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INTRODUCTION

In the femalgfmammal, ;he primary function of the ovary
consists of the formation, differentiation, maturaﬁion and delivery
of it's germ cells, the oocytes. Shortly after'birth, the mammalian
ovary contains it's full complement of oocytes»But the grdwth of
each‘oocyte(is arrested at the immature, dictyate stage of meiosis.
- This inhibition of gfowth is maintained until ooéyte maturation
resumes in.the preovulatory follicles, in response to the stimuli
presented in the‘preovulatory gonadotropic surges (Ganong, 1983),
The mechanisms that initiate the resumption of growth of a single
egg, in the case of monotocous species, or a few eggs, in the
case of polytocous species, are decidedly complex. All the
féllicles are exposed to the same concentrations, as well as
fluctuations, of serum gonadotropins but only a few are recruited
into the growing phase. Once the oocytes resume their progression
towards maturation, the greater proportion spontaneously become
atretic, deéenerate and disappear. The remaining small number
of follicles containing mature oocytes are.oyulated andithereby
'attain their gametogenicApotential (Goldfien and Monroe, 1983).
The ability of the follicle to complete. ovulation followed by
proper-embr?onic development is'dependent upon a long,
compiicated process ofvevents. This sequential series'of
events not onlf leads to the maturation and differentiation of
the oocyte, but alsé to‘the dévelopment of the follicle-(Genuth,
1983). Furthermore, the thecal and granulosa cells of the

follicle are responsible for providing fhe appropfiate



microenvironment by generating the proper hormonal milieu
necessary to ensure the oocyte's growth éﬁd‘deQelopment. The
maintenance of fertility in the female is dependent upon the °
establishment of the correcf intrafﬁllicular en?ironment in
~which to ensure the fertilizable status of the ovum.,
Therefore, ovarian follicular growth and development play a
crucial role in the reproductive précess of the female mammal.

‘While folliéular development is a»highly ordered process
- regulated by both intra-ovarian and'extrg-ovarian factors} the
exact regulatoty mechanisms havé not yet been fully elucidated.
Nonprolife;ating primordial follicles are formed during fetal
development with each oocyte being surrounded by a single layet
of flattened epithelial cells. Primordial follicles are principally:
found in the peripheral cortéx of the ovafy, but as these early
follicles begin to develop they migrate deep into»the ovary; thereby
forming a distinct medullary zone. Follicles destined to ovulate
are recruited from these primordial follicleé and stimulated to grow
and mature by pituitary gonadotrobins.‘ The growth of thése follicles
can be divided into two distinct stages relative to the growth of
the oocyte (Brambell, 1956). 1In the first stage, the oocyté'gtows
rapidly towards_it's maximum size while the follicle size increases
gradually. The second stage consists of rapid growth of the
follicle while not much changé is visible in the size of the oocyte. .
The final size of the follicle, after completion of it's rapidly
" proliferative phase, is directly proportional to the animal's
body size (Parkes, 1931). As the ovarian follicle grows, it is

surrounded by an envelope of condensed connective tissue derived



from the stroma;Amatrix and ofganized to form a highlijéécularized
internal layer, the theca interna. An external‘fihrdﬁs layer,, the
theca'externa, is continuous with thé ﬁunicavalbpginea, a dense
“white, fibrous éheath covering the entire follicle. As theAtheca
continues to thicken by hyperplasiavand the addition.of more cells
from the strbma, vascular loops are formed Fﬁat covér the entire
surface of the follicle; The granulosa cell layer remains avéscular
- until after ovulation due to the presence of a'basement membrane
which separates the granulosa cell layer from the thecal cell layer.
Concomitant with the formation of the basement membrané, there is H
a rapid increase in thé mitotic activity of the gfanulosa cells
resulting in the ovum béing situated in the_center of a solid ball
of celis called the membrana granulosa. As the follicle matures
due to the rapid proliferation of the granulosa ahd thecal cells,
' small fluid filled‘sacsAare formed in the membréna granulosa. These
antra éventually coalesce to form one singie, large antrum within
which the ovum is suspended. The ovum, located in the fluid filled
antral cavity, is surrounded by an irregular group of granulosa
cells, the corona radiata, which anéhofs the ovum to the follicular-
wall. |

The importance of the pituitary gonadotropins, follicle
stimulating hormone (FSH) and luteinizing hormone (LH), in
supporting_the initiation and progression of follicular matnration
throughout the reproductive life of the female has been well
investigated (Fihding and Tyrrel}; 1983). Bowever, of the |
follicles present in the ovary at birth, the vast majority are

destined to be lost to atresia. Throughout the various stages of



development, only a fewlexceptional follicles, derived from a
cohort of growing follicles, éscape_atresia and advance to
ovulation. This selection process has not yet been fully
elﬁcidated but the'ndmber that undergo ovulation is usually
4 characteristic.for.each individual species. Furthermore, the
mechanism regulating the ovulatory quota has not yet been
clearly defined bﬁt, in most mammalian species, aéproximately
- the same number of folliclés ovulate during each reproductive
c&éle. FSH and LH are known to exert tremendous influence before
puberty, during puberty and throughout the adult reproductive
life of the female mammal. These polypeptide hormones, along
with other hypothalamic and pituitary factors, have the gréatest
responsibility in controlling the differentiation and ovulatioﬁ
of the follicle and formation of it's successor, the‘cbrpds luteum.
These same factors are also active in establishing the proper
hormonal milieu to maintain rhe ovum throughout fertilization and
it's early embryonic development. The entire fémale reproductive
cycle revolves around the proper concentrations,gnd pulgations of
gonadotropin secretion and the positive and negative feedback
ﬁodulation of the'hypothélaﬁic-pituitary-ovarian'axis. |
Previously, follicular growth and maturation in thé normal,
intact female mammal ﬁad been complétely attributed to the |
gonadotropic secrétions originating from the antérior pituitary
gland. quever,;more recent observations have indicated'that
albng with FSH and LH, ovérian~fact0rs may be influencing the
follicular'maturational précess. For example, after a normal

ovulation, there seems to be a natural hiatus in follicular



growth during.thelluteal phase of the ovarian cycle in primates
(Goodman,  1977) and in humans (Ross, 1976). Furthermore, the»
FSH éurge occuring immediately after ovulation in the rabbit,
was thought to initiate a wave of'néwrfollicle growth. Iheée
new fOllicles were throught to. be necessary for prégnancy because
they secrete the luteotropic estrogen essential in maintaining
normal lﬁteal function, since the corpoa lutea become estrdgen
depéndent on day 6 post coitum (p.c.). Howev;r, when this
postovulatory FSH surgé was blpcked, pregnancy continued. vThié
indicated that the growth of follicles continued despite the
absence of FSH release.

In considering factors which regulate follicular growth
and developmenﬁ, an ihteresting phénomena has to do with foilicle
deVelopment which occurs during periods of high circulatiﬁg~
concentrations of progesterone. During these periods, (luteal
phase, pregnéncy,‘pséudopregnahcy) the steroid would be expected
to suppress circulating levels of gonadotropins and.thereby
reduce follicle growth. This seems to be the case in many
published studies; For eXample, in many mammals, the majority
-of follicies presént in the ovary during periods of ele&ated
progesterone are;foﬁnd,to be atretié. Bogovich et al. (1981)
noted that during late pregnancy in thé rat, a time during which
progesterone levels are decreasing, thére is an incfease in FSH
‘levels and of a néw_ane of follicle growth is‘initiated. ‘Diﬁerega
et al. (1979) found that although follicular growth\is‘ébsenf in
the ovaries of the pregnant monkey, likely due'to the suppression

of gonadotropin secretion by the high levels of circulating



progesterone, the pregnant monkey ovary remains completely

responsive to gonadotr0pin stimulation. lt would seem that, in

humans (Baird;:1984$ and other primates,-the inhibitory action

of progesteronelon follicular growth is mediated by the'

suppression of gonadotropin secretion. 'However, other
-investigators hauedfound that luteectomy, (corpus luteum-
'ablation), performed either'in the'luteal'phase.or during
‘pregnancf, is followed by.a'anevof new folliclevgrowth without -

. any change in serum levels of FSH (DiZerega, 1981).

| Progesterone may not only be acting indirectly to inhibit

- follicle growth through the suppression of gonadotropln secretlon,

but may also regulate follicular development directly. Nillson

et al. (1982) reported that when luteectomy was performed in

. the luteal phase of Rhesus monkejs,_the dominant follicle of

the next'cycle was found on the same owary. When Koering et al.

(1982) removed an.actrvely secreting corpus luteum from a luteal B

phase monkey ovary, after 4 days. there was a greater number of

follicles in the ovary which did not contain the original corpus

~ luteum. Similarly, Hodgen and DiZerega,=(1981)_discovered an

inverse relationship between follicle:growth and progesterone"

content in the monkey owary, with the ovary secreting the greatest

amount of progesterone containing the fewest number of folllcles._

Furthermore, Baird (1984) found that 1n ‘the human ovary contalnlng

an actlvely-secretlng corpus luteum, almost all the large follicles

were atretic. These exper1ments can be utlllzed support for a role

of luteal progesterone in 1nh1b1t1ng adjacent folllcle development

in contrast, ‘Dufour and coworkers (1971) found that, in



shéep, mbré follicular growth occurredAin the presence of éctive'
corpora lutea. Using the Same species, Cahill and coworkers (1981)
.reported a positive correlation between serum concentrations of
progesterone and thevnumber of follicles in the ovary. In these
instanées,-progesterone may be exerting a stimulétory action on
ovine féllicular growth énd development.

In another study, Mills and Gerardot (1984) investigated the
- association bet&een ¢opu1ation and ovulation in the prégnant rabbit.
These investigators showed that oVéries of pregnant rabbits respond
to injectioné of hCGAoriLHRH by-ovulating‘the estrogen producing
follicles. .This resulted in the féilure of the estrogen dependent
corpora lutea and to the termination of £he existing pregnancies.
The LHRH injections aiso'stimulated LH release, demonstrating that -
‘the pituitary remains responsive to_LHRH.\ However,.in'pregnantA
- rabbits, copuléﬁion failed to induce ovulation and therefore did -
not terminate pregnancies. 1In order to determiné if the high
concentratidns of progesterone present’during pregnancy were
exerting a érotective action on the pregnancy, nonpregnant.rabbits
were tréatéd'with prqgestérone and then mated or injected with hCG
or LHRH. in the progestérone t;egted-nonpregnant.rabbits, hCG and
~.LHRH injections caused ovulation while mating did'not.' It was
concluded that progesterone had somehow disconnected copulatioﬁ
from thé release of LH and FSH by the pituitary; This studyAproves
that follicles cépable of ovulation ére present throughout‘pregnancy
but are proteéted againSt ovulation by a progesterone-mediated
dissociation of hypothalamic LHRH secretion (Mills and Gerardot,

1984).



All these lines of evidence point to the interesting
possibility that besides LH and FSH, progesterone may be a
principal regulator of follicular growth and function in the
mammalian ovary. In order ﬁo further investigate the action
of this steroid hormone on f01liculogenesis; the rabbits were
employed in the experiments presented in this proposal.

'The rabbit is an induced ovulator and coital stiﬁulation
triggers neuroendocrine reflex mechanisms which release the
pituitary gonadotropins, luteinizing hormone and follicle
stimulating horméne. In the ébsencé of mating, rabﬁits
demonstrate an estrous.period that may continue for several
i months.» Early invesfigators had thought that mature follicles
are present more—or-less'¢onstant1y throughout this éstrous
period, with the formation of blood engorged follicles marking
félliéular regression (Heape, 1905)., However, diréct observations
show that follicular growth and turnover occurs continuously.

H%ll and White reported that mature follicles grow and regress:
d#ring the estréus period. They estimated that follicles survive
féom 7 to 10 days (1933). However, DeSaive reported the time
Lcessary for small, preAantral follicles to grow to ovulable size
st approximately 18 days (1949). 1In studying follicular growth
during pregnancy, Adams reported follicles of ovulable size during
various stages of rabbit pregnancy which ovulated in,responée'to
injections bf human éhorionic_gonédotropin (hCG) (1968).'vAsami
showed that not only were large follicles present within 2 days

after ovulation, but even a greater number of these large folliéles

were present by 7 daysvfollowing ovulation (1920). Previous studies



done in this 1aboratory'ihdicated that‘very few lérge follicles
were present in ovaries coiledted_48 hours after méting, since
most of the mature follicles were lost to ovulation. Howe&er,
within the next 4 days, there was significant follicular growth
with greater than 30% of the follicles on day 6 being of ovuiatory‘
size (Osteen and Mills, 1980). The new follicles were also |
steroidogenically active‘witﬁ elevated content of estradiol

and testosterone.

\ Accordingly, the ovaries of pregnant rabbits cbntain not
only many activelf secreting corpora lutea,. but also numerous
Graafian follicles. The growth and maturation of these follicles
is extremely important since these féllicles produée the estrogen
necessary for the maintenance of the corpora lutea, and
therefore, pregnaﬁcy (Keyes and Nalbandov, 1967). Both Adams
and Stormshak (1968) and Casida (1964) discovered thai by
ihjecting a standard dose of hCG or LHRH, ovulation could be
induced throughout the various stages of pregnancy. This
indicates the existence of ovulable size follicles throughout
the duration of bregnancy. |

However, in contrast to follicles from non-pregnant, intaqt'
animals, follicles from pregnant animals are functioning in an
environment saturated with progesterone. Although folliculo-
genesis has been studied extensively in the non—pregnant'mammal,
the growth and turnover of follicles in the,pregnahﬁ mammal has
not yet been fully investigated. Bahr and Shahabi et al. (1979)
| studied adenyl cyclase activity of follicles and revealed.that

follicles obtained from estrdus, non-pregnant rabbits displayed
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greater adenylate cyclase activity thén follicles from pregnaht
and pseudopregnant rabbits. Adenyl cyclase, activated by the
formation of the hormone-receptor complex, provides an indi;ect
measurement of receptor biﬁding. This enzyme also catalyzes the
conversion of ATP to C;AMP, the intracellular secondary messenger
of polypeptide hormones. These investigators found a positive
correlation between follicular‘adenylaté cyclase activities and
the steroidogenic capabilities of follicles. Interestingly, Bahr
and Shahabi et al; discovered that there was a progressive
decrease in follicular responsiveness to LH and FSH with inCreasing
length of pregnancy. Thereforé, the greéter the duration of time
that follicles are located in close proximity to the cdrpqré
lutea, the less estrogen and testosterone were secreted in
response td gonadotropic stimulation.. These investigators
proposed that the steroid synthetic cépacity of a follicle is'
regulated not only by circulating gonadotropins, bﬁt may élso_

be influenced by the intragonadal level of steroids. Richards
and Midgley (1976) reportéd that estrogen, secreted by follicles
under FSH stimﬁlation, exerted a regulatdry role in follicular
growth through the induction of LH receptors. Furthermore, |
other investigators (Schomberg, Stouffer, et al. 1976; Lucky,
Schreiber, et al. 1977) provided information on testosterone,
which when added to in vitro systems, caused increased

production of progesterone by granulosa cells. These results

are examples of gonadal steroidsAexerting a positive effect on
ovarian function. It is also plausible that certain steroids

may exert a negative influence on ovarian activity as well.
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The preliminary results of Bahr and Shahabi (1979) suggest a
possibility that high intragonadal concentrations of progesterone,
such as that fonnd during pregnancy, may depress follicular
steroid secretion.

The effects of elevated levels of progesterone on ovarian
function are being more fully investigated. Harper (1962) found
that exogenous progesterone ptevented the ovulation that usually
occurs 10-12}hours following copulation. Hisaw (1947’ stated
that an actively secreting corpus luteum ptevented ovulation, not
- by hindering follicular growth, but rather by ptohibiting the
rupture of the follicle. However, Nillson et al‘(1982) found
that following the removal of_an actively secreting corpus
luteum, the next dominant follicle usually appeared on~the.

- ipsilateral ovary. Furthermore, Hodgen and DiZerega (1981)
reported that the monkey ovary produoing the most progesterone
usually also contained the fewest follicles. This inhibitory
action of the corpus luteum seems to be reversible. In the monkey
ovary, removing an actively secreting corpus luteum during the
luteal phase, resulted in more follicles being found on the-
contralateral ovary 4 days later (Koering'et al. (1982), This
contention was supported by the obSe:vation of Baird et al.
(1984), that in the human ovary, almost all the large follicles
found in the luteal phase were atretic. It would seem that
when a corpus luteum is aetively synthesizing and releasing
' progesterone, adjacent follicular growth is suppressed.

Administration of exogenous progesterone also inhibited the
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growth of follicles, and therefore prevented ovulation

(Rothchild, 1965). Wallach and Ncriega (1970), elevated
circulating progesterone utilizingcprogesterone implants and
fonnd~an increase in the percentage of early, preantral

follicles, but a decrease in the number of matnre,'antral
follicles. Finally, Bah; and Gardner. et al. (1980) stndied

_tne effect of high concentrations of progesterone, on‘follicular
steroidogenesis. In these studles, follicles were isolated from
pregnant, pseudopregnant and non-pregnant . rabblts, placed in
perfusion chambers and steroid synthesis stimulated with various_
hormones. These investigators repotted that follicles isolated
from pregnant and pseudopregnant rabbits exhibit different
patterns'of basal and gonadotropin stimulated secretion of
'estiogen and testosterone. 1In follicles removed from pregnant

and pseudopregnant animals, there was a decrease in gonédbtropini
stimulated secretion of estrogen and testosterone, 'Follicles
obtained from non—pregnant anlmals incubated w1th various
concentratlons of progestercne dlsplayedva depressed basalyand
ﬁH-stimulated secretion of estrogen. 1However, follicles obtained
from control rabbits, after being stimulated by £he same dosage
of-LH, showed a 2-fold increase in estrogen secretion.“ This study
suggests that elevated leyels of progesterone may exert a negative
effect on follicular steroid producfion. This contentioneis |
strengthened by Moor and Walters (1979)} who disccvered that after’
culturlng follicles with luteal tissue, the morpholog1ca1 structures

as well as the ster01d produc1ng capab111t1es of follicles were
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modified. Taken together, these studies sﬁggest ihat elevated
levels of progeste;one exert a regulatory role in follicle growth
and steroid production,

Based on the p:evious discussion, it is clear that-follicular
growth is ongoing during pregnancy. However, it is not clear what
factors are regulating this growth since both LH and FSH may
remain at‘loﬁ,.basal levels throughout the entire gestational
period. It is therefore proposed that progesterone, via a direct
action 6n the follicular growth process, is the principle’regulatqr
of the development of follicles in the pregnant rabbit o§ary. The
following investigation~was designed to confirm the extent of |
follicular growth during periods of high ci:culating progesterone

and to examine the role of progesteroné in this growth.



REVIEW OF RELATED LITERATURE

B 1 Control of Q . Follicle D ] !
Ovarian follicles are complex structures that undergo
continuous assembly, growth and regression. This turnover of
follicles continues, irrespective of the physiological status
of the animai, including pregnancy, lactation and other
interruptions of cyclicity which occur during the reproductive
life of the adult animal (Peterson énd Peters,‘l971); This
constant follicular growth occurs in both spontaneously
and reflexly ovulating animals. The dynamic phehomena of
the maturational procesées of ovarién follicular growth was
discovered as early as 1672, by Reinier de Graff (Catchpole,
1940), and centuries later by the noted histological studies
of Hill and White (1933). Although it had been known that both
intraovarian and extraovarian mechanisms regulate follicular
development, it was only within the past decade that significant
progress has been made in determininé the factors which ultimately
decide the fate, ovulétion or.atresia, of each follicle (Peters et
al. 1975; Lindner et al. 1977; Edwards et él. 1977) . Eollicular
development has been divided into arbitrary stages based on
general morpholbgicél chéracters, such as the absence or
presence of an atrum,:follicular diameter and number of cell
layers which comprise ﬁhe follicle (Pedersen and Peters, 1968; 
- Mariana, 1952;'Nicosia, 1974). Follicle growth has also been
separated into gonadotropin-indepen?ent (primordial) and |
gonadotropin-depeﬁdent (preantral and antral) stages of

development; Peters et al. (10) derived suppért for non-

14
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gonadotropic régulation of folliculogenesis from their Study'
that indicated follicular fluid factors may regulate the
initiation-of fol;icle growth, as well as the raté by which
follicles leave tﬁe‘pool of non-proliferating follicles
(Peters, 1978). Furthermore, cohorts of primordial foliicles |
in prepubertal girls, in whom LH and FSH levels were undetectable,‘
and in hypophysectomized lab animals are const&ntly leaving the
lérge pool of inactive primordial follicles and resuming growth
(Goldfien and Monroe, 1981). Nevertheless, a complete lack of
gonadotropic support may not be effective, and gonadotropins,
particularly FSH, may still be required for the normal
morphological differentiation and organization of follicular
cells and perifollicular structures (Eshkol and Lunenfeld} 1972).
This contention is strengthened by the finding that FSH.receptors
are present on the granulosa cells of primordial follicles
(Richards et al. 1976). |

Development of follicléé beyond the preantral stages depends
upon the presence of the pituitary gonadotropic hormones. 1In
their pioneering studies, Greep et al (1942) demonstrated the.
secretion of twovseparate'gonadotropiﬁé,‘FSH and LH, by the
pituitary gland. Other investigators foﬁnd that whergas‘neither
FSH nor LH alone was able to stimulate follicula: maturation,
“a combination of FSH and LH stimulated estradiol synthesis,
follicular maturation, o#ulation.and luteinization (Lostroh
and Johnson} 1966). However, the individual ;oles of each
polypeptide'horﬁone in requlating folliculogenesis have not

yet been fully defined.
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Progress has now been made in identifying the individual
functions of FSH and LH, as relating to follicular'matufation
and ste;oidogenesis, «FSH, as indicated by it's name, is shown to
play a primary role in maintaining,ovarian follicular develppment.
During follicular developﬁent, granulosa cells divide and acquire
FSH receptors. By utilizing autoradiographic bihding techniques,
it ﬁas been reveaied that these FSH receptors are localized
exclusivelonn the grénulosa cells 0f.follicles (Midgley, 1973).
These FSH receptofs seem to be present thrbughout the various R
stages of follicular growth, thereby indicaéing that these binéing
sites are a constitutive component of the»granulosa cell plasma
J'membrane. Furtherm§re, it has been demonstrated that FSH binding
sites are retained in'granulosa cells of hypophysectomiied rats
énd that even after hypophysectomy, FSH can still stimulate |
granulosa cell accumulation of cAMP (Richards ét al. 1979),
increased cAMP binéihg sites (Richards'and Rolfes, 1980) and
increased FSH reéeptor content (Lindnér ef,é;. 1974; Irelandi
and Richards, 1978). In response to FSH, these granulosa celis
acquire eniymes essential for éteroid'biosynthesis,~and‘aléo 7
acﬁuire cell surface receptors fof'LH (Eriqkson and Hsueh, 1979).

Luteinizing‘hormone plays a principal role.in‘stimulating
ovulafion and luteinization. 1In addition to the preovulatory LH
surge, small‘but sustainéd increases in basal céncentraﬁiOns of-PH'
play a critical role in determining'which folliclés wiil’enter the N
- final stages of preovulatory growth (Carson et al; 1981; Karsch,.
1950). Autoradiographic and binding analyses have-demonstrated

~that LH receptors are an integral part of all theca cells but
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appear only on granuiosa cellé fbund on developing preovulatory
follicles (Channing and Kammerman, 1974). These observations
indicate that although LH may:only act on theca cells of small
follicles, this hormone acts on both theca and granulosa cells of
large follicles prior tovovulatibn. Therefore, the role of LE in
‘follicular cell function prior to the_LH}surge is obligatofy for
proper follicle growth. Immediately priér to ovulation, exposure
to the preovulatory LH surge brings.about the resumption of growth
and meiotic maturation in the oocytes within the.preovulétory
follicles. These immature oocytes complete maturation up to the
first pblar body stage‘(Channing and Tsafriri, 1977). Moreover,
LH stimulates the granulosa cells to increasedthe number of LH/hCG
feceptors by a 100-fold. The cells.increase in their ability to
respond to LH by accumulation of cAMP (Lindsay and Channing,
1978). 1In additiéﬂ, the granulosa cells luteinize morphologicélly
and acquire the ability to secrete progesterone, when they ére
removed from the~follicie and cultured (Channing, 1970; Channing,
1970). As a group, these'experimental findings point to the
absolute necessity of both LH and FSH for the initiation of

follicular growth, ovulation and luteinization (Richards, 1980).



18
Maint £ C Lut Functi

The importance of progesterone in the implantation of the
fetus and the maintenance of pregnancy has been well documented.
Early investigators such as Allen and Corner (1929) have provided
evidence that.castration during early pregnancy prevented'embryonic'
development ahd implantation. However, application of corpofa
iutea extracts to rabbits castrated 24 hrs after mating reéulted
in continuation of pregnancy. The same results were obtained by
Wu and Allen (1958) when they applied progestérbne or 17-alpha
hydroxyprogesterohe capréate to rabbits castrated.24 hrs after
mating. This indicates that administration of exogenous
progesterone maintains pregnancy in the castrated animal.
Therefore, progesteréne, secreted by the rabbit . corpus luteum,
is the absolutely eSsential progestational agent réquired for
the sustenance of pregnancy. | _

Although cbrpora lutea were known to sfﬁkhesize and secrete
progesterone, the exact mechanism by which this wasvdone had not
yet been fully defined. It was known that if hypobhysectomy was:
performed at ény time during préénancy:or pseudopregnancy, the
corpora lutea promptly regressed along with a rapid loss of any
progestational effects found in the uterine horns. LH was thought'
to be the hypophyseal luteotrophin, as this hormone had already
been éhown to maintain actively secreting corpora lutea in
hypophysectomized pseudopregnant rabbits (Kilpatrick, Armstrong,
et ai. 1964). These same investigators also showed that prolactin
was not capable of maintaining the_éorporallutea, and was

therefore not a 1uteotropin in the rabbit.
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Keyes and Nalbandov (1967) presented data indicating that when
ovarian follicles were destroyed_by X-irradiation, but the corpora
lutea and interstitial tissue were left intact, not enough |
progesterone was being produced to maintain pregnancy. However,
if 2 to 4 pg of estradiol was administered to pregnant animals
with ovaries whigh contained only cbrpora lutea apd interstitial
tissue; pregnancy was maintained. Progesterone was present in
both the corpora’lutea and ovarian effiuent plaSma. Neither LH
nor whole anterior pituitary powder were able to maintain the
cbrpora lutea of stimulate it to secrete progesterone in these
animals. Furthermore, LH could not sustain pregnancy in the
absence of estrogen. All_thése lines of evidence support the
contention that estrogen, and not LH, maihtains fundtional-
corpora lutea and pregnancy. Keyes (1969) concluded that the
actions of both LH and l178-estradiol are necessary; LH to
initiate luteinization of the Graafian follicle and stimulate
estrogen synthesis and 17-g-estradiol to maintain the corpus
luteum.

Younglai (1972) measured follicular fluid estradiol
concentrations and noted that following the preovulatory peak,
estradiol fell to very low levels prior to ovulation. Estradiol
remains at this basal level until three daYs after ovulation,'
although thé corpora lutea are being formed during the same
time period (Hilliard and Eaton, 1971). Ectopic corpora lutea
.which‘Were allowed»to‘dévelop in ovariectomized animals, four
days post coitum appeared tOvbe.histologiéally normal (Keyes and

Armstrong, 1968). All these stﬁdies suggest that estrogen may
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not be necessary for the luteiniZation and early development

of the corpus luteum. Furthermore, Miller and Keyes (1975)
demonstrated that if estrogen is not present by day 5 post
coitum, luteal regression occurs and the tissue dies. .These
investigators showed that thé corpora lutea does not display -
estrogen-dependency until 5 to'6 days after méting, but that

at this critical time, the presence of estrogen is absolutely _
essential for continued luteal function. Concomitaht with this
transition to estrogen-dependencyvby thg,cqrpora lutea, is the
appearance of cytosol receptors which display a high affinity
for estradiol (Mills and Osteen, 1977). Miller and Keyés (1978)
noted that from day 3 to day 6 of pseudopregnancy, there was |
 a1most a 400%4increase in the amount of estradiol bound to the
high affinity cytosol receptor'sites. They also fouhd that
around day 5 post coitum, the cytosol receptors, after binding
to estradiol, acquire the capacity to be translocated into‘the
‘nucleus. Day 5 post coitum, the day of highest ést;ogeh bindiné,
indicates the transition of the‘corpus luteum to estrogen
dependency. In the rabbit, the luteotropic:role of estrogen

is essential for the maintenance of preghancy because, in this
species, the placenta is incapable of producing progesteroné.

In the presence of viable fetuses and placentae, the corpora
Jutea of pregnancyAétay responsive to estrogen throughout the
gestational period. However, earlier observations had indicated
that during'the second half of gestation (day 22) a luteotropic
factor might_be secreted by the fetal piacenta (Gadsby and Keyes, .

1982). However, when estrogen was withdrawan, after day 22, thére
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was a rapid decline of serum progesterdne'levels resulting in
spontaneous abortions. If indéed, the‘plaCenta is playing a
luteotropic role in maintaining;the corpora lutea of pregnancy,
the role is expressed only if estrogen isrpresent. 'EstrOgen
will not maintain the'corpora luteé of pregnancy if fetuses
f.and placentae are removed. However, if fetusés and placentae
are left intact and estrbgen is withdrawan; pregnancy sti;l
fails. These finaings show that, both esttogén and the fetal
placentae need to be present throughout the gestational period
and these luteotropic agents probably ﬁbrk in conjunction with
each other to maintain the corporé lutea of pregnancy (Gadsby,

Keyes, Bill, 1983).



 Bnimals

Sexually mature female rabbits bf the New Zealand White
strain weré purchased from a local supplier and housed in
separate cages with wéter»and rabbit chow provided.aﬂ libitum.
The rabbits‘were kept at constant temperature and maintained on.
a l4-hour light,llo—hour dark, lighting regimen.

>In most studies, 48-72 hrs before induction of ovulation
does were injected with.SO IU pregnant mare serum gonadotropin
(PMSG) . Inlsome experiments, does were mated by introducing
them into the caée of a vigorous buck rabbit. Successful
matings were cqnfirméd by micfoscopal examination for the
presehce of'viable spermatozoa in vaéinal washings obtained
immediately after mating. 1In experiménts which ﬁtilized
progesterohe-treated does, elevation of circulaﬁing
progesterone was accomplished by implanting pellets of pﬁre '
progesterone. Control animals (day 0) consisted of intact,
nonpregnant animals which did not receive any type of

treatment. All animals were sacrificed by cervical diSlécation.

Formation of Progesterone Pellets

To pfepare the progesteroﬁe pellets, 50 mg of crystalline
progesterone was.placed»on the platform of a hand press
generally used for the preparation of sodium bromide pellets
to be analyzed by infrared spectroscopy. With application of
pressure for 30 seconds, pellets of 1 mm in thickness and 7 mm

in diameter could be produced. In preliminary experiments, it was

22
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determined that 8 pellets placed in separate areas in the'dorsal
neck region of rabbits via 2 incisipn points‘(to insure proper
exposure of the total Surfaée area of the pellets for maximum
delivery rate of the hormone) were sufficient to elevate serum
progesterone levels to about 5-8 ng/ml, close to the levels
- measured in pregnant animals.
Implantation of Progesterone Pellets

Each intact, control rabbit was implanted with eight
progesterone pellets. Prior to implantation,'each aniﬁal was
anesthetized with-injections of Ketamine (3.0 ml/kg body weiéht)
and Xylazine (1.5 ml/kg body.weight). The back of the neck was
shaved employing an electric razor and the shaved area was
cleansed with alcohol. Then, tw0‘sepérate incisions were made
in the shaved area, and four progesterone pellets were implanted
at each incision point. The wounds were closed with wound clips
and the entire nape was saturated with_alcohol to prevent any
infection. | -
Buffers

Steroid radioimmunoassays were performed in phosphate gel
buffer (PGB) which contained 150 mM NaCl, 39 mM.NaHPbg, 61 mM
NaHPO, and 0.1% gelatin; The pH wés;adjusted to 7.0 by the
‘addition of 1N NaOH. |

bGonadotropin radioimmunoassayé were petformed utilizing
phosphate buffered saiine (PBS) composed of 0.14 M NaCl and
0.01 M NaPO, added as a dilution of 0.5 M NaH,PO, and 0.5 M

Na HPO,. The pH was adjusted to 7.5 with 1N NaOH.
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Follicle Collecti
In all the e#periments conducted, ovaries were removed from
sacrificed.rabbits via an abdominal incision. The ovaries were
immediatély placed in ‘ice cold saline and transported to the |
laboratory. Under 7X magnification, follicles > 1 mm were freed
of adhering'interstitial tisshe according to the method of ﬁills
et al. (197i). The external diameters of individual fqllicles>
were then méasured utilizing a calibrated‘ocﬁlar‘micrometer with
subsequent conversion of these values to millimeters. Follicles
were then placed in individual test tubes containing 500 ul of
distilled water and frozen at -20°C for subsequent analysis of

steroids by RIA. .

Ext £ £ st ids from Whole Follicl

In‘order to determine the steroid conﬁent of the individual
follicles collected by the procedures outlined in the previdus
section, each follicle was ruptured by pressing it against the
wall of a test tube with a long glass rod. The steroids were
extracted by adding 10 ml of ether, the resulting solution was
then mixedvby vortexing for 2 minutes and the aqueous and ether
phases separated‘by freezing in an acetone/dry ice bath. Thé
aqueous’ phase was.frozen while the ether phase containing Ehé
dissolved steroid did not freeze and was decanted. The eﬁher :
was evaporated with a nitrogenous stream and the steroid
containing residue reconstituted in 2.5 ml phosphate-gel

buffer for assay of steroid content by RIA.



25

Ext Y £ i id £ S
Blood samples were éollected by direct cardiac puncture from

rabbits that were "hypnotized"™ by constant rubbing around the
eyes and muzzle area. The blood was allowed to clot in the
refrigerator for 24 hours. The samples were then centrifuged
at 4°C for 30 minutes at 2000 rpm énd the resqlting sera |
aspirated and képt frozen at -20°C until assayed. 100 ul
‘aliquots of sera were extracted with 10 ml of ether and the
- resulting steroid containing extract reconstitued in 1.6 ml

of phosphate4ge1,buffer for assay of steroid content.
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T id Radioi

Steroids

Radioactive steroids were obtained from the New England
Nuclear Corporation in Boston, Massachﬁssetts and used in thé
measurement of serum steroid levels by radioimmunoassay. The
steroids purchased were} {2,4,6,7-3H} estradi§1-178 (Specific
Activity 111.0 Ci/mmol), {1,2,6,7-3H} tesﬁosterone (Specific |
Activity 91.1 Ci/mmol), and {1,2,6,7-3H} progesterone (Specific
Activity 90.1 Ci/mmol). Purity of radioactive steroids was
chécked prior to use by column chromatography andvfurther-

purified if necessary. All non-radioactive steroids were

purchased from Schwarz/Mann.

St id Antibodi
The antiserum to estradiol (E,TGK) was-a gift from Drs. D.C.
Collins and Kristina Wright of Emory University, Atlanta, Georgia.
The E TGK antiserum was raised against estradiol-6-(o-carboxymethyl)
‘oxime—thyroglobulin and was utilized at a dilution of 1:40. fhe
antiserum to testosterone (X-181) was 6btained from Radioassay
Systems Laboratories, Inc., Cérson, Califorhia. The X-181 antiserum
was raised agaihst testosterone lQ-darboxyhethyl ether4? bovine
serum albumin (BSA) and was used at a dilution of 1:25. The
antiserum to progesterone (D3) was prepared'in the labotatory of
Dr. V.B. Mahesh, Medical College of Georgia, Augusta, Georgia. The
D3 antiserum was prepared in rabbits against 4-Eregnen-116-ol-3,.
20-dione hemisuccinate - BSA. The D3antibody was used at a final

dilution of 1:60.
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Dextran Coated Charcoal

In order to separate the bouﬂd steroid in the incubation
medium, De#tran coated charcoal is added to precipitate out the
unbound steroid. This charcoal preparation contained 2.5 gram
Norit "A" charcoal and 1.0 g dextran which had,previously(Undergone
several washes with distilled water to remove “fines" and then

was suspended in phosphate-buffered gel buffer prior to use.

The radioimmunoassay (RIA) method employed'in measuring
the steroid content of individual follicles and serum samples
was that of Abraham (1971) as modified by Parker (1975) and as
previously reported (Mills, 1975; Waterston and Millsy 1976;
Mills and Osteen, 1977). The specific antibodies dtilized for
these steroid assays were E K for estrogen, X-181 for
testosterone, and D3 for progesterone. These highly spécific
antibodies allowed direct assays to be run on extracted samples
without need for column chromatographic separation of the
individuél steroids.

Reference standards, prepared.in duplicate, were
reconstituted in phosphate—-gel buffer (PGB) from steroid
concentrations tanging‘f;om 5 pg per 0.5 ml to 1000 pg
peﬁ 0.5 ml fér estradiol, téstostérone and progesteroné.
Quadruplicate "total" tubes contained only buffer and °H
steroid while quadiuplicate "nonspecifip" binding" tubes
contained buffer;3ﬁ Stefoid and dextran coated charcoal (DCC).

Unknown samples were assayed in identical fashion as the
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standard curve. AThe ahtibody'was added in 100 ul of buffer,
tubes were vortexed and allowed to incubate for 1 hr at 4°C.
Approximately 10,000 cpm of the appropriate 3Htsteroid was

next added in 100 ul of PBG buffer and the incubation mixture
vortexed. Following another hour of incubation at‘4°C, 800 pul
DCC was added to adsorb all the unbound steroid. All tubes
were mixed and incubated for 10 minutes and then centrifugated
at 3000lrpm for 10 minutes at 4°C in ordér.to.separate the bound
from Fhe unbound steroid. The resulting-supérnatant, containing
the protein-bound steroid, was decanted into 20 ml glass
scintiliation vials for measurement of radioactivity. The
radioactivity was quantified in 10 ml of scintillation fluid

(5 g Permablend II (Packard) per liter toluene) by'counting in
~a Beckman LS-7500 liquid scintillation spectrometer. The
recorded data obtained from the séintillafion counter was then .
analyzed with a Hewlett-Packard Model 9830-A desk top computer
which generated a logit transformation of tﬁe standard lines.
The unknown steroid concentrations of the experimeﬁtal samples

could then be quantified in reference to the known lines.

Gonadotropin Assay

Rabbit serum LH and FSH were measured by utlllzlng spec1f1c
homologous double antlbody radlolmmunoassay kits obtained from
the National Hormone and Pituitary Program. These kits contalnéd:
purified FSH standard‘(NIAMDD-FSH—AFP—538-C) and purified-LH

standard (NIAMDD-LH-AFP-SSQ-B); The purified gonadotropins
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were radiolabelled with !25I following the protocol of Greenwood
et al. (1963) as modified~by Osteen and Mills (1979). The
purified LH and FSH standards were also diluted for construction

of standard curves.

Gonadotropin Antibodies

Antibodies against rabbit FSH (AFP-4-7-21-76) and against
rabbit LH (AFP-559-B) had been raised.in guinea pigs and were
supplied with the kits. The antibody against FSH was diluted
to a final dilution of 1:300;000 while the antibody against LH -
was diluted to a final dilution of 1:3,000,000. In both FSH
and LH rédioimmunoassays, the hormone-antibody complex was
precipitated with the addition of a second antibody, anti-
guinea pig gamma globulin, which was raised in our‘laboratory.
The second antibody was used a£ a dilution of 1:40 forAFSH.and

1:30 for the LH assay.

o )
A standard line was pfepareé from the purified gonadotropin.

for each assay; Reference standérds were préparé@ in phosphate
buffered saline (PBS), with aliquots of this preparaﬁion
pipetted in triplicate to give final concentrations ranging
from 0.0625 ng/tube to 6.25 ng/tube. Thése assay standérd'
lines were constructed to establish a reference upon which
to calculate the unknown valuesf

The gonadotropin RIA protocol utiiizéd 200 pl aliquoté of
serum samples (or standards) pipetted intd duplicate, 12 X 75 mm

glass test tubes and diluted with 300 pl of 0.1% BSA-PBS to bring
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the assayivolume tb 500 pl. Then, 100 p1 oflthe first antibody
diluted in 1:200Anormal guinea pig serum was added, with a |
subsequent 24 hour incubation at 4°C. Next, the 251 labeiled
gonadotropin (FSH or LH) was added in 100 ul PBS. VFollowing‘an
additional 24 hour ihcubation period, the second antibody was
added in 200 ul.of PBS. On the following‘day,‘the hormone-
antibody complex was isolated by centrifugation, the supernatant .
aspirated, and the remaining pellet counted for !2°1 contént in

the Beckman Gamma Model 8000 Counter.



During Pregnancy

In the rabbit, estradiol has been recognized as the essential
luteotropic hormone, and will maintain functional corpora lutea
after hypophysectomy (Robson, 1937; Hilliard,ispies, et al. 1969).
The rabbit corpus luteum lacks aromatase activity (Elbaum and
Keyes, 1976) and is therefore incapable of’éynthesizing estrogen. -
In this'speoies, the ovarian follicles are the sole.source of
estradiol (Westman, 1934; Keyes and~Nalbandou, 1967; Rennie, 1968).
Consequently, the growth and developmenf of follicles during.l
pregnency is extremely important for the maintenance of a normal
pregnancy. However, follicle growth and turnover durlng pregnancy
has not been fully investigated. Accordlngly, an initial study was
completed to examine follicle populatlons at several tlmes through
the gestational period of the pregnant rabbit.

Day 0 (pre-ovulatory, non-pregnant), and Days 7, 14, 21 and
28 of pregnancy, all folllcles of diameters > 1 0. mm were 1solated,
freed from adherlng interstitial tissue, dissected out, under
.7x magnification. Utilizing an ocular micrometer, the externel
 diameters of individual follicles were measured and recorded.

The distribution of sizes of follicles equal to or greater‘
than 1.0 mm in diameter in rabbit ovaries at 0, 1, 2, 3, 4 weeks
. of Pregnancy is presented in Figure 1. These results reveal that
. by comparingbweek 0 (non—pregnant) to'week 1 of pregnanoy, many .
large.follicles (> 1.7 mm) were lost due to ovulation. ‘Throughout‘

the remainder of the gestation period, (Weeks 2, 3, and 4),

31
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alﬁhough follicles ranging from 1.0 mm to 1.7 mm are continouely ,
present, the very large folliqles (> 1.7 mm) could not be found.
Figure 2 is a diagtaﬁatic representation of the number of
follicles of various sizes present during pregnancy. The figure
allows the comparison of the frequency of follicles at different
stages of pregnancy (Weeks l, 2, 3 and 4) to the number of
folliclesvpresent in the non-pregﬁant animals (week 0). Figure
2 demonstrates that the large follicles (> 1.7 mm) clearly
present in the non-pregnant animals (week 0) are not found in
the pregnant animals. The absence of large follicies continues
throughout the entire gestation period (Weeks 1,‘2, 3 and 4).
Furthermore, as- pregnancy continues, there is an obvious‘increase
in the number of small follicles (< 1.7 mm) present in the
ovaries, Each additional week of pregnancy reveals an increase
in the number of small follicles in comparisOn to the non-pregnant
animals. By week 3 and week’4 of pregnancy, there are almost 3
times as many small follicles (30 follicles/10 ovaries) as
found in the intact, control animals (9 follicles/10 ovaries).
All these data suggested that during pregnancy, there is a
dissappearance of large follicles (> 1.7 mm) with e concomitant

increase in the number of small follicles (< 1.7 mm).



Figure 1. Relationship Betweep the Number of Follicles of
Different Sizes Recovered at Various Stages of
Pregnancy. :

On the ordinate are the external follicular
diameters in millimeters (mm). On the abscissa
are the weekly time periods during pregnancy,
when follicles collection was made. Follicles
less than 1.0 mm were not collected.



€€

Follicles over I mm diamefer

follicle i
dior o present during pregnancy
inmm
30r
25 .
2.0 - e ’ .
5 © B cvesso oo
E.O 5 e ’ &2 SBRLS .@%@&@@@ ESO2006D
follicles < l.Ilmm not counted
@@ ; { ' i ' i ed |
0 | E pad 3 &4

week of pregnancy



Figqure 2.

mwm&mﬁmw
at Weekly Intervals During Pregnancy.

On the X-axis is the follicular diameter in .
millimeters (mm). The Y-axis is the number of
follicles collected per ten ovaries. The Z-axis .
represents the various stages of pregnancy. Note
the absence of large follicles (> 1.7 mm) from
week 1 through week 4 of pregnancy.
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St id Content £ ovari Follic] Duri ] ‘ ,

The content of estradiol and testosterone of the follicles
collected at 0, 1, 2, 3, 4 weeks of pregnancy are presented in
Figures 3—12. Among the estrous rabbits (0 week) both large
follicles (> 1.7 mm) and small “follicles (£ 1.7 mm) were found
. to contain elevated quantities of both estradiol (Fig. 3) and
festosterone (Fig. 4). However, in these nonpregnant animals
the steroid content of the follicles do not seem to necessarily
correlate with foilicular size. Some‘large follicles display
elevated levels of estrogen and testosterone while a few small
follicles also exhibit elevated levels of individual steroid
 content. |

At 1 week after mating, very few large follicles (> 1,7 mm)
can be found. Even the large follicles that are present show
relatively low contents of estradiol (Figure 5) and testosterone
(Figure 6). The low steroid content is especially evident if -
compared to the éstrogen and testosterone contents of non-pregnant
animals (Figures 3 and 4). As pregnancy continues, with the
obvious absence of large follicles (> 1.7 mm), the estradiol and
testosterone content of folliclés continues to be very low (Fiéures
7-12). There is little variability'in content of either steroid

throughout the duration of pregnancy.



Figure 3. The Total Estrogen Content of Individual Follicles

On the ordinate are total estrogen content per
individual follicle in picograms. On the abscissa
are the external diameters of the follicles in
millimeters (mm). Follicles less than 1.0 mm

in diameter were not collected.
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Figure 4. The Total Testosterone Content of Individual

Follicles Isolated from Non-Pregnant (Control)
Rahmtm.u.e&

'On the ordinate are total testosterone content
per individual follicle in picograms. On the
abscissa are the external diameters of the
follicles in millimeters (mm). Follicles less
than 1.0 mm in diameter were not collected.



PG TESTOSTERONE/FOLLICLE
(Thousands)

2.6
2.4

2.2

1.8
1.6
1.4
1.2

NONPREGNANT ANIMALS

FOLLICULAR TESTOSTERONE

‘&
(2)
- . \
() (7)
-
. (8) >
e (m)
_ 0 o
| ()
- 0
(5) o |
:
- al
o3
1 -
i = : £
i
0o a
i 1 ! i } i § L { 1 i § §
0. 1.3 S ] 1.7 7.9 2.1 2.3 5

FOLLICLE SIZE IN MM



Figure 5. The Total Estrogen Content of Individual Follicles

On the ordinate are total estrogen coatent per
individual follicle in picograms. On the abscissa
are the external diameters of the follicles in
millimeters (mm). Follicles less than 1.0 mm

in diameter were not collected.
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Figure 6.

mmwmuw
Follicles Isolated from One Week Pregnant
Rabbit Qvaries.

On the ordinate are total testosterone content
per individual follicle in picograms. On the
abscissa are the external diameters of the
follicles in millimeters (mm). Follicles less
than 1.0- mm in diameter were not collected.
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Figure 7. The Total Estrogen Content of Individual Follicles

On the ordinate are total estrogen content per
individual follicle in picograms. On the abscissa
are the external diameters of the follicles in
millimeters (mm). Follicles less than 1.0 mm

in diameter were not collected.



FOLLICULAR ESTRADIOL

WEEK 2 OF PREGNANCY

or

15
w0 -
SO0 OOmET-
g o HR CHI OO EEs -
Q0o
20 -
] T i
ok " N e O
(spupbsnoyl)

F101I1104/701avHis3 9d

2.7

2.3 2.9

2.1

1.9

1

FOLLICLE SIZE IN MM

18]

A

1

0.9



Figure 8.

_hgig_illg_t_s_t_emngggn_ensgtlndm.dual
Follicles Isolated from Two Week Pregnant
Bahb.:.;mzﬁn_es

On the ordinate are total testosterone content
per individual follicle in picograms. On the
abscissa are the external diameters of the
follicles in millimeters (mm). Follicles less
than 1.0 mm in diameter were not collected.
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- Figure 9. The Total Estrogen Content of Individual Follicles
. Mmmwwmw

On the ordinate are total estrogen content per
individual follicle in picograms. On the abscissa
are the external diameters of the follicles in
millimeters (mm)., Follicles less than 1.0 mm

in diameter were not collected.
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Figure 10.

m_mwmgw

m;mﬁmhmmmm&mm
Rabbit Ovaries. .

On the ordinate are total testosterone content
per individual follicle in picograms. On the
abscissa are the' external diameters of the
follicles in millimeters (mm). .Follicles less
than 1.0 mm in diameter were not collected.
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Figure 11.

_hs_QLal_sx_mggannEn_gimmmmluﬂgﬁ
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On the ordinate are total estrogen content per
individual follicle in picograms. On the abscissa
are the external diameters of the follicles in
millimeters (mm). Follicles less than 1.0 mm

in diameter were not collected.
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Figure 12,

The Total Testosterone Content of Individual

wmﬁmmmmw
Rab.buaolau.es

On the'ordinate are total testosterone content
per individual follicle in picograms. On the
abscissa are the external diameters of the

~follicles in millimeters (mm). Follicles less

than 1.0 mm in diameter were not collected.



/FOLLICLE
(Thousands)

PG TESTOSTERONE

1.4

1.2

0.8

FOLLICULAR TESTOST

WEEK 4 OF PREGNANCY

ERONE

©

W E S rin

e 1.7 1.9 2.7

FOLLICLE SIZE iN MM



46

- If high circulating levels of'progesterbne are a major

requlatory factor in foliicle growth, as has been postulated,
then the site of action of the steroid becomes important; The
progesterone could act on the hypothalamohypophyseal‘axis or
directly'on the,ovary; If the steroid was'exerting it's
inhibitary influence on the hypothalamus or pituitary, then
elevated progesterone_wouldlbe expected to be concomitantly
suppressing circulating levels of LH'and‘FSH.‘

'Blood samples were collected for hormene analyses immediateiy
before mating (day 0) and then again on day 14 of pregnancy in the
same animals. By using the same animals and collecting blood
samples, before mating and while pregnant, each animal could
serve as it's own control and the resulting serum concentrations -
of hormones could be compared employing paired variable stetistics.

Results obtained from this study are presented in Table 1.
Progesterone was significantly elevated on the fourteenth day of -
pregnancy}(ll.3 ng/ml + 1.2 ng/ml) as compared to the same animals
beforeAmating (0.4 ng/ml + 0.1 ng/ml). Suprisingly,vblood FSH
levels, rather than displaying a suppression, were significantly
increased in pregnant animals (4.3 + 0;2 ng/ml) when coméareé |
- to non-pregnant animals (3.5 + 0.1 ng/ml). LH levels were not
different before or after mating (Table 1). Neither was there

a significant difference in levels of blood estradiol.



Table 1. The Levels of Prodgesterone. FSH and LH in Rlood
ngggmmmh@mm_ﬁ&m
Mating and on Day 14 of Breghancy.
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Before Mating Day 14 of

Hormone
Pregnancy
ng/ml serum
progesterone 0.4 + 0.1 11.3 £+ 1.2%
FSH 3.5 + 0.1 4.3 i'0.2*
LH 0.5 £ 0,1

0.8 + 0.3

*Significantly greater than before mating (P < 0.05)
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Serum levels of progesterone were measured in normal, intact
does that had undergone progesterone pellet implantation. Each |
pellet contained 50 mg of compressed crystalline progesterone. 1In
order to determine the exact number of pellets needed to élevate
serum progesterone levels to tﬁose comparable with pregnant
rabbits, 0, 1, 2, 4 or 8 pellets were placed in individual
non-pregnant rabbits and serial blood collections were made.
Results from the progésterone assays on these samples are
presented in Table 2. There was a positive>correiation
between the number of progesterone pellets implanted and blood.
levels of progesterone. Eight pellets placed in two separate
points in the nape of intact, non-pregnant rabbits, elevated

serum progesterone levels to approximately 5-8 ng/ml (Table 2).



Table 2. Serum Levels of Progesterone Afier Progesterone
m 5 ‘u‘ ! ., (ile

A

X



Number of : Progesterone

Pellets Used ng/ml serum
1 0.34 ng/ml
2 0.52 ng/ml:
4 1.85 ng/ml |
8 8.50 ng/ml
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o terizati f the Si Distributi £ g X Follicl
. . p l 7 ! I

Eight progesterénelpellets were implanted in intact, non-
pregnant animals, in order to elevate circulating levels of
progesterone to levels similar to pregnancy concentrations.
Does were sacrificed at week 0 (control) and weeks 1, 2, 3 and 4
of progesterdne treatment. All follicles > 1.0 mm were isolated,
external diameters measured at each of these time intervals and
then assayed individually for estradiél and testosterone content.

The results obtained are illustrated in Figure 13. In week 0
(control) énimals, the 6varies contained fqllicles ranging in size
from 1.0 mm to 2.5 mm. However, once progesterone treatment began,
there was an absence of large follicles (> 1.7 mm) and this
continued through progesterohe treatment (weeks 1, 2, 3,and 4).
While progesterone treatment prevented the development of large
follicles, there appeared to be an increase in the numberqu small
follicles (< 1.7 mm). Each consecutive week of progesterone
treatment appeared to produce a gradual increase in the number
of small follicles. It would seem that the pattern of follicle
development in the progesterone-treated,Anonpregnant rabbits is
exactly the saﬁe as was seen in the pregnant rabbits. It can
be concluded that‘progeéteronevinhibiis follicular growth and
development in the rabbit 6vary. ”

Follicles obtained from these progesterone treated rabbits
were assayed for estradiol and teétbsterone content (Figures 14-19).
When compared to follicles from non-pregnant (0 week) animals

(Figure 3)} follicles from progesterone treated animals contained
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smaller amounts of estradiol. This depressed secretion of
estradio; through weeks 1-4 of progesterone treatment (Figures
14, 16, 18) was parallel to the'estradiol secretion of follicles
obtained from pregnant animals through weeks 1-4 (Figures 5, 7,
9, 11). Although a few follicles displayed elevated levels 6f
estradiol, the majority of follicles from progestérone freated
animals showed low levels‘of estradiol, |

Testosterone content of individual follicles from animals
treated with»progesterdne for 1, 2 and 4 weeks are displayed in
Figures 15, 17, 19. As was evident in the estradiol content of
these follicies, testosterone secretion was also suppressed by
the progesterone treatment; Follicles from animals that received
progesterone treatment (weeks 1-4) were determined to have
concentrations of testosterone that are‘comparable to the levels
of testosterone found in pregnant animals, weeks 1-4 (Figures 6,
8, 10 and 12).

Serum levels of pfbgesterone were éssayed in nonpreghant,
pregnant and progesterone treéted rabbits (Figure 20). Although
progesterone levels were elevated in the pelleted animals
(approximately 4.5 ng/ml), they were not elevated to the
circulating levels of progesterone measured in pregnant animals
(> 6 ng/ml). Blood levéls of circulating‘gonadotroPins in
progesterone-treated rabbits (Figure 21) were identical to levels
"found in preghant rabbits. 'Figure 23 summarizes all the results
of follicles collected from ovaries of nonpregnant, pregnani, and
progesterone-treated rabbité. As indicated in Figure 22; pregnant

and progesterone treated rabbits exhibit a total lack of follicles
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> 2,0 mm, which are very evident ln nonpregnant animals.

‘It would seem that in termsldf follicle devélopmenﬁ, animals
treated with progeéterdne exhibited many of the same chaiactéristics
as pregnant animéls. Progesterone treated animals, like their
pregnant couﬁterparts, showed a noticeable absence of large.:
follicles (> 1.7 mm). There was also decreased conéentrations of
estradiol and testosterone in the progesterone'treated-animals}
paralleling the fdllicular steroid concentrations found in pregnant
animals. Since the follicles obtained froﬁ progesterbne‘tieated‘
animals displayed several of the parameters found in follicles from
pregnant animals, insertion of progesterone pellets had enabled us
to construct an animal model which imitated pregnancy in terms of

follicular growth.



Figure 13. The Frequency Distribution of Follicles Collected
\ at Weekly Intervals During Progesterone Ireatment.

On the X-axis is the follicular diameter in
millimeters (mm). The Y-axis is the number of -
follicles collected per ten ovaries. The Z-axis
represents the various weekly intervals of
progesterone treatment. Note the absence of
large follicles (> 1.7 mm) from week 1 through
week 4 of progesterone treatment.
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Figure 14. The Total Estrogen Content of Individual Follicles

On the ordinate are total estrogen content per
individual follicle in picograms. On the abscissa
are the external diameters of the follicles in
millimeters (mm). Follicles less than 1.0 mm

in diameter were not collected.
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Figure 15.

mmmwﬁw

Follicles from One Week Progesterone Treated
Rabbit Ovaries.

On the ordinate are total testosterone content
per individual follicle in picograms. On the
abscissa are the external diameters of the
follicles in millimeters (mm). Follicles

less than 1.0 mm in diameter were not

‘collected.
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Figure 16.

The Total Estrogen Content of Individual Follicles
Mmmwwmm

On the ordlnate are total estrogen content per
individual follicle in picograms. On the abscissa
are the external diameters of the follicles in
millimeters (mm). Follicles less than 1.0 mm

in diameter were not collected.
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Figqure 17.

The Total Testosterone Content of Individual
Follicles from Two Week Progesterone Treated
Rabbit Ovaries.

On the ordinate are total testosterone content
per individual follicle in picograms. On the
abscissa are the external diameters of the
follicles in millimeters (mm). Follicles

less than 1.0 mm in diameter were not
collected.
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Figure 18. The Total Estrogen Content of Individual Follicles

Ovaries.

On the ordinate are total estrogen content per
individual follicle in picograms. On the abscissa
are the external diameters of the follicles in
millimeters (mm). Follicles less than 1.0 mm

in diameter were not collected.
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Figure 19.

The Total Testosterone Content of Individual

wmmmwm
Rabbit Ovaries.

On the ordinate are total testosterone content
per individual follicle in picograms. On the
abscissa are the external diameters of the
follicles in millimeters (mm). Follicles

less than 1.0 mm in dlameter were not
collected.
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Figure 20,

S_emngys.ngﬁn_og_e&_tgmn.emm_RLegnant
Mwmwm

On the ordinate are levels of progesterone in
nanograms per millileter of serum. On the
abscissa are control (non-pregnant), pregnant
and progesterone-pelleted rabbits.
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Figure 21. s_e_r_ummglgpj_f:s&angminzmggs_temng

On the ordinate are levels of FSH and LH in
nanograms per millileter of serum. On the
abscissa are days after pellet implantation.
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Figure 22.

ipn the Ovaries of Non-Pregnant panel) ,
Pregnant (center panel) and Progesterone Treated,
Non-Pregnant .

On the ordinate are the number of follicles of
various follicular diameters in millimeters (mm)
on the abscissa. Note the similarity between
the pattern of follicle sizes in the pregnant
and progesterone treated animals. Both groups
lack any follicles greater than 2.0 mm whereas

_these sizes are prevalent in the non-pregnant

rabbits.
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Characterization of the Size Distribution of Ovarjan Follicles
After Progesterone Withdrawal

In order to verify that progesterone is the regulatory
agent in inhibiting follicular growih and development, another
investigatioh.was undeitaken. Eight progesterone pellets were
implanted in normal, noh-?regnant does for fourteen days. Then
progesterone pellets were removed from all the animals. Half £he
does were sacrificed at 7 days after withdrawal of progesterone
and the other half were sacrificed at 14 days after removal éf
progesterone pellets. At the time of saérifice, ovaries were
removed, follicles were collected and external diameters were
measured. Each follicle was assayed for estradiol and
testosterone cbntent.

Figures 23 and 24 demonstrate that following 14 days
progesterone treatﬁent and 7 days'after progesterone withdrawal,
the follicles that were present were all less than 1.7 mm.
Furthermore, estradiol (Figure 23) and testosterone secretion
(Figure 24) continued to be suppressed in comparison to
follicular steroid secretion in non-pregnant animals (Figures
4 and Q). Apparently, even 7 days after removal of progesterone

.pellets, progesterone'continued to have an inhibitory effect on
follicular growth and steroid secretion.

However, follicles obtained from anima1s which had'uhdergone
progesterone pellet.treatmeht for 14 days and examined 14 days
following progesterone removal, showed that large follicles
(> 1.7 mm) were 6nce again present (Figures 25 and 26). In

addition, these foilicles contained elevated levels of estradiol
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(Figure 22) and teétosterone (Figure 24), mimicking vélues found

in non-pregnant animals (Figures 4 and 9). Tﬁese results indicate

that the inhibition of folliculogenesis and steroiaogenesis caused.
by elevated serumylevels of progesterone, are reversible. Fourteen
days after progesterone pellet removal, follicular growth, and

steroid secretion were comparable to those found in normal, intact,

non-pregnant rabbits.



Figure 23. The Total Estrogen Content of Individual Follicles
Fourteen Days Progesterone Treatment Followed
by Seven Days Progesterone Withdrawal.

On the ordinate are the total estrogen content
per individual follicle in picograms. On the

abscissa are the external diameters of the

follicles in millimeters (mm). Follicles less
than 1 mm in diameter were not collected.
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Figure 24.

_hgmg_tﬁ.ll‘_e_s&gsie_mn_ecgn_tgn_tgilmm.duﬁl

~ Follicles Isolated from Rabbit Ovaries that had

Received Fourteen Days Progesterone Treatment

- Followed by Seven Days Progesterone Withdrawal.

On the ordinate are the total testosterone content
per individual follicle in picograms. On the
abscissa are the external diameters of the
follicles in millimeters (mm). Follicles less
than 1 mm in diameter were not collected.
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- Figure 25. The Total Estrogen Content of Individual Follicles
Fourteen Days Progesterone Treatment Followed
by Fourteen Days Progesterone Withdrawal.

On the ordinate are the total estrogen content
per individual follicle in picograms. On the
abscissa are the external diameters of the
follicles in millimeters (mm). Follicles less
than 1 mm in diameter were not collected.
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Figure 26.

On the ordinate are the total testosterone content
per individual follicle in picograms. On the
abscissa are the external diameters of the
follicles in millimeters (mm). Follicles less
than 1 mm in diameter were not collected.
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Discussion
In the rabbit, estradiol has now been recognized as the

primary luteotropic hormone because it can maihtain functional
corpora lutea after hypophysectomy (Robson, 1937; Hilliard, Spies,
et al., 1969). The critical dependence of the rabbit corpus
luteum on estrogen is clearly demonstrated by the rapid decline
of serum progesterone after withdrawal of estradiol from the
circulation (Holt, Keyes et al. 1975) or after X-ray destruction
of follicles (Keyes and Nalbandov, 1967; Keyes and Armstron, 1968).

Furthermore, replacément Qf estradiol via an silastic implant -
| containing 178-estradiol promptly restored serum progesterone
levels to normal (Keyes, Yuh, et‘al. 1979).

| It is now well established that progesterone, secreted by the
rabbit corpus luteum, is absolutely essential for the maintanence
of pregnancy (Allen  and Corner, 1929; Wu and Allen, 1958).
However, the rabbit corpus luteum does not synthesize estrogen
(Mills and Savard, 1973) nor does it appear to have any detectab;e
aromatase activity (Elbaum and Keyes, 1973). Therefore, the
corpus luteum develops an obligatory dependence uéon estradiol
secreted by the ovarian'follicies (Keyes and Nalbandov, 1967;
Keyes and Armstrong, 1968), by day 6 post coituﬁ (Miller and
Keyes, 1978). Since these Graafian follicles afe the principal
source of estrogen, sufficient number of steroidogenically active
follicles need to be piesent in order to maintain proper luteal
function. However, following mating, most of the large follicles

- are lost to the ovulatory process. Therefore, in order to

69
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maintain seéretion of the luteotropic estrogen, new‘follicular
growth'must;occur in thé‘postovulatory,rabbit.

During pregnancy, fo;iicuiér_growth has to occur in a
hormonal milieu rich in progeSterone, due to the presence of the
actively secfe;ing cdrpora lutea. Previous investigatofs have
presented data suggesting an inhibitory role of progesterone‘on
follicular development (Jesel, 1970; Buffler, 1974; Goodman, 1977).
However, others have reported that progesterone(does not inhibit
gonadotropin-induced follicular maturation in the monkey ovary
(Zeleznik and Resko, 1980) nor does exogenous progesterone have
any effect on rat ovarian morpholody (Richards, 1975; Saidudéip
ahd'Zassenhaues, 1978). Therefore, the regulatory action of
progesterone on the control of ovarian follicular»development
has not yet been fully defined.

Mills and Coplandv(198l) had prbpdsed that elevated levels
of progesterone ﬁould be expected to‘SUppress‘circulating
gonadotropins. These investigatdrs'had also proposed that
- the postovulatory FSH surge initiated new folliéular growth
ana that these antfal fdllicles would dévelop rapidly and secrete
the luteotropic estrogen necessary for the éontinuation of
pregnancy. However,.whén this postbvulatoryfFSH sﬁrge was blocked
utilizing pofcine follicular fluid containing inhibin, there was
" no loss of pregnancy. Therefore, even.in‘the absence oflthe.
postovulatory»FSH surge, follicular growth continued and bregnanCY
was maintained. Consequently, factors other than,thé péstovulatory
FSH secretion must play a regulatory role in controlling |

- follicular growth'and development in the pregnant rabbit.




7,‘1
The role of progesterone in the regulation of follicular
~growth and development has not been fully elucidated in an animal
like the rabbit in which the corpus luteum is totally dependent’
on follicular estrogen. The experiments reported in this thesis
were undertaken to determine if follicular growth can occur
throughout pregnancy and other periods during which serum levels
of progesterone are elevated. Furthermore, this study was the
first to investigate the role of progesterone as a major
regulatory factor in the growth and development of ovafiah

follicles in a species which shows induced ovulation.

. . ) »
Follicular gfowth in the pregnanf rabbit was examined by
measuring the external diameters of all follicles that were
greater than 1 mm in diameter and present through weeks 1, 2,
3 and 4 of pregnanby. Data indiéate that large follicles rangihg
from 1.0 mm up to 2.5 mm are present in the week 0 (preovulatory)
rabbits but by week 1 of pregnancy, many of tﬁése lafge follicles
had been lost due to ovulation. While the large follicles
(> 1.7 mm) were depleted by week 1, many follicles in the medium
and small size range (1.0 mm-1.7 mm) continued to be present.
This is in concordance with Asami's (1920) finding that by Day 7
postcoitum, a normal follicle population was agéin present in
the postovulatory rabbit. While, throughout the remainder of
pregnancy (weeks 2, 3 and 4), follicles ranging from 1.0 mm to 1.7
mm were consistently found, the 1argé follicles (> 1.7 mm) were
completely absent. Therefore, in the rabbit, follicles are

continuously present throughout the entire period of pregnancy
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up to the time of parturition. Since i£ has been estimated that
between 2 and 3 weeks are required for-the turnover of follicles
in the pregnant rabbit and since follicles were present throughout
the gestation period, follicular groﬁth and turnover must continue

throughout pregnancy.

Ovarian follicles > 1.0 mm in external diameter were

collected from rabbit ovaries at week 0, 1, 2, 3 and 4 of
pregnancy. To determine the steroidogenic capability of follicles
during~§regnancy, each individual follicle was assayed for total
content of estradiol and testosterone. The steroid content}of |
large follicles removed from week 0 (non-pregnant) rabbits was
high while smaller follicles generally had lower steroid

contents. Such direct éorrelatibn between size of follicle

and steroid content had been demonstrafed for the human (Sanyall
et al., 1974), rhesus monkey (Clark et al., 1979) and sheep
ovaries (Hay and Moor, 1978).

.In contrast to the nonpregnant animalé, foliicles\obtained
from 1 week piegnant rabbit ovaries, displayed a low concentration
- of estradiol and testosterone. 1In addition to lacking large
follicles (> 1.7 mm), the pregnant animals did not demonstrate any
correlation between size and steroid content of large follicles.
In other words, there were examples of larger follicles with ldwer'
stéroid content and even some small follicles which contained high
concentrations pf one or both of thevsteroids. As pregnancy
gontinued, follicles collected at weeks 2, 3 and 4 of pregnancy

continued to show depressed lévels of estradiol and testosterone,
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in comparison to follicular steroid content of nonpregnant
animals. Therefore, follicles removed from various reproductive
states (nOnpregn;nt vs. pregnanti display different steroid
secretion profiles. These results suggest that the longer the
period of time the follicles are located in closé proximity to
actively secreting corpora lutea, the more depressed is.their

steroid secretion.

. 3 . . he I t Rabbit
Blood samples collected from the same group of does
immediately before mating and on day 14 of piegnancy were assayed
for LH and FSH concentrations. Both of these gonadotropins are
important in initiating‘follicular~growth and steroidogenesis
(Channing and Tsafriri, 1977). This quantification of serum
levels of gonadotropins was preformed in order to determine
whether the high levels of circulating progesterone could indeed
be exerting an inhibitory action of folliculogenesis and hormono-
~genesis via the hypothalamic-pituitary axis. 1If so, there sﬁould
be a suppression of serum levels of LH and FSH in the pregnant
animals. 'Suprisingly, not only was there not a decrease in\
either gonadotropiné, but there was actually a significant
'increase in the 1évels of FSH measured in the 14 day pregnant
animals, when compared ﬁo levels in the same group of animals
before mating (day 0). It can be concluded that the elevated
levels of circﬁlaﬁing progesterone-aré exerting a direct
inhibition on follicular growth and turnover;.progesterone's
suppressive actions are not mediated through inhibition of

gonadotropic secretion.
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Follicle Growth in the Progesterone Treated Rabbit Ovary

This next investigation was performed to prove that
progesterone, and not some other steroidal'or non-steroidal factor
secreted during pregnancy, was the regulatory agent inhibiting
folliculogenesis duiing pregnancy. After confirmation that eight
pelléts of crystallized progesterone elevated serum levels of A
progesterone to approximétely 5-8 ng/ml, (this is below the value
measured during pregnancy but it is sufficiently above wbat is
usually found in a nonpregnant animal), normal intact does were
impianted with eight progesterone pellets per rabbit. This treatment
resulted in seruﬁ levels of progestefone being elevated to nearly
the levels found in preghant animals.

During the continuous piogesterone treatment, follicles were
removed at 0, 1, 2, 3 and 4 weeks.' These time périods were
.specifically chosen to provide a suitable comparison of results
obtained from pregnaht animals at the same intervals. Measureﬁent
of follicular diameters again showed that large follicles (> 1.7 mm)
were missing in the progesterone treated rabbits, althoujh large
follicles were present in the untreated animals (week 0). Therefore,
progesterone treatment of unmated rabbits mimicked the inhibition
of follicular grthh observed during pregnancy. Furthermore;
follicular steroid secretion seemed to exhibit the same suppression
as was seen in pregnant animals from week 1 through week 4 of
éregnancy. Both estradiol and teStosterone’never attained the
serum concentrations found in nonpregnant, unﬁreated rabbits.

These data provide evidence ﬁhat increased levels of circulating

proéesterone, although not elevated to those levels found during
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pregnancy, are still sufficient to arrest the growth and

development of follicles and their steroid production.

Having established that progesterone was the principal lnteal~
factor suppressing follicular growth and steroidogenesis during
pregnancy, it next became important to show that this inhibitory
action was reversible. :Nonpregnant does were implanted with
progesterone pellets for fourteen days after which all eight
pellets were completely removed. The does were then sacrificed
7 days or 14 days after pellet removal. Animals sacrificed
at 7 days after progesterone withdrawal, displayed follicles"
that were all < 1.7 mm in diameter. Furthermore, in tnese
animals, estradiol and testosterone secretion oontinued to be
below what was found in nonpregnant, untreated animals. Apparently,
at 7 days after pellet removal, the 1nh1b1tory effect on folliculo~
genesis and steroid secretion was sustained. However, does that
were sacrificed at fourteen days‘after progesterone pellet removal
showed that large follicles (> 1.7 mm) ranging up to 2.5 mm again
populated the ovary. These follicle sizes were very similar to
those follicles found in nonpregnant rabbits. Furthermore,ﬁboth
estradiol and testosierone concentrations were once again elevated
to the levels indicative-of nonpregnant animals. All these results
provide evidence to indicafe that progesterones plays a principal
role in suppressing folliculogenesis and hormonogenesis. However,
the inhibition exerted by progesterone is completely reversible.

Removal of progesterone implants caused a reinitiation of



-follicular growth and development and normal secretion of

estradiol and testosterone.
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sSummary

Investigation of follicular dynamics in nohptegnant,
pregnant and progesterone-treated rabbits clearly demonstrated
that follicular growth and turnover continue to occur, eveh
during reproductive states where serum levels of progesterone
are elevated., While follicular growth continues, the follicles
in pregnant endAprogesterone treated animals never attaih the
size found in nonpregnant animals; the progesterone is clearlp‘
inhibiting foilicles from reaching their maximum size.
‘Furthermore, the estradiol and testosterone content of follicles
collected from_pregnent and progesterone treated rabbits never
reach the cohcentpations measured in follicles from nonpregnant,
untreated animais, Characteristics of follicular growth, turnover
and steroid content are similar in pregnant and progesterone
treated rabbits, and different from follicles in nonpregnant
ahimals. Taken together, these lines of evidence point to
progesterone as the principal causative agent in mediating
inhibition oo folliculogenesis and steroidogenesis. Nevertheless,
progesterone,'although inhibitory in action, still allows for
sufficient follicular growth, turnover and steroidogenesis to
maintain proper luteal function and sustain a normal pregnancy.
In addition, progesterone's role in modulating follicular
development is completely transient. Once the levels of
progesterone are feturned.to normal, all the suppressive
actions of this hormone are reversed, and normal follicular

growth and development is reinitiated.
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