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ABSTRACT 

These studies were undertaken to characterize the adenylate 

cyclase system of the primate (rhesus monkey) corpus luteum, and to 

correlate gonadotropin-sensitive adenyl ate cyclase activity with the 

functional activity of the corpus luteum at specific stages of the 

luteal phase of the menstrual cycle, particularly near the time of 

luteolysis. 

The conversion of [a- 32pJATP to [3 2pJcAMP was assayed in 

preparations of luteal tissue obtained from rhesus monkeys at midluteal 

phase of the menstrual cycle. Cyclic AMP production was influenced by 

the pH, osmolality, and ionic strength of the assay buffer, and was 

acutely sensitive to Mg+2. Michaelis-Menten kinetics were seen when the 

ATP:Mg ratio was constant. The gonadotropins, hLH and hCG but not hFSH, 

stimulated cAMP production in a similar dose-dependent manner. 

Deglycosylated hCG blocked the stimulation of adenylate cyclase by hLH 

and hCG. The addition of GTP increased maximal activation of adenylate 

cyclase by hLH or hCG but did not alter sensitivity to the hormones. 

The adenylate cyclase of macaque luteal tissue did not respond to the 

addition of isoproterenol or epinephrine; furthermore, these 

catecholamines did not affect hCG-stimulation of adenylate cyclase. 

Forskolin and fluoride stimulated cAMP production in a dose-dependent 

manner. 

The activity of adenylate cyclase was examined in corpora lutea 

obtained from rhesus monkeys at specific stages in the luteal phase of 

x 



the menstrual cycle (days 3-5, 6-8, 9-12, 13-15, 16-menses after the 

midcycle LH surge). Basal adenylate cyclase activity, activity 

stimulated by GMP-P(NH)P, GTP, GTP + hLH, and GTP + heG, sensitivity of 

the enzyme to hLH (measured by Kact) , and peripheral progesterone levels 

were low in the early luteal phase (days 3-5), increased by midluteal 

phase (days 6-8 and 9-12), and then decreased by the late luteal phase 

(days 13-15 and 16-menses). In contrast, there were no significant 

differences among the age groups tested for forskolin-stimulated 

activity. Thus the adenyl ate cyclase system of the rhesus monkey 

undergoes significant changes during the luteal phase which are 

associated with the development and regression of the corpus luteum of 

the menstrual cycle. Mechanisms which modulate gonadotropin and 

nucleotide activation of adenylate cyclase without interfering directly 

with the catalytic unit are implicated in the changes which accompany 

luteolysis. 
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CHAPTER 1 

INTRODUCTION AND RATIONALE 

The corpus luteum is one of the major endocrine glands of the 

mammalian ovary. Its primary function is the synthesis and secretion of 

progesterone, a hormone vital for the initiation and maintenance of 

pregnancy. The corpus luteum is a transient structure whose functional 

lifespan is closely linked to events of the ovarian cycle and gestation. 

In the ovarian cycle, the corpus luteum develops from the ruptured 

follicle after extrusion of the oocyte at ovulation. If the released 

oocyte is not fertilized, the primate corpus luteum functions for about 

two weeks and then regresses. The regression of the corpus luteum 

signals the end of one ovarian cycle and the beginning of a new cycle 

with renewed gametogenic and gestational potential. If the oocyte 

released at ovulation is fertilized and implantation occurs, the 

functional lifespan of the primate corpus luteum is prolonged for 

several months to ensure successful pregnancy. 

The development and function of the corpus luteum are under 

hormonal control. The factors which are required for the normal 

development and function of the gland are termed luteotropic hormones. 

In primates, the major luteotropic agents are luteinizing hormone (LH) 

and chorionic gonadotropin (CG). LH, secreted by the anterior 

pituitary, promotes the development, function, and structural integrity 

of the corpus luteum of the ovarian cycle. If pregnancy ensues, CG, 

secreted by the developing placenta, prolongs the functional lifespan of 
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the corpus luteum until the placenta acquires the capacity to synthesize 

progesterone. Many of the biological effects of LH and CG on the corpus 

luteum are mediated by cyclic adenosine 3' ,5'-monophosphate (cAMP). 

Studies in nonprimate species indicate that LH and CG bind to specific 

receptors on luteal cells and activate adenylate cyclase, thereby 

increasing the production of cAMP. However, little work on the 

mechanism of LH/CG action has been performed in primate species where 

both these gonadotropins are endogenous hormones. 

The functional capacity of the primate corpus luteum changes 

during the luteal phase of the menstrual cycle. Progesterone production 

rises as luteinization proceeds, plateaus at midluteal phase, and falls 

at luteolysis (Neill et al., 1967; Ross et al., 1970). However, 

alterations in the circulating levels of LH which are required for the 

maintenance of the structure and function of the corpus luteum do not 

appear to be the primary factors in initiating the changes in luteal 

function (Hutchison and Zeleznik, 1984). One current theory for the 

decrease in luteal function at luteolysis is that the corpus luteum 

loses its sensitivity to the circulating LH, and that this loss of 

sensitivity may be due to production of an active luteolysin such as 

PGF2a or estrogen. This loss in hormonal sensitivity is demonstrable in 

vitro, in that cells from corpora lutea obtained in the late luteal 

phase produce less progesterone in response to LH than do cells from 

tissues obtained at midluteal phase (Stouffer et al., 1977b). 

Furthermore, addition of PGF2a or estrogen to LH-responsive luteal cells 

induces a loss of responsiveness to LH which mimicks that of late luteal 

phase cells (Stouffer et al., 1977a, 1979). Thus, a loss in sensitivity 
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of the corpus luteum to circulating LH may be one of the initiating 

factors in luteolysis. 

The cellular events which result in the loss in sensitivity of 

the corpus luteum to LH have not been identified. Although cells 

obtained at midluteal phase and treated with PGF2u no longer respond to 

LH, steroidogenesis can be stimulated by addition of dibutyryl cAMP 

(Stouffer et al., 1979), suggesting that a lesion occurs in the membrane 

before LH stimulation of cAMP production. Furthermore, PGF2a blocks the 

luteal response to LH (Dennefors et al., 1982; Hamberger et al., 1979; 

Stouffer et al., 1979) but not dibutyryl cAMP (Stouffer et al., 1979), 

suggesting that PGF2a also acts at the membrane level. There are 

several sites in the membrane where lesions could reduce the sensitivity 

of the corpus luteum to LH. One of these sites is the LH receptor. 

During spontaneous luteolysis in the primate corpus luteum, a loss of LH 

receptors follows the decrease in luteal function (Cameron and Stouffer, 

1982b). Thus a decrease in numbers of receptors for LH is associated 

with luteolysis, but does not appear to be an initiating factor for 

spontaneous luteolysis. Alternatively, a defect in the ability of the 

hormone-receptor complex to activate adenylate cyclase may decrease 

luteal cell sensitivity to LH and lead to luteal regression. Limited 

evidence from studies in rat and rabbit corpora lutea suggests that 

gonadotropin-sensitive adenylate cyclase activity changes with the age 

of the tissue (Hunzicker-Dunn and Birnbaumer, 1976a,b). Since luteal 

function was not measured in these studies, it is not apparent whether 

the changes in adenylate cyclase activity precede or are associated with 

the changes in luteal activity. No studies on the activity of adenylate 
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cyclase in the primate corpus luteum have been reported. Therefore, 

these studies were undertaken (1) to characterize the adenylate cyclase 

system of the primate (rhesus monkey) corpus luteum, and (2) to 

correlate gonadotropin-sensitive adenylate cyclase activity with the 

functional activity of the primate corpus luteum at specific stages of 

the luteal phase during the menstrual cycle. The experiments were 

entered upon to investigate the hypothesis that gonadotropin-sensitive 

adenylate cyclase activity changes throu~~out the lifespan of the 

primate corpus luteum, and that such changes may be involved in the 

regulation of the functional lifespan of the corpus luteum of the 

menstrual cycle, especially near the time of luteolysis. 

These studies were designed to increase our understanding of the 

interaction of luteotropic hormones and adenylate cyclase in the primate 

corpus luteum, and the relationship of these factors to spontaneous 

luteolysis in the primate menstrual cycle. In a practical sense, the 

knowledge gained from these studies will increase our understanding of 

the regulation of the menstrual cycle and enhance our ability to 

modulate fertility and infertility in women. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

The Primate Ovarian Cycle 

The morphology and function of the ovaries are regulated by the 

gonadotropic hormones, luteinizing hormone (LH) and follicle stimulating 

hormone (FSH). LH and FSH are secreted by the pituitary in response to 

gonadotropin releasing hormone (GnRH) from the hypothalamus. Negative 

and positive feedback on the hypothalamus and pituitary by ovarian 

steroids modulates the amount of LH and FSH secreted by the pituitary 

(Pohl and Knobil, 1982). The hormonal interplay of the 

hypothalamic-pituitary-ovarian axis results in a cyclic pattern of 

ovarian function in the adult female. Ovarian cyclicity results in 

morphological and functional changes within the reproductive tract which 

are manifest in the primate as the menstrual cycle. 

The typical menstrual cycle in women is 28 days in length. It 

can be divided into two phases, the follicular phase and the luteal 

phase, based on the predominant structure in the ovary at the time. 

Each phase is approximately 14 days long, with the follicular phase 

preceding the luteal phase. Ovulation, the process of follicular 

rupture which releases the oocyte from the ovary, separates the 

follicular and luteal phases of the cycle. If the oocyte which is 

released at ovulation is not fertilized, menses occurs. Menses marks 

the end of the luteal phase and the beginning of the follicular phase of 

the next cycle. If fertilization and pregnancy occur, ovarian cyclicity 

ceases for the duration of pregnancy. 

5 



The Follicular Phase of the Menstrual Cycle 

The major ovarian processes of the follicular phase are the 

growth of follicles and the selection of the dominant follicle which 

will ovulate at midcycle. Follicular growth involves maturation of the 

female gamete (i.e., the oocyte) contained in the follicle, 

proliferation of the granulosa cells surrounding the oocyte, and 

development of theca interna and externa layers from surrounding ovarian 

tissue. Although many follicles begin this growth process, the majority 

will undergo atresia (involution) and never ovulate. In the primate, 

typically only one follicle will ovulate per cycle; thus only one oocyte 

is released per cycle. 

In addition to its gametogenic role, the developing follicle 

serves as one of the major endocrine compartments of the ovary. The 

follicle synthesizes and secretes the steroid hormone estradiol in 

increasing amounts during follicular maturation. Estradiol production 

by the follicle requires the presence of both of the pituitary 

gonadotropins, LH and FSH (Yoshinaga, 1978). Estradiol has three major 

functions in the female. First, estradiol acts locally in the 

regulation of follicular development and selection (diZerega and Hodgen, 

1981; Richards, 1978). Second, estradiol prepares the reproductive 

tract for gamete transport and fertilization of the oocyte (Edwards, 

1980). Third, estradiol regulates secretion of LH and FSH by the 

pituitary. The low levels of estradiol produced through the early 

follicular phase have a negative feedback effect on the pituitary which 

inhibits the release of LH and FSH (Knobil, 1974). However, the high 
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concentration of estradiol produced by the mature follicle has a 

positive feedback effect on the pituitary which triggers a surge of LH 

and FSH secretion (Knobil, 1974, 1980). The peak in secretion of LH and 

FSH is called the midcycle gonadotropin, or LH, surge. The LH surge 

stimulates ovulation; thus, the LH surge is used experimentally to 

delineate the end of the follicular phase and the beginning of the 

luteal phase. 

The Luteal Phase of the Menstrual Cycle 

The midcycle LH surge also stimulates luteinization of the 

granulosa cell layer of the ovulatory follicle. The process of 

luteinization involves vascularization of the granulosa layer, and 

hypertrophy of the granulosa cells with modifications of intracellular 

organelles in preparation for de novo steroid synthesis (McClellan et 

al., 1975). The structure resulting from luteinization of the follicle 

is called the corpus luteum, and the interval during which it functions 

is the luteal phase of the menstrual cYGle. 

Following ovulation, the corpus luteum assumes the major 

endocrine role of the ovary. The principal secretory product of the 

corpus luteum, the steroid hormone progesterone, has three important 

functions. First, progesterone has an intraovarian action as an 

anti-folliculogenic (diZerega and Hodgen, 1981), and possibly as a 

luteotropic (Rothchild, 1981), agent. Second, progesterone prepares the 

estrogen-primed reproductive tract for implantation of the conceptus and 

pregnancy (Edwards, 1980). Third, progesterone inhibits the release of 
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gonadotropins from the pituitary and prevents the positive feedback 

effect of estrogen on the pituitary (Pohl and Knobil, 1982). 

The functional lifespan of the corpus luteum of the menstrual 

cycle is limited, as illustrated by the pattern of circulating 

progesterone during the luteal phase (Monroe et al., 1970; Neill et al., 

1967; Stouffer et al., 1977b). During luteinization, serum progesterone 

levels rise. Maximum concentrations of progesterone are reached by 3-5 

days after the LH surge and-maintained until about day 12. At this time 

functional degeneration of the corpus luteum ensues and progesterone 

levels begin to fall. By day 16 post-LH surge, progesterone 

concentrations have fallen to follicular phase levels « 1 ng/ml) and 

the functional regression is accompanied by structural degeneration of 

the corpus luteum (Corner, 1956). The regression of the corpus luteum 

at the end of the menstrual cycle is termed luteolysis. The end of the 

luteal phase is marked by menses, a flow of blood from the uterus, which 

occurs when the steroid support of the uterine endometrium is lost at 

luteolysis. 

The development and function of the corpus luteum are under 

hormonal control. The factors which are required for the normal 

development and function of the gland are termed luteotropic hormones. 

In the primate, the major luteotropic hormone of the menstrual cycle is 

LH which is produced by the pituitary and secreted in a pulsatile 

fashion (Backstrom et al., 1982). pulsatile secretion of LH occurs in 

response to pulsatile secretion of gonadotropin releasing hormone (GnRH) 

from the hypothalamus (Carmel et al., 1976). 
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The low levels of LH circulating during the luteal phase appear 

to be necessary for the normal function of the corpus luteum of the 

menstrual cycle (Knobil, 1973, 1974); however, there has been some 

debate on this issue (Asch et al., 1982). Administration of an antibody 

to neutralize circulating LH during the luteal phase results in 

diminished progesterone production and premature luteolysis in monkeys 

'. (Moudgal et al., 1972). Inhibition of pituitary gonadotropin release by 

estrogen administration also results in premature luteolysis (Westfahl 

and Kling, 1982). Furthermore, Vande Wiele and coworkers (1970) 

reported that when ovulation was induced in long-term hypophysectomized 

women by exogenous hormonal treatment, daily injections of LH were 

necessary to maintain luteal function. On the other hand, Asch and 

coworkers (1982) hypophysectomized rhesus monkeys during the luteal 

phase and reported that no exogenous hormonal treatment was necessary to 

maintain luteal function through the experimental cycle. It is 

doubtful, however, that these monkeys were completely hypophysectomized, 

as the report further states that there were detectable levels of 

circulating bioactive LH. This suggests that the source of LH had not 

been completely removed so that enough of the hormone was present to 

maintain the corpus luteum. Hutchison and Zeleznik (1984) placed 

radiofrequency lesions in the hypothalamus of rhesus monkeys to destroy 

the source of GnRH, thereby destroying the stimulus for release of LH 

from the pituitary. As noted by Knobil and coworkers (1980), infusion 

of GnRH in a physiologic pulsatile pattern restored endogenous LH 

release and ovarian cyclicity in this model system. If the GnRH 

infusion was stopped, LH levels fell to undetectable levels, luteal 
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steroidogenesis decreased significantly, and premature menses occurred. 

Thus despite the contentions of Asch and coworkers, the evidence 

strongly supports the concept that LH is a classic trophic hormone for 

the primate corpus luteurn. 

The physiological factors which induce luteolysis at the end of 

the menstrual cycle remain undefined. Classical studies which measured 

the levels of immunoactive LH in peripheral plasma indicated that 

pituitary secretion of LH did not decline as progesterone levels fell 

and luteolysis occurred (Knobil, 1973, 1974; Monroe et al., 1970; Neill 

et al., 1967). More recently, it has been demonstrated that peripheral 

levels of LH in daily blood samples measured by in vitro bioassay 

undergo a slow decline in LH around day 8-9 of the luteal phase 

(Ellinwood and Resko, 1983; Schoonmaker et ai, 1982; Westfahl and Kling, 

1982). More frequent blood sampling indicates that the frequency of LH 

pulses decreases around day 6-8 of the luteal phase (Ellinwood and 

Norman, 1983; Filicori et al., 1982) presumably as a result of 

progesterone negative feedback (Soules et al., 1984). Although the 

levels of bioactive LH may be nondetectable between pulses in the late 

luteal phase (Ellinwood and Norman, 1983), the decrease in frequency of 

LH pulses does not appear to be necessary to induce timely regression of 

the corpus luteum in rhesus monkeys (Hutchison and Zeleznik, 1984). 

Moreover, pharmacological treatment which maintained endogenous LH at 

early luteal phase levels throughout the luteal phase did not prevent 

the occurrence of luteolysis at the normal time (Westfahl and Kling, 

1982). Although further studies on circulating bioactive LH are needed, 
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it does not appear that a decline in available luteotropic support plays 

a major role in causing luteolysis during the menstrual cycle. 

It is possible that primates produce a substance which acts 

directly on the corpus luteum to inhibit luteal function and initiate 

regression of the corpus luteum, i.e., a luteolytic agent or luteolysin. 

There is strong evidence that a physiologic luteolysin regulates the 

lifespan of the corpus luteum in many nonprimate species. In some 

species, such as the sheep, this luteolytic agent appears to be 

prostaglandin F2a (PGF2a) (Goding, 1974). Two classes of luteolytic 

agents have been considered in primates. These are the prostaglandins, 

specifically PGF2a, and the estrogens, estradiol and estrone. 

It has been difficult to demonstrate a luteolytic effect of 

PGF2a in primates when systemic administration has been used (Jewelewicz 

et al., 1972; Jones and Wentz, 1972), probably due to the short 

half-life of PGF2a in the circulation. However, systemic administration 

of a PGF2a analog results in luteolysis (Wilks, 1983) in rhesus monkeys, 

and administration of PGF2a directly to the corpus luteum causes 

luteolysis in women (Korda et al., 1975) and rhesus monkeys (Auletta et 

al., 1984). Furthermore, administration of PGF2a to the corpus luteum 

of the rhesus monkey results in a significant decrease in progesterone 

production and receptors for LH within 3 hours (Sotrel et al., 1982). 

In vitro, the effect of PGF2a on dispersed luteal cells shifts from 

stimulation to inhibition of progesterone production as the luteal phase 

progresses (Stouffer et al., 1979). Similarly, the effect of PGF2a in 

the presence of hCG on cAMP production in isolated human luteal tissue 

shifted from no effect, to inhibition during the luteal phase (Dennefors 
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et al., 1982; Hamberger et al., 1979). The physiological significance 

of PGF2a in luteolysis in the primate has not yet been established. The 

uterus is the source of the luteolysin, PGF2a, in non-primates (Ginther 

et al., 1973). However, hysterectomy does not interrupt normal ovarian 

cyclicity in primates; therefore, the uterus does not appear to be 

required for luteolysis in the primate (Beling et al., 1970; Neill et 

al., 1969). Alternatively, it has been proposed that the primate corpus 

luteum regulates its own lifespan by making the luteolysin, PGF2a, 

(Hamberger et al., 1979; Patwardhan and Lanthier, 1980). PGF2a (Aksel 

et al., 1977) and its metabolite 13, 14-dihydro-15-keto-PGF2a (Auletta 

et al., 1984b) are elevated in the venous blood from the corpus 

luteum-bearing ovary, as compared to venous blood from the contralateral 

ovary; and the concentration of the metabolite of PGF2a in venous blood 

of the corpus luteum-bearing ovary increases at the time of luteolysis. 

PGF2a can be isolated from the primate corpus luteum (Patwardhan and 

Lanthier, 1980). There is also some evidence that the primate corpus 

luteum can produce prostaglandins in vitro (Challis et al., 1976) 

although some of this data is questionable (Balmaceda et al., 1979). 

The definitive studies must be done to establish the validity of the 

hypothesis that the primate corpus luteum regulates its own lifespan 

through PGF2a production. 

The administration of estrogen also causes premature luteolysis 

in primates (Karsch et al., 1973). However, there is considerable 

controversy concerning its site of action. First, estrogen may act at 

the pituitary to inhibit LH release, thereby depriving the corpus luteum 

of luteotropic support (Schoonmaker et al., 1982; Westfahl and Kling, 
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1982; Westfahl and Resko, 1983). Second, estrogen may act directly at 

the ovaries to cause luteolysis (Karsch and Sutton, 1976); in fact 

estrogen inhibits basal and LH-stimulated progesterone production by 

luteal cells in vitro (Stouffer et al., 1977b; Williams et al., 1979). 

There is evidence, therefore, which supports each mechanism as a 

potential site for the luteolytic action of estrogen. The physiological 

role of either mechanism is, however, unknown. 

Unlike the corpus luteum of most species, primate luteal tissue 

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

Thus it has been proposed that this endogenous estrogen plays a role in 

regulating the lifespan of the primate corpus luteum, again a mechanism 

whereby the gland produces its own luteolysin (Karsch and Sutton, 1976; 

Knobil, 1973). Butler and coworkers (1975) reported that the levels of 

estrogen in luteal tissue and venous blood increased in the late luteal 

phase at the time that progesterone concentrations were decreasing. In 

contrast, Stouffer and coworkers (1980) demonstrated that the in vitro 

production of estrogen by luteal cells declined concomitantly with the 

decline in progesterone production. However, this study also showed 

that the ratio of production of the two estrogens, estradiol and 

estrone, shifted from predominantly estradiol at midluteal phase to 

estrone in the late luteal phase, and it was suggested that the change 

in the predominant form of estrogen might be involved in the induction 

of luteolysis. On the other hand, Schoonmaker and coworkers (1981) have 

proposed that there is a receptive period for estradiol-induced 

luteolysis. If the sensitivity of the corpus luteum to estrogen 

increased, then increased production of the hormone would not be 
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necessary to cause luteolysis. More recently, Ellinwood and Resko 

(1983) administered an aromatase inhibitor to rhesus monkeys in order to 

suppress estrogen production in the corpus luteum. Luteolysis occurred 

in a timely manner, in spite of the lack of estrogen production. 

Although estrogen has acute inhibitory effects on luteal tissue, the 

physiological relevance of intraluteal estrogen in the process of 

luteolysis remains unclear. 

The two 'self-destruct theories, involving PGF2a and estrogen, 

which have been proposed for the primate corpus luteum are not 

necessarily exclusive. Intravenous infusion of estrogen to rhesus 

monkeys over a three hour period caused a decrease in progesterone 

levels and an increase in PGF2a concentrations in the ovarian vein of 

the corpus luteum bearing-ovary (Auletta et al., 1978). Although this 

experiment demonstrated only the acute effects of estrogen, the data 

suggest that PGF2a may mediate estrogen-induced luteolysis in the 

primate. 

Alternatively, other as yet unidentified substances may playa 

role in luteolysis. Recent research suggests that several hormone-like 

substances, in addition to steroids and prostaglandins, can be located 

in gonadal tissu~s. The neurohypophysial hormones, oxytocin and 

vasopressin, can be extracted from human (Wathes et al., 1982; Schaeffer 

et al., 1983), pig (Pitzel et al., 1984), cow (Fields et al., 1983), and 

sheep (Wathes and Swann, 1982) corpora lutea. In dispersed cells from 

the human corpus luteum, oxytocin inhibited basal and hCG-stimulated 

progesterone production (Tan et al., 1982). The nonmammalian analog of 

vasopressin, arginine vasotocin, directly inhibited steroidogenesis in 
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rat corpora lutea (Kahn and Menon, 1981) and rat Leydig cells (Adashi 

and Hseuh, 1982). Relaxin can be extracted from corpora lutea of the 

pregnant cow (Fields et al., 1980), and circulating levels of relaxin 

increased at the time of demise of the corpus luteum in simulated 

pregnancy in the rhesus monkey (Ottobre and Stouffer, in press). 

However, relaxin is not detectable during the nonfertile luteal phase 

(Ottobre and Stouffer, in press) and effects of relaxin on the corpus 

luteum have not been reported. Opioids may also be found in gonadal 

tissue (Shu-dong et al., 1982), and inhibitory effects of opiates in the 

rabbit corpus luteum have been suggested (Abramowitz and Campbell, 1983). 

Another class of hormones which have direct effects on the corpus luteum 

are the catecholamines. Progesterone production by the corpora lutea of 

the sheep (Jordan et al., 1978) and cow (Condon and Black, 1976) is 

stimulated by isoproterenol, epinephrine, and norepinephrine. These 

beta adrenergic agents act by directly stimulating adenylate cyclase in 

the rat (Birnbaumer et al., 1976) and rabbit (Hunzicker-Dunn, 1982) 

corpus luteum. Data from the primate are scarce; however, Casper and 

Cotterell (1984) and Richardson and Masson (1980) reported that 

catecholamines did not stimulate progesterone production in human luteal 

tissue. In contrast, Hamberger and coworkers (1980) showed an increase 

in cAMP in human luteal tissue incubated with hCG plus norepinephrine. 

The physiological effects of catecholamines are unknown. However, 

luteal catecholamines, as well as the peptides previously discussed, may 

play a local role in the regulation of the corpus luteum and the effects 

of these substances are currently under active research. 
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The mechanisms which cause luteolysis are unknown, but several 

potential pathways have been examined in various species. Luteolysis 

may occur via direct destruction of luteal cells, for example, by 

promoting the release of degradative enzymes that destroy luteal tissue. 

This is apparently not the case, however, as functional regression 

precedes structural degeneration in the rat (Behrman et al., 1979). 

Luteolysis could also occur through an indirect attack, for example, by 

decreasing the flow of blood to the ovaries. Studies indicate that 

blood flow to the regressing corpus luteum decreases, but functional 

regression precedes the decrease in blood flow in the sheep, rabbit, and 

rat (Behrman et al., 1979: Einer-Jensen and McCracken, 1976). 

Therefore, luteolysis does not appear to be caused by a direct lytic 

attack or an indirect starvation of luteal tissue. An alternative 

indirect mechanism for the action of a luteolytic agent is an 

anti-trophic action; that is, an interruption of LH action (Behrman, 

1977). In many species, cells from corpora lutea obtained near the time 

of luteolysis are less responsive to LH in terms of progesterone 

production in vitro than cells obtained at midluteal phase (Behrman, 

1977; Dennefors et al., 1982; Stouffer et al., 1977b). Addition of the 

luteolytic agents PGF2a or estrogen to LH-responsive luteal cells 

induces a rapid loss of responsiveness which mimicks that seen in cells 

approaching regression (Dennefors et al., 1982; Hamberger et al., 1979; 

Stouffer et al., 1977a, 1979; Thomas et al., 1978; Williams et al., 

1979). A loss of sensitivity of luteal cells to LH may therefore be an 

important step in the induction of luteolysis. Moreover, luteolytic 
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agents may act directly on luteal cells to reduce sensitivity to 

circulating LH, thereby inducing luteolysis. 

Any attempt to explain the mechanism of luteolysis must consider 

recent evidence of the heterogeneity of luteal cells within the corpus 

luteum. Two or more cell types have been identified in luteal tissue 

from the sheep (Fitz et al., 1982), cow (Koos and Hansel, 1981), rhesus 

monkey (Gulyas et al., 1979), and human (Crisp et al., 1970). In the 

cow (Koos and Hansel, 1981), large luteal cells have a very high basal 

secretion of progesterone but do not respond to LH with a significant 

increase in progesterone production. On the other hand, small luteal 

cells from the bovine have a low basal progesterone secretion and 

respond to LH with a dramatic increase in progesterone secretion. Large 

and small cells from the sheep corpus luteum follow a similar pattern 

to that of the cow in basal and LH-responsive progesterone production 

(Hoyer et al., 1984). Furthermore, cAMP levels were elevated in small 

luteal cells, but not large luteal cells upon challenge by LH (Hoyer et 

al., 1984). Progesterone production by large and small cells of pig 

corpora lutea incubated together was twice the sum of production when 

large and small cells were incubated separately (Lemon and Mauleon, 

1982). Furthermore, when large cells were superfused with media in 

which small cells had been grown, progesterone production was increased 

(Lemon and Mauleon, 1982). This suggests a synergistic interaction 

between the two luteal cell types in the pig. 

The proportion of small to large cells decreased from early to 

late luteal phase in the sheep (Fitz et al., 1981), and large cells had 

more specific binding sites for PGF2n than small cells (Fitz et al., 
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1982). Fitz and coworkers (1981) propose that large cells are derived 

from small cells as the luteal phase progresses. Furthermore, they 

hypothesize that the greater number of receptors for PGF2a on the large 

cells, and the increased proportion of large to small cells in the late 

luteal phase, may be important for in the initiation of luteolysis by 

PGF2a in the sheep (Fitz et al., 1982). According to their theory, as 

the numbers of large cells increases, the corpus luteum becomes more 

sensitive to the luteolytic effects of the prostaglandin and the end 

result is luteolysis. Thus luteal regression in the ewe may be related 

to a change in the type of cells and/or a change in sensitivity to 

luteolytic and luteotropic agents. 

The Primate Corpus Luteum of Early Pregnancy 

If the oocyte released at ovulation is fertilized and the 

developing blastocyst implants in the uterus (i.e., pregnancy ensues), 

luteolysis does not occur at the normal time of the menstrual cycle. 

Instead, the functional lifespan of the corpus luteum is lengthened and 

the gland continues to synthesize and secrete progesterone during early 

gestation. The human corpus luteum functions maximally during the first 

four weeks of pregnancy, often maintaining circulating progesterone 

concentrations above luteal phase levels. Progesterone levels then 

decline to a nadir at 6-8 weeks of pregnancy as the functional lifespan 

of the corpus luteum of pregnancy ends. Thereafter, the placenta 

produces the progesterone that is necessary to carry the pregnancy to 

successful completion (Yoshimi et al., 1969; Mishell et al., 1973). 
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The corpus luteum of the menstrual cycle is rescued from 

impending regression by chorionic gonadotropin (CG), a hormone which is 

synthesized and seureted by the syncitiotrophoblast of the implanting 

blastocyst (Midgley and Pierce, 1962). In women, CG first appears in 

the maternal circulation about 9 days after ovulation (Catt et al., 

1975), and its concentration rises steadily for the first three weeks of 

pregnancy (Mishell et al., 1973). The levels of CG are still rising 

when luteal production of progesterone falls (Mishell et al., 1973). 

Since the patterns for secretion of CG and progesterone are not the 

same, there was some controversy as to whether CG was the actual 

stimulus for rescue and maintenance of the corpus 1uteum of pregnancy. 

However, the administration of CG to monkeys results in a progesterone 

pattern which is the same as that seen in early pregnancy, i.e., the 

corpus luteum increases its production of progesterone and then ceases 

to function, despite high levels of CG (Neill and Knobil, 1972; Ottobre 

and Stouffer, 1984; Wilks and Noble, 1983). Since exogenous CG mimicks 

the effect of endogenous CG, this controversy has been resolved. 

Questions as to why and how the corpus luteum of pregnancy becomes 

refractory to CG stimulation remain unanswered. 

The mechanism whereby CG rescues the corpus luteum of the 

menstrual cycle is unresolved. CG is an LH-like molecule; that is, CG 

and LH are very similar in terms of biological activity and structure. 

Both LH and CG stimulate progesterone production by luteal cells in 

vitro (Stouffer et al., 1977b) and testosterone production by Leydig 

cells in the testes (Dufau et al., 1974). In addition, CG is used 

clinically as a substitute for LH to trigger ovulation (Yoshimi et al., 
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1969). LH and CG bind to the same population of receptors in luteal 

cells, and bind with the same affinity for receptors (Cameron and 

Stouffer, 1982a). Structurally, LH and CG are glycoprotein hormones 

composed of two subunits, a and~. The primary structure of the a 

subunits of the two hormones are identical (within species), and there 

is extensive homology in the amino terminal end of the ~ subunits of LH 

and CG (Tyrey, 1982). The question then remains: If CG is an LH-like 

molecule, and if luteolysis occurs via a decreased sensitivity of the 

corpus luteum to LH, then how does CG prevent luteolysis? 

There are at least two possible mechanisms whereby CG may 

prevent luteolysis. First, luteal rescue may be a dose-related response. 

Whereas LH levels are low during the luteal phase, CG levels rise 

rapidly and reach concentrations 500 times greater than midluteal LH 

surge levels (Mishell et al., 1973). The presence of higher 

concentrations of trophic hormone may be sufficient to overcome the 

decreased sensitivity of the corpus luteum and thereby prevent 

luteolysis. Second, LH and CG may have a differential effect on the 

membrane events triggered by hormone-receptor binding. Despite 

extensive homology in primary structure, the carboxy terminal end of the 

~-subunit of CG contains a 30 amino acid sequence not found in LH. 

Furthermore, the carbohydrate moieties attached to this unique sequence 

differ from those attached to the homologous portions of LH and CG 

(Tyrey, 1982; Jutisz and Counis, 1982). These structural differences 

may result in different biological effects of LH and eG. For example, 

CG-receptor binding may result in a diff~rent postreceptor activation, 

such that CG maintains adenylate cyclase activation and prevents 
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luteolysis, whereas LH cannot. To date, no studies have been published 

comparing the dose-response effects of LH and CG in the primate corpus 

luteum, or the post-receptor activation of adenylate cyclase by these 

gonadotropins. However, the rate of internalization and degradation of 

receptor bound hLH and hCG has been examined in the sheep corpus luteum 

(Mock and Niswender, 1983). Human CG was internalized and degraded less 

rapidly than hLH. This difference in the rate of internalization 

suggests that the luteal cell has the capacity to respond differently to 

hLH and hCG. Thus hCG may be able to exert its stimulatory effects on 

the sheep luteal cell for a longer period of time than hLH. 

The carbohydrate moieties attached to gonadotropin hormones 

appear to have a role in the post-receptor activation of adenylate 

cyclase (Keutmann et al., 1983; Channing et al., 1978; Sairam and 

Manjunath, 1983). In the rat, deglycosylated hCG (DG-hCGj hCG from 

which approximately 70% of the carbohydrate has been removed) retains 

its ability to bind to receptors (Chen et al., 1982; Keutmann et al., 

1983), but loses the ability to stimulate adenylate cyclase (Keutmann et 

al., 1983; Sairam and Manjunath, 1983). Thus, DG-hCG has the capacity 

to act as a competitive antagonist of intact hCG and hLH. The 

gonadotropin antagonist actions of DG-hCG have recently been 

demonstrated in vivo; administration of DG-hCG prevented ovulation (Kato 

and Sairam, 1983) and terminated pregnancy (Kato et al., 1983) in the 

rat. However, no studies with DG-hCG have been performed in the primate 

where CG is an endogenous hormone. 
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The Adenylate Cyclase System 

Cyclic AMP-Mediated Hormone Action 

The discovery of cyclic AMP by Rall, Sutherland, and Berthet 

(1957) was a breakthrough in the study of the mechanism of peptide 

hormone action. While studying hormone regulation of glycogenolysis, 

Rall and coworkers observed that epinephrine and glucagon could not 

directly stimulate the glycogenolytic enzymes in membrane-free 

cytoplasmic preparations of liver tissue. However, epinephrine and 

glucagon caused the production of an "active factor" by membrane 

fractions which, when added to cytosolic preparations, stimulated 

glycogenolysis. Subsequently, the active factor was isolated and 

identified as the mononucleotide, cyclic adenosine 3' ,5'-monophosphate 

(cyclic AMP, cAMP) (Sutherland and Rall, 1957; Lipkin, Cook, and 

Markham, 1957). Cyclic AMP is formed from magnesium-complexed adenosine 

triphosphate (Mg-ATP) in a reaction catalyzed by adenylate (adenylyl) 

cyclase. This enzyme is found in the plasmalemma (Sutherland, et al., 

1962), but not in microsomal, mitochondrial (Sutherland, et al., 1962) 

or nuclear (Davoren and Sutherland, 1963) membranes of all nucleated 

cells. Cyclic AMP is degraded by conversion to 5'-adenosine 

mono phosphate (5 1 -AMP) via the action of phosphodiesterase (Sutherland 

and Rall, 1958). 

By 1960, the importance of cAMP as the intracellular med"iator of 

the effects of many peptide/protein hormones was apparent. Adenylate 

cyclase activity was stimulated by catecholamines in liver, heart, 

skeletal muscle, brain, and adipose tissue preparations, and by 
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adrenocorticotropic hormone in the adrenal cortex (Sutherland and RaIl, 

1960). The concept of cAMP mediation of hormone effects gave rise to 

the Second Messenger Hypothesis of hormone action (Sutherland, 1972). 

In this hypothesis, the extracellular first messenger is the hormone 

which binds to a membrane receptor. The hormone-receptor complex then 

activates adenylate cyclase. The cAMP formed by the enzyme serves as 

the intracellular second messenger and causes many cellular changes. 

Many of the effects of cAMP are mediated by the family of cytoplasmic 

enzymes known as protein kinases. Cyclic AMP activates protein kinase; 

protein kinase then activates other intracellular proteins (by 

phosphorylation) which lead to the biological effects of the hormone. 

The proteins available for phosphorylation by protein kinase depend on 

the type of cell in which cAMP production has been stimulated (Krebs, 

1972). Thus specificity of hormone action depends on target cell 

receptors and the proteins available for phosphorylation by protein 

kinases. 

Initially, the hormone-sensitive adenyl ate cyclase system was 

thought to consist of two distinct subunits: a regulatory subunit which 

faced the extracellular space and bound to hormone (i.e., a receptor), 

and a catalytic subunit on the inner face of the membrane which 

catalyzed the conversion of ATP to cAMP (Robison et al., 1967). The 

regulatory and catalytic subunits were visualized as existing in a 

permanently coupled state in this model. As the study of adenylate 

cyclase systems continued, evidence indicated that the initial model was 

an oversimplification. For example, Rodbell et ale (1971) observed that 

guanine nucleotides were necessary to achieve hormonal stimulations of 
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adenylate cyclase in liver cells. Also, in certain disease states 

(Farfel et al., 1980), binding of hormone to receptor failed to activate 

activate adenylate cyclase, although the presence of receptor and enzyme 

could be demonstrated. The missing link between hormone-receptor 

binding and enzyme activation was identified as a nucleotide regulatory 

protein (Rodbell, 1980). More recently, a second nucleotide regulatory 

protein has been identified which mediates the effects of inhibitory 

hormones on adenylate cyclase (Codina et al., 1983). Thus adenylate 

cyclase is regulated by a dual control system: stimulation via the 

stimulatory nucleotide regulatory protein (Ns ) and inhibition via the 

inhibitory nucleotide regulatory protein (Nii Gilman, 1984). 

Both Ns and Ni regulatory proteins have been isolated, and are 

composed of at least two subunits. The 8 subunit of Ns is identical to 

that of Ni and has a molecular weight of 35,000 daltons (Gilman, 1984). 

The a subunit of Ns is 45,000 daltons, and the a subunit of Ni is 41,000 

daltons (Gilman, 1984). A third subunit of 5000 daltons, the Y subunit, 

may to be associated with both Ns and Ni (Hildebrandt et al., 1984), but 

this has not been rigorously proven and its potential function is 

unknown. The catalytic unit of adenylate cyclase has a molecular weight 

of about 150,000, but it has not been purified from a mammalian source. 

There may be other components of this complex system which are as yet 

unidentified. Our understanding of the regulation of adenylate cyclase 

systems continues to increase as research flourishes in this area. 
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Hormone-Receptor-Enzyme Coupling 

Several models have been proposed to explain the events which 

occur in the plasma membrane between binding of hormone to receptor and 

cyclic AMP formation. The model presented in Figure 1 is a composite of 

several models; the flow chart is taken from the models proposed by 

Stadel, de Lean, and Lefkowitz (1982) and Spiegel and Downs (1981), and 

the multiple subunits from Birnbaumer and Kirchick (1983). The initial 

event in the reaction is the binding of hormone to receptor (H + R ----> 

H·R). The hormone-receptor complex (H·R) interacts with the nucleotide 

regulatory unit (N), which is composed of two subunits, Na and N8. 

Interaction of H·R with Na·GDP/NS results in binding of Mg+2 to the S 

subunit of N and the release of GDP from the a subunit and its 

replacement with GTP. H·R·N-S-Mg+2 then dissociates from Na-GTP. 

Na-GTP is the activated state of the nucleotide regulatory unit. Thus, 

hormone-receptor binding activates the nucleotide regulatory unit by 

promoting the binding of Mg+2 to the S subunit, and the exchange of GDP 

for GTP at the a subunit. The Na-GTP complex activates the catalytic 

unit of the enzyme, thereby promoting the catalysis of Mg-ATP to cAMP. 

Inactivation of Na, and thereby inactivation of the catalytic unit, 

occurs when GTP is hydrolyzed to GDP by GTPase. 

Although not depicted in the figure, the model is further 

complicated by the presence of both stimulatory (Ns ) and inhibitory (Ni) 

nucleotide regulatory units. Although the S subunits of Ns and Ni 

appear to be identical (Gilman, 1984), the interaction of Ni-a with the 

catalytic unit causes inhibition. The activity of adenylate cyclase at 
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FIGURE 1. Model of the int~ractions of the subunits of the adenylate 
cyclase system. H=hormone, R=receptor, Na and NS =subunits of the 
nucleotide regulatory unit, C=catalytic unit. 
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a given time is apparently a balance of activation by stimulatory 

hormones via Ns and inhibition by inhibitory hormones via Ni' 

An alternate model has been proposed by Rodbell (1980) in which 

the receptor (R) and the nucleotide regulatory unit (N) are permanently 

coupled. In addition, this model proposed that the R*N units exist in 

an oligomeric structure when not bound to GTP. Although these models 

differ, there is an underlying theme that all components of the system 

(R, N, C) are important to hormonal stimulation of cAMP production. In 

addition, the importance of both Mg+2 and GTP as modulators of adenylate 

cyclase activity has received recent consideration (Abramowitz and 

Birnbaumer, 1982; Birnbaumer and Kirchick, 1983). 

The differences among various models are based on data from 

various cell systems and reflect the current limitations of our 

knowledge of the ,regulation of adenylate cyclase. The adenylate cyclase 

systems which have been studied in detail, e.g., in turkey erythrocytes 

and rat liver tissue, show differences in regulation; therefore, a truly 

unifying model of cyclase regulation has yet to be demonstrated. In 

fact, the regulatory mechanisms may differ with various target tissues, 

for example, some systems respond to nucleotides other than GTP (Wolff 

and Cook, 1973; Birnbaumer and Yang, 1974). 

The model presented in Figure 1 provides a framework for 

considering the sites where regulation of the response of the adenyl ate 

cyclase system to hormone could occur. These sites include: the 

hormone, the receptor, the nucleotide regulatory subunits, the catalytic 

unit, and membrane structure. First, regulation of the system could 

occur through a change in the extracellular concentration of hormone. 
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Second, a change in the number or affinity of the receptors available 

for hormone binding could also regulate the system. Third, at the 

nucleotide regulatory unit, regulation may be accomplished by 

competition between Ns and Ni' A change in the conformation or in the 

numbers of available regulatory subunits, a change in the availability 

of GTP or Mg+2 (Maguire, 1984), or a change in the activity of GTPase 

(Lester et al., 1982) could swing the balance between stimulation by Ns 

and inhibition by Ni' Fourth, the catalytic unit could be regulated by 

changes in the conformation or the number of available catalytic units, 

or through changing the availability of substrate (ATP). Fifth, since 

activation of the system involves interaction (IImigration ll
) and possibly 

conformational changes of the various components, changes in the 

microenvironment of the membrane could modulate the adenylate cyclase 

system. 

Several non-hormonal agents activate individual components of 

the adenylate cyclase system (i.e., non-receptor mediated activation). 

These agents include fluoride, cholera toxin, forskolin, pertussis toxin 

(also called islet activating protein), and manganese. Cholera toxin, 

secreted by the bacterium Vibrio cholerae, activates adenylate cyclase 

through an effect on the a subunit of the stimulatory nucleotide 

regulatory unit. The toxin inhibits the GTPase through ADP ribosylation 

(Cassel and Selinger, 1977; Gill and Meren, 1978). Consequently, 

activation of the catalytic unit is prolonged since the GTP cannot be 

hydrolyzed to turn off activation by the nucleotide regulatory unit. 

Pertussis toxin, an exotoxin produced by the bacterium 

Bordetella pertussis, ADP ribosylates the a subunit of the inhibitory 
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nucleotide regulatory subunit, and prevents inhibition of the catalytic 

unit by inhibitory hormones (Kurose et al., 1983; Murayama and Ui, 1983). 

Fluoride also activates the nucleotide regulatory unit, but its specific 

mechanism of action is not understood (Downs et al., 1980). Forskolin, 

a diterpene extracted from the plant Coleus forskolii was originally 

believed to directly activate the catalytic unit of adenylate cyclase 

(Seamon and Daly, 1981a,b). However, it has been suggested that 

forskolin action may also have some effects on the N unit (Insel et al., 

1982; Stengel et al., 1982), or even on a different, unidentified 

protein that acts on the catalytic unit (Birnbaumer et al., 1983; Forte 

et al., 1983). Manganese also directly activates the catalytic unit of 

the cyclase system (Limbird et al., 1979). Many of the advances in our 

understanding of the regulation of the cyclase system have been aided by 

the ability to manipulate individual components of the system through 

these nonhormonal agents. For example, cholera toxin was instrumental 

in the study of activation of the stimulatory nucleotide regulatory 

unit, and the use of pertussis toxin has made it possible to identify 

putative inhibitory hormones of adenylate cyclase. These nonhormonal 

agents will continue to be useful as the study of the control of various 

cyclase systems progresses. 
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Gonadotropin-Responsive Adenylate Cyclase in the Regulation of the 
Corpus Luteum 

Mediation of LH Action via Cyclic AMP 

Based on Sutherland's criteria for elucidating the role of cAMP 

in hormone action (Sutherland and Robison, 1966), the effects of LH on 

steroidogenesis in the corpus luteum of domestic animals and rodents 

appear to be mediated by cAMP. For example, addition of dibutyryl cAMP 

to slices of bovine corpora lutea mimicked the action of LH by 

stimulating progesterone production (Hall and Koritz, 1965; Marsh and 

Savard, 1966). Although the data indicated that cAMP mediated the 

stimulatory effects of LH on steroidogenesis, for a time there was some 

controversy since several groups could measure increased steroid 

production without an increase in measurable cAMP (Marsh et al., 1966). 

In retrospect, this should not have been unexpected as there is a signal 

amplification effect with cAMP and, in fact, cAMP-dependent protein 

kinase activation can sometimes be measured before observable changes in 

cAMP levels are seen (Ling and Marsh, 1977). As more sensitive assays 

for cAMP were developed, it became clear that the increase in cAMP 

following addition of LH preceded any increase in progesterone 

production (Marsh et al., 1966) and was due to a stimulation of 

adenylate cyclase as opposed to an inhibition of phosphodiesterase 

(Marsh, 1970). It is now generally accepted that cAMP is an important 

mediator of LH stimulation of steroidogenesis in the corpus luteum. 
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In the corpus luteum, LH stimulates cAMP production and cAMP 

activates protein kinases (Ling and Marsh, 1977; Sala et al., 1979). 

Protein kinase (or proteins activated through phosphorylation by protein 

kinase) apparently stimulates the rate limiting step in the 

steroidogenic pathway, the conversion of cholesterol to pregnenolone, at 

several sites. These sites include: the enzyme, cholesterol esterase 

(Behrman and Armstrong, 1969; Caffrey et al., 1979), the transport of 

free cholesterol into mitochondria (Mori and Marsh, 1982), the 

cholesterol sidechain cleavage system (Hall and Koritz, 1964; Mori and 

Marsh, 1982), and the transport of pregnenolone out of the mitochondria 

(Goldstein and Marsh, 1973). However, the exact mechanisms which result 

in the stimulation of steroidogenesis remain unclear. Other cellular 

mechanisms, in addition to cAMP-dependent protein kinase, may be 

involved in eliciting steroidogenesis (Davis et al., 1981). 

There have been many studies of gonadotropin receptors and their 

interaction with hormones (Catt et al., 1979; Ryan and Lee, 1976), but 

few studies of the other components of the adenylate cyclase system in 

the corpus luteum. The only characterization of the activity of the 

catalytic unit in the corpus luteum was by Birnbaumer and coworkers 

(1976) and utilized rat and rabbit luteal tissue. The activity of the 

enzyme was sensitive to the pH, ionic strength, and magnesium ion 

concentration of the reaction mixture. Addition of LH and CG stimulated 

the activity of adenylate cyclase by 5-10-fold. PGE; and epinephrine 

also stimulated enzyme activity, but FSH did not. Birnbaumer et al. 

(1976) originally believed that in addition to serving as substrate, ATP 

played a role in the regulation of adenylate cyclase in the corpus 
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luteum similar to that of GTP in other cyclase systems. This hypothesis 

was based on the observation that as the concentration of ATP in the 

incubation medium increased, the activity of adenylate cyclase first 

increased then decreased. Subsequently, this effect was shown to be due 

to magnesium ion concentration; that is, optimal cyclase activation was 

seen when free magnesium ion concentration was near zero (i.e., 

[Mg2+]~[ATP] + [EDTA]; Abramowitz and Birnbaumer, 1982). The adenylate 

cyclase system of the corpus luteum is now believed to be similar to 

other adenylate cyclase systems in its regulation by guanine nucleotides 

(Rodbell, 1980). Guanine nucleotides (i.e., GTP) stimulate luteal 

adenylate cyclase activity in the rat in the absence of hormone 

(Birnbaumer et ai., 1976). Hormonal stimulation requires the presence 

of guanine nucleotides in the rat and rabbit corpus luteum (Abramowitz 

and Birnbaumer, 1982); however, a stringent requirement for guanine 

nucleotides is often difficult to demonstrate. Abramowitz and 

Birnbaumer (1982) found it necessary to use low concentrations of 

membranes, and multiple purification techniques to rid their reagents of 

contaminating GTP in order to demonstrate guanine nucleotide regulation 

of rat and rabbit luteal adenylate cyclase. McIlroy and Ryan (1980) 

treated rat luteal membranes with urea to illustrate GTP-regulation of 

adenylate cyclase. 

Limited data also suggest that cAMP is the mediator of LH action 

in the primate corpus luteum. Dibutyryl cAMP mimicks gonadotropin 

stimulation of steroidogenesis in monkeys and women (Richardson and 

Masson, 1980; Stouffer et al., 1979). Furthermore, the presence of LH 

increases cAMP formation in human luteal tissue (Dennefors et ai., 1982). 
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Although there have been investigations of gonadotropin receptors 

(Cameron and Stouffer; 1982 a,b, Rajaniemi et al., 1981), the other 

components of the adenylate cyclase system have not been studied in 

primate luteal tissue. 

Whereas cAMP is an established mediator of the acute effects of 

LH on steroidogenesis, the mediators of the chronic effects of LH, such 

as the maintenance of structure and function of the corpus luteum remain 

undefined. Cyclic AMP may mediate the chronic effects of LH as well. 

On the other hand, evidence suggests that the phosphoinositide system 

and Ca+ 2-dependent protein kinase also ha~'e an LH-dependent action in 

bovine luteal (Davis et al., 1981) and rat granulosa (Davis et al., 

1983) cells. These recently identified messenger systems (Farese, 1983; 

Marx, 1984) may playa role in steroidogenesis (Davis et al., 1981), or 

they may be involved in mediating the long-term effects of LH. The 

phosphoinositide system and Ca+ 2-dependent protein kinase of the ovary 

are currently under active investigation (Kawai and Clark, 1984; Davis 

and Clark, 1983), but their physiological importance in LH action 

remains to be defined. 
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Dynamics of the Gonadotropin-Sensitive Adenylate Cyclase System During 
the Lifespan of the Corpus Luteum 

Numerous studies indicate that corpora lutea are less responsive 

to LH near the time of luteolysis than at midluteal phase (Behrman, 

1977; Dennefors et al., 1982; Stouffer et al., 1977b). Moreover, 

luteolytic agents induce a rapid loss of responsiveness to LH which 

mimicks that seen in corpora lutea approaching regression (Dennefors et 

al., 1982; Hamberger et al., 1979; Stouffer et al., 1977b, 1979; Thomas 

et al., 1978). These findings suggest that the loss in sensitivity of 

the corpus luteurn to circulating LH may be one of the initiating factors 

in luteolysis, and that one of the early events in the mechanism of 

action of luteolytic agents is a reduction in sensitivity to luteotropic 

agents. 

The cellular events which result in a loss of sensitivity of the 

corpus luteum to LH are unknown. However, luteal cells which have lost 

sensitivity to LH remain responsive to dibutyryl cAMP (Stouffer et al., 

1977b), suggesting that a lesion occurs in the membrane before LH 

stimulation of cAMP production. In addition, PGF2a blocks the luteal 

response to LH, but not dibutyryl cAMP in the monkey (Stouffer et al., 

1979) and rat (Thomas et al., 1978), suggesting that PGF2a also acts at 

the membrane level. 

There are several sites in the membrane where changes could 

occur to reduce the sensitivity of the corpus luteum to LH. These 

include the LH receptor, the guanine nucleotide regulatory units, Ns and 

Ni. the catalytic unit, and factors which could affect coupling of the 
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various subunits such as membrane fluidity. The affinity of luteal 

receptors for LH remained constant throughout the luteal phase in the 

rhesus monkey (Cameron and Stouffer, 1982b). Sotrel and coworkers 

(1981) observed that administration of PGF2a into the macaque corpus 

luteum caused an acute decrease in progesterone production and 

gonadotropin binding capacity, suggesting that a loss of receptors was 

closely associated with luteolysis. However, Cameron and Stouffer 

(1982b) noted that the decline in the number of available LH receptors 

in the macaque corpus luteum during spontaneous luteolysis followed the 

decline in circulating progesterone. Thus the loss of LH receptors may 

not be an initiating factor for luteolysis in the primate. Decreased Ns 

or increased Ni activity could also cause a decrease in sensitivity of 

the corpus luteum to LH. Such changes could be caused by varying the 

activity of the GTPase, changing the affinity of N for receptor or 

catalytic unit, changing the number of Ns or Ni units available, or 

changing the cellular concentrations of GTP or Mg+2. There is no data 

to support or refute that any of these mechanisms occur in the corpus 

luteum. In fact, the presence of an Ni subunit in gonadal tissue has 

been suggested (Abramowitz and Campbell, 1984; Adashi et al., 1984) but 

not yet proven. However, it has been reported that prostaglandin E1 

stimulates GTP hydrolysis at the N subunit of platelet membranes (Lester 

et al., 1982), thereby turning off adenylate cyclase activation. 

Maguire (1984) has suggested that hormones can regulate influx of Mg+2 

into cells, which provides a means for the modulation of adenylate 

cyclase. Furthermore, the inhibitory effects of Ca+ 2 on adenylate 

cyclase (Dorflinger et al., 1984; Hunzicker-Dunn, 1982) may occur at the 
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N subunit. Behrman and coworkers (1984) reported that GTP prevents the 

inhibition of LH-stimulated adenylate cyclase by Ca+ 2 in rat luteal 

membranes. Similarly, changes' in numbers or affinity of the catalytic 

unit could modulate the response of the corpus luteum to LH, but have 

not been investigated rigorously. Finally, a decrease in membrane 

fluidity could affect coupling of the subunits of adenylate cyclase. 

Changes in membrane fluidity during the lifespan of the corpus luteum in 

the rat and cow have been documented (Carlson et al., 1983; 

Goodsaid-Zalduondo et al., 1982). 

Limited evidence from studies of rodent species suggests that 

gonadotropin-stimulated adenylate cyclase activity changes during the 

lifespan of the corpus luteum during the estrous cycle in the rat 

(Hunzicker-Dunn and Birnbaumer, 1976b) and pregnancy in the rabbit 

(Hunzicker-Dunn and Birnbaumer, 1976a). However, there have been no 

dose-response studies of the gonadotropin-sensitive adenylate cyclase at 

different stages of the luteal phase of the ovarian cycle to examine the 

sensitivity of the enzyme to gonadotropin hormones. Moreover, the 

studies of Hunzicker-Dunn and Birnbaumer did not measure luteal 

function; therefore, it is not apparent whether the changes in adenylate 

cyclase activity precede or are associated with the changes in luteal 

function. 
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CHAPTER 3 

OBJECTIVES OF THE PRESENT STUDY 

Experimental Objectives 

These studies were undertaken to investigate the hypothesis 

that gonadotropin-sensitive adenylate cyclase activity of the primate 

corpus luteum changes throughout the lifespan of the primate corpus 

luteum, and that such changes may be involved in the regulation of the 

functional lifespan of the corpus luteum of the menstrual cycle, 

especially near the time of luteolysis. Three specific objectives were 

formulated. The objectives were (1) to demonstrate adenylate cyclase 

activity in the primate (rhesus monkey) corpus luteum,and to delineate 

the general properties of the luteal adenylate cyclase and optimal 

conditions for the assay of enzyme activity, (2) to assess the 

sensitivity of the adenylate cyclase system of the primate corpus luteum 

to gonadotropins, catecholamines, nucleotides and nonhormonal activators 

at midluteal phase of the menstrual cycle, (3) to examine 

gonadotropin-sensitive adenylate cyclase activity throughout the luteal 

phase of the primate menstrual cycle and to correlate enzyme activity 

with luteal function. 

The Animal Model 

The ovarian cycles of mammalian species are comprised of the 

same events; however, the timing and the hormonal control of these 
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events differ between primates and nonprimates. Although LH is the only 

luteotropin during the primate ovarian cycle, other hormones such as 

prolactin and estrogen, as well as LH, are luteotropic in nonprimate 

species (Keyes and Nalbandov, 1961; Morishige and Rothchild, 1914). 

Thelengths of the follicular and luteal phases differ between primate 

and nonprimate species (Rothchild, 1981) and the events of the two 

phases may even overlap in nonprimates (Short, 1912). The uterus 

produces the physiological luteolysin in many nonprimates (Ginther et 

al., 1913; Goding, 1914; Land et al., 1976), but the uterus has no 

effect on primate luteal function (Beling et al., 1970; Neill et al., 

1969). Whereas primates produce CG in order to prolong luteal function 

in early pregnancy, no similar hormone has been found in nonprimates 

(Malison et al., 1982; Rothchild, 1981). Finally, nonprimates do not 

experience menses; their reproductive cycle is not called a menstrual 

cycle. The nonprimate cycle is called an estrous cycle for the 

behavioral "heat", estrus, which occurs near the time of ovulation in 

these species (not in primates). Therefore, the primate is the model of 

choice for a study of the control of luteal processes relevant to the 

menstrual cycle. The studies described herein utilized rhesus monkeys 

(Macaca mulatta). 

The rhesus monkey was chosen for several reasons. The hormonal 

patterns of the reproductive cycle of women and rhesus monkeys are very 

similar; both the follicular and luteal phases are about fourteen days 

long in the two species (Monroe et al., 1910; Neill et al., 1961), and 

both species are monovular. In addition, both women and macaques 

produce chorionic gonadotropin as a means of prolonging the luteal 
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lifespan in early pregnancy (Mishell et al., 1973; Neill and Knobil, 

1972). Therefore, the similarities in the menstrual cycle and hormonal 

patterns of women and rhesus monkeys justify the use of this primate as 

the experimental model (Hotchkiss et al., 1971; Ross et al., 1970; Weick 

et al., 1973). In addition, rhesus monkeys can be more easily 

manipulated than women, such that luteal tissues can be obtained under 

rigidly controlled conditions. For example, the specific age of luteal 

tissue can be determined by following the hormonal changes in daily 

blood samples, menstrual cycles can be closely documented, and tissues 

can be obtained by laparotomy when desired in the rhesus monkey. 

Furthermore, the rhesus monkey has proven to be a very useful model in 

previous work on luteal function from this laboratory, especially on 

studies of changing sensitivity of the corpus luteum to gonadotropins in 

vivo (Ottobre and Stouffer, 1984) and in vitro (Stouffer et al., 1977b, 

1979) and studies of changes in numbers of gonadotropin receptors during 

the menstrual cycle (Cameron and Stouffer, 1982b). 
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CHAPTER 4 

ADENYLATE CYCLASE IN THE CORPUS LUTEUM OF THE RHESUS MONKEY: 
I. GENERAL PROPERTIES AND OPTIMAL ASSAY CONDITIONS 

Abstract 

To characterize the adenyl ate cyclase system of the primate 

corpus luteum, the conversion of [a- 32pJATP to [32pJCAMP was assayed in 

preparations of luteal tissue obtained from rhesus monkeys on days 17-19 

of the menstrual cycle. Basal, gonadotropin (hCGj 250 nM)-, and guanine 

nucleotide (5'-guanylyl-imidodiphosphate, GMP-P(NH)Pj 10 ~M)-sensitive 

cAMP production was influenced by the pH, osmolality, and ionic strength 

of the assay buffer. As the concentration of Mg+2 increased from 2 to 

10 mM, adenylate cyclase activity was enhanced; however, the relative 

stimulation by hCG + GMP-P(NH)P was maximal when the Mg+2 concentration 

approximated that of ATP + EDTA. In contrast, the presence of Ca+ 2 

inhibited basal, hCG-, and GMP-P(NH)P-stimulated cAMP production. 

Adenylate cyclase activity was substrate-dependent at ATP concentrations 

from 0.7 to 4.5 mMj however, higher concentrations of ATP did not alter 

cAMP production. The relative stimulation by hCG and GMP-P(NH)P was 

independent of ATP levels when the ATP:Mg ratio was constant. The rate 

of cyclic AMP production was constant during 30 minutes incubation at 

37C, with the ATP concentration maintained at greate~ than 87% of 

initial levels. Adenylate cyclase activity was 10-fold greater in 

luteal tissue from the superovulated rat than from the cycling rhesus 
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monkey; however, relative stimulation by hCG and GMP-P(NH)P was 

qualitatively similar in the two species. Thus, the existence of an 

adenylate cyclase system in the corpus luteum of the rhesus monkey 

during the menstrual cycle was demonstrated and some general properties 

and optimal assay conditions for the gonadotropin-sensitive adenylate 

cyclase were established. 

Introduction 

The major luteotropic hormones in primates during the menstrual 

cycle and early pregnancy are luteinizing hormone (LH) and chorionic 

gonadotropin (CG), respectively (Hisaw, 1944; Knobil, 1973, 1974; Neill 

and Knobil, 1972). Studies in nonprimate species indicate that many of 

the biological effects of LH and CG result from hormone-receptor binding 

and activation of adenylate cyclase in plasma membranes of target cells, 

with the subsequent formation of cyclic AMP (cAMP; Ling and Marsh, 1977; 

Marsh et al., 1966). Recently, Birnbaumer (Birnbaumer et al., 1976) and 

Mintz (1978 ) and associates characterized the gonadotropin-sensitive 

adenylate cyclase in the corpus luteum of rabbits and rats. In 

contrast, there have been few studies on the mechanism of LH and CG 

action in primates. This laboratory reported that LH and CG share a 

common receptor on luteal membranes of rhesus monkeys during the 

menstrual cycle (Cameron and Stouffer, 1982a). Evidence that cAMP 

mimicks gonadotropin-stimulation of steroidogenesis in macaque (Stouffer 

et al., 1979) and human (Richardson and Masson, 1980) luteal tissue, and 

that LH and CG increase cAMP formation in the hum~n corpus luteum 

(Dennefors et al., 1982; Marsh and LeMaire, 1974) ), suggests that 
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gonadotropins act via similar mechanisms in the primate and nonprimate. 

However, direct studies on the adenyl ate cyclase of the primate corpus 

luteum have not been reported. 

The current work is the first of a series of investigations on 

the mechanisms and regulation of LH/CG-activation of adenylate cyclase 

in the primate corpus luteum. The initial goals of the project were to 

establish the presence and general properties of the adenylate cyclase 

in the corpus luteum of the rhesus monkey during the menstrual cycle and 

to define the optimal conditions for assaying gonadotropin-sensitive 

adenylate cyclase activity in this system. 

Materials and Methods 

Collection of Corpora Lutea 

Adult, female rhesus monkeys were housed in individual cages in 

a controlled environment (Cameron and Stouffer, 1982a) in the Division 

of Animal Resources, Arizona Health Sciences Center. The monkeys were 

checked daily for menses, and the first day of menstrual flow was 

designated day one of the cycle. Monkeys with menstrual cycles of 

approximately 28 days duration were selected for the experimental 

protocol. Femoral venous blood (3 ml) was collected daily between 

0800-1000 hours from day eight of the cycle through the day of 

luteectomy. Serum samples were stored at -20 C until analyzed for 

progesterone content. Prior to surgery, progesterone levels in . 

petroleum ether extracts of serum samples were measured by 

radioimmunoassay (Ottobre and Stouffer, 1984). Animals with circulating 

progesterone levels of >2 ng/ml serum were considered to possess a 
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functional corpus luteum and surgery was performed subsequently on days 

17-19 of the menstrual cycle. 

Corpora lutea were removed during laparotomy (Cameron and 

Stouffer, 1982a) of monkeys anesthetized with ketamine HCl (Bristol 

Laboratories; 20-25 mg, im) supplemented with Na-pentobarbital (Harvey 

Laboratories; 90-110 mg, iv). The corpus luteum was excised from the 

ovary by blunt dissection following superficial incision of the ovarian 

epithelium. The tissue was placed in 25 mM Tris-HCl buffer at 4 C and 

transported to the laboratory. After luteectomy, monkeys were observed 

for at least one menstrual cycle before reassignment to the protocol, to 

ensure the recovery of the monkey and the maintenance of normal 

cyclicity (Cameron and Stouffer, 1982a). 

Immature, female rats (Sprague-Dawley, Animal Resources breeding 

facility) were superovulated by treatment with pregnant mare serum 

gonadotropin (PMSG; Sigma Chemical Company) followed by hCG (APL; Ayerst 

Laboratories) as described by Birnbaumer and coworkers (1976). On the 

seventh day after PMSG treatment, the rats were decapitated and the 

luteinized ovaries removed and stripped of the surrounding bursa. In 

two experiments examining the effects of anesthesia on adenylate cyclase 

activity in luteal tissue, ovaries were removed from PMSG/hCG-treated 

rats following decapitation (no anesthesia), or after one hour under 

ketamine HCl or ketamine HCl plus pentobarbital anesthesia. 
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Tissue Preparation 

An homogenate of the macaque corpus luteum was prepared by 

methods reported previously (Cameron and Stouffer, 1982a). The corpus 

luteum was weighed, minced, and homogenized in 10 parts (wt/vol) of 

25 mM Tris-HCl buffer (8% sucrose, pH 7.5 at 4C) with a chilled glass 

Dounce homogenizer at 10 strokes per pestle. The resulting suspension 

was centrifuged (160 x g, two minutes) to remove tissue fragments and 

debris. The supernatant was saved and the pellet was homogenized again 

in 10 parts of Tris-HCl buffer and centrifuged. The supernatants were 

combined to constitute the luteal homogenate which was used for most 

experiments. In some studies, the homogenate was centrifuged at 

20000 x g for 15 minutes and the pellet resuspended in buffer to yield a 

crude particulate preparation. Aliquots of homogenates or particulates 

equivalent to 1.0 mg intact luteal tissue were tested for adenylate 

cyclase activity. All experiments on macaque corpora lutea were 

performed on the day of luteectomy. 

The luteinized ovaries from PMSG/hCG-treated rats were pooled 

and homogenates and particulates were prepared by methods described for 

the monkey corpus luteum. The pooled tissue preparations were frozen 

and stored at -70 until used, with one exception. The studies utilizing 

anesthetized rats were performed on fresh tissue. 

Adenylate Cyclase Assay 

Initial assay conditions and concentrations of reagents were 

similar to those described by Birnbaumer and coworkers (1976) for 
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studies on adenylate cyclase in rat and rabbit corpora lutea. Unless 

otherwise noted, the assay conditions consisted of 3 mM Na-ATP (Sigma), 

4 x 106 cpm [a- 32P]ATP (30 Ci/mmol; New England Nuclear), 5 mM MgC12, 

1 mM EDTA, 10 mM cAMP, 12000 cpm [3H]cAMP (34.5 Ci/mmole; New England 

Nuclear), 20 mM creatine phosphate, 0.2 mg/ml creatine kinase and 

3.2% sucrose in 25 mM Tris-HCl buffer, pH 7.5. Adenylate cyclase 

activity was examined in the presence and absence (basal activity) of 

gonadotropin (250 nM hCG, CR119) and guanine nucleotide (the GTP analog, 

5'-guanylyl-imidodiphosphate or GMP-P(NH)P, 10 ~). Concentrations of 

various components were altered to determine the optimal conditions for 

assay of adenyl ate cyclase in the monkey corpus luteum. 

The assay components were prepared as three stock solutions. 

The first solution was comprised of Na-ATP and [a- 32P]ATPi the second 

solution contained MgC12, EDTA, cAMP, [3H]CAMP, creatine phosphate, and 

creatine kinase in Tris-HCl buffer with 8% sucrose. The third stock 

consisted of the ligand being tested, for example, hormone or guanine 

nucleotide. Each stock solution was prepared at 5x the final desired 

concentration and the pH adjusted to 7.5 (except as noted). The 

solutions were kept on ice, and a 10 ~l aliquot of each solution was 

added to chilled glass test tubes. Aliquots (20 ~l) of chilled luteal 

homogenates or particulates were added to achieve a final reaction 

volume of 50 ~l and to initiate the reaction. The samples were placed 

in a gyro tory shaker bath (New Brunswick) at 37 C for 10 minutes unless 

otherwise indicated. The reaction was stopped by adding 100 ~l of 

aqueous solution containing 40 mM ATP, 5 mM cAMP, and 2% sodium laurel 
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sulfate, followed by boiling in a module heater (Scientific Products) 

for 3 minutes. 

The synthesized [32p] cAMP and the recovery marker [3H]cAMP were 

isolated by the method of Salomon (1979), as modified by Birnbaumer and 

coworkers (1976), utilizing sequential Dowex (AG50W-X4 ion exchange 

resin, Bio-Rad) and neutral aluminum oxide (Sigma) column chromatography. 

The cAMP-containing fractions were collected in ACS (Amersham) 

scintillation cocktail and counted in an Isocap 300 liquid scintillation 

counter. The recovery of cAMP was 70-80%, with reaction blank values of 

3-5 cpm per 106 cpm of ATP added. The Dowex and aluminum oxide columns 

were regenerated for use in the next experiment. The Dowex columns were 

washed with 2 ml 1 N HCl after each use, then washed with 20 ml water 

prior to the next experiment (Salomon, 1979). Alumina columns were 

washed with 20 ml water after each use, then washed with 10 ml 

0.1 imidazole-HCl buffer, pH 7.5, prior to the next experiment. 

Protein content was determined by the Bradford assay (1976) 

using the Bio-Rad kit. Data were expressed as pmol cAMP 

formed/minute'mg protein. Experimental points consisted of 3 replicates 

whose values generally fell within 10% of the mean. Figures illustrate 

results from representative experiments. Each experiment was repeated 

2-4 times with different tissues to assure reproducibility. 

The ability of the nucleotide regenerating system to maintain 

ATP levels was determined by thin layer chromatography (Birnbaumer et 

al., 1976). Samples were incubated for 0, 5, 10, 20, and 30 minutes. 

The reaction was terminated by addition of the stopping solution but the 

boiling step was omitted. Reference standards of ATP, ADP, AMP, and 
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cAMP, plus samples incubated for the specified times were spotted on PEl 

cellulose plates (Brinkmann Instruments, Inc.) and developed in 

1 M lithium chloride for 1 hrnlr. The areas of the chromatography plates 

corresponding to the migration loci of the standards were placed in ACS 

scintillation cocktail and counted in a scintillation counter. 

Results 

Effects of Ionic and Osmotic Factors 

Adenylate cyclase activity in macaque luteal homogenates was 

dependent on the ionic strength of the buffer system. Increasing the 

ionic strength of the Tris-HCl buffer from 25 to 50 mM markedly 

diminished basal, hCG- and GMP-P(NH)P-stimulated cAMP production 

(Fig. 2, left panel). Activity was also depressed in the presence of 

100 mM Tris-HCl or NaCl (not shown). In contrast, the relative 

stimulation by hCG (3x basal activity) and GMP-P(NH)P (6.5x basal) did 

not change between 25 and 50 mM Tris-HCl, but decreased at higher 

(100 mM) and, to a lesser extent, at lower (10 mM) ionic strength (Fig. 

2, right panel). 

The osmolality of the homogenization/assay buffer also 

influenced adenylate cyclase activity. Whereas basal activity was 

comparable in luteal tissue homogenized in hypo-, iS0-, and hypertonic 

buffer (0, 8, and 27% sucrose, respectively), hCG-stimulated activity 

was greater in iso-to-hypertonic conditions (Fig. 3, left panel). 

Nucleotide-stimulated activity (in the presence or absence of hCG) was 
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FIGURE 2. Effects of ionic strength on adenylate cyclase activity. 
Portions 'of the excised corpus luteum were placed in buffer at either 
10, 25, 50, or 100 mM Tris-HCl. Ionic strengths were maintained 
throughout the homogenization and incubation processes. Enzyme activity 
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and GMP-P(NH)P []. Each value is the mean of triplicate determinations 
which fell within 10% of the mean. Cyclic AMP production is shown in 
the left panel; stimulation relative to basal is shown in the right 
panel. Relative stimulation is calculated by dividing enzyme activity 
in the presence of various agents by basal activity. The dotted line 
depicts a relative stimulation of one, i.e., basal activity. 
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greatest in tissue homogenized in hypertonic buffer. Consequently, the 

relative stimulation by hCG and GMP-P(NH)P was optimal under 

iso-to-hypertonic conditions, and markedly reduced in hypotonic media 

(Fig. 3, right panel). 

The effects of the pH of the buffer system on adenylate cyclase 

are summarized in Fig. 4. From pH 7.0 to 8.5, basal activity increased 

steadily. In contrast, hCG-stimulated activity in the presence and 

absence of GMP-P(NH)P increased markedly between pH 7.0-7.5, but then 

remained relatively unchanged until pH 9.0 when activity declined. As 

noted in the right panel, the relative stimulation by hCG in the 

presence or absence of GMP-P(NH)P was greatest at pH 7.5 and diminished 

precipitously at higher or lower pH's. Thus the data demonstrate 

different pH optima for basal (pH 8.5) and hCG-stimulated (7.5) 

adenylate cyclase activity. 

Effect of Substrate and Cofactors 

The adenylate cyclase system was very sensitive to the 

concentration of magnesium ion (Mg+2) in the incubation medium. As the 

concentration of Mg+2 increased from 2-10 mM, basal, GMP-P(NH)P- and 

hCG-stimulated adenylate cyclase activity was enhanced (Fig. 5, left 

panel). However, relative stimulation (Fig. 5, right panel) exhibited a 

prominent apex at the concentration of Mg+2 (3.5 mM) which approximated 

that of ATP + EDTA in the incubation medium. This effect was most 

pronounced in the presence of guanine nucleotide. 

The effects of substrate (ATP) concentration are shown in 

Figures 6 and 7. When the Mg+2 concentration was varied such that a 
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constant ratio of Mg: ATP + EDTA was maintained (Fig. 6, left panel), 

adenylate cyclase activity was enhanced as the concentration of ATP 

increased from 0.7 to 4.5 mM. Substrate concentrations above 4.5 mM did 

not further enhance adenylate cyclase activity. The relative 

stimulation by hCG and GMP-P(NH)P was constant over the entire range of 

ATP concentrations (Fig. 6, right panel). A similar pattern of 

substrate dependency was observed when the concentration of free Mg+2 

(Bartfai, 1979) was maintained at 370 ~M as ATP levels were increased; 

however, enzyme activity became substrate independent at a lower ATP 

concentration (2.5 mM; data not shown). In contrast, adenylate cyclase 

activity as a function of ATP levels was markedly different when the 

total (bound + free) Mg+2 concentration was held constant at 5 mM. 

Activity peaked between 1-3 mM ATP and subsequently fell (Fig. 7, left 

panel). Relative stimulation was greatest when the concentration of 

ATP + EDTA (4.4 mM) approached that of Mg+2, but diminished when that of 

ATP + EDTA was greater than or less than the concentration of Mg+2 (Fig. 

7, right panel). 

Effects of Calcium 

The addition of calcium (Ca+ 2) inhibited adenylate cyclase 

activity (Fig. 8, left panel). Gonadotropin-stimulated activity was 

diminished in the presence of 1 mM Ca+ 2; basal and guanine 

nucleotide-stimulated activity declined when added Ca+ 2 was greater than 

1 mM. Relative stimulation by hCG and GMP-P(NH)P (Fig. 8, right panel) 

in the presence of exogenous Ca+ 2 showed a pattern similar to that of 

enzyme activity. Despite this observed sensitivity to exogenous Ca+ 2 , 
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the removal of EDTA from the incubation medium did not affect the 

activity of adenylate cyclase in homogenates of the primate corpus 

luteum (data not shown). 

Kinetics of Adenylate Cyclase Activity 

Cyclic AMP production by homogenates of the macaque corpus 

luteum as a function of incubation time is presented in Figure 9. 

Production was linear for at least 30 minutes at 37 C under basal 

conditions and during exposure to hCG. Adenylate cyclase activity in 

the presence of hCG was greater than control at the earliest time point 

tested (1 minute). The rate of cAMP production in the presence of hCG 

was greater than the basal rate throughout the 30 minutes of incubation. 

The concentration of substrate remaining in the incubation 

medium as a function of time was examined by thin layer chromatography. 

ATP concentration was maintained at ~87% of control for up to 30 minutes 

of incubation under basal and hCG-stimulated conditions. 

Adenylate Cyclase Activity in Homogenate vs. Particulate Preparations of 
Monkey and Rat Corpora Lutea 

Adenylate cyclase activities in homogenate and particulate 

preparations of macaque corpora lutea were very similar under basal 

conditions (Fig. 10). Moreover, both preparations exhibited a similar 

response to hCG. However, the enzyme activity in the presence of 

GMP-P(NH)P was greater in the particulates than in homogenates; relative 

stimulation by GMP-P(NH)P was also twice as great in particulates as in 

homogenates. 
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Notably, homogenate and particulate preparations of luteinized 

ovaries from superovulated rats exhibited ten times greater adenylate 

cyclase activity than macaque corpora lutea (Fig. 10). Several 

experiments were performed to determine whether this characteristic was 

the result of methodologic differences in acquisition or preparation of 

luteal tissue from the two species. The presence of the sulfhydryl 

group protector, dithiothreitol (OTT; 1 mM), did not alter adenylate 

cyclase activity in preparations of macaque luteal tissue. The presence 

of the phosphodiesterase inhibitor, 3-isobutyl-1-methylxanthine (HIX, 

1 mM), in the incubation mixture had no effect on macaque or rat 

adenylate cyclase activity. The effects of ketamine and pentobarbital 

on adenylate cyclase activity in corpora lutea were also examined as 

described in the methods. In vivo administration of the anesthetics to 

rats did not suppress the activity of adenylate cyclase in the 

luteinized ovaries under basal, hCG-, or GMP-P(NH)P-stimulated 

conditions. 

Discussion 

Prior to the current work, detailed information on the adenylate 

cyclase in the corpus luteum was limited to nonprimate species. The 

studies presented here demonstrate the existence of an adenylate cyclase 

system in preparations from the corpus luteum of the rhesus monkey at 

mid-luteal phase of the menstrual cycle. Moreover, this investigation 

has established some general properties and optimal conditions for assay 
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of adenyl ate cyclase activity in the macaque corpus luteum, The data 

corroborates a recent report (Abramowitz and Birnbaumer, 1982) that the 

response of the adenylate cyclase in the corpus luteum to hormonal 

stimuli is exquisitely dependent on the Mg+2 concentration, However, 

the findings also suggest that previous attempts to characterize 

adenylate cyclase activity as a function of substrate (Mg-ATP) 

concentration warrant reevaluation, 

Many properties of the adenyl ate cyclase in the macaque corpus 

luteum were qualitatively similar to those in the rat and rabbit corpus 

luteum, For example, basal and gonadotropin-stimulated adenylate 

cyclase activities exhibited different pH optima in the macaque, as well 

as the rabbit (Birnbaumer et aI" 1976) and rat (Mintz et aI" 1978), 

corpus luteum, Cyclic AMP production in the macaque corpus luteum was 

depressed by high ionic strength, as was shown in the rabbit (Birnbaumer 

et aI" 1976) corpus luteum, On the other hand, our data indicate that 

the presence of a biologically-inert osmotic agent (e,g" sucrose) 

during tissue preparation helps to maintain a gonadotropin- and guanine 

nucleotide-sensitive adenyl ate cyclase system, In addition, Ca+ 2 

(0.2-5,0 mM) inhibited adenylate cyclase activity in the primate, rabbit 

(Hunzicker-Dunn, 1982) and rat (Dorflinger et aI" 1984) corpus luteum, 

The effects of Ca+ 2 may involve direct interaction of the cation with 

components of the adenyl ate cyclase system (Cech et aI" 1980; 

Dorflinger et aI" 1984) or they may be mediated by the calcium binding 

protein, calmodulin (Cech et aI" 1980), The importance of this 

inhibitory effect of Ca+ 2 on the adenylate cyclase of the primate corpus 

luteum awaits study, However, Dorflinger and coworkers (1984) recently 
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suggested that intracellular Ca+ 2 serves a physiological role in luteal 

cells of the rat as a mediator of the inhibitory effects of the 

luteolytic hormones, PGF2a and LHRH, on the adenyl ate cyclase system. 

Optimal stimulation of adenylate cyclase by hormones in the 

monkey corpus luteum was exhibited over a very narrow range of Mg+2 

concentration. Abramowitz and Birnbaumer (1982) recently reported 

similar results from studies of adenylate cyclase in the rabbit corpus 

luteum. However, a greater concentration of Mg+2 was required to 

achieve maximal stimulation in the monkey than in the rabbit. The 

difference may be explained by the use of a less-purified tissue 

preparation and regenerating system in our studies which contain 

substances that bind Mg+2. Emerging models of the adenylate cyclase 

system suggest that the nucleotide regulatory unit binds Mg+2, as well 

as guanine nucleotide, and controls both receptor affinity for hormone 

and activation of the catalytic unit (Birnbaumer and Kirchick, 1983). 

The narrow range of Mg+2 concentration required to achieve optimal 

stimulation by hormone suggests that the availability of Mg+2 or factors 

that influence the ability of Mg+2 to interact with the system may be 

effective modulators of adenyl ate cyclase activity (Bockaert and 

Seben-Perez, 1983; MagUire, 1984). 

Although many characteristics of the primate and rodent systems 

were similar, the level of adenylate cyclase activity in the macaque 

corpus luteum differed quantitatively from that in the rat corpus luteum. 

Homogenates of rat tissue exhibited enzyme activity which was similar to 

that reported by Birnbaumer (1976) and Mintz (1978) and their coworkers; 

but this activity was ten times greater than that in homogenates of 
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macaque tissue. We hypothesized that the disparity in enzyme activity 

between the two species was due to differences in the way the tissues 

were obtained and prepared. Since smaller amounts of macaque tissue 

were prepared at a given time, the enzyme in this species may have been 

more susceptible to damage by oxidation of sulfhydryl groups (Stadel and 

Lefkowitz, 1979). However, homogenization and incubation of macaque 

tissue in the presence of the sulfhydryl group protecting agent, OTT, 

did not affect adenylate cyclase activity. The activity of the enzyme 

which degrades cAMP, phosphodiesterase, may be greater in monkey than in 

rat tissue. However, the presence of the phosphodiesterase inhibitor, 

MIX, did not affect cAMP production. Since luteal tissue was removed 

from anesthetized monkeys as compared to unanesthetized, decapitated 

rats, we assessed the effects of anesthesia on adenylate cyclase 

activity in luteinized ovaries of the rat. In vivo administration of 

ketamine and/or pentobarbital to rats had no effect on adenylate cyclase 

activity. The data suggest that the disparity in cAMP production 

between monkey and rat luteal tissue is due to a species difference and 

not a methodological difference. This difference in enzyme activity may 

reflect a greater quantity of the components of the adenylate cyclase 

system in the rat corpus luteum. Indeed, the greater number of 

gonadotropin receptors in the rat (Lee and Ryan, 1972), as compared to 

monkey (Cameron and Stouffer, 1982a) corpus luteum supports this 

contention. 

Previous studies on adenyl ate cyclase in rabbit and rat corpora 

lutea suggested that "the effect of substrate concentration on enzyme 

activity is not purely Michaelian" (Mintz et al., 1978). Moreover, a 

63 



regulatory role for ATP, similar to that of guanine nucleotide, was 

postulated (Birnbaumer et al., 1976) based on the observation that 

increasing ATP concentration enhanced LH-stimulated adenylate cyclase 

activity even though absolute activity fell at high substrate levels. 

Abramowitz and Birnbaumer (1982) recently reinterpreted this earlier 

report (Birnbaumer et al., 1976), and proposed that the phenomenon was 

an effect of Mg+2 concentration. We performed substrate studies in the 

macaque system in the presence of constant Mg+2 and our results (Fig. 7) 

were similar to reported data (Birnbaumer et al., 1976; Mintz et al., 

1978). We also conclude that the concentration of Mg+2 is critical to 

the activity of adenyl ate cyclase. When the concentration of Mg+2 

exceeds that of ATP + EDTA, there is a high concentration of free Mg+2 

in the system; consequently, high absolute activity and low relative 

stimulation are seen (Fig. 5). Excess free Mg+2 may preferentially 

activate the catalytic mOiety of the adenyl ate cyclase system at the 

expense of hormone- and guanine nucleotide-stimulated activity. 

Conversely, when the concentration of Mg+2 is less than that of 

ATP + EDTA, low absolute activity and relative stimulation are seen. It 

is believed that ATP-4 and HATP-3 are formed and competitively inhibit 

adenyl ate cyclase activity (Rendell et al., 1975). It is noteworthy 

that when we modified our substrate studies so that a constant ratio of 

Mg:ATP or a constant amount of free Mg+2 was maintained, 

Michaelis-Menten kinetics were seen. The concentration of substrate 

necessary to achieve saturation appears to depend on how stringently the 

concentration of free Mg+2 is controlled. Thus our data show that 

Michaelis-Menten kinetics can be achieved with the adenylate cyclase of 
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the primate corpus luteum, and that the concentration of Mg+2 is 

critical for identifying this property. 

In summary, we have demonstrated the presence of measurable 

adenyl ate cyclase activity in the corpus luteum of the rhesus monkey and 

characterized some of the general properties of the enzyme. Optimal 

conditions for the assay in the macaque corpus luteum include 

25 mM Tris-HCl with 8% sucrose at pH 7.5, 4.5 mM Na-ATP, 

4 x 106 cpm [a- 32P]ATP, 5.5 mM MgCl2, 1 mM EDTA, 10 mM cAMP, 

12000 cpm [3H]CAMP, 20 mM creatine phosphate, and 0.2 mg/ml creatine 

kinase. Under these conditions, a steady-state is reached rapidly and 

is maintained up to 30 minutes. Thus the adenylate cyclase system of 

the macaque corpus luteum provides a suitable model for further study of 

the factors and mechanisms which regulate the hormonal sensitivity of 

the primate corpus luteum. 
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CHAPTER 5 

ADENYLATE CYCLASE IN THE CORPUS LUTEUM OF THE RHESUS MONKEY: 
II. SENSITIVITY TO NUCLEOTIDES, GONADOTROPINS, 

CATECHOLAMINES, AND NONHORMONAL ACTIVATORS 

Abstract 

The sensitivity of the adenylate cyclase of the primate corpus 

luteum to various nucleotides, gonadotropins, catecholamines, and 

nonhormonal activators was assessed in homogenates of luteal tissue 

obtained from rhesus monkeys at mid-luteal phase of the menstrual cycle. 

The conversion of [a- 32pJATP to [32pJ cAMP was used to monitor 

adenylate cyclase activity. GTP, the GTP analog 

5'-guanylyl-imidodiphosphate (GMP-P(NH)P), and ITP stimulated adenylate 

cyclase activity in the presence or absence of exogenous hormone; 

however CTP, UTP, GMP and guanosine did not. The gonadotropins, hLH and 

hCG, stimulated cAMP production in a dose-dependent manner. Maximal 

. stimulation of adenylate cyclase was achieved at 100 nM hLH and hCG and 

the activation constant was 20 nM for both hormones. The additon of GTP 

increased maximal activation of adenylate cyclase by hLH or hCG but did 

not alter sensitivity to the hormones. Neither hFSH nor the isolated 

subunits of hCG stimulated cAMP production. Deglycosylated hCG (DG-hCG; 

native hCG with 70% of the carbohydrate moieties removed) did not 

stimulate adenylate cyclase activity. However, hLH and intact hCG 

failed to enhance cAMP production in the .presence of an equimolar' amount 
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of DG-hCG. The adenylate cyclase of macaque luteal tissue did not 

respond to the addition of isoproterenol, epinephrine, or 

phenylephrine. Furthermore, these catecholamines did not affect 

hCG-stimulation of adenylate cyclase. The nonhormonal activators of 

adenylate cyclase, forskolin and fluoride, stimulated cAMP production in 

a dose-dependent manner with maximal stimulation at 100 ~ and 10 mM, 

respectively. Thus, the macaque corpus luteum at midluteal phase of the 

menstrual cycle contains a guanine nucleotide-regulatea adenylate 

cyclase which was equally sensitive to the pituitary and placental 

gonadotropins, hLH and hCG. However, removal of carbohydrate moieties 

from hCG endowed the molecule with gonadotropin-antagonistic properties 

in the primate. The adenylate cyclase system of the macaque corpus 

luteum was not responsive to catecholaminesj thus the primate may lack a 

potential mechanism for control of luteal function which is available to 

many nonprimate species. 

Introduction 

The adenylate cyclase system in the plasma membrane is composed 

of specific receptors, nucleotide regulatory units (both stimulatory and 

inhibitory), and the catalytic unit (Birnbaumer and Kirchick, 1983j 

Stadel et al., 1982). In many target cells, the binding of peptide or 

protein hormone to their specific receptors activates the system via 

interactions of the hormone-receptor complex, the stimulatory nucleotide 

regulatory unit, GTP, Mg+2, and the catalytic unit (Birnbaumer and 

Kirchick, 1983). The result is enhanced catalysis of Mg-ATP to cyclic 

AMP (cAMP). 
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It is generally accepted that cAMP is an important mediator of 

LH action in the corpus luteum of nonprimate species (Marsh, 1976). 

Limited data also suggest that cAMP is the mediator of LH action in the 

primate corpus luteum. Dibutyryl cAMP mimics gonadotropin stimulation 

of steroidogenesis in women and monkeys (Richardson and Masson, 1980; 

stouffer et al., 1979). Furthermore, the presence of LH increases cAMP 

formation in human luteal tissue (Hamberger et al., 1979; Marsh and 

LeMaire, 1974). Although there have been investigations of gonadotropin 

receptors (Cameron and Stouffer, 1982a; Rajaniemi et al., 1981), the 

other components of the adenylate cyclase system have not been studied 

extensively in primate tissue. 

We reported in Chapter 3 the general characteristics and optimal 

conditions for the assay of adenylate cyclase in the primate (rhesus 

monkey) corpus luteum. The goal of this study was to examine the 

effects of various nucleotides, gonadotropins, catecholamines, and 

nonhormonal activators on the adenylate cyclase of corpora lutea 

obtained from rhesus monkeys at midluteal phase of the menstrual cycle. 

Materials and Methods 

Collection of Corpora Lutea 

Adult, female rhesus monkeys were housed as previously described 

(Cameron and Stouffer, 1982a). The monkeys were checked daily for 

menses and the first day of bleeding was designated day one of the 

menstrual cycle. Those monkeys showing regular cycles of approximately 

28 days were selected for the experimental protocol. Femoral venous 
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blood was collected daily between 0800-1000 hours from day eight of the 

cycle through the day of luteectomy. The serum was stored at -20 C 

until analyzed for progesterone and estrogen content. Prior to 

luteectomy, estradiol and progesterone levels in ether extracts of serum 

samples were determined by radioimmunoassay (Ottobre and stouffer, 1984). 

The precipitous drop in estrogen concentration at the end of the 

follicular phase was used to estimate the day of the LH surge (Channing, 

1980). Laparotomy was performed 7-9 days after the estrogen surge or. 

monkeys in which serum progesterone levels indicated a functional corpus 

luteum, i.e., ~2 ng/ml progesterone. Subsequently, macaque LH levels 

were measured by radioimmunoassay (Cameron and Stouffer, 1982a) to 

determine the age of the corpus luteum with respect to the midcycle LH 

surge. 

Corpora lutea were removed at laparotomy from monkeys 

anesthetized with ketamine HCl (Bristol Laboratories; 20-25 mg, im) 

followed by pentobarbital (Harvey Laboratories; 90-110 mg, iv). The 

corpus luteum was excised from the ovary by blunt dissection and 

immediately placed in 25 mM Tris-HCl buffer at 4C for transport to the 

laboratory. After luteectomy, monkeys were observed for reestablishment 

of normal menstrual cyclicity. 

Prepubertal female rats (Sprague-Dawley, Animal Resources 

breeding facility) were superovulated by treatment with pregnant mare 

serum gonadotropin (PMSG; Sigma; 50 I.U., sc) followed 56 hours later by 

hCG (APL; Ayerst Laboratories; 50 I.U., sc) as previously described 

(Birnbaumer et al., 1976). Seven days after PMSG treatment the rats 

were decapitated and the luteinized ovaries removed and cleaned. 
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Tissue Preparation 

Previously reported methods were used to prepare an homogenate 

of the macaque corpus luteum. Minced luteal tissue was homogenized 

twice in 10 parts (wt/vol) of 25 mM Tris-HCl buffer (8% sucrose, pH 7.5 

at 4 C) with a chilled Dounce homogenizer. Tissue fragments and debris 

were removed by centrifugation (160 x g, 2 minutes). Aliquots of 

homogenate equivalent to 1 mg intact tissue were tested for adenylate 

cyclase activity. All experiments on macaque corpora lutea were 

performed on fresh tissue on the day of luteectomy. 

Luteinized ovaries of superovulated rats were pooled and 

homogenates prepared by methods described for the monkey corpus luteum. 

The homogenate was centrifuged at 20000 g for 15 minutes and the pellet 

resuspended in buffer to yield a crude particulate preparation. 

Aliquots of particulates were frozen in an ethanol and dry ice bath and 

stored at -70C until used for adenylate cyclase experiments. 

Adenylate Cyclase Assay 

Incubation media for the adenylate cyclase assay contained 

4.5 mM Na-ATP (Sigma), 4 x 106 cpm [a-32P]ATP (New England Nuclear), 

5.5 mM MgC12, 1 mM EDTA, 10 mM cAMP, 12000 cpm [3H]CAMP (New England 

Nuclear), 20 mM creatine phosphate and 0.2 mg/ml creatine kinase in 

25 mM Tris-HCl buffer (8% sucrose, pH 7.5). Adenylate cyclase activity 

was assessed in the presence and absence (basal activity) of various 

concentrations of the following agents. These included the nucleotides, 
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guanosine triphosphate (GTP), 5'-guanylyl-imidodiphosphate (GMP-P(NH)P), 

uridine triphosphate (UTP), cytidine triphosphate (CTP), inosine 

triphosphate (ITP), guanosine diphosphate (GOP), guanosine monophosphate 

(GMP) (all Na salts, obtained from Sigma) and guanosine (Sigma). Also 

tested were the gonadotropic hormones human CG (hCGj CR 119), hLH 

(NIH 1-1), hFSH (NIH S-2), deglycosylated hCG (DG-hCGj 70% of the 

carbohydrate chemically removedj prepared by Dr. H. Keutmann and donated 

by Dr. R. Ryanj Keutmann et al., 1983), alpha and beta subunits of nCG 

(CR 123) and the catecholamines isoproterenol, epinephrine, and 

phenylephrine (Sigma), diluted in 0.1 mM ascorbic acid to prevent 

oxidation. The nonhormonal activators of adenylate cyclase, forskolin 

(Calbiochem) and flouride (Sigma) were also examined. 

The assay components were prepared as three stock solutions. 

The first solution was comprised of Na-ATP and [a- 32P]ATPj the second 

solution contained MgC12, EDTA, cAMP, [3H]cAMP, creatine phosphate, and 

creatine kinase in Tris-HCl buffer with 8% sucrose. The third stock 

consisted of the ligand being tested, for example, hormone or guanine 

nucleotides. Each stock solution was prepared at 5x the final desired 

concentration and the pH adjusted to 7.5. The solutions were kept on 

ice, and a 10 ~l aliquot of each solution was added to chjlled glass 

test tubes. Aliquots (20 ~l) of chilled luteal homogenates were added 

to the incubation medium to achieve a final reaction volume of 50 ~l and 

to initiate the reaction. The samples were incubated in a gyrotory 

shaker bath (New Brunswick) at 37 C for 10 minutes. The reaction was 

stopped by adding 100 ~l of aqueous solution containing 40 mM ATP, 
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5 mM cAMP, and 2% sodium laurel sulfate, followed by boiling in a module 

heater (Scientific Products) for 3 minutes. 

The synthesized [32p]cAMP and recovery marker [3H]CAMP were 

isolated by sequential Dowex (AG50W-X4 ion exchange resin, Bio-Rad) and 

neutral aluminum oxide (Sigma) column chromatography as described in the 

previous chapter. The recovery of cAMP was 70-80%, with reaction blank 

values of 3-5 cpm per 106 cpm of [a- 32P]ATP added. The cAMP containing 

fractions were collected in liquid scintillation cocktail (ACS, 

Amersham) and counted in an Isocap 300 liquid scintillation counter. 

The Dowex and aluminum oxide columns were regenerated after use (10). 

The Bradford assay was used to determine protein content of 

samples (Bradford, 1976). Data are expressed as 

pmol cAMP formed/minute • mg protein. Experimental pOints consisted of 

3 replicates whose values fell within 10% of the mean. 

Statistical Analyses 

Analysis of variance for randomized complete block designs were 

used to compare adenylate cyclase activities following various 

treatments and doses. Individual corpora lutea were treated as blocks 

in these analyses. After demonstration of significance (p<0.05) by an F 

test, comparisons were made between pairs of treatments using the least 

significant difference method (Snedecor and Cochran 1967). 
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Results 

Effects of Nucleotides and Nonhormonal Activators 

Exogenous GTP and its nonhydrolyzable analog, GMP-P(NH)P, 

stimulated the adenylate cyclase of macaque luteal homogenates in a 

dose-dependent manner (Figure 11). Maximal activation was achieved in 

the presence of 10 ~M GTP and GMP-P(NH)P; however, GMP-P(NH)P c~used 

2.5 times greater stimulation of adenylate cyclase than GTP. Addition 

of GTP and GMP-P(NH)P together resulted in cAMP production that was 

significantly less than GMP-P(NH)P alone (3.93 ~ 1.18 vs. 

12.47 ~ 3.45 pmol cAMP/min'mg; x ~ S.E., n=3, p<0.05) and comparable to 

that with GTP alone (3.70 ~ 1.33 pmol cAMP/min·mg). Addition of the 

nucleotides UTP and eTP did not stimulate cAMP production above control 

levels (Table 1). However, ITP as well as GTP significantly increaseed 

adenylate cyclase activity. Whereas GTP stimulated adenylate cyclase 

activity above control, its precursors, GMP and guanosine for example, 

did not (data not shown). 

The diterpene, forskolin, stimulated adenylate cyclase activity 

in the macaque corpus luteum in a dose-dependent manner (Figure 12). 

Maximal stimulation was reached in the presence of 50 ~M forskolin. 

Fluoride (F-) also stimulated cAMP production in the macaque corpus 

luteum (Figure 12). Activity was greatest at 10 mM, but declined by 

50 mM F-. 
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FIGURE 11. Adenylate cyclase activity in the presence of the guanine 
nucleotides, 5'-guanylyl-imidodiphosphate (GMP-P(NH)P) and GTP. 
Adenylate cyclase activity is expressed as pmol cAMP formed/min.mg 
protein. Values are the mean of triplicate determinations in a' 
representative experiment. Variation within triplicates was less than 
10%. 
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TABLE 1. Effect of various nucleotides on adenylate 
cyclase activity in macaque luteal homogenates. 

Treatment 

Control 

CTP, 50 11M 

UTP, 50 11M 

GTP, 50 11M 

ITP, 50 11M 

a) X + S.E., n = 3 experiments 

Cyclic AMP 
(pmol/min -mg) 

0.61 + 0.16a 

0.61 + 0.09 

0.65 + 0.14 

1. 24 + 0.24 b 

1.01 + 0.16 b 

b) Significantly different from control, p < 0.05 
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Effects of Gonadotropins 

The response of the adenylate cyclase of the macaque corpus 

luteum to the pituitary gonadotropins, hLH and hFSH, and the placental 

gonadotropin, hCG, is shown in Figure 13. Cyclic AMP production was 

examined in the presence of 50 ~ GTP. Adenylate cyclase activity was 

not altered by the presence of up to 333 nM hFSH. In contrast, enzyme 

activity was stimulated by hLH and hCG in a similar fashion. Maximal 

activation of adenylate cyclase was achieved at 100 nM with both hLH and 

hCGj half-maximal activation (Kact) occurred at 20 nM. Maximal activity 

was approximately 2.4x control levels for both hLH and hCG. The lowest 

concentration of gonadotropin to achieve significant stimulation above 

basal activity was approximately 8 nM. 

Stimulation of adenylate cyclase by hCG in the presence and 

absence of exogenous GTP is summarized in Table 2. Cyclic AMP 

production in the presence of maximal stimulatory doses of hCG or GTP 

was significantly greater than control levels. The combination of hCG 

and GTP resulted in cAMP production greater than that in the presence of 

hCG or GTP alone. Statistical analysis indicated that the effects of 

hCG and GTP were additive rather than synergistic. Dose-response 

studies with hCG also indicated that the presence or absence of 

exogenous GTP did not affect the sensitivity (Kact) of adenylate cyclase 

to hCG (data not shown). 

The effect of an hCG preparation from which ~70% of the 

carbohydrate moieties were removed on adenylate cyclase activity in 

macaque luteal tissue is presented in Figure 14. Deglycosylated hCG 

(DG-hCG) did not significantly alter cAMP production compared to control 
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TABLE 2. Effect of GTP and hCG on adenylate cyclase 
activity in macaque luteal homogenates. 

Treatment 

Control 

GTP, 50 11M 

hCG, 250 nM 

hCG + GTP 

a) X + S. E. , n = 15 experiments 

b) Significantly different from 

c) Significantly different from 

d) Significantly different from 

Cyclic AMP 
(pmol/min omg) 

a 0.58 + 0;05 

1. 36 + 0.14 
b 

2.48 + 0.26b ,c 

3.77 + 0.29b ,d 

control, p < 0.01 

GTP alone, p < 0.01 

GTP or hCG alone, p 
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FIGURE 14. Cyclic AMP production in the presence of intact hCG and 
increasing doses of deglycosylated hCG (DG-hCG). The shaded bar 
expresses enzyme activity in the absence of hormone stimulation. The 
closed bar typifies the response of adenylate cyclase to DG-hca ·alone in 
a range of concentrations from 11-690 nmoles. Open bars represent cAMP 
production in response to a constant level of hCG in the absence, or 
with increasing doses, of DG-hCG. GTP (50 ~M) was present. The bars 
represent the mean +/- S.E. of triplicate values of a representative 
experiment. 



levels when tested in a range of doses from 11-690 nM. However, the 

presence of DG-hCG blocked the stimulation of cAMP production by intact 

hCG. Furthermore, the inhibitory effect of DG-hCG occurred in a 

dose-dependent manner. When the concentrations of intact hCG and DG-hCG 

were equimolar (250 nM), adenylate cyclase activity was the same as 

control values. DG-hCG blocked the stimulation of adenylate cyclase by 

hLH in a similar fashion (not shown). 

Neither the isolated alpha nor the beta subunit of hCG altered 

cAMP production in homogenates of macaque luteal tissue (Table 3). 

Moreover, these subunits did not affect the stimulation of adenylate 

cyclase activity by intact hCG. 

Effects of Catecholamines 

The effects of isoproterenol (beta receptor agonist) and 

epinephrine (alpha and beta receptor agonist) on adenylate cyclase 

activity in macaque and rat corpora lutea are shown in Figure 15. 

Adenylate cyclase in the macaque corpus luteum did not respond to the 

addition of either isoproterenol or epinephrine. In contrast, rat 

luteal tissue was stimulated by both isoproterenol and epinephrine in a 

dose-dependent manner. Maximal stimulation was achieved in the presence 

of 4 ~ isoproterenol and 70 ~M epinephrine, and was 13 times control 

levels for both catecholamines. The effects of the alpha agonist, 

phenylephrine, were also tested in rat and macaque luteal tissue. 

Again, the adenyl ate cyclase of rat luteal tissue was stimulated by 

phenylephrine (5 ~), whereas the macaque adenylate cyclase did not 

respond (data not shown). 
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TABLE 3. Effect of the isolated subunits of hCG on adenylate 
cyclase activity in macaque luteal homogenates. 

Treatment 

Control 

GTP, 50 ].1M 

GTP + CL hCG subunit, 1.33 llM 

GTP + S hCG subunit, 0.91 llM 

GTP + hCG, 0.25 ~ 

GTP + CL subunit + hCG 

GTP + S subunit + hCG 

a) X + S.E., n = 3 experiments 

Cyclic AMP 
(pmal/min ·mg) 

0.87 + 0.24 

2.10 + 0.48 

2.74 + 0.09 

2.13 + 0.36 

a 

b 

b 

b 

3.82 + 0.36b ,c 

3.38 + 0.05b ,c 

3.65 + 0.12b ,c 

b) Significantly different from control, p < 0.05 

c) Significantly different from all values without hCG, p < 0.05 
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FIGURE 15. Response to catecholamines of the adenyl ate cyclase of 
monkey luteal tissue compared to that of rat luteal tissue. GTP (50 ~) 
was present. Experiments on monkey and rat tissue were performed 
together, using the same hormone dilutions. Ascorbic acid (0.1 mM) was 
present to' prevent oxidation of the catechclamines. Values are the mean 
of 2 experiments. Note the difference in scale qetween monkey and rat 
data. 



Figure 16 illustrates the effects of isoproterenol on 

hCG-stimulation of adenylate cyclase in monkey and rat luteal tissue. 

In the monkey, the presence of hCG enhanced adenyl ate cyclase activity 

compared to control, whereas isoproterenol did not affect cAMP 

production. Coincubation with hCG and isoproterenol yielded adenylate 

cyclase activity comparable to hCG-stimulated activity alone. In the 

rat corpus luteum, both hCG and isoproterenol stimulated cAMP production. 

The stimulation by isoproterenol was 3.6 times greater than that by hCG. 

Adenylate cyclase activity in the presence of hCG and isoproterenol was 

not significantly different from isoproterenol alone. Similar results 

were obtained with epinephrine and phenylephrine in both monkey and rat 

luteal tissue (data not shown). 

Discussion 

Although many of the biological effects of hLH and hCG are 

believed to occur via stimulation of cAMP production (Marsh, 1976; Ryan, 

1982), direct measurement of adenylate cyclase activity following 

addition of gonadotropins has not been described in primate ovarian 

tissue. Our data demonstrated that hLH and hCG acutely stimulate 

adenylate cyclase activity in the corpus luteum of the rhesus monkey. 

Furthermore, the adenyl ate cyclase of the corpus luteum at the midluteal 

phase of the menstrual cycle was equally sensitive, and gave a similar 

maximal response, to pituitary (LH) and placental (CQ) gonadotropin. 

Cameron and Stouffer (1982a) previously reported that gonadotropin 

receptors in the macaque corpus luteum exhibit a similar binding 

affinity for hLH and hCG. Our current findings indicate that despite 
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the structural differences between LH and CG, particularly in 

carbohydrate content (Tyrey, 1982), the receptors of the primate corpus 

luteum do not distinguish between these gonadotropins in terms of 

binding or transduction of the hormonal signal into cAMP production. 

This may not be the case in other species, since Mintz (1978) and 

Abramowitz (1982) and coworkers reported that the adenylate cyclase in 

follicular and luteal membranes from rat ovaries, respectively, was more 

sensitive to hCG than hLH. The activation constant of adenylate cyclase 

for hLH in luteal membranes of primate corpora lutea (20 nM) was similar 

to that for hLH in rat corpora lutea (7-20 nM; Abramowitz et al., 1982). 

Removal of approximately 70 per cent of the carbohydrate 

moieties from hCG destroyed the ability of the molecule to stimulate 

adenylate cyclase in macaque luteal preparations and endowed it with 

gonadotropin-antagonistic properties. Our data support the contention 

of Keutmann and coworkers (1983) and others (Channing et al., 1978; 

Sairam and Manjunath, 1983) that the carbohydrate moiety of hCG is not 

necessary for binding, but is required for gonadotropin activation of 

adenylate cyclase. The deglycosylated molecule appears to bind to the 

LH/CG receptor and competitively inhibit binding and activation of 

adenyl ate cyclase by hLH and hCG. Our studies, as well as competitive 

binding studies on rat testis tissue (Chen et al., 1982), suggest that 

deglycosylated hCG has a greater affinity for the receptor than intact 

hCG, since equimolar amounts of the two molecules re~ult in total 

instead of partial inhibition of the stimulatory effect of intact 

hormone. Deglycosylated hCG is the first gonadotropin antagonist to be 

identified and it presents an important new tool for examining the 
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biological effects and the mechanism of action of LH and CG in primates. 

The gonadotropin antagonist actions of DG-hCG have recently been 

demonstrated in vivo in the rat (Kato et al., 1983; Kato and Sairam, 

1983). 

The isolated alpha and beta subunits of hCG did not stimulate 

adenylate cyclase or interfere with the stimulation of cAMP production 

by intact hCG. The inability of either subunit to prevent the 

activation of adenylate cyclase suggests that both hormone subunits are 

required for binding to the LH-CG receptor and activation of adenylate 

cyclase. This concept is supported by studies which indicated that the 

isolated alpha and beta subunits were not effective inhibitors of hCG 

binding (Cameron and Stouffer, 1982a), and that both subunits of the 

native hCG interact with and can be covalently linked to the hCG 

receptor (Ji and Ji, 1981). 

The adenylate cyclase of the primate corpus luteum is similar to 

that of other systems in its dose-dependent response to the nonhormonal 

activators, forskolin (Fradkin et al, 1982; Seamon and Daly, 1981) and 

fluoride (Birnbaumer et al., 1969) and to exogenous GTP and GMP-P(NH)P 

(Spiegel and Downs, 1981). The stimulation by exogenous guanine 

nucleotides is in accordance with current models which assign GTP an 

integral role in the regulation of adenylate cyclase activity (Rodbell, 

1980; Spiegel and Downs, 1981). Hormonal activation of our enzyme 

system was not dependent on exogenous GTP, as has be~n reported in the 

rabbit corpus luteum (Abramowitz and Birnbaumer, 1982). However, we 

utilized a tissue preparation and regenerating system which most likely 

contained endogenous guanine nucleotides. Endogenous nucleotides in our 
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system may also explain the lack of synergism between hCG and added GTP, 

and the inability of exogenous GTP to increase the sensitivity of 

adenylate cyclase to hCG as observed in rabbit luteal preparations 

(Abramowitz and Birnbaumer, 1982). Although we did not demonstrate a 

stringent requirement for GTP, the data indicate that the adenyl ate 

cyclase of the macaque corpus luteum is a GTP-regulated system similar 

to that of rat (Birnbaumer et al., 1976) and rabbit (Abramowitz and 

Birnbaumer, 1982) corpora lutea, and other mammalian tissues (Rodbell, 

1980; Spiegel and Downs, 1981). 

Interestingly, the nucleotide ITP also stimulated adenyl ate 

cyclase in the primate corpus luteum. Similar activation of adenylate 

cyclase in bovine thyroid tissue by ITP has been reported by Wolff and 

Cook (1973); however, Birnbaumer and Yang report no effect of ITP in the 

rabbit corpus luteum (Birnbaumer and Yang, 1974). ITP can substitute 

for GTP in another cellular process, the production of the RNA template 

(Lehninger, 1970). Furthermore, ITP can be converted to GTP in the 

pathway of nucleotide production (Lehninger, 1970). Thus the effect of 

ITP on adenylate cyclase activity may be via substitution for GTP at the 

guanine nucleotide regulatory unit, or through conversion to GTP. 

Nevertheless, the data from other tissues suggests that the nucleotide 

regulation of adenyl ate cyclase may not be exclusively via GTP 

(Birnbaumer and Yang, 1974; Lefkowitz, 1974). Therefore, a possible 

regulatory role for ITP in the adenylate cyclase system of the primate 

corpus luteum cannot be currently eliminated. 

In contrast to the adenylate cyclase in corpora lutea of the rat 

(Birnbaumer et al., 1976; this study) and rabbit (Hunzicker-Dunn, 1982), 
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the adenylate cyclase of the macaque corpus luteum at mid-luteal phase 

of the menstrual cycle was not stimulated by isoproterenol and 

epinephrine. Although there are limited data on the effect of 

catecholamines in primate corpora lutea, our results are consistent with 

the finding that human (Casper and Cotterell, 1984; Richardson and 

Masson, 1980) luteal cells, unlike those of several nonprimate species 

(Condon and Black, 1976; Jordan et al., 1978), did not respond to 

catecholamines with increased progesterone production. Direct 

comparison of the sensitivity of monkey and rat luteal adenylate cyclase 

to catecholamines indicates that the lack of response in the monkey was 

not due to procedural differences or inactivation of the catecholamines 

by oxidation. Rather, the data suggest that the primate lacks a 

potential mechanism for modulating luteal function which is available to 

othBr non-primate species including the rat (Birnbaumer et al., 1976), 

cow (Condon and Black, 1976), rabbit (Hunzicker-Dunn, 1982), and sheep 

(Jordan et al., 1978). Although catecholamines do not appear to 

directly affect the adenyl ate cyclase in the primate corpus luteum, 

Hamberger and coworkers (1980) have suggested that catecholamines may 

sensitize the system to the anti-gonadotropic actions of PGF2a. 

Nevertheless, our data clearly indicate that the catecholamines alone 

did not acutely enhance or inhibit hCG-stimulation of adenylate cyclase 

in the macaque corpus luteum. 

In summary, the macaque corpus luteum at mid7luteal phase of the 

menstrual cycle contains a guanine nucleotide-sensitive adenylate 

cyclase which is equally responsive to the pituitary and placental 

gonadotropins, hLH and hCG. Deglycosylation of hCG destroys its ability 
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to stimulate adenyl ate cyclase and endows the molecule with 

gonadotropin-antagonistic properties. The macaque corpus luteum at 

mid-luteal phase does not respond to catecholamines with increased cAMP 

production; thus the primate lacks a potential mechanism of control of 

luteal function which is available to many nonprimate species. 
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CHAPTER 6 

ADENYLATE CYCLASE IN THE CORPUS LUTEUM OF THE RHESUS MONKEY: 
III. CHANGES IN BASAL AND GONADOTROPIN-SENSITIVE ACTIVITY 

DURING THE LUTEAL PHASE OF THE MENSTRUAL CYCLE 

Abstract 

The activity of adenylate cyclase was examined in corpora lutea 

obtained from rhesus monkeys at specific stages in the luteal phase of 

the menstrual cycle (3-5, 6-8, 9-12, 13-15, and 16 days (menses) after 

the midcycle LH surge). The conversion of [a- 32pJATP to [32pJcAMP was 

used to monitor adenylate cyclase activity. Cyclic AMP production in 

luteal homogenates was assessed in the absence (basal activity) and the 

presence of maximum stimulatory doses of forskolin (100 ~M), 

5'-guanyly1-1mldodlphosphate (GMP-P(NH)P, 50 ~), GTP (50 ~M), and GTP 

plus increasing doses of hLH and hCG. Basal activity was low in the 

early luteal phase (days 3-5, 1.2+/-0.2 pmol cAMP/mg.min, X+/-S.E.), 

increased (P<0.05) by midluteal phase (days 6-8 and 9-12, 2.1+/-0.4 and 

2.0+/-0.3 pmol/mg.min, respectively) and then declined (p<0.05) during 

the late luteal phase (days 13-15 and 16-menses, 1.6+/-0.3 and 1.2+/-0.5 

pmol/mg.min, respectively). Activity stimulated by GTP and GMP-P(NH)P 

followed the same pattern as basal activity during the luteal phase; 

consequently stimulation relative to basal was approximately the same at 

all stages (e.g., GMP-P(NH)P -12x basal). In contrast to basal and 

nucleotide-stimulated activity, cAMP production in the presence of 
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forskolin did not change significantly throughout the luteal phase. At 

midluteal phase (days 6-8 and 9-12j n=12), hCG and hLH stimulated 

adenylate cyclase in a similar dose-dependent manner. Maximal 

stimulation of cAMP production by hCG was -10% greater (p<0.05) than 

that by hLHj Kact values were 12.3 for hCG and 28.3 for hLH. The 

maximal response to hLH and hCG as well as the sensitivity of adenylate 

cyclase to activation by hLH were greater (p<0.05) at midluteal phase 

than in the early or late luteal phase. Decreased basal, gonadotropin

and guanine nucleotide-stimulated cAMP production, and diminished 

sensitivity of adenylate cyclase to hLH, correlated with a decline 

(p<0.05) in circulating progesterone and luteal weight during the late 

luteal phase. Thus the adenylate cyclase system of the rhesus monkey 

corpus luteum undergoes significant changes during the luteal phase 

which are associated with the development and regression of the corpus 

luteum of the menstrual cycle. Mechanisms which modulate gonadotropin 

and nucleotide activation of adenylate cyclase without interfering 

directly with the catalytic unit are implicated in the changes which 

accompany luteolysis. 

Introduction 

Although the mechanisms which initiate the regression of the 

primate corpus luteum during the menstrual cycle are not known, limited 

data suggest that one of the early events in luteolysis is diminished 

response to luteotropic agents (Stouffer et al., 1977b, 1979). Stouffer 

and coworkers observed that the ability of the macaque luteal cells to 

respond in vitro to gonadotropin, in terms of progesterone (1977b) and 
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estradiol (1980) secretion, declined near the time of luteolysis, i.e., 

days 20-22 of the menstrual cycle. Moreover, acute exposure to the 

luteolytic agent, PGF2a, blocked gonadotropin-, but not cAMP-stimulated 

progesterone production by macaque luteal cells (Stouffer et al., 1979). 

The data suggest that luteolysis may be related to the development of a 

lesion(s) in the pathway of LH action, possibly at the level of the cell 

membrane prior ~o LH-mediated cAMP production. One potential site is 

the LH receptor. Sotrel and coworkers (1981) observed that 

administration of PGF2a into the macaque corpus luteum caused an acute 

decrease in progesterone production and gonadotropin binding capacity, 

suggesting that a loss of receptors was closely associated with 

luteolysis. However, Cameron and Stouffer (1982b) noted that the 

decline in the number of available LH receptors in the macaque corpus 

luteum during spontaneous luteolysis followed the decline in circulating 

progesterone. Thus the loss of LH receptors may not be an initiating 

factor for luteolysis. 

Alternatively, diminished luteal response to LH at luteolysis 

could be due to an alteration in other components of the adenylate 

cyclase system. Studies on the rat and rabbit suggest that basal and 

gonadotropin-stimulated adenylate cyclase activity in the corpus luteum 

changes during the estrous cycle, pseudopregnancy, and pregnancy 

(Hunzicker-Dunn and Birnbaurner, 1976a,b). Moreover, elegant studies by 

Thomas, Dorflinger, and Behrman (1978) demonstrated that acute exposure 

to PGF2a impairs gonadotropin-stimulated cAMP production by rat luteal 

cells (Thomas et al., 1978) prior to any apparent changes in available 

receptors. Thus, in these species early events in luteolysis may cause 
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impaired receptor activation of cAMP production. However, similar 

studies to examine the activity of adenylate cyclase in the primate 

corpus luteum throughout the luteal phase of the menstrual cycle have 

not been reported. 

The adenyl ate cyclase in homogenates of the macaque corpus 

luteum has been characterized (Chapter 4) and its sensitivity to 

nucleotides, gonadotropins, and nonhormonal activators at midluteal 

phase of the menstrual cycle has been analyzed (Chapter 5). The goal 

of the current study was to examine the gonadotropin-sensitive adenylate 

cyclase at various stages of the luteal phase of the menstrual cycle, 

particularly near the onset of luteolysis, and to correlate enzyme 

activity with the functional status of the corpus luteum. 

Materials and Methods 

Collection of Corpora Lutea 

Adult, female rhesus monkeys were housed as previously described. 

The monkeys were checked daily for menses and the first day of bleeding 

was designated day one of the menstrual cycle. Those monkeys showing 

regular cycles of approximately 28 days were selected for the 

experimental protocol. Femoral venous blood was collected daily between 

0800-1000 hours from day eight of the cycle through the day of 

luteectomy. The serum was stored at -20 C until analyzed for 

estrogen, progesterone, and LH content. Prior to luteectomy, estradiol 

levels in ether extracts of serum samples were determined by 

radioimmunoassay (Ottobre and Stouffer, 1984). The precipitous drop in 

estrogen concentration at the end of the follicular phase was used to 
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estimate the day of the LH surge (Channing, 1980). Laparotomy was 

performed at various stages of the luteal phase of the menstrual cycle 

through the first day of the next menses. Following luteectomy, each 

serum sample was analyzed for progesterone content (Ottobre and 

Stouffer, 1984) to assess the functional status of the corpus luteum 

during the luteal phase of the experimental cycle. Macaque LH levels 

were measured by radioimmunoassay (Cameron and Stouffer, 1982b) to 

better define the age of the corpus luteum with respect to the midcycle 

LH surge. Corpora lutea were divided into five age groups, based on 

previous in vitro studies of luteal cell function (Stouffer et al., 

1977b) and gonadotropin receptors (Cameron and Stouffer, 1982b). The 

groups corresponded to tissues removed 3-5, 6-8, 9-12, 13-15, or 16 

days(menses) , after the midcycle LH surge. 

Corpora lutea were removed at laparotomy from monkeys 

anesthetized with ketamine HCl (Bristol Laboratories; 20-25 mg, im) 

followed by sodium pentobarbital (Harvey Laboratories; 90-110 mg, iv). 

The corpus luteum was excised from the ovary by blunt dissection and 

immediately placed in 25 mM Tris-HCl buffer at 4 C for transport to the 

laboratory. After luteectomy, monkeys were observed for reestablishment 

of normal menstrual cyclicity. One cycle was allowed before re-entrance 

into the experimental protocol. 

Immature female rats (Sprague-Dawley, Animal Resources breeding 

facility) were superovulated by treatment with pregnant mare serum 

gonadotropin (PMSGj Sigma; 50 I.U., sc) followed 56 hours later by hCG 

(APL; Ayerst Laboratories; 50 I.U., sc) as previously described. Seven 
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days after PMSG treatment, the rats were decapitated and the luteinized 

ovaries removed and cleaned. 

Tissue Preparation 

An homogenate of the macaque corpus luteum was prepared as 

described in Chapter 3. Minced luteal tissue was homogenized twice in 

10 parts (wt/vol) of 25 mM Tris-HCl buffer (8% sucrose, pH 7.5 at 4C) 

with a chilled Dounce homogenizer. Tissue fragments and debris were 

removed by centrifugation (160 x g, 2 minutes). Aliquots of homogenate 

equal to one mg of intact tissue were tested for adenylate cyclase 

activity. All experiments on macaque corpora lutea were performed on 

fresh tissue on the day of luteectomy. 

Luteinized ovaries of superovulated rats were pooled and 

homogenates prepared by methods described for the monkey corpus luteum. 

The homogenate was centrifuged at 20000 g for 15 minutes and the pellet 

resuspended in buffer to yield a crude particulate preparation. Aliquots 

of particulates were frozen in an ethanol/dry ice bath and stored at 

-70 C until used as a control pool for adenylate cyclase experiments. 

Adenylate Cyclase Assay 

The adenylate cyclase assay was slightly modified from that 

described in Chapters 4 and 5 since basal enzyme activity in the macaque 

corpus luteum was low. Substrate (Na-ATP and [a- 32P]ATP) concentration 

and time of incubation were increased to maximize the sensitivity of the 
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assay. The incubation media for the adenylate cyclase assay contained 

6.5 mM Na-ATP (Sigma), 1.0 x 107 cpm [a- 32P]ATP (New England Nuclear), 

mM EDTA, 10 mM cAMP, 12000 cpm [3H]cAMP (New England 

Nuclear), 20 mM creatine phosphate and 0.2 mgfml creatine kinase in 

25 mM Tris-HCl buffer (8% sucrose, pH 7.5). For each macaque corpus 

luteum, adenylate cyclase activity was assessed in the presence and 

absence (basal activity) of maximally stimulatory doses (Chapter 5) of 

guanosine triphosphate (GTP, 50 ~; Sigma), 5'-guanylyl-imidodiphosphate 

(GMP-P(NH)P; 50 ~; Sigma), forskolin (100 ~; Calbiochem), and 

increasing doses of human (h)LH (NIH 1-1 or 1-2; 6000 and 9500 I.U.fmg 

by Ovarian Ascorbic Acid Depletion test). Due to exhaustion of 

available supplies of hLH NIH 1-1, we utilized NIH 1-2, primarily in 

the studies in the early luteal phase group (days 3-5; n=3). Direct 

comparison of dose-response curves indicated no apparent difference in 

the maximal stimulatory dose or sensitivity of adenylate cyclase to the 

two LH preparations. When the quantity of tissue permitted, the 

response to increasing doses of hCG (CR119) was also tested. 

As an interassay control, luteal tissue from superovulated rats 

were assayed for adenyl ate cyclase activity with each macaque corpus 

luteum. Rat tissue was tested in the absence (basal activity) and 

presence of forskolin (100 ~), GMP-P(NH)P (50 ~M), GTP (50 ~M) and GTP 

+ hCG (250 nM). Repetitive assay of rat tissue gave similar results; 

the mean coefficient of variation for the different treatments between 

assays was 20.3% (n=28). 

Aliquots of luteal homogenates were added to the incubation 

medium to initiate the reaction. Samples were incubated in a gyrotory 
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shaker bath at 37 C for 20 minutes. The reaction was stopped by adding 

100 ~l of aqueous solution containing 40 mM ATP, 5 mM cAMP, and 

2% sodium laurel sulfate, followed by boiling for 3 minutes. The 

synthesized [32p]cAMP and recovery marker [3H]cAMP were isolated by 

sequential Dowex and alumina column chromatography as previously 

described. The Bradford assay was used to determine protein content of 

samples (Bradford, 1976). Data are expressed as pmol cAMP formed/min·mg 

protein. 

Statistical Analysis 

The activation constants (Kact) for stimulation of LH-sensitive 

adenylate cyclase in individual corpora lutea were determined by 

Eadie-Hofstee plots (Lehninger, 1970), followed by linear regression to 

determine the slope of the line using the Hewlett-Packard program (model 

97, Palo Alto, CA). Within age groups, analysis of variance for 

randomized complete block design were used to compare adenylate cyclase 

activities among treatments. Individual corpora lutea were treated as 

blocks in these analyses (Snedecor and Cochran, 1967). An F test was 

used to demonstrate significance (p<0.05), and comparisons were made 

between pairs of treatments using the least significant difference 

method (Snedecor and Cochran, 1967). Significant differences between 

age groups of the means of Kact values, luteal weights, protein 

concentrations of homogenates, and progesterone concentrations were 

determined by one way analysis of variance. After demonstration of 

significance (P<0.05) by an F test, comparisons were made between pairs 

of means using the least significant difference method (Snedecor and 
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Cochran, 1967). An analysis of a 5 x 6 factorial arrangement of 

treatments in a completely randomized design was used to compare 

treatments (basal activity, GTP, LH + GTP, CG + GTP, GMP-P(NH)P, and 

forskolin) vs. age groups (days 3-5, 6-8, 9-12, 13-15, and 16-mensesj 

Snedecor and Cochran, 1967). This test was followed by one-way analysis 

of variance of each treatment over age, an F test, and the least 

significant difference test to determine specific differences between 

treatments due to age. Since no differences were noted between days 6-8 

and days 9-12 or between days 13-15 and day 16(menses) over treatment, 

those days were grouped together for statistical analysis. 

Results 

Composite progesterone patterns from the various age groups 

through the day of luteectomy are shown in Figure 17. Peripheral 

progesterone levels typically rose in the early luteal phase through 

days 3-5 after the LH surge, and reached a plateau of 3-5 ng/ml where 

levels remained until -day 12. Progesterone concentrations were still 

on this functional plateau on day 12 in the day 9-12 and day 16(menses) 

groups, but levels were falling by day 12 in the day 13-15 group. By 

day 16(menses), progesterone concentrations were nondetectable. The 

progesterone patterns in this study are reminiscent of normal luteal 

phase patterns occurring in menstrual cycles from our colony (Ottobre 

and Stouffer, 1984). 

Peripheral progesterone levels at luteectomy, wet weights of the 

corpus luteum, and protein concentrations of the tissue homogenates at 

specific stages in the luteal phase are presented in Table 4. There was 
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TABLE 4. Progesterone Levels at Luteectomy, Corpus Luteum Weight, and 
Protein Concentration of Tissue Homogenates as a Function of 
Age of the Corpus Luteum. 

Age of Tissue Serum Tissue Protein 
(Days after LH surge) n Progesterone Weight Concentration 

(ng/ml) (mg) ().Ig/mg*) 

3 - 5 3 2.4+1.1a 92.2~ 9.4 85.0+1 .0 

6 - 8 6 3.5~0.8 131.8~18.5 93.3~6.9 

9 - 12 9 3.9~0.8 115.5+ 8.8 92.8+4.4 

13 - 15 6b 0.6+0.2 69.7~10.8 79.7~5.9 

16 - menses 4c N.D.d 71.7~22.0 86.0+8.4 

a) Values are the mean + S.E. 
b) For one monkey in each of group 13-15 and 16-menses, the corpus 

luteum was too small to perform a full LH dose-response curve. 
c) For two monkeys, day 16 was the first day of menses. 
d) N.D. = non-detectable. Limit of detection of our RIA - 0.2 ng/ml. 

*Wet weight 
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a trend to increasing progesterone concentration and luteal weight from 

early (days 3-5 post-LH surge) to midluteal (days 6-8 or 9-12) phase, 

but the increase was not significant (p>0.05). Although the 

concentration of progesterone and the luteal weight did not change 

between days 6-8 and 9-12, there was a significant (p<O.05) decrease in 

these parameters between days 9-12 and 13-15. By day 16 or the first 

day of menses, serum progesterone was nondetectable. In contrast, there 

was no difference in the protein concentration of the luteal homogenate 

among the various age groups. 

Adenylate cyclase activity in the absence (basal activity) and 

presence of maximally stimulatory doses of GMP-P(NH)P and forskolin 

(Chapter 5) in homogenates of corpora lutea from different stages of the 

luteal phase is depicted in Table 5. Basal adenylate cyclase activity 

in corpora lutea from the midluteal phase (days 6-8 and 9-12) was 

greater (P<O.05) than that in early (days 3-5) or late (days 13-15 or 

16(menses)) luteal phase. Both GMP-P(NH)P and forskolin markedly 

stimulated adenylate cyclase above basal levels (p<O.05) within all age 

groups. Adenylate cyclase activity in the presence of GMP-P(NH)P 

exhibited a similar pattern to basal activitYi cAMP production was 

greater in the middle than in early or late luteal phase corpora lutea. 

Thus, the stimulation by GMP-P(NH)P relative to basal remained constant 

(-12x basal) throughout the luteal phase. In contrast, adenylate 

cyclase activity in the presence of forskolin did not differ throughout 

the luteal phase. Although the levels of GMP-P(NH)P- and 

forskolin-stimulated activity were similar on days 6-8 and days 9-12, 
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TABLE 5. Adenylate Cyclase Activity in the Presence and Absence of 
GMP-P(NH)P and Forskolin in Corpora Lutea at Different Stages 
of the Luteal Phase. 

pmol cAMP/mg·min 

Days After 
LH Surge Basal GMP-P(NH)P (5011M) Forskolin (100 }.1M) 

3 - 5 1 .2+0. 2a 15.0 (13x) b 

6 - 8 2.1+0.4 24.2 (1 2x) 28.4 (14x) 

9 - 12 2.0.:!:.0.3 27. 7 (14x) 26.9 (14x) 

13 - 15 1 • 6.:!:.0. 3 18.6 (12x) 42.6 (27x) 

16 - menses 1. 2.:!:.0. 5 14.4 ( 12x) 21.6 (18x) 

a) Values are the mean + S.E., n summarized in Table 4. 

b) Values are the mean. Numbers in parentheses are relative 
stimulation, calculated by dividing stimulated activity by basal 
activity. 
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forskolin elicited a greater stimulation on days 13-15 (p<0.05) and on 

day 16(menses) (p<0.10). 

The effect of a maximal stimulatory dose of hLH or hCG (Chapter 

5) on the activity of adenylate cyclase in macaque corpora lutea during 

the luteal phase of the menstrual cycle is presented in Table 6. GTP 

(50 ~M) was present in both control and gonadotropin-treated groups. 

Adenylate cyclase activity in the control (GTP) group showed a similar 

pattern to that observed under basal and GMP-P(NH)P treated groups. 

GTP-stimulated activity was greater at midluteal phase (days 6-8 and 

9-12) than at early (days 3-5; p<0.10) or late (days 13-15 or 

16(menses); p<0.05) luteal phase. Both hLH and hCG stimulated adenylate 

cyclase activity above control levels (p<0.05) at each stage of the 

luteal phase except day 16(menses). Adenylate cyclase activity in the 

presence of either hLH or hCG was significantly greater at midluteal 

phase days (6-8 and 9-12) than in early (days 3-5) or late (days 13-15 

or 16(menses)) luteal phase (p<0.05). Gonadotropin stimulation relative 

to control remained constant (-2x control) throughout much of the luteal 

phase, until it declined at day 16(menses). 

Cyclic AMP production in 12 macaque corpora lutea 6-12 days 

after the midcycle LH surge in response to increasing doses of the 

pituitary gonadotropin, hLH, and the placental gonadotropin, hCG, is 

illustrated in Figure 18. GTP (50 ~M) was present in the incubation 

medium. Human LH and hCG stimulated adenylate cyclase in a similar 

dose-dependent fashion with activation constants of 28.3 nM and 12.3 nM, 

respectively. Maximal activation of adenylate cyclase was achieved in 

the presence of 100 nM gonadotropin; however, the maximal response to 

104 



TABLE 6. Adenylate Cyclase Activity in the Presence and Absence of a 
Maximal Stimulatory Dose of hLH or hCG in Corpora Lutea at 
Different Stages of the Luteal Phase. 

pmol cAMP/mg·min 

Days After 
LH Surge Control hLH, 333 nM hCG, 250 nM 

3 - 5 2.7a ,b 5.7 (2x)9 6.1 (2x) 

6 - 8 4.3 8.4 (2x) 9.1 (2x) 

9 - 12 4.1 9.4 (2x) 10.6 (2.5x) 

13 - 15 2.9 5.8 (2x) 6.4 (2x) 

16 - menses 2.6 3.7 (1 • 4x) 4.0 ( 1 . 5x) 

a) 50 ~M GTP was present in control and gonadotropin-treated groups. 

b) Values are the mean of n corpora lutea presented in Table 4. 
Numbers in parentheses refer to relative stimulation, calculated by 
dividing stimulated activity by control. 
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hCG (9.73 pmol cAMP/min.mg) was -10% greater (p<0.05) than that to hLH 

(8.77 pmol/min.mg). 

The dose-response relationship of gonadotropin (LH)-stimulated 

adenylate cyclase in macaque corpora lutea at various stages of the 

luteal phase of the menstrual cycle is depicted in Figures 19 and 20. 

As noted previously, both control activity and maximal response to LH 

differed in tissues of 3-5 and 6-8 days of age (Figure 19). Maximal 

activation of adenylate cyclase occurred at 100 nM hLH in tissues of 6-8 

days after the LH surge; however, as much as 333 nM hLH did not appear 

to elicit a maximal response in tissues aged 3-5 days. The activation 

constant (Kact ) for LH stimulation of adenylate cyclase of corpora lutea 

on days 6-8 (20.3 nM) was less (p<0.05) than that in corpora lutea on 

days 3-5 (64.7 nM). There was no significant difference between the 

dose-response curves of tissues aged 6-8 days and tissues nearing the 

onset of regression (9-12 days post-LH surge, Figure 20), as measured by 

Kact, control activity, or maximal response to hLH (p<0.05). Corpora 

lutea aged 9-12 or 13-15 days responded to increasing doses of hLH with 

an increase in cAMP production. Both control activity and maximal 

response to hLH were diminished in tissues of 13-15 days from those of 

9-12 days. The largest dose of hLH tested, 333 nM, did not appear to 

elicit a maximal response of adenylate cyclase in day 13-15 tissues. 

The Kact for LH stimulation of adenylate cyclase of corpora lutea from 

days 13-15 (62.0 nM) was greater than that for tissues from 9-12 days 

(36.7 nM; p<0.05). By day 16(menses) after the LH surge, adenylate 

cyclase no longer responded to LH. 
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Discussion 

Although the gonadotropin-sensitive adenylate cyclase system of 

rat and rabbit corpora lutea has been studied extensively 

(Hunzicker-Dunn and Birnbaumer, 1976a,b), this is the first report on 

adenylate cyclase activity in corpora lutea at various stages of the 

ovarian cycle in an animal model in which LH is the primary luteotropic 

agent. Moreover, these studies utilizing a primate model suggest that 

basal and gonadotropin-sensitive adenylate cyclase activity changes 

during the luteal phase in association with development and regression 

of the corpus luteum of the menstrual cycle. 

Basal adenylate cyclase activity in the macaque corpus 

luteum increased during the early luteal phase (between days 3-5 and 6-8 

after the LH surge) and then decreased in the late luteal phase (between 

days 9-12 and 13-15 post-LH surge) of the menstrual cycle. The 

mechanisms which caused these changes in basal activity remain to be 

determined. However, current models of the adenylate cyclase system 

define basal activity as catalytic activity, modified by stimulatory 

(Ns ) and inhibitory (Ni) guanine nucleotide regulatory components 

(Gilman, 1984). The activity of the Ns and Ni components are a function 

of the respective hormone/receptor complexes which activate these units. 

Basal adenylate cyclase could be altered through the 

stimulatory pathway via changes in availability of luteotropic 

hormone(s), the number and affinity of receptors for the luteotropic 

hormone(s), the stimulatory nucleotide regulatory unit, Ns ' or the 

number of catalytic units. In rat and rabbit corpora lutea, 
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both catecholamines and gonadotropins have a stimulatory effect on 

adenylate cyclase, apparently via Ns (Birnbaumer et al., 1976; 

Abramowitz and Birnbaumer, 1982; Chapter 5). However, the adenylate 

cyclase of the primate corpus luteum does not respond to catecholamines 

(Chapter 5). There is convincing evidence that LH is the major 

luteotropic hormone during the menstrual cycle (Hutchison and Zeleznik, 

1984; Knobil et al., 1980) and that the levels of bioactive LH (Westfahl 

and Kling; 1982), as well as the pulsatile release of LH vary throughout 

the luteal phase in monkeys (Ellinwood and Norman, 1983) and women 

(Filicori et al., 1982). The data indicate that the frequency of pulses 

and circulating levels of LH decrease by day 6-9 after the LH surge. 

Since adenylate cyclase activity did not decrease until days 13-15 

post-LH surge, it is not likely that a decrease in the endogenous level 

of LH is responsible for the change in basal adenylate cyclase activity 

in the late luteal phase. This concept is supported by the 

demonstration that normal luteal function and lifespan occurred in 

monkeys when the frequency of LH pulses, or levels of circulating 

bioactive LH, were maintained at early luteal phase levels by 

pharmacological means (Hutchison and Zeleznik, 1984; Westfahl and Kling, 

1982). Cameron and Stouffer (1982b) reported that the number, but not 

the affinity, of available LH receptors varied throughout the luteal 

phase in the rhesus monkey; the number of LH receptors increased from 

early to midluteal phase and fell again by the late luteal phase. Thus 

basal adenylate cyclase activity correlated directly with the number of 

available receptors. The data suggest that the availability of 

gonadotropin receptors is one factor modulating the level of basal 
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adenylate cyclase activity in the macaque corpus luteum of the menstrual 

cycle. 

Notably, GTP- and GMP-P(NH)P-stimulated adenylate cyclase 

followed the same pattern as basal activity; that is, guanine nucleotide 

stimulated cAMP production increased during the early luteal phase and 

then decreased in the late luteal phase. These changes in response to 

guanine nucleotides cannot be explained on the basis of a change in 

receptor numbers since guanine nucleotides activate adenylate cyclase by 

a post-receptor mechanism (Rodbell, 1980). Alterations in GTPase 

activity do not appear to regulate adenylate cyclase activity since both 

GTP and its non-hydrolyzable analog, GMP-P(NH)P, cause the same pattern 

of activation of adenylate cyclase. Basal enzyme activity could also be 

regulated by changing the number of catalytic units in the system. 

Importantly, the only modulator of adenylate cyclase activity which did 

not follow the changing pattern of basal activity was forskolin. 

Forskolin is believed to act directly on the catalytic unit (Seamon and 

Daly, 1981), but may have some effect on the N unit (Insel et al., 

1982), or another membrane component which directly activates the 

catalytic unit (Birnbaumer et al., 1983). The constancy of forskolin 

activation throughout the luteal phase as opposed to that of GTP and 

GMP-P(NH)P suggests that the observed changes in basal activity are due 

to an impaired interaction between receptor/guanine nucleotide 

activation of the catalytic unit. Our data are consistent with those of 

Thomas and coworkers (1978) which suggested that the acute effect of 

PGF2a to inhibit gonadotropin-stimulated cAMP production occurred by a 

post-receptor mechanism. 
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Basal adenyl ate cyclase activity could also be modulated through 

the inhibitory pathway via mechanisms analogous to those described for 

activation; that is, through changes in the availability of inhibitory 

hormone(s), number and affinity of receptors, or the inhibitory 

nucleotide regulatory unit, Ni' Study of the inhibitory pathway is a 

new research area and direct demonstration of the existence of Ni and 

Ni-mediated regulation in luteal tissue have not been reported. The 

presence of the Ni subunit in gonadal tissue has been proposed on the 

basis of indirect data from rabbit luteal tissue (Abramowitz and 

Campbell, 1984) and rat Leydig cells (Adashi et al., 1984). Recently 

several hormone-like substances, including vasopressin (Schaeffer et 

al., 1983), oxytocin (Fields et al., 1983; Wathes et al., 1982; Wathes 

and Swann, 1982), PGF2a (Patwardhan and Lanthier, 1980) and opioids 

(Shu-dong et al., 1982) have been isolated from luteal tissue of various 

species. Many of these agents inhibit adenylate cyclase in various 

tissue systems (Courtney and Raskind, 1983; Sharma et al., 1975; Thomas 

et al., 1978). That some of these hormones may act as local modifiers 

in the corpus luteum, perhaps through inhibition of adenylate cyclase 

via Ni, adds a new facet to the self-destruct hypothesis proposed by 

Knobil (1973) to explain the regulation of the functional lifespan of 

the primate corpus luteum. 

Mechanisms extraneous to the adenylate cyclase system might also 

be involved in regulation of basal adenylate cyclase-activity. It has 

been suggested that corpora lutea of some species contain more than one 

cell type (Fitz et al., 1982; Koos and Hansel, 1981), and that these 

cell types appear to respond differently to LH in terms of progesterone 
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and cAMP production (Fitz et al., 1982; Hoyer et al., 1984; Koos and 

Hansel, 1981). Thus selective addition or loss of a given cell type 

could result in a change in basal adenylate cyclase activity. Ca+ 2 

inhibits adenylate cyclase activity (Dorflinger et al., 1984; Chapter 5) 

and has been proposed as a second messenger of luteolytic hormones 

(Dorflinger et al., 1984). Recent evidence indicates that GTP prevents 

the inhibition of LH-stimulated adenylate cyclase by Ca+ 2 in rat luteal 

membranes (Behrman et al., 1984) which suggests that the inhibitory 

effect of Ca+ 2 occurs at the N subunit. Finally, changes in the 

membrane structure and composition which result in altered membrane 

fluidity could affect coupling of the components of the adenylate 

cyclase system and alter catalytic activity (Salesse and Garnier, 1984). 

Such changes in membrane fluidity at various stages of the luteal 

lifespan in the rat and cow have been documented (Carlson et al., 1983; 

Goodsaid-Zalduondo, 1982); however, adenylate cyclase activity was not 

measured in these studies. Thus the potential for modification of 

adenylate cyclase activity by membrane fluidity in the corpus luteum 

exists, but whether such modification occurs is unknown. 

In addition to basal adenylate cyclase activity, the sensitivity 

and maximal response to LH changed during the lifespan of the macaque 

corpus luteum of the menstrual cycle. Hunzicker-Dunn and Birnbaumer 

showed similar increases and decreases in LH-stimulated adenylate 

cyclase activity during the estrous cycle in the rat- (1976b) or 

pregnancy in the rabbit (1976a)j however, detailed dose-response studies 

examining the sensitivity of adenylate cyclase to LH throughout the 

luteal phase have not been reported. The sensitivity of adenylate 
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cyclase to LH increased during the early luteal phase and then decreased 

in the late luteal phase. These changes in sensitivity correlate with 

the response of the corpus luteum to gonadotropin in vivo (Ottobre and 

Stouffer, 1984; Wilks and Noble, 1983) and in vitro (Stouffer et al., 

1977b). The alterations in sensitivity could result from some of the 

same mechanisms as suggested for basal activity, i.e., changes in 

numbers of LH receptors, increased activity of Ni, an alteration 

in membrane fluidity, modulation by Ca+ 2 , or selective addition or loss 

of an LH-sensitive cell type. 

The level of adenylate cyclase activity of the corpus luteum 

correlated directly with the functional status of the tissue. In the 

developing corpus luteum, an increase in basal adenyl ate cyclase 

activity, as well as sensitivity and maximal response to LH, was 

accompanied by an increase in circulating progesterone levels. Near the 

time of regression, diminished adenylate cyclase activity was associated 

with decreased progesterone levels. As such, the data suggest that 

basal adenylate cyclase activity, and thereby the intracellular level of 

cAMP, is an important regulator of the daily function of the luteal 

cell. Nevertheless, a cause/effect relationship between changes in 

adenyl ate cyclase activity and luteal function in the menstrual cycle 

remains to be determined. When luteolysis was induced by PGF2a 

administration, luteal function and adenylate cyclase activity were 

inhibited within two hours (Agudo et al., 1984; Behrman and Hichens, 

1976; Sotrel et al., 1981). In our studies wherein the corpus luteum of 

the rhesus monkey was examined only at 24 hour intervals, we probably 

missed the acute manifestations of luteolysis on the adenylate cyclase 
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system. A better model system in which luteolysis is more clearly 

defined may be necessary in order to register early changes in the 

luteal cell that initiate luteolysis in the primate. For example, an in 

vivo system (Agudo et al., 1984; Auletta et al., 1984a) in which 

luteolysis is induced and various parameters examined at early and 

discreet time points may provide further insight into the mechanism of 

luteal regression. 

We reported in preliminary studies (Chapter 5) that the 

adenylate cyclase of the macaque corpus luteum displayed comparable 

sensitivity to both hLH and hCG. In this study (tissues of midluteal 

phase, n=12), it became apparent that the maximal stimulation by, and 

sensitivity to, hLH was somewhat less than for hCG. The difference in 

sensitivity may be attributed to the relative purity or biological 

activity of the hLH and hCG preparations. However, such a difference in 

the hormone preparations could not account for the small (10%) but 

statistically significant difference in maximal stimulation. This 

finding does not appear to be compatible with the data which indicate 

that hLH and hCG bind with equal affinity to the same population of 

receptors in the macaque corpus luteum (Cameron and Stouffer, 1982b). 

However, Niswender and coworkers reported that the movement of 

hormone-receptor complexes within luteal membranes (1983), and the rate 

of internalization (Mock and Niswender, 1983), was different when 

receptors were occupied with ovine LH versus human CG. Thus it may be 

that the transduction or regulation of the receptor signal is 

quantitatively, or qualitatively, different for hLH and hCG. Whether 

the greater activation of luteal adenylate cyclase by placental 
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gonadotropin is relevant to its physiological actions in the rescue of 

the corpus luteum in early pregnancy remains to be determined. 

In summary, the activity of basal, guanine nucleotide-, and 

gonadotropin- (but not forskolin) stimulated adenylate cyclase of the 

corpus luteum, and the sensitivity of the enzyme to LH, vary during the 

luteal phase of the menstrual cycle in the rhesus monkey. Increases in 

activity and gonadotropin sensitivity during the early to midluteal 

phase were associated with development of the corpus luteum, whereas 

decreases in adenyl ate cyclase activity and LH sensitivity during the 

late luteal phase were associated with luteolysis. Mechanisms which 

modulate gonadotropin and guanine nucleotide activation of adenylate 

cyclase without interfering directly with the catalytic unit are 

implicated in the changes which accompany luteolysis. 
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