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ABSTRACT 

Both estradiol and progeterone are proposed autocrine or para

crine regulators of ovarian function in primate species. However, 

specific receptors for these steroids have not been localized to 

individual compartments of the primate ovary. Using immunocytochemical 

techniques, estradiol receptors were detected in the germinal epithe

lium, but not other structures, of ovaries obtained from rhesus or 

cynomolgus monkeys during the follicular and luteal phases of the men

strual cycle. In contrast, progesterone receptors were present in 

stromal and interstitial tissue, the thecal layers of healthy and atre

tic follicles, as well as the functional corpus luteum. These results 

are consistent with the concept of a receptor-mediated role for proges

terone, but not estrogen, within the predominant gametogenic and endo

crine structures, e.g., the follicle and corpus luteum, of the primate 

ovary. 

The recent discovery of distinct cell types in the corpus 

luteum of domestic ungulates has revised concepts on the control of 

luteal function in these species. Studies were designed to test the 

hypothesis that the primate corpus luteum consists of cell subpopula

tions that differ in physical characteristics, function and regulation. 

Cells enzymatically-dispersed from the monkey corpus luteum at mid

luteal phase of the menstrual cycle differed in size (diameter) and the 

presence of the steroidogenic enzyme, 3B-hydroxysteroid dehydrogenase 

(38-HSD). Anaylsis of dispersed cells for forward and 90 0 light 

scatter properties by flow cytometry revealed two distinct continua (C~ 
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and CS). These continua were isolated using the sorting capabilities 

of the flow cytometer. Ca contained single cells of ~ 15 ~m and cell 

clusters; the cells were typically 3S-HSD-negative nonsteroidogenic. 

CS consisted of single cells that increased in size up to 40 ~m and 

were 3S-HSD-positive. CS was divided into two regions (R1 and R3) and 

the cells isolated. R1 cells were ~ 15 ~m whereas R3 cells were 

~ 20 ~m. Basal progesterone and estrogen production by R3 cells was 

greater than that produced by R1 cells (as determined by radioimmuno

assay of the incubation media). Relative stimulation of progesterone 

production by hCG, cAMP or PGE2 was not different between R1 and R3 

luteal cells. These results support the hypothesis that the primate 

corpus luteum consists of distinct cell subpopulations which differ in 

size and steroidogenic capacity. However, the cell types which secrete 

progesterone are typically responsive to gonadotropin and PGE2, 

possibly via a cAMP-mediated pathway. 
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INTRODUCTION 
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The menstrual cycle of primate species is divided into two 

phases based on the predominant structures in the ovary, the follicles 

and the corpus luteum. During the follicular phase, a single follicle 

is selected from a cohort of growing follicles. Although the process 

of selection is poorly understood, maturation of the dominant follicle 

is regulated in part by the gonadotropins, follicle-stimulating hormone 

(FSH) and luteinizing hormone (LH). As a follicle matures, the fol

licular cells support the growing oocyte and secrete nonsteroidal and 

steroidal hormones. Thus, the follicle serves not only a gametogenic 

function, but also an endocrine function. The primary steroid produced 

is estradiol which acts to prepare the reproductive tract for gamete 

transport and progesterone actions. It is also proposed that estradiol 

acts locally on the cells of the follicle to stimulate growth and 

function. Extensive studies in the rat demonstrate that estrogens are 

potent mitogens and enhance FSH-stimulated aromatase activity (the 

enzyme that converts androgens to estrogens) and formation of LH recep

tors. These actions are presumably receptor-mediated, since estrogen 

receptors were localized in the follicle of the rat. Although estrogen 

is pOdtulated to have similar actions in primates, specific receptors 

have not been detected in the ovary of these species. 

The mature follicle ovulates in response to the midcycle LH 

surge, expulsing the oocyte. The cells of the collapsing follicle wall 

differentiate to form a new endocrine gland, the corpus luteum. The 
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corpus luteum has a limited lifespan which ends with regression of the 

tissue in the nonfertile menstrual cycle. Although the primate corpus 

luteum secretes estrogen, the primary steroid secreted is progesterone. 

Progesterone acts to prepare the estrogen-primed reproductive tract for 

implantation and pregnancy. It is also proposed that progesterone acts 

as a paracrine regulator of both follicular and luteal function in 

primates. Estrogen produced by the corpus luteum is hypothesized to be 

the initiator of luteal regression in primates. Both steroids are 

postulated to exert their actions via receptor-mediated pathways. 

Indeed, progesterone receptors were detected in human ovaries, but 

their localization to ovarian compartments was not determined. 

Specific receptors for estrogen have not been detected in the primate 

ovary. 

Since progesterone production by the corpus luteum is essential 

for maintenance of pregnancy, the regulation of luteal function and 

lifespan has received considerable attention. Recently, investigators 

discovered distinct cell types that differ in function and regulation 

within the corpus luteum of domestic ungulates. The relevance of these 

luteal cell subpopulations to primates has not been determined. The 

two classes of luteal cells that are distributed throughout the luteal 

parenchyma in domestic animals are not evident in the primate corpus 

1uteum. Instead, pockets of paraluteal cells are located near the 

periphery of the corpus luteum, whereas true luteal cells comprise the 

central portion of the gland. The possible differences in function and 

regulation of these cell types has not been investigated. 
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The present investi.gation was designed to further our under

standing of follicular development and luteal function in the primate 

ovary. The objectives were 1) to localize specific receptors for 

estradiol and progesterone in individual structures of the monkey 

(Macaca mulatta or fascicularis) ovary throughout the the menstrual 

cycle, and 2) to isolate and characterize subpopulations of cells from 

the corpus luteum of the rhesus monkey. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

The Primate Ovarian Cycle 

The ovarian cycle in primate species is commonly referred to as 

the menstrual cycle. The length of the menstrual cycle in women and 

many nonhuman primates, including rhesus monkeys, is approximately 28 

days. The cycle is divided into two intervals that are called the 

follicular and luteal phases. The first 12-14 days of the cycle com

prise the follicular phase. During this time, a single follicle is 

selected from the cohort of growing follicles and matures to ovulatory 

potential by the end of the follicular phase. Thus, only one follicle 

typically reaches maturity in the primate ovarian cycle; all other 

growing follicles degenerate by a process known as atresia (Goodman and 

Hodgen, 1983). The process of follicle selection js poorly understood. 

Maturation of the dominant follicle involves growth and differentiation 

of the oocyte, as well as the cells within the follicle wall. 

Interaction between the oocyte and the follicular cells plays an im

portant role in oocyte maturation (Borns Iaeger and Shultz, 1985). In 

addition to its gametogenic role, the follicle functions as an endo

crine gland to produce the steroid hormones, progesterone, androgen and 

estrogen. 

Regulation of follicular development involves a complex inter

play of gonadotropic hormones from the anterior pituitary and steroid 

hormones from the ovary. In response to gonadotropin-releasing hormone 
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(GnRH) which is formed in the hypothalamus and released into the 

hypothalamo-pituitary portal vessels, the pituitary secretes the 

gonadotropins, luteinizing hormone (LH) and follicle stimulating hor

mone (FSH). In response to gonadotropins a healthy follicle secretes 

primarily estrogen (Gore-Langton and Armstrong, 1988). Estrogen acts to 

prepare the reproductive tract for gamete transport and the actions of 

progesterone. In addition, estrogen acts centrally to control the 

release of LH from the pituitary (Knobil and Hotchkiss, 1988). In 

contrast, FSH secretion is inhibited by a protein hormone, inhibin, 

which is produced by the ovary (Steinberger and Ward, 1988). As the 

dominant follicle matures, estrogen secretion gradually increases 

resulting in a peak of circulating estrogen late in the follicular 

phase. The estrogen peak elicits the midcycle LH surge (Knobil and 

Hotchkiss, 1988) that results in ovulation of the mature follicle. 

Ovulation is the process by which the follicle wall ruptures 

and releases the oocyte. After ovulation the follicle wall undergoes 

further cellular differentiation and vascular invasion to form a new 

endocrine structure, called the corpus luteum (Keyes et al., 1983). 

Ovulation marks the end of the follicular phase and the start of the 

luteal phase of the menstrual cycle. It is noteworthy that the 

division of the ovarian cycle into two distinct phases does not occur 

in all mammals. For example, in the estrous cycle of domestic ungu

lates, (e.g., cows and sheep), the two phases overlap; thus, follicular 

development occurs in the presence of a corpus luteum (Greenwald and 

Terranova, 1988). 
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Although the primate corpus luteum produces several steroid and 

peptide/protein substances, the major hormone produced is the sex 

steroid, progesterone. The corpus luteum has a limited lifespan of 14-

16 days in the nonfertile menstrual cycle. During this interval pro-

gesterone levels in the peripheral circulation rise, plateau and then 

decline. This progesterone pattern corresponds to the developing, 

active and regressing states of the corpus luteum. Progesterone acts 
I 

to prepare the estrogen-primed reproductive tract for implantation and 

pregnancy. In the nonfertile menstrual cycle, progesterone levels 

decline as the corpus luteum regresses. This removal of progesterone 

support leads to sloughing of the endometrial layer and blood loss from 

uterine vessels, resulting in menses. Menses marks the end of the 

luteal phase of one cycle and the beginning of another cycle. 

In the fertile menstrual cycle, ovarian cyclicity ceases until 

the termination of pregnancy. The syncytiotrophoblast of the implant-

ing blastocyst secretes chorionic gonadotropin (CG) which prevents the 

demise of the corpus luteum (Knobil, 1973). Chorionic gonadotropin is 

an LH-like molecule, i.e., it is similar in structure and biological 

activity (Tyrey, 1982). Both placental CG and pituitary LH are glyco-

protein hormones composed of two subunits, a and S. The primary struc-

ture of the a subunits are identical within species and there is exten-

sive homology between the ami.no-terminal end of the B subunit of CG and 

LH. However CG differs from LH due to an additional 30 amino a~id 

sequence at the carboxytermlnal end, that also contains unique carbo-

hydrate moieties. The structural differences within CG, combined with 
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the high levels of CG circulating in early pregnancy, prolong the 

functional lifespan of the corpus luteum. Progesterone produced by 

the corpus luteum of early pregnancy maintains a uterine environment 

conducive to pregnancy. The corpus luteum of pregnancy functions for 

six to eight weeks in women and three weeks in rhesus monkeys. At this 

time, the placenta assumes the role of progesterone production until 

parturition. 

Regulation of Follicular Development 

Gonadotropins 

A resting or primordial follicle consists of an oocyte, a 

single layer of squamous granulosa cells and a basement membrane. 

Primordial follicles are present at birth and may remain in the resting 

stage indefinitely. Recruitment of a primordial follicle into the pool 

of growing follicles is characterized by an increase jn the size of the 

oocyte and conversion of the granulosa cells to a cubodial shape 

(Koering, 1986). Follicles at this stage are called primary follicles. 

The regulation of follicle recruitment is poorly understood. Initia

tion of follicular growth may be independent of the pituitary hormones, 

FSH and LH, and instead could be regulated by ovarian paracrine mecha

nisms (Erickson, 1986). However, the local inducer(s) of follicular 

recruitment remains unknown. Once growth is initiated, the follicle 

becomes dependent upon the pituitary gonadotropins, especially FSH, for 

continued growth. Injections of antibodies against FSH or LH in ro

dents leads to abnormal follicular development which is corrected by 

FSH replacement (Eshkol et al., 1970; Schwartz, 1974; Welschen & 
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Dullaart, 1976). Furthermore, Richards and Midgley (1976) located 

specific binding sites for FSH in the granulosa cells during early 

developmental stages of the follicle in the rat ovary (i.e., primary 

follicles with one to two layers of granulosa cells). A primary fol

licle acquires a single layer of fibroblast-like cells around the 

basement membrane. These cells are derived from the surrounding stroma 

and will develop into the thecal layers of the follicle (Balboni, 

1976). The acquisition of a thecal layer may be essential for further 

follicular development, since follicles in which the thecal layer is 

totally absent do not continue to grow (Peters, 1979). 

Proliferation of the granulosa cells and development of a well

defined thecal layer characterize the secondary or preantral stage of 

follicular development. Mitosis of granulosa cells at this stage is 

presumably stimulated by FSH (McNatty et al., 1979). As growth con

tinues, the granulosa cells proliferate at an increased rate and se

crete products which constitute the follicular fluid. The accumulation 

of fluid results in the formation of spaces between the cells which 

merge into a fluid-filled cavity or antrum. Formation of antral or 

tertiary follicles is dependent on FSH (Greenward and Terranova, 1988). 

During the formation of the antrum, two distinct layers of theca cells 

become apparent: a) the theca interna consisting of epithelial-like 

cells, and b) the theca externa consisting of fibroblast-like cells and 

connective tissue. The control of differentiation of theca cells into 

a steroidogenic gland is unknown. Although LH regulates the theca, it 

is unlikely that LH initiates cytodifferentiation since acquisition of 
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LH receptors occurs during this process (Erickson, 1986). At this 

stage of development, the thecal layers are well vascularized; the 

granulosa layer is not. An antral follicle increases in size due 

mainly to an increase in fluid volume, to form a mature or Graafian 

follicle. Further differentiation of the granulosa cell is necessary 

in order for the follicle to respond appropriately to the LH surge. 

The granulosa cells of the preovulatory follicle possess LH receptors 

whereas the granulosa cells of immature follicles do not (Amsterdam et 

al., 1975; Channing & Kammerman, 1974; Nimrod et al., 1977a; Richards 

et aI, 1976; Zeleznik et al., 1974). The formation of LH receptors is 

controlled by FSH (Nimrod et al., 1977bj Richards et al., 1976; 

Segaloff and Limbird, 1983). 

The maturation of the preovulatory follicle involves the 

development, differentiation and interaction of the theca interna and 

granulosa layers. Falck (1959) provided the first evidence that estro

gen synthesis by the follicle required the interaction of at least two 

ovarian cell types. Since his pioneering research, other investigators 

have demonstrated that granulosa cells in culture are capable of 

converting androgens to estrogens, but are incapable of synthesizing 

androgens from pregnenolone or progesterone (Bjersing & Carstenssen, 

1964; Erickson & Hsueh, 1978; Markris & Ryan, 1977; Moor, 1977). The 

major source of androgen production in many species, including pri

mates, is the theca interna (Erickson & Ryan, 1976; Fortune & 

Armstrong, 1977; Moor, 1977; Tsang et aI, 1979). These results led to 

the "two-cell theory" which states that androgen produced by the cells 

----- --- --------------------------------------------
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of the theca interna, diffuses across the basement membrane and is 

converted to estrogen by the granulosa cells. More recently two 

studies provided evidence that progesterone produced by the granulosa 

cells serves as a substrate for androgen production by the cells of the 

theca interna (tiu & Hsueh, 1986; Fortune, 1986). These results 

strengthen the concept that both cell types are necessary for develop

ment of the endocrine function in the mature follicle. 

Regulation of estrogen synthesis requires both gonadotropins, 

but they act on separate compartments of the growing follicle. FSH 

stimulates aromatase activity in the granulosa layer (Erickson and 

Hsueh, 1978), whereas tH stimulates androgen production by the theca 

interna (Rice and Savard, 1966; McNatty et a1., 1979). FSH binding is 

restricted to granulosa cells (Ireland and Richards, 1978; Midgley, 

1973) whereas LH binding is present in the theca interna (Amsterdam et 

al., 1975; Channing and Kammerman, 1974; Midgley, 1973). Both pitui

tary hormones act, at least in part, by stimulating the formation of 

the intracellular second messenger, cyclic adenosine monophosphate 

(cAMP, Marsh, 1970). The cAMP binds to the regulatory subunit of 

protein kinase, thereby activating the enzyme which phosphory1ates 

proteins involved in steroidogenesis (Richards and Rolfes, 1980; 

Richards et a1., 1983). 

Most growing follicles do not reach the preovulatory stage and 

instead degenerate. Atresia can occur at any stage of development and 

is characterized by the death of the oocyte and granulosa cells. 

However, the theca interna undergoes marked hypertrophy to form the 
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interstitial gland or tissue (Koering, 1986). The follicles that do 

not degenerate by the time of the LH surge, will not develop beyond the 

small antral stage during the luteal phase (Koering, 1986). The ovula

tory follicle of the next cycle will be selected from these follicles, 

if fertilization and implantation do not occur. The processes of 

follicular selection and atresia appear to be closely linked. 

Follicular selection could promote atresia, i.e., factors secreted by 

the dominant follicle may cause atresia in other follicles. 

Alternatively the reverse situation may occur; atresia of "incompetent" 

follicles may lead to selection of a dominant follicle. Many investi

gators have examined the process of atresia attempting to discover the 

underlying mechanism. Erickson (1986) described two types of atresia: 

Type A atresia occurs in preantra1 follicles and Type B in antral 

follicles. Atretic follicles are characterized by necrotic changes in 

the oocyte and degenerative changes, e.g, pyknotic nuclei, in the 

granulosa cells, (Koering, 1986). Although investigators can identify 

atretic follicles, no one has been able to predict atresia in follicles 

that do not already show signs of degeneration. Erickson (1986) 

proposed that Type A atresia is initiated by an LH-induced increase in 

androgen production by theca cells in follicles whose granulosa cells 

do not have highly active aromatase. Indeed, a high androgen to estro

gen ratio is associated with atretic follicles (McNatty et a1., 1979). 

Type B atresia may also be induced by LH. However, in this case LH 

causes luteinization of the theca interna switching the gland from a 

primarily androgen-secreting to a progesterone-secreting tissue 
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(Erickson, 1986). This results in a decrease in available androgen for 

aromatization and a decline in follicular estrogen levels. Although 

Erickson (1986) concluded that the most important factor in atresia is 

changes induced by LH in the theca interna, his hypothesis remains to 

be tested. 

In summary, gonadotropins playa primary role in regulating 

follicle development. However, the factor(s) responsible for initia

tion of follicle growth remains unknown. Once the follicle is re

ruited, FSH is essential for continued follicle growth. Both pituitary 

hormones, FSH and LH, control the differentiation of the cells of the 

follicle and the steroidogenic capacity of these cells. Furthermore, 

LH is implicated in inducing atresia in follicles that are not prepared 

for the appropriate response. Thus, selection and maturation of the 

dominant follicle requires that the follicle be exposed to the proper 

concentrations of gonadotropins at precise stages of development. 

Steroid Hormones 

Recently the importance of paracrine and autocrine factors 

versus classical endocrine substances in follicular development has 

received considerable attention. The follicle produces numerous sub

stances of which only a few have been well characterized. In addition 

to steroid hormones, the follicle also produces growth factors, 

inhihin, relaxin and other putative paracrine/autocrine regulators. 

Review of these nonsteroidal factors is beyond the scope of this re

port; however, the reader may wish to refer to some excellent reviews 

by Tsafriri (1988), Steinberger and Ward (1988) and Sherwood (1988). 
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Estrogen produced by the follicle is proposed to have a stimu

latory effect on follicle development. Estrogen is a potent mitogen of 

granulosa cells in the rat ovary (Richards, 1980). Diethylstilbestrol 

(DES, a synthetic estrogen) treatment of immature hypophysectomized 

female rats stimulated the incorporation of [3H] thymidine into granu

losa cell DNA, followed by an increase in the number of granulosa cells 

and in the number of preantral follicles (Goldenberg et al., 1972). 

Moreover, DES exposure increased the uptake of [3H] FSH by the ovary. 

This increase reflected the increased number of granulosa cells per 

ovary and was not due to an increase in the number of FSH receptors per 

granulosa cell (Richards et al., 1976; Richards et al., 1979). 

In addition to its mitogenic effect, estrogen promotes the 

actions of FSH in the follicle. Estradiol augments FSH-stimulated 

aromatase activity in rat granulosa cells (Richards et a1., 1979; 

Adashi. & Hsueh, 1982), as well as FSH-induced formation of LH receptors 

both in vivo and in vitro (Richards et a1., 1976; Richards et al., 

1979). The presence of estrogen is proposed to be essential for FSH 

induction of LH receptors in rat granulosa cells (Richards et al., 

1976; Knecht et al., 1985; Tonetta et al., 1985; Farookhi & Desjardins, 

1986). However, FSH alone was able to stimulate the formation of LH 

receptors in rat and porcine granulosa cells (Nimrod et al., 1977; 

Erickson et a1., 1979; Segaloff and Limbird, 1983). These discrepan

cies may result from differences in the cell isolation and/or culture 

techniques. Erickson and colleagues (1979) reported that FSH induced 

LH receptors only in the absence of serum. Estrogen was not required 

---- ---------------------------------------------
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for receptor induction in granulosa cells when EGTA was removed from 

the dispersion media (Farookhi & Desjardins, 1986). The authors con

cluded that cell-to-cell communication was necessary for LH receptor 

formation and that estrogen (or an aromatizable androgen) may promote 

the formation of gap junctions and thus intercellular interactions 

between granulosa cells. More importantly, estradiol enhances FSH

stimulated cAMP accumulation in rats both in vivo and in vitro 

(Richards et al., 1979; Richards, 1980). The ability of estradiol to 

augment FSH actions is most likely mediated through this mechanism. 

Although estrogen has direct stimulatory actions on follicular 

development in rodent species, similar actions have not been substan

tiated in primates. Administration of estradiol to rhesus monkeys 

during the mid-follicular phase resulted in atresia of the preovulatory 

follicle (Clark et a1., 1981). This study suggests an inhibitory role 

of estradiol on follicular development in primates, however, the site 

of estrogen action was not determined. Another study examined the 

effects of endogenous estrogens in primates by passively immunizing 

cynomolgus monkeys with anti-estradiol antibodies (Zeleznik et a1., 

1987). Treated animals had 3 times as many non-atretic follicles over 

1.0mm in diameter as control animals. The follicles also reached a 

larger size in antibody-treated monkeys. These results also support an 

inhibitory action of estrogen on follicular development in the primate. 

The authors observed an increase in serum FSH and LH levels and con

cluded that endogenous estrogen acts to suppress gonadotropin release 

resulting in a decrease in the number and size of growing follicles. 
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Although estrogen may act through this mechanism, this study does not 

rule out a local effect of estrogen on the primate ovary. More 

recently, Koering (1987) attempted to mimic the immature DES treated 

rat model in juvenile rhesus monkeys. DES treatment of prepubertal 

monkeys did not alter the number or size of growing or atretic pre

antral or antral follicles. Moreover, Hillier and associates (1987) 

did not observe an effect of estradiol on FSH-stimulated aromatase 

activity and progesterone synthesis by granulosa cells isolated from 

marmoset monkeys. These results do not support a direct role for 

estrogen in follicular development in primates that is comparable to 

that postulated in rodents. Indeed, the role of estrogen as a 

autocrine/paracine regulator of primate ov,arian function is question

able. 

In contrast to estrogen actions, progesterone appears to in-

hibit follicular development in rodent species. Progestins inhibited 

both FSH-stimulated estrogen production (SI:hreiber et aI, 1980; Fortune 

& Vincent, 1983) and induction of LH receptor formation (Schreiber et 

al., 1982) in rat granulosa cells in culture. Suppression of aromatase 

activity by progestins was not due to direct competitive inhibition of 

the enzyme or to a decrease in FSH-stimulated cAMP production 

(Schreiber et al., 1981). Thus, progestins are proposed to inhibit FSH 

actions resulting in suppression of follicular growth. Buffler and 

Rosen (1975) observed a concomitant slowing of follicular growth when 

LH was administered to dioestrus rats. LH stimulated ovarian proges

terone production and the authors concluded that progesterone caused 
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the suppression of follicular growth. Progesterone also caused a 

decrease in follicular size and estradiol content in the rabbit (Setty 

& Wills, 1987). No decrease in circulating gonadotropins was detected 

and the authors concluded that the inhibitory actions of progesterone 

were exerted directly on the ovary. 

Progesterone secreted by the corpus luteum is proposed to 

suppress follicular growth in primates. During the luteal phase in the 

rhesus monkey, antral follicles continue to develop, but follicular 

growth is suppressed once the follicles reach 1 mm in diameter 

(Koering, 1986). Inhibition of continued growth in these follicles may 

be mediated by progesterone; however, the mechanism involved has been 

debated. Progesterone treatment decreased serum FSH levels for 24 

hours in women after lutectomy (Baird et al., 1984) and for 40 hours in 

rhesus monkeys during the follicular phase (Resko et al., 1981). These 

authors concluded that progesterone suppressed follicular growth by 

inhibiting FSH release. In contrast, studies by Goodman and Hodgen 

(1977; 1982) indicated that systemic progesterone treatment after 

lutectomy suppressed follicle growth in monkeys without a decrease in 

serum FSH levels. Furthermore, intraovarian progesterone implants 

suppressed follicle development despite an increase in serum FSH. The 

authors concluded that progesterone exerted its inhibitory effect 

directly on the ovaries. Zeleznik and Resko (1980) observed that 

treatment with exogenous gonadotropins (FSH & LH, Pergonal) stimulated 

follicular maturation in the presence of elevated progesterone. These 

results suggest that even if progesterone is capable of suppressing 

---------------------------------------------------------------------------------------
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follicle growth locally, supraphysiological doses of gonadotropins can 

overide this inhibition. 

Intriguing results from other laboratories suggest that proges

terone actions are not entirely inhibitory. Although progestins in

hibited estrogen production, synthetic progestins promoted FSH

stimulated progesterone production and 3B-hydroxysteroid dehydrogenase 

(3B-HSD) activity by rat granulosa cells in culture (Fanju1 et al., 

1982; Ruiz de Ga1arrita et al., 1985). The effects of progestins in 

the rat may also depend on the reproductive status of the animal. 

Richards and Bogovich (1982) observed that progesterone implants facil

itated the effects of LH on the growth of small antral follicles when 

LH levels were low. Moreover, Kim and Greenwald (1987) observed dose

dependent actions of progesterone on follicular development in the 

hamster. Progesterone at doses of 1-100 Ug inhibited follicular growth 

whereas a much higher dose, 1 mg, stimulated follicular growth in the 

hamster. These data suggest that progesterone actions on the follicle 

are dose-dependent. 

Progesterone receptors have been detected in the cytosol of 

whole ovaries of rats (Schreiber & Hsueh, 1979), cows (Jacobs & Smith, 

1980) and humans (Jacobs et aI, 1980). Further localization of proges

terone receptors to specific ovarian compartments was only examined in 

the rat (Schreiber & Erickson, 1979). The authors concluded that the 

progesterone receptor was present in granulosa cells of the growing 

follicles. Estradiol receptors have also been detected in rat granu

losa cells by classical radioligand binding techniques (Richards, 



1975). These findings led to the hypothesis that both estrogen and 

progesterone, exert their actions within the ovary through receptor

mediated pathways. Although estradiol and progesterone are proposed 

modulators of ovarian function in primates, the localization of 

specific receptors for these steroids to compartments of the primate 

ovary has not been investigated. 

Regulation of the Primate Corpus Luteum 

Gonadotropins 

29 

Although the importance of pituitary FSH in the control of 

follicular development has been recognized for many years, FSH was not 

considered to regulate luteal function until recently. One study 

identified FSH binding sites in the human corpus luteum (McNeilly et 

al., 1980). FSH specifically bound to only 10 out of 32 corpora lutea 

with most binding occurring in developing tissues from the early luteal 

phase of the menstrual cycle. Another study examined the effects of 

FSH on steroid production. Corpora lutea from the early, mid and late 

luteal phases of women were minced and the tissue fragments incubated 

with FSH (20 mU/ml, containing <0.1% LH) for 3 hours at 37°C (Hunter 

and Baker, 1981). Estrogen, but not progesterone, production was 

significantly stimulated by FSH in tissues obtained from the early and 

mid luteal phase of the cycle. These studies provide intriguing, 

albeit limited, evidence that FSH regulates estrogen production by the 

corpus 1uteum. 

The classical regulator of the corpus luteum is the luteotro

pin, LH. A luteotropin is defined as a substance that is required for 
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the structural and functional maintenance of the corpus luteum. 

Investigators have assessed the role of LH in regulation of the corpus 

luteum by removing the source of endogenous LH. This has been accom

plished by hypophysectomy, the use of specific anti-LH/heG antibodies, 

or administration of GnRH antagonists. Hypophysectomy results in a 

cessation of ovarian cyclicity (Knobil, 1980). Vandeweile and 

colleagues (1970) administered human menopausal gonadotropins (HMG), a 

combination of the pituitary gonadotropins, FSH and LH, to hypophysec

tomizea women to stimulate follicular development. A large dose of LH 

was administered to mimic the LH surge and elicit ovulation and forma

tion of a corpus luteum. The ensuing luteal phase was abnormal as 

assessed by postovulatory progesterone ?atterns and premature menses. 

If supplementary doses of LH were given after ovulation, the women 

exhibited a luteal phase of normal length and progesterone pattern. 

These data suggest that circulating LH during the luteal phase sustains 

the function of the corpus luteum. It is noteworthy that continued LH 

support did not lengthen the luteal phase of treated women. Thus the 

role of LH in determining the lifespan of the corpus luteum is 

questionable. Asch and coworkers (1982) attempted to repeat 

Vandeweile's study in rhesus monkeys and present contradictory data. 

Since the monkeys exhibited normal progesterone patterns, the authors 

concluded that LH was not necessary for normal luteal function. This 

conclusion is questionable since the authors ignored the length of the 

luteal phase which appears to be shorter than normal in this study and 

more importantly LH was still detectable in the animals. 
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Administration of specific antisera to LH or heG resulted in 

decreased serum progesterone and premature menses in cynomolgus monkeys 

(Moudga1 et a1., 1972; Groff et a1., 1984). These data support the 

hypothesis that the primate corpus 1uteum is dependent on LH for pro

gesterone production and a normal lifespan. Furthermore, administra

tion of GnRH antagonists to women or monkeys inhibited pulsatile LH 

secretion resulting in a rapid decline in circulating progesterone and 

premature menses (Mais et a1., 1986; Collins et a1., 1986). The ef

fects of the GnRH antagonists were reversed by administration of either 

LH or hCG. Using the "hypophysiotropic clamp" designed by Knobi1 

(1980), Hutchison and Ze1eznick (1984) investigated the regulation of 

the primate corpus 1uteum by replacing pituitary gonadotropin secretion 

in hypothalamically 1esioned monkeys. The procedure basically elimi

nates the endogenous source of GnRH, the hypothalamus, and replaces it 

with exogenous GnRH infused in a pulsatile manner. This "clamp" mimics 

the physiological release of GnRH and causes a pulsatile release of LH 

from the pituitary. The use of this clamp reinitiated normal menstrual 

cycles in monkeys with hypothalamic lesions. When the GnRH infusion 

was stopped at any point during the luteal phase, peripheral LH levels 

dropped, peripheral progesterone levels declined and menses occurred. 

These studies support an obligatory role for LH in the regulation of 

the primate corpus luteum. 

In order to ascertain whether LH has a direct effect on the 

corpus luteum, primate luteal cells were incubated in the presence and 

absence of LH or CG and progesterone production was measured (Marsh and 
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LeMaire, 1974; Stouffer et al., 1977b; Stouffer et al., 1980; Dennfors 

et al., 1982). The gonadotropins, LH and CG, acutely stimulated pro

gesterone production by human and monkey luteal cells in vitro. 

Prolactin and FSH were not stimulatory. During long-term exposure to 

hCG, progesterone production by luteal cells was enhanced compared to 

controls on days 2 through 8 of culture (Stouffer et al., 1980). These 

studies support the hypothesis that LH directly modulates luteal 

function in the primate. 

Luteinizing hormone is hypothesized to stimulate progesterone 

secretion via the second messenger, cAMP (Marsh, 1970). This system is 

activated by hormone binding to specific receptors and subsequent 

stimulation of adenylate cyclase, the enzyme that converts intracellu

lar 5'ATP to cAMP. The cAMP binds to regulatory subunits of cAMP

dependent protein kinases (Richards and Rolfes, 1980; Richards et al., 

1983). Protein phosphorylation by protein kinase presumably stimulates 

the conversion of cholesterol to pregnenolone, the rate-limiting step 

in steroidogenesis. The presence of specific, high-affinity receptors 

for LH/CG has been established in the primate corpus luteum (Rao et 

al., 1976; Cameron and Stouffer, 1982a). Also LH and CG stimulate 

adenylate cyclase activity in the primate corpus luteum (Marsh and 

LeMaire, 1974; Eyster and Stouffer, 1985). Furthermore, LH and CG 

increase cAMP accumulation and progesterone production in intact human 

luteal cells (Marsh and LeMaire, 1974; Dennfors et al., 1982) and 

dibutyryl cAMP (dbcAMP) stimulated progesterone production by macaque 

luteal cells to a similar extent as heG (Stouffer et a1., 1979). These 
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data support the hypothesis that LH (or CG) acts at the cellular level 

to stimulate progesterone production via cAMP accumulation. 

LH is released from the pituitary of monkeys and women in a 

pulsatile manner and the pulse frequency changes throughout the 

menstrual cycle (Norman et al., 1984; Crowley et al., 1985). Healy 

and colleagues (1984) also reported that progesterone secretion by the 

corpus luteum is pulsatile in nature. The authors noted that LH pulses 

were often associated with episodic progesterone secretion. Ellinwood 

and coworkers (1984) correlated the occurance of LH pulses with proges

terone puls~s throughout the luteal phase in rhesus monkeys. In the 

early luteal phase, LH pulse frequency was highest and not associated 

with progesterone pulses. During the midluteal phase, a decrease in LH 

pulse frequency was observed with a 70% correlation between proges

terone and LH pulses. By the late luteal phase, the LH pulse frequency 

was lower, but there was a one-to-one correspondence between LH and 

progesterone pulses. These data confirm the acute steroidogenic action 

of LH on the mature corpus luteum. Progesterone production may be 

independent of LH secretion during the early luteal phase, but this 

changes in the mid and late luteal phases when progesterone secretion 

is more responsive to and/or dependent on LH secretion. Ellinwood and 

associates (1984) also noticed an inverse relationship between LH pulse 

frequency and pulse amplitude. They suggest that these factors may 

interact to regulate the lifespan and function of the corpus luteum in 

the menstrual cycle. 



34 

The decline in LH pulse frequency during the luteal phase led 

investigators to speculate that this phenomenon plays a role in luteo

lysis. Soules and colleagues (1987) maintained a rapid LH pulse fre

quency typical of in the follicular phase during the luteal phase in 

women by administration of pulsatile GnRH infusion. This treatment 

regimen did not lengthen the luteal phase. Furthermore, Hutchison and 

associates (1986) reported that slowing the LH pulse frequency in the 

early luteal phase to that observed at luteal regression (1 pulse/8 

hours) did not affect circulating progesterone levels or luteal phase 

length in hypothalamic-clamped monkeys. These studies do not support a 

physiological role for decreasing LH pulse frequency in promoting 

luteo1ysis in the menstrual cycle. In a more recent study, Hutchison 

and Zeleznik (1985) stopped the GnRH infusion in hypothalamic-clamped 

monkeys for 3 days in the early or mid-luteal phase and then resumed 

the pulsatile GnRH infusion. When the GnRH infusion was stopped in 

either phase, peripheral LH and progesterone levels dropped dramatical

ly. Resumption of the GnRH infusion increased circulating levels of 

LH; progesterone levels also increased to within the 95% confidence 

interval of a normal luteal phase. Moreover, the length of the luteal 

phase was not altered by the three-day deprivation of LH support. 

These data suggest that LH is necessary for luteal function (i.e., 

progesterone secretion), but that the structural and cellular integrity 

of the primate corpus 1uteum is relatively independent of LH secretion. 

This implies the existence of a factor other than LH that regulates 

lifespan of the corpus 1uteum in the menstrual cycle. 

---- --------- -- - - - ---- - ------ -------
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Steroid Hormones 

Estrogen is a proposed local regulator of the corpus luteum. 

Estradiol is luteotropic in the rat (Takayama and Greenwald, 1973) and 

rabbit (Keyes et a1., 1979). Indeed, estrogen is the essential luteo

tropin in rabbits. Removal of the endogenous source of estrogen, i.e., 

the follicles, by X-irradiation led to regression of the corpus 1uteum 

in pregnant rabbits (Keyes and Na1bandov, 1967). Neither LH nor pitui

tary extract could maintain luteal structure or function; however, 

treatment with estradiol sustained the corpus 1uteum. Furthermore, 

estradiol was capable of maintaining luteal function in hypophysecto

mized rabbits (Bill and Keyes, 1983). Thus, estr.ogen is exerting its 

luteotropic actions directly on the corpus 1uteum in the rabbit. 

In contrast, it's hypothesized that estrogen is the physiologic 

1uteo1ysin in primate species (Knobi1, 1973). A luteolysin or luteo

lytic agent is defined as a substance that inhibits the steroidogenic 

function of the corpus 1uteum and results in involution of luteal 

tissue. Systemic administration of estrogen during the luteal phase of 

the menstrual cycle (Gore et a1., 1973; Karsch et a!., 1973) or injec

tion of estradiol into the ovary bearing the corpus 1uteum, but not the 

contralateral ovary (Karsch and Sutton, 1976), induced premature 1uteo

lysis in women and rhesus monkeys. Premature 1uteo1ysis was determined 

by a decline in plasma progesterone 1eve:.':.s and premature menses. The 

data indicate that exogenous estrogen is a 1uteo1ytic agent. However, 
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the physiological significance of estrogen in spontaneous luteolysis 

and the mechanism of estrogen-induced luteolysis have not been deter

mined. 

Estrogen acts at the level of the hypothalamus and/or pituitary 

to inhibit LH release from the anterior pituitary (Knobil, 1988). 

Thus, estrogen-induced luteolysis may occur secondary to suppression of 

the secretion of the luteotropin, LH. Karsch and colleagues (1973) and 

Karsch and Sutton (1976) reported that plasma LH levels did not de

crease during estrogen-induced luteolysis. Contrary to these findings, 

Schoonmaker and coworkers (1982) reported that intraluteal estrogen 

implants caused premature 1uteolysis in seven of twelve monkeys and 

that serum LH was significantly suppressed in only the seven monkeys in 

which premature luteolysis occurred. These authors concluded that 

estrogen induced 1uteolysis via suppression of LH secretion. In a more 

recent study, Hutchison and associates (1987) administered exogenous 

estradiol to normally cycling and "hypophysiotropic-clamped" rhesus 

monkeys. Estradiol treatment induced luteolysis during the normal 

cycle, but failed to induce luteal regression in animals whose gonado

tropin secretion was controlled by pulsatile GnRH administration. The 

authors concluded that the major site of estrogen action was in the 

hypothalamus and not in the corpus luteum. Although maintenance of LH 

levels prevented premature luteolysis, these studies do not exclude 

direct estrogen actions on the corpus luteum. 

To ascertain whether estrogen exerted a direct inhibitory ef

fect on primate luteal function, luteal cells from women (Williams et 
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al., 1979; Thibier et al., 1980) and rhesus monkeys (Stouffer et al., 

1977a) were incubated in the presence of estradiol and gonadotropin, 

hCG. In all cases, estradiol inhibited hCG-stimulated progesterone 

production by luteal cells. Stouffer and colleagues (1977a) also 

reported that estradiol (1000 ng/ml) significantly decreased basal 

progesterone production by cells from mid-luteal phase of the cycle. 

Ten-fold less estradiol (100 ng/ml) significantly reduced progesterone 

production by cells from the late luteal phase. Thus estrogen may have 

direct effects on luteal cells. Furthermore, cells from the late 

luteal phase of the cycle may be more sensitive to estrogen action. 

Since estrogen is produced by the primate corpus luteum, direct actions 

of estrogen may be of physiological relevance. Estrogen concentrations 

increase in the corpus luteum with the stage of development (Butler et 

al., 1975). Estradiol and estrone concentrations in corpora lutea 

collected 8-13 days after the LH surge were four-fold greater than 

estrogen concentrations in corpora lutea collected 4-6 days after the 

LH surge. In an attempt to correlate estrogen production with spon

taneous luteolysis, Stouffer and colleagues (1980a) measured estrogen 

production by macaque luteal cells at different stages of the luteal 

phase. The data indicate that the capacity for estrogen synthesis 

decreases coincident with decreasing progesterone secretion. The 

authors suggest, however, that in vivo estrogen production may be 

modulated by androgens from extraluteal sources. 

Although estrogen has direct effects on luteal progesterone 

production, the mechanism of action has not been determined. Williams 
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and colleagues (1979) observed that estradiol did not block hCG 

stimulation of cAMP accumulation, but did block dbcAMP stimulation of 

progesterone synthesis by human luteal cells. These results suggest 

that estrogen exerts its inhibitory action at a site distal to cAMP 

accumulation. Depp and colleagues (1973) demonstrated that at high 

concentrations, estradiol directly inhibits the oxidation of pregneno

lone to progesterone by the enzyme 3S-HSD. The authors concluded that 

this inhibition occurred by a complex noncompetitive mechanism. 

Estrogens could induce luteolysis by accumulating in large concentra

tions within the corpus luteum such that the enzyme, 3S-HSD is 

inhibited. However, the concentrations present in corpora lutea are 

not high enough to inhibit the activity of 38-HSD (50% inhibition at 

2.0 x 10-5M). Thus, estrogen inhibition of 3S-HSD is probably not of 

physiological significance. 

Auletta and coworkers (1976) suggested that estrogen-induced 

luteolysis is mediated by prostaglandins. They treated rhesus monkeys 

with diethylstilbestrol (DES) alone or DES plus indomethacin, a prosta

glandin synthetase inhibitor, starting in the early or midluteal phase 

of the menstrual cycle. DES induced premature luteolysis in monkeys 

treated during the mid-luteal phase of the cycle. Indomethacin preven

ted the premature luteolysis induced by estrogen, suggesting that 

estrogen's action is mediated by the synthesis of prostaglandins. 

However, this study did not have suitable controls. Thibier and col

leagues (1980) reported that estradiol inhibition of hCG-stimu1ated 

progesterone production by human luteal cells in vitro occurred without 
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an increase in PGF2a accumulation. Moreover, indomethacin markedly 

reduced PGF2a accumulation but had no effect 011 estradiol inhibition of 

progesterone production. These authors concluded that the inhibitory 

effects of estradiol in vitro are not mediated by prostaglandins. To 

further investigate this controversy, Auletta anq coworkers (1978) 

measured ovarian vein concentrations of LH, PGF2a and progesterone in 

response to a systemic infusion of estradiol. Vehicle treatments had 

no effect on LH, PGF 2a , progesterone or estrogen concentrations, 

whereas estradiol infusion lowered ovarian progesterone levels and 

raised PGF2a levels without any change in LH concentration. These data 

support the hypothesis that estradiol stimulates the primate corpus 

luteum to produce prostaglandins. This stimulation, however, may not 

be receptor-mediated. Degen and colleagues (1987) examined the direct 

effects of estrogens on the enzyme, prostaglandin synthase. Estrogens 

stimulated prostaglandin formation by serving as reducing cofactors for 

prostaglandin synthase; hence PGH2 metabolism in the presence of estro

gen resulted in increased PGF2a formation. Thus estrogen actions on 

the corpus luteum may be mediated by prostaglandins, however this may 

not be a receptor-mediated event. 

Evidence that exogenous estrogen is luteolytic in primates and 

that the corpus luteum is capable of synthesizing estrogen led to the 

"self-destruct" hypothesis of Knobil (1973). To further assess the role 

of luteal estrogen in spontaneous luteolysis in primates, investigators 

have used two approaches: a) antagonizing the actions of endogenous 

estrogen and b) inhibiting estrogen synthesis. Westfahl and Kling 
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(1982) reported that administration of clomiphene, an estrogen 

antagonist, to baboons did not prolong the luteal phase of the men

strual cycle; however, clomiphene blocked exogenous estrogen-induced 

luteolysis. The authors conclude that a) estrogen-induced luteolysis 

is the result of a decrease in luteotropic (LH) support and b) spon

taneous luteolysis is the result of another mechanism that may not 

involve endogenous estrogen. In this study, the researchers appear to 

have blocked estrogen e~fects at the level of the pituitary since 

clomiphene blocked estrogen-induced luteolysis, but estrogen activity 

may not have been blocked at the level of the corpus luteum. Thus, the 

authors cannot be assured that endogenous estrogens are not causing 

spontaneous luteolysis. Ellinwood and Resko (1983) used an aromatase 

inhibitor 1,4,6-androstatriene-3, l7-dione (ATD), to decrease endog

enous estrogen concentrations in rhesus monkeys. Administration of ATD 

reduced intraluteal estrogen levels by 80-90%, but did not completely 

abolish the mid luteal rise in estradiol. Normal progesterone patterns 

and timely onset of luteolysis occurred despite ATD treatment. The 

authors concluded that estradiol was not a primary stimulus for spon

taneous luteolysis. 

Thus, administration of exogenous estrogen induces luteolysis 

during the menstrual cycle, but the role of endogenous estrogen in 

spontaneous luteolysis in primate species remains questionable. 

Whether estrogen treatment causes luteolysis via suppression of LH 

secretion, a direct effect on luteal cells, or both has not been deter

mined. Estrogen's direct actions on luteal cells may be via a decrease 
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in LH receptors, inhibition of steroidogenic enzymes, stimulation of 

prostaglandin synthesis or a combination of these. Although there is 

evidence for a direct effect of estrogen on primate luteal cells, 

receptor-mediated versus non-receptor actions for estrogen in the pri

mate corpus 1uteum have not been characterized. 

In contrast to estrogen's luteolytic actions, progesterone is a 

proposed luteotropic agent. Rothchild (1981) hypothesized that proges

terone stimulates its own production in the mammalian corpus luteum. 

Loew and Zambelis (1979) reported that progesterone prevented the 

appearance of the enzyme 20 a-hydroxysteroid dehydrogenase in rat 

corpora lutea (20~HSD) following injection of anti-bovine LH serum. In 

rats treated with only anti-bovine LH serum, a drop in progesterone 

occurred 2-3 days prior to the appearance of 20~HSD activity in the 

corpus luteum. These results support the concept that progesterone, 

either directly or indirectly, is involved in the regulation of 20~HSD. 

Recent research by Pate (1987) suggests that progesterone decreases 

PGF2~ production in bovine luteal cells in a dose-dependent manner • 

The combination of LH and progesterone increased the ratio of 6-keto 

PGF1~:PGF2~ produced by luteal cells. The author postulated that 

progesterone modulates luteal PGI2 (a luteotropic substance) and PGF2~ 

(a luteolytic agent) synthesis and facilitates its own synthesis by 

maintaining a high intracellular ratio of PGI2:PGF2~. Two studies 

with human granulosa lutein cells examined the effects of a proges

terone antagonist, RU 486, on steroidogenesis (Dimattina et al., 1986 

and 1987). Treatment with RU 486 decreased progesterone production, 
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and inhibited 36-HSD and 17a hydroxylase activity in a dose-dependent 

manner, with no effect on aromatase activity. Whether RU 486 was 

acting as a pure progesterone antagonist or agonist, was not examined 

in these studies. These few studies support a role for progesterone in 

regulating luteal function. However, the mechanism by which proges

terone exerts its actions remains unknown. The effect of progesterone 

on prostaglandin synthesis is presumably not via a direct effect on the 

enzyme, prostaglandin synthase (Degan et al., 1987). These actions may 

be receptor-mediated since RU 486 binds to, but does not activate, the 

progesterone receptor (Baulieu, 1985). Although progesterone receptors 

have been detected in the human ovary (Jacobs et al., 1980), the 

localization of these putative receptors to the corpus 1uteum was not 

determined. 

Prostaglandins 

Prostaglandin (PG) F2a , like estrogen, has been hypothesized to 

be a physiologic luteo1ysin in primates (Auletta and Flint, 1988). 

Kirton et a1., (1970) administered PGF2a by subcutaneous injection at a 

dose of 30 mg/day for 5 days during the late luteal phase of mated 

rhesus monkeys and observed a decrease in plasma progesterone and 

initiation of menses in 5 of 6 monkeys. Infusion of PGF2a during the 

luteal phase of the menstrual cycle caused a decrease in plasma proges

terone levels and premature menses in women (Lehmann et a1., 1972; 

Wentz and Jones, 1973) and rhesus monkeys (Kirton and Koering, 1973; 

Auletta et al., 1973). The infusion rates used in these studies were 

greater than 50 ~g/min, which resulted in pharmacological levels of 
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circulating prostaglandins. These data suggest that PGF2~ is 

luteolytic at pharmacological doses. Kirton and Koering (1973) noted 

that luteal cells that had been exposed to PGF2~ in vivo had a de

creased number of organelles compared to vehicle-controls. This data 

suggests that PGF2~ may affect the structure of the primate corpus 

luteum. Alternatively, Jewelewicz and coworkers (1972) and LeMaire and 

Shapiro (1972) reported that infusion of PGF2~ in normal cycling women 

did not decrease plasma progesterone or cause premature menses. These 

discrepancies in results may be dose-related, since Auletta and col

leagues (1973) observed increased circulating levels of progesterone at 

low doses of PGF2~' but decreased progesterone concentrations at high 

doses of ~GF2~. Also, the route of administration, the different times 

of the luteal phase in which PGF2a treatment began and the rapid degra

dation of circulating prostaglandins complicates the comparison of 

these results. 

In many nonprimate species a substance(s) secreted by the 

uterus (proposed to be PGF2~) is critical in determining luteal life

span (Niswender and Nett, 1988). Removal of the uterus in these ani

mals results in prolonged luteal lifespan and function. In primates, 

prostaglandins or other substances produced by the uterus are not 

required for determining luteal lifespan or progesterone production, 

since hysterectomy does not alter the luteal phase (Beling et al., 

1970; Neill et al., 1969). However, the primate corpus luteum 

reportedly synthesizes prostaglandins (Challis et al., 1976; Balmaceda 

et al., 1979; Johnson et al., 1987). Limited evidence suggests that 
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the synthesis of PGE2 and PGF2~ varies throughout the cycle and that 

the ratio of PGE2:PGF2~ may be important in determining the lifespan of 

the corpus 1uteum. These studies led to another "self-destruct" hy

pothesis that intraluteal prostaglandin synthesis initiates luteolysis 

in the primate. However, a correlation between intralutea1 PGF2~ 

concentrations, functional luteolysis, and the decrease in progesterone 

production has not been demonstrated. Shutt and coworkers (1976) 

observed a negative correlation between luteal PGF2~ and progestins in 

the late luteal phase of women. However, Swanston and colleagues 

(1977) report there is no correlation between luteal PGF2~ and proges

terone concentrations. Auletta and coworkers (1984b) observed that 

concentrations of PGF2~-metabolite increased in ovarian venous blood 

draining the corpus luteum, but not on the contraluteal side during the 

late luteal phase in rhesus monkeys. The combined data are confusing 

and inconclusive and the physiological role of PGF2~ in spontaneous 

luteo1ysis remains undetermined. Premature menses and decreased plasma 

progesterone followed intra1utea1 injection of ·PGF21l. in women (Korda et 

a1., 1975) and intra1utea1 infusion of PGF2~ in rhesus monkeys (Auletta 

et al., 1984a). Injection of PGF2~ subcutaneously or infusion of PGF2~ 

into the ovarian stroma had no effect on the corpus luteum. These 

experiments are closer to mimicking the physiological situation than in 

previous experiments and support the hypothesis that intra1utea1 pros

taglandins are luteo1ytic. 

The possible mechanism by which PGF2~ induces luteolysis is 

unknown. Prostaglandins are potent vasoconstrictors and thus 
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decreased blood flow to the corpus luteum (Ellinwood et al., 1978). 
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There is no evidence to support this theory in the primate. The re

sults of one study in the rhesus monkey (Auletta et al., 1973) suggest 

that PGF2~-induced luteolysis does not occur due to a decrease in 

ovarian blood flow. Extensive evidence in the rat (Behrman et al., 

1979) suggests that decreased ovarian blood flow is a result rather 

than a cause of luteolysis. 

Prostaglandins may act directly on luteal cells to cause luteo

lysis. Powell and colleagues (1974) and Rao and coworkers (1977) 

presented evidence of binding sites for PGF2~ in the human corpus 

luteum. Prostaglandin F2~ stimulated cAMP production (Dennefors et 

al., 1982) and progesterone production (Stouffer et al., 1979) by cells 

from the early luteal phase of the menstrual cycle. However, cells 

from mid-luteal phase were unresponsive to PGF2~. Contrary to this 

data, Richardson and Masson (1980) report that cells from mid-luteal 

phase of the menstrual cycle were stimulated by PGF2~' but cells from 

late luteal phase were unresponsive. Thus the effect of PGF2~ appears 

to depend on the age of the corpus luteum. Discrepancies in the above 

data may arise from the different procedures used to estimate the age 

of the corpus luteum. Prostaglandin F2~ decreased gonadotropin stimu

lation of cAMP and progesterone production by mid-luteal phase cells 

from humans and monkeys (Dennefors et al., 1982; Stouffer et al., 

1979), but did not inhibit dbcAMP-stimulated progesterone production. 

These data suggest that PGF2 inhibits LH/CG stimulation of adenylate .n 
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cyclase. Sortel and colleagues (1981) reported that an intraluteal 

injection of PGF2~ decreased the number of LH receptors without 

changing binding affinity. PGF2~ increased the concentration of cGMP 

in luteal tissue, whereas cAMP levels remained unchanged. The authors 

propose that PGF2~ causes a decline in progesterone production by a 

loss of LH/CG receptors and activa~ion of the cGMP system. 

Nevertheless, the role of PGF2~ in spontaneous luteolysis in primate 

species remains undetermined. 

Prostaglandins E2 , D2 and 12 are proposed luteotropic agents in 

primates. Prostaglandin E2 stimulates cAMP production (Dennefors et 

a1., 1982; Marsh and LeMaire, 1974) and progesterone production 

(Stouffer et al., 1979; Marsh and LeMaire, 1974) by primate luteal 

cells in vitro. These actions are presumably mediated by specific 

receptors for PGE2 (Tanaka et al., 1983). Furthermore, prostaglandins 

E2, D2 and 12 stimulate adenylate cyclase in homogenates of monkey 

luteal tissue (Molskness et al., 1987). Thus, prostaglandins appear to 

exert their actions via receptor-mediated activation of adenylate cy

clase. The stimulatory effect of PGE2 may depend on the age of the 

corpus 1uteum. Luteal cells from early luteal phase of the menstrual 

cycle are stimulated by PGE2, whereas cells from midluteal phase are 

unresponsive to PGE2 (Stouffer et al., 1979; Dennefors et al., 1982). 

Primate luteal cells are capable of synthesizing PGE2 and PG12 (Johnson 

et a1., 1987) and thus there is the possibility of an intraluteal 

luteotropic action of PGs. Further investigation is needed to eluci-
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primate corpus luteum. 
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In summary, administration of PGF2a at pharmacological doses 

induces luteolysis in primates; however, the physiological role of 

PGF2a in spontaneous luteolysis is questionable. The mechanism of 

PGF2a-induced luteolysis has not been determined but two theories that 

have been supported recently are a) inhibition of gonadotropin (i.e., 

luteotropin) action via suppression of LH/CG-sensitive adenylate cy

clase (or perhaps by a decrease in the number of LH/CG receptors) and 

b) stimulation of the guanylate cyclase system. In addition, a role 

for luteotropic prostaglandins in regulation of the primate corpus 

luteum has been postulated. 

Heterogeneity of Ovarian Cells 

Follicle 

The follicle wall consists of two distinct layers of cells, the 

theca and granulosa (Koering, 1986). The thecal layer has been further 

divided into the theca externa and interna. The theca externa is 

comprised of fibroblast-like cells and connective tissue, whereas the 

interna is populated by epithelial-like cells. The cells of the theca 

interna serve an endocrine function. Until recently the granulosa 

layer of the developing follicle was regarded as a homogenous popula

tion of cells. However, studies by Zoeler and Weisz (1978; 1979; 1980) 

provided evidence that the membrane granulosa consists of at least 

three regions; the mural (nearest the basement membrane), periantral 

(near the antrum) and cumulus (the cells surrounding the oocytes). The 
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authors examined the distribution of three enzymes involved in 

steroidogenesis, cytochrome P-450, 3S-HSD and lysosomal enzyme 

activity, in developing follicles of the rat ovary. Cytochrome p-450 

was .located in the mural and periantral granulosa, but not in the 

cumulus cells. The activity of 3S-HSD and lysosomal enzymes increased 

during follicle maturation. These enzymes occurred first in the mural 

granulosa and later in the periantral cells. These results suggest 

that the granulosa'layer consists of three subpopulations of cells that 

differ in steroidogenic capacity. 

In addition, subpopulations of granulosa cells may be regulated 

by different hormones. Amsterdam and associates (1975) demonstrated 

that hCG binding occurred primarily in the mural granulosa cells (first 

3-4 layers) of the Graafian follicle in the rat. Binding decreased 

abruptly towards the periantral layers. The cumulus cells were devoid 

of any specific binding. In contrast, prolactin receptors were located 

predominantly in the cumulus cells, with the fewest receptors detected 

in the mural layer nearest the basement membrane (Dunaif et al., 1982). 

Prolifera~ion and differentiation of granulosa cells in the 

follicle appears to proceed inward from the basement membrane. 

Proliferation of granulosa cells, as determined by uptake of [3H] 

thymidine, was homogenous in small, immature antral follicles of the 

rat (Hirshfield, 1986). However, as the follicle matured, prolIfera

tion ceased in the mural granulosa cells and increased in the perian

tra1 cells. These data suggest that the mural granulosa are the first 

to stop dividing and to differentiate. Erickson and coworkers (1985) 
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utilized a monoclonal antibody, anti-OA-l, to distinguish two subtypes 

of granulosa cells in the rat ovary. Granulosa cells of preantral 

follicles were strongly positive for anti-OA-l and appeared as a 

homogenous population. However, once the follicle developed to the 

Graafian stage, 75% of the granulosa cells in the mural region became 

negative to the antibody while the periantral and cumulus cells re

mained positive. The disappearance of anti-OA-l reactivity was 

initiated by FSH and preceded the appearance of LH/hCG receptors, 3~

HSD activity and cytoplasmic lipid inclusions in mural granulosa cells. 

These results imply that expression of the antigen to the monoclonal 

antibody varies in granulosa cells and that changes in the antigen is 

one of the first steps in cellular differentiation. Furthermore, these 

studies support the hypothesis that the mural granulosa cells are the 

first to differentiate into steroidogenic and LH-responsive cell types. 

Kasson and associates (1985) isolated three subpopulations of 

granulosa cells from immature rat follicles by density gradient centri

fugation. The subpopulation with the lowest density (Peak A) comprised 

only 5% of the total cells whereas Peaks B (intermediate density) and C 

(highest density) each contained approximately 50% of the cells. The 

cells from Peak A did not demonstrate a response to either FSH, vaso

active intestinal peptide (VIP), or forskolin as judged by steroid 

(both estrogen and progesterone) production. In contrast, cells from 

Peak B responded to VIP, but not FSH, with increased steroid produc

tion, whereas cells from Peak C responded to FSH, but not VIP, with 

increased steroid production and LH binding. Both cell types (Peaks B 
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and C) responded to forskolin with increased steroid production. 

Receptors for GnRH were detected in the cells in Peak C, but not in the 

other two subpopulations (Peaks A and B). These results suggest that 

the granulosa cells of immature follicles are also heterogenous; the 

cells can be divided into three subpopulations that differ in their 

ability to respond to FSH and VIP. 

Recently, Marrone and Crissman (1988) characterized two sub

populations of granulosa cells in the hen ovary by using multiparameter 

flow cytometry. This methodology allowed the authors to simultaneously 

detect differences in size, protein content, and RNA or DNA content 

between individual cells. The authors described two subpopulations 

which they defined as high or low protein cells. The high protein 

cells were larger, had a higher RNA content and a higher staining 

intensity for DNA in the Gl phase of the cell cycle. The two groups 

also differed in the percentage of cells in each of the phases of the 

cell cycle (e.g., Gl , S, G2 and M). The relative percentage of each 

cell type within the follicle changed during follicular maturation and 

was influenced by the stage of the ovulatory cycle. These results 

demonstrate a dynamic heterogeneity of granulosa cell populations from 

individual follicles of the hen ovary. Furthermore, this study illu

strates the potential for identification and separation of cell sub

populations by utilizing the analytic and sorting capabilities of the 

flow cytometer. 

These studies support the hypothesis that the granulosa cells 

of developing follicles are a heterogenous population. Granulosa cells 

._.- --------------------------------------------
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differ in hormonal regulation and in steroidogenic capacity. Possible 

interactions between these cell types remain to be elucidated. Whether 

or not these granulosa cell subpopulations retain their distinct dif

ferences after luteinization has yet to be investigated. Since the 

theca interna also luteinizes and contributes to the developing corpus 

luteum (Niswender and Nett, 1988), the possibility remains that thecal

derived luteal cells differ from granulosa-derived luteal cells 

resulting in a heterogeneous gland. 

Corpus Luteum 

Until recently, the mammalian corpus luteum was considered to 

consist of a homogeneous population of cells which were regulated in 

the same manner. With the discovery of distinct luteal cell types in 

domestic animals, theories on regulation of the corpus luteum have been 

revised. Two luteal cell types which differ in size have been dis

tinguished on a morphological basis in the sow (Lemon and Loir, 1977), 

the ewe (O'Shea et a!., 1979), and the cow (Chegini et al., 1984). 

These cells have been classified as small (10-25 um) or large (25-50 

um) cells based on their diameters. Both cell types stain positively 

for 38-HSD (O'Shea et al., 1979; Fitz et al., 1982) implying that both 

cell types are steroidogenic. Small luteal cells have irregular-shaped 

nuclei, variable sized mitochondria containing both tubular and lamel

lar cristae, a Golgi apparatus, some smooth endoplasmic reticulum (ER) 

and rough ER, a low cytoplasmic/nuclear ratio and some granules and 

lipid droplets. In comparison, large luteal cells contain more tubular 

ER, more rough ER which is peripherially located, numerous Golgi com-

--- ---------------------------------------------



52 

plexes, lipid droplets, more mitochondria which are of a regular size 

with tubular cristae, a higher cytoplasmic/nuclear ratio and electron 

dense membrane-bound secretory granules of 0.2 to 0.4 J,1m in diameter. 

These differences in cellular structure suggest that there are dif

ferences in cell function, in the form of steroid and protein produc

tion and secretion. Mitochondria contain the enzyme, desmolase which 

catalyses the rate-limiting step in steroidogenesis, the conversion of 

cholesterol to pregnenolone. The enzymes involved in cholesterol syn

thesis and steroid synthesis have been associated with microsomal 

smooth ER (Christensen and Gillium, 1969). An increase in the number 

and size of these two structures implies an increase in steroid produc

tion in the large luteal cell. Rough ER is associated with protein 

synthesis and thus cells containing more rough ER could synthesize more 

protein. The membrane bound granules in large cells were originally 

postulated to contain progesterone (Gemmell et al., 1974). However, 

other investigators propose that once progesterone is synthesized, it 

leaves the cell by diffusion (Ender, 1973; Carlson et al., 1983). 

Recently the granules in large luteal cells from the ewe, cow and sow 

(Rodgers et al., 1983; Guldenaar et al., 1984; Kendall et al., 1978) 

have been hypothesized to contain protein hormones. Indeed, immuno

cytochemistry has localized oxytocin and its carrier protein, neuro

physin, in the granules of the large luteal cells of the ewe and cow 

(Fields and Fields, 1986; Theodosis et al., 1986). 

Changes in the cellular composition of the corpus luteum is 

proposed to occur during the lifespan of the tissue. Investigators 

_ .. _ .. _-----------------------------------------
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have examined the changes in luteal cell types throughout the estrous 

cycle of the ewe (O'Shea et al., 1986; Schwall et al., 1986; Farin et 

al., 1986). There were no significant differences in the numbers or 

volume of small luteal cells between days 9 and 13 of the estrous cycle 

(O'Shea et al., 1986). Farin and colleagues also reported no change in 

size of small luteal cells; however, the number of small cells in

creased on day 8 (compared to day 4) and remained elevated. Schwall 

and colleagues observed an increase in the number of large luteal cells 

between days 4 and 8 of the estrous cycle. In this study, classifica

tion of luteal cell types was based on cell diameter. The two other 

laboratories (O'Shea et al., 1986; Farin et al., 1986) classified cell 

types based on ultrastructural differences and observed an increase in 

size, but not number of large luteal cells. Thus, it is possible that 

some morphologically large luteal cells were classified by Schwall and 

colleagues (1986) as 'small' luteal cells on day 4, but as 'large' 

luteal cells on day 8. Schwall and coworkers (1986) observed a de

crease in small luteal cells during luteolysis. Farin and colleagues 

(1986) reported a slight but nonsignificant decline in the number of 

these cells. The authors concluded that perhaps the small luteal cells 

are more fragile later in the cycle and do not survive the dissociation 

process used by Schwall and coworkers (1986). These studies suggest 

that changes in the number of small luteal cells correspond to changes 

in the stages of the lifespan of the corpus luteum. An increase in the 

number of small luteal cells occurred with development of the tissue 

whereas a decrease was observed with regression. However, these 

--~ ------------------------------------------------------------------------------------------
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studies must be reviewed with caution. New studies are needed using 

better techniques for identifying cell types in order to confirm these 

reports. 

Functional differences between these distinct luteal cell types 

has been studied by immunocytochemistry and following separation of the 

two luteal cell types by sedimentation at unit gravity, density 

gradient centrifugation and elutriation. Basal progesterone production 

by large luteal cells in vitro is at least 10-fold greater than that by 

small luteal cells (Lemon and Loir, 1977; Ursely and LeMaire, 1977; 

Koos and Hansel, 1981; Fitz et al., 1982; Rodgers et alo, 1983; Hoyer 

et al., 1984). In addition, large luteal cells in the ewe produce and 

secrete the protein hormone, oxytocin, whereas small luteal cells do 

not (Rodgers et al., 1983). Immunocytochemistry has localized oxytocin 

in the large luteal cells of the ewe (Sawyer et al., 1987) and cow 

(Guldenaar et al., 1984) and relaxin in the large luteal cells of sows 

(Kendall et al., 1978; Fields and Fields, 1985). Taylor and colleagues 

(1987) recently examined the steroidogenic capacity (as detected by 

staining histochemically for 36-HSD) and relaxin secretory activity (as 

detected by reverse hemolytic plaque assay) of individual large luteal 

cells in the pregnant sow. Approximately 32% of the large luteal cells 

were steroidogenic, 18% secreted relaxin only, 28% were steroidogenic 

and produced relaxin and 22% were neither steroidogenic nor relaxin 

secreting cells. These results indicate that further functional dif

ferences exist within the population of large luteal cell of the 
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and progesterone production by these ~ells. 
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In vitro studies revealed that the separated luteal cell types 

are regulated differently by endocrine and paracrine factors. Small 

luteal cells are much more responsive to LH stimulation of progesterone 

production (Lemon and Loir, 1977; Ursely and LeMaire, 1977; Koos and 

Hansel, 1981; Fitz et al., 1982; Rodgers et a1., 1983; Hoyer et al., 

1984; Harrison et al., 1987) than large luteal cells. Indeed, any LH

stimulated progesterone production by large luteal cells was attributed 

to contamination by small luteal cells (Koos and Hansel, 1981; Fitz et 

a1., 1982; Rodgers et a1., 1983; Hoyer et al., 1984). In one study 

(Fitz et a1., 1982) the majority of binding sites for LH/CG were detec

ted on small ovine luteal cells (33,260 per cell) compared to large 

luteal cells (3,074 per cell). In contrast, a more recent study by the 

same laboratory (Harrison et al., 1987) showed no difference in the 

number of LH binding sites between small and large ovine luteal cells 

on days 10 and 15 of the estrous cycle. These discrepancies may be due 

to differences in the reproductive status of the ewes (the later study 

utilized normal cycling animals, as opposed to superovulated ewes in 

the earlier study), and/or different methods for dissociating cells or 

determining number of binding sites. Nevertheless, the authors still 

observed LH-stimulation of progesterone production in small, but not 

large, luteal cells. In addition, dbcAMP increased progesterone pro

duction by small but not large, luteal cells (Fitz et al., 1982; 

Rodgers et a1., 1983). Nonhormonal stimulators of adenylate cyclase, 



56 

forskolin and cholera toxin, increased cAMP accumulation in small and 

large ovine luteal cells, but did not enhance progesterone production 

by large cells (Hoyer et al., 1984; Hoyer and Niswender, 1986). 

Furthermore, the increases in cAMP and progesterone production by small 

ovine luteal cells was accompanied by a dose-dependent decrease in 

photoincorporation of [32P]8-azidoadenosine cAMP into type I isoenzyme 

regulatory subunit (Rl ) of protein kinase (Hoyer and Niswender, 1986). 

A time-dependent decrease in photoincorporation into Rl in small cells 

preceded the increase in progesterone secretion. A decrease in photo

incorporation into Rl occurred in large cells, bue was not accompanyed 

by an increase in progesterone production. These combined results 

suggest that small luteal cells, but not 1arge luteal cells, are very 

responsive to LH and cAMP action. Hoyer and colleagues (1984) suggest 

that large luteal cells are producing progesterone at a maximal rate 

and thus are not responsive to further stimulation. Contrary to the 

previous studies, Chegini and coworkers (1984) observed no significant 

difference in hCG stimulation of progesterone production by small or 

large luteal cells from the cow. The authors suggest that unlike the 

cycling animals on which the previous work was performed, the pregnant 

animals in their study had "functionally homogeneous" luteal cells. 

This hypothesis is disputable since Lemon and Loir (1977) reported an 

LH response by small luteal cells, but not by large luteal cells, at 90 

days of gestation in the sow. The results of Chegini and coworkers 

(1984) are also difficult to compare to the previous work since dif-
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luteal cells. 
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The discovery that the majority of binding sites for PGF2a and 

estradiol, are on large luteal cells (Fitz et al., 1982; Glass et al., 

1984) in the sheep led to the hypothesis that luteolysis involves 

direct actions of these substances on the large luteal cell. In addi

tion, the majority of binding sites for PGE2, a luteotropic substance, 

were located on large luteal cells (Fitz et al., 1982). Large luteal 

cells from the sheep were also more responsive to prostaglandins than 

small luteal cells (Fitz et al., 1984a). Prostaglandins E1, E2 and 12 

stimulated progesterone secretion by large luteal cells, but had no 

effect on small luteal cells. Prostaglandin E2 did not stimulate cAMP 

accumulation; therefore prostaglandin stimulation of progesterone pro

duction by large luteal cells may not be cAMP mediated. In contrast, 

another study from the same laboratory (Harrison et al., 1987) showed 

no effect of PGE2 on progesterone production by either the small or 

large luteal cells. As noted before, these discrepancies may be re

lated to the reproductive status of the ewes, and/or to differences in 

the culture conditions or duration of exposure to PGE20 Exposure to 

PGF2a for 6 and 18 hours inhibited PGE2-stimulated progesterone produc

tion by large luteal cells and decreased cell viability (Fitz et al., 

1984b). The PGF2a-treated cells developed extensive areas of smooth 

surfaces, retracted processes and a surrounding of apparently extruded 

cytoplasm; the cells were judged to be degenerative. Interestingly, 

Rodgers and coworkers (1985) observed that PGF2a inhibited LH-
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stimulated progesterone production by a large cell fraction from the 

cells, but did not inhibit LH stimulation in a purified preparation of 

small luteal cells. This large cell fraction was contaminated with 

small luteal cells and LH-stimulated progesterone production may have 

been due to this contamination. The authors speculated that PGF2~ 

inhibition of LH-stimulated progesterone production by small cells 

required the presence of large luteal cells. In contrast to these 

findings in the ewe, PGF2~ inhibited LH-induced cAMP accumulation and 

progesterone production by purified small luteal cells from the preg

nant cow (Benhaim et al., 1987). These results suggest that PGF2~ 

exerts a direct effect on the small luteal cell in the pregnant cow. 

Collectively, the data suggest that in the sheep, the primary 

luteotropic hormone LH acts on small luteal cells, whereas the putative 

luteolysin PGF2a acts on large luteal cells. This implies that the two 

cell types interact to determine the function and lifespan of the 

corpus luteum. Braden and associates (1988) recently reported that in 

vivo injections of PGF2~ increased the fragility and decreased the size 

of large luteal cells and preferentially decreased the number of small 

luteal cells in the corpus luteum of the ewe. These results suggest 

that the luteolytic signal of PGF2a is transmitted from large to small 

luteal cells. Gamboni and colleagues (1984) proposed that PGF2~ treat

ment of large ovine luteal cells elicited the secretion of a factor 

which is detrimental to small luteal function. Since oxytocin is 

produced by large luteal cells (Rodgers et al., 1983), this hormone 

could serve as a signal transmitted from large to small luteal cells. 
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However, Rodgers and coworkers (1985) did not observe any effect of 

oxytocin at doses between 5-500 m I.U./ml on progesterone production by 

amall or large luteal cells in the presence and absence of LH or 

dbcAMP. Lemon and Mauleon (1982) reported a stimulatory effect of 

incubation media from small cell progesterone production by large cells 

when the two luteal cell types from the pig were superfused in series. 

These data indicate that there is an important small-to-Iarge (and vice 

versa) cell interaction that may influence progesterone production and 

luteal lifespan in the ewe and the sow. 

Contrary to these findings, Rodgers and colleagues (1985) did 

not observe an increase or decrease in progesterone production other 

than that predicted from incubating fractions separately, when the 

fractions were remixed. These results do not support an interaction 

between small and large luteal cells in the production of progesterone 

in the ewe. The results, however, are difficult to interpret due to 

the high contamination of the large luteal cell fraction (50% small 

luteal cells). Interactions between the two cell types may have 

already existed in the large cell fraction, such that the addition of 

more small cells to the preparation had no effect. Whereas some 

studies suggest that cell-to-cell interactions exist, further work is 

required with purified cell types to elucidate any paracrine mecha

nisms. 

The presence of distinct luteal cell types has caused investi

gators to wonder about the origin of these cells. Since both the theca 

interna and granulosa cells undergo luteinization and contribute to the 
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corpus luteum, researchers hypothesized that the follicular cells were 

predestined to become a particular luteal cell type. O'Shea and col

leagues (1980) used alkaline phosphatase as a marker to follow 

theca-derived luteal cells in the ewe. The authors concluded that 

early in the development of the corpus luteum, small luteal cells were 

derived from the theca interna and large luteal cells from the membrane 

granulosa. Alila and Hansel (1984) used specific monoclonal antibodies 

raised against bovine granulosa cells and theca interna membranes to 

follow the origin of small and large luteal cells in the cow. The 

antibody raised against granulosa cells (GrAb) bound to large cells and 

the theca-raised antibody (Tab) bound to small cells in young corpora 

lutea. These results are in agreement with O'Shea and colleagues 

(1980). However, this was not a static phenomena. The percentage of 

large luteal cells binding GrAb decreased, whereas the percentage of 

large cells binding TAb increased, with the age of the corpus luteum. 

The authors postulated that granulosa cells initially become large 

luteal cells, whereas theca cells ~ecome small luteal cells. Once 

formed, the corpus luteum undergoes dynamic changes as large granulosa

derived luteal cells are lost and small theca-derived luteal cells 

become large luteal cells. LH is proposed to stimulate the conversion 

of small luteal cells into large luteal cells; Farin and associates 

tested this hypothesis in the ewe (1985). Corpora lutea obtained from 

ewes treated with LH in vivo were examined morphologically for changes 

in luteal cell types. LH significantly decreased the number of small 

luteal cells and increased the number of large luteal cells, with no 



61 

changes in mean cell volume or size. These data support the hypothesis 

that small luteal cells become large luteal cells and that LH regulates 

this conversion. 

The finding of distinct luteal cell types has had a major 

impact on theories of regulation of the corpus luteum in domestic 

ungulates. Luteal function is different in the two cell types of these 

animals. Luteotropic and luteolytic actions on different cell types 

and cell-to-cell interactions may combine to determine the function and 

lifespan of the corpus luteum. However, the relevance of these con

cepts to the corpus luteum of other species has not been established. 

One report suggests that there are subpopulations of luteal cells in 

the rabbit (Hoyer et al., 1986). Only recently have investigators 

examined the functional differences of morphologically distinct cell 

types in the corpus luteum of the rat (Nelson and Khan, 1987; Nelson et 

a1., 1987; McLean et al., 1987). 

Histological examinations of corpora lutea from primate species 

have not identified two cell types comparable to those observed in 

domestic ungulates (Corner, 1956; Mossman and Duke, 1973a and 1973b). 

Investigators have described granulosa-lutein or true luteal and theca

lutein or paraluteal cell types in separate compartments of the primate 

corpus luteum. However, these cell types are not clearly defined. To 

date there is only preliminary data (Gulyas et a!., 1979; Ohara et al., 

1987) to suggest that the primate corpus luteum consists of distinct 

cell subpopulations. One study examined the ultrastructure of dis

sociated luteal cells from the rhesus monkey (Gulyas et al., 1979), but 
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functional correlates of the described cell types were not determined. 

The other study separated cell subpopulations from the human corpus 

luteum using a Percoll gradient. The purified cell populations, again 

designated small and large cells, were incubated; differences in 

steroidogenic function and regulation by gonadotropins were determined 

in these cell populations. Large luteal cells secreted two-fold more 

basal progesterone than small luteal cells. Large luteal cells were 

also unresponsive to hCG, however, small luteal cells responded with an 

increase in progesterone production. These observations are similar to 

those in domestic animals except that the difference in basal proges

terone of large versus small cells was typically 10-fold or more in 

domestic animals. In addition, hCG stimulated the production of andro

stenedione and testosterone by small luteal cells from the human corpus 

luteum. Both cell types secreted estrogens when substrates were pro

vided (androstendione or testosterone); however, the large luteal cells 

secreted a greater amount than the small luteal cells. FSH-stimulated 

aromatase activity by the large luteal cells, but had no effect on the 

small luteal cells. Androgen and estrogen production was not examined 

in separated cell populations in domestic ungulates since corpora 1utea 

of these species do not produce these steroids. However, the results 

in the human parallel those in the rat, in that large luteal cells 

secrete more estrogen and small luteal cells produce more androgen, 

especially in response to LH (Nelson and Khan, 1987). In contrast to 

the FSH-stimulated estrogen production by human large luteal cells, the 

large cell of the rat corpus luteum responds to LH with an increase in 
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estrogen production. Ohara and associates (1987) concluded that the 

small and large luteal cells of the human have steroidogenic properties 

similar to those demonstrated by follicular theca and granulosa cells, 

respectively. This study supports the hypothesis that the primate 

corpus luteum is a heterogeneous gland. However, more research on 

primate luteal cell subpopulations is needed to fully understand their 

function, regulation and possible interactions. 
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CHAPTER 3 

OBJECTIVES OF THE PRESENT STUDY 

Although estradiol and progesterone are proposed autocrine or 

paracrine regulators of ovarian function in primates, the localization 

of specific receptors for these steroids to ovarian compartments has 

not been investtgated. Thus, studies were designed to determine the 

distribution of estradiol and progesterone receptors in the primate 

ovary throughout the menstrual cycle. The objective was to localize 

estradiol and progesterone receptors in the structures of the primate 

(rhesus and cynomolgus monkeys) ovary during the early, mid and late 

follicular and luteal phases of the menstrual cycle. 

The discovery of morphologically and functionally distinct 

subpopulations of luteal cells in domestic ungulates has revised 

theories on the regulation of the corpus luteum. To date, the 

relevance of these cell types to other species, including primates, has 

not been established. The primate corpus luteum differs histologically 

from the corpus luteum of domestic animals, yet may consist of distinct 

subpopulations of luteal cells. These studies were designed to isolate 

and characterize cell subpopulations in the corpus luteum of the rhesus 

monkey. The objectives were: 1) to distinguish subpopulations of 

macaque luteal cells based on physical parameters; 2) to isolate 

macaque luteal cell subpopulations by flow cytometry based on 

differences in physical parameters and 3) to determine any functional 

and regulatory differences between isolated luteal cell subpopulations. 

aaaaa 



CHAPTER 4 

IMMUNOCYTOCHEMICAL LOCALIZATION OF ESTRADIOL AND 

PROGESTERONE RECEPTORS IN THE MONKEY OVARY ~ROUGHOUT THE 

MENSTRUAL CYCLE 

Abstract 
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Both estradiol and progesterone may act locally to modulate 

ovarian function in various species. This study examined the 

distribution of estradiol and progesterone receptors within the primate 

ovary throughout the menstrual cycle. Ovaries were collected from 

rhesus or cynomolgus monkeys during the early, mid, and late (n=3-6 per 

stage) follicular and luteal phases of the cycle. The tissues were 

processed for indirect immunocyytochemical localization of receptors 

with specific monoclonal antibodies against estradiol receptors (H222 & 

D75) and progesterone receptors (JZB39). Specific immunocytochemical 

staining, as determined by comparing adjacent tissue sections incubated 

with either receptor antibodies or a nonspecific antibody (AT), was 

exclusively nuclear. Both estradiol and progesterone receptors were 

localized in the germinal epithelium of ovaries at all stages of the 

cycle. Estradiol receptors were not detected in any other ovarian 

structure (i.e., stroma, follicles, interstitial tissue or corpora 

lutea) regardless of the stage of development. However, estradiol 

receptors were detected in other estrogen-responsive tissues, e.g., the 

oviduct of the monkey and corpora lutea of the pseudopregnant rabbit. 
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In the monkey ovary, progesterone receptor was detected in stromal and 

interstitial tissues as well as in theca interna and externa of healthy 

and atretic follicles at all stages of the cycle. The granulosa cells 

of some primordial and primary follicles demonstrated staining for 

progesterone receptors. In contrast, the granulosa layer of follicles 

that developed beyond the primary stage was consistently negative for 

progesterone receptors. Only the granulosa layer of large preovulatory 

follicles that showed signs of luteinization after the LH surge showed 

staining for progesterone receptor equivalent to that seen in the 

theca. Monkey corpora lutea exhibited specific nuclear staining for 

progesterone receptor. Moreover, the percentage of receptor-positive 

nuclei in the corpus luteum varied (p<O.05) between the early (28~3%), 

mid (48±1%), and late (4±2%) luteal phase of the cycle. Nonfunctional 

(serum progesterone <0.5 ng/ml) regressing corpora lutea did not 

exhibit staining for progesterone receptor. Progesterone receptor

positive luteal cells also contained histochemically detectable 38-

hydroxysteroid dehydrogenase. These data are consistent with the 

concept of a receptor-mediated autocrine or paracrine role for 

progesterone, but not estrogen in the gametogenic and endocrine 

functions of the primate ovary throughout the menstrual cycle. 

Introduction 

Both estradiol and progesterone may be important local 

regulators of follicle development. Estrogens are potent mitogens in 

rat granulosa cells in vivo (Goldenberg et al., 1972). Estradiol 

~.~.--~ -.~---------------------------------------------
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treatment also augments FSH-stimulated aromatase activity (Richards et 

al., 1979; Adashi and Hsueh, 1982) as well as induction of LH receptors 

(Richards et al., 1976; Richards et al., 1979) in rat granulosa cells. 

In contrast, progestins inhibit both FSH-stimulated estrogen production 

(Schreiber et al., 1980), and induction of LH receptors (Schreiber et 

al., 1982) in rat granulosa cells. Progestins also suppress basal and 

gonadotropin-stimulated estrogen production by cultured thecal cells 

(Tonetta et al., 1986). These studies support a prominent stimulatory 

role for estrogen in follicular development and selection in the rat, 

and presumably other species. In general, progestins may act to oppose 

follicular growth and maturation, although some evidence suggests that 

progesterone is not deleterious to folliculogenesis (Kim and Greenwald, 

1987). 

Estrogen and progesterone are also proposed local regulators of 

the corpus luteum. Estrogen is luteotropic in the rat (Takayama and 

Greenwood, 1973) and rabbit (Keyes et al., 1979). In contrast, 

luteolytic effects of exogenous estrogen have been observed in domestic 

ungulates (Kaltenbach et al., 1964; Cook et al., 1974) and primates 

(Gore et al., 1973; Karsch et al., 1973). Since primate luteal cells 

synthesize estrogen (Stouffer et al., 1980; Hammerstein et al., 1964) 

investigators have postulated that intraluteal estrogen induces 

luteo1ysis in primates. The concept of a local 1uteolytic action for 

estrogen is supported by evidence that estradiol suppresses basal 

and/or gonadotropin-stimulated progesterone production by monkey 

(Stouffer et al., 1977) and human (Williams et al., 1979) luteal cells 
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in vitro. In contrast, Rothchild (1981) hypothesized that progesterone 

exerts a local luteotropic action by stimulating its own production and 

release. However, direct effects of progesterone on luteal function 

remain largely uninvestigated. 

Estrogen receptors have been identified in follicles and 

corpora lutea of laboratory and domestic animals by classical 

radioligand binding techniques (Lee et al., 1974; Richards, 1975; 

Richards, 1974; Kimball and Hansel, 1974; Glass et al., 1984). 

Likewise, progesterone receptors were detected in the cytosol of whole 

ovaries of rats (Schreiber and Hsueh, 1979), cows (Jacobs and Smith, 

1980), and humans (Jacobs et al., 1980). These findings support the 

hypothesis that estrogen" and progesterone act locally within the ovary 

through receptor-mediated pathways. Although estradiol and 

progesterone are proposed modulators of ovarian function in primates, 

the localization of specific receptors for these steroids to ovarian 

compartments has not been investigated in detail. The current study 

was designed to determine the distribution of estradiol and 

progesterone receptors in the ovary of the monkey throughout the 

menstrual cycle. 

Materials and Methods 

The housing and daily care of monkeys at the Oregon Regional 

Primate Research Center (ORPRC) has been described previously 

(VandeVoort et al., 1988). Menstrual records were kept on all the 

monkeys in this study (first day of menses=day 1 of the cycle). Whole 
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ovaries or corpora lutea were collected from adult, rhesus (Macaca 

mulatta) or cynomolgus (Macaca fascicularis) monkeys during surgery 

(n=23, VandeVoort et al., 1988). Preoperatively the monkeys received 

atropine (0.3 mg, 1m; Eli Lilly, Indianapolis, IN) and succinylcholine 

chloride (20mg, iv; Abbott Laboratories, Chicago, IL), followed 

immediately by intubation and anesthesia with 1.0-1.5% halothane 

(Halocarbon Laboratories, Hackensack, NJ) vaporized with N20-02 (1:4). 

A paramedian pelvic abdominal incision was made and either the corpus 

luteum, the ovaries or the entire reproductive tract was removed. 

Whole ovaries were also obtained from rhesus or cynomolgus monkeys 

undergoing autopsy (n=3) as part of other research protocols at ORPRC 

or for illnesses unrelated to reproductive function. Ovaries and 

corpora lutea were placed in Hanks balanced salt solution at 40 C and 

transported to the laboratory. 

Whenever possible, monkeys (n=12) were bled daily (2-3cc 

clotted blood from the saphenous vein) from day 1 or day 8 of the 

menstrual cycle when tissues were collected during the follicular or 

luteal phase, respectively. Otherwise, blood samples were collected on 

the day of surgery or autopsy. The serum was harvested and analyzed 

for estradiol and progesterone concentrations by radioimmunoassay 

(Resko et al., 1975; Resko et al., 1974) in the Core Hormone Assay 

Laboratory at the ORPRC. The day of the LH surge was initially 

estimated to occur one day before the precipitous drop in serum 

estradiol that followed the midcycle estrogen peak (Channing, 1980). 

Serum samples from the late follicular phase were subsequently analyzed 
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for LH concentrations by the mouse Leydig cell bioassay (Ellinwood et 

a1., 1980). 

The stage of ovarian cycle at ovariectomy was determined by the 

combination of the following criteria: 1) the day of the cycle, 2) 

peripheral estradiol and. progesterone levels and, 3) gross and 

histological examination of the ovaries. Ovaries were grouped into six 

categories: early follicular (n=4), mid-follicular (n=3), late 

follicular (n=4), early luteal (n=5), mid-luteal (n=4) and, late luteal 

(n=6) phases of the menstrual cycle. In addition, corpora lutea (n=8) 

were obtained by lutectomy during the mid-luteal phase of the cycle, 

eight days after the estimated day of the LH surge. Ovaries were 

collected from rabbits on day 9 of pseudopregnancy (day O=day of mating 

with vasectomized buck), to serve as a positive control for estradiol 

receptors (Lee et aI, 1971). In addition, sections of positive control 

tissues from the monkey oviduct and cervix were tested in parallel with 

the ovarian sections. (West et al., 1987; Press and Greene, 1988). 

All tissues were processed for indirect immunocytochemical 

localization of estradiol and progesterone receptors as described 

previously by West and colleagues (1987). Tissues were cut into small 

pieces, frozen in liquid propane and stored at -70 C. Cryostat 

sections (4-6~m thick) were cut at 25 C on a Hacker-Bright cryostat 

(Hacker Instruments, Inc., Fairfield, NJ) and thaw-mounted on slides 

coated with either 0.5% gelatin or poly-I-lysine. A freeze

substitution step was used to improve the morphology of the tissues. 

For this, frozen sections were placed for two days in anhydrous acetone 
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containing calcium chloride at -80 C. The freeze-substituted sections 

were fixed at 4 C with 0.2% picric acid and 2% paraformaldehyde (PAPF) 

plus 0.02% gluteraldehyde and polyvinyl-pyrrolidone (PVP) for 2 

minutes. Sections were then incubated for 10 minutes in PAPF plus PVP 

and 4 minutes in 85% ethanol plus PVP. The sections were rinsed, 

incubated with rabbit serum, rinsed and incubated overnight with either 

specific monoclonal antibodies against human estradiol receptors (H222 

and D75, 10~g/ml; Greene et al., 1980) progesterone receptors (JZB39, 

2.5ug/ml; Press and Greene, 1988) or a control antibody (AT, antibody 

to antigen B of timothy grass pollen, 10Ug/ml, McClellan et al., 1984). 

The following day, the tissue sections were incubated with rabbit 

serum, rinsed, and then incubated with biotinylated rabbit anti rat IgG 

(ABC kit from Vector Labs, Burlingame, CA) for 30 minutes at 25 C. The 

antibody complex was visualized by incubation with Avidin DH and 

Biotinylated Horseradish Peroxidase H Complex (ABC) followed by a 

diaminobenzidine tetrahydrochloride (DAB) and hydrogen peroxide 

treatment. Sections were post-fixed in PAPF and every other section 

counterstained with hematoxylin. Black and white prints (Figures 1-8) 

were made to closely match each other in density and contrast. Kodak 

VRG 100 film was used for the color print in Figure 10. 

Sections of ovaries containing the corpus luteum (n=9) were 

double-stained for progesterone receptor and 3B-hydroxysteroid 

dehydrogenase (3e-HSD), the enzyme that converts pregnenolone to 

progesterone (Baillie et al., 1966). Sections were processed as 

described previously (except the fixation step with 85% ethanol was 
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eliminated) through the incubation with ABC. After this step, the 

sections were rinsed and incubated for 90 minutes at 37 C in a 

histochemical stain for 36-HSD (Baillie et a1., 1966). Following 

incubation the sections were rinsed and the antibody complex visualized 

as described earlier: The sections were not counterstained with 

hematoxylin and covers1ips were mounted with Dako glycerol gel 

(Accurate Chemical and Scientific Corp., San Diego, CA). 

The percentage of nuclei staining for progesterone receptor in 

corpora 1utea was determined by counting positive and negative nuclei 

in a field (range of 81 to 381 nuclei per field). The number of fields 

examined per corpus 1uteum depended on the size of the sectioned tissue 

and ranged from 4 to 10 fields. Significant (p<O.OS) differences 

between the percent positive nuclei in corpora 1utea during the early, 

mid and late luteal phases of the menstrual cycle were determined by 

one-way analysis of variance followed by Student Newman-Keu1s (Winer, 

1962). The correlation between percent positive nuclei and serum 

progesterone levels was determined by linear regression (Li, 1964). 

Results 

Follicular phase of the menstrual cycle 

During the follicular phase, nuclei of the germinal epithelium 

exhibited immunocytochemical staining for both estradiol and 

progesterone receptors (Figure 1a and b). The germinal epithelium of a 

control section (Figure 1c) treated with the nonspecific antibody (AT) 

exhibited no nuclear staining, indicating that the staining for 

estradiol and progesterone receptors was specific. Any cytoplasmic and 



Figure 1. Frozen sections of ovarian cortex from one monkey during the 

early follicular phase of the menstrual cycle. Germinal epithelium (e) 

exhibited intense nuclear staining (DAB precipitate appears black) when 

the antibodies against estradiol receptors (Panel A) or progesterone 

receptors (Panel B) were used. When the first antibody was replaced 

with AT (Panel C), the nuclear DAB reaction product was absent. The 

stroma (s) did not stain for estradiol receptors, but demonstrated 

specific progesterone receptor staining. Sections were counterstained 

with hematoxylin. Arrows point to oocytes. 400x. 
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extracellular staining was nonspecific, since it occurred in the 

control sections. The staining characteristics for both estradiol and 

progesterone receptors in the germinal epithelium did not change 

throughout the follicular phase. Positive control tissues from the 

reproductive tract of the monkey, e.g. oviduct and cervix, also 

consistently demonstrated staining for both estradiol and progesterone 

receptors (staining patterns of these tissues have been documented 

previously by West et al., 1987). 

Sections of preantral and small antral follicles prepared 

during the early follicular phase of the cycle are shown in Figure 2a, 

band c. Neither the granulosa layer nor the thecal layers of 

follicles at any stage of development exhibited nuclear staining for 

estradiol receptors (Figure 2a). The granulosa layer of some 

primordial and primary follicles demonstrated staining for progesterone 

receptor (Figure 2c). Nevertheless, the granulosa layer of follicles 

that developed beyond the primary stage was consistently negative for 

steroid receptors. However, the thecal layers of these follicles 

displayed nuclear staining for progesterone receptor (Figure 2b). 

This pattern of steroid receptor localization was apparent in both 

healthy and atretic follicles. 

By the mid-follicular phase of the cycle, the majority of 

growing follicles had reached the antral stage. These antral follicles 

exhibited the same staining pattern for steroid receptors as the 

preantral and small antral follicles observed in the early follicular 

phase. Stromal cells surrounding follicles consistently displayed 



Figure 2. Sections of follicles during the early follicular phase of 

the menstrual cycle. Preantral and small antral follicles did not 

display nuclear staining for estradiol receptors (Panel A) in either 

the granulosa (g) or the thecal (t) layers. However, progesterone 

receptor staining (Panel B) was detected in the thecal, but not the 

granulosa layer of an adjacent section of the follicles. A primordial 

follicle (Panel C) exhibited some reaction product for progesterone 

receptor in the flattened granulosa cells (arrowheads), while two 

primary follicles (p) showed no reaction. Stromal (s) cells also 

displayed nuclear staining for progesterone receptor. Arrows indicate 

oocytes. Panel A and B lOOx; Panel C 400x. 
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staining for progesterone receptor (Figures 1b), but not estradiol 

receptors (Figures 1a) throughout the menstrual cycle. 
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A single large, preovulatory follicle was readily identifiable 

in the ovaries from each of the four monkeys during the late follicular 

phase. One animal's ovaries were obtained during the estrogen peak 

(serum estradiol 347 pg/ml) and clearly prior to the LH surge (serum LH 

16.7 ng/ml). The largest follicle exhibited no specific staining for 

estradiol receptors (data not shown), but demonstrated nuclear staining 

for progesterone receptor in the theca interna and externa (Figure 3a). 

As in smaller antral follicles, the granulosa layer displayed no 

immunocytochemical staining for progesterone receptor. The ovaries 

from other monkeys (n=3) in this group were most likely collected after 

the LH surge. Both LH and progesterone concentrations were elevated 

in these animals (ranges: LH 118-131 ng/ml, progesterone 1.33-2.69 

ng/ml). The preovulatory follicle of these monkeys did not stain for 

estradiol receptor (Figure 3b). However, an adjacent section of the 

same follicle demonstrated nuclear staining for progesterone receptors 

in cells of the luteinizing granulosa, as well as in cells of the theca 

externa and interna (Figure 3c). When the receptor antibody was 

replaced with the control (AT), there was no nuclear staining (Figure 

3d). 

Oocytes were clearly visible in primordial (Figures 1c, 2c), 

primary (Figures 1b&c, 6b), preantral (Figures 2a, 6a&b), and small 

antral (Figure 2a) follicles. None of these oocytes exhibited specific 

nuclear staining for either estradiol or progesterone receptors. The 



Figure 3. The wall of the preovulatory follicle in the monkey ovary. 

The preovulatory follicle of an ovary obtained from a monkey during the 

estrogen surge (Panel A) demonstrated nuclear staining for progesterone 

receptor in the theca interna (ti) and externa (te), but not the 

granulosa (g) layer. The preovulatory follicle of an ovary obtained 

after the LH surge did not exhibit any staining for estradiol receptors 

(Panel B), however, progesterone receptor staining was detected in the 

luteinizing granulosa, theca interna and externa (Panel C). No nuclear 

staining was observed in an adjacent section of the follicle wall when 

AT (Panel D) served as the first antibody. This section was not 

counterstained with hemotaxylin. Cells containing endogenous 

peroxidase (arrows), presumably invading eosinophils or macrophages, 

were visible in the thecal layers of the preovulatory follicle (Panels 

B, C & D). Vein (v). 400x. 
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oocytes of the larger follicles were not well preserved; therefore the 

presence or absence of steroid receptors was not determined. 

Interstitial tissue was present in monkey ovaries throughout 

the cycle, but was more prevalent during the late follicular or 

preovulatory stage. Cells within the interstitial gland did not stain 

for estradiol receptors (Figure 4a), but varying number of cells 

stained positively for progesterone receptor (Figure 4b). 

Blood vessels around growing follicles and in the medullary 

region of the ovary did not exhibit nuclear staining for either 

estradiol or progesterone receptors (Figure 3). 

Luteal phase of the menstrual cycle 

The germinal epithelium continued to display specific nuclear 

staining for estradiol and progesterone receptors during the luteal 

phase (Figure Sa and b). Nuclear staining was absent in an adjacent 

tissue section treated with AT (Figure 5c). Preantral and small antral 

follicles in the corpus luteum-bearing and contralateral ovaries did 

not stain for estradiol receptors (Figure 6a). However, these same 

follicles (Figure 6b) exhibited nuclear staining for progesterone 

receptor in the thecal layers, but not in the granulosa layer. This 

distribution of steroid receptors in follicles during the luteal phase 

was similar to that observed during the early to mid-follicular phase 

of the cycle. 

Monkey corpora lutea did not exhibit any detectable nuclear 

staining for estradiol receptor (Figure 7a) throughout the luteal 

phase. In contrast, the corpora lutea of pseudopregnant rabbits 



Figure 4. Monkey interstitial tissue from the late follicular phase of 

the menstrual cycle. The cells of this gland did not demonstrate 

nuclear staining for estradiol receptors (Panel A), but some cells 

stained for progesterone receptors (Panel B). 400x. 
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Figure 5. Section8 of ovarian cortex during the early luteal phase of 

the menstrual cycle. Germinal epithelium (e) exhibited a nuclear 

reaction for both estradiol L~ceptors (Panel A) and progesterone 

receptors (Panel B). This staining was absent when AT (Panel C) was 

used. 400x. 
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Figure. 6. Follicles during the luteal phase of the menstrual cycle. 

Although these follicles did not demonstrate specific staining for 

estradiol receptors (panel A), progesterone receptor staining (Panel B) 

was detected in the thecal (t), but not granulosa (g) layers. This 

pattern of staining was similar to that observed in the early 

follicular phase (compare to Figure 2a&b) Arrows indicate oocytes. 

400x. 
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Figure 7. Estradiol receptors 1.n sections of monkey and rabbit corpora 

lutea. A fully-developed corpus luteum obtained from the monkey during 

the mid-luteal phase of the menstrual cycle (Panel A) did not 

demonstrate specific nuclear staining for estradiol receptors. In 

contrast, nuclear staining for estradiol receptors was readily 

identifiable in the corpus luteum of the pseudopregnant rabbit (Panel 

B). Nuclear staining was absent in rabbit luteal tissue when AT (Panel 

C) served as the first antibody. 400x. 
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demonstrated a strong nuclear peroxidase reaction when the antibody 

against estradiol receptor (H222) was used (Figure 7b). Nuclear 

staining was not detected with the control antibody (AT) (Figure 7c). 

Monkey corpora lutea exhibited specific nuclear staining for 

progesterone receptor (Figure 8a, b and c). Moreover, the pecentage of 

positive nuclei within the corpus luteum changed significantly during 

the luteal phase of the menstrual cycle. In the early luteal phase, 

28.t3% of the nuclei stained positively for progesterone receptor 

(x!SEM, n=4). The percentage of positive nuclei for progesterone 

receptor increased during the mid-luteal phase (48±1%, n=8, p<0.05) and 

then declined during the late luteal phase (4±2%, n=7, p<0.05) of the 

cycle. Corpora lutea that were regressing, as shown in Figure 8c, did 

not demonstrate immunocytochemical staining for progesterone receptor. 

A positive correlation existed between the percentage of 

progesterone-postive nuclei in luteal tissue and serum progesterone 

levels at the time of ovariectomy/lutectomy (Figure 9, p<O.OOl). In 

tissue sections that were processed immunocytochemically for 

progesterone receptor and stained histochemically for 38-HSD, 

progesterone receptor was visible in luteal cells that stained 

positively for the steroidogenic enzyme, 36-HSD (Figure 10). Not all 

38-HSD positive cells displayed nuclear staining for progesterone 

receptor. However, immunocytochemical staining was not detected in the 

nucleus of any cells that did not stain for 38-HSD including 

endothelial cells. 



Figure 8. Progesterone receptors in sections of monkey corpora lutea 

throughout the luteal phase of the menstrual cycle. Specific nuclear 

staining for progesterone receptor was detected in some cells (e.g., 

arrows) in corpora lutea obtained during the early (panel A) and mid 

(Panel B) luteal phase. A regressing corpus luteum (Panel C); serum 

progesterone = 0.32 ng/ml obtained during the late luteal phase had no 

detectable staining for progesterone receptor. Cells containing 

endogenous peroxidase (arrowheads), presumably eosinophils and 

macrophages, were visible in regressing luteal tissue. 400x. 
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Figure 9. Correlation of the percentage of progesterone receptor (PR)-

positive nuclei in monkey luteal tissue and serum progesterone levels 

at the time of ovariectomy/lutectomy. Determination of the percent of 

progesterone receptor-positive nuclei was described in the Materials 

and Hethods. 



Figure 10. A section of corpus luteum obtained from a monkey during 

the mid-luteal phase of the cycle stained for both progesterone 

receptor and 38-HSD. Nuclear staining (brown reaction product) for 

progesterone receptor was demonstrated in cells that also stained 

positive for 3B-HSD (the cytoplasm of the cell appears blue). This 

section was not counterstained with hemotaxylin. 550x. 
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Discussion 

This study is the first to examine the distribution of 

estradiol and progesterone receptors in the nonhuman primate ovary 

throughout the menstru~l cycle. Progesterone receptors have been 

detected in the cytosol of the human ovary by classical binding 

techniques (Jacobs et al., 1980), however, the localization of 

receptors to the different compartments of the ovary has only briefly 

been explored by immunocytochemistry (Press and Greene, 1988). We 

detected steroid receptors in individual structures of the ovary 

despite high levels of endogenous hormone. Estradiol receptors were 

only detected in the germinal epithelium of the ovary. In contrast, 

progesterone receptors were located in many ovarian structures: the 

germinal epithelium, stroma, the theca interna and externa of healthy 

and atretic follicles, interstitial tissue, the luteinizing granulosa 

of preovulatory follicles, and corpora lutea. Whereas the data are 

consistent with the concept that progesterone regulates ovarian 

function via a receptor-mediated mechanism, our findings do not support 

a receptor-mediated pathway for estrogen action in the follicle or 

corpus 1uteum of the primate ovary. 

The germinal epithelium was the only ovarian compartment to 

possess both estradiol and progesterone receptors. The presence of 

steroid receptors in the epithelium covering the monkey and human ovary 

(Press and Greene, 1988) is consistent with their existence in other 

epithelia of the same embryonic origin (McGowan, 1978). Estradiol has 

a proliferative action in many target epithelia (Bensley, 1951). 
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Perhaps estrogen has a similar action in the late follicular-to-early 

luteal phase of the cycle to maintain the ovarian epithelium over the 

growing preovulatory follicle and corpus luteum and to repair damage by 

follicle rupture at ovulation (Osterholzer et al., 1985). Estrogen 

and/or progestin actions on the germinal epithelium may also be a 

factor in the development of ovarian tumors. The most common forms of 

ovarian cancers in women are of epithelial origin (McGowan, 1978) and 

estrogen and progesterone receptors are present in many of these tumors 

(Holt et al., 1979). 

Although estradiol receptors were not detected by 

immunocytochemistry in any other ovarian compartments throughout the 

menstrual cycle, this technique may not be sensitive enough to detect 

very low levels of steroid receptors in tissues. Yet these methods 

consistently detected estradiol receptors in the corpus luteum of the 

rabbit, the germinal epithelium of the monkey ovary, and the 

reproductive tract of the monkey (cervix, oviduct). In sucrose 

gradient assays employing antibody H222 (performed in collaboration 

with Dr. Neal West at ORPRC; unpublished observations) estradiol 

receptor was at the limit of detectability in the monkey ovary, except 

in pieces enriched for germinal epithelium. Thus, if estradiol 

receptors are present in the internal compartments of the ovary, they 

are at much lower levels than in other target tissues in the monkey. 

It is possible that the estradiol receptor in the ovary is of a 

different form than receptors in the reproductive tract (Giguere et 

al., 1988) and is not recognized by the monoclonal antibodies. This 
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also seems unlikely since the same antibodies recognized estradiol 

receptors in the germinal epithelium of the monkey ovaries and in other 

structures of the rabbit ovary. 

The lack of estradiol receptors in the follicles of monkey 

ovaries suggests that the regulation of follicular development in 

primates differs from that in other species. It is well-established 

that estrogen promotes follicular growth and development in the rat, 

apparently through a receptor-mediated mechanism (Richards, 1980). 

Diethylstilbestrol (DES) treatment of immature hypophysectomized female 

rats stimulates the growth of large numbers of preantral follicles 

(Goldenberg et al., 1972) and primes these follicles to respond to FSH 

(Richards et al., 1979). Koering (1987) recently attempted to mimic 

this rat model for estrogen action in juvenile rhesus monkeys. 

However, DES treatment of prepubertal monkeys did not alter the number 

or size of growing preantral or antral follicles. When monkeys were 

treated with DES and FSH, changes in follicular development were 

observed; however, the changes were comparable to those that occurred 

following treatment with FSH alone. Koering's conclusion, that 

estrogen at the doses utilized did not affect follicular development, 

is consistent with the current evidence that estradiol receptors were 

not detected in follicles of the monkey ovary. Furthermore, Hillier 

and associates (1987) could not demonstrate estradiol enhancement of 

FSH action on aromatase activity and progesterone synthesis in cultured 

granulosa cells from the marmoset monkey. These results are contrary 

to those observed in rat granulosa cells in culture (Richards et al., 

-~~- -----------------------------------------------
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1979). Clark and colleagues (1981) induced atresia of the preovulatory 

follicle with exogenous estradiol in rhesus monkeys, but the authors 

were unable to determine the site of action of estradiol. Our data do 

not support a local receptor-mediated action of estrogen on the 

preovulatory follicle in inducing atresia. 

Likewise, our data do not support the concept (Knobil, 1973) of 

a local receptor-mediated role for estrogen in inducing luteal 

regression in primates. Recent work by Schoonmaker and associates 

(1982), as well as Hutchison and.coworkers (1987), also questions the 

intraluteal action of estrogen. In the latter study, exogenous 

estradiol induced luteolysis in rhesus monkeys during the normal 

menstrual cycle, but failed to induce luteal regression in animals 

whose gonadotropin secretion was controlled by the pulsatile 

administration of GnRH. The authors concluded that the major site of 

estrogen action was in the hypothalamus and not in the corpus luteum. 

Ellinwood and Resko (1983) also implied that estrogen is not an 

important regulator of 1uteolysis in the menstrual cycle of the monkey. 

Although estrogen synthesis by the corpus luteum was effectively (80-

90%) blocked by the aromatase inhibitor, 1,4,6-androstantriene-3,17-

dione, luteolysis occurred at the expected time. These studies support 

our findings suggesting that there is no local receptor-mediated action 

of estrogen in the monkey corpus luteum. However, our data confirm the 

receptor-mediated actions of estrogen on luteal function in the rabbit 

·(Holt et a1., 1983; Keyes et a!., 1983). 



101 

Although our results do not support a local receptor-mediated 

action of estrogen on ovarian function, they do not preclude non-

receptor mediated effects. Estradiol directly inhibits the activity of 

3~-HSD in corpora lutea (ICSO=2.0x10-SM; Depp et al., 1973) and Leydig 

tumor cells (ICSO=2.8x10-6M; Freeman, 1985). Furthermore, estradiol, 

estrone and their metabolites modulate prostaglandin formation by 

serving as reducing cofactors for the enzyme prostaglandin synthase 

(Degen et al., 1987); estrogen increased PGF2~ and decreased PGD2 

formation. PGF2~ is a proposed luteolysin in the monkey (Auletta and 

Flint, 1988) and PGD2 stimulates adenylate cyclase activity in monkey 

homogenates (Molskness et a1., 1987). Thus, estrogen inhibition of 

progesterone production by primate luteal cells may be via direct 

actions on the enzymes 3a-HSD and prostaglandin synthase. 

Unlike the sparse distribution of estradiol receptors in the 

monkey ovary, progesterone receptors were consistently detected in 

various structures including the stroma, the theca interna and externa 

of follicles, and interstitial tissue. As a primary follicle begins to 

grow, the granulosa cells proliferate followed by the development of a 

thecal layer from the surrounding stromal tissue (Balboni, 1976). The 

granulosa cells of some of the primordial and primary follicles 

exhibited staining for progesterone receptor. Both theca and stromal 

cells contain progesterone receptor. These data indicate that 

progesterone may be acting very early in follicular development to 

regulate follicle growth via stromal, theca, and perhaps granulosa 

cells. Once follicles developed beyond the primary stage, however, 
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progesterone receptors were only located in the thecal layers 

suggesting that progesterone is acting primarily via the theca cells. 

During the luteal phase, antral follicles continue to develop but do 

not exceed Imm in diameter in the rhesus monkey (Koering, 1986). 

Goodman and Hodgen (1977; 1982) proposed that progesterone inhibits the 

growth of these follicles. From their studies, the authors concluded 

that follicular inhibition was not due to supression of circulating 

levels of FSH and instead proposed that progesterone was acting on the 

ovaries directly. Our findings are consistent with this hypothesis; 

however, the mechanism by which progesterone suppresses follicle 

development remains to be determined. 

The thecal layers of both healthy and atretic follicles 

contained progesterone receptor. The presence of progesterone 

receptors in the interstitial gland is consistent with the observation 

of receptors in the tissue from which it originates, i.e., the theca 

interna of atretic follicles (Koering, 1986). However, the 

progesterone receptor-positive cells appeared to include invading 

stromal cells. The role of progesterone in follicle selection and 

atresia and in interstitial tissue remains to be elucidated. 

Progesterone receptor was also located in the luteinizing 

granulosa layer of preovulatory follicles and in luteal tissue, 

indicating that progesterone may influence the development or function 

of the corpus luteum. Indeed progesterone receptors were localized in 

cells capable of producing progesterone, as judged by the presence of 

38-HSD activity. Furthermore, the number of progesterone receptor-

---------------------------------------------------------------------------------------------
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positive nuclei in corpora lutea and progesterone levels at the time of 

ovariectomy/lutectomy were positively correlated. These findings may 

be construed to support Rothchild's (1981) hypothesis that progesterone 

stimulates its own production and release from corpora lutea. In two 

recent studies the effects of an antiprogestin, RU 486, on 

steroidogenesis by human granulosa lutein cells were investigated 

(Dimattina et al., 1986; Dimattina et al., 1987). Treatment with RU 

486 decreased progesterone production, and inhibited 38-HSD and 17Q

hydroxylase activity in a dose-dependent manner. These actions may be 

receptor-mediated since RU 486 binds to, but does not activate, the 

progesterone receptor (Baulieu, 1985). Progesterone may also regulate 

the synthesis of other substances by the corpus luteum. Preliminary 

studies by Pate (1987), indicated that progesterone altered the 

synthesis of PGI2, a luteotropic substance, and PGF2Q , a luteo1ytic 

substance, by bovine luteal cells in vitro. Whether such actions of 

progesterone are via a receptor-mediated mechanism remains to be 

determined. 

The factors and mechanisms controlling steroid receptor 

expression in the primate ovary appear unlike .those in other target 

tissues. In classical target tissues, such as the uterus, estrogen 

induces the formation of progesterone receptors via a receptor-mediated 

pathway and progesterone suppresses the expression of estrogen 

receptors (Katzenellenbogen, 1980). The only structure expressing both 

estrogen and progesterone receptors in the ovary was the germinal 

epithelium. This implies that estrogen is not inducing progesterone 
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receptor in the other structures of the ovary. Futhermore, expression 

of estradiol receptor in the germinal epithelium persists despite 

elevated progesterone levels during the luteal phase. Notably, 

progesterone receptor was not present in the granulosa layer of the 

preovulatory follicle until after the LH surge. After ovulation, the 

number of luteal cells containing progesterone receptor changed during 

the lifespan of the corpus luteum. Since LH stimulates luteinization 

and is an important regulator of primate luteal function (Stouffer, 

1988), LH may playa role in regulating progesterone receptor. 

Richards (1975) reported that gonadotropins affect the expression of 

estrogen receptors in the rat ovary. Thus gonadotropins, either 

directly or indirectly, may be regulating steroid receptor expression 

in the primate ovary. 

In summary, these studies on the immunocytochemical 

localization of steroid receptors support the concept of 

autocrine/paracrine roles for progesterone in the gametogenic and 

endocrine functions of the primate ovary throughout the menstrual 

cycle. In contrast the findings suggest a lesser, if any, action for 

estrogen in the local control of primate ovarian function. Finally, 

the disparate patterns of estrogen and progesterone receptors in the 

same tissues imply that mechanisms unlike those in the female 

reproductive tract control steroid receptor expression in the primate 

ovary. 



CHAPTER 5 

CHARACTERIZATION AND ISOLATION OF CELL SUBPOPULATIONS FROM THE 

MONKEY CORPUS LUTEUM OF THE MENSTRUAL CYCLE 

Abstract 
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The discovery of distinct cell types in the corpus luteum of 

domestic ungulates has revised concepts on the control of luteal 

function in these species. This study was designed to test the 

hypothesis that the corpus luteum of primate species consists of cell 

subpopulations which differ in physical characteristics, function, and 

regulation by endocrine and paracrine factors. The corpus luteum 

(n=25) was removed from rhesus monkeys at mid-luteal phase (days 7-8 

after the LH surge) of the menstrual cycle and enzymatically dispersed. 

Freshly-dispersed cells were analyzed and sorted based upon their 

forward and 900 light scatter (FLS and 90LS, respectively) properties 

using the sorting capabilities of an EPICS C flow cytometer. Freshly

dispersed and sorted cells were fixed, stained histochemically for the 

presence of 38-hydroxysteroid dehydrogenase (3B-HSD), and cell 

diameters measured. Freshly-dispersed (MIX) and sorted cells from 

corpora lutea during the early (days 4-5 after the LH surge; n=4) and 

mid-luteal phase of the cycle were incubated in vitro and progesterone 

and estrogen production assessed. The size distribution of dispersed 

cells revealed four peaks that corresponded to: small (lO-15~m in 

diameter) 3B-HSD negative, and small, medium (16-20um in diameter), and 

large (>20~m in diameter) 38-HSD positive cells. Analysis of dispersed 

cells for FLS and 90LS demonstrated two continua (C~ and C6). C~ 
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contained single cells and cell clusters; 99.7=0.3% (n=3) of the cells 

were .,$.lS)Jm in diameter and 96.7 iO.3% were 3S-HSD negative. C8 (n=3) 

consisted of single cells from lO)Jm to 40)Jm in diameter and contained 

the lipid-filled and 38-HSD-positive cells. Two regions (Rl and R3) of 

CB were defined and their cells separated. In Rl , 96±2% (n=3) of the 

cells had diameters of .,$.lS)Jm, whereas 82±4% (n=3) of those in R3 were 

>20)Jm. Ca cells produced low levels of progesterone (0.2±.lng/ml per 

Sxl04 cells; n=3) in vitro under basal conditions. Basal progesterone 

production by R3 cells from the early luteal phase of the cycle was 18 

times greater than that produced by Rl cells (n=3 per group). Indeed, 

R3 cells produced as much progesterone as MIX cells (p>O.OS, n=3-4 per 

group). Relative stimulation of progesterone production by hCG was not 

different (p>O.OS) between MIX, Rl and R3 luteal cells (2.4:1:0.4, 

2.3.±O.6, 3.3tO.6 x control, respectively). Likewise the relative 

stimulation by cAMP and PGE2 was similar between MIX, Rl and R3 cells. 

R3 cells produced as much estrogen as MIX cells (p>O.OS) and more 

estrogen than R1 cells (p<O.OS). Steroid production and patterns of 

relative stimulation for MIX, Rl and R3 cells obtained from the mid

luteal phase were similar to those in the early luteal phase. These 

results support the hypothesis that the primate corpus luteum consists 

of distinct cell subpopulations which differ in size and steroidogenic 

capacity. However, the different-sized cells that secrete progesterone 

during the early to mid-luteal phase are typically responsive to 

gonadotropin and PGE2, possibly via a cAMP-mediated pathway. 

----------------------------------------------------------------------------------------------
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Introduction 

Although distinct morphological cell types were observed in the 

mammalian corpus luteum in the early 1900's (Corner, 1919), the 

relevance of these cell types to luteal function was unknown. Recently, 

the separation and characterization of two cell types, designated small 

and large luteal cells, in domestic ungulates demonstrated functional 

and regulatory differences between cell subpopulations. Basal 

progesterone production by large luteal cells was greater than that by 

small luteal cells (Lemon & Loir, 1977; Ursely and Leymarie, 1977; Koos 

and Hansel, 1981; Fitz et al., 1982). Small luteal cells responded to 

LH with enhanced progesterone production, whereas large luteal cells 

did not (Lemon & Loir, 1977; Ursely & Leymarie 1977; Koos & Hansel, 

1981; Fitz et al., 1982). Instead, progesterone production by large 

luteal cells may be regulated by prostaglandins (Fitz et al., 1982; 

Fitz et al., 1984a and b). Moreover, nonhormonal activators of 

adp.nylate cyclase increased cyclic (c) AMP accumulation in both small 

and large ovine luteal cells, but did not increase progesterone 

production by large luteal cells (Hoyer et al., 1984; Hoyer and 

Niswender, 1986). These discoveries have dramatically revised the 

current concepts on the regulation of the corpus luteum (Niswender et 

a1., 1985). 

The pertinence of the luteal cell subpopulations in domestic 

animals to other species, including primates, has not been determined. 

Histological examinations of primate corpora lutea described granulosa

lutein and theca-lutein, also known as true luteal and paraluteal, cell 

-. -_._--------------------------------------------
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types. (Corner, 1945, 1956; Mossman and Duke, 1973a). Unlike the two 

classes of luteal cells in domestic ungulates which are distributed 

throughout the luteal parenchyma (Corner, 1919; Mossman and Duke, 

1973b), paraluteal cells in primates are located in peripheral zones 

of the corpus luteum, whereas true luteal cells comprise the central 

portion of the gland. The paraluteal cells may develop from the theca 

interna (Corner, 1945; 1956) and produce estrogen (Mossman and Duke, 

1973a). This estrogen-synthetic ability also distinguishes the corpus 

luteum of primates from that of domestic ungulates. One study examined 

the ultrastructure of dissociated luteal cells from the rhesus monkey 

and described three cell types (Gulyas et al., 1979). However, the 

functional significance of these cell types was not determined. 

In the current study we tested the hypothesis that the primate 

corpus !uteum is composed of distinct cell subpopu!ations which differ 

on the basis of function and regulation by endocrine and paracrine 

factors. Lutea! cells which differ in size/density have been 

separated using sedimentation at unit gravity (Lemon and Loir, 1977; 

Urse1y and Leymarie, 1979; Koos and Hansel, 1981), density gradient 

centrifugation (Rodgers and O'Shea, 1982) and elutriation (Fitz et al., 

1982). We have utilized a novel technique, flow cytometry, to separate 

luteal cell subpopu1ations. 

Materials and Methods 

Preparation of dispersed luteal cells 

The housing and daily care of rhesus monkeys (Macaca mulatta) 

at the Oregon Regional Primate Research Center (ORPRC) has been 
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described previously (VandeVoort et al., 1988). Monkeys exhibiting 

normal menstrual cycles of approximately 28 days were used in these 

studies. The animals were bled daily (2-3 cc clotted blood from the 

saphenous vein) from day 8 of the cycle (first day of menses = day 1 of 

the cycle) until surgery. Serum estradiol and progesterone levels were 

determined by radioimmunoassay (Resko et a1., 1975; Resko et a1., 1974) 

in the Core Hormone Assay Laboratory at the ORPRC. The day of the LH 

surge was estimated to occur one day before the precipitous drop in 

serum estradiol that followed the midcyc1e estrogen peak (Channing, 

1980). Corpora 1utea were obtained from rhesus monkeys on days 4-5 or 

7-8 after the estimated day of the LH surge. Tissues were collected in 

Hams F-10 nutrient media (Gibco, Grand Island, NY) during laparotomy 

(VandeVoort et a1., 1988 as described in Chapter 4) and transported to 

the laboratory. 

The corpus luteum was weighed, minced and dissociated according 

to the methods of Stouffer and colleagues (1976) with minor 

modifications. Fragments of corpora 1utea were enzymatically dispersed 

in Hams F-lO medi.a containing 0.16% collagenase (Collagenase Type IV, 

lot number W659233, 200 U/mg activity, Worthington Biochemical, 

Freehold, NJ), 0.02% DNAse (Sigma, St. Louis, MO) and 1% bovine serum 

albumin (BSA, fraction V, Miles, Elkhart, IN). The tissue fragments 

and dissociation media were aerated with 95% O2:5% CO2 and incubated 

for 10 minutes in a gyrotary water bath at 37oc. An equal volume of 

Hams F-10 with 1% BSA was added, the fragments were repipetted and 

allowed to settle to the bottom of the tube. The supernate was removed 
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and centrifuged at 26 g for 10 minutes. The resulting pellet of cells 

was resuspended in Hams F-lO with 1% BSA. The remaining tissue 

fragments were incubated with dissociation media and the procedure 

repeated 4-5 times until no visible tissue fragments remained. 

Ovaries were also collected from superovulated rats. Immature 

female rats received 50 IU PMSG (Sigma) subcutaneously followed 56 

hours later by 50 IU of hCG (APL, Ayerst, NY, NY; Birnbaumer et al., 

1976). The animals were decapitated 7 days after PMSG injection and 

the ovaries weighed, minced and processed the same as monkey corpora 

lutea. 

The number of cells in the dispersion was determined by 

counting an aliquot with a hemocytometer. Cell viability was assessed 

by exclusion of trypan blue (Tennant, 1964). In order to estimate the 

efficiency of cell recovery, a section of luteal tissue (x=12mg, n=3) 

and an aliquot of approximately 6 x 105 dispersed cells from the 

remainder of the corpus luteum were analyzed for DNA content. The 

diphenylamine color reaction with deoxyribose was used to determine DNA 

content according to the methods of Burton (1968). A portion of the 

original mixture (MIX) of dispersed cells from the corpus luteum was 

kept for either incubation or determination of size distributions. The 

remaining cells were resuspended in Ca++-Mg++-free Hanks balanced salt 

solution containing 0.1% BSA (Hanks BSS) and filtered through nylon 

mesh (180 ~m pores). This procedure reduced cell aggregation and 

removed large clumps that might clog the flow cytometer. 



111 

Flow cytometry 

Filtered preparations of dispersed cells were analyzed for 

forward and 900 light scatter (FLS and 90LS) properties using an EPICS 

C flow cytometer (Coulter Electronics, Hialeah, FL). Both FLS (0.5-

19.5°) and 90LS (90°) signals were produced by luteal cells crossing 

the path of a beam produced by an argon ion laser set at 488 nm 

wavelength at 300 mW. Light scattered parallel to the laser beam 

(i.e., FLS) is primarily due to diffraction and is proportional to the 

cell's cross-sectional area, hence cell size. Conversely, light 

scattered perpendicular to the beam (90LS) depends upon ~efraction and 

reflection of light; this provides information on the shape and 

internal structure (density of organelles) of the cells. A neutral 

density filter was used on the photodetector for FLS. Due to the large 

range of both FLS and 90LS signals, the data was analyzed using a 

logarithmic amplifier. Before each experiment the cytometer was 

aligned and standardized for FLS with 10 ~m beads (Fulbrite, Coulter 

Electronics) followed by standardization for log FLS and log 90LS with 

20 ~m beads (Coulter Electronics). The modal log FLS and log 90LS 

positions of the 20 ~m bead signals were adjusted to channels 150 and 

200, respectively. 

Data were collected by the EPICS C computer and processed using 

the Multiparameter Data Acquisition and Display System (MDADS) of 

Coulter Electronics. The FLS and 90LS properties of monkey red blood 

cells (RBCs) were determined and the cytometer set to omit particles 

exhibiting the light scatter properties of RBCs. 



112 

In order to sort large particles of up to 50um diameter, the 

EPICS C flow cytometer was modified. Two sheath tanks containing Hanks 

BSS were connected in ~eries and placed on an adjustable platform (See 

Figure 11). A pressure gauge was placed between the sheath tanks and 

the flow cell chamber which was equipped with a flow tip of 150 urn 

diameter. The sheath fluid pressure (measured by the gauge) was kept 

constant at 4.5 Ibs/in2 throughout the sorting procedure to prevent the 

droplet break off point from changing. This was accomplished by 

maintaining a constant height of the sheath fluid in the tank relative 

to the surface of the work bench. The deflection plate assembly was 

lowered a quarter of an inch in order to prevent the droplet break-off 

point from occurring inside the assembly. A microscope was mounted on 

a modified holder in order view the entire length of the flow stream. 

The flow stream was broken into droplets by the bimorph crystal which 

was set at 11.0-11.5 kHz. Since undulations caused by the bimorph 

crystal can overwhelm the cellular light scatter signals, the 

intersection point of the cells and laser beam was set close to the 

flow tip within the diameter of the alignment probe (See Figure 12). 

In this manner, light scatter properties were detected within the 

stream prior to the formation of undulations. The droplet break-off 

point in the stream was set at 4-5 drops above the deflection plates. 

This point was adjusted by changing the power to the bimorph crystal 

(2-10% of maximum amplitude). 

The EPICS C simultaneously sorts two populations of cells with 

any remaining cells going to a waste receptacle. Gates for the cell 
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Figure 11. Diagram of modifications to the EPICS C flow cytometer. 
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sorting logic were constructed by drawing bitmaps around two 

populations of cells on the log FLS vs log 90LS histogram. Droplets 

with cells exhibiting FLS and 90LS properties within these 

predetermined criteria were electrically charged prior to entering the 

deflection plate. Depending on the charge of the droplet, drops were 

sorted either left or right into tubes containing Hams F-lO media. Two 

drops were sorted per predetermined event. Since there is a time lag 

between cell detection and charging of the droplet (due to the time 

required to operate the cell sorting logic), a sort delay of 16 or 17 

drops was determined by sorting 100 beads onto a microscope slide and 

counting the number of beads actually collected. The cells were passed 

through the flow cytometer at 1000 cells/sec and each run was 2-4 hours 

long. 

Cell size distributions 

The size distribution of freshly-dissociated (mixed) cells from 

the corpus luteum was determined by measuring 600 cells with an ocular 

micrometer on an Olympus biological microscope (Model BHTU, Burlingame, 

CA). Mixed cell preparations were also fixed for 20 minutes in 1% 

paraformaldehyde and stained histochemically for the enzyme that 

converts pregnenolone to progesterone, 36-hydroxysteroid dehydrogenase 

(38-HSD; Payne et al., 1980). Preliminary studies indicated that the 

size distribution of fixed and dehydrated cells (n=7) was different 

from that of freshly dissociated cells (n=7; data not shown). To 

determine if the change in size distribution was due to fixation or 

air-drying on gelatin-coated slides, cells were fixed and resuspended 
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in phosphate buffer (O.lM potassium phosphate, pH 7.2). When the cells 

were applied to slides in a wet mount procedure, the size distribution 

of fixed non-dehydrated cells (n=5) was superimposable with the size 

distribution of the freshly dissociated cells (data not shown). 

Therefore, the wet mount procedure was utilized for size distributions 

of 38-HSD stained cells. This required modification of the staining 

procedures. Cells were fixed, resuspended in the histochemical stain, 

and incubated in the dark for 90 minutes at 37°C in a gyrotary water 

bath. The cells were centrifuged and resuspended in phosphate buffer. 

Stained cells could be stored at 40 C for 2-3 weeks. Staining for 3~

HSD had no effect on cell size, addition of the size distributions for 

38-HSD negative and.positive cells yielded a similar pattern to that of 

fixed or freshly-dissociated cells. Size distributions were also 

determined for subpopulations of 3~-HSD stained cells sorted by flow 

cytometry. Photographs of 38-HSD stained cells were taken using the 

Olympus light microscope equipped with a 35 mm camera photomicrographic 

system (Model PM-lOAD). 

Cell incubations 

Freshly-dispersed (MIX) cells and isolated cell subpopulations 

were incubated in polystyrene tubes containing 0.25 ml of Hams F-10 

nutrient media at concentrations ranging from 4,000 to 68,000 cells/mI. 

Cells were incubated in the presence or absence of hCG (CR-123; 2.5nM); 

dibutyrl cAMP (dbcAMP; 5mM, Sigma); prostaglandin (PG)E2 (14 ~M; 

Upjohn, Kalamazoo, MI); pregnenolone (1 ~M; Sigma); and androstenedione 

(349 nM/ml; Sigma), at concentrations reported to optimally stimulate 
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progesterone or estrogen production by monkey luteal cells (Stouffer et 

alo, 1977; Stouffer et alo, 1978; Stouffer et alo, 1979; Stouffer et 

al., 1980). Pregnenolone, androstenedione, and PGE2 were dissolved in 

ethanol and diluted with Hams F-10 media to less than 0.01% ethanol in 

the final incubation. Cells were aerated with 95%02:5% CO2 prior to 3 

hour incubations at 37°C in a gyrotary water bath at 37oC. 

Progesterone, estrone and estradiol production was determined by 

measuring the levels of these steroids in unextracted media in the Core 

Hormone Assay Laboratory at ORPRC (Resko et al., 1974; Resko et al., 

1975). 

The data were normalized to a concentration of 50,000 cells per 

mI. Relative stimulation was calculated by dividing the progesterone 

production in response to hormonal stimulators by the basal 

progesterone production in each experiment. A Bartlett's test revealed 

heterogeneity of variance. Thus, prior to statistical analysis, the 

data were log transformed after adding one to each data point. 

Significant (p <0.05) differences were determined by analysis of 

variance for two-repeated measures followed by a Student-Newman Keuls 

multiple range test (Winer, 1962). 

Results 

Individual corpora lutea from the mid-luteal phase of the 

menstrual cycle were dissociated to yield 3.8 ± 0.4 x 104 cells per mg 

of tissue (x ± SEM, n=9; average weight of the corpus luteum = 138 mg). 

These preparations contained few cell aggre&ates. The percentage of 



cells recovered per corpus luteum was 16.6 ± 5.2% (n=3) based on DNA 

analysis. 
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The size distributions of freshly-dissociated cells from the 

mid-luteal phase of the cycle are shown in Figure 13. Cells ranged 

from 10~m to 42~m in diameter. Two peaks were evident at 12~m and 

25~m. The size distribution of 36-HSD-positive cells contained three 

peaks at 12 ~m, 18-20 ~m and 25 ~m in diameter. Cells not staining for 

36-HSD were ~ 20 ~m in diameter with the majority (97.4 ± 0.7%, n=5) 

< 15~m in diameter. 

Analysis of FLS and 90LS properties of dissociated cells is 

shown in a two-dimensional histogram (Figure 14). Although a linear 

relationship generally existed between log FLS and log 90LS properties, 

two distinct continua (Ca and C6) of cells were evident (Figure 14). 

Cells exhibiting the same FLS had greater 90LS in CB than in Ca. 

Bitmaps (Figure 15) were drawn around the two continua and the cells of 

each continua sorted. Single cells and cell clusters were contained in 

Ca. The majority (96.7 ± 0.3%, n=3) of these cells were negative for 

38-HSD activity. Moreover, 99.7 i 0.3% of the cells in Ca were < 15 ~m 

in diameter. C6 (n=3) consisted of single cells ranging from 10 ~m to 

40 ~m in diameter. This continuum contained the 38-IISD-positive and 

lipid-filled cells. 

Cells stained for 3B-HSD from the original preparation of 

dissociated luteal cells (MIX) are shown in Figure 16a. Only half 

(48i 3%, n=5) of the cells were steroidogenic (38-HSD positive). Small 

« 15 ~m in diameter), medium « 20 ~m and> 15 ~m in diameter) and 
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Figure 13. Size distributions of freshly-dispersed cells (n=7) and 313-

HSD-stained cells (n=5) from the corpus luteum of the rhesus monkey at 

mid-luteal phase of the menstrual cycles. Wet mount procedures were 

used, see Materials and Methods for details. Each data point 

represents the mean ± SEM. 
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Figure 14. Two-dimensional histogram of ]og FLS vs log 90LS properties 

of dispersed cells from the corpus luteum of a representative animal. 

Particles exhibiting FLS and 90LS properties of RBCs were excluded from 

analysis. Two continua (C~, CS) of cells were apparent. 

-~-- --------------------------------------------
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Figure 15. Schematic of bitmaps used in sorting cell populations. The 

dotted line represents the level of background noise present when only 

sheath fluid passes through the laser beam. RBCs denotes the area 

where red blood cells and cellular debris were located. Ca is the 

bitmap used to isolate continuum~. R1 and R3 were regions of Cs that 

were isolated for cell incubations. 



Figure 16. Cell populations stained for 36HSD. Small (s, ~ l5~m in 

diameter), medium (m, ~ 20~m and > l5~m in diameter) and large (1, > 
20~m in diameter) cells are present in the MIX population (Panel A). 

Cells isolated from Rl and R3 are shown in Panels Band C, 

respectively. 300x. 

~~---~---.~---- -~---- ~-----~.------------



:123, 



124 

A 

, 

I 
l-



125 

large (> 20 um in diameter) 3S-HSD positive cells were observed. The 

cells in two regions (R1 and R3, Figure 15) of CS were sorted. 

Although the cells in each region appeared similar at the light 

microscopic level (i.e., lipid-filled), not all cells stained positive 

for 3!3-HSD (54.:!" 11% of the cells in R1 and 74 :t 5% in R3 ; Figure 16b 

and c). The intensity of staining for 3S-HSD was also variable. Some 

cells appeared dark purple whereas others were faintly stained. The 

size distributions of 3S-HSD positive and negative cells for each 

region are depicted in Figure 17. The majority of the cells in R1 

(96± 2%, n=3) had diameters ~ l5um, whereas 89 t 5% (n=3) of the cells 

in R3 had diameters > 15~m. Indeed, 82 ± 4% of the cells in R3 were 

~ 20um in diameter. 

Preliminary studies were performed to determine if passage 

through the flow cytometer had a deleterious effect on luteal cell 

preparations. Dissociated luteal cells from superovulated rats (n=3 

experiments) were run through the flow cytometer and the entire 

population collected. The viability of dissociated cells from either 

rat or monkey corpora lutea was typically greater than 95% and was not 

affected by flow cytometry Basal progesterone production by luteal 

cell preparations from superovulated rats tended to be greater in 

freshly-dispersed cells compared to cells subjected to sorting 

procedures (6.55 i 1.57 vs 3.14 i 1.59 ng/ml per 5 x 104 cells, 

respectively), but this difference was not significant (p>0.05, paired 

t-test). Passage through the flow cytometer did not affect the 

relative stimulation of progesterone production by hCG (4.00 ± 0.30 vs 

~~ ~~~------~-- --~ ~--- ~~------ .--~~---~~~~- ---------------
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Figure 17. Size distributions of 3B-HSD-positive and negative cells 

isolated from Rl and R3• Wet mount procedures were used; see Material 

nnd Methods for details. Each data point represents the mean: SEM, 

n=3. 
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3.60 ± 0.65; freshly-dissociated vs sorted cells, p >0.05), or by cAMP, 

PGE2 and pregnenolone (data not shown). 

Cells collected from Ca produced low amounts of progesterone 

(0.2~0.1 ng/ml per 5xl04, n=3) under basal conditions in vitro. The 

addition of pregnenolone increased progesterone production 

(8.25.± 6.26, p <0.05). However, the presence of hCG did not 

stimulate progesterone production. 

During in vitro incubations, a positive linear relationship 

between progesterone production and cell concentrations ranging from 

24,000 to 68,000 cells/ml for R1 and 4,000-32,000 cells/ml for R3 was 

demonstrated (data not shown). Table 1 depicts progesterone production 

by the cell groups (MIX, R1 and R3) under basal conditions and in 

response to pregnenolone and androstenedione. During the early luteal 

phase, basal progesterone production between the original preparation 

of dissociated luteal cells (MIX) and the cells isolated from R3 did 

not differ (p>0.05). However, basal progesterone production by R1 

cells was lower (p <0.05) than that produced by both MIX and R3 cells. 

The addition of pregnenolone increased (p <0.05) progesterone 

production by all three groups of cell populations (MIX, R1 and R3). 

When pregnenolone was present, cells isolated from R3 secreted more 

progesterone (p <0.05) than MIX cells, whereas the latter cells 

produced greater quantities (p <0.05) than R1 cells. The addition of 

androstenedione did not affect progesterone production and the trend 

for lower (p <0.05) progesterone production by Rl cells continued. 

Cell populations obtained from either the early or mid-luteal phase did 



Table 1. Progesterone Production by Mixed and Isolated Subpopulations of Luteal Cells 

Cell Basal Pregnenolone Androstenedione 
Populati.ons 

i ± SEM, ng/ml per 5 x 104 cells 
Earlv Luteal 
Pha~ea 

MIX 3.3tO.6c •x 37 • 61 9 • 6 d , x 4.1±0.8c ,x 

R1 0.5±0.2c ,y 10.6±2.7d ,y 0.6:!:O.2c ,y 

R3 6.H2.9c ,x 99.6i28.2d ,z 6.3:t2.8c ,x 

Mid Luteal 
Phaseb 

MIX 11.3±5.7c ,x 34.7± 8.2d ,x 10.0t5.0c ,x 

R1 0.6±0.2c ,y 12.61 4.6d ,y 0.4c ,y 

R3 13.6±.2.7c ,x 89.4±20.6d ,z 10.2±2.3c ,x 

a 4-5 days after the LH surge; n = 3-4 experiments 
b 7-8 days after the LH surge; n = 3-4 experiments 
c,d means with different letters within a row differ (p <0.05) for each phase 
x,y,z means with different letters within a column differ (p <0.05) for each phase. 

I-' 
~ 
()) 



not differ (p >0.05) in progesterone production either under basal 

conditions or in response to pregnenolone on a per cell basis. 
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The stimulation relative to basal from the cell groups (MIX, R1 

and R3) is shown in Table 2. During the early or mid-luteal phase, 

relative stimulation by hCG, cAMP and PGE2 between the three cell 

groups (MIX, R1 and R3) did not differ (p>0.05). During the early 

luteal phase, relative stimulation by both hCG and cAMP was greater 

(p<0.05) than by PGE2 in the MIX cells and R3 cells during the early 

luteal phase. However, relative stimulation by hCG and cAMP and PGE2 

did not differ (p >0.05) in R1 cells. Cells obtained from the early 

luteal phase responded to hormonal and intracellular activators, with a 

greater fold stimulation than cells obtained during the mid-luteal 

phase (p <0.05). During the mid-luteal phase, relative stimulation by 

both hCG and cAMP was greater (p <0.05) than by PGE2 in MIX cells. 

However, the response to hCG, cAMP and PGE2 by R1 cells did not differ 

(p >0.05) and cells isolated from R3 responded with a greater fold

stimulation to cAMP than to hCG or PGE2• 

MIX, R1 and R3 cell populations from early and mid-luteal phase 

produced more estrone than estradiol under basal conditions in vitro or 

in response to androstenedione. During the early luteal phase, basal 

estrone production (Table 3) did not differ (p >0.05) between MIX, R1 

and R3 cell populations. The addition of pregnenolone did not affect 

estrone production (p >0.05). However, addition of androstenedione 

increased (p <0.05) estrone production more than IS-fold in all three 

groups of cells. Estrone production by MIX and R3 cells did not differ 



Table 2. Stimulation of Progesterone Production by Mixed and Isolated Subpopulations 
of Luteal Cells 

Cell hCG cAMP 
Populations 

stimulation relative to basalc 

Early Luteal 
Phasea 

MIX 2. 4iO. 4 d 3.0iO.5 d 

Rl 2.3:i0.6 d 3.3±1.6 d 

R3 3.3:1 0.6 d 3.6tO.6 d 

Mid Luteal 
Phaseb 

MIX 1. 5iO.2 d 1.5tO.3 d 

Rl 1.2±0.2 d 1.4d 

R3 l.5:!-0.3d 2.l±0.6e 

a 4-5 days after the estimated LH surge; n=3-4 
b 7-8 days after the estimated LH surge; n=3-4 
c Basal = 1.00; values are the mean i SEM 
d,e means with different letters within a row differ (p <0.05) for each phase 

PGE2 

1.8-!0.2e 

3.0±.1. 9 d 

1. 81;0. 2e 

1.0l0.Ie 

1.ld 

1.2±O.l d 

I-' 
W 
o 



Table 3. Estrone Production by Nixed and Isolated Subpopulations of Luteal Cells 

Cell Basal Pregnenolone Androstenedione 
Populations 

x ± SEM, pg/ml per 5 x 104 cells 

Early Luteal 
Phasea 

MIX l7±7 c ,x 20:ilOc ,x 285±.84d ,x 

Rl 2±2c ,x 3i.2c ,x 58t16d ,y 

R3 36i17 c ,x 55i26c ,x 7l5:!:207d ,x 

Mid Luteal 
Phaseb 

MIX 8±2c ,x 10±2c,x, 383±184d ,x 

Rl 10±6c ,x 3±3c ,x 8-=4 c ,y 

R3 59±5lc ,x 71±27c,x l200t559d ,x 

a 4-5 days after the LH surge; n=3-4 
b 7-8 days after the LH surge; n=3-4 
c,d means with different letters within a row differ (p <0.05) for each phase 
x,y means with different letters within a column differ (p <0.05) for each phase ..... 

w ..... 



132 

(p >0.05) in response to androstenedione, but production by R1 cells 

was lower (p <0.05) than by either MIX or R3 cells. Estrone production 

did not differ (p >0.05) between cell populations (MIX, R1, R3) 

obtained during the early or mid-luteal phase. During the early luteal 

phase, basal estradiol production, as shown in Table 4, was lower 

(p<0.05) in R1 than R3 cells, but was not different from MIX cells. 

Whereas the presence of pregnenolone did not affect estradiol 

production (p >0.05), androstenedione increased (p <0.05) estradiol 

production by MIX cells, but not R1 and R3 cells. However, estradiol 

production in the presence of androstenedione by MIX cells and R3 cells 

did not differ (p >0.05) whereas production by R1 was lower (p <0.05). 

Estradiol production by luteal cell populations (MIX, R1 and R3) 

obtained during either the early or mid-luteal phase did not differ 

(p)0.05). 

Discussion 

This is the first report on the size distribution of freshly

dispersed cells from the fully-developed corpus luteum of the rhesus 

monkey during the menstrual cycle. Four subpopulations of cells were 

observed based on size and the presence of 3B-HSD. They were: small 

(10-15um in diameter) nonsteroidogenic, and small, medium (16-20um in 

diameter), and large (>20um in diameter) steroidogenic cells. In 

contrast, distinct peaks were not apparent in the size distribution of 

dissociated cells from the ovine corpus luteum regardless of the stage 

of the estrous cycle (Schwall et al., 1986). However, the size 

distribution of steroidogenic luteal cells from rabbits displayed two 



Table 4. Estradiol Production by Mixed and Isolated Subpopulations of Luteal Cells 

Cell Basal Pregnenolone Androstenedione 
Populations 

x ± SEM, pg/ml per 5 x 104 cells 

Earlv Luteal 
Pha~ea 

MIX 6:!:3c, x, y 6t6C ,x 32t17d ,x 

Rl HO.Sc ,x 1±0.2c ,x 8t4c ,y 

R3 8!Sc,y 16tH c, y 28:!:9 c ,x 

Mid Luteal 
Phaseb 

MIX 4-.!:1 c,x,y l8±12c ,x 76i.47 d ,x 

R1 2:! 1 c, x 8i4c ,x O.Sc,y 

R3 67±26c ,y 83±19c ,y 111t43 C ,x 

a 4-5 days after the LH surge; n=3-4 
b 7-8 days after the LH surge; n=3-4 
c.,d means with different letters within a row differ (p <0.05) for each phase 
x,y means with different letters within a column differ (p <0.05) for each phase .... 

w 
w 
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distinct peaks by day 9 of pseudopregnancy (Hoyer et al., 1986). The 

ratio of small: medium: large steroidogenic cells from the monkey 

corpus luteum at mid-luteal phase is 2.6: 1.0: 1.4. In domestic 

animals, luteal cells have been classified as small (12-22um in 

diameter) and large (>22um in diameter; Niswender et al. 1985). The 

ratio of small: large steroidogenic cells from the ewe at mid-luteal 

phase of the cycle is approximately 4.5: 1.0 (Schwall et al., 1986). 

These ratios must be interpreted with caution since dissociation of the 

tissue results in cell loss (83% in the present study), and possibly 

preferential destruction of certain cell types (Far in et al., 1986; 

Braden et a1., 1988). 

This study and a recent report of Alila and associates (1987) 

are the first to utilize the analysis and sorting capabilities of flow 

cytometry to characterize subpopulations of luteal cells. Analysis of 

dissociated cells from the monkey corpus luteum at mid-luteal phase of 

the cycle demonstrated two general groups (C~ and Ca) based on FLS and 

90LS properties. Both groups contained particles with a wide range in 

FLS; however, particles with the same FLS properties had greater 90LS 

properties in ce than in C~. Using the sorting capabilities of the 

flow cytometer, we were able to characterize these two groups at the 

light microscopic level. The range for FLS in C~ was likely due to 

clusters of increasing numbers of small cells, whereas the range in FLS 

observed in C6 was due to increments in cell size. Cells in the 

continuum (CS) exhibiting higher 90LS contained numerous lipid 

droplets, whereas the cells in the other continuum (C~) did not. The 
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lack of intracellular lipid correlated with the observation that the 

majority of the cells in Cn were 36-HSD-negative and failed to produce 

significant amounts of progesterone in vitro. Progesterone produced by 

en cells may be due in part to contamination by small steroidogenic 

cells. The nonsteroidogenic cells are presumably endothelial, 

fibroblastic, macrophagic and pericyte cell types (O'Shea et al., 

1979). Ultrastructural studies are needed to verify this hypothesis. 

Since the majority of the steroidogenic cells were in ce and we 

had observed three different subpopulations based on size, we divided 

the continuum into regions and isolated cells from two of these areas, 

R1 and R3• The isolated cells in R3 were larger than those in R1, in 

correspondence with their FLS properties. Studies on luteal cell 

sUbpopulations have been hampered by the lack of purity of the isolated 

fractions. In our case R1 was a relatively pure fraction of small 

cells. R3 was highly enriched for cells >20~m in diameter (82% of 

cells) but contained medium-sized cells. Efforts to isolate these 

medium-sized cells, hypothetically in the region of C8 between R1 and 

R3, are being pursued. Recently, Alila and colleagues (1987) utilized 

flow cytometry to isolate cell subpopulations from the bovine corpus 

luteum and reported a 90% or greater purity of large cells (>25~m in 

diameter). Thus, there is potential for obtaining highly-enriched 

fractions of luteal cells with flow cytometry. 

Only half of the cells in RI were steroidogenic. Contamination 

of cells similar to those observed in Cn was apparent in R1 cells, but 

not in R3 cells. However, some of the nonsteroidogenic cells in R1 
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contained lipid droplets. Likewise, a smaller percentage of large 

luteal cells from R3, that were indistinguishable from other cells at 

the light microscopic level, did not possess 3S-HSD activity. This 

population of large luteal cells was not detected during microscopic 

'studies on the original dissociated cell preparation. The functional 

activity or status of nonsteroidogenic luteal cells in primates awaits 

determination. Since various peptides (e.g., inhibin and relaxin) are 

produced by the primate corpus luteum (Tsafriri, 1988; Steinberger & 

Ward, 1988; Sherwood, 1988), these cells may represent a subpopulation 

of peptide producing cells. Taylor and colleagues (1987) recently 

reported that subpopulations of large cells exist in corpora lutea of 

pregnant sows. Nonsteroidogenic cells comprised 40% of the large cell 

population, of which 18% secreted relaxin. The function of the 

remaining nonsteroidogenic large luteal cells was not determined. 

Incubation of monkey luteal cells from R1 and R3 demonstrated 

functional differences, in terms of steroid production, between cell 

subpopulations. First, R3 cells from either the early or mid-luteal 

phase of the cycle secreted 18 times more progesterone than R1 cells. 

This relationship is similar to that observed for subpopulations of 

luteal cells in domestic ungulates (Lemon and Loir, 1977; Ursely and 

Leymarie, 1977), wherein large cells from the ewe and cow produce 20 

times as much progesterone as the small cells (Fitz et al., 1982; Koos 

and Hansel, 1981). During the course of this study, Ohara and 

associates (1987) isolated subpopulations of large (>20~m in diameter) 

and small (5-20~m in diameter) luteal cells from human corpora lutea by 

----- - ----,--------------------------------------
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density centrifugation. The authors observed a higher basal 

progesterone production by large cells; however, only a two-fold 

increase was observed. Second, R3 cells obtained from the monkey 

corpus luteum during either the early or mid-luteal phase of the cycle 

were the major source of estrogen, both estrone and estradiol. These 

results are in agreement with those of Ohara and associates (1987). 

The large cells of the rat corpus luteum also produce larger quantities 

of estrogen than the small cells (Nelson and Khan, 1987). However, the 

small luteal cells may be the primary source of androgen precursors in 

both the human and rat (Ohara et al., 1987; Nelson and Khan, 1987). 

Since our large cell fraction (R3) contained some medium cells, we 

cannot rule out the possibility that the differences observed in 

progesterone and estrogen production are due to the medium cells or 

cell-to-cell interactions. 

Gonadotropin, PGE2, and the second messenger, cAMP, stimulated 

progesterone production to the same extent in both R3 and R1 cells. 

These initial results do not support the hypothesis that progesterone 

production by luteal cell subpopulations in the primate are regulated 

by different mechanisms. Since both gonadotropins and prostaglandins 

stimulate adenylate cyclase activity in the primate (Eyster and 

Stouffer, 1985; Molksness et al., 1987), these substance may be 

regulating luteal cells by cAMP-dependent pathways. In contrast, 

progesterone production by small luteal cells from domestic ungulates 

is regulated by mechanisms different from large luteal cells (Niswender 

et al., 1985) which appear to be regulated by prostaglandins (Fitz et 
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a1., 1982; Fitz et a1., 1984a & b). Ohara and associates (1987) 

suggest that small and large luteal cells from the human corpus luteum 

exhibit varying sensitivities to gonadotropin, similar to that reported 

in domestic animals. Discrepancies between the results with human 

luteal cells and those of the current study may be due to the different 

procedures utilized to dissociate luteal tissue. Our results are 

similar to those reported in recent studies on the rat; large luteal 

cells contained more gonadotropin receptors than small cells and were 

responsive to LH (Nelson et a1., 1987). 

In summary, this study demonstrates the potential of flow 

cytometry for analyzing and isolating luteal cell types. Our initial 

data support the hypothesis that the primate corpus luteum consists of 

distinct cell subpopulations that differ in size and steroidogenic 

capacity. However, progesterone production by these cell 

subpopulations are regulated by similar mechanisms at least with 

respect to gonadotropin, PGE2 and cAMP-mediated events. 



APPENDIX 

COMPARISON OF SUBPOPULATIONS OF LUTEAL CELLS OBTAINED FROM 

CYCLING AND SUPEROVULATED EWES 

Abstract 
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Peripherial blood samples were collected daily (Days 1-10 after 

ovulation) and analysed for progesterone content. Luteal tissue was 

collected on Day 10 after the LH surge, or Day 10 after hCG injection 

from cycling and superovulated ewes, respectively. The tissue was 

enzymatically dispersed and an aliquiot was utilized for measurement of 

cell diameters, and staining for 38-hydroxysteroid dehydrogenase 

activity (38-HSD). The remaining cell preparation was separated into 

small (10-22~m) and large (>22~m) cell fractions by elutriation. Small 

and large cell suspensions were incubated (37 C, 2hrs) in the presence 

or absence of ovine LH (lOOng/ml) or dbcAMP (2mM) and progesterone 

content of the medium was measured. Superovulation did not affect 

circulating progesterone concentrations, when expressed per mg luteal 

tissue recovered; basal progesterone production by small or large 

luteal cells; the unresponsiveness of large luteal cells to ovine LH or 

dbcAHP; the ratio of small:large cells recovered by dissOCiation, the 

mean diameter of total cells, or the mean diameter of large cells. 

However, the mean diameter of small cells and LH stimulation of 

progesterone production by small luteal cells were greater (p<0.05) in 

luteal tissue collected from superovulated than in that from cycling 

ewes. These differences appear to be an amplification of basic 

function. Therefore, we conclude that corpora lutea obtained from 
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superovulated ewes can be used to study functional aspects of small and 

large cells. 

Introduction 

The ovine corpus luteum consists of steroidogenic and non

steroidogenic cell types. Enzymically dispersed luteal cells can be 

classified as steroidogenic or non-steroidogenic based on the presence 

of 38-hydroxysteroid dehydrogenase activity (38-HSD) and the ability to 

produce progesterone in vitro. Non-steroidogenic cells are typically 

endothelial cells, blood cells, pericytes and fibroblasts (O'Shea et 

al., 1979; Rodgers and O'Shea, 1982). The existence of two distinct 

steroidogenic cell types has been reported for the corpus luteum of the 

ewe (O'Shea et a!., 1979), the sow (Lemon and Loir, 1977) and the cow 

(Chegini et a1., 1984; Fields et a1., 1985) based on cell size and 

morphological differences. Studies utilizing enriched fractions of the 

two ~e11 populations have provtded evidence that the two cell types are 

functionally distinct. 

Small luteal cells contain the majority of receptors for 

luteinizing hormone (LH) and are more responsive to LH than are large 

cells (Lemon and Loir, 1977; Ursely and Leymarie, 1979; Koos and 

Hansel, 1981; Fitz et al., 1982; Rodgers and O'Shea, 1982; Rodgers et 

al., 1983; Hoyer et ai., 1984). Large luteal cells do not possess the 

ability to respond to N6-2'-0-dibutyryladenosine 3' ,5' cyclic 

monophosphate (dbcAMP) with enhanced secretion of progesterone (Fitz et 

al., 1982; Rodgers et aI, 1983), although they synthesize cAMP (Hoyer 

et al., 1984) and possess available intracellular cAMP binding sites on 
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the cAMP-dependent protein kinase (Hoyer & Niswender, 1985, 1986). On 

a per cell basis, unstimulated secretion of progesterone by large 

luteal cells is greater than that by small luteal cells (Lemon and 

Loir, 1977; Ursely and Leymarie, 1979; Koos and Hansel, 1981; Fitz et 

a1., 1982; Rodgers et al., 1983; Hoyer et al., 1984). These marked 

differences in regulation between luteal cell types have led to a re

evaluation of traditional concepts of the regulation of luteal 

function. 

Techniques to separate luteal cell types that have been 

utilized in these studies often require large quantities of tissue 

since cells are lost throughout the dissociation and separation 

procedures. Many studies have utilized small and large cells obtained 

from superovulated ewes (Fi tz et a!., 1982-1984a, b; Hoyer et a!., 

1984; Gambon! et al., 1984; Glass et a1., 1984; Hoyer and Niswender, 

1985, 1986). However, the effect of superovulation on these 

subpopulations of cells has not been reported. McClellan and 

colleagues (1975) made a direct comparison of the subcellular 

morphology of the developing corpus luteum induced by superovulation of 

ewes with that of the normal estrous cycle. Circulating concentrations 

of progesterone, up to 4 days after ovulation, were higher in ewes with 

corpora lutea induced by superovulation. However, by morphological 

examination of the corpora lutea, the only effect of superovulation 

reported was that there were more non-steroidogenic cells than in 

tissue obtained from cycling ewes. Therefore, the present study was 

designed to test the effect of superovulation on the size and 



regulation of steroidogenesis in small and large cell types in the 

ovine corpus luteum. 

Materials and Methods 

142 

Tissue collection. Western range ewes (5-6 years of age) were 

utilized in this study. For comparison of luteal cell populations from 

cycling and superovulated ewes, corpora lutea were obtained during the 

mid-luteal phase. All data from cycling ewes were collected during the 

breeding season (January, February) and superovulation of ewes was 

begun in February and continued through April. Therefore, values from 

superovulated ewes were collected during the end of the breeding and 

beginning of the non-breeding seasons. 

Superovulated~. Ewes were synchronized with injections of 

prostaglandin (PG) F-2a (Lutalyse; Upjohn Company, Kalamazoo, MI, 

U.S.A.; 10 rng i.m.) on Days -12 and -3. Follicular development was 

induced with a subcutaneous injection of PMSG (supplied by Dr. H. 

Papkoff; 1000 I.U.; day -3) followed on Day 0 with an injection of hCG 

(S igma Chern ical Co., St. Louis, MO, U.S.A.; 750 1. U" i.v.; Gam boni e t 

a!., 1984). 

Cycling ewes. Daily blood samples were collected from cycling 

ewes for two successive estrous cycles. The serum was analyzed for 

progesterone content by radioimmunoassay and the LH surge was estimated 

from the pattern of circulating progesterone concentrations for these 

two cycles (Thorburn et al., 1969). Briefly, the following criteria 

were considered for assigning Day 0 (LH surge); Day 0-3, circulating 

progesterone concentrations <0.4 ng/ml; Day 14 or 15, rapid decline in 



progesterone values (falling below 1 ng/ml); Day 0, non-detectable 

progesterone values. 
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A cycle length was estimated for each ewe (found to be 16 or 17 

days in every case) and a day of ovulation was projected for each of 

the next 3 cycles. Serum samples were collected beginning 3 days 

before the estimated day of ovulation and until collection of the 

corpus luteum. By this method, subsequent measurement of circulating 

concentrations of progesterone provided evidence that the tissue 

collected had been obtained in the mid-luteal phase (about Day 10). 

Corpora lutea were surgically collected on Day 10 after the 

estimated LH surge or hCG injection from cycling and superovulated 

ewes, respectively. Pentobarbitone sodium (1000-1100 mg/ewe) was used 

for anaesthesia. Surgical collection was by mid-ventral laparotomy 

with excision of the corpus luteum for cycling ewes and ovariectomy of 

superovulated ewes. Some of the cycling ewes were later utilized for 

superovulation induction. Cycling ewes provided 1 or 2 corpora lutea 

with a mean weight of 0.66 ± 0.07 g/CL. Superovulated ewes gave 1-5 

corpora lutea with a mean weight of 0.82 ± 0.15 g/CL. Mean luteal 

weights were not different (P )0.05) between cycling and superovulated 

ewes. Corpora lutea from each ewe were pooled for dissociation and 

elutriation. 

Tissue preparation. Surgically collected corpora lutea were 

decapsulated and enzymically dissociated into single-cell suspensions 

(0.4% collagenase; Worthington Biochemical, Malvern, PA, U.S.A.; 

0.005% DNAse; Sigma; complete Hank's solution, pH 7.35) according to 
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the method of Ahmed and associates (1981). The distribution of cell 

populations was determined by measuring 300 steroidogenic cells per 

observation on an inverted microscope (Nikon) equipped with an ocular 

micrometer calibrated for 300-fold magnification (1 division = 1.7 ~m). 

Cell counts were done with a haemo~ytometer; diameter measurements (wet 

mounts) were made on glass slides. Small luteal cells were designated 

as steroidogenic cells with a diameter of 12-22 ~m, and large cells as 

those with a diameter of >22 ~m (Fitz et al., 1982). Using these 

criteria, a small to large cell ratio, and mean cell diameters for 

total steroidogenic cells, small cells and large cells were calculated. 

Single-cell suspensions were separated into small and large 

cell fractions by elutriation as described by Fitz et al. (1982). The 

large cell fraction was typically contaminated with 30-45% small 

steroidogenic cells, whereas the small cell fraction was free of large 

cells (> 22 ~m). Cell viability was estimated microscopically by 

Trypan blue dye exclusion. Before elutriation, cell viabilities were 

typically 99% and viabilities of elutriated cells in the small and 

large fractions were greater than 95%. 

Aliquots of mixed cell suspensions and aliquots of small and 

large cell fractions were fixed in 1% paraformaldehyde (20 min at 40 C). 

The fixed cells were rinsed (0.1 M phosphate buffer, pH 7.4), applied 

to slides coated with 1% gelatin, allowed to air dry, and stained in 

Coplin jars for the presence of 3e-HSD (steroidogenic) enzyme activity 

(37 oC, 1.5 h; Payne et a1., 1980). 

---------------------------
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Cell incubations. Suspensions of small (3.5-5 x 104/ml) or 

large (1-3.5 x 104/ml) luteal cells were incubated in 12 x 75 mm 

disposable culture tubes containing Medium 199 (M199; Gibco Co., Grand 

Island, NY, U.S.A.). Cell suspensions were incubated in the absence or 

presence of ovine LH (100 ng/ml; a concentration known to stimulate 

progesterone production maximally in small cells; Bourdage et al., 

1984) or with dbcAMP (2mM; Sigma). Incubations were carried out in a 

New Brunswick metabolic shaker at 370 c for 2h. At the end of the 

incubation period, the medium was collected after centrifugation of the 

cells (900 g, 22oC). The concentration of progesterone in the medium 

was determined by radioimmunoassay. Progesterone content of the medium 

from large luteal cell incubations was corrected for the contribution 

made by small luteal cells. This correction was done by expressing the 

values obtained after incubation of pure small cells during each 

experiment on a per cell basis and then correcting for the number of 

small cells present in the preparation of large cells for each data 

point (Hoyer et a1., 1984). 

Progesterone assay. Concentrations of progesterone in serum 

and culture medium were measured by radioimmunoassay as described by 

Cameron and Stouffer (1982b) and Stouffer and colleagues (1976), 

respectively, with some modifications. Progesterone was extracted from 

50 Ul serum using 4 ml petroleum ether after dilution with 0.3 ml 

saline. Extraction recovery was estimated in each assay by adding 100 

pg progesterone (Radioassay Systems Laboratories, Inc., Orinda, CA, 

U.S.A.) to 50 Ul of pooled sheep serum and determining by 
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radioimmunoassay the amount of added hormone recorded. Extraction 

recoveries were typically >95% and samples were corrected for recovery 

within each assay. Unextracted medium was assayed for progesterone 

using 100 ul/assay tube. Samples were diluted with Medium 199 and 

dilutions ranged from 1:1 to 1:100. 

The antiserum, GDN-337, was used at a 1:5000 dilution. Assay 

sensitivity was defined as the content of progesterone which 

corresponded to the counts per minute that were 2 standard deviations 

below the mean of the 0 pg value. The percentage binding at 

sensitivity was 90% (s.e. 1.21) for 10 assays and reflected a tube 

content of 3.0 pg. The coefficients of variation were 4.24% between 

assays and 4.56% wi thin assays. 

Repeatability of estimates of concentrations of progesterone 

between volumes of sample was determined by assaying a pool of sheep 

serum at four different volumes (25, 50, 100 and 250 ul), and a medium 

pool with progesterone added at 5 ng/ml at 5 volumes (4, 10, 25, 50 and 

100 Ul). The intraclass correlations of concentrations among volumes 

were 0.999 for serum and 0.997 for medium. The repeatability of 

estimates of concentration of progesterone between a previously 

validated assay (Cameron and Stouffer, 1982b) and the RIA using GDN-337 

was assessed by quantifying the progesterone in several serum and 

medium samples by both assays. The intraclass correlation of 

concentrations between assays was 0.96 for serum and 0.95 for medium. 

Statistical analyses. Differences between mean cell diameters 

and smal1:large cell ratios were compared by Student's t test. 

~~ ~ - ~- ~--.. --------------



Differences between progesterone content from small and large cell 

incubations were compared by analysis of variance followed by a 

Student-Newman-Keuls multiple range test. 

Results 
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Serum progesterone concentrations were determined daily for 

cycling and superovulated ewes. The results were normalized to the 

estimated day of LH surge (Day 0) for cycling ewes or to the day of hCG 

injection (Day 0) for superovulated ewes. Circulating concentrations 

of progesterone (ng/ml) were higher (p <0.05) in superovulated 

(2.1 i 0.3, Day 8; 2.6 ± 0.1, Day 10) than in cycling (1.4 -t 0.3, 

Day 8; 1.8 ± 0.2, Day 10) ewes. However, suprovulation had no effect 

(p )0.05) on circulating progesterone values when expressed as a 

function of luteal tissue weight (Figure 18). 

Mean diameters of total steroidogenic and large cells ()22 um) 

and small:large cell ratio did not differ (p )0.05) between suspensions 

of steroidogenic cells obtained from cycling and superovulated ewes. 

However, the mean diameter of small cells was greater (p <0.05) in 

superovulated ewes than in cycling ewes (Table 5). Therefore, 

superovulation had no appreciable effect on size distribution of 

steroidogenic cells recovered except for an increase in mean cell 

diameter of small luteal cells (Figure 19). 

Dispersed luteal cell suspensions obtained from cycling or 

superovulated ewes (Day 10), contained small and large steroidogenic 

cells (those staining positive for 38-HSD-activity) and non

steroidogenic small cells (Figure 20a, b). However, mixed cell 

------ -------------------------------------------------



CD 2.0 
:::s 
UJ 
UJ 
i=~ 
-ae 
CD CD 
+-' ..... 

3~ 
0) 'Oe 

E a. 1.0 
a) 0) 
'- c: 
~~ 
I.. -CD ::J 
a.. ~ 
-(3 E 
......... 
01 
c: 

Circulating Progesterone Levels 

4 6 8 10 

Day of Cycle 
Figure 18. Circulating concentrations of progesterone in cycling 

148 

( cr~ , n=6) and superovulated ( ~ • n=5) ewes on Days 1-10 of the 

luteal phase. Values are the mean ± SEM and represent ng/ml 

progesterone estimated for each day of the cycle based on grams of 

luteal tissue recovered on Day 10. Days are normalized to the LH surge 

or hCG injection for cycling and superovulated ewes, respectively, as 

described in 'Materials and Methods'. 



Table 5. A comparison of the size distribution of cells recovered from corpora lutea of 
cycling and superovulated ewes 

Cycling ewes 
(n=6) 

Superovulated 
ewes (n=5) 

Small:Large 
Cell Ratio 

2.6 "! 0.6 

4.0 i 1.6 

Values represent mean ± SEM 
*p (0.05 

Total 
Steroidogenic 

Cells 

20.0 i 1.0 

20.0 ± 1.4 

Mean cell diameter (pm) 

Small Cells Large Cells 

15.0 t 0.4* 30.0 t 1.1 

17.0 ± 0.4* 29.0 t 0.3 

I-' 
~ 
\0 
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Figure 19. Size distribution of dispersed luteal cells recovered from 

corpora lutea collected on Day 10 of the cycle (luteal phase) in 

cycl ing ( 0--0 , n=6) or superovulated ( ~ , n=5) etl7es. Values 

represent the mean i SEN number of cells of each size in 300 cells 

meRsured per observation. 
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suspensions from superovulated ewes contained more non-steroidogenic 

cells (Figure 20b) than did those from cycling ewes (Figure 20a). This 

is in agreement with a similar observation reported by McClellan and 

colleagues (1975). Elutriation of th~ cell suspensions provided a pure 

fraction of small steroidogenic cells «22 urn; Figure 20c, d) and an 

enriched population of large cells ()22 um, Figure 20e, f). 

Progesterone production in incubations of small and large 

luteal cells is summarized in Table 6. On a per cell basis, 

unstimulated secretion of progesterone by large luteal cells was 

greater (p <0.01) than unstimulated secretion by small luteal cells. 

Small luteal cells obtained from superovulated ewes responded 

to LH and dbcAMP with an increase in progesterone production (p <0.01 

and p <0.05, respectively). Progesterone production by small luteal 

cells obtai.ned from cycling ewes was enhanced by LH although this 

increase was not significant (p )0.05). The stimulation above basal 

with LH and dbcAMP was significantly higher (p <0.01 and p <0.05, 

respectively) in small cells obtained from superovulated ewes than 

those from cycling ewes (5.3 -j; 1.0 vs 2.5 ± 0.4-fold increase for LH 

and 4.1 ± 0.7 vs 1.7 ± 0.3-fold increase for dbcAMP). Secretion of 

progesterone by large luteal cell fractions from cycling or 

superovulated ewes was not stimulated by LH or dbcAMP (p )0.05). 

Discussion 

Superovulation had no effect on the values measured except for 

an increase in size (Table 5, Figure 19) and responsiveness to LH and 

dbcAMP in the small luteal cell population (Table 6). Gamboni and 



Figure 20. Micrographs of luteal cell suspensi.ons stained for 3!3-HSD 

activity_ Dispersed cells were prepared from corpora lutea obatined on 

Day 10 of the luteal phase in cycling (a,c,e) or superovulated (b,d,f) 

ewes and stained for 38-HSD activity (positively staining cells appear 

black). After dissociation, mixed cell suspensions (a,b) were separated 

into small (c,d) and large (e,f) cell fractions by elutriation. 260x 

- --------------------------------------------
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Table 6. Secretion of progesterone by suspended small and large luteal cells incubated 
(2h, 37°C) in Medium 199 without or with ovine LH (100 ng/ml) or dbcAMP (2mM) 

Progesterone (ng/l05 cells) 

Superovulated 

Small ce] Is 
Basal 
LH 
dbcAMP 

Large cells 
Basal 
LH 
dbcAMP 

Cycling 
ewes 

(n=6) 

2.62 :.1. 0.41 
6.35 :!: 1.91 
3.46 ± 0.92 

65.89 ! 24.20 
118.80 :!: 39.50 
111. 60 :!. 38.96 

Superovulated 
ewes 

(n=5) 

2.02 t 0.61 
9.72 ± 2.14** 
7.34 1: 1.35* 

94.541" 19.28 
220.32 1. 70.56 
190.37 ± 56.36 

Values represent the mean ± SEM. Values for large cell progesterone production are corrected 
for small cell contamination (see 'Materials and Methods'). 
*p <0.05, **p <0.01, compared with basal value. 

...... 
IJ1 
~ 
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associates (1984) and Farin and coworkers (1985) have suggested that 

LH/hCG promotes differentiation of small into large luteal cells. It 

has been reported that hCG has a long circulating half life when 

compared with LH (Wehmann and Nisula, 1981; Tyrey, 1982) and hCG has 

been demonstrated to interact with its membrane receptor for an 

extended period of time (Niswender et al., 1985). Therefore, the 

increase in diameter of small cells from superovulated ewes may be due 

to a prolonged effect of hCG. 

Previous studies on luteal cell populations obtained from 

cycling ewes (Rodgers and O'Shea, 1982; Rodgers et al., 1983, 1985) 

have shown that small luteal cells in vitro are quite responsive to LH 

(3-4-fold stimulation of secretion of progesterone). Further, LH 

stimulation of secretion of progesterone in small cells from 

superovulated ewes ranged from 3- to 13-fold (Fitz et al., 1982; Hoyer 

et al., 1984; Hoyer and Niswender, 1985). In the present study, an LH 

enhancement of progesterone production by small luteal cells from 

cycUng ewes (2.5 ± 0.4-fold) was not significant (p )0.05), while that 

from superovulated ewes (5.3 :!: 1.0-fold) was (p <0.01). 

The increased responsiveness to LH in small cells from 

superovulated as compared with cycling ewes may be due to one of 

severa] reasons. The previous studies reported above used different 

criteria of separation between small and large cell fractions. A 

diameter of 19.4 ~m separated small and large cell fractions prepared 

from cycling ewes by Ficoll gradient centrifugation (Rodgers and 

O'Shea, 1982), whereas those fractions prepared by elutriation from 
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superovulated ewes (Fitz et al., 1982; Hoyer et al., 1984; Hoyer and 

Niswender, 1985, 1986; the present study) were separated at a diameter 

of 22 um. Since small cells from cycling ewes are smaller (p <0.05) 

than those from superovulated ewes (Table 5), it is possible that small 

cell fractions from cycling ewes in the current experiments contained 

cells (19.4-22 um) that functionally behaved as large cells. If so, 

this would result in decreased stimulation of secretion of progesterone 

by LH in the small cell fraction from cycling as compared to 

superovulated ewes. Morphometric studies would further resolve this 

issue. 

Alternatively, an enchanced responsiveness to LH of small cells 

in superovulated ewes may result from increased luteal receptors caused 

by supra-physiological levels of gonadotropin. FSH increases the 

number of LH receptors before ovulation (Erickson et al., 1979; May et 

al., 1980) and LH can increase the number of its own receptors (Hsueh 

et a1., 1977; Huhtaniemi et aI., 1978; Suter et a1., 1980). However, 

the enhancement of steroidogenic response in small cells could not be 

limited solely to an increase in receptors for LH, since the same 

enhancement was seen in the presence of dbcAMP (Table 6), an agent 

whose stimulatory effect bypasses the receptor. Therefore, an effect 

of superovulation on LH-regulated steroidogenesis of small cells may be 

that of enhancing the generalized steroidogenic response. 

The large luteal cell population did not respond (p >0.05) to 

LH or dbcAMP when obtained from cycling ewes, and superovulation did 

not affect this lack of a response (Table 6). Furthermore, 

~~-~~------------ - ~~------------ ---------------------
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superovulation did not affect the ability of large cells to produce 

higher (p <0.01) basal levels of progesterone than small luteal cells, 

on a per cell basis (Table 6). This is in agreement with previous 

experiments performed on cycling (Rodgers and O'Shea, 1982; Rodgers et 

al., 1983) and superovulated (Fitz et a!., 1982; Hoyer et a1., 1984) 

ewes. 

These observations suggest that small and large cell 

populations recovered from the ovine corpus luteum after superovulation 

are functionally comparable to those of the estrous cycle. 

Superovulation increases the amount of non-steroidogenic tissue 

(McClellan et al., 1975; Figure 20) as well as the size of small cells 

and their responsiveness to ovine LH (Tables 5 and 6). This effect on 

small but not large luteal cells appears to be an amplification of 

functional differences between small and large cells. While there may 

be effects of superovulation on aspects of luteal function not measured 

in this study, we conclude that the superovulated ewe provides a model 

that is qualitatively similar to the cycling ewe for studying 

differences in the regulation of steroidogenesis with respect to 

distinct luteal cell types. 
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