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lntrodyctjon 

Gonadotropin secretion is regulated by the intimate interactions between the central 

nervous system, the hypothalamus, the anterior pituitary, the ovaries, and the adrenal. 

Their communication, via the circulation, involves positive and negative feedback control 

by ovarian and adrenal steroids of neuroendocrine, anterior pituitary and ovarian pep tides. 

Taken together, these intricately regulated endocrine events orchestrate the precisely timed 

surge in gonadotropins during the estrous and menstrual cycles that triggers ovulation. 

While the primary trigger for the preovulatory surge of gonadotropins is estradiol, 

progesterone also has a vital regulatory effect on the estradiol-induced surge. 

Progesterone, which has both facilitative and suppressive effects on the magnitude of the 

surge, may also play a role in limiting the duration of the surge. This dual effect of 

progesterone is contingent, in part, on the timing of its exposure in relation to the expected 

surge (Everett, 1948), which may also reflect the estrogenic milieu, as well as its 

concentration (McPherson & Mahesh, 1979). The complexity of conditions under which 

progesterone mediates gonadotropin secretion can be appreciated when one considers the 

continuous fluctuations of ovarian steroids and GnRH during the periovulatory period. 

While progesterone affects events in many tissues, the specific sites of its actions involved 

in the regulation of gonadotropin secretion are thought to include the hypothalamus and the 

anterior pituitary, and most likely involves an interaction on both. At the hypothalamus, 

progesterone induces a rapid, dose-dependent increase in GnRH (Peduto & Mahesh, 1985) 

and diminishes the activity of proteolytic enzymes that hydrolyze GnRH (O'Conner & 
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Mahesh, 1988). At the anterior pituitary, progesterone increases 17~-hydroxysteroid 

dehydrogenase activity (El Ayat & Mahesh, 1984), enhances the responsiveness to GnRH 

(Watts & Fink, 198S), and significantly decreases nuclear occupied estrogen receptors 

(Fuentes, eta!., 1990). The latter may be an imponant means by which progesterone may 

modify estrogen-receptor mediated events. Much remains to be determined with respect to 

the mechanisms involved in the control of the anterior pituitary. Considering its vital role 

in the overall production of the gonadotropins, investigation of the direct involvement of 

progesterone at the pituitary gonadotrope in the regulation of gonadotropin secretion is 

clearly of considerable imponance. 

Progesterone undergoes extensive metabolism in both the anterior pituitary and in 

the hypothalamus. Studies have demonstrated that the enzymes Sa-reductase and 3a-

hydroxysteroid oxidoreductase, which metabolize progesterone into Sa-pregnane-3,20-

diane (Sa-DHP) and 3a-hydroxy-Sa-pregnan-20-one (3a,Sa-THP), fluctuate throughout 

the estrous cycle with peak activities occurring on proestrus and estrus (Krause, eta!., 

1981). Several investigators have demonstrated the effects of various progesterone 

metabolites on gonadotropin secretion in vivo. Murphy & Mahesh (1984), for example, 

have found the selective release of FSH by Sa-DHP and the selective release of LH by 

3a,Sa-THP. Sa-DHP is known to interact with the progesterone receptor (Iswari, eta!., 

1986). 3a,Sa-THP, on the other hand, does not bind to the progesterone receptor but is a 

potent agonist of the GABAA receptor (Majewska, eta!., 1986). Therefore, aside from the 

classic intracellular steroid receptor interactions, progesterone appears to mediate its effect 

on gonadotropin secretion by interacting with nonclassical membrane receptors within the 

anterior pituitary. Defining these interactions is the primary purpose of this research. 

The hypothesis that progesterone and two of its Sa-reduced metabolites, Sa-DHP 



and 3a,5a-TifP, may have direct effects at the level of the anterior pituitary to regulate 

gonadotropin secretion, was examined. 

Specific Aim #1 

The first aim was to determine if progesterone can act directly at the level of 

the anterior pituitary to affect gonadotropin release. The effects of progesterone on basal 

and GnRH-stimulated LH and FSH were investigated. An estrogen-responsive anterior 

pituitary cell culture system was first established. The initial conditions of culture time and 

initiation of steroid exposure were determined. A "preincubation" time of 48 hours was 

found to allow the most stable recovery of the cells from the trypsin dispersal as the 

uncontrolled spontaneous release of hormone reached a stable level by 48-72 hours in 

culture. The time of initiation of steroid exposure was determined to begin after 48 hours 

of culture since initiation of estrogen-priming immediately following plating or after 24 

hours in culture did not result in the potentiation of GnRH-responsiveness. The dose of 

GnRH necessary to bring about significant, but not maximal, release of both LH and FSH 

and which could also be potentiated by estrogen-priming was selected. An effective 

estrogen-priming dose was chosen that adequately sensitized the anterior pituitary cells to 

GnRH stimulation but was not too great as to induce maximal gonadotropin secretion when 

stimulated with GnRH. Since the main impetus of this research project was to investigate 

possible direct progesterone effects on gonadotropin secretion, it was necessary that the 

estrogen-priming dose and the GnRH-stirnulating dose were carefully selected so that 

possible stimulatory and inhibitory effects of progesterone on estrogen-primed, GnRH

stirnulated gonadotropin release could be observed. 

The most appropriate manner in which data should be expressed was also 

investigated in this section. Expression of data as ng hormone per ml was considered to be 

too vague since it did not indicate a finite source of hormone at the time of stimulation. 

Expression of data as ng hormone per 1 x 106 cells plated or per ug DNA were potential 

denominators that would permit an accountable source of consistency from experiment to 
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The first aim was to determine if progesterone can act directly at the level of 

the anterior pituitary to affect gonadotropin release. The effects of progesterone on basal 

and GnRH-stimulated LH and FSH were investigated. An estrogen-responsive anterior 

pituitary cell culture system was first established. The initial conditions of culture time and 

initiation of steroid exposure were determined. A "preincubation" time of 48 hours was 

found to allow the most stable recovery of the cells from the trypsin dispersal as the 

uncontrolled spontaneous release of hormone reached a stable level by 48-72 hours in 

culture. The time of initiation of steroid exposure was determined to begin after 48 hours 

of culture since initiation of estrogen-priming immediately following plating or after 24 

hours in culture did not result in the potentiation of GnRH-responsiveness. The dose of 

GnRH necessary to bring about significant, but not maximal, release of both LH and FSH 

and which could also be potentiated by estrogen-priming was selected. An effective 

estrogen-priming dose was chosen that adequately sensitized the anterior pituitary cells to 

GnRH stimulation but was not too great as to induce maximal gonadotropin secretion when 

stimulated with GnRH. Since the main impetus of this research project was to investigate 

possible direct progesterone effects on gonadotropin secretion, it was necessary that the 

estrogen-priming dose and the GnRH-stimulating dose were carefully selected so that 

possible stimulatory and inhibitory effects of progesterone on estrogen-primed, GnRH

stimulated gonadotropin release could be observed. 

The most appropriate manner in which data should be expressed was also 

investigated in this section. Expression of data as ng hormone per ml was considered to be 

too vague since it did not indicate a finite source of hormone at the time of stimulation. 

Expression of data as ng hormone per I x 106 cells plated or per ug DNA were potential 

denominators that would permit an accountable source of consistency from experiment to 



experiment and within each experiment. 
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Specific Aim #2 

The second aim was to detennine if the facilitative and suppressive effects 

of progesterone seen in vivo, based on the length of progesterone exposure, could occur at 

the level of the anterior pituitary. Since the facilitative and suppressive effects in vivo 

depended on both the concentration of progesterone as well as the length of exposure, the 

dose and time course requirements for facilitative progesterone action were first 

determined, in vitro. In addition, the dose and time course requirements for the 

suppressive effect of progesterone were determined. 

Specific Aim #3 

The third aim was to detennine whether the selective effect of 5a-DHP on 

FSH secretion seen in vivo was mediated by direct action of the progestin at the anterior 

pituitary. 

Specific Aim #4 

The fourth aim was to determine whether the selective effect of 3a,5a-THP 

on LH secretion seen in vivo was mediated by direct action of the metabolite at the anterior 

pituitary. 

Specific Aim #5 

The fifth aim was to determine if the direct pituitary effects of progesterone 

or its metabolites were mediated by an action at the progesterone receptor and/or the 

GABAAreceptor. Preliminary experiments were performed where anterior pituitary cells . 

were coincubated with the progestins for 2 hours following estrogen-priming followed by 

either the potent progesterone antagonist RU-38486 or the specific GABAA-receptor 

antagonist picrotoxin. In addition, preliminary experiments were also performed to 

determine to what extent progesterone action on LH and FSH secretion was mediated by in 

vitro conversion to one of its Sa-reduced metabolites. Blockade of the reduction with a 



Review of Relevant Literature 

Estradiol effects on gonadotropin secretion 

The control of gonadotropin secretion involves the intricate interactions of the 

central nervous system; the anterior pituitary, the ovaries, and the adrenals. The successful 

coordination of these interactions ultimately insures ovulation, and controls the behavior of 

the animal to increase fertilization potential, and the propagation of the species. 
' 

At the beginning of each cycle, developing follicles are controlled by basal levels 

of FSH. During later stages of development, the follicles synthesize and secrete estradiol. 

Estradiol, in turn, synergizes with FSH to maintain developme~t of the follicles and to 

induce further synthesis of FSH receptors and later, to induce the synthesis of LH 

receptors on the granulosa cell membranes. As more follicles develop, estradiol synthesis 

and secretion reaches a peak during the folliclular phase of the menstrual cycle and during 

proestrus of the estrous cycle. It is this peak of serum estradiol that serves to trigger the 

preovulatory surge of LH and FSH secretion from the anterior pituitary in response to 

gonadotropin releasing hormone (GnRH). As estradiol levels decline, serum progesterone 

levels progressively increase. 

The first elevations in serum progesterone occur before the onset of the 

gonadotropin surge and have been shown to play a regulatory role on the estradiol-induced 

gonadotropin surge. The integrative effects of estradiol and progesterone on facilitation 

and suppression of gonadotropin secretion have been extensively revie\\fed (Mahesh, 

1985, Mahesh & Muldoon, 1987, Brann & Mahesh, 1991). GnRH is also known as 

luteinizing hormone releasing hormone (LHRH), which is synthesized and secreted in a 

5 
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pulsatile manner from neurosecretory cells in the hypothalamus. GnRH stimulates the 

secretion of gonadotropins by action at GnRH-receptors on the gonadotrope cell 

membrane. Estradiol can act in a positive feedback or negative feedback fashion at both the 

hypothalamus and the anterior pituitary resulting in both stimulation or inhibition of 

gonadotropin secretion. 

That estradiol acts in a negative feedback manner to suppress gonadotropin 

secretion was first elucidated by the classical experiments where ovariectomy caused an 

elevation in gonadotropin secretion which could be suppressed by administration of 

estradiol. Estrogen action is biphasic (Yen & Tsai, 1971) where initially its effect is 

inhibitory followed several hours later by a positive feedback effect on gonadotropin 

secretion. The involvement of estradiol in the initiation of the preovulatory surge of 

gonadotropins was confirmed by studies where ovariectomy on the day before the 

preovulatory surge abolished the surge. The surge could be partially reinstated by 

administration of estradiol (Brown-Grant, 1969, Legan, et al., 1975). The administration 

of estrogen antagonists (Shirley, et al., 1968, Labhsetwar, 1970) and antibodies to 17j3-

estradiol (Ferin, et al., 1969) have also been effective in abolishing the gonadotropin surge. 

Serum levels of estradiol peak just before the preovulatory gonadotropin surge and then 

fall. If this fall in estradiol is prevented by implantation of silastic capsules containing 

estradiol, ihe surge of gonadotropins is decreased (Turgeon & Barraclough, 1977, 

Turgeon, 1979). Therefore, the presence of estradiol during the surge is not necessary for 

maintenance of the surge and ovariectomy on proestrus does not abolish the surge (Ashiru 

& Blake, 1980). 

At the level of the hypothalamus, estradiol has been shown to enhance LHRH 

release in vivo (Kalra & Kalra, 1983), and in vitro in the rat (Kim & Ramirez, 1985), to 

stimulate progesterone receptor synthesis (Calderon, et al., 1987), and w inhibit pro

GnRH mRNA following ovariectomy (Toranzo, et al., 1989). The secretion of GnRH can 

be modulated by estrogen, yet estrogen receptors are not found on GnRH-immunoreactive 



neurons (Ben-Jonathan, et al., 1983). The GnRH-immunoreactive neurons are in close 

proximity to interneurons that contain various neurotransmitters such as norepinephrine, 

dopamine, GABA, neuropeptide Y, and opiates. Therefore, estrogen could stimulate or 

inhibit gonadotropin secretion indirectly by action at the level of the hypothalamus and 

thereby altering GnRH secretion via interaction with one or more interneurons. 

7 

At the level ofthe anterior pituitary, 3H-estradiol has been shown to accumulate in 

the anterior pituitary after injection (Anderson & Greenwald, 1969) and estrogen receptors 

have been found on gonadotropes (Kato, 1975). Estradiol has also been shown to 

stimulate progesterone receptor synthesis (Calderon, et al., 1987), to biphasically affect the 

GnRH responsiveness (Yen, et al., 1974), to potentiate the release ofLH in pituitary stalk 

sectioned rats (Greeley, et al., 1975), and to augment the GnRH responsiveness in 

normally cycling women (Jaffe & Keye, 1974). Using anterior pituitary cell cultures, 

estradiol has been found to directly stimulate (Dumesic, et al., 1987), inhibit (Moll & 

Rosenfield, 1984), or have a biphasic effect (Frawley & Neill, 1984) on gonadotropin 

secretion. 

Progesterone effects on gonadotropin secretion 

The involvement of progesterone in the modulation of the estrogen-induced 

gonadotropin surge was first eluded to by Everett (1948). Progesterone was found to 

enhance the preovulatory surge if administered just before the expected gonadotropin surge 

in normally cycling rats. If, on the other hand, progesterone was administered early in the 

morning of the day of the expected gonadotropin surge, the effect was to delay the onset of 

the surge. Therefore, depending on the time of administration with respect to the 

gonadotropin surge, progesterone could be inhibitory or stimulatory. Progesterone was 

also found to have dual effects on gonadotropin secretion depending on the dose 

administered (McPherson, et al., 1975, McPherson & Mahesh, 1979). Interestingly, low 

and high doses of progesterone were found to stimulate both LH and FSH serum levels 
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whereas an intermediate dose was confirmed to inhibit LH and FSH secretion. Like 

estradiol, progesterone has been shown by numerous studies to exert its stimulatory and 

inhibitory effects on gonadotropin secretion by acting at both the hypothalamus and the 

anterior pituitary. The importance of progesterone in the regulation of gonadotropin 

secretion has been recently reviewed (Brann, 199I). The source of this progesterone may 

be of both ovarian and adrenal origin (Feder, eta!., 1971, Piva, eta!., 1973, Shaikh & 

Shaikh, I 975). 

Progesterone inhibitory effects 

One of the roles of progesterone in the regulation of gonadotropin secretion is to 

limit the duration of the preovulatory surge (Dierschke, eta!., 1973, Freeman, eta!., 1976, 

Banks & Freeman, I 978). Progesterone has also been demonstratted to prevent the 

secretion of LH and ovulation in rhesus monkeys (Spies & Niswender, 1972), delay the 

onset of puberty in rats (Naqvi & Johnson, 1970) and inhibit the postcastration rise of 

gonadotropins in women (Minakami, eta!., 1987). The inhibitory effects of progesterone 

have been shown to be mediated at both the hypothalamus and the anterior pituitary. 

Although specific progesterone receptors have been located in hypothalamic tissue 

(Atger, eta!, 1974, Kato & Onouchi, I977, Moguilewsky & Raymiud, 1977, Seiki, eta!., 

1977, Lee, eta!., 1979, MacLusky & McEwen, 1980, Parsons, eta!., 1980, Attardi, 

I 984) the absence of progesterone receptors on GnRH-immunoreactive neurons has been 

reported (Sterling, et a!., I 984, Fox, et a!., 1990). This raises the possibility that like 

estradiol, progesterone may mediate its hypothalamic effects on GnRH secretion by 

interaction with intemeurons that contain various neurotransmitters and neuromodulators. 

Smith, eta!. (1989) suggest that the proestrous surge of progesterone increases the 

endogenous opoid tone which indirectly suppresses GnRH release and hence, LH 

secretion. 

The action of progesterone on gonadotropin secretion is understood to depend on 

prior priming of progesterone responsive tissue with estradiol for the necessary induction 
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of progesterone receptors (Nallar, et al., 1966, Kato, et al., i 988). However, estrogen-

independent progesterone receptors have been reponed to exist in the hypothalamus and 

pituitary of the chick embryo (Guennoun & Gasc, 1990) and in other regions of the brain 

(Feder & Mattone, 1977, MacLusky & McEwen, 1978). 

More specifically, progesterone has been shown to inhibit lordosis in the female rat 

by reducing its own receptors in the brain (Moguilewsky & Raynaud, 1979, Schwartz, et 

al., 1979). In addition, when administered during the follicular phase of the normal 

menstrual cycle, it lowered LH pulse frequency and serum LH levels, at least in pan by 

action at the central nervous system, as described by Soules, et a!. (1984). However, in a 

similar study, progesterone was found not to affect LH or FSH pulse frequency (Nippoldt, 

et al., 1989). This contradiction may be accounted for by differences in estrogen doses 

used by the two investigators. 

An imponant mechanism by which progesterone may inhibit gonadotropin secretion 

is by antagonism of estrogen-receptor induced events. Smanik, et al.(1983) described the 

inhibitory effect of progesterone on nuclear estrogen receptor binding activity in rat anterior 

pituitary tissue but not in hypothalamic tissue. This inhibitory effect of progesterone was 

determined to be time dependent (Calderon, et a!., 1987) and multiphasic dependent on the 

dose (Fuentes, et al., 1990). The dose dependent inhibitory effect of estrogen-induced 

prolactin release was shown to correspond with estrogen-receptor inhibition by 

progesterone (Brann, et al., 1988, Brann, et al., 1990). The reduction in anterior pituitary 

estrogen receptor by progesterone has been shown to involve stimulation of 17~

hydroxysteroid dehydrogenase activity. Progesterone was effective in inhibiting anterior 

pituitary estrogen receptor in ovariectomized rats primed with estradiol and ineffective in 

animals primed with ethinyl estradiol, a steroid which cannot be oxidized by 17~-HSD 

(Fuentes, et a!., 1990). 

Funher in vivo studies that describe progesterone antagonism of estrogen mediated 



processes include the inhibitory effect of progesterone on LHRH-induced stimulation of 

LH release in rats (Arimura & Schally, 1970), on endometrial estrogen receptor levels 

(Natrajan, eta!., 1982) and uterine estrogen receptors (Hsueh, eta!., 1976, Walters & 

Clark, 1979, Okulicz, eta!., 1981, Smanik, eta!., 1989). Araki, eta!. (1985) describe 

the antagonism of estrogen-induced desensitization of the anterior pituitary to GnRH by 

progesterone in normally cycling women. 

10 

Progesterone receptors have been localized on gonadotropes using autoradiographic 

techniques (Sar & Stumpf, 1973). Using anterior pituitary cell cultures, the inhibitory 
' 

effects of progesterone "at the level of the anterior pituitary have been more clearly defined. 

Estrogen-induced prolactin secretion (Haug & Gautvik, 1976) and estrogen receptor levels 

(Haug, 1979) from anterior pituitary cell cultures were inhibited by progesterone. Chronic 

progesterone exposure of estrogen-primed rat anterior pituitary cells in culture inhibited LH 

secretion (Hsueh, eta!., 1979, Drouin & Labrie, 1981, Krey & Kamel, 1990) and 

diminished both basal and GnRH-stimulated FSH secretion in ovine anterior pituitary cell 

cultures (Batra & Miller, 1985a, 1985b). 

Progesterone stimulatory effects 

Besides having an inhibitory effect on gonadotropin secretion, progesterone is 

known to accentuate estrogen-induced gonadotropin secretion in 4 day cycling rats (Mann 

& Barraclough, 1973), in the rhesus monkey (Helmond, et a!., 1980), in hypogonadal 

women (Lasley, eta!., 1975), in normally cycling women (Chang & Jaffe, 1978, Liu & 

Yen, 1983) and in postmenopausal women given estrogen replacement (Odell & 

Swerdloff, 1968, Nillius & Wide, 1971). Estrogen is also necessary for ovulation in 

PMSG-primed rats (Rao & Mahesh, 1986). These stimulatory actions of progesterone 

may take place at the hypothalamus, the anterior pituitary, or at both sites. 

At the hypothalamus, a single injection of progesterone has been,shown to stimulate 

medial basal hypothalamic levels and serum levels ofLHRH (Peduto & Mahesh, 1985). 

An intermittent infusion of progesterone to superfused rat hypothalami, but not a 
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continuous infusion, has been shown to stimulate estrogen-primed GnRH secretion (Kim 

& Ramirez, 1982, Kim & Ramirez, 1985). 1n mediobasal hypothalamic slices from adult 

ovariectomized rats, pulsatile or continuous administration of progesterone stimulated the 

release of LHRH in the presence of estrogen-priming (Drouva, et al., 1985). 

Attardi (1984) suggests that the facilitory effect of progesterone on the LH surge is 

by action of progesterone with its receptor at the level of the anterior pituitary. The 

stimulation of 17~-HSD in the anterior pituitary by progesterone has been shown by El 

Ayat & Mahesh (1984). Inhibition of LHRH degrading enzymes by progesterone may 

also be a mechanism involved whereby progesterone enhances gonadotropin secretion 

(Advis, et al., 1982, O'Conner: et al., 1984, O'Conner & Mahesh, 1988). 

The use of anterior pituitary cell cultures has enabled a number of investigators to 

more clearly define the direct stimulatory actions of progesterone of gonadotropin secretion 

at the anterior pituitary. The acute stimulatory effect of progesterone has been 

demonstrated in rat anterior pituitary cell cultures (Lagace, eta!., 1980, Leveque & 

Grotjan, 1982, Ortmann, eta!., 1989, Krey & Kamel, 1990), in ovine pituitary cell 

cultures (Clarke & Cummins, 1984), and in superfused rat anterior pituitaries (Turgeon & 

Waring, 1981, Kellom & O'Conner, 1991). That the stimulatory effect of progesterone in 

vitro is mediated by action with its receptor was demonstrated by the blockade of facilitory 

progesterone effects with the use of the antiprogestin, RU-486 (Ortmann, et al., 1989, 

Ortmann, eta!., 1990). However, Rojas, eta!. (1985) report the absence ofRU-486 effect 

at the level of the anterior pituitary. 

Most in vitro studies on progesterone action at the anterior pituitary in the 

regulation of gonadotropin secretion report on LH secretion. This may be due to, perhaps, 

the inconsistent response of FSH and the tighter correlation of LH secretion with GnRH 

stimulation than for FSH. Both in vivo (Aiyer, et al., 1974, DePaolo &Barraclough, 

1979) and in vitro (Tang & Spies, 1975, O'Conner,et al., 1988, Kellom & O'Conner, 

199 I); the response of FSH requires greater stimulation by GnRH than does LH. 
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Gonadal steroids and GnRH have also been shown to directly affect mRNA levels 

for LH~. FSH~. and a subunits of the dimeric glycoprotein hormones, LH and FSH. 

Estradiol has been shown to negatively affect LH~ and FSH~ in sheep in vivo (Alexander 

& Miller, 1982, Nilson, et al., 1983), in vitro (Alexander & Miller, 1982) and in rats in 

vivo (Gharib, eta!., 1986) and in vitro (Simard, eta!., 1988). Progesterone has been 

shown to decrease FSH~ mRNA in ovine pituitary cell cultures (Phillips, et al., 1988) and 

to decrease LH~ when given with estradiol in ovariectomized female rats (Simard, et al., 

1988). Pulsatile GnRH given to ovariectomized hypothalamic-pituitary disconnected sheep 

elevated LH~ (Mercer, et al., 1988) and elevated LH~ in rat anterior pituitary cell cultures 

(Andrews, et a!., 1988). 

Sa-DHP effects on gonadotropin secretion 

The hypothesis that progesterone may be converted to more active metabolites to 

elicit all or part of its effects on gonadotropin secretion has been proposed by a number of 

investigators. That metabolites may act at the hypothalamus or anterior pituitary is 

supported by the conversion of3H-progesterone into both 5a-DHP and 3a,5a-TIIP after 

injection (Karavolas & Herf, 1971, Robinson & Karavolas, 1973, Cheng & Karavolas, 

1973, Nowak & Karavolas, 1974a, Nowak & Karavolas, 1974b, Nowak, eta!., 1976, 

Sharp & Massa, 1980). Metabolism of steroids may serve to inactivate a hormone and 

limit its effect or it can convert the steroid fnto a more biologically active hormone 

(Verhoeven, eta!., 1977). Therefore, uptake and accumulation of the progesterone 

metabolites in hypothalamic and anterior pituitary tissue (Karavolas, et al., !976, 

Karavolas, eta!., 1979a, Karavolas, eta!., 1979b) and in enriched gonadotropes (Lloyd & 

Karavolas, 1975) suggested that conversion of progesterone into one or more of its 



metabolites may be a mechanism by which progesterone exerts its effects on gonadotroin 

secretion. Also in support of this possibility, was the measurable elevation of progestin 

metabolizing activity during proestus and estrus of the rat estrous cycle (Krause, et a!., 

19B1, Bertics, eta!., 1987). Sa-DHP is actively secreted by the ovary (Ichikawa, eta!., 

1971, Ichikawa, eta!., 1974) and is known to bind to the progesterone receptor in both 

hypothalamic and anterior pituitary tissue (Kato, eta!., 197S, Schenborn & Karavolas, 
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1981). Using the Sa-reductase inhibitor, 4-aza-4-methyl-Sa-pregnane-3,20-dione 

(AMPD), that was characterized by Bertics, et a!. (1984), Putnam, et a!., (1989), 

demonstrated that administration of AMPD before progesterone injection of ovariectomized 

estrogen-primed rats dramatically dimished the progesterone stimulated surge of FSH but 

had no effect on the secretion of LH. These findings suggest that by indirectly blocking 

the conversion of progesterone to one or more of its active metabolites with the use of a Sa

reductase inhibitor, the mechanism of active conversion at the level of the anterior pituitary 

may be an important means by which progesterone elicits its direct effects on gonadotrOpin 

secretion. The use of another Sa-reductase inhibitor, 4-MA, was ineffective in blocking 

the facilitory action of progesterone on LH secretion in anterior pituitary cell cultures 

(Krey, et a!., 1990). 

Previous findings from our laboratory, in vivo, indicated that two metabolites of 

progesterone, Sa-DHP and 3a,Sa-THP, were each capable of causing the selective release 

of FSH (Murphy & Mahesh, 1984a) and LH (Murphy & Mahesh, 1984b), respectively. A 

single injection of Sa-DHP at 0930h into low-dose estrogen-primed immature rats 

increased serum FSH at noon and at 1800h having no effect on serum LH. Interestingly, 

pituitary levels of both LH and FSH were elevated but only FSH was released into the 

serum. Because pentobarbital administration at noon prevented the elevation of FSH at 
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1800h induced by 5et-DHP, it was inferred that 5et-DHP may act at the level of the 

hypothalamus to alter GnRH secretion patterns. However, 5et-DHP also enhanced FSH 

release in response to·exogenous GnRH which suggests that 5et-DHP may have direct 

pituitary actions in addition to hypothalamic regulation. The selective effect of 5et-DHP on 

FSH secretion was confirmed in the PMSG-primed rat that was exposed to constant light 

(Murphy & Mahesh, 1985). Zanisi & Martini (1979) demonstrated the opposite effect of 

5et-DHP injections in ethinyl estradiol-primed ovariectomized rats; in this particular model, 

5et-DHP stimulated LH release and inhibited FSH secretion. Others have found that 5et

DHP injected into estrogen-primed ovariectomized rats causes the secretion of both LH and 

FSH ( Nuti & Karavolas, 1977, Gilles & Karavolas, 1981 ). The discrepancies seen 

between the studies may be due to the type of estrogen used to prime the rats, and possibly 

due to the dose of metabolite. 

3et,5et-THP effects on gonadotropin secretion 

A second predominant Set-reduced metabolite of progesterone has been implicated 

in having an important role in the regulation of gonadotropin secretion. 3et,5et-THP is a 

byproduct of the metabolism of progesterone and 5et-DHP in tissues such as the 

hypothalamus (Cheng & Karavolas, 1973) and· anterior pituitary (Robinson & Karavolas, 

1973) and is also actively secreted by the adrenal (Holtzbauer, eta!., 1985) and the ovary 

(Sawada, 1986). 3et,5et-THP is also found to fluctuate throughout the rodent estrous 

cycle (Ichikawa, eta!., 1974). It was demonstrated in a previous study i·n our laboratory 

(Murphy & Mahesh, 1984) that a single injection of 3et,5et-THP at 0930h to immature 



ovariectomized estrogen-primed rats caused an elevation in serum LH by noon which 

returned to baseline by 1800h despite elevated pituitary levels ofLH at 1800h. Pituitary 

and serum FSH levels were not elevated by injection of this metabolite, giving evidence 

that yet another metabolite of progesterone may elicit the selective secretion of one 
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gonadotropin over the other. The secretion of LH could also be prolonged if 3a,5a-THP 

was administered at both 0930h and 1230h. This demonstrated that the abrupt termination 

of the LH surge seen in the early afternoon in this animal model, like that seen during the 

afternoon of proestrus, was not due to the loss of pituitary sensitivity to GnRH since the 

release of LH could be prolonged by a second injection. A possible hypothalamic site of 

action of this metabolite is supponed by this study where pentobarbital injections 30 

mii)utes before the metabolite injection at 0930h or at 1230h blocked the rise in serum LH 

seen later in the afternoon. 

Wood & Weihe (1989) have also demonstrated direct effects of another 3a-

metabolite of progesterone (3a-hydroxy-4-pregnen-20-one) where basal and GnRH

stimulated FSH secretion were selectively suppressed after exposure of anterior pituitary 

cells for 24 hours. An elevation of basal LH was also noted in this system. Additionally, 

3a,5a-THP has been shown to diminish prolactin secretion in anterior pituitary cell 

cultures (Vincens, et al., 1989). 

3a,5a-THP is known not to act through progesterone receptors in the rat anterior 

pituitary (lswari, eta!., 1986). Recent findings from our laboratory, in vivo, (Brann, et 

al., 1990) demonstrated that the effect of 3a,5a-THP on LH secretion was not affected by 

coexposure with RU-486, confmning that the action of this metabolite is not via the 

progesterone receptor. The effect of 3a,5a-THP was found to be dose specific. That is, 

the lowest dose tested had no effect on either LH or FSH secretion; the intermediate dose 



'· 

enhanced both LH and FSH secretion, whereas the highest dose tested was selective for 

LH secretion. The GABAA receptor antagonist, picrotoxin, was found to antagonize this 
'.' ' l . 

stimulation of gonadotropin secretion, giving stronger evidence that this metabolite of . ' . 

progesterone acts through the GABAA receptor. A single injection of 3a,5o:-TIIP in 
' ., ·, ·, 

'lvariectomized estrogen-primed rats has also been reported to stimulate both LH and FSH 

secretion, (Zanisi & Martini, 1975, Nuti & Karavolas, 1977). Majewska, et al. (1986), 

detennined that 3a,5a-TIIP, which is known to act as a potent anesthetic, was found to 

mediate its anesthetic effect via the GABA receptor. As ·early as 1974, Ondo demons~rated 

the selective effect of GABA injections into the third ventricle in the release of LH and .not 

FSH. He suggested that this effect was not due to direct GABA action at the anterior 

pituitary but required central nervous system interaction. Masotto, et al. (1989) have also 

shown GABA effects on LHRH release from arcuate-median eminence fragments, in vitro. 

Recently, however, Virmani, et al. (1990) demonstrated direct anterior pituitary effects of 

GABA on LH secretion which were mediated by the GABAA receptor: 

. , •. -~ ' 

• 

, . 



Methods and Materials 

Animals: Adult Holtzman virus-free (rat corona virus, Sendai virus, and 

sialodacryoadenitis virus) rats (Harlan Co., Madison WI) were obtained at 53 days of age 

and bilaterally ovariectomized under ether anesthesia. Rats were maintained in temperature 

controlled rooms with 14 hour~ of light and 10 hours of darkness (lights on at 0500 hand 

off at 1900 h) and given water and rat chow ad libitum. At 60 days of age, animals were 

decapitated and pituitary glands removed according to the method of O'Conner, et al., . 

1980. Posterior pituitaries were discarded and anterior pituitaries immediately placed in 

sterile Dulbecco's Modified Eagle's medium, without phenol red (Gibco, 430-3000ED), 

that contained 5% charcoal-stripped fetal calf serum (Sigma, F3010) and 5% charcoal

stripped horse serum (Sigma, H7889), 1% penicillin-streptomycin 10,000 Uml/10,000 

ug/ml (Gibco, 600-5145AE) and 1% nonessential amino acids (Gibco, 320-1140AG). 

This media formulation is referred to as "complete medium." Media used for washes was 

devoid of serum, antibiotics and nonessential amino acids and is referred to as "plain 

media." 

Hormones and Reagents: 1 ,:3,5(1 0)-Estratriene-3,17~-diol (17~-estradiol), 4-

pregnene-3,20-dione (progesterone), Sa-Pregnane-3, 20-dione, (Sa-dihydroprogesterone; 

5a-DHP), 3a-Hydroxy-5a-pregnan-20-one (3a-5a-tetrahydroprogesterone; 3a,5a

THP), picrotoxin, LHRH acetate salt, Chloramine t, Sephadex G-75, and thimerosal were 

obtained from Sigma (St. Louis, MI). 11~-(4-Dimethylaminophenyl)-17~-hydroxy-17a-

l7 
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(prop-1-ynyl)-estra-4,9-dien-3-one (RU-38486) was generously provided by Roussel 

Uclaf (Romainville, France). N, N-diethyl-4-methyl-3-oxo-4-aza-5a-androstane-17~

carboxamide (4-MA) was obtained from Merck, Sharp & Dohme Research Lab (Rahway, 

NJ). Sodium bicarbonate, sodium chloride, gelatin, sodium phosphate monobasic and 

dibasic, and sodium metabisulfite were purchased from Fisher Scientific (Pittsburgh, PA). 

Norit A charcoal was obtained from J.T. Baker (Phillipsburg, NJ). Nai25Iodide was 

purchased from Amersham (Arlington Heights, Illinois). Ethanol and acetone were used 

as vehicles for all steroids and were glass distilled prior to use. 

Cell Culture: Anterior pituitary tissue was minced under sterile conditions (Sterilgard 

Hood, The Baker co., Inc. Sanford, Maine. VBM-400) with a surgical blade and added to 

0.25% trypsin/Hank's balanced salt solution (Gibco, 610-5050AG) at 0.2 ml/pituitary 

(tryptic activity= I g trypsin digest that will hydrolyze 250 g casein). Enzymatic 

dispersion of cells was carried out for 60 minutes at 37 oC in a humidified atmosphere of 

95% air and 5% C02 in a Precision Automatic-Incubator, TS-31150 AR-2. The minced 

anterior pituitary tissue was added to a 20 ml scintillation vial containing trypsin and a tiny 

magnetic stir bar. The mixture was allowed to stir in the incubator on a Fisher stir plate 

(model 220T) at the lowest possible setting with the stir bar stirring at the center of the vial. 

After 60 minutes, the enzymatic dispersion was terminated by adding soybean trypsin 

inhibitor (Sigma, T-9128) to the digest at I mg per ml of complete medium per pituitary (I 

mg inhibits 2.3 mg trypsin or 10,000 Na-benwyl-L-arginine ethyl ester (BAEE) units/mg 

protein) followed by filtration through sterile gauze. The filtrate was decanted into 3 ml 

sterile polystyrene capped tubes and centrifuged (Beckman J6B centrifuge, Palo Alto, CA) 

at room temperature for 10 minutes at 500 x g (1700 rpm). The supernatant was discarded 

and the pellet resuspended in a volume of medium supplemented with serum, amino acids 

and antibiotics (complete medium) at 0.2 ml per one-half anterior pituitary. A 0.2 ml 
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aliquot of this cell suspension (equal to 1/2 pituitary) was added to the center of each 35 x 

10 rnrn culture dish (Falcon 3001. B-D and Co. Oxnard, CA) after which the total volume 

was brought up to 1.0 rnl by addition of 0.8 rnl of complete medium. Cell viability was 

determined using erythtosin B exclusion (Phillips, 1973). Every 24 hours, the medium 

was removed and replaced with fresh complete medium. Cells were allowed to 

"preincubate" for 48 hours before steroid treatments were initiated to allow for stabilization 

of the uncontrolled hormone release and reparation of the cells due to the damage of cell 

membranes during the trypsin digestion. 

To prepare ce1is for stimulation with GnRH after 4 days of culture, cells were 

washed twice with medium devoid of serum, nonessential amino acids or antibiotics and . 
then fresh medium was added to each dish (0.9 ml). At this time 0.1 ml of the appropriate 

GnRH concentration was added to each treatment dish to stimulate gonadotropin release. 

Control cells (non-GnRH-stimulated cells) were given 0.1 rnl vehicle (O.OlM PBS+ 0.1% 

gelatin). After exposure to GnRH for 3 hours, medium was collected and centrifuged at 

500 x g for 20 minutes at 4 oC (Beckman J6B centrifuge, Palo Alto, CA). Supernatants 

were then decanted and stored at -80 oC for later quantitation of gonadotropin release by a 

modified double antibody radioimmunoassay (RIA) of Hunter and Greenwood (1962). 

Cellular content of hormones was collected by washing the cells twice with plain medium 

at 37 oC and adding 1.0 rnl of plain medium. After freezing and thawing, the cells were 

dislodged from the dish with a teflon policeman (VWR, Norton Performance Plastics, 

Wayne, NJ. #53800-005) followed by hand homogenization in glass-to-glass Duall22 

homogenizers (Kontes Glass Co.· Vineland, NJ. 106 9093). Homogenates were 

centrifuged at 500 x g, 4 oC, 20 minutes and supernatants were decanted and frozen at 

-80 oC until RIA was performed to determine the amount of gonadotropins remaining in 

the cell. 
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Radioimmunoassay of LH and FSH: Medium and cellular content of LH and FSH 

were quantitated by a modified version of the double antibody RIA of Hunter and 

Greenwood (1962). In theory, the competition of unlabeled hormone with radioactively 

labeled hormone for the same binding sites on a specific antibody will cause a decrease in 

the amount of bound labeled hormone in the fmal pellet. The purified hormones, standards 

and antibodies were obtained from NIAMDD, The Pituitary Hormone Distribution 

Program, NIH. Purified rat hormones were iodinated with Na 125! by the chloramine T 

method of Bolton (1977) where 125! was directly substituted into the tyrosyl residues of 

LH and FSH during an oxidation reaction with chloramine T. The reaction was terminated 

by addition of a 10 fold volume excess of the reducing agent sodium metabisulfite. 

Separation of labeled hormone from free label was accomplished using a sephadex G-75 

column, through which approximately 10 mil% BSA was first run to minimize 

nonspecific binding of the hormone to the glass pipet column or the sephadex beads. 

Fractions of the column eluate were collected with a fraction collector (Gilson) and diluted 

1000 x before counting in a y-counter. The peak labeled fractions were used to make tracer 

for use in the RIA. Rat LH used for iodination was NIDDK-rLH-I-7, AFP-9404B. Rat 

FSH used for iodination was NIDDK-rFSH-I-7, AFP-9864B. Equal volumes of 

unknown sample (100 ul), labeled hormone, and first antibody were added to II x 75 mm 

polystyrene tubes (Starstedt). The first antibodies used for LH and FSH were 

anti-rLH-S-1 0 (rabbit) and anti-rFSH-S-11 (rabbit), AFP-C0972881, respectively. After 

vigorous mixing, samples were incubated with the first antibody for 24 hours, followed by 

the addition of 200 ul of a second antibody (goat antirabbit gamma globulin. Arnell Inc., 

NY, NY. Jot #G103252) for 18 hours. Samples were centrifuged at 3000 rpm (860 x g) 

for 45 minutes at 4 oCto separate the bound labeled hormone in the resultant pellet from 

the free labeled hormone in the supernatant. The supernatants were aspirated and discarded 

and the pellets were counted in a Beckman gamma counter (Beckman g-8000 counting 
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system. Palo Alto, CA). Approximately 25% binding was routinely obtained at 1:46,825 

and 1:25,000 dilutions for LH and FSH antisera, respectively. Standard curves were 

performed in triplicate and were linear between 4 and 128 ng/ml for LH and between 8 and 

512 ng/ml for FSH. Standards were rLH-RP-3 (AFP-7187B) and rFSH-RP-2 

(AFP-4621B). Unknpwns were assayed in duplicate and calculated to a weighted raw data 

linear regression. Appropriate sample volumes for medium and cellular hormone were 

determined to fall on the linear portion of the standard curves. Hormone levels were 

expressed in terms of NIAMDD-RP-1 standards for LH and FSH. RIA solutions were 

based in 0.01M sodium phosphate buffered saline, 0.01% thimerosal, pH= 7.4. This was 

used for cell content sample dilution. Radioiodinated hormones were made up in 1% BSA 

(Pentex, Fraction V, bovine albumin. Miles Scientific. Lisle, lL. 81-003-03) in 0.01M 

PBS. First antibodies were made in rabbit gamma globulin at 4 mg/100 ml 1 % BSA. 

Second antibody was made in 0.01M PBS at 1:250 dilution (goat-anti rabbit gamma 

globulin). 

DNA Determinations: To express the amount of hormone released in the presence or 

the absence of GnRH per dish, the amount of DNA was quantified for every dish so that 

results could be expressed as ng hormone per ug DNA following a modification of the 

method ofLabarca & Paigen, 1980. This method utilizes a characteristic of bisbenzimide 

(Hoechst 33258) which readily intercalates into DNA and flouresces in direct proportion to 

the amount of DNA present in a sample. Wavelength selection was accomplished by 

interchangable filters where an excitation wavelength of 360 nm and emission wavelength 

of 450 nm were chosen to provide sufficient separation of peaks of light transmission from 

the excitation and emission filters. Cellular contents were collected as described in detajl in 

the "cell culture" section and centrifuged. The supernatant, which was routinely assayed 

for hormone content, as well as the remaining pellet, were assayed for quantity of DNA for 

every dish using Hoechst dye at a final concentration of 0.25 ug/ml . A DNA standard 
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curve for fluorescence was constructed using calf thymus DNA. A stock solution of DNA 

(1 mg/ml; stock I) was prepared in 0.05 M phosphate buffer in 2M NaCI, pH= 7.4 and 

diluted 1:25 (stock 2). Aliquots of 40 ul stock 2 were frozen at -80oC until they were used 

to dilute a new standard curve. Each tube in the standard curve contained 1.0 ml of 0.05 M 

phosphate buffer/2M NaCI. Stock 2 was then diluted 1:2 as were the other points on the 

standard curve with 0.05 M phosphate buffer in 2M NaCI, constructing a standard curve 

that was linear from 0.3125-20 ug DNA; this curve should be capable of detecting the 

amount of DNA theoretically present in 0.1-10 X 106 cells, using the conversion factor of 

6 pg DNA per 1 x 106 mammalian cells (figure 1). The lower limit of sensitivity to detect 

DNA using Hoechst dye was reponed by Labarca ·& Paigen to be 10 ng/ml. In 

standardization of the conditions of the assay for the present use, an adequate limit of 

detection was set at 0.3125 ug/ml. Therefore, the levels of DNA expected were well 

within the detectable range of the assay. Samples from the starting cell suspension as well 

as from each time point throughout the culture were diluted appropriately to fall within the 

linear ponion of the standard curve. 

To each tube in both the standard curve and the samples, 50 ul of 0.05 N NaOH 

was added to denature nucleic acids, and·the tubes were then incubated overnight at 37°C 

in a Dubnoff metabolic shaker. All reagents were allowed to come to room temperature 

before reading fluorescence. The fluorometer was first zeroed with 0.05 M phosphate 

buffer/2 M NaCI-dye before reading the standard curve and samples. Immediately before 

reading, 0.5 ml of Hoechst dye was added to no more than 12 tubes at a time at a final 

concentration of 0.25 ug/ml making a final volume of 1.55 mi. Since the dye was 

extremely sensitive to light, 12 tubes were found to be an acceptable number to read before 

fluoresence was affected. The contents from one tube at a time were transferred into a 

"matched" 12 x 75 mm cuvette and fluorescence was read as LED display units. The 

fluorescence units were plotted on the y-axis versus ug DNA on the x-axis which yielded a 

straight line with the equation y = -2.7331 + 44.146x (figure 1). Fluorescence units from 



Figure 1. DNA standard curve. Fluorescence units were plotted against ug DNA. 

Unknowns were calculated by fitting into the line equation y = -2.7331 + 44.146x. 
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the unknown samples were substituted in the line equation to calculate th,eir value as ug 

DNA. In an effort to correlate the amount of hormone present per ug DNA in culture to 

that present per ug DNA at the beginning of the culture, DNA was estimated on duplicate 

samples of the starting cell suspension obtained immediately after trypsinization and on 

duplicate dishes collected at 24 hour intervals throughout the culture period. The amount 

of hormone in each dish estimated by RIA was divided into the amount of DNA quantified 

in each dish and represented as the mean values of ng hormone per ug DNA for duplicate 

dishes+/- the standard error of the mean. 

Statistical Analysis: Data was be expressed as ng of hormone per I x J06 cells or per 

ug DNA. The results are expressed as mean +/- standard error of the mean. The 

differences between two means were analyzed by Student's T-test and differences betWeen 

more than two means were analyzed by one-way analysis of variance (ANOVA) and 

significance at the p<0.05 level was determined by Fisher's protected least significant 

differences (PLSD) using the "Statview" program (Brain Power, Inc., 1986) on the 

Macintosh TI computer. 



Results 

I Development of a model. 

A. Determination of the optimal length of culture period. 

In order to optimize of the response of anterior pituitary cells to GnRH, the length 

of culture time had to be established. Approximately 0.5 x 106 cells were plated in the 

center of 10 x 35 mm culture dishes in 100 ul aliquots immediately following dispersal of 

anterior pituitary tissue into a single cell suspension. After allowing cells a 3 hour 

"attachment" period in the incubator at 37o in a humidified atmosphere of 95% air: 5% 

C02, the final volume was brought to 1.0 ml with complete medium. Cells were cultured 

for 48 hours with a one-half medium change at 24 hours. At the end of 48 hours in culture, 

cells were washed twice with plain medium before stimulation for 3 hours with increasing 

doses of GnRH (0.25, 0.5, 1.0, and 2.5 ng/ml). LH release was not stimulated by the 

0.25 and 0.5 ng/ml doses of GnRH (figure 2). However, the 1.0 and 2.5 ng/ml doses 

brought about a significant increase as compared to the control and lower doses of GnRH. 

FSH was unaffected by the 0.25, 1.0, and 2.5 ng doses of GnRH as compared to the 

control. The 0.5 ng/ml dose of GnRH, however, brought about a significant increase in 

FSH release. Incidentally, the 1.0 ng/ml dose of GnRH brought about greater release of 

FSH compared to the 0.25 ng/ml dose. When estradiol-priming (0.5 nM) was begun 

immediately following plating, the gonadotropin response to GnRH was. unchanged from 

that in the absence of estradiol (figure 3). That is, significant LH release was stimulated by 

1.0 and 2.5 ng/ml GnRH, and in the presence of 1.0 nM estradiol, GnRH-stimulated LH 

25 



Figure 2. GnRH dose-response curve. Anterior pituitary cells were plated and cultured 

for 48 hours with a one-half medium change at 24 hours. Cells were then washed twice 

with plain medium .and stimulated with GnRH (0.25, 0.5, 1.0, and 2.5 ng!ml) for 3 hours. 

a: p<0.05 as compared to 0 GnRH, b: p<0.05 as compared to 0:25 ng!ml, c: p<0.05 as 

compared to 0.5 ng/ml, d: p<0.05 as compared to 2.5 ng/ml. 
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Figure 3. GnRH dose-response curve in the presence of 0.5 and 1.0 nM estradiol. 

Immediately following dispersal and plating of anterior pituitary cells, estrogen-priming (I 
• 

nM) was initiated. Medium was changed and estrogen was replenished at 24 hours. After 

48 hours of estrogen exposure, cells were washed twice with plain medium and stimulated 

with GnRH (0.25, 0.5, 1.0, and 2.5 ng!ml) for 3 hours. a: p<0.05 as compared to 0 

GnRH, b: p<0.05 as compared to 0.25 ng!ml, c: p<0.05 as compared to 0.5 ng!ml, d: 

p<0.05 as compared to 1.0 ng!ml, e: p<0.05 as compared to 2.5 ng!ml. 
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release was greater than controls only with the 2.5 ng/ml dose. For FSH release, the 28 

presence of 0.5 nM estradiol caused a significant enhancement of FSH in response to 0.5 

and 1.0 ng/ml GnRH versus control levels and the 2.5 ng/ml dose. In the presence of 1.0 

nM estradiol, 2.5 ng/ml significantly increased FSH release above contrOl and the three 

lower doses tested. Overall, these results demonstrate that the addition of estradiol 

immediately following the dispersal was ineffective in sensitizing the response to GnRH 

for either LH or FSH release. 

B. Determination of the optimal time of estradiol exposure. 

In previous in vitro studies, 1.0 nM estradiol had been shown to sensitize the 

responsiveness of anterior pituitary cells to GnRH (Hsueh, et a!. 1979, Lagace, eta!. 

1980, Drouin and Labrie, 1981 ). Furthermore, other investigators have allowed an 

incubation period ranging from two to four days prior to steroid exposure (Tang and Spies, 

1972, Lagace, et a!. 1980, Batra and Miller, 1985). Since initial experiments did not show 

estrogen potentiation of gonadotropin release, it was felt that combinations of 

"preincubation" times (time when cells are cultured in complete medium devoid of steroids 

or vehicle) followed by steroid incubation times should be tested in an effort to develop an 

estrogen sensitive in vitro model with which direct progesterone effects on anterior 

pituitary cells could then be studied. Preincubation times of 24 and 48 hours were 

combined with either 24 or 48 hours of estradiol (1.0 nM) in which medium was changed 

and replenished every 24 hours (figure 4). At the end of estrogen exposure, cells were 

washed twice with plain medium and incubated in the presence or the absence of 1 ng/ml 

GnRH for 3 hours. LH and FSH released into the medium were then quantified by RIA. 

When a 24 hour preincubation time was used in combination with a 24 hour period of 

estradiol exposure (I nM), both LH and FSH responses to GnRH were significantly 

enhanced above non-GnRH-stimulated controls. When the 24 hour preincubation time 



Figure 4. Examination of effective preincubation times and estradiol exposure times. Cells 

were maintained culture with medium supplemented with serum for 24 or 48 hours before 

exposure to 24 or 48 hours of estrogen-priming (I nM). Medium was changed and 

replenished every 24 hours. At the end of the estrogen-priming period, cells were waslied 

twice with plain medium and stimulated with GnRH (1 ngfml) for 3 hours at which time 

LH and FSH released into the medium was quantified by RIA. a: p<0.05 as compared to 

24h/24h, b: p<0.05 as compared to 24h/48h, *: p<0.05 as compared to 0 GnRH. 
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was used in combination with 48 hours of estradiol exposure, GnRH appeared to increase 

LH and FSH above non-GnRH-stimulated controls. However, probably due to large 

standard errors, the increase was·not statistically significant. If a 48 hour preincubation 

was used in combination with 24 hours of estradiol exposure, the LH response to GnRH 

was significant above non-GnRH controls as well as above the 24 h/24 h and 24 h/48 h 

combinations. Basal FSH was elevate<! above the 24 h/24 h combination. A 48 hour 

preincubation time used in combination with 48 hours of estradiol significantly elevated 

basal LH and FSH above the 24 h/24 h combination while the FSH response to GnRH 

was significant above the 24 h/24 h combination. Since the response of LH to GnRH 

stimulation is characteristically more sensitive than FSH, the 48 h/48 h combination was 

chosen for further experimentation to insure a sufficient FSH response to GnRH. The total 

time of culture was 96 hours. The results.shown in figure 5 demonstrate that priming the 

anterior pituitary cells with 1.0 nM estradiol resulted in an elevation of the basal release of 

LH and FSH. Furthermore, LH was significantly elevated when the cells were stimulated 

with 1.0 ng/ml GnRH in pituitary cells primed with estradiol as compared to non-estrogen 

treated controls. FSH release, however, was not augmented by GnRH treatment in 

estrogen-primed pituitary cells in all probability due to the high basal release. The cell 

culture protocol used to determine GnRH dose-response, estradiol dose-response, and 

progesterone facilitative and suppressive effects is diagrammed in figure 6. 

C. Determination of amount of LH and FSH present throughout the 96 

hours of culture compared to that in the initial cell suspension. 

The next question asked in. development of this in vitro model was how the amount 

of hormone present at the end of culture compared to that in the initial cell suspension. 

Anterior pituitaries were enzymatically dispersed into a single cell suspension. Duplicate 

I 00 ul samples of the cell suspension were taken immediately before plating, diluted and 

frozen at -80° for subsequent LH and FSH determination and DNA quantification. The 



Figure 5. Confirmation of 48 h preincubation period followed by 48 h estradiol exposure 

period. Cells were allowed to preincubate for 48 hours with a one-half medium change at 

24 hours prior to estrogen exposure. After 48 hours of preincubation, cells were exposed 

to 48 hours of estradiol (I nM) with medium replenished at 24 hours. Following· 48 hours 

of estrogen-priming, cells were stimulated with GnRH (I ng/ml). Medium was collected 

and LH and FSH quantified by RIA. a: p<0.05 as compared to controls, *: p<0.05 as 

compared to 0 GnRH. 
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Figure 6. Cell Culture Protocol for GnRH dose-response, estradiol dose-response, and 

progesterone acute and long-term exposure. Adult female virgin virus-free Holtzman rats 

were obtained at 53 days of age·and bilaterally ovariectomized. At age 60 days, rats were 

sacrificed and pituitary tissue was collected, discarding posterior pituitaries. Anterior 

pituitary cells were enzymatically disp~rsed and plated. Medium was changed every 24 

hours. A 48 hour "preincubation" period preceded 48 hours+/- estradiol. Cells were 

washed twice with plain medium at the end of steroid incubations and exposed to 3 hours 

of+/- GnRH. The facilitative effects of progesterone were studied with 1-6 hours of 

progesterone exposure following 48 hours of estradiol-priming. Suppressive effects of 

progesterone were studied with 12-48 hours of progesterone exposure concomitant with 

estradiol-priming. 
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remaining cell suspension was plated on 35 x 10 mm culture dishes in 100 ul volumes in 

duplicate for each time point. Each dish contained approximately 1.5 x 106 cells. The 

volume was brought up io 1.0 ml with complete medium and the cells were cultured 

between 1 and 4 days with complete media changes every 24 hours. Medium and cellular 

contents were collected and frozen at 24, 48, 72, and 96 hour time points and LH and FSH 

were determined by RIA and total DNA in each dish was quantified. Tables 1 and 2 show 

the gonadotropin levels from the cell suspension obtained just before plating and those 

remaining after 24 hours to 96 hours in culture. Taking the amount of LH in the cell 

suspension as 100% (Table 1), the level ofLH after 24 hours in culture dropped to 9.6% 

of the cell suspension if express~ as ng LH/ ug DNA. By the end of culture at 96 hours, 

the level of LH was 4.12% of cell suspension. IfLH was expresst<d as ng/ 1 x 106 cells 

plated, the level of LH after 24 hours in culture was 16.3% of cell suspension and by 96 

hours was 4% of cell suspension. Whether LH was expressed as ng hormone per ug DNA 

or ng hormone per 1 x 106 cells plated did not change the percent ofLH present at the end 

of the culture. Table 2 makes the same comparison with data expressed as ng hermon per 

ug DNA or per 1 x 106 cells plated instead of percent. Likewise, for FSH, if the cell 

suspension is considered 100% of starting FSH, the level ofFSH/ug DNA at 24 hours 

dropped to 4.5% of the starting cell suspension. By 96 hours, it was only 2.3% of cell 

suspension. On the other hand, if FSH was expressed as ng hormone/! x I 06 cells plated, 

FSH levels were 7.6% of starting material after 24 hours, and by 96 hours in culture, FSH 

was again 2.2% of cell suspension. As for LH, whether FSH was expressed as ng 

hormone/ug DNA or ng hormone/! x 106 cells plated did not alter the percentage ofFSH 

present at the end of culture (Table 1). The same was true if data were expressed as ng 

hormone per ug DNA or per I x 106 cells plated (Table 2). 



Table I. Percent of hormone present in starting cell suspension compared to end of culture. 

Starting cell suspension samples were collected and frozen until subsequent detennination 

of LH and FSH by RIA. Medium and cellular content of hormone was collected every 24 

hours and LH and FSH were determined by RIA. Data were expressed as percent of · 

hormone present at the various time points where the starting cell suspension is represented 

as 100%. DNA quantification was detennined in starting cell suspension and for every 

dish at 24, 48, 72, and 96 hours in culture. a: p<0.05 as compared to 24 h, b: p<0.05 

as compared to 48 h, c: p<0.05 as compared to 72 h. 



Table 1. Detennination of the percent of honnone present throughout the 96 hour 
culture period compared to that in the initial cell suspension. 

Starting Cell Susoension 24 h 48 h 72h 96h 

a a.b 
LH ng/ug DNA (100%) 9.6 +/- 0.8% 6.0 +/- 0.7% 3.0 +/- 0.6% 4.1 +/- 0.01% 

a a.b 
ng/1 x 10116 cells plated (100%) 16.3 +/- 1.2% 9.9 +/- 0.9% 4.9 +/- 0.95% 4.0 +/- 0.09% 

a a 

a 

a.b 

a,b,c 

FSH ng/ug DNA (100%) 4.5 +/- 0.07% 1.5 +/- 0.05% 2.3 +/- 0.13% 2.3 +/- 0.26% 
a a.b a 

ng/1 x 10116 cells plated (100%) 7.6 +/- 0.15% 2.5 +/- 0.14% 1.7 +/- 0.23% 2.2 +/- 0.2% 

w 
.!="' 



Table n. Actual amount of hormone present in starting cell suspension compared to end of 

culture. Starting cell suspension samples were collected and frozen until subsequent 

determination of ill and FSH by RlA. Medium and cellular content of hormone was 

collected every 24 hours and LH and FSH were determined by RIA. Data were expressed 

as ng hormone per ug DNA and per 1 x 106 cells plated. DNA quantification was 

determined in starting cell suspension and for every dish at 24, 48, 72, and 96 hours in 

culture. a: p<O.OS as compared to 24 h, b: p<O.OS as compared to 48 h, c: p<O.OS as 

compared to 72 h. 



Table II. Determination of the amount of hormone present throughout the 96 hour 
c'ulture period compared to that in the initial cell suspension. 

Starting Cell Suspension .2ili 48 b 72b 
a a,b 

LH ng/ug DNA (3391 +/- 813) 328 +/- 26 205 +/- 23 103 +/- 21 

ng/1 x 10"6 cells plated 
a a,b 

(28592 +!- 1638) 4664 +/- 352 2838 +/- 257 1413 +/-272 

a a 
FSH ng/ug DNA (6108 +/- 1170) 276 +/- 4 92 +/- 3.2 63 +/- 8 

ng/1 x 10"6 cells plated a,b 

(51975 +/- 356) 3926 +/-77 1277 +/- 75 a 869 +/- 121 

.26..h 
a 

140 +/- .3 

a,b 

1149 +/- 26 
a,b,c 

143 +/- 16 

1166 +/- 105 

w 
Vl 

a 



D. Estradiol dose-response 36 

Since 48 hours of estradiol priming was chosen to follow a 48 hour preincubation 

period, a dose-response to estradiol had to then be tested to determine the best dose of 

estradiol needed to adequately prime the anterior pituitary cells. During the rat estrous 

cycle, circulating estradiol peaks at about noon on proestrus with an average level of 100 

pg/ml which is equivalent to 0.37 nM (Schwartz, 1974, Butcher, eta!., 1974, Smith, et 

a!., 1975, O'Conner, eta!., 1984). Based on in vivo serum peak estradiol levels, a dose

response curve was constructed using 0.25, 0.5, 0.75, 1.0, and 2.0 nM estradiol (figure 

7). The two lower concentrations of estradiol approximate the physiological range. Cells 

were exposed to estradiol for 48 _hours with a medium change at 24 hours and then washed 

twice with plain medium before 3 hours of exposure in the absence or presence of 0.5 

ng/ml GnRH. Doses of 0.25-1.0 nM estradiol enhanced LH responsiveness to GnRH 

over non-estrogen treated controls; the dose of 2.0 nM estradiol was ineffective. Basal LH 

was elevated above control by 1.0 and 2.0 nM estradiol and not affected by the other doses 

of estradiol. FSH responsiveness to GnRH was enhanced by 0.5 nM estradiol over non

estrogen treated controls with no change with other doses of estradiol. Basal FSH was 

unchanged over this range of estradiol exposure. 

E. Expression of data as ng hormone per ug DNA versus ng hormone per 

lx 106 cells plated. 

To determine whether the data should be expressed as ng hormone per ug DNA 

(quantified at the end of the culture) or as ng hormone per 1 x 106 cells plated (estimated at 

the beginning of the culture), the amount of LH and FSH released into the medium was 

quantified for each dish by RIA and corrected for either 1 x 106 cells plated at the initiation 

of culture or divided by the total amount of DNA quantified in each dish at the termination 

of the culture (figure 8). These results were similar and presented the same significance of 



Figure 7. Estradiol dose-response. After 48 hours of preincubation, cells were exposed to 

estradiol (0.25, 0.5, 0.75, 1.0, and 2.0 nM) for 48. hours with a complete medium change 

after 24 hours. Cells were then stimulated for 3 hours with GnRH (0.5 ng/ml). Medium 

and cellular content were assayed for LH and FSH. a: p<0.05 as compared to 0 estrogen, 

b: p<0.05 as compared to 2.0 nM. 
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Figure 8. Expression of data per ug DNA. After 48 hours of preincubation, cells were 

exposed to estradiol (0.25, 0.5,·0.75, 1.0, and 2.0 nM) for 48 hours with a complete 

medium change after 24 hours. Cells were then stimulated for 3 hours with GnRH (0.5 

ng/ml). The amount of hormone released into the medium for each dish was divided by the 

total amount of DNA per dish. a: p<0.05 as compared to 0 estrogen, b: p<0.05 as 

compared to 2.0 nM. 
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estradiol effects on GnRH -responsiveness for both LH and FSH release. That is, the 

doses of 0.25-1.0 nM estradiol enhanced LH release in response to GnRH and 0.5 nM 

_estradiol enhanced FSHrelease in response to GnRH. Basal LH was significantly elevated 

by 1.0 and 2.0 nM estradiol. These observations confirmed the results of the previous 

experiment that at a period of 96 hours after plating, the results could be expressed either as 

ng hormone/! x 106 cells plated or ng hormone/ug DNA. Therefore, in all furore 

experiments the data are expressed as ng hormone per 1 x 1 Q6 cells plated. 

F. Estradiol effect on total DNA at termination of culture period. 

To determine if estradiol had any effect on total DNA at the end of the culture 

period, total DNA (medium + c~llular content) was measured in each dish for each dose of 

estradiol tested in the absence or presence of 0.5 ng/ml GnRH. The results were expressed 

as ug DNNdish and showed that estradiol did not affect total DNA in the culture with the 

exception of a significant decrease at the 0.75 nM dose of estradiol + 0.5 ng/ml GnRH 

(figure 9). 

G. Estradiol effect on cellular content of hormone. 

To determine if estradiol affected LH or FSH remaining in the cell in the presence 

or absence of 0.5 ng/ml GnRH, cells were collected, frozen and thawed. The cells were 

then homogenized in a glass-glass Duvall hand-held homogenizer and centrifuged at 500 x 

g. The supernatants were assayed for LH and FSH content (figure 10) which were not 

affected by estradiol with the exception of the decrease in basal LH in the presence of 0. 7 5 

nM estradiol. 



Fi~:ure 9. Estrogen effect on total DNA at tennination of culture. After 48 hours of 

preincubation, cells were exposed to estradiol (0.25, 0.5, 0.75, 1.0, and 2.0 nM) for 48 

hours with a complete medium change after 24 hours. Cells were then stimulated for 3 

hours with GnRH (0.5 nglml). Total DNA/dish was quantified using a fluorometric DNA 

assay. a: p<0.05 as compared to 0 estrogen. 
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Figure 10. Estrogen effect on cellular LH and FSH content. After 48 hours of 

preincubation, cells were exposed to estradiol (0.25, 0.5, 0.75, 1.0, and 2.0 nM) for 48 . 
hours with a complete medium change after 24 hours. Cells were then stimulated for 3 

hours with GnRH (0.5 ng/ml). Cellular contents were collected and hormone was 

quantified by RIA. a: p<0.05 as compared to 0 estrogen. 
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H. Effect of estradiol on total LH and FSH. 
42 . 

To determine if estradiol had any effect on the synthesis of total LH and FSH in the 

presence or absence of 0.5 nglml GnRH, the amount of hormone released into the medium 

was added to that remaining in the cell for each dish. This sum was equivalent to the total 

amDunt of hormone in each dish. Similar to the effects of estradiol on the amount of DNA 

per dish and on cellular content, the total LH and FSH in each dish were unaffected by 

estradiol with the exception of basal LH which was significantly decreased by 0. 75 nM 

estradiol (figure 11). It was concluded, therefore, that the hormone released into the 

medium by exposure of cells to estradiol must have been previously synthesized and 

released from pre-existing pools and not from newly synthesized pools. Another 

possibility wonhy of consideration is that since total hormone was unchanged over the 

range of estradiol doses, the possible degradation of hormone over the time of culmre was 

balanced by synthesis of new hormone, but the overall steady state level of hormone was 

unchanged. 

I. Further examination of the estradiol enhancement of the GnRH 

response. 

To be sure that the effect of estradiol in enhancing the response of the pituitary 

cells to GnRH was indeed an estrogen effect and not an anifact of the experimental 

procedure, it was important to find a low dose of estradiol that did not influence GnRH 

induced LH and FSH release. Therefore, estradiol doses of 0.05, 0.1, 0.5, 1.0, and 5.0 

were exposed to anterior pituitary cells for 48 hours following a 48 hour preincubation 

period with media changes every 24 hours (figure 12). Cells were then washed twice with 

plain medium and stimulated with 0.5 nglml GnRH. Neither LH nor FSH responses to 

GnRH were affected by 0.05 nM estradiol (the lowest dose tested). However, 0.1 and 

0.5 nM estradiol did enhance LH responsiveness to GnRH and basal LH was elevated by 

0.5 nM estradiol as basal FSH was elevated by 1.0 nM estradiol. 



Figure 11. Estrogen effect on total LH and FSH. After 48 hours of preincubation, cells 

were exposed to estradiol (0.25, 0.5, 0.75, 1.0, and 2.0 nM) for 48 hours with a complete 

medium change after 24 hours. Cells were then stimulated for 3 hours with GnRH (0.5 

ng/rnl). Hormone released into the medium and cellular contents were collected and 

quantified by RIA. Their sum was equivalent to total hormone in the dish at the end of the 

culture period. a: p<0.05 as compared to 0 estrogen. 
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Figure 12. Estradiol dose-response. After 48 hours of preincubation, cells were exposed 

to estradiol (0.05, 0.1, 0.5, 1.0, and 5.0 nM) for 48 hours with a complete medium 

change after 24 hours. Cells w:re then stimulated for 3 hours with GnRH (0.5 ng/ml). 

Medium and cellular content of LH and FSH were assayed. a: p<0.05 as compared to 0 

estrogen, b: p<0.05 as compared to 0.1 nM, c: p<0.05 as compared io 0.5 nM, d: 

p<0.05 as compared to 1.0 nM, e: p<0.05 as compared to 5.0 nM. 
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J, GnRH-dose response curve in the presence and absence of es~radiol. 

Since 0.5 nM estradiol was found to enhance the responsiveness of both LH and 

FSH to GnRH stimulation and was also within the range of physiological levels of 
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estradiol circulating in vivo, this dose of estradiol was chosen to "prime" the anterior 

pitUitary cells before GnRH exposure. A workable dose of GnRH had to then be chosen 

which would give a significant but not maximum stimulation of LH and FSH. This would 

allow subsequent observation of direct stimulatory or inhibitory effects of progesterone and 

other compounds on estrogen-primed gonadotropin secretion. A dose response to GnRH 

was tested in the presence and absence of 0.5 nM estradiol using 0.25, 0.5, 0.75, 1.0, 

2.5, and 5.0 ng!ml GnRH (figure 13). The first significant increase of LH secretion above . 
non-stimulated controls was generated by 0.25 ng!ml GnRH in the absence or presence of 

0.5 nM estradiol. Maximum LH release required 1.0 ng/ml GnRH in the absence of 

estradiol and was stimulated by 0.75 ng!ml GnRH in the presence of 0.5 nM estradiol. 

The EDso for LH response to GnRH was reduced from 0.54 to 0.19 ng!ml in the presence 

of 0.5 nM estradiol. The first significant increase of FSH was stimulated by 0. 75 ng/ml 

GnRH in the presence or absence of 0.5 nM estradiol. The 1.0 and 5.0 ng/ml doses of 

GnRH in the presence of estradiol were able to stimulate FSH significantly above non-

estrogen treated controls. The EDso for FSH response to GnRH was reduced from 0.58 to 

0.36 ng!ml in the presence of estradiol. It was determined from this study that in the 

presence of 0.5 nM estrogen-priming the most appropriate dose of GnRH for these 

studies, that would stimulate adequately but not maximally LH and FSH release, was 0.5 

ng/ml. This combination of0.5 nM estradiol and 0.5 ng/ml GnRH was used in further 

studies. However, the possibility that this dose of GnRH may already be near the maximal 

dose for LH release and may be somewhat lower than what is needed for FSH release, is 

suggested and also seen by others (O'Conner, et a!., 1988). 



Figure 13. GnRH dose-response curve in the presence or absence of 0.5 nM estradiol. 

Cells were allowed to preincubate for 48 hours with one-half medium change at 24 hours 

prior to 48 hours +/- estradiol-priming (0.5 nM) or vehicle control. Medium was changed 

and replenished after 24 hours of estrogen exposure. Following 48 hours of estrogen- . 

priming, cells were stimulated with GnRH (0.25, 0.5, 1.0, 2.5, and 5.0 ng/ml) for 3 

hours at which time medium was collected and assayed for LH and FSH. a: p<0.05 first 

significant increase above non-GnRH-stimulated controls, b: p<0.05 maximum level of 

hormone release, c: p<0.05 as compared to non-estrogen treated controls. 
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II. Progesterone effects on estrogen-primed anterior pituitary cells in 

culture 

A. Effect of progesterone on gonadotropin secretion in the absence of 

estrogen-priming. 
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The next experiment was planned to examine if progesterone in the absence of 

estrogen-priming would alter the sensitivity of the anterior pituitary cells to GnRH in the 

release of LH and FSH. In subsequent experiments, estradiol stocks were made in ethanol 

and diluted in 0.01 M PBS+ 0.1% gelatin giving the final dilution of ethanol as 0.00001% 

during the estrogen iincubation. This concentration of ethanol was used in control dishes . . 
The requirement of estradiol-priming for progesterone action in vivo and in virro is well 

documented. If cells were exposed to 48 hour~ of vehicle (0.00001% ETOH) instead of 

estradiol, followed by 3 hours of progesterone (1 00 nM), gonadotropin secretion was 

unchanged compared to vehicle control (figure 14). Thus, progesterone was ineffective in 

modulating gonadotropin secretion in the absence of estradiol-priming. This was 

presumably due to the lack of progesterone rt;eeptors in the anterior pituitary cells because 

the rats had been ovariectomized for one week before the removal of the pituitaries. 

B. Effect of different doses of progesterone administered for 3 hours. 

The effects of progesterone on gonadotropin secretion are rapid. Based on the 

estrogen-priming in vivo, progesterone could either enhance or inhibit gonadotropin 

secretion (Everett, 1948). Furthermore, the effect of progesterone also depends upon the 

duration of exposure. During the. rat estrous cycle, circulating levels of progesterone peak 

about 12 hours after estradiol, at midnight, on proestrus. The average peak circulating 

level of progesterone is approximately 50 ng/ml which is equivalent to 159 nM (Schwartz, 

1974, Butcher, eta!., 1974, Smith, eta!. 1975, O'Conner, eta!., 1984). The response of 

estrogen-primed anterior pituitary cells to progesterone was next tested using 50, I 00, and 



Figure 14. Acute progesterone exposure dose-response. Following 48 hours of estrogen

priming (0.5 nM), cells were exposed to 3 hours of progesterone (50, 100, or 200 nM) 

and then washed twice with plain medium before 3 hours of stimulation by GnRH (0.5 

ng!mi). Cells exposed to vehicle (0.00001% ETOH) for 48 hours followed by 3 hours of 

vehicle (0.01% ETOH) or progesterone (100 nM) served as controls. a: p<0.05 as 

compared to estrogen-treated control. 
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200 nM doses (figure 14 ). These doses are well within physiological range. Following 48 

hours of estrogen-priming, cells were exposed to 3 hours of progesterone at which time 

cells were washed twice with plain medium and treated with medium or 0.5 ng/ml GnRH. 

Basal LH and FSH were elevated by all three doses of progesterone compared to estrogen

treated controls. The release of LH in response to GnRH was enhanced by both 50 and 

100 nM progesterone but not by the 200 nM dose, whereas GnRH-stimulated FSH release 

was enhanced by the 50 nM dose of progesterone and not affected by either 100 or 200 nM 

progesterone. These results provided evidence that progesterone in the presence of 

estradiol-priming could enhance the GnRH response directly in pituitary cells. 

C. Effect of progesterone on total DNA in dishes at the termination of 

culture period. 

To determine if exposure to 3 hours of progesterone altered total DNA in the 

cultures, DNA was quantified in each experimental culture dish and progesterone treated 

dished were compared to estrogen-only treated dishes. Total DNA in non-GnRH

stimulated dishes exposed to 100 and 200 nM progesterone were elevated over estrogen

treated controls (figure 15). 

D. Effect of progesterone on cellular content and total hormone. 

Progesterone did not have any effect on cellular content (figure 16) or total LH or 

FSH (figure 17) at the three doses tested and was therefore, concluded to not affect 

synthesis of LH or FSH during this time period. 

E. Time course of progesterone stimulation of gonadotropin secretion. 

Since progesterone secretion follows that of estradiol in vivo, a time course 

response to progesterone (I, 2, 3, and 6 hours following 48 hours of estrogen-priming) 

was studied using the 50 nM dose of progesterone found in the previous study to enhance 

both GnRH-stimulated LH and FSH release (figure 18). Estradiol alone enhanced both 

GnRH-stimulated and basal LH secretion. Progesterone, in the absence of estrogen-



Figure 15. Progesterone effect on total DNA at termination of culture. After 48 hours of 

preincubation, cells were exposed to estradiol (0.5 nM) for 48 hours with a complete 

medium change after 24 hours. Cells were then exposed to 3 hours of progesterone (50, 

100, or 200 nM) and then stimulated for 3 hours with GnRH (0.5 ng/ml). Total DNA/dish 

was·quantified using a fluorometric DNA assay. a: p<0.05 as compared to estrogen 

control. 
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Figure 16. Progesterone effect on cellular content of LH and FSH. After 48 hours of 

preincubation, cells were exposed to estradiol ( 0.5 nM) for 48 hours with a complete 

medium change after 24 hours. Cells were then exposed to 3 hours of progesterone (50, 

100, or 200 nM) and then stimulated for 3 hours with GnRH (0.5 ng/ml). Cellular content 

ofLH and FSH was quantified by RIA. a: p<0.05 as compared to estrogen control. 
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Figure 17. Progesterone effect on total LH and FSH. After 48 hours of preincubation, 

cells were exposed to estradiol (0.5 nM) for 48 hours with a complete medium change after 

24 hours. Cells were then exposed to 3 hours of progesterone (50, 100, or 200 nM) and 

then stimulated for 3 hours with GnRH (0.5 ng/ml). Medium and cellular content of LH 

and FSH were quantified by RIA and their sum was equal to total hormone in the dish at 

the end ofthe culture period. a: p<0.05 as compared to estrogen control. 
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Figure I 8. The effect of acute progesterone exposure on LH and FSH secretion.; time 

course. Following 48 hours of estrogen-priming (0.5 nM), cells were exposed to 1, 2, 3, 

or 6 hours of progesterone (50 nM) and then washed twic~ with plain medium before 3 

hours of stimulation by GnRH (0.5 nglml). Cells exposed to vehicle (0.00001% ETOH) 

for 48 hours followed by 3 hours of vehicle (0.01% ETOH) or progesterone (50 nM) 

served as controls. a:- p<0.05 as compared to estrogen-treated control. 
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priming, was ineffective in altering LH or FSH secretion. Basal LH was also elevated 

after 2, 3, and 6 hours of progesterone and basal FSH was elevated after 3 hours of 

progesterone exposure over estrogen-treated controls. Progesterone exposure for 1, 2, 3 

an~ 6 hours after estrogen-priming enhanced the GnRH -stimulated secretion of LH over 

estrogen-treated controls. 

F. Effect of different doses of progesterone administered for 48 hours. 
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The next question addressed was to answer was whether the inhibitory effect of 

prolonged exposure to progesterone could be manifested directly in the pituitary. If, 

during the normal 4 day rat estrous cycle, progesterone is administered just before the 

expected preovulatory surge of gonadotropins, it advances and magnifies the surge. On 

the other hand, if progesterone is given early on the morning of proestrus, it will delay the 

preovulatory surge (Everett, 1948). Three dose levels of progesterone (50, 100, and 200 

nM) were added (figure 19) during the 48 hours of estrogen-priming. After a total of 48 

hours of estradiol +progesterone, the cells were washed twice with plain medium and 

stimulated with 0.5 ng/ml GnRH for 3 hours at which time media were collected and LH 

and FSH secretion was quantified by RIA. This study showed that all three doses of 

progesterone not only antagonized the sensitizing effect of estradiol but inhibited GnRH

stimulated LH and FSH release. Basal LH and FSH were not elevated by this long-term 

progesterone exposure as was seen when cells were exposed to progesterone for 1-6 hours 

(figure 14). The 50 nM dose progesterone was used in funher experiments. 

G. Time requirement of progesterone inhibition of gonadotropin secretion. 

To determine if 48 hours of progesterone was required to inhibit estrogen

sensitization, a time course study was conducted where progesterone (50 nM) was 

included in the incubation medium with estradiol at time 0 (48 hours of progesterone), 12 

(36 hours of progesterone), and 36 (12 hours of progesterone) hours after the cells were 

exposed to estradiol (figure 20). GnRH-stimulated LH secretion was inhibited by 48 and 



Figure 19. The effect of 48 hours of progesterone exposure on LH and FSH; dose

response. Cells were concomitantly exposed with 48 hours of estrogen-priming (0.5 nM), 

and 48 hours of progesterone (50, 100, or 200 nM) and then washed twice with plain 

medium before 3 hours of stimulation by GnRH (0.5 ng/ml). Cells exposed to vehicle 

(0.01% ETOH) or progesterone alone (100 nM) for 48 hours served as controls. a: 

p<0.05 as compared to estrogen-treated control. 
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Figure 20. The effect of long-term progesterone exposure; time-course. During the 48 

hours of estrogen-priming (0.5 nM), progesterone (50 nM) exposure began at time 0 (48 h 

of P4), 12 (36 h of P4), or 36 hours (12 h ofP4) after estradiol was added to the cells. The 

cells were then washed twice with plain medium before 3 hours of stimulation by GnRB 

(0.5 ng/ml). Cells exposed to vehicle (0.0 I% ETOH) or progesterone alone (I 00 nM) for 

48 hours served as controls. a: p<0.05 as compared to estrogen-treated control. 

• 
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36 hours of progesterone co-incubated with estradiol. GnRH-stimulated FSH secretion 

was inhibited by all three times of progesterone exposure (48, 36, and 12 hours). Neither 

basal LH nor FSH were ·affected by the different lengths of progesterone exposure 

compared to estrogen-treated controls. 

H. Re-examination of estrogen-priming effect. 

1. Effect of lowering GnRH dose on estradiol dose response. 

In the previous experiment, the response of pituitary cells to GnRH in the release of 

LH and FSH even without estrogen-priming was substantial and estrogen priming did not 

appear to potentiate the response. This could have been due to more effective and less 

damaging tissue dispersion resulting in the dose of 0.5 ng/rnl GnRH giving the maximum 

response. Therefore, the GnRH-stimulating dose was reduced to 0.25 ng/rnl (figure 21). 

The pituitary cells were exposed to estradiol doses of 0.01, 0.1, 0.5, 1.0, 10.0, and 100.0 

nM for 48 hours following a 48 hour preincubation period with media changes every 24 

hours. Cells were then washed twice with plain medium and stimulated with the 0.25 

ng/ml dose of GnRH. Basal LH was elevated in the presence of 0.1, 0.5 and 1.0 nM 

estradiol. GnRH-stimulated LH release was stimulated by all doses of estrogen- priming. 

GnRH also significantly stimulated FSH secretion in the presence of 100 nM estradiol. 

Basal FSH was not affected by any of the doses of estradiol. The dose of 0.25 ng/ml 

GnRH in the presence of 0.5 nM estradiol gave sufficient differentiation of LH secretion 

between non-estrogen and estrogen-treated controls. 

2. Estradiol effect on total DNA in dish at the termination of culture 

period. 

To determine if the doses of estradiol used in the last figure affected total DNA at 

the termination of the culture period, total DNA in each dish was quantified and compared 

to non-estrogen treated controls. There was no effect of estradiol on DNA content in the 

dishes with the exception of a significant decrease in those dishes exposed to 0.5 nM 

estradiol that were stimulated with 0.25 ng/ml GnRH (figure 22). 



Figure 21. Estradiol dose-response. Anterior pituitary cell were exposed to estradiol 

(0.01, 0.1, 0.5, 1.0, 10.0, and 100.0 nM) for 48 hours following a 48 hour preincubation 

period. Medium was changed and replenished every 24 hours. Following estrogen

priming, cells were washed twice with plain medium and stimulated with GnRH (0.25 

ng/ml) for 3 hours. LH and FSH from medium and cellular content were quantified by 

RIA. a: p<0.05 as compared to 0 estrogen, b: p<0.05 as compared to 0.01' nM, c: 

p<0.05 as compared to 0.1 nM, d: p<0.05 as compared to 10.0 nM, e: p<0.05 as 

compared to 100.0 nM, *: p<0.05 as compared to 0 GnRH. 
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Figure 22. Effect of estradiol on total DNA at the end of culture. Anterior pituitary cell 

were exposed to estradiol (0.01, 0.1, 0.5, 1.0, 10.0, and 100.0 nM) for 48 hours . . 

following a 48 hour preincubation period. Medium was changed and replenished every 24 

hours. Following estrogen-priming, cells were washed twice with plain medium and . 

stimulated with GnRH (0.25 ng/ml) for 3 hours. DNA in each dish was quantified using a 

fluorometric assay. a: p<0.05 as compared to 0 estradiol. 
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3. Effect of estrogen on cellular content and total hormone. 

To detennine if estradiol had an effect on cellular content and total hormone, cellular 

contents and total hormone were determined as described for figures 10 and 11. The 1.0, 

10.0, and 100.0 nM doses of estradiol increased cellular content ofLH after GnRH

stimulation (figure 23) as well as total LH (figure 24). Cellular content and total LH were 

also increased by 10 and I 00 nM estradiol even in the absence of GnRH stimulation. 

There was no effect of estradiol on cellular or total FSH with the exception of the 0.5 nM 

dose of estradiol which seemed to decrease FSH remaining in the cell and total FSH in 

response to GnRH-stimulation. It was therefore, concluded that the higher doses of 

estradiol (10.0 and 100.0 nM) may have increased synthesis ofLH. 

4. Effect of further lowering the GnRH dose on progesterone 

stimulation of gonadotropin secretion. 

To examine if further lowering of the dose of GnRH would reinstate the estrogen 

sensitizing effect on GnRH-stimulated gonadotropin secretion, the progesterone 

stimulatory experiment was repeated using 0.15 ng/ml GnRH instead of 0.25 ng/ml GnRH 

to stimulate the cells (figure 25). Again, the estrogen-priming effect was not significant for 

either LH or FSH however, both basal and GnRH-stimulated LH secretion were elevated 

above estrogen-treated controls (figure 26). The enhanced FSH response seen with 0.25 

ng/ml disappeared. 

5. Effect of lowering both GnRH dose and estrogen-priming dose on 

progesterone stimulation of gonadotropin secretion. 

Since the estrogen-priming phenomenon was still absent even if the GnRH dose 

was lowered to 0.25 and to 0.15 ng/ml, an attempt was made to lower both the GnRH

stimulating dose and the estrogen-priming dose in an effort to magnify the difference in 

GnRH response of non-estrogen-primed and estrogen-primed cells. Estradiol (0.25 nM) 

exposure for 48 hours was used to prime the cells prior to progesterone exposure and then 

cells were stimulated with 0.25 ng/ml GnRH (figure 27). This combination of lower 



Figure 23. Estradiol effects on cellular content of LH and FSH. Anterior pituitary cell 

were exposed to estradiol (O.Dl, 0.1, 0.5, 1.0, 10.0, and 100.0 nM) for 48 hours 

following a 48 hour preincubation period. Medium was changed and replenished every 24 
. 0 

hours. Following estrogen-priming, cells were washed twice with plain medium and 

stimulated with GnRH (0.25 ng/ml) for 3 hours. LH and FSH from cellular content was 

quantified by RIA. a: p<0.05 as compared to 0 estrogen, b: p<0.05 as compared to 0.01 

nM, c: p<0.05 as compared to 0.1 nM, e: p<0.05 as compared to 1.0 nM, f: p<0.05 as 

compared to 10.0 nM, g: p<0.05 as compared to 100.0 nM. 
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Fi~ure 24. Estradiol effects on total LH and FSH. Anterior pituitary cell were exposed to 

estradiol (0.01, 0.1, 0.5, 1.0, 10.0, and 100.0 nM) for 48 hours following a 48 hour 

preincubation period. Medium was changed and replenished every 24 hours. Following 

estrogen-priming, cells were washed twice with plain medium and stimulated with GnRH 

(0.25 ng/ml) for 3 hours. LH and FSH from medium and cellular content were summed 

and equated to total hormone. a: p<0.05 as compared to 0 estrogen, b: p<0.05 as 

compared to 0.01 nM, c: p<0.05 as compared to 0.1 nM, g: p<0.05 as compared to 

100.0 nM. 
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Figure 25. Effect of lowering GnRH dose on progesterone-stimulation of gonadotropin 

secretion. f':ollowing 48 hours of estradiol-priming (0.5 nM) or 48 hours of vehicle 

(0.00001% ETOH), cells were exposed to 2 hours of progesterone (50 nM) and then 

stimulated with GnRH (0.25 ng/ml) for 3 hours. LH and FSH in medium were quantified 

by RlA. a: p<O.OS as compared to estrogen-treated controls. 
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Fi~ure 26. Effect of lowering GnRH dose on progesterone-stimulation of gonadotropin 

secretion. Following 48 hours of estradiol-priming (0.5 nM), cells were exposed to 2 

hours of progesterone (50 nM) then stimulated with GnRH (0.15 ng/ml) for 3 hours. 48 

hours of vehicle (0.00001% ETOH) followed by 2 hours of vehicle (0.01% ETOH) served 

as a control. LH and FSH in medium were quantified by RIA. a: p<0.05 as compared to 

estrogen-treated controls. 
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Figure 27. Effect of lowering estradiol dose and GnRH dose on estrogen-priming and 

progesterone-stimulation of gonadotropin secretion. Follo:wing 48 hours of estradiol

priming (0.25 nM), cells were exposed to 2 hours of progesterone (100 nM) and then 

stimulated with GnR:f-I-(0.25 ng!ml) for 3 hours. 48 Hours of vehicle (0.000025% 

acetone) followed by 2 hours of vehicle (0.001% acetone) served as a control. LH and 

FSH in medium were quantified by RIA. a: p<0.05 as compared to estrogen-treated 

controls. 
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estrogen and lower GnRH brought out the sensitizing effect of estradiol on GnRH

stimulated LH secretion. Progesterone (50 nM) exposure for 2 hours following estrogen-

priming elevated basal LH and FSH secretion and enhanced GnRH-stimulated secretion of 

both LH and FSH. The combination of 0.25 nM estradiol and 0.25 ng/ml GnRH was 

used in funher studies. 

I. Effect of RU-486 on progesterone stimulated gonadotropin secretion. 

The next series of questions were directed to determine if the stimulatory effect of 

progesterone on gonadotropin secretion was mediated by action of progesterone at the 
' 0 0 

progesterone receptor, through metabolism of progesterone to one or more of its Sa-

reduced metabolites, or by action at the GABAA receptor. To determine if progesterone 

was acting via the progesterone receptor, the anti-progestin RU-486 was exposed to cells 

concomitant with progesterone. First, the effect of RU-486 (100 nM) itself on non-

estrogen primed cells was investigated and found to have no effect on LH secretion and 

decreasei:! basal FSH if exposed to cells for 2 hours following 48 hours of vehicle 

(0.00001% acetone) control (figure 28). Following 0.25 nM estrogen-priming, 2 hours of 

RU-486 (100 nM) alone elevated basal LH and had no effect ofFSH secretion (figure 29). 

However, when present for 2 hours in combination with 100 nM progesterone, RU-486 

( 100 nM) decreased basal LH that was elevated by 2 hours of progesterone exposure (I 00 

nM) and antagonized GnRH-stimulated FSH secretion that was enhanced by 2 hours of 

progesterone exposure (100 nM). 

J. Effect of the Sa-reductase inhibitor 4-MA on progesterone stimulated 

gonadotropin secretion. 

To determine if the stimulatory effect of progesterone on gonadotropin secretion 

was mediated, in pan, by metabolism of progesterone to one of its Sa-reduced metabolites, 

the Sa-reductase inhibitor, N,N-diethyl-4-methyl-3-oxo-4-aza-Sa-androstane-17~-

carboxamide ( 4-MA), was exposed to cells during the 2 hour incubation with 

progesterone. First, the effect of 4-MA (100 nM) itself on non-estrogen-primed cells was 



Fi~ure 28. Effect of RU-486 on progesterone-stimulated gonadotropin secretion. 

Following 48 hours of preincubation, cells were exposed to 48 hours of estradiol (0.25 

nM) where medium was changed and replenished every 24 hours. Cells were then 

exposed to 2 hours of vehicle (0.01% acetone), progesterone (100 nM), RU-486 (100 

nM), or progesterone+ RU-486 (100 nM each) followed by stimulation with GnRH (0.25 

ng/ml) for 3 hours. LH and FSH in medium and cellular contents were quantified by RIA. 

a: p<0.05 as compared to estrogen-treated controls, b: p<0.05 as compared to Ez-P 4 . 
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Figure 29. Effect of 2 hours of test compound exposure compared to vehicle controls. 

Following 48 hours of preincubation, cells were exposed to vehicle for 48 hours at which 

time progesterone, RU-486, picrotoxin, or 4-MA ( 100 nM each) were added to the cultures 

for 2 hours. Cells were then washed twice with plain medium and stimulated with GnRH 

(0.25 ng/ml) for 3 hours. LH and FSH in medium and cellular contents were quantified by 

RIA. a: p<O.OS as compared to vehicle control. 
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investigated and found to elevate basal LH and have no effect on FSH secretion if exposed 

to cells for 2 hours following 48 hours of vehicle (0.0000 1% acetone) control (figure 30). 

Following 0.25 nM estrogen-priming, 2 hours of 4-MA ( 100 nM) alone elevated both 

basal and GnRH-stimulated LH and had no effect of FSH secretion (figure 29). However. 

when present for 2 hours in combination with 100 nM progesterone, 4-MA ( 100 nM) 

antagonized both basal and GnRH-stimulated LH that were elevated by 2 hours of 

progesterone exposure (100 nM) and antagonized GnRH-stimulated FSH secretion that 

was enhanced by 2 hours of progesterone exposure (100 nM). 

K. Effect of picrotoxin on progesterone stimulated gonadotropin secretion. 

To determine if the stimulatory effect of progesterone on gonadotropin secretion 

was mediated, in part, by action at the GABAA receptor, the GABAA receptor antagonist, 

picrotoxin, was exposed to cells during the 2 hours of progesterone. The effect of 

picrotoxin ( 100 nM) itself on non-estrogen primed cells was first investigated and found to 

have no effect on either LH or FSH secretion if exposed to cells for 2 hours following 48 

hours of vehicle (0.00001% acetone) control (figure 31). Following 0.25 nM estrogen

priming, 2 hours of picrotoxin (100 nM) alone elevated GnRH-stimulated LH and had no 

effect of FSH secretion (figure 29). However, when present for 2 hours in combination 

with 100 nM progesterone, picrotoxin (100 nM) decreased basal LH that was elevated by 2 

hours of progesterone exposure (100 nM) and antagonized GnRH-stimulated FSH 

secretion that was enhanced by 2 hours of progesterone exposure ( 100 nM). 



Fi!,iure')o. ·Effect of picrotoxin on progesterone-stimulated gonadotropin secretion. 

Following 48 hours of preincubation, cells were exposed to 48 hours of estradiol (0.25 

nM) where medium was changed and replentished every 24 hours. Cells were then 

exposed to 2 hours of vehicle (0.01% acetone), progesterone (100 nM), picrotoxin (100 

nM), or progesterone+ picrotoxin (100 nM each) followed by stimulation with GnRH 

(0.25 ng/ml) for 3 hours. LH and FSH in medium and cellular contents were quantified by 

RIA. _a: p<0.05 as compared to estrogen-treated controls, b: p<0.05 as compared to E2-

P4. 
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Figure 31. Effect of 4-MA on progesterone-stimulated gonadotropin secretion. Following 

48 hours of preincubation, cells were exposed to 48 hours of estradiol (0.25 nM) where 

medium was changed and replentished every 24 hours. Cells were then exposed to 2 

hours of vehicle (0.01% acetone), progesterone (100 nM), 4-MA (100 nM), or 

progesterone + 4-MA ( 100 nM each) followed by stimulation with GnRH (0.25 ng/ml) for 

3 hours. LH and FSH in medium and cellular contents were quantified by RIA. a: 

p<0.05 as compared to estrogen-treated controls, b: p<0.05 as compared to Ez-P 4· 
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III. Effect of Sa.-DHP on estrogen-primed anterior pituitary cells. 

A. Effect of Sa.-DHP on gonadotropin secretion in the absence of estrogen

priming .. 

To determine if 5a.-DHP, in the absence of estrogen~ priming, could alter the effect 

of GnRH on gonadotropin secretion, cells were exposed to 48 hours of vehicle (0.0000 I% 

ETOH) or 0.5 nM estradiol followed by 3 hours of vehicle (0.01% ETOH) or 50 nM 5a.

DHP. Cells were then washed twice with plain medium before stimulation by GnRH (0.5 

ng/ml). In the absence of estrogen-priming, 5a.-DHP decreased the GnRH-stimulated 

response of both LH and FSH (figure 32). 

B. Effect of different doses of Sa.-DHP administered for 3 hours. 

Based on previous in vivo findings from our laboratory where 5a.-DHP was found 

to selectively stimulate both basal FSH and FSH responsiveness to GnRH, the next 

question addressed was does 5a.-DHP manifest its selective effect on FSH directly at the 

anterior pituitary? Following 48 hours of estrogen-priming (0.5 nM), cells were exposed 

to 3 hours of 5a.-DHP (1, 20, 50, and IOO nM), with subsequent stimulation for 3 hours 

by GnRH (0.5 ng/ml). The results show that the highest dose of 5a.-DHP (100 nM) 

elevated basal LH and enhanced GnRH-stimulated LH secretion above estrogen-treated 

controls (figure 32). Basal FSH was unaffected and there was a dose dependent increase 

on GnRH-stimulated FSH secretion by 5a.-DHP with 100 nM 5a.-DHP being significant 

GnRH-stimulated FSH over estrogen-treated controls. 



Figure 32. 5cx-DHP dose-response. Following 48 hours of preincubation, cells were 

exposed to 48 hours of estrogen-priming (0.5 nM) and then 3 hours of 5cx-DHP (1, 20, 

50, or 100 nM). Cells were then washed twice with plain medium and stimulated for 3 

hours with GnRH (0.5 ng/ml). Cells exposed to vehicle (0.00001% ETOH) for 48 hours 

followed by 3 hours of vehicle (0.0 1% ETOH) or 5cx-DHP (50 nM) served as controls. 

LH and FSH in medium were quantified by RIA. a: p<0.05 as compared to estrogen

treated controls. 
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C. Effect of Sa.-DHP administered for 48 hours. 

To determine if 5a.-DHP would antagonize estradiol sensitization of GnRH 

responsiveness on anterior pituitary cells as was seen with progesterone, cells were 

exposed to 48 hours of 5a.-DHP ( 100 nM) during the 48 hour estrogen-priming period 

(figure 33). Unlike progesterone, 5a.-DHP did not affect the sensitizing effect of estradiol 

on GnRH stimulation of LH or FSH. Basal LH and FSH were also not affected by this 

treatment. 

D. Effect of lowering GnRH dose on Sa.-DHP-modulated gonadotropin 

secretion. 

The sensitizing effect of estradiol was not apparent in the previous srudy where the 

LH and FSH response to GnRH in non:estrogen primed cells was not significantly 

different from that by estrogen-primed cells. It was thought that this was due to the GnRH 

dose being too high. Therefore, the response to 5a.-DHP was examined with cells 

stimulated with 0.25 ng/ml GnRH instead of0.5 ng/ml GnRH. Following 0.5 nM 

estradiol-priming for 48 hours, cells were exposed to 2 hours of 5a.-DHP (100 nM) and 

stimulated with 0.25 ng/rnl GnRH for 3 hours (fig1.1re 34). The estrogen-priming effect 

was not significant for either LH or FSH; however, 5a.-DHP significantly enhanced 

GnRH-stimulated FSH secretion. If the dose of GnRH was lowered even further to 0.15 

ng/ml, the results changed. Again, the estrogen-priming effect was not significant for 

either LH or FSH however, basal LH secretion was elevated above estrogen-treated 

controls and basal FSH was lowered below estrogen-treated controls (figure 35}. 



Figure 33. The effect of long-term exposure to Sa-DHP. Concomitant with 48 hours of 

estrogen-priming (0.5 nM), cells were exposed to 48 hours of Sa-DHP ( 100 nM) and then 

washed twice with plain medium before 3 hours of stimulation by GnRH (0.5 ng/ml). 

Cells exposed to vehicle (0.01% ETOH) for 48 hours served as controls. a: p<O.OS as 

compared to estrogen-treated control. 
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Figure 34. Effect of lowering GnRH dose on 5a-DHP-modulation of gonadotropin 

secretion. Following 48 hours of estradiol-priming (0.5 nM) or 48 hours of vehicle 

(0.00001% ETOH), cells were exposed to 2 hours of vehicle (0.01% ETOH) or 5a-DHP 

(100 nM) and then stimulated with GnRH (0.25 nglml) for 3 hours. LH and FSH in 

medium were quantified by RIA. a: p<0.05 as compated to estrogen-treated controls, b: 

p<0.05 as compated to vehicle contol. 



--
1200 

"C 
Q) 1000 -co 
c. 
Ill 800 -Q) 
() 

<C 600 < 
0 ,.... 
>< 400 
,.... --::r: 
...J 

200 
Cl 
c 

0 
veh E2 E2-5a-OHP 

1000 a 

"C 
Q) -co 800 
c. 

.!!! 
Q) 

600 () 

<C 
< 
0 ,.... 

400 
>< 
,.... --::r: 
CJ) 200 u.. 
Cl 
c 

0 
veh E2 E2-5a-OHP 

• OGnRH (0.5 nM) (0.5 nM + 1 oo nM) 

FB + 0.25 ngtml GnRH 



Figyre 35. Effect of lowering GnRH dose funher on 5a-DHP-modulation of 

gonadotropin secretion. Following 48 hours of estradiol-priming (0.5 nM) or 48 hours of 

vehicle (0.00001% ETOH), cells were exposed to 2 hours of 5a-DHP (100 nM) and then 

stimulated with GnRH (0.15 ng/m1) for 3 hours. LH and FSH in medium were quantified 

by RIA. a: p<0.05 as compared to estrogen-treated controls. 
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- ' 

E. Effect of RU-486 on Sa-DHP-modulated gonadotropin secretion. 

. ' ' 

To determine if the effects of 5a-DHP on gonadotropin secretion were mediated by -· 
action at the progesterone n;~~ptor, the anti-progestin RU-486 was exposed to cells 

concomitant with 5a-DHP. First, the effect of RU-486 (100 oM) itself on estrogen-

primed cells was found to decrease GnRH-stimulated LH secretion and increase basal FSH 

if exposed to cells for 2 hours (figure 36). When present for 2 hours in combination with 

100 oM 5a-DHP, RU-486 (100 oM) did not affect basal or GnRH-stimulated LH or FSH 

secretion as compared to Ez-5a-DHP treatment. 

F. Effect of lowering both GnRH dose and estrogen-priming dose on Sa-

DHP modulation of gonadotropin secretion. 

Since the estrogen-priming phenomenon was still absent even if the GnRH dose 

was lowered to 0.25 and to 0.15 ng/ml, an attempt was made to lower not only GnRH but 

also estrogen doses in an effort to reinstate the estrogen-priming effect. Estradiol (0.25 

oM) exposure for 48 hours was used to prime the cells prior to 5a-DHP exposure and 

stimulated by 0.25 ng/ml GnRH. This combination of lower estrogen and lower GnRH 

brought out the sensitizing effect of estradiol on GnRH-stimulated LH secretion (figure 37). 

5a-DHP (100 oM) exposure of estrogen-primed cells for 2 _hours elevated basal LH 

secretion and diminished GnRH-stimulated secretion of both LH and FSH as compared to 

estrogen-treated controls. The combination of 0.25 nM estradiol and 0.25 ng/ml GnRH 

was used in further studies. 



Figure 36. Effect of RU-486 on 5u-DHP-modulation of gonadotropin secretion. 

Following 48 hours of estradiol-priming (0.25 nM) or 48 hours of vehicle (0.0000 1% 

acetone), cells were exposed to 2 hours of vehicle (0.01% acetone), 5u-DHP (100 nM), 

RU-486 (100 nM), or 5u-DHP + RU-486 (100 nM each) andJhen stimulated with GnRH 

(0.25 nglml) for 3 hours. LH and FSH in medium were quantified by RIA. a: p<0.05 as 

compared to estrogen-treated controls. 
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Figure 37. Effect of lowering estrogen and GnRH dose on 5o:-DHP modulation of 

gonadotropin secretion. Following 48 hours of estradiol-priming (0.25 nM) or 48 hours 

of vehicle (0.00001% acetone), cells were exposed to 2 hours of vehicle (0.01% acetone) 

or 5o:-DHP (100 nM) imd then stimulated with GnRH (0.25 ng/ml) for 3 hours. LH and 

FSH in medium were quantified by RIA. a: p<0.05 as compared to estrogen-treated 

controls. 
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G. Effect.of lowering both GnRH and estradiol doses on Sa-DHP 

administration for 48 hours. 

81 

The next experiment addressed the question of how 48 hour administration of Sa-

DHP to anterior pituitary cells during the estrogen-priming period would be affected if the 

estradiol dose was lowered to a level that brought out the sensitizing effect of estradiol in 

earlier studies and the stimulating dose of GnRH was also lowered. In this study, cells 

were primed with estradiol (0.25 nM) and administered 5a-DHP (100 nM) for 48 hours 

(figure 38). After washing twice withplain medium, the cells were stimulated with GnRH 

(0.25 ng/ml) for 3 hours. Both basal LH and FSH were elevated above estrogen-treated 

controls. ·This treatment did not affect the LH response to GnRH but enhanced the FSH 

response to GnRH significantly compared to estrogen-treated controls. The concurrent 

exposure of this metabolite with estrogen had the opposite effect on gonadotropin secretion 

as did progesterone, which inhibited gonadotropin secretion when present with estradiol 

for 48 hours. 

IV. Effect of 3a-hydroxy-5a-pregnan-20-one on estrogen-primed anterior 

pituitary cells in culture. 

A. Effect of 3a,5a-THP in the absence of estrogen-priming. 

To determine if 3a,5a-THP, in the absence of estrogen-priming, could alter the 

effect of GnRH on gonadotropin secretion, cells were exposed to 48 hours of vehicle 

(0.00001% ETOH) or 0.5 nM estradiol followed by 3 hours of vehicle (0.01% ETOH) or 

50 nM 3a,5a-THP. Cells were then washed twice with plain medium before stimulation 



.. 

Figure 38. Effect of lowering estradiol and GnRH doses on long-term exposure to 5a

DHP. Concomitant with 48 hours of estrogen-priming (0.25 nM), cells were exposed to 

48 hours of 5a-DHP (100 nM) and then washed twice with plain medium before 3 hours 

of stimulation by GnRH (0.25 ng/ml). Cells exposed to vehicle (O.Ql% ETOH) for 48 

hours served as controls. a: p<0.05 as compared to estrogen-treated control. 
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by GnRH (0.5 ng!ml). In the absence of estrogen-priming, 3a,5a.-TIIP had no effect on 

the the GnRH-stimulated response of both LH and FSH (figure 39). 

B. Effect of different doses of 3a.,5a.-THP administered for 3 hours. 

Based on previous in vivo findings from our laboratory where 3a.,5a.-TIIP was 

found to selectively stimulate LH release into the circulation while both LH and FSH were 

elevated in the anterior pituitary, the next question addressed was does 3a,5a.-TIIP 

manifest its selective effect on LH secretion directly at the anterior pituitary? Following 48 

hours of estrogen-priming (0.5 nM), cells were exposed to 3 hours of3a.,5a.-TIIP (1, 20, 

50, and 100 nM), with subsequent stimulation for 3 hours by GnRH (0.5 ng!ml). The 

results show that the highest dose of 3a.,5a.-TIIP (100 nM) elevated basal LH and 

enhanced GnRH-stimulated LH secretion above estrogen-treated controls (figure 39) and 

that the 1.0 nM dose of 3a.,5a.-TIIP elevated basal LH. Neither basal FSH nor GnRH-

stimulated FSH were affected by 3a.,5a.-TIIP treatment. This study was repeated with the 

additional observations of an elevation in basal LH with the 50 nM dose of 

3a.,5a.-TIIP and an enhancement of GnRH -stimulated FSH release by the highest dose 

(100 nM) of 3a.,5a.-TIIP (figure 40). 

C. Effect of 3a,5a.-THP administered for 48 hours. 

To determine if 3a,5a.-TIIP would antagonize estradiol sensitization of GnRH 

responsiveness as was seen with progesterone, cells were exposed to 48 hours of 3a.,5a.

TIIP (100 nM) during the 48 hour estrogen-priming period (figure 41). Estradiol (0.5 nM) 



Figure 39. 3cx,5cx-THP dose-response. Following 48 hours of preincubation, cells were 

exposed to 48 hours of estrogen-priming (0.5 nM) and then 3 hours of 3cx,5cx-THP (1, 

20, 50, or 100 nM). Cells were then washed twice with plain medium and stimulated for 3 

hours with GnRH (0.5 ng/ml). Cells exposed to vehicle (0.00001% ETOH) for 48 hours 

followed by 3 hours of vehicle (0.01% ETOH) or 3cx,5cx-THP (50 nM) served as controls. 

LH and FSH in medium were quantified by RIA. a: p<0.05 as compared to estrogen

treated controls. 
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Figure 40. 3cx,5cx-THP dose-response. Following 48 hours of preincubation, cells were 

exposed to 48 hours of estrogen-priming (0.5 nM) and then 3 hours of 3cx,5cx-THP (1, 

20, 50, or 100 nM). Cells were then washed twice with plain medium and stimulated for 3 

hours with GnRH (0.5 ng/ml). Cells exposed to vehicle (0.00001% ETOH) for 48 hours 

followed by 3 hours of vehicle (0.01% ETOH) or 3cx,5cx-THP (50 nM) served as controls. 

LH and FSH in medium were quantified by RIA. a: p<0.05 as compared to estrogen

treated controls. 
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Figure 41. Effect of long-term 3a,5a-TIIP exposure. Concomitant with 48 hours of 

estrogen-priming (0.5 nM), cells were exposed to 48 hours of 3a,5a-TIIP (100 nM) and 

then washed twice with plain medium before 3 hours of stimulation by GnRH (0.5 ng/ml). 

Cells exposed to vehicle (0.01% ETOH) for 48 hours served as controls. a: p<O.OS as 

compared to estrogen-treated control. 
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elevated both basallli and enhanced the response of LH secretion to 0.5 ng/ml GnRH as 

compared to vehicle controls. Unlike progesterone, 3a,5a-THP did not affect the 

sensitizing effect of estradiol on GnRH stimulation of lli or FSH significantly. However, 

basal LH was significantly diminished after 48 hours of estrogen + 3a,5a-THP exposure. 

D. Effect of lowering GnRH dose on 3a,5a-THP-modulated gonadotropin 

secretion. 

The sensitizing effect of estradiol was absent in the previous study where the LH 

and FSH response to GnRH in non-estrogen primed cells was not significantly different 

from that by estrogen-primed cells. It was thought that this was due to the GnRH dose 

being too high. Therefore, the response of anterior pituitary cells to 3a,5a-THP was 

examined after stimulation with 0.25 ng/ml GnRH instead of 0.5 ng/ml GnRH. Following 

0.5 nM estradiol-priming for 48 hours, cells were exposed to 2 hours of 3a,5a-THP (100 

nM) and stimulated with 0.25 ng/ml GnRH for 3 hours (figure 42). The estrogen-priming 

effect was not evident for either LH or FSH however, 3a,5a-THP significantly enhanced 

GnRH-stimulated FSH secretion, yet was ineffective on GnRH-stimulated LH secretion. 

If the dose of GnRH was lowered even further to 0.15 ng/ml, the results changed. Again, 

the estrogen-priming effect was not significant for either LH or FSH however, basal LH 

secretion was elevated above estrogen-treated controls and GnRH-stimulated FSH was 

elevated but was not statistically significant as compared to estrogen-treated controls most 

probably due to the large standard error (figure 43). 

E. Effect of lowering both GnRH dose and estrogen-priming dose on 

3a,5a-THP modulation of gonadotropin secretion. 

Since the estrogen-priming phenomenon was still absent using the 0.5 nM dose 

even if the GnRH dose was lowered to 0.25 and to 0.15 ng/ml, an attempt was made to 



Figure 42. Effect of lowering GnRH dose on 3a,5a-THP-modulation of gonadotropin 

secretion. Following 48 hours of estradiol-priming (0.5 nM) or 48 hours of vehicle 

(0.00001% ETOH), cells were exposed to 2 hours of3a,5a-THP (100 nM) and then 

stimulated with GnRH (0.25 ng/ml) for 3 hours. LH and FSH in medium were quantified 

by RIA. a: p<0.05 as compared to estrogen-treated controls. 



88 
1200 

"C 
Q) 1000 ... 
CCI 
c. 
Ul 800 
Q) 
() 

II) 600 < 
0 ... 
>< 400 ... -:t: 

....1 
200 

Cl 
r:::: 

0 
veh E2 E-3a,5a-THP 

(0.5 nM) (0.5 nM + 100 nM) 

1000 
a 

"C 
Q) ... 
CCI 800 
c. 
Ul 

Q) 
() 600 

II) 
< 
0 ... 

400 
>< ... -:t: en 200 u. 
Cl 
r:::: 

0 
veh E2 E2-3a,5a-THP 

• OGnRH (0.5 nM) (0.5 nM + 1 00 nM) 
fBJ + 0.25 nglml GnRH 



Figure 43. Effect of further lowering GnRH dose on 3a,5a-THP-modulation of 

gonadotropin secretion. Following 48 hours of estradiol-priming (0.5 nM), cells were 

exposed to 2 hours of3a,5a-THP (100 nM) then stimulated with GnRH (0.15 ng/ml) for 

3 hours. 48 hours of vehicle (0.0000 1% ETOH) followed by 2 hours of vehicle (0.0 1% 

ETOH) served as a control. LH and FSH in medium were quantified by RIA. a: p<O.OS 

as compared to estrogen-treated controls. 
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lower both GnRH and estrogen doses in an effort to magnify the estrogen-priming effect. 

Estradiol (0.25 nM) exposure for 48 hours was used to prime the cells prior to 3a,5a-

THP exposure. Cells were then stimulated with 0.25 ng/ml GnRH. This combination of 

lower estrogen and lower GnRH brought out the sensitizing effect of estradiol on GnRH-

stimulated LH secretion (figure 44). 3a,5a-THP (100 nM) exposure of estrogen-primed 

cells for 2 hours elevated basal LH secretion and significantly diminished GnRH-

stimulated secretion of LH as compared to estrogen-treated controls. GnRH-stimulated 

FSH secretion was also diminished compared to estrogen-treated controls but was not 

statistically significant. The combination of 0.25 nM estradiol and 0.25 ng/ml GnRH was 

used in further studies. 

F. Effect of RU-486 on 3a,5a-THP-modulated gonadotropin secretion. 

To determine if the effects of 3a,5a-THP on gonadotropin secretion were mediated 

by action at the progesterone receptor, the anti-progestin RU-486 was exposed to cells 

concomitant with 3a,5a-THP. First, the effect of RU-486 (100 nM) itself on estrogen-

primed cells was found to decrease GnRH-stirnulated LH secretion significantly and 

appeared to increase basal FSH if exposed to cells for 2 hours (figure 45). When present 

for 2 hours in combination with 100 nM 3a,5a-THP, RU-486 (100 nM) did not affect 

basal LH or FSH secretion or GnRH-stimulated LH secretion as compared to E2-3a,5a-

· THP treatment. However, the combination of estrogen+ 3a,5a-THP + RU-486 enhanced 
' . 

GnRH-stimulated FSH secretion above both estrogen-treated controls as well as estrogen+ 

3a,5a-THP treatment. 



Figure 44. Effect of lowering estrogen and GnRH dose on 3a,5a-THP modulation of 

gonadotropin secretion. Following 48 hours of estradiol-priming (0.25 nM) or 48 hours 

of vehicle (0.00001% acetone), cells were exposed to 2 hours of vehicle (0.01% acteone) 

or 3a,5a-THP (100 nM) and then stimulated with GnRH (0.25 ng/ml) for 3 hours. LH 

and FSH in medium were quantified by RIA. a: p<0:05 as compared to estrogen-treated 

controls. 
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Figure 45. Effect of RU-486 on 3a.,5a.-1HP-modulation of gonadotropin secretion. 

Following 48 hours of estradiol-priming (0.25 nM) or 48 hours of vehicle (0.00001% 

acetone), cells were exposed to 2 hours of vehicle (0.01% acetone), 3a.,5a.-1HP (100 

nM), RU-486 (100 nM), or 3a.,5a.-1HP + RU-486 (100 nM each) and then stimulated 

with GnRH (0.25 ng!rnl) for 3 hours. LH and FSH in medium were quantified by RlA. a: 

p<0.05 as compared to estrogen-treated controls, b: p<0.05 as compared to E2-3a,5a

THP. 
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G. Effect ·of lowering both GnRH and estradiol doses on 3a,5a-THP 

administration for 48 hours. 

The next experiment addressed the question of how 48 hour administration of 
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3a,5a-THP to anterior pituitary cells during the estrogen-priming period would be affected 

if the estradiol dose and the stimulating dose of GnRH were lowered to 0.25 nM and 0.25 

ng/ml, respectively. In this study, cells were primed with estradiol (0.25 nM) and 

administered 3a,5a-THP (100 nM) for 48 hours (figure 46). After washing twice with 

plain medium, the cell were stimulated with GnRH (0.25 rig/ml) for 3 hours. The GnRH

stimulated response of LH secretion was significantly elevated but, basal LH was 

unaffected. Basal FSH was significantly elevated above estrogen-treated controls and the 

GnRH-stimulated response ofFSH appeared to be elevated. The concurrent exposure of 

this metabolite with estrogen had a stimulatory effect on gonadotropin secretion in contrast 

to that by progesterone, which inhibited gonadotropin secretion when present with 

estradiol for 48 hours. 



Figure 46. Effect of lowering estradiol and GnRH doses on long-term exposure to 3o:,5o:

THP. Concomitant with 48 hours of estrogen-priming (0.25 nM), cells were exposed to 

48 hours of 3o:,5o:-THP (100 nM) and then washed twice with plain medium before 3 

hours of stimulation by GnRH (0.25 nglrnl). Cells exposed to vehicle (0.01% ETOH) for 

48 hours served as controls. a: p<0.05 as compared to estrogen-treated control. 
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Discussion 

I. Development of an in yitro model to study direct pituitary effects of 

progesterone and its metabolites. 

Progesterone is known to facilitate or suppress gonadotropin secretion in vivo. 

These effects are influenced by both the time of administration of progesterone (Everett, 

1948, Mahesh, 1985) and the dose of progesterone used (McPherson, et al., 1975, 

McPherson & Mahesh, 1979). The precise site(s) of progesterone action may include the 

hypothalamus, the anterior pituitary, or an integration of actions at both tissues (Mahesh & 

Muldoon, 1987, Brann & Mahesh, 1991). The study of the effects of progesterone at the 

anterior pituitary in vivo , however, is complicated by the constant influences of both the . . 
hypothalamic release of GnRH and the ovarian steroid positive and negative feedback. The 

·progesterone. effects on the anterior pituitary and its subsequent response cannot, therefore, 

be isolated in vivo from the influence of other endogenous hormones. In addition, 

residual progesterone effects from the previous cycle may interfere with interpretation of 

exogenously administered progesterone effects (Banks & Freeman, 1978). Likewise, in 

most in vivo models, GnRH sensitizes the pituitary to subsequent exposure to the 

decapeptide, the in!erpretation of steroid effects on gonadotropin secretion in vivo is 

further complicated (Aiyer, et al., 1974, Castro-Vasquez & McCann, 1975). Therefore, to 

determine if the stimulatory and/or inhibitory actions of progesterone on gonadotropin 

secretion seen in vivo were mediated, at least in part, by action of progesterone directly at 
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the anterior pituitary, primary anterior pituitary cell cultures were established. It was the 

first goal of this thesis project to develop a system suitable to test the hypothesis that 

progesterone may have direct pituitary effects on gonadotropin secretion. 

96 

Consistent with previous in vitro reports (Hsueh, eta!., 1979, Lagace, et al., 1980, 

Drouin & Labrie, 1981, Batra & Miller, 1985) after 48 to 96 hours in culture, anterior 

pituitary cells responded in a dose-dependent manner to 3 hours of GnRH administration 

(0.25-5.0 ng/ml). Additionally, exposure of cells to estradiol (0.5-1.0 nM) enhanced the 

sensitivity of cells to GnRH as seen in other in vitro studies using rat (Hsueh, eta!., 1979, 

Lagace, eta!., 1980, Drouin & Labrie, 1981, Turgeon & Waring, 1981, Kamel eta!., 

1987), human (Dumesic eta!., 1987), monkey (Frawley & Neill, 1984), and sheep 

(Clarke & Cummins, 1984, Batra & Miller, 1985). The estrogen-sensitizing effect on 

GnRH-responsiveness has also been well recognized in vivo in the rat (Arimura & 

Schally, 1971, Debeljuk, eta!., 1972, Greeley eta!., 1975), and in the human (Jaffe & 

Keye, 1974, Lasley, et al., 1975). Although this in vitro system responds to both GnRH 

stimulation and estrogen-priming as is characteristically seen in vivo, there exists several 

inconsistencies with the anterior pituitary cell culture system compared to the intact rat that 

warrant evaluation before accurate interpretation of results can be determined. 

At the end of 96 hours of culture, there exists a low gonadotropin content in the 

cells compared to that in the intact anterior pituitary. This raised a concern of whether there 

was enough LH or FSH available for release in response to stimulation by GnRH to have 

relevance in this system. The determination of the amount of hormone available for release 

in response to GnRH stimulation at the end of culture compared to that in the intact anterior 

pituitary was therefore, addressed. However, since the pituitary tissue is dispersed 

enzymatically with trypsin, it was felt that comparison of hormone in the cells at the end of 

culture should be made to that immediately following the dispersal (starting cell 

suspension) and not to the intact tissue due to the effects of trypsin on cell membranes. 

The percent of LH and FSH present in cultures at the end of 96 hours was determined to be 
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4% and 2%,respectively, of the amount of hormone present in the starting cell suspension. 

Although these are small fractions of the starting material, stimulation of the cells with 0.5 

ng/rnl GnRH after 96 hours has demonstrated a 10 and 2 fold increase for LH and FSH, 

respectively, and after estrogen-priming (0.5 nM) the response to GnRH stimulated a 17 

and 3 fold increase in LH and FSH secretion, respectively. Despite the lower percentage 

of hormone available to respond to GnRH stimulation in cell culture, the response is 

characteristically similar to that obtainable in an in vivo system. Specifically, the 

responses observed in this in vitro system resemble the characteristic dose-dependent 

stimulation of LH and FSH by GnRH seen in vivo, in addition to the sensitizing effect of 

estrogens on GnRH responsiveness. In addition, the relationship of LH secretion is more 

tightly associated with GnRH dose than it is for FSH. Typically, significant FSH 

secretion requires considerably more stimulation by GnRH than does LH in vivo (Aiyer, et 

al., 1974, DePaolo & Barraclough, 1979) and in vitro (Tang & Spies, 1972, O'Conner, et 

a!., 1988, Kellom & O'Conner, 1991). 

Another characteristic of the anterior pituitary cell culture system that is inconsistent 

with the intact rat is that basal secretion of both LH and FSH takes place. l n vivo the 

secretion of gonadotropins, with the exception of the preovulatory surge, is predominantly 

basal during die~lr\IS I and II, and late estrus and is maintained by the frequency and 

· amplitude of GnRH pulsatile stimulation of the anterior pituitary. However, if the 

hypothalamus is lesioned in vivo or in amenorrheic women with hypothalamic failure, 

basal gonadotropin secretion is undetectable, indicating that the intact pituitary itself does 

not secrete gonadotropins in the absence of hypothalamic influence. The basal secretion of 

gonadotropins seen in this in vitro system may be due to a direct effect of gonadal steroids 

on the synth~sis of gonadotropins which may serve to enhance the sensitivity of the 

pituitary. The occurrence of basal gonadotropin secretion has been reponed by others in 

rat (Drouin & Labrie, 1981, Krey & Kamel, 1990, Onmann, et al., 1990) and in ovine 

(Batra & Miller, 1985) monolayer anterior pituitary cell cultures. In perifused anterior 
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pituitary cells taken from various times throughout the estrous cycle, baseline LH and FSH 

release was observed (O'Conner, et al., 1988). LH baseline release was unchanged 

throughout the time points studied; however, FSH baseline secretion was elevated during 

the afternoon of proestrus and early in the morning of estrus. Even after cells were 

maintained in vitro for 48 hours before stimulation with LHRH, the pattern of baseline 

secretion mimicked that observed in serum during proestrus-estrus from intact cycling rats. 

These fmdings suggested that the pituitary could be primed for preferential FSH secretion 

by elevation of baseline FSH . However, these experiments were done using medium that 

contained phenol red which has been found to exhibit estrogenic properties (Berthois, et 

a!., 1986, Hubert, et al., 1986, Rajendran, et al., 1987, Welshans, et al., 1988, O'Conner 

& Kellam, 1990). When the study was repeated in the absence of phenol red, the elevation 

in basal FSH was no longer detectable (Kellam & O'Conner, 1991). Therefore, the basal 

secretion of gonadotropins seen in the perifusion study may have been caused by the 

estrogenic component in the medium. 

The phenomena of low gonadotropin content and the existence of basal hormone 

secretion in this cell culture system are not consistent with those seen in the intact rat. 

However, critical evaluation of these properties and the observation that the cultures 

respond to GnRH and to estradiol as seen in vivo has led to the conclusion that this anterior 

pituitary cell culture model can be used as a valid system to study the direct pituitary effects 

of progesterone on gonadotropin secretion. 

The second question addressed in the development of this system was estrogen 

sensitization of the anterior pituitary cells. Although estrogen-independent progesterone 

receptors have been characterized in the rat brain (MacLusky & McEwen, 1980) and the 

chick embryo (Guennoun & Gasc, 1990), estrogen-priming is necessary for progesterone 

effects on gonadotropin secretion both in vivo and in vitro (Nallar, et al., 1966, Kato, et 

al., 1988). Therefore, in order to study the effects of progesterone on gonadotropin 

secretion directly at the level of the anterior pituitary, it was necessary to first demonstrate 
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estrogen-priming. Ideally, a wide range of GnRH doses tested against a wide range of 

estradiol doses would allow one to select the ideal estradiol dose that would sensitize the 

pituitary cells to the ideal GnRH dose if assay size and resource costs were not a concern. 

However, this was an impractical option. A narrow range of estradiol doses was selected 

for testing based on the physiological peak serum levels of estradiol seen during proestrus 

of the rat estrous cycle and the doses of estradiol found by other investigators to enhance, 

in vitro, the pituitary responsiveness to GnRH. With regard to UI secretion, the release 

by GnRH was significantly enhanced by 0.25, 0.5, 0.75, and 1.0 nM estradiol as 

compared to non-estrogen-treated controls (figure 7). Basal (non-GnRH-stimulated) LH 

was also elevated by the 1.0 and 2.0 nM doses of estradiol. When the dose of 0.5 nM 

estradiol was used to test a range of GnRH-stimulating doses (0.25 to 5.0 ng/ml), the 

EDso of GnRH-stimulated LH was decreased from 0.54 ng/rnl in the absence of estrogen

priming to 0.19 ng/rnl (figure 13).' These findings correlated quite well to that found in 

other in vitro studies (Hsueh, et al., 1979, Lagace, et al., 1980, Drouin & Labrie, 1981, 

Turgeon & Waring, 1981, Kamel eta!., 1987, Ortmann, eta!., 1990). However, towards 

the end of the experiments in thesis project, the demonstratable estrogen-sensitization effect 

.. was lost. The stimulating do~e of GnRH even in the absence of estradiol seemed to 

become inore of a maximally stimulating dose than an intermediate one, which could no 

longer be furth~;r enhanced by estrogen exposure. This may have been due to better cell 

dispersion with time and therefore, less damage to cell" membranes and GnRH receptor 

populations. ·It has iuso been noted by Calderon, et al., 1987, that a seasonal variation in 

hypothalamic and anterior pituitary estrogen receptor levels exists which may account for 

the shift in estrogen sensitivity noted in the anterior pituitary cell cultures over time. In an 

attempt to redefine estrogen-priming conditions, the GnRH-stimulating dose was first 

lowered from 0.5 ng/ml to 0.25 ng/rnl and then to 0.15 ng/rnl GnRH. Neither 

modification was effective in characterizing the estrogen-priming effect. However, when 

the estrogen-priming dose was lowered from 0.5 nM to 0.25 nM combined with 



stimulation by a lower dose of GnRH (0.25 ng/ml), the estrogen-priming effect on LH 

secretion was reinstated. These findings confirm the potentiating effect of estradiol at a 

lower dose of estradiol. 
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The estrogen-sensitizing effect on FSH secretion was quite different, however. In 

response to the estradiol dose response that ranged from 0.25 to 2.0 nM, the 0.5 nM dose 

of estradiol was the only dose that caused a significant enhancement of GnRH-stimulated 

FSH secretion as compared to non-estrogen-treated controls (figure 7). In response to a 

range of GnRH doses (0.25 ng/ml to 5.0 ng/ml) the EDso for GnRH-stimulated FSH 

secretion decreased from 0.58 to 0.36 ng/ml in the presence of 0.5 nM estradiol (figure 13). 

In future experiments, this dose of estradiol varied in its ability to sensitize the FSH 

response to GnRH; sometimes the sensitizing effect on GnRH-stimulation of FSH would 

be significant and at other times, following no particular trend, the sensitizing effect would 

disappear. Conditions that reinstated the estrogen-enhanced GnRH-stimulated LH release 

(0.25 nM estradiol, 0.25 ng/ml GnRH) were not sufficient to reinstate FSH 

responsiveness. This was not surprising, however, since the relationship of FSH 

secretion is not as tightly associated with GnRH dose as it is for LH. Typically, significant 

FSH secretion reqUires considerably more stimulation by GnRH than does LH in vivo 

(Aiyer, et al., 1974, DePaolo & Barraclough, 1979) and in vitro (Tang & Spies, 1972, 

O'Conl)er, eta!., 1988, Kellom & O'Conner, 1991). The lack of consistency and 

insensitivity of FSH secretion may account for the sparcity of literature that reports on the 

regulation ofFSH secretion in vitro. 

II. Progesterone effects on estrogen-primed anterior pituitary cells in 

culture. 

In an effort to determine if progesterone facilitates or inhibits gonadotropin 

secretion by direct action at the anterior pituitary, an anterior pituitary cell culture system 

was used. Everett, in 1948, demonstrated in the intact cycling rat that progesterone could 
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enhance or delay the onset of ovulation, depending on the time it was administered in 

relation to the expected gonadotropin surge. The dual actions of progesterone on 

gonadotropin secretion have also been shown in the acutely ovariectomized immature rats 

depending on the dose administered (McPherson, et al., 1975, McPherson & Mahesh, 

1979). Thus, it has been suggested that the inhibitory action of progesterone can be 

instrumental in limiting the duration of the proestrous gonadotropin surge (Goodman, 

1978), whereas the stimulatory action of progesterone may serve to potentiate the estrogen 

induced surge (Odell & Swerdloff, 1968, Caligaris, eta!., 1971), and ovulation (Rao & 

Mahesh, 1986). The biphasic actions of progesterone have been ascribed to regulate 

gonadotropin secretion both indirectly by action at the hypothalamus and directly by action 

at the anterior pituitary. 

The next question raised in this thesis proje~t was whether the facilitative or 

suppressive effects of progesterone on LH and FSH secretion seen in vivo were mediated 

by direct action at the anterior pituitary. When progesterone was exposed to cells for 3 

hours following 48 hours of estrogen-priming, it facilitated the estrogen-primed secretion 

of basal LH and that induced by GnRH (figure 14). The doses of progesterone were 

within physiologicaltange since the peak circulating levels of progesterone in the rat that 

occur around midnight proestrus are approximately 50 ng/ml or 159 nM. Consistent with 

the notion that estrogen-priming is necessary for progesterone action on gonadotropin 

secretion, progesterone was ineffective in facilitating LH secretion in the absence of 

estrogen-priming. The facilitative effect of progesterone on GnRH-stirnulated LH release 

was demonstratable after 1, 2, 3, an_d 6 hours of exposure. It also stimulated basal LH 

after 2,3 and 6 hours of exposure (figure 18). These findings are consistent with the 

facilitating effect of progesterone found in vivo in the intact cycling rat given progesterone 

late in the cycle, just before the expected gonadotropin surge (Everett, 1948), in the 

immature ovariectomized rat given 0.2 and 0.8 mg!kg BW progesterone after 4 days of 

estrogen-priming (McPherson & Mahesh, 1979), in amennorheic women (Nillius & Wide, 
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1976), and in postmenopausal women (Odell & Swerdloff, 1968). Previous in vitro 

studies have demonstrated progesterone acute facilitative effects on gonadotropin secretion. 

Lagace, et al., 1980, showed a stimulatory effect of progesterone on LH and FSH 

secretion when exposed to cultured pituitary cells for 3 hours after 24 hours of estrogen-

' priming and continued stimulation of FSH up to 48 hours of exposure following estrogen. 

However, they also report a stimulatory effect of progesterone on FSH secretion even in 

the absence of estrogen-priming. This may be due to the fact that they obtained their 

pituitary cells from randomly cycling animals and even though cells were preincubated for 

72 hours before steroid treatment, there may have been residual estrogen influences on the 

cells in culture. Ortmann, et al., 1989, also report acute facilitory effects of progesterone 

on both LH and FSH secretion from estrogen-primed perifused anterior pituitary cells that 

were stimulated with pulsatile GnRH. Kamel & Krey, 1990, report on stimulatory 

progesterone effects on LH secretion from estrogen-primed pituitary cells if exposure was 

less than 6 hours of exposure. 

The effects of progesterone on FSH secretion were not as consistent. Although 

there was a significant enhancement of GnRH-stimulated FSH seen with the 50 nM dose 

of progesterone and elevation of basal FSH by all 3 doses of progesterone tested, when the 

50 nM dose was used in the time course of acute progesterone exposure, only basal FSH 

was elevated after 3 hours. Taken together with reports in the literature, these findings 

indicate that progesteJ:one elicits its facilitative effect on both LH and FSH secretion, at 

least in pan, by acting directly at the pituitary.goiladotrope. 

Besides facilitating gonadotropin secretion, progesterone has also been reported to 

limit the gonadotropin surge. At the pituitary, this may be by antagonism of estrogen-

receptor mediated events. When anterior pituitary cells were incubated for 48 hours in the 

presence of progesterone along with estrogen-priming, the stimulatory effects of estradiol 

on both basal LH and GnRH-stimulated LH secretion were inhibited by progesterone 

(figure 19). The time required to elicit such an effect was at least 36 hours (figure 20). 
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In the normally cycling rat, when progesterone was given early in proestrus, it 

delayed the onset of the gonadotropin surge as well as ovulation (Everett, 1948). In the 

rhesus monkey, Dierschke, et al., 1973, found that when progesterone was administered 

via silastic capsule 12 hours after an estradiol-benzoate injection it blocked the sensitizing 

effect of estradiol on LH and FSH release. This inhibitory effect of progesterone was also 

observed when estradiol and progesterone rose in the circulation simultaneously during the 

menstrual cycle. At the steroid receptor level, progesterone has also been found to have a 

time dependent inhibitory effect on nuclear occupied estrogen receptors in the anterior 

pituitary when administered 1 to 2 hours before a second injection of estradiol. If 

progesterone was administered 4 hours or more before a second injection of estradiol, it 

was ineffective in antagonizing estrogen receptor levels (Calderon, et al., 1988, Fuentes, et 

al., 1990) Perhaps it is by affecting estrogen receptor levels that progesterone is able to 

mediate its inhibitory effect on gonadotropin secretion. In vitro, progesterone was first 

reported to antagonize the sensitizing effect of estrogen and catechol estrogens on LHRH

induced LH release (Hsueh, et al., 1979) and antagonize the estrogen-induced sensitivity to 

GnRH-stimulated LH,release in rat ant~qor pituitary cell cultures (Ortmann, et al., 1990). 

' 
Perhaps becau·se to the aforementioned weakness of FSH sensitivity to GnRH and 

the variability ofFSH response to estrogen-priming may explain the limited reports on 

estrogen-progesterone effects on GnRH-stimulated FSH secretion. That progesterone is . . . 

important in the regulation ofFSH as well as LH secretion was suggested by Chang & 

Jaffe, 1978, where progesterone administered to normally cycling women following an 

injection· of estradiol benzoate, not only enhanced the LH surge in response to GnRH 

stimulation but also induced an FSH surge which was absent if estradiol benzoate was 

administered alone. Progesterone has also been shown to antagonize estrogen induced 

elevation in FSH secretion if given 1 hour before estradiol benzoate injection (Naqvi & 

Johnson, 1970) and has been reported to decrease basal FSH secretion in ovine pituitary 

cell cultures (Batra & Miller, 1985). In the present findings, progesterone is reported to 
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inhibit both basal FSH and GnRH-stimulated FSH secretion in cells exposed to 48 hours 

of progesterone along with estrogen-priming as compared to estrogen treated controls 

(figure 19). This effect was more sensitive and dramatic than for LH in that the inhibitory 

effect required only 12 hours of exposure versus 36 hours for LH inhibition (figure 20). 

The importance of progesterone in the regulation of FSH secretion was more clearly 

illustrated indirectly with the use of the antiprogestin, RU-486 (figure 28). RU-486 in the 

presence or absence of estrogen-priming had no effect on GnRH-stirnulated FSH release. 

However, alone it elevated basal FSH (figure 28). It was clearly demonstrated in figure 28 

that RU-486 antagonized GnRH-induced FSH secretion. Therefore, by indirectly 

inhibiting progesterone action at the gonadotrope with the use of the antiprogestin, RU-

486, the importance of progesterone regulation of FSH was clearly visualized. Taken 

together, the present findings support the literature in demonstrating that progesterone acts 

directly at the anterior pituitary to facilitate and antagonize the estrogen-induced secretion of 

not only LH but also FSH. 

III. Eff~_qf.,,?,.,..q-dihydroprogesterone on estrogen-primed anterior 

nituitary cells. 

The hypothesis that progesterone may be converted to more active metabolites to 

elicit all or part of its effects on gonadotropin secretion has been proposed by a number of 

investigators. That metabolites may act directly at the anterior pituitary are the findings first 

noted by Robinson & Karavolas (1973) where the conversion of 3H-progesterone into 

both 5a:-DHP and 3a:,5a:-THP occurred in rat anterior pituitary tissue after injection. In 

addition, uptake and accumulation of the progesterone metabolites in intact anterior 

pituitary tissue (Karavolas, et al., 1976) and in enriched gonadotropes (Lloyd & 

Karavolas, 1975) suggested that conversion of progesterone into one or more of its more 
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active metab_olites may be a mechanism by which progesterone exerts its effects on 

gonadotroin secretion. Also in support of this possibility, was the measurable elevation of 

progestin metabolizing activity during proestus and estrus of the rat estrous cycle (Krause, 

et a!., 1981). 

Previous in vivo findings from our laboratory indicated that two metabolites of 

progesterone, Sa-DHP and 3a,Sa-1HP, were capable of causing the selective release of 

FSH and LH, respectively. A single injection of Sa-DHP at 0930h into low-dose estrogen-

primed immature rats increased serum FSH at noon and at 1800h having no effect on 

serum LH. Interestingly, pituitary levels of both LH and FSH were elevated but only FSH 

was released into the serum. Because pentobarbital administration at noon prevented the 

elevation of FSH at 1800h induced by Sa-DHP, it was inferred that Sa-DHP may act at 

ihe level of the hypothalamus to alter GnRH secretion patterns. However, because Sa-

DHP also enhanced pituitary sensitivity to exogenous GnRH administration in the release 

of FSH suggested that Sa~DHP may have direct pituitary actions in addition to 
. ~ ' 

hypothalamic regulation. This raised the question of whether progesterone metabolites . . 
have any direcJ pituitary effects in regulation of gonadotropin secretion. 

To examine if the· seleetive effect of Sa-DHP on FSH was mediated directly at the 

gonadotrope, the exposure of anterior pituitary cells to Sa-DHP following estrogen-

priming was tested. A decrease in LH and FSH in the absence of estrogen priming was 

seen. This was consistent with findings by Zanisi & Martini (197S) who report in the 

ovariectomized rat, that in the absence of ethinyl estradiol supplementation, all of the Sa-

reduced metabolites tested inhibited gonadotropin secretion . In the present studies, in 

estrogen-primed anterior pituitary cells, Sa-DHP induced a step-wise increase in FSH 
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secretion in response to GnRH-stimulation (figure 32). At the highest concentration tested 

(100 nM) it was also able to enhance the GnRH-response ofLH secretion. The selectivity 

·of 5a-DHP, in FSH secretion may be dependent on the estrogen-priming dose, the 

concentration of progestin used, as well as the GnRH dose. 

Again, the effect of estrogen sensitivity was not as apparent as experiments were 

continued. In an effon to reinstate the estrogen-priming effect, the dose of GnRH was 

lowered while maintaining the estrogen concentration at 0.5 nM. When the GnRH dose 

was first lowered from 0.5 to 0.25 ng/ml, in the presence of 0.5 nM estradiol, the selective 

FSH secretion was maintained (figure 33). However, if the GnRH dose was lowered even 

funher to 0.15 ng/ml the response ofFSH to GnRH was abolished (figure 34). The effect 

of 48 hours of coexposure of 5a-DHP with 0.5 nM estrogen priming was then tested to 

determine if it would antagonize the estrogen-sensitized responsiveness of the pituitary to 

GnRH as was seen with progesterone (figure 35). Unlike the inhibitory effect of 

progesterone, 5a-DHP did not antagonize estradiol sensitization and was therefore 

ineffective In alterh1g either LH or FSH secretion when compared to estrogen-treated 

controls. 

Since lowering the concentration of GnRH was not effective in itself in reinstating 

the estrogen-priming effect, the concentration of estradiol was decreased to 0.25 nM in 

addition to lowering of the GnRH dose to 0.25 ng/ml (figure 36). Under these conditions, 

.. 
the effect of 5a-DHP was completely reversed. It was inhibitory to FSH secretion in 

response to GnRH stimulation. 

Coexposure of 5a-DHP with estradiol was then tested under the low estrogen 

(0.25 nM) and low GnRH (0.25 ng/ml) conditions (figure 38). The effect of 5a-DHP, or 

the absence of 5a-DHP effect seen in the 0.5 nM estradiol regimen, changed. If present 
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for 48 hours with estradiol (0.25 nM) and stimulated by GnRH (0.25 nglml), 5a-DHP 

increased basal LH and FSH and enhanced the GnRH-stimulated release ofFSH above 

estrogen-treated controls. Apart from the actions of short exposure 5a-DHP at the anterior 

pituitary being critically dependent on both the estradiol priming dose and the GnRH 

stimulating dose, the characteristics of coexposure of 5a-DHP with estradiol is also 

extremely sensitive to manipulations in the estrogen and GnRH doses. Seemingly slight 

changes in the GnRH and estrogenic environment, in an effort to reinstate a significant 

estrogen priming effect, caused dramatic alterations in the response of gonadotropins to the 

metabolite. This demonstrates more clearly that at the level of the anterior pituitary, the 

selective effect of 5a-DHP on FSH secretion is critically dependent not only on the 

· concentration of metabolite but also on the estrogen-priming dose as well as the GnRH

stirnulating dose. This may play a role in the regulation of LH and FSH secretion during 

the preovulatory surge. When estradiol levels are rising to peak levels, 5a-DHP could 

, have the effect of stimulating the secretion of both gonadotropins. On the other hand, as 

estradiol levels diminish to ·baseline by estrus, the change in GnRH secretion patterns as 

well as the lowered estradiol levels may change the characteristics of Sa-DHP effects to 

yield a more selective effect on FSH secretion. In light of the fluctuations in steroid levels 

and GnRH pulse patterns that occur around the preovulatory surge of gonadotropins, it is 

feasible that the extremely sensitive anterior pituitary could drastically change its response 

to direct progesterone metabolite effects under the seemingly slight changes in background 

hormone milieu. 

Zanisi & Martini (1975) have demonstrated in the long-term ovariectomized ethinyl 

estradiol-primed rat that a single injection of 5a-DHP siguificantly stimulates serum LH 

and FSH as compared to ethinyl estradiol treatment alone. Nuti & Karavolas (1977) have 
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injected mu<;h larger concentrations of the progestins (mg quantities) and also induced 

stimulation of serum levels of both LH and FSH by 5a-DHP. The selective FSH secretion 

by 5a-DHP seen by Murphy and Mahesh (1984) that showed stimulation of both 

gonadotropins by 5a-DHP was probably due to a lower estrogen-priming dose and a 

relatively lower metabolite concentrations in the Murphy & Mahesh study. It has also 

been eluded to by Murphy & Mahesh (1984) and by Coutifaris, et al. (1984) that secretion 

of FSH itself on proestrus may autoregulate its secretion on estrus. Murphy & Mahesh 

blocked the secretion of FSH at 1800h induced by a single 5a-DHP injection that morning 

by administration of pentobarbital after the release of FSH at noon. This indicated that 

FSH secretion at noon was necessary for the secretion of FSH 6 hours later. Coutifaris 

and coworkers demonstrated that anterior pituitary organ cultures taken from proestrous 

hamsters, that were administered pentobarbital at noon to block the gonadotropin surge, 

would secrete enhanced quantities of basal and GnRH-stimulated FSH if first preincubated 

with purified FSH. Taken together, these findings suggest that the secretion of FSH on 

proestrus, which could be dependent on 5a-DHP action at the anterior pituitary, seems to 

be necessary for the second peak of FSH secretion seen on estrus, giving credence to the 

hypothesis that.progesterone metabolites themselves may mediate important biological 

events such as the preovulatory surge of gonadotropins. 

IV. Effect of 3a-hydroxy-5a-preenan-20-one on estrogen-primed anterior 

pituitary cells jn culture. 

A second predominant Sa-reduced metabolite of progesterone has been implicated 

in having an important role in the regulation of gonadotropin secretion. 3a,5a-THP is a 
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byproduct of the metabolism of progesterone and 5a.-DHP in tissues such as the 

hypothalamus (Cheng & Karavolas, 1973) and anterior pituitary (Robinson & Karavolas, 

1973) and is also actively secreted by the adrenal (Holtzbauer, et al., 1985) and the ovary 

(Sawada, 1986), and it is found to fluctuate throughout the rodent estrous cycle (Ichikawa, 

et al., 1974). It was demonstrated in a previous study in our laboratory (Murphy & 

Mahesh, 1984) that a single injection of 3a.,5a.-THP at 0930h to immature ovariectomized 

estrogen-primed rats caused an elevation in serum LH by noon which returned to baseline 

by 1800h despite elevated pituitary levels ofLH at 1800h. Pituitary and serum FSH levels 

were not elevated by injection of this metabolite, giving evidence that yet another metabolite 

of progesterone may elicit the selective secretion of one gonadotropin over the other. The 

secretion of LH could also be prolonged if 3a.,5a.-THP was administered at both 0930h 

and 1230h demonstrating that the abrupt termination of the LH surge seen in the early 

afternoon in this animal model like that seen during the afternoon of proestrus, was not due 

to the loss of pituitary sensitivity to GnRH since the release of LH could be prolonged by a 

second injectio~, A possible hypothalamic site of action of this metabolite is supported by 

this study where pentobarbital injections 30 minutes before the metabolite injection at 

0930h or at 1230h blocked the rise in serum LH seen later in the afternoon. However, it 

did not rule out a pituitary site of action. To determine if the selective effects of 3a.,5a.-

THP on LH were due to direct action at the anterior pituitary, cells were exposed to 3a.,5a.-

THP following estrogen-priming. The present findings, in vitro, revealed that 3a.,5a.

THP enhanced the secretion of both basal LH and GnRH-stimulated LH (figure 39) and 

FSH (figure 40) at the highest dose tested (100 nM) as compared to estrogen treated (0.5 

nM) controls. An attempt to reinstate the estrogen-priming effect by lowering the dose of 

GnRH-stimulation (0.25 ng/ml) favored FSH release over LH (figure 41). The long term 
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effects of 3a,5a:-1HP were also investigated to determine if, like progesterone, it could 

antagonize estrogen priming (0.5 nM) effect on gonadotropin secretion. 3a:,5a:-1HP for 

48 hours antagonized basal LH (figure 43). When both estradiol and GnRH doses were 

reduced to 0.25 nM and 0.25 ng!ml, respectively, acute 3a:,5a:-1HP exposure elevated 

basal LH secretion but significantly reduced GnRH-stimulated LH secretion as compared 

to estrogen treated controls (figure 44). These findings demonstrate that this metabolite of 

progesteone acts directly at the anterior pituitary and that the nature of the acute effects of 

3a:,5a:-1HP may be dependent on the estrogenic environment as well as the stimulatory 

dose of GnRH. Wood & Weibe (1989) have also demonstrated direct pituitary effects of 

another 3a:-metabolite of progesterone, 3a:-hydroxy-4-pregnen-20-one, where basal and 

GnRH-stirnulated FSH secretion after exposure of anterior pituitary cells for 24 hours were 

selectively suppressed. An elevation of basal LH was also noted in this system. 

Additionally, 3a:,5a:-1HP has been shown to diminish prolactin secretion in anterior 

pituitary cell cultures (Vincens, et al., 1989). Not only has progesterone and 5a:-DHP 

been shown to have direct pituitary effects on gonadotropin secretion but also another 

progesterone metabolite, 3a:,5a:-1HP is now confirmed to act directly at the anterior 

pituitary to modulate gonadotropin secretion. 

3a:,5a:-1HP is known not to act through progesterone receptors in the rat anterior 

pituitary (Iswari, et al., 1986). In agreement with recent findings from our laboratory, in 

vivo, (Brann, eta!., 1990) the effect of3a:,5a:-1HP on LH secretion was not affected by 

coexposure with RU-486. However, RU-486 did enhance the GnRH-stimulated FSH 

secretion when present acutely with 3a:,5a:-1HP in the low estradiol (0.25 nM), low 



GnRH (0.25 ng!ml) treated cells (figure 45). This raises the question of how this 

progesterone metabolite mediates its effects on LH secretion. 

In a study by Majewska, et al. ( 1986), 3a,Sa-THP, which is known to act as a 

potent anesthetic, was found to mediate its anesthetic effect via the GABA receptor. As 

early as 1974, Ondo demonstrated the selective effect ofGABA injections into the third 

ventricle in the release of LH and not FSH. He suggested that this effect was not due to 
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direct GABA action at the anterior pituitary but required central nervous system interaction. 

Masotto, et al. (1989) have also shown GABA effects on LHRH release from arcuate

median eminence fragments, i'! vitro. Recently, however, Virmani, et al. (1990) 

·demonstrated direct ariterior pituitary effects of GABA on LH secretion in anterior pituitary 

cell cultures which were mediated by the GABAA receptor. In the present study, the 

coexposure of 3d.,Sa-THP with the GABAA receptor antagonist, picrotoxin, were tested to 

determine if the effects of the metabolite ~m gonadotropin secretion could be blocked 

(figure 31). f>reliminary evidence showed th~t in the low estrogen, low GnRH dose 
' . :- ' 

' ' 
treated cells (0.2S nM, 0.2S ng!ml) where 3a,Sa-THP did not affect either LH or FSH 

secretion, an equirnolar concentration of picrotoxin (100 nM) significantly elevated both 

GnRH-stimulati:d LH and FSH secretion. These preliminary findings suggest that under 

conditions where the metabolite may not be effective in altering gonadotropin secretion, 

picrotoxin may exert agonistic actions by binding to the presumed GABA receptor having a 

resultant stimulatory effect on gonadotropin secretion. The involvement of the GABA 

system in the control of gonadotropin secretion is certainly intriguing and surely warrents 

further investigation. 

To determine if the stimulatory and inhibitory effects of progesterone were mediated 

by progesterone itself or by conversion of progesterone to one of its Sa-reduced 

metabolites, progesterone was incubated with cells in the presence of the Sa-reductase 
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inhibitor, 4-MA. If progesterone action was due, in part, to conversion to active Sa

reduced metabolites, then a portion of its effect would be expected to be inhibited in the 

presence of the Sa-reductase inhibitor. Preliminary data has demonstrated that the 

stimulatory effect of progesterone on basal and GnRH-stimulated LH secretion is partially 

antagonized in the presence of 4-MA. The stimulatory effect of progesterone on GnRH

stirnulated FSH secretion is dramatically antagonized by 4-MA. The inhibitory effects of 

progesterone on GnRH-stimulated LH secretion were reversed in the presence of the Sa

reductase inhibitor resulting in a significantly greater secretion of GnRH-stimulated LH as 

compared to estradiol treatment alone. There was a similar, but not significant trend for 

GnRH-stimulated FSH secretion. Using the Sa-reductase inhibitor (AMPD) that was 

characterized by Bertics, eta!., 1984, Putnam, eta!., 1989, demonstrated that 

administration of AMPD before progesterone injection of ovariectomized estrogen-primed 

rats dramatically dimished the progesterone stimulated surge of FSH but had no effect on 

the secretion of LH. 

These preliminary findings indicate that at least a portion of the stimulatory and 

perhaps inhibitory effects of progesterone on GnRH-stimulated LH and FSH secretion 

may be mediated by conversion to one of its more active Sa-reduced metabolites. By 

indirectly blocking the conversion of progesterone to one or more of its active metabolites 

with the use of a Sa-reductase inhibitor, the mechanism of active conversion at the level of 

the anterior pituitary may be an important means by which progesterone elicits its direct 

effects on gonadotropin secretion. In addition, the preliminary findings using picrotoxin 

that suggest the GABAA receptor as a possible site of progesterone metabolite action, 

indicate another mechanism by which progesterone may elicit its selective effect on 

gonadotropin secretion. 



Summary 

The hypothesis that the effects of progesterone, 5a-dihydroprogesterone, and 

. . 
3a,5a-tetrah}droprogesterone on· gonadotropin secretion may be mediated by action 

directly at the level of the anterior pituitary has been tested and has been proven to be true. 

A primary anterior pituitary cell culture system was utilized to investigate these effects. 

Estrogen-priming was shown to enhance the sensitivity of cells to GnRH in the release of 

both LH and FSH. The presence of estrogen was also a prerequisite for progesterone 
' .· 

action since in the absence of estrogen-priming, progesterone was ineffective in stimulating 

or inhibiting either LH or FSH secretion. 

Progesterone, when exposed to anterior pituitary cells at physiological 

concentrations in an acute fashion, was found to accentuate the sensitizing effect of 

estradiol on basal and GnRH-stimulated LH and FSH secretion . Progesterone was also 

demonstrated to antagonize the sensitizing effect of estrogen on GnRH-stimulated LH and 

FSH secretion when exposed to cells concomitantly with estradiol. Both the stimulatory 

and the inhibitory effects of progesterone in this system were extremely sensitive to not 

only the concentration of progesterone, but also the concentrations of estradiol and of 

GnRH. Lowering the dose of GnRH, while maintaining the same estradiol concentration, 

resulted in a loss of the increased effect of progesterone on GnRH-stimulated LH secretion 

with 0.25 ng/ml GnRH and GnRH-stimulated FSH secretion with 0.15 ng/ml GnRH. 

Lowering the estradiol dose to 0.25 nM in addition to lowering the dose of GnRH to 0.25 

ll3 
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ng/ml reinstated the enhanced responsiveness by progesterone for both GnRH-stimulated 

LH and FSH secretion. 

5a.-Dihydroprogesterone enhanced the GnRH-stimulated secretion of FSH in a 

dose-dependent manner. At the highest concentration tested, 5a.-DHP also enhanced 

GnRH-stimulated LH secretion. 5a.-DHP did not antagonize the estrogen-induced 

enhancement of GnRH-stimulated LH or FSH secretion. The stimulatory effects of 5a.

DHP were also sensitive to seemingly small changes in both estradiol and GnRH 

concentrations. Lowering the GnRH dose to 0.25 ng/ml while maintaining the estrogen 

exposure concentration, resulted in an enhancement of GnRH-stimulated FSH secretion 

but not LH secretion. Lowering GnRH even further to 0.15 ng/ml resulted in a diminished 

basal and GnRH-stimulated FSH secretion while enhancing basal LH secretion. Lowering 

both estradiol to 0.25 nM and GnRH to 0.25 ng/ml diminished both GnRH-stimulated LH 

and FSH secretion. 

3a.,5a.-Tetrahydroprogesterone enhanced basal LH and GnRH-stimulated LH and 

FSH secretion. Long term exposure to 3a.,5a.-THP lowered basal LH having no effect on 

GnRH-stimulated LH or FSH secretion. As with 5a.-DHP, the effects of 3a.,5a.-THP 

were very sensitive to small changes in the estrogen-priming dose and to the GnRH dose. 

Lowering GnRH to 0.25 ng/ml diminished the GnRH-stimulated release of LH while 

maintaining GnRH-stimulated FSH secretion. Lowering GnRH to 0.15 ng/ml enhanced 

basal LH without significantly affecting FSH secretion. Lowering estradiol to 0.25 nM 

and GnRH to 0.25 ng/ml also enhanced basal LH while diminishing GnRH-stimulated LH 

and FSH secretion. 

Preliminary studies utilizing the progesterone antagonist, RU-38486 demonstrated 

that the facilitory effect of progesterone was mediated by action of progesterone at the 



progesterone receptor, where basal LH and GnRH-stirnulated FSH secretion were 115 

inhibited by RU-486. Picrotoxin, the GABAA receptor antagonist, was demonstrated to 

diminish basal LH and GnRH-stimulated FSH in the presence of progesterone. Blockade 

of Sa-reduction with the Sa-reductase inhibitor 4-MA, resulted in a decrease of 

progesterone stimulated basal LH and GnRH-stirnulated LH and FSH. These preliminary 

studies confirm that not only is the progesterone receptor involved in the mediation of 

progesterone effects but also suggest that the GABAA receptor may be involved. 

· · These studies' conf~ the hypothesis _that the stimulatory and inhibitory effects of 

progesterone 011.gonadotropin secretion seen in vivo are mediated by action at least in part, 

at the level of the anteri\)r pitnitary. In addition, the effects of various Sa-reduced 

metabolites of progesterone on LH and FSH secretion are also mediated at the level of the 

anterior pituitary .. The fmdings from this research project have also raised questions that 

warrent further study to more closely examine the possible involvement of the GAB AA 

receptor system and the importance of Sa-reduction of progesterone in the mediation of 

gonadotropin secretion at the level of the anterior pituitary. 
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