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Follicular and Luteal Cell Development
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The objectives of this presentation are to

review certain aspects of follicular and luteal

cell development, to relate these developmental

changes to recent observations concerning the

actions of the protein hormones, FSU, LU and

prolactin (PRL), and to propose hypotheses

which attempt to account for why so many

follicles undergo atresia and so few ovulate, and

to propose further hypotheses which try to

explain why corpora lutea formed during the

cycle regress while those formed during pseudo-

pregnancy or pregnancy become fully func-

tional.

One of the striking features of the mammali-

an ovary is that it contains a non-proliferating

pool of germ cells. Some of these oocytes begin

to grow at an early age while others are retained

in a quiescent stage for many years. Although

the signal or signals which trigger any given

oocyte to begin growth are as yet unknown, the

initiating event appears to be random (Jones

and Krohn, 1961; Krohn, 1967), independent

of pituitary hormone stimulation (Eshkol and

Lunenfeld, 1972), and a function of the size of

the oocyte pool contained within the ovary

(Jones and Krohn, 1961; Krohn, 1967).

In spite of a steady decrease in the number

of total oocytes with age, regulatory mecha-

nisms exist to ensure that fully developed

follicles capable of responding to the ovulatory

surge of LU are present and in a number

characteristic of the species. Some species

ovulate many eggs (300-700 in the case of a

South American rodent, viscacha) most of

which are not fertilized, do not implant or once

implanted are resorbed (Mossman and Duke,

1973). At the other extreme, certain primates

including women ovulate only one egg per

cycle, which, if fertilized will normally implant.

The regulation of the number of eggs ovulated

per cycle appears to be species specific and

must involve carefully attuned feedback mecha-

nisms between ovarian secretions (estradiol?)

and pituitary secretions (FSH and/or LU?).

Follicular growth, as distinguished from oo-

cyte growth, is characterized by the formation

of a granulosa cell layer, apparently mediated

by local inductive influences of the oocyte

(Eshkol and Lunenfeld, 1972). This is followed

by the appearance of a basement membrane,

apparently secreted by the granulosa cell layer,

and the organization of surrounding stroma

cells into a theca layer external to the basement

membrane (Peters, 1969). Although very small

follicles require FSH for proper development,

substantive responses to gonadotropic hor-

mones require prior epithelioid transformation

of the theca (Eshkol and Lunenfeld, 1972;

Goldenberg et al., 1973). Subsequent follicular

development and function appear to be highly

dependent on pituitary gonadotropic hor-

mones.

Observations by Pederson and Peters (1968;

1971) and Pederson (1970) indicate, in the

mouse, that a certain number of follicles begin

to grow every day and that once the growth

process is initiated these follicles are committed

to continue to grow until atresia or ovulation

occurs (Peters, 1969). This process of follicular

growth in the mouse can be divided into two

phases. As indicated in Fig. 1, the first phase

lasts fourteen days and involves both the

growth of the oocyte (from <20 pm to 70 pm)

and the slow proliferation of granulosa cells

(follicles with <20 cells to 100-200 cells). The

second phase lasts only five days and involves

the appearance of an antrum and a 3-fold

increase in the proliferation rate of granulosa

cells (as measured by kinetic analyses of cells

labeled with tritiated thymidine). Recent obser-

vations in our laboratory indicate that a similar

follicular growth process occurs in the rat

(Hirshfield, unpublished). Thus, during the es-

trous cycle the surges of FSH, LH and PRL are
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PRESUMPTIVE PATTERN OF FOLLICULAR DEVELOPMENT

DURING FOUR ESTROUS CYCLES IN THE RAT

FIG. 1. Presumptive pattern of follicular develop-

ment during four estrous cycles in the rat. This

diagram has been derived from the kinetic analysis of

follicular development in the mouse (Pederson, 1970)

and our own observations in the rat (Hirshfield,

unpublished). This diagram presupposes that a given

cohort of follicles begins to grow each day. Relative

stages of follicular growth are represented on the

vertical axis according to the classification of Peder-

son: type 2 includes those entering the pool of

committed, growing follicles, types 5 and 6 include

large preantral and early antral follicles, type 8 in-

cludes those large, preovulatory antral follicles only

observed just prior to ovulation. Thus, on a given day

such as estrus, follicles of many stages of development

are present. Note, however, that no large, antral

follicles are observed. Further note that follicles which

ovulate in a given cycle such, as those indicated by the

heavy solid line, actually begin to grow some 19 days

earlier as part of a larger pool of committed follicles,

indicated by the stippled area. The first phase of

growth lasts 14 days and involves oocyte growth and

the slow proliferation of granulosa cells. The second
phase which lasts only 5 days involves the appearance

of an antrum and a 3-fold increase in the proliferation
rate of granulosa cells. Note that the follicles destined

to ovulate (heavy solid line) were selected from the

pool of large preantral follicles apparently by the

gonadotropic hormone surge. Note that atresia is only

seen in large follicles in the cycling rat (see text for

full discussion).

superimposed on a continuum of committed,

growing follicles all at different stages of

development. While the growth rate of small

follicles does not appear to vary significantly

during the cycle within the first fourteen days,

continued growth is dependent on gonadotro-

pins. This suggests that small follicles require

only basal concentrations of gonadotropins and

are not affected by surges. Since a pool of large,

developing, preantral follicles is present at all

times and since only a few follicles ovulate, the

possibility exists follicles destined to ovulate

and luteinize are selected from this pool of

large preantral follicles by the gonadotropic

hormone surge of the preceding cycle. This

surge may act to promote the entry of these

follicles into the final phase of follicular

growth. This latter phase appears to be particu-

larly critical since it is within the final days that

follicles either undergo atresia (atresia is almost

never observed in follicles of cycling rats prior

to their entry into the final growth phase) or

develop mechanisms to ovulate and luteinize.

Thus, the surges appear to have two primary

functions: they may dictate the entry and the

subsequent departure of follicles destined to

ovulate.

If, as suggested by the foregoing, follicles are

unequally responsive to the same cyclic hor-

monal conditions, what factors are limiting? Is

it the stage of differentiation of theca cells,

granulosa cells or both? Theca cells and granu-

losa cells in some large follicles have been found

to possess receptors for LI-I. In this context, it

would not be unreasonable to postulate that

follicles with abundant LH receptor in both

granulosa cells and theca cells might be ex-

pected to respond to the LH surge by ovulating

and undergoing luteinization while large fol-

licles in which granulosa cells have gained little

or no LH receptor might be expected to

respond by undergoing atresia. In this regard,

mechanisms regulating the appearance of LI-I

receptor in granulosa cells and increased sensi-

tivity of theca cells become particularly impor-

tant. Alternately, some follicles may simply be

out of step and having developed mechanisms

to respond to an ovulating surge of LH or a

stimulatory surge of FSH may degenerate if the

surges fail to occur. Noteworthy is the exis-

tence of a fairly constant number of large

atretic follicles on each day of the cycle. This

must be taken into account by any such

hypothesis.

As postulated previously (Midgley et al.,

1974) the number normally observed to ovulate

might be a consequence of a dynamic feedback

selection in which the basal concentrations of

gonadotropins are limiting. According to this

theory, a modest increase in estradiol would be

expected to cause a fall in basal gonadotropin

secretion. This fall in gonadotropins might then

lead to a fall in estradiol, causing some follicles

to undergo atresia. A decrease in estradiol

might lead to a subsequent increase in basal

gonadotropin secretion, thus rescuing remaining

follicles.

On the basis of these considerations we have
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developed the hypothesis that the stage of

follicular growth and the differentiation of

follicular cells (both theca and granulosa) dic-

tate which follicles will respond to the surges of

gonadotropins by entering the final phase of

growth. Therefore, understanding the actions of

gonadotropins on follicles may be the key to

understanding follicular development. This re-

quires learning in which follicles, on what cell

type and by which mechanisms FSH and LH

act. Is the differential responsiveness of follicles

to gonadotropins related to the density of

receptors for FSH and/or LU per cell, to the

coupling of these receptors to different intra-

cellular response systems, to changes in intracel-

lular programs within these cell types, or to

some other explanation? The ensuing discussion

will focus on recent studies in our laboratory

relating to these questions. More specifically

the actions of FSU, LU and a product of their

- -�

4.3-

#{149}‘�: ,,.�. �

S #{149}

�1

FIG. 2. Intraovarian distribution of binding sites for 2 I-hCG by topical autoradiography. In brief, the

procedure involves applying radio-labeled ligand (40,000 cpm) to the surface of an unfixed, washed slice of

tissue obtained by sectioning in a cryostat (Midgley, 1973; Zeleznik et al., 1974). The panels represent binding

of I 2 5 I-hCG to ovaries of hypophysectomized immature rats: a) hypophysectomized; b) hypophysectomized

rats treated with estradiol (2 mg/day X 4); c) hypophysectomized treated with estradiol, as in panel b, followed

by hFSH (LER-1577; 2 pg/day X 2); d) follicles from estrogen-FSH treated rats, as in c, 48 h following

luteinization in response to a high dose of 0LH (60 �sg). Note the intense labeling of interstitial cells and theca

cells of hypophysectomized rats and the apparent decrease in binding of 1 2 l-hCG to interstitial elements in

estrogen-treated rats. Note also the absence of labeling over granulosa cells in small follicles (panel a) and large

preantral follicles (panel b). In contrast, the binding of ‘z 5I-hCG to granulosa cells is markedly increased in

granulosa cells of most follicles following FSH (panel c). Corpora lutea and interstitial elements are also heavily

labeled (panel d).
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combined actions, estradiol, on follicular devel-

opment and granulosa cel differentiation will be

examined.

Autoradiographic studies designed to local-

ize specific intraovarian binding sites for FSH

and LU have indicated that radioiodinated FSH

binds exclusively to granulosa cells while radio-

iodinated hCG binds consistently to theca cells

and interstitial cells, and variably to granulosa

cells (Midgley, 1973; Zeleznik et al., 1974; Figs.

2 and 3). (Radioiodinated hCG rather than LH

has been used in these studies because hCG

binds to the same receptor site as LH and is

more stable.) These light microscope autoradio-

graphic preparations indicate that FSH may

bind to granulosa cells of very small follicles

(Fig. 3), thus supporting observations of Eshkol

and Lunenfeld (1972) who have suggested that

some binding sites for FSH exist in small

follicles having only a single layer of granulosa

cells. They demonstrated that FSU devoid of

LH was able to stimulate follicular growth in

neonatal rats treated with an antiserum against

rat pituitary gonadotropins. (This antiserum

was capable of neutralizing the biological activi-

ty of endogenous rat FSH but not that of

human FSH applied exogenously.) Follicular

growth stimulated in these neonatal rats by the

human FSH was characterized by the prolifera-

tion of granulosa cells and formation of a

basement membrane. Importantly, LH was re-

quired for more extended follicular growth.

Zeleznik et al. (1974) have also shown that

FSH is capable of acting on larger preantral

follicles of intact immature rats to stimulate the

appearance of LU receptor and 3j3-hydroxy-

steroid dehydrogenase activity in granulosa cells

and the formation of follicular antra.

Autoradiographic analyses of the localiza-

tion of tritiated estradiol have suggested that

granulosa cells are also a target tissue for this

steroid (Stumpf, 1969). This extended earlier

observations by Pencharz (1940) and Williams

(1945) who reported that estrogen treatment

increased the responsiveness of ovaries to go-

nadotropins and more recent observations that

estrogens stimulate granulosa cell proliferation

and prevent atresia in follicles of hypophysecto-

mized rats (Goldenberg et al., 1972; Uarman et

al., 1974). Furthermore receptors specific for

estrogenic compounds have been demonstrated

in nuclei of granulosa cells isolated from ovaries

of hypophysectomized rats treated with saline,

estradiol, FSH, and LH as described in Fig. 4

(Richards, 1975b). Changes in nuclear estradiol

receptor content in granulosa cells indicate that

increased nuclear receptor content is associated

with follicular growth while decreased nuclear

receptor content is associated with the termina-

tion of follicular growth either by luteinization

or atresia (Fig. 5).

The increased responsiveness of the follicles

of these estrogenized hypophysectomized rats

to gonadotropins suggested that estrogen might

promote differentiation as well as growth of

granulosa cells, effects reminiscent of its actions

in other target tissues. Goldenberg et al. (1972)

reported that hypophysectomized rats treated

with diethylstilbestrol showed increased ovarian

uptake of tritiated FSU in vivo. Thus, the

actions of gonadotropins in prompting progres-

sive follicular development and responsiveness

appeared to be open to at least two different

explanations (Fig. 6). On the one hand, FSH

and LH might be expected to act on granulosa

cells and theca cells respectively in small fol-

licles to stimulate the synthesis of estrogen, and

that estrogen in turn might cause granulosa cell

proliferation and an increase in receptor for

FSH. According to this hypothesis, as follicles

grow they would be expected to produce more

estrogen and acquire more FSH receptor until,

as large preantral follicles, they become maxi-

FIG. 3. lntraovarian distribution of binding sites

for I 2 5 I-hFSH as revealed by topical and in vivo

autoradiography. Panel (a) represents the localization

of I 25 I-hFSH 90 mm following a single intravenous

(tail vein) injection of 0.5 �.sCi of I 2 51-labeled hFSH.

Ovaries were removed, fixed in Bouin’s solution,

embedded in paraffin, sectioned and processed for

autoradiography. Panel (b) represents the localization

of binding sites for 1 25 I-hFSH revealed by topical

autoradiography. Note that FSH binds exclusively to

granulosa cells of follicles at many stages of develop-

ment even those containing as few as one or two layers

of granulosa cells. Ovaries were obtained from intact,

immature rats at Day 25 of age.
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SEQUENTIAL HORMONE TREATMENTS IN

HYPOPHYSECTOMIZED IMMATURE RATS
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FIG. 4. Sequential hormone treatments in hyp-

ophysectomized immature rats. Hypophysectomy (H)

was performed on Day 24 of age. Letters refer to

hormone treatments; subscripts describe the number

of days each hormone was given; arrows indicate

numbers of injections per day. Thus estradiol (E) was

given at 2 mg/day for four days (HE4). HFSH

(LER-1577; chymotrypsin treated; FSH activity 880

lU/mg; LH activity 5.7 IU by bioassay and less than 4

IU by tissue receptor assay) was given for four days

following hypophysectomy (HF4) and for two days

following estradiol (HE4 F2). Ovine LH (LER-1374A;

LH activity 2.01 X NIH-LH-S1; FSH activity <0.43 X

NIH-FSH-S1) was given as a single injection (60 �g)

following estradiol and hFSH (HE4 F2 L) or directly

after estradiol (HE4 L). Ovine PRL (LER-860-2, 25

lu/mg) was injected subcutaneously at 250 �.sg/day in

50 percent polyvinyl pyrrolidone to maintain luteal

cell function.

mally responsive to FSH and once stimulated

by a surge of FSH would enter the final growth

phase (Fig. 6). On the other hand, it might be

anticipated from the observations of Eshkol

and Lunenfeld (1972) and from autoradiograms

that FSH might act directly on small follicles to

stimulate granulosa cell proliferation. Accord-

ing to our second hypothesis, when follicles

gain the ability to produce estrogen (as large

preantral follicles?), they would become acute-

ly responsive to gonadotropins and enter the

more rapid growth phase (Fig. 6).

HORMONAL EFFECTS ON NUCI.EAR tSTRADIOI. RECtPIOR

��‘iLI1ft1U
t�cwNr STACT HYPOX HE� HE2 HE, HE, HE4F7 Ht,F2L HE,L

�STO�OG, NO,H,I flt,�o �_P,Oq,XSS!fl XU!C ,.nlop,.,!-, L�*,.,a’o, AH,�,

FIG. 5. Hormonal effects on estradiol receptor in

ovarian cell nuclei. Granulosa cells were expressed

from ovaries by the method of Zelzenik et al. (1974)

which involves applying gentle pressure on follicles

with a blunt spatula. Cells were collected at 800 X g.

The remaining portion of the ovary was designated

residual ovarian tissue since it contains stroma cells,

theca cells and those granulosa cells of very small

follicles which are not capable of being expressed.

Nuclear receptor content was measured by nuclear

exchange assay developed by Anderson et al. (1972)

and as described previously (Richards, 1974b, 1975b).

Follicles in hypophysectomized rats exhibited mor-

phological signs of atresia. Estradiol treatment stimu-

lated the development of large preantral follicles,

while FSH following estradiol stimulated antral forma-

tion without causing morphological evidence of lutein-

ization of granulosa cells. LH stimulated luteinization

in follicles of rats treated with estrogen and FSH, but

caused atresia in follicles developed in the presence of

estradiol alone. Thus, FSH appears to act to provide

follicles with mechanisms by which to luteinize in

response to LH. This is most probably related to

induction of receptors for LH in granulosa cells. In

rats having little or no LH receptor in granulosa cells

(HE4 rats) the effect of LH must be mediated by its

action on other ovarian cell types.

To examine the first hypothesis, that estro-

gen, rather than FSH, might act to increase

FSH receptor, immature female rats were hypo-

physectomized on Day 24 of age and were

treated for 0, 1, 2, 3 or 4 days with estradiol (2

mg/day) beginning on Day 29. The relative

binding activity attributable to receptors for

FSH was determined in isolated granulosa cells

and in the remaining, residual ovarian tissue. As

shown in Fig. 7, an increase in FSH binding to

isolated granulosa cells occurred after 2 days of

estrogen treatment (HE2). However, the in-

crement was small and no further increase was

observed with continued estrogen treatment

(groups HE3 and HE4). Such a modest increase

in FSH receptor did not seem sufficient to

account for the magnitude of the estrogen

induced change in granulosa cell responsiveness
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FOLLICULAR DEVELOPMENT: TWO HYPOTHESES
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FIG. 6. Follicular development: Two hypotheses.

I. Early stimulation of the proliferation of granulosa

cells and of the appearance of receptors for estradiol

(RE) and FSH (RFSH) by estradiol. II. Early stimula-

tion of proliferation of granulosa cells and receptors

for FSH (RFSH) and estradiol (RE) by FSH. Follicu-

lar production of estradiol (E) is designated by a solid

arrow with dashed lines extending into the granulosa

cell layer to indicate the unknown nature of the

requirement of the granulosa cell layer for estradiol

production. See text for description.

to FSH, as indicated by the induction of LH

receptor by a constant dose of hFSH (Fig. 8).

EFFECTS OF HYPOPHYSECTOMY AND ESTRADIOL ON

BINDING SITES FOR 25I-NFSH IN OVARIAN TISSuE

FIG. 7. Effects of estradiol on receptors for FSH in

rat ovarian cells. Binding of 12 ‘l-hFSH (LER-1801-3)

to isolated granulosa cells and residual ovarian cell

membranes (collected at 30,000 X g) was measured by

incubating cells and membranes for 4 h at 25#{176}Cwith

approximately 60,000 cpm I 2 I-hFSH. The reaction

was stopped by washing cells and membranes (2X)

with one ml of .O1M phosphate, .14M NaCI, pH 7.0

followed by centrifugation at 30,000 X g. Specific

binding was calculated by subtracting background

(cpm in the presence of an excess of unlabeled oFSH)

from total binding (cpm in the presence of I 2 5 I-hFSH

alone). Data have been expressed as cpm/pg DNA,

which, in the case of granulosa cells, is proportional to

binding sites/granulosa cell since the cells which are

expressed represent a homogeneous population.

As demonstrated in Fig. 8, the rate of appear-

ance of LU receptor (as measured by specific

binding of 1 251-hCG) in granulosa cells of

hypophysectomized rats, treated in all cases for

2 days with hFSU, increased markedly with

increasing exposure to estrogen. In contrast,

hypophysectomized rats receiving estrogen

alone for one to four days exhibited a decrease

in LU receptor in granulosa cells while those

receiving FSU alone (HF2) showed no response.

These observations have indicated that estrogen

alone does not act to increase LU receptor but

rather does act to enhance the appearance of

LH receptor induced by FSH. Furthermore,

hypophysectomized rats receiving estradiol

alone (HE4) or FSH alone (HF4) respond to a

high dose of LH by becoming atretic while rats

receiving estrogen and FSH (HE4 F2) responded

to LH by undergoing luteinization. These re-

sults suggested that estrogen and FSH act

synergistically to provide follicles with mecha-

nisms to luteinize in response to LH whereas in

EFFECT OF ESTRADIOL PRETREATMENT
ON FSH INDUCTION OF RECEPTORS FOR

LH AND FSH IN RAT GRANULOSA CELLS

ITFSH 2sig/doy B 2 ILER 577)

H I 2 3 4

I- DAYS OF ESTRAOIOL-I

FIG. 8. Effect of estradiol pretreatment on FSH-

induction of receptors for LH and FSH in rat

granulosa cells. Receptors for LH were measured using

highly purified I 25I-labeled hCG. HCG rather than LH

was used since hCG is more stable and binds to the
same receptor sites. Binding was measured as described

in the legend of Fig. 7.
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TWO POSSIBLE MECHANISMS OF ACTION OF

ESTRADIOL IN GRANULOSA CELLS

t MODIFICATION OF FSH RESPONSE SYSTEM

(�cA�

I mRNA� ‘�2 R H

ii. REGULATION OF mRNA FOR RLH

FIG. 9. Two possible mechanisms of action of

estradiol in granulosa cells. The first depicts the way in

which estradiol may modify the FSH response system;

in the second, the regulation of mRNA for LH

receptor. In both estradiol (E) combined with its

receptor (RE) and as a complex ERE enters the

nucleus where it acts to modify the production of

specific species of mRNA. In the first scheme,

estradiol is shown to be regulating the amount of

mRNA for adenylate cyclase (AC), labeled mRNA1.

Thus, the increased response of granulosa cells to FSH

might be mediated by the coupling of adenylate

cyclase to FSH binding sites. FSH binding to its

receptor would stimulate an increase in cAMP which,

in turn, would affect the appearance of receptors for

LH (RLH). In the second scheme, estradiol is shown

to be acting more directly to regulate mRNA for LH

receptor, labeled mRNA2. Thus, FSH binding to its

receptor site would stimulate an increase in cAMP,

which, in turn, would act to stimulate the translation

of newly formed mRNA for LH receptor.
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the presence of only one of these hormones

follicles become atretic in response to LU.

On the basis of these considerations we

hypothesized that estrogen might act by facili-

tating the induction by FSH of receptors for

both FSH and LH. To test this hypothesis,

hypophysectomized rats primed for 0, 1, 2, 3

or 4 days with estrogen were exposed to two

days of hFSU. The binding of hFSU to isolated

granulosa cells and residual ovarian tissue was

measured as indicated in Fig. 8. FSU alone

stimulated a marked increase in the binding of

FSU to isolated granulosa cells of hypophysec-

tomized rats. However, the duration of estradi-

ol priming had no major effect on the ability of

a constant dose of FSH to stimulate the

appearance of FSU receptor in isolated granu-

losa cells. These data convincingly indicated

that estrogen does not increase the responsive-

ness of granulosa cells to FSH by effecting a

major direct or indirect increase in the number

of FSH binding sites per granulosa cell. Rather

FSH appeared to stimulate an increase in FSH

binding sites. Thus we have found it necessary

to modify our original hypothesis: instead of

causing major changes in density of FSH

receptor per granulosa cell, estrogen appears to

cause changes in certain intracellular systems

which amplify some of the effect(s) resulting

from FSH binding to its receptor site.

The sites of estrogen action could involve

any of a number of possibilities, including the

adenylate cyclase system (Fig. 9). Since FSH

appears to activate adenylate cyclase (Zeleznik

et al., 1974), coupling and uncoupling of

receptor to the adenylate cyclase system could

be one mechanism for regulating granulosa cell

responsiveness to FSH. The preferential loss of

response of large follicles to LU, but not to

prostaglandins following LU stimulation might

suggest evidence for the existence of uncou-

pling mechanisms (Lamprecht et al., 1973).

Alternatively, estrogen may act at other regula-

tory steps within granulosa cells such as stimu-

lating the production of specific species of

mRNA which are involved in the expression of

FSH action. Evidence that estrogen acts to

regulate the synthesis of specific species of

mRNA has been elegantly demonstrated in the

chick oviduct system (O’Malley et a!., 1972;

Schimke et al., 1973). Whether similar events

occur at different loci in granulosa cells is

unknown. However, it is exciting to realize that

we may have a specific end point by which

estrogen action in granulosa cells can be mea-

sured: the change in ability of FSU to induce

LH receptor.

With these considerations in mind, the sec-

ond hypothesis we proposed may provide a

more satisfying explanation, namely, FSU acts

in small follicles to increase FSU receptors and

granulosa cell proliferation and only when

follicles gain the ability to produce significant

quantities of estrogen (perhaps only at later

stages of development such as large prenatal

follicles), does the pattern of granulosa cell

differentiation become altered from one of

slow cellular proliferation to one of more rapid
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proliferation and increased responsiveness to

gonadotropins. Thus, the development of mech-

anisms for follicular production of estrogen

may be acutely timed and determine whether

or not a given follicle gains the appropriate

mechanisms to respond to FSH and LU to enter

the final growth phase and ovulate. According

to this hypothesis the differentiation of the

theca layer would play a key role in follicular

development (Fig. 10).

An examination of theca cell differentiation

has been grossly neglected. l-Iowever, it is

widely held that most ovarian estrogen is of

follicular origin, and that the production is

closely associated with development of antral

follicles. Recombination experiments with cells

from large follicles in vivo (Falck, 1959) and in

vitro (Ryan et al., 1968; Makris and Ryan,

1975) strongly suggest that this synthesis is

somehow dependent on the presence of both

theca cells and granulosa cells. Further evidence

indicates that this synthesis is dependent on the

action of both LU and FSH in that neither

hormone, free of the other, can as effectively

stimulate estrogen production in hypophysecto-

mized rats. Although the relative importance of

the biosynthetic steps leading to production of

estradiol occurring in the theca cells and in the

MODIFIED SECOND HYPOTHESIS

ROLE OF THECA CELL DIFFERENTIATION

- - � _E�_. Q

FIG. 10. Modified second hypothesis Role of

theca cell differentiation. According to this hypothesis

granulosa cells of small follicles (represented by

cross-hatched area) may respond to FSH by producing

local inductive factors, called theca cell organizers.

Such factors might act to coordinate theca cell

differentiation with granulosa cell differentiation as

indicated by banding lines and stippled areas respec-

tively in large preantral follicles. Theca cell differentia-

tion and granulosa cell differentiation might continue

in the presence of more, or different, theca cell

organizers to a new stage as suggested by the increased

banding in theca cells and the slashed area over the

granulosa cell layer of large antral follicles. Possible

changes in theca cell function and granulosa cell

function during differentiation have been listed and

are discussed in the text.

granulosa cells is not known, some evidence

does indicate that theca cells carry a major

load. Other recent evidence (Moon et al., 1975)

has suggested that granulosa cells in culture are

capable of aromatizing testosterone in the pre-

sence of FSII. These observations, coupled

with the absence of FSH receptors on theca

cells, strongly indicate that some type of

interaction between theca and granulosa cells,

across the follicular basement, must occur.

Although shuttling back and forth of various

steroid precursors has been proposed (Ryan et

al., 1968), there are other possibilities relating

to local inductive factors which may be impor-

tant in theca and/or granulosa cell differentia-

tion. Theca cell differentiation may be inte-

grated with stages of granulosa cell differentia-

tion by the production by granulosa cells in

response to FSU (or FSU and estradiol) of a

“theca cell organizer” or “theca cell organizers”

(Midgley et al., 1974; Uisaw, 1947). These as

yet hypothetical factors might be expected to

act on surrounding theca cells to allow them to

respond to LI-I by making estrogen (and/or tes-

tosterone?) or by luteinizing. Theca cells of

large antral follicles respond to LH by under-

going luteinization while theca cells of small

and medium follicles do not. If this change in

response of theca cells to LII is a reflection of

differentiation, is it controlled by external

stimuli, such as LH or a local factor of granu-

losa cell origin (theca cell organizer?), or is con-

trolled by intracellular mechanisms program-

med at the genomic level? Is it related to an in-

crease in the density of LU receptor per theca

cell as in granulosa cells? Or is it related to an

increase in adenylate cyclase activity in theca

cells? Observations by Channing and Kammer-

man (1974) suggest that theca cells of large fol-

licles may bind more LH than theca cells of

small follicles. However it is unclear whether

low binding is associated with follicles under-

going atresia or follicles beginning to develop.

A third hypothesis which could account for

the progressive stages of follicular development

and the final stage of increased responsiveness

to gonadotropins should also be proposed (Fig.

11). In this hypothesis, follicular development

would proceed by stepwise changes in the

response of granulosa cells to estrogen, FSII or

combinations of estrogen and FSH. Thus,

whether or not follicles begin to produce

estrogen at some particular stage would not

necessarily be critical. Instead, the responses of

granulosa cells to estradiol or FSH would
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develop over time. Granulosa cells may go

through successive cellular divisions and periods

of differentiation such that each leads to a new

level of differentiation. One is reminded of the

sequential development of responses to estradi-

ol observed in the development of the imma-

tare rat uterus in which the presence of

estradiol receptor precedes synthesis of induced

protein (IP) which in turn proceeds the ability

of estradiol to increase protein, RNA and DNA

synthesis (Somjen et al,, 1973; Katzenellenbo-

gen and Greger, 1974). Once the uterus has

gone through this programmed developmental

sequence, the response to estrogen is more

rapid: uterotropic responses to estrogen can

occur within 48-72 h rather than 14 days.

Thus, in the follicle there may be a pro-

grammed sequence of events the culmination of

which is the increased responsiveness of both

theca cells and granulosa cells to gonadotropins.

In summary, follicular development appears

to involve growth of oocytes and proliferation

and differentiation of both theca and granulosa

cells. The changes in these cells appear to be

interdependent and sequential; partially coordi-

nated with, and dependent on, the cyclic

changes in pituitary gonadotropin secretion. It

is likely through feedback mechanisms, that

these changes function to ensure that a limited

and species-dependent number of follicles are

capable of ovulating in response to the major

surge of LU in the cycle.

Ovulation and luteinization are the terminal

stages of differentiation of large, preovulatory,

nonatretic follicles. These events can be initi-

ated by LU or cyclic AMP (and perhaps FSH)

(Nuti et al., 1974; Channing and Seymour,

1970) and are associated with a multitude of

changes in follicular function: hypertrophy of

theca and granulosa cells (Bassett, 1943),

marked stimulation of thymidine incorporation

into theca cells occurring concomitantly with

marked inhibition of thymidine incorporation

into granulosa cells (Rao, unpublished), in-

creased progesterone production, decreased es-

tradiol production (Smith et al., 1975) dissolu-

tion of the basement membrane, disruption of

cell-cell contact between granulosa cells (Parr,

1974; Richards, 1975b), increased vasculariza-

tion of the theca layer followed by vascular

invasion into the luteinizing granulosa cell layer

(Bassett, 1943), and the initiation of meiosis in

the oocyte (Lindner et al., 1974; Schuetz,

1974). Although cyclic AMP may directly

mediate some of the early events, products of

LH stimulation, such as progesterone and pros-

taglandins, appear to be involved in mechanisms

occurring later which regulate ovulation (Ron-

dell, 1974; Armstrong and Grinwich, 1973;

Tsafriri et a!., 1973). In addition, recent evi-

dence suggests that testosterone may also play

an important role in the process of atresia and

possibly luteinization and ovulation. The re-

maining discussion will focus on a consideration

of the hormonal regulation of luteal cell differ-

entiation and function; primarily as it relates to

the rat.

Once the LU-induced process of luteiniza-

tion has been initiated, LH is no longer required

for the initial phase of differentiation (Days

1-3) or for the maintenance of luteal cell

function as indicated by increased progesterone

secretion during pseudopregnancy and preg-

nancy between Days 3-8 (Ddhler and Wuttke,

1974; Morishige and Rothchild, 1974). Interest-

ingly, however, LH appears to be required once

again at mid gestation (Days 8-12) (Madhwa

Rai and Moudgal, 1970; Morishige and Roth-

child, 1974).

An abundance of data has been accumulated

which suggests that prolactin is an important

luteotropic hormone in the rat. Observations by

Shelesnyak (1957), D#{246}hlerand Wuttke (1974),

Morishige and Rothchild (1975) and Holt and

Richards (1975) have demonstrated that the

ergot alkaloids which inhibit the twice daily

THIRD HYPOTHESIS: PROGRESSIVE DEVELOPMENTAL CHANGES

IN RESPONSE OF GRANULOSA CELLS TO ESTROGEN

FIG. 11. Third hypothesis; Progressive develop-

mental change in the response of granulosa cells to

estrogen. According to this diagram FSH and LU

might act in small follicles to stimulate estrogen

production. Estrogen, in turn, would act to stimulate

granulosa cell division and differentiation, from Stage

A to Stage B. Granulosa cells at Stage B might then

respond to more estrogen by dividing and reach a new

stage (C) of differentiation, represented by stippled

areas. Thus, in the follicle, granulosa cells may go

through successive cellular divisions and periods of

differentiation such that each leads to a new function-

al stage and an altered response to the same hormone.
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EFFECTS OF LH AND PRL ON LUTEAL CELL

RECEPTORS FOR PRL AND 01 AND

PRODUCTION OF PROGESTERONE
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surges of prolactin occurring during pseudo-

pregnancy and early pregnancy (Smith et a!.,

1975; Neil, private communication) also pre-

vent increases in progesterone production.

Studies of Holt and Richards (1975) have

extended these observations by demonstrating

that 5-bromo-ct-ergocryptine (CB-1 54) acts also

to prevent increased LH receptor activity which

normally accompanies luteinization in pseudo-

pregnant rats. Furthermore, prolactin in the

presence of ergocryptine stimulated an increase

in luteal cell capacity to bind LH and to

produce progesterone. Since these experiments

were performed in intact immature pseudopreg-

nant rats possessing LU secretory function, the

data could be accounted for by two explana-

tions: 1) luteal cell LU receptor might be

limiting for LU stimulation of progesterone

production or 2) increased progesterone occurs

independently of increased LU receptor. To

distinguish between these two alternative hy-

potheses, the effects of prolactin were ex-

amined in hypophysectomized immature rats.

Luteinization was induced in hypophysecto-

mized rats by sequential treatments of estradi-

ol, hFSH and oLH. The binding of radioiodin-

ated prolactin and hCG to luteal cell mem-

branes and the concentration of progesterone in

peripheral serum were measured after LH treat-

ment alone or LH followed by PRL. As shown

in Fig. 12, luteinization was associated with a

decrease in LU receptor activity and an increase

in PRL receptor activity within 48 h. Daily

administration of prolactin, in turn, caused

progesterone production and luteal cell LU

receptor activity to increase markedly. These

stimulatory effects, however, were not observed

unless prolactin was given for at least 3-4 days

following LU stimulation. Furthermore, stimu-

lated luteal function was still observed when

PRL injections were delayed until 48 h after

LU whereas a delay until 96 h prevented any

luteotropic effects of PRL (Fig. 12). The

dissociation between the appearance of recep-

tor for prolactin and the induction of stimula-

tory responses to prolactin suggests that during

the early differentiation of the luteal cell,

prolactin receptor is not coupled to appropriate

intracellular response systems, including regula-

tory pathways in progesterone synthesis. Al-

ternatively, the prolactin receptor response

system may be intact but certain aspects of

cellular function may be lagging. Furthermore,

the loss of the luteotropic effect of PRL occurs

while receptors for PRL are still high suggesting

HE�F2L H(�F2L HE.F�t.

0 48 96

48 96 144 144

FIG. 12. Effects of LH and PRL on luteal cell

receptors for LH and PRL and on progesterone

production. PRL receptor was measured using 12

labeled hPRL (NIH-HPr-V-L-S2). All buffers contained

1 percent bovine serum albumin (BSA) and were

adjusted to pH 8.9 to reduce non-specific bindin. LH

receptor was measured as described in the legend of

Fig. 7. Progesterone in serum was measured by

radioimmunoassay following extraction in petroleum

ether. Tritiated progesterone (approximately 2000

cpm) was added to all aliquots of serum to monitor

recovery. The radioimmunoassay followed double

antibody procedures in which the labeled ligand was a

radioiodinated tyrosine-methyl-ester derivative of pro-

gesterone conjugated at the C-li position; the anti-

body, an antibody against progesterone conjugated to

BSA at the C-il position; and the second antibody

was anti-rabbit gamma globulin. Using this system, rat

serum samples extracted and subjected to repeated

chromatography have given values indistinguishable to

those obtained following only extraction. The 0PRL

(LER-860-2) used for injections was administered

subcutaneously in 50 percent polyvinylpyrrolidone,

pH 9.0, 250 Mg/day.

that the lack of response is mediated at some

intracellular site. The apparent ability of pro-

lactin in the presence of no or very little LU to

stimulate progesterone production raises some

interesting questions regarding the regulation of

steroidogenesis in the developing rat corpus

luteum. There is no evidence that prolactin acts

to stimulate adenylate cyclase activity, the

production of cyclic AMP, or the acute secre-

tion of progesterone. It is tempting to speculate

that once the granulosa cell has become a luteal

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/1
4
/1

/8
2
/2

8
4
1
5
1
4
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



cell it is programmed to produce progesterone.

Prolactin might act on recently formed luteal

cells merely to maintain overall function.

If prolactin alone is the luteotropic hormone

during early development of corpora lutea, the

role of LH and increased receptor for LH in

response to PRL becomes unclear. The luteal

LU receptor might represent receptor which is

“spare” or perhaps receptor which is coupled to

intracellular events other than adenylate cyclase

and progesterone. The increase in LH receptor

may be the antecedent to another stage of

differentiation in which both LU and estradiol

are required.

Recent observations have indicated a marked

increase in the nuclear content of estradiol

receptor in rat luteal cells during pregnancy

(Richards, 1974a, b; 1975a; Fig. 13). The

possibility that estrogen is luteotropic in the rat

is supported by observations of Takayama and

Greenwald (1973) and Gibori et a!. (1975) who

have independently shown that progesterone

production can be maintained by estrogen in

pregnant rats hypophysectomized after Day 12.

Although the mechanism(s) by which estrogen

might act to maintain luteal cell function is not

RELATIONSHIPS BETWEEN HORMONE RECEPTORS

IN CORPORA LUTEA AND PROGESTERONE

CONCENTRATIONS IN PERIP�#{128}RAL SEI�JM

known, it is interesting that the increase in

luteal cell estradiol receptor during pregnancy

parallels the increase in luteal cell receptor for

LU (Richards, 1974b; Fig. 12) and adenylate

cyclase activity (Uunzicker-Dunn and Birn-

baumer, 1975) and is inversely related to

prolactin receptor (Fig. 13).

The interactions of PRL, LU and estrogen

during the different stages of luteal cell differ-

entiation remain to be more clearly defined,

One exciting area involves the regulation of

hormone receptor synthesis. LI-I may act di-

rectly or indirectly to increase receptors for

PRL. The ability of prolactin, in turn, to

increase LU receptor in newly developing luteal

cells and the ability of FSH in the presence of

estradiol to increase LH receptor in granulosa

cells raise interesting questions regarding the

mechanism (estradiol?) which regulates trans-

criptional events leading to the presumed

synthesis of LH receptor. Observations by Lee

and Ryan (1974) indicate estradiol may act to

maintain LU receptor in luteal cells. However,

if different hormones (PRL on the one hand,

FSH and estradiol on the other) can regulate

the synthesis of a single protein (receptor for

LU), the mechanisms modifying the transcrip-

tion of specific genes become particularly fas-

cinating.

In summary, follicles and corpora lutea

appear to go through specific stages of differen-

tiation, each stage characterized by specific

hormonal requirements. As indicated in Fig. 14,

follicular development appears to involve the

sequential actions of hormones on granulosa

cells such that the action of one hormone may

determine the cellular content of its own

receptor and by acting synergistically with a

second hormone may determine the appearance

HORMONAL CONTROL OF FOLLICI.LAR AND LUTEAL DEVELOPMENT

A 975 SPECULATION

EDLL!Cth_AR ATRESIA

FOILIELtAR �VELAN�ENT 5

OT,

FRELKULARLuTEFN,ZAION L�

PROGE STE ROllS

S

3 5 7 9 II I) IS Il 19 21 23

DAY OF PREGNANCY

4

FIG. 13. Relationships between hormone receptors

in corpora lutea and progesterone concentrations in

serum. Progesterone concentrations and receptors for

estradiol, PRL and LH were measured as described in

the legends of Figs. 7 and 11 and elsewhere (Richards,

1974a, b; 1975a, b). Data for LH and PRL receptors

have been expressed as B/F per Mg DNA and B/F per

10 �g DNA respectively.
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FIG. 14. Hormonal control of follicular develop-

ment. A 1975 speculation (see text for summary).
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of receptor for a third hormone. Thus, estradiol

has been shown to increase estradiol receptor in

granulosa cells, FSH to increase FSU receptor

in granulosa cells and estradiol and FSH to-

gether to increase LU receptor in granulosa

cells. Hormonal interactions regulating the dif-

ferentiation of theca cells remains an area of

research as yet untapped. Atresia may occur as

result of hormone stimulation (LH or a product

of LU action, testosterone) or as a result of the

absence of proper hormone stimulation. Either

way, atresia is associated with loss of receptors

for estradiol, FSH and LU.

Termination of follicular growth by LU-in-

duced luteinization is associated with the loss

of receptors for FSU, a decrease in receptors

for estradiol and LH and an increase in recep-

tors for prolactin. Luteal cell receptor for LH

and the production of progesterone are subse-

quently increased only if prolactin is present

during the early luteinization process (within

48 h of LU stimulation). Although the increase

in LU receptor and progesterone production

might suggest that LU receptor is limiting for

progesterone production, evidence for this dur-

ing the early luteinization period is lacking. The

increase in LH receptor and progesterone pro-

duction may occur as independent events regu-

lated by prolactin.

In conclusion, it would appear that steroid

and protein hormone regulation of hormone

receptors may be a key to understanding

follicular and luteal cell development.
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