears
to be regulated very much in the same way. This makes it possible to use the rat as a model to
gain more insight in the way follicle development could be regulated in humans.

Questions and possibilities for future research

During follicle development there are two key events that stifl have not been described. The
first event is the initialization of growth of primordial follicles. The study of these follicles is
difficult because it is not easy Lo separate them from the ovary. However, with the new in vitro
follicle culture techniques, in sifu hybridization and immunohistochemistry, it must be
possible to find factors which may be involved in this process.

The second event is the selection of the antral follicles that will ovulate. Using the rat as a
model it should be possible to investigate what happens with the small antral follicles during
the first two days of the cycle. Something in these follicles must change due to selection or
atresia, Early atresia markers are needed to give more insight on this point. Also the important
role of ESH in these follicles needs further investigation,
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Summary

This thesis describes the dynamics of follicle development during the prepubertal and cyclic
phases of life in the rat and the influence of hormones, especially FSH, on this development.
At birth all oocytes are already present, arrested in the diplotene stage of the first meiotic
division. The oocytes are surrounded by a few flat granulosa cells and together they form a
follicle. These primordial follicles are the basal element of follicle development. Later in life
these primordial follicles start, under the influence of yet unknown factors, their development
towards the primary, secondary (preantral) and tertiary (antral) stage. The initiation of
primordial follicle growth starts at different times in life for the different follicles.

During prepuberty, the time before first ovulation, many primordial follicles start this
development. During the first two weeks of life the concentration of the gonadotrophins LH
and FSH is very high. Suppression of the gonadotrophin concentration by treatment with a
GnRH-antagonist from day 6 until day 15 results in a 20% decrease in the number of growing
follicles at day 22 and a 50% decrease at the day of first ovulation (Chapter 2). From this
results it was concluded that gonadotrophins have a positive effect on the development of
secondary and smal! antral follicles. In spite of the reduction of 50% of the number of growing
follicles, the first ovulation took place at a normal time with a normal number of ovulating
oocytes. This led to the question how flexible the regulation of follicle development is during
the period before first ovulation. By removing one ovary of the GnRH-antagonist treated rats
at day 15 or shortly before first ovulation, the effect of a 75% reduction of the amount of
growing follicles was studied (Chapter 3). This massive reduction in the number of growing
follicles could still be compensated for by the ovarian-hypothalamic-pitoitary feedback
systern; normal numbers of ovulated oocytes were found.

During the 5 day ovarian cycle of the rat a constant number of follicles is ovulated at oestrus.
In every cycle about 120 follicles are recruited, but only 12 follicles will ovulate. The
ovulating follicles are selected during cestrus and dioestrs-1 from a pool of small antral
follictes (volume between 100 and 350 * 10° um’, diameter between 260 and 400 pm). The
growth of these follicles depends on FSH. These follicles will either become atretic or
ovulate (Chapter 4). The follicles destined to ovulate already contain biologically active
inhibin at oestrus. This content will increase during the cycle to reach a maximum at pro-
oestrus, There is a good correlation between levels of biologically active- and
immunologically active inhibin in these follicles. Only during the last 2 days of the 5 day
cycle the content of oestradiol-178 increases (Chapler 5), Small antral follicles entering the
FSH dependent developmental stage later in the cycle will not contain inhibin and they will go

into atresia (Chapter 4, 5),

The effect of exogenous FSH on antral follicle development was studied by treatment of rats
with rhESH at dioestrus-2. This resulted in an immediate ovulation during the following night.
Besides the induction of ovulation, also recruitment of small antral follicles was observed,
Some of these newly recruited follicles were able to ovulate 65h later, at the expected day of
oestrus (Chapter 6, Appendix). This growth inducing effect of FSH was further demonstrated
by treatment of cyclic rats with decreasing doses of rhFSH given from dioestrus-1 to
dioestrus-3. Superovulation occurred at the expected day of oestrus, yielding more than three
times the normal number of ovulating oocytes (Chapter 7). This large number of ovulations
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was reached not only by decreased atresia, but also by a higher recruitment of small aniral
follicles into the FSH dependent developmental stage. This large number of ovulations can
only be achieved in the rat by a very subtle treatment with thFSH.

Follicle development and the influence of FSH appear to be very similar in rat and human, It
is concluded that the rat can be used as a model to study certain aspect of follicle development
in women, such as follicle selection and recruitment of primordial follicles into the pool of
growing follicles (Chapter 8).
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Samenvatting

In dit proefschrift wordt de dynamiek van de follikelontwikkeling beschreven gedurende de
prepuberale en vruchtbare fases van het leven van de rat. Deze ontwikkeling heeft plaats onder
invloed van hormonen, in het bijzonder van FSH. Bij de geboorte zijn alle eicellen al
gevormd. Ze verkeren in het diplotene stadium van de eerste meiotische deling. De eicellen
zijn omringd door ech aantal platic granulosa cellen, waarmee ze samen de follikels vormen.
Deze primordiale follikels zijn het eerste stadium van de follikel ontwikkeling. Later in het
leven zullen deze primordiale follikels, onder invloed van nog onbekende faktoren, hun
ontwikkeling tot primaire, secondaire (pre-antrale) en tertizire (antrale) follikel starien. De
initiatie van de groei van de primordiale follikels begint op verschillende momenten in de tijd
voor de verschillende follikels,

Gedurende de prepuberale periode, de periode voor de eerste ovulatie, beginnen vele
primordiale follikels hun verdere ontwikkeling. Tijdens de eerste twee weken na de geboorte
is de concentratie van de gonadotrofinen LH en FSH erg hoog. Onderdrukking van de
gonadotrofinen, door behandeling met een GnRH-antagonist van dag 6 tot dag 15 resulteerde
in een verlaging met 20% van het aantal groeiende follikels op dag 22 en in een 50%
verlaging op de dag van de eerste ovulatie (Hoofdstuk 2}. Dit resultaat leidde tot de conclusie
dat gonadotrofinen een positief effect hebben op de ontwikkeling van secondaire en kleine
antrale follikels. Ondanks de reductie van het aantal groeiende follikels met 50%, vond de
eerste ovulatie op de normale tijd plaats mel een normaal aanial ovulerende eicellen. Dit riep
de vraag op hoe flexibel de regulatie van de follikel ontwikkeling is gedurende de periode
voor de eerste ovulatie. Door verwijdering van een ovarium bij GnRH-antagonist behandelde
ratten op dag 15 of kort voor de eerste ovulatie, kon het effect van een 75% reductie in het
aantal groeiende follikels worden bestudeerd (Hoofdstuk 3). Het ovarium-hypothalamus-
hypofyse terugkoppelingssysteem bleek nog steeds in staat om deze massale reductie op te
vangen. Br werden normale aantalfen geovuleerde eicellen gevonden.

Aan het eind van jedere 5-daagse ovaritle cyclus van de rat ovuleert steeds een zelfde aantal
cicellen, In iedere cyclus worden (20 follikels gerecruteerd, waarvan er 12 ovuleren, De
ovulerende follikels worden geselecteerd op oestrus and di-oestrus 1 vit een voorraad van
klein antrale follikels (volume tussen 100 en 350 * 10° um’®, diameter tussen 260 en 400 pm).
De groei van deze follikels is afhankelijk van FSH. Deze follikels worden ofwel atretisch of
ze ovuleren (Hoofdstuk 4). De follikels bestemd om te ovuleren bevatien op oestrus al
biologisch actief inhibine. De hoeveelheid inhibine in deze follikels neemt toe gedurende de
cyclus om een maximum te bereiken op pro-oestrus. Er is een goede correlalie tussen
biologisch- en immunologisch actief inhibine in deze follikels. Slechts gedurende de laatste 2
dagen van de 5-daagse cyclus neemt de hoeveelheid oestradiol-175 toe (Hoofdstuk 5). Kieine
antrale follikels die het FSH afhankelijke stadium later tijdens de cyclus bereiken bevatten
geen inhibine en worden atretisch (Hoofdstuk 4, 5).

Het effect van exogeen FSH op de ontwikkeling van antrale follikels werd bestudeerd door
behandeling van ratten met recombinant humaan FSH (thESH) op di-oestrus 2. Dit resulteerde
in een ovulatie in de daarop volgende nacht. Behalve de inductie van ovulatie, werd ook een
recrutering van kleine antrale follikels waargenomen. Sommige van deze nieuw gerecruteerde
follikels waren in staat om 65 uur later, op de verwachte oestrus dag, {e ovuleren (Hoofdstuk
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6, Appendix). Het groei bevorderende effect van FSH werd verder gedemonstreerd door
behandeling van cyclische ratten met aflopende doses rhFSH van di-cestrus 1 tot di-oestrus 3.
Na deze behandeling vond een superovulatie piaats met meer dan drie maal het normale aantai
ovulerende eicellen (Hoofdstuk 7). Dit hoge aantal ovulaties werd niet alleen bereikt door
beperking van de atresie, maar ook door een grotere recrutering van kleine antrale follikels
naar de voorraad van FSH athankelijke follikels. Dit grote aantal ovulaties kan alieen worden
bereikt door een zeer subtiele behandeling met thESH,

Er lijkt veel overeenstemining te zijn in de follikel ontwikkeling en de invioed van FSH
hierop in de rat en de mens. Geconcludeerd wordt dat de rat kan worden gebruikt voor de
bestudering van bepaalde aspecten van follikel ontwikkeling bij de vrouw, zoals follikel
selectic en de initiatie van follikelgroel in primordiale follikels (Hoofdstuk 8).



Appendix

A model for the quantification of follicle inflow applied to
different physiological conditions
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A model for the quantification of follicle inflow applied to different
physiological conditions

The ovulatory secondary FSH peak induces recruitment of (pre)antral follicles into the pool of
antral follicles from which the ovulatory follicles are selected. Inhibition of this secondary
FSH peak by means of ptf (a solution with a high inhibin concentration), resulted in a lack of
follicle recrvitment (Hirshfield & De Paolo, 1981). The number of recruited follicles {volume
> 100 * 10° um® ) in the rat was for a long time known as twice the number of follictes that
would ovulate (Welschen, 1972). Calculations of the number of follicles that reach a volume
> 100 * 10° pm® suggest that this number may even be 5 times the number of ovulating
follicles {Chapter 4).

Selection of the number of ovulating follicles

Selection of the right number of follicles is very important for reproduction but is very badly
understood, Keyfactor in this regulatory systems seems to be FSH. Suppression of FSH by
means of pff or other inhibin rich fluids can block the secondary FSH peak, normally seen on
the morning of oestrus in the rat (Hirshfield & De Paolo, 1981). As a result no recruitment of
small antral follicles can be observed. Increase of the FSH concentration by means of an
injection with an inhibin antiserum (Sander, Kramer, van Leeuwen, et al., 1991) or injection
of exogenous FSH (Chapter 6) resulted within 48h in a tremendous increase of the number of
small antral follicles, In the first study (Sander, ef al., 1991) this increase only led to an
increased number of ovulations when the animals were treated at dicestrus-2, i.e. 3 days
before the day of expected ovulation, This indicates that the regulatory mechanism reduces the
number of ovulating follicles when the stimulatory FSH level is discontinued. The FSH
concentration is mainly regulated by the ovarian hormones oestradiol and inhibin, Based on
this feedback mechanism a mathematical model was developed by Lacker (1981), which
described the interaction between an ovarian hormonal factor {oestradiol) and the pituitary
hormonal factors (LH and FSH). Lacker used the following idealizations to explore the

mechanism for the regulation of ovulation number (Lacker, Beers, Meuli, et af., 1987):

1) The cesiradiol secretion rate of a maodel follicle is a measure of its maturity.

2) The maturation rate of each model follicle at any time depends on its maturity and on the
circulating concentrations of FSH, LH and oestradiol.

3) All model follicles are assumed to inherit the same developmental program. More
precisely, any two follicles with the same maturity will develop at the same rate when
exposed to the same circulating hormone concentrations.

4) The circulating concentration of oestradiol at any time is the sum of the contributions made
by each follicle.

5) The circulating oestradiol concentration regulates the release of FSH and LH from the
hypothalamic-pituitary axis. The response of the hypothalamic-pituitary system is fast
refative to the time scale of follicle development.

6) Oestradiol, FSH and LH are removed from the circulation at rates that are proportional to
their concentration. The half-life of a molecule of cestradiol, FSH or 1LH in the circulation
is short relative to the time scale of follicle development.

106



With these assumptions a follicle maturation

table was constructed which gives a maturation Follllo voluma (10° pm® )
value for every individual follicle depending on 3¢0, 800990 §200 1600

its oestradiol secretion in relation to the Oastius

peripheral  concentration of FESH, LH and 3 — Lacker
cestradiol, which are the same for all follicles at 2

a certain time point. By calculating the . T Osman
maturation values of the individual follicles new II\

peripheral levels of oestradiol, FSH and LH can 4 Dlosstius.1

be obtained, after which new maturation values 3

can be calculated again. This process will be 24"
repeated until the peripheral oestradiol value is :
high eneough to induce an LH surge and thus
ovulation.

Dicastrus-2

w

With this model it is possible to describe both
the mono-ovular response in humans and the
poly-ovular system in rats. This model predicis a
constant number of ovuiations at regular time 4
intervals. Decrease of the number of inferacting a
follicles (follictes that secrete oestradiol), results
in an irregular timing of the ovulation response,

MUMDer;Ciass
n

Dloestrus-3

but at first the number of ovulations is still 1
constant, This result is what is observed in older 4
animals which first show irregular ovarian cycles 3 Fro-aastrus
before the end of ovarian cyclicity occurs. Also
unilateral  ovariectomy  which leads to 2
compensatory follicte development in the other 1 :
ovary can be explained on basis of this model Ocn Dt AN
0 5 1o 15 20 25

{Lacker, 1989),

Osstradiol content {(atbiltary units)

From the study of Osman (1985) very Figure 1 Profile of healthy follicles during the
detailed information about the number of antral ovarian cycle of the rat. Solid line, follicle
follicles at every stage of the normal ovarian numbers calculated by the model of Lacker.
cycle of the rat was available which could be Dotted line, follicle ““"mesc"“‘}“e‘j by Osman
compared with predictions of the model of %’E'ﬁ; volume > 350 * 10° prm, follicle class
Lacker. Although the model of Lacker is quite © m
stable for the number of starting follicles at the beginning of the follicular phase and/or the
number of follicles which randomly start to interact at later stages (follicle recruitment
throughout the cycle) we wanted to feed the model with realistic vatues. The number of
starting follicles in an ovarian cycle of the rat can easily be counted. However, the number of
follicles reaching the antral follicle stage during later stages of the cycle is unknown. For this
reason a model was developed based on the folticle counts of Osman (1985) which gives more
insight in the follicufar dynamics during a normal ovarian cycle (Chapter 4). This model
demonstrates a continuous, but not constant inflow of follicles into the antral follicle class.
This inflow was fed into the model as an extra function. Probably this inflow is dependent on
the FSH concentration and for this reason it should be included in the model. The data of
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Figure 2 Inflow of antral folticles of one ovary into the different voluma classes during the cycle of the
rat. Upward arrow: number of follicles entering a class (inflow, calculated value). Downward arrow:
number of early atretic follicles (counted). Straight arrow: number of healthy follicles (covnted). OE:
oestrus; D1: dioestrus-1; D2: dioestrus-2; D3: dioestrus-3; PO: pro-oestrus

Osman are divided in healthy, early atretic and late atretic follicles. For this reason also the
follicles in the model of Lacker were divided in healthy and atretic follicles. Follicles were
regarded as atretic when their oestradiol content decreased for a simulated period comparable
of 24k, These follicles do not have any influence on the model after this period.

When the predictions of this model were fitted with the physiological data found by Osman
in the rat (Osman, !985), it was found that good similarity was only found when follicles >
350 * 10° pm? were taken into account (Figure 1). From the mode! of the Osman data (Figure
2) it can be calcuiated that during the cycle 26.8 follicles enter this developmental stage of
which i2 will ovulate. From these 26.8 follicles the final selection of the ovulating follicles
{the dominant follicles) will take place. Before this stage a first selection takes place in the
volume classes | and 2, which according to the model of Lacker is not regulated by the
ovarian-pitvitary feedback loop.

The method developed to calculate the inflow of foliicles into the different antral volume
classes (Chapter 4) can also be used to study the effects of hormonal treatment during the
normal ovarian cycle of the rat. After injection of 10 IU rhFSH at dicestrus-2 at 17.00h an
ovulation occurs in the night following the injection and a second ovulation occurs 48h later
(Chapter 6). Combination of these data with the data of the normal eycle found by Osman
(Osman, 1985) shows a rapid increase of numbers of follicles into volume class 1 and an
absence of follicle inflow into class 1 on the next two days (Figure 3), The inflow into
volume classes 2, 3 and 4 is also increased which must be due to a very rapid increase in the
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Figure 3 Inflow of antral follicles of one ovary into the different volume classes during the cycle of the
rat, after freatment with 10 I recFSH on dioestrus-2 at 17.00h. Upward arrow: number of follicles
entering a class (inflow, calculated value), Downward arrow: number of early atretic follicles {counted}.
Straight arrow: number of healthy follicles (counted). OE: oestrus; D1: dicestrus-1; D2: dicestrus-2;

D3: dioestrus-3; PO: pro-oestrus
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Figure 4 Inflow of antral follicles of one ovary into the different volume classes during the cycle of the
rat, after treatment with decreasing doses of recESH from dioesirus-1 to dioestrus-3. Upward arrow:
number of follicles entering a class (inflow, calculated value). Downward arrow: number of early
atretic folticles (counted). Straight arrow: number of healthy follicles (counted). OE: oestrus; DL:
dioestrus-1; D2: dicestrus-2; D3; dioestrus-3; PO; pro-oestrus
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growth velocity of the follicles, caused by the exo- and endogenous FSH, The FSH surge
normally seen at the morning of oestrus is significantly decreased in this situation which is
reflected in the lack of follicle inflow in the period between pro-oestrus and oestrus.

When rats are treated vsing decreasing doses of thFSH from dioestrus-1 until dioestrus-3
superovulation occurs (Chapter 7; Figure 4). During this cycle the calcuiated inflow of
follicles into volume class 1 is strongly increased at dioestrus-1. During dioestrus-2 the inflow
ceases but increases thereafter at dioestrus-3. The calculated inflow at pro-oestrus seems to be
jower than normal. This pattern might indicate that the inflow of follicles into volume class |
is bound to limits, The results of the last two studies (Figure 3 and Figure 4) indicate that the
FSH concentration influences the inflow of follicles into the pool of antral follicles very
rapidly.

Days before flrst ovulation

o
&
LY
o

-5
Class

Healthy 5 0.0 0.0 2.0 E
Atretle /(n %.2 { \'0.3
.2

Inflow

Heaithy 4
Alratic
Inflow

Healthy 3 2.9 1.7 9.6
Aleatic 0.8
0.7 1.5

Inflow 32

Healthy 2 8.0 } 0.2 } 8. 3. 1.6
Atralic { ,(0 3 1.2 1.9
8.9

Inflow 7

Healthy 1 132 6.0 ) i1 8.0
Altatic { }6 g }AD g }.O .5
Inflew g.2 .2 .5 .6

Figure 5 Inflow of antral follicles of one ovary into the different volume classes during the last 5 days
before first ovulation. Upward arrow: number of follicles entering a class (inflow, caleulated value).
Downward arrow: number of early atretic follicles (counted). Straight arrow: number of healthy
follicles (counted).

The same method can be used to describe the follicle inflow during the last 5 days before
first ovulation. In the normal situation the follicle inflow decreases at day -3 and -2. The
follicles destined to ovulate are already selected at day -3 (Figure 5). The number of antral
follicles at oestrus is comparable with the number of follicles seen at day -5, but the inflow at
oestrus seems higher. This can be expected because the FSH concentration at oestrus is still
high, whereas at day -5 the FSH concentration is the lowest during the prepubertal period
(Sander, Meijs-Roelofs, van Leenwen, ef al., 1986). Probably the FSH concentration must be
low before follicles will enter the later stages of antral follicle development. Maybe the low
FSH concentration is necessary for the final development of the ovulating follicles. The
inflow of follicles during the last two days belore first ovalation is almost zero. In this period
the ovarian inhibin secretion increases which influences the FSH secretion (Sander, ef al.,
1986).
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Figure 6 Inflow of antral follicles of one ovary into the different volume classes during the last 5 days
before first ovalation, after treatment with a GnRH-antagonist on day 6, 9, 12 and 15 of life. Upward
arrow: number of follicles entering a class (inflow, calculated value), Downward arrow: number of
early atretic follicles (counted). Straight arrow: number of healthy follicles (counted).

After GnRH-antagonist treatment (Chapter 3) the prepubertal inflow pattern is almost the
same as in controls although the number of antral follicles in volume classes 1 and 2 is less
than half the normal number (Figure 6). The number of follicles in class 3or larger is almost
the same in GnRH-antagonist treated and control rats. Apparently the ovary is still able to
recruit enough follicles to reach a normal ovulation number which is reflected in the inflow
pattern. This again demonstrates the overshoot in the number of follicles which might be
neccesary to tightly regulate the number and timing of ovulation.
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