
THE DYNAMICS OF THE GONADOTROPIN
RECEPTOR POPULATION IN THE CORPUS

LUTEUM OF THE RHESUS MONKEY (MACACA
MULATTA) DURING THE MENSTRUAL CYCLE

Item Type text; Dissertation-Reproduction (electronic)

Authors Cameron, Judy Lee

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:05:23

Link to Item http://hdl.handle.net/10150/284352

http://hdl.handle.net/10150/284352


INFORMATION TO USERS 

This was produced from a copy of a document sent to us for microfilming. While the 

most advanced technological means to photograph and reproduce this document 

have been used, the quality is heavily dependent upon the quality of the material 

submitted. 

The following explanation of techniques is provided to help you understand 

markings or notations which may appear on this reproduction. 

1. The sign or. "target" for pages apparently lacking from the document 

photographed is "Missing Page(s)". If it was possible to obtain the missing 

page(s) or section, they are spliced into the film along with adjacent pages. 

This may have necessitated cutting through an image and duplicating 

adjacent pages to assure you of complete continuity. 

2. When an image on the film is obliterated with a round black mark it is an 

indication that the film inspector noticed either blurred copy because of 

movement during exposure, or duplicate copy. Unless we meant to delete 

copyrighted materials that should not have been filmed, you will find a good 

image of the page in the adjacent frame. If copyrighted materials were 

deleted you will find a target note listing the pages in the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photo

graphed the photographer has followed a definite method in "sectioning" 

the material. It is customary to begin filming at the upper left hand corner of 

a large sheet and to continue from left to right in equal sections with small 

overlaps. If necessary, sectioning is continued again—beginning below the 

first row and continuing on until complete. 

4. For any illustrations that cannot be reproduced satisfactorily by xerography, 

photographic prints can be purchased at additional cost and tipped into your 

xerographic copy. Requests can be made to our Dissertations Customer 

Services Department. 

5. Some pages in any document may have indistinct print. In all cases we have 

filmed the best available copy. 

University 
Microfilms 

International 
300 N. ZEEB RD„ ANN ARBOR, Ml 48106 



8126180 

CAMERON, JUDY LEE 

THE DYNAMICS OF THE GONADOTROPIN RECEPTOR POPULATION IN 
THE CORPUS LUTEUM OF THE RHESUS MONKEY (MACACA MULATTA) 
DURING THE MENSTRUAL CYCLE 

The University of Arizona PH.D. 1981 

University 
Microfilms 

International 300 N. Zeeb Road, Ann Arbor, MI 48106 



THE DYNAMICS OF THE GONADOTROPIN RECEPTOR 

POPULATION IN THE CORPUS LUTEUM OF THE RHESUS 

MONKEY (MACACA MULATTA) DURING THE MENSTRUAL CYCLE 

by 

Judy Lee Cameron 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PHYSIOLOGY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9  8  1  



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by Judy Lee Cameron 

entitled The Dynamics of the Gonadotropin Receptor Population in the 

Corpus Luteum of the Rhesus Monkey, Macaca Mulatta, During 

the Menstrual Cycle 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy 

b / 3 o / H  
Date 

\lASl* 

7 /o /F / 
Date 

Date 

£/%<> A/ 
Date 

follow-
' ' Date 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Dissertation Director 

6 f 3 o / g ,  

Date 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and 
is deposited in the University Library to be made available to bor
rowers under rules of the Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment of source is 
made. Requests for permission for extended quotation from or repro
duction of this manuscript in whole or in part may be granted by the 
head of the major department or the Dean of the Graduate College when 
in his judgment the proposed use of the material is in the interests 
of scholarship. In all other instances, however, permission must be 
obtained from the author. 

v"V" 



I 

This work is dedicated to William E. Cameron. 

His optimistic spirit, abundant energy and well-balanced perspective 

have enriched my life immensely. 

iii 



ACKNOWLEDGEMENTS 

I wish Co express ray sincere thanks to Dr. Richard L. Stouffer 

who provided innumerable hours of instruction and guidance throughout 

my graduate training, and was always enthusiastic, supportive and a 

pleasure to work with. 1 also thank my dissertation committee and the 

other faculty of the Physiology Department, in particular Dr. Douglas 

G. Stuart, whose enthusiasm for science and generous instruction made 

my early graduate training particularly rewarding. Special 

appreciation goes to Barbara Torres and Drue Morgan-Birch for their 

valuable assistance with all aspects of the research and moreover for 

their daily cheerfulness and friendship. Thanks also go to the 

Physiology office staff for their competent assistance and warm 

personalities. Lastly, I wish to acknowledge the boundless support 

and love from my family and friends; I value these above all else. 

This work was supported in part by NIH Research Grants 

HD-12333, NIH-BRSG (RO 5675), NIH-HL 07249, and an Upjohn Graduate 

Fellowship in Physiology. 

iv 



TABLE OF CONTENTS 

Page 

LIST OF TABLES vii 

LIST OF ILLUSTRATIONS viii 

ABSTRACT x 

1. INTRODUCTION AND RATIONALE 1 

2. REVIEW OF THE LITERATURE 4 

Luteotrophic Factors 5 
Estrogen 6 
Prolactin . .... 6 
Follicle Stimulating Hormone, FSH 8 
Luteinizing Hormone, LH . 8 
Chorionic Gonadotropin, CG . 9 

Mechanism of LH-CG action in the Corpus Luteum .... 11 
Gonadotropin Receptors of the Corpus Luteum .... 11 
Gonadotropin Stimulation of Adenylyl Cyclase ... 21 
Gonadotropin Effect on Progesterone Synthesis 

and Secretion 23 
Luteolytic Factors .... 25 

Estrogen 26 
Prostaglandin F20 29 
Gonadotropin Releasing Hormone, GnRH 35 

Changes in Gonadotropin Sensitivity During the 
Luteal Phase 37 

Changes in Gonadotropin Binding and Adenylyl 
Cyclase Activation During the Lifespan 
of the Corpus Luteum 38 

3. OBJECTIVES FOR THE PRESENT STUDY 44 

Experimental Objectives 44 
Choice of Animal Model 45 

4. GONADOTROPIN RECEPTORS OF THE PRIMATE CORPUS LUTEUM: 
I. CHARACTERIZATION OF t125I]-LABELED hLH AND hCG 
BINDING TO LUTEAL MEMBRANES FROM THE RHESUS MONKEY .... 46 

Materials and Methods 48 
Collection of Corpora Lutea 48 

v 



vi 

TABLE OF CONTENTS — Continued 

Page 

Hormone Preparations 49 
Preparation of Radiolabeled hLH and hCG 49 
Preparation of Luteal Particulate Fraction .... 50 
Gonadotropin Binding Studies 51 

Results 53 
Discussion 69 

5. GONADOTROPIN RECEPTORS OF THE PRIMATE CORPUS LUTEUM: 
II. CHANGES IN AVAILABLE LH AND CG BINDING SITES IN 
MACAQUE LUTEAL MEMBRANES DURING THE NONFERTILE 
MENSTRUAL CYCLE 75 

Materials and Methods 77 
Collection of Corpora Lutea 77 
Hormone Preparations 78 
Quantification of Available LH-CG 

Binding Sites 78 
Statistical Analysis 80 

Results 80 
Discussion 87 

6. COMPARISON OF SPECIES SPECIFICITY OF GONADOTROPIN 
BINDING TO PRIMATE AND NONPRIMATE CORPORA LUTEA 93 

Materials and Methods 93 
Preparation of Luteal Tissue 93 
Hormone Preparations 94 
Competitive Binding Experiments 95 

Results 95 
Discussion 99 

7. IN VITRO EFFECTS OF ETHANOL ON PRIMATE OVARIAN 
MEMBRANES: EXPOSURE OF ADDITIONAL GONADOTROPIN 
BINDING SITES 102 

8. REFERENCES 111 



LIST OF TABLES 

Table Page 

1. Degradation of ^^I-gonadotropin (doaes ranging 
from 1.0 - 25 ng) during equilibrium binding 
studies 54 

2. Effects of sucrose, NaN3 and MgCl2 on 
binding to macaque luteal membranes 58 

3. Maximum binding capacity and affinity of LH and CG 
binding sites in particulate preparations of 
macaque corpora lutea removed at specific times 
after the mid-cycle LH surge 82 

4. Moles of unlabeled gonadotropin required to inhibit 
50% of specific ^i>I-hLH binding to particu
late preparations of murine, porcine and macaque 
luteal tissue 97 

vii 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Specific and nonspecific binding of ^^I-hCG to 
increasing concentrations of macaque luteal 
tissue 55 

2. Specific ^!>I-hCG binding as a function of pH of 
the incubation medium 56 

3. Binding of ^-^^I-hLH to membranes of corpus 
luteum, oviduct and prepubertal ovary of 
the rhesus monkey 59 

4. Displacement of ^^I-hLH binding by increasing 
amounts of unlabeled hLH, hCG, bLH, pLH and oLH ... 60 

5 Displacement of ^^I-hCG binding by increasing 
amounts of unlabeled hCG, hLH, hPRL, hFSH, ct-hCG 
and 3-hCG 62 

6 Time dependence of specific ^^I-hCG binding to 
luteal membranes at 4 C, 24 C, and 37 G 63 

7. Analysis of the association of l^I-hCG w£th 
luteal membrane receptors 65 

8A. Dissociation of ^-'i-hCG from luteal membrane 
receptors as a function of time 66 

8B. Logarithmic transformation of the data for dis
sociation of ^^I-hCG from luteal membrane 
receptors during incubation in a 100-fold 
dilution of buffer 66 

9. Specific and nonspecific binding of ^-^^I-hCG to 
luteal membranes as a function of the 
hCG concentration in the incubation medium 67 

10. Composite Scatchard plots of specific ^^I-hLH 
and hCG binding to particulate preparations of 
macaque corpora lutea removed during the mid-
luteal phase of the menstrual cycle 68 

viii 



IX 

LIST OF ILLUSTRATIONS—Continued 

Figure Page 

11. Serum progesterone concentration at luteectomy, 
the wet weight of the corpus luteum and un
occupied LH receptor number in macaque corpora 
lutea removed 2, 4-5, 6-9, 10-12, 13-15 and 
16-18 days after the LH surge 83 

12. Representative serum progesterone patterns for two 
monkeys whose progesterone levels either de
clined just prior to removal of the corpus 
luteum or remained elevated at the time of 
luteectomy, 10-12 days after the LH surge 85 

13. Inhibition of l^I-hLH binding to particulate 
preparations of macaque corpora lutea by co-
incubation with increasing amounts of prosta
glandin (PG) E2 and F2 and 170-estradiol 
(E2) ? 86 

14. Competitive inhibition of 125i_hLH binding to 
macaque, porcine, and murine luteal particulate 
preparations by unlabeled hCG, hLH, oLH, bLH 
and pLH 96 

15. The effect of increasing doses of ethanol on 125j_ 
hLH binding to membrane particulate preparations 
of macaque and porcine corpora lutea 105 

16. Scatchard plots of specific ^f>I-hLH binding to 
particulate preparations of two macaque corpo
ra lutea in the presence and absence of 8% 
(vol/vol) ethanol 106 



ABSTRACT 

The present investigation was designed to further our under

standing of the interaction of pituitary (luteinizing hormone, LH) and 

placental (chorionic gonadotropin, CG) gonadotropins with the primate 

corpus luteum. Studies were performed (1) to characterize the LH/CG 

receptor population in the corpus luteum of the rhesus monkey, and (2) 

to determine whether changes in the LH/CG receptor population occur at 

specific stages in the functional lifespan of the corpus luteum of the 

menstrual cycle, particularly around the onset of luteolysis» 

Gonadotropin binding sites were characterized via the specific 

125 
binding of I-human (h) LH/hCG to 15,000 x g particulate fractions 

of fresh luteal tissue removed from rhesus monkeys during the mid-

125 125 
luteal phase of the menstrual cycle. I-hLH and I-hCG uptake 

was a function of tissue concentration and pH. Unlabeled hLH and hCG 

125 
inhibited I-hLH and hCG binding, but ovine, bovine, and porcine 

LH, hFSH, hPRL and the a and 3 subunits of hCG did not compete readily 

for LH/CG binding sites. All LH preparations were equally effective 

125 
in inhibiting I-hLH binding to particulate fractions of murine 

corpora lutea; thus the apparent species specificity of the primate 

gonadotropin receptors was not due to differences in purity or biolog

ical activity among LH preparations. Gonadotropin binding was time 

and temperature dependent. The association process followed second 

5 -1 
order kinetics with an association rate constant of 0.3 x 10 M sec 

x 



at 24 C. Dissociation was biphasic; the dissociation rate constant 

was 6.4 x 10 ̂  sec * for the fast phase and 6.4 x 10 ̂  sec ^ for 

125 
the slow phase. Only 40% of specifically bound I-hCG dissociated 

within 8 h at 24 C after buffer dilution or addition of excess unla

beled hCG, whereas acidification of the buffer to pH 3.5 or the 

125 
presence of 4 M MgC^ dissociated 95% of the I-hCG within 15 

125 
minutes. Specific hLH and hCG uptake was a saturable process and 

Scatchard analyses of equilibrium binding data yielded linear plots. 

Available LH/CG receptors in corpora lutea removed at specific 

stages of the nonfertile menstrual cycle (i.e., 2, 4-5, 6-9, 10-12, 13-

15 and 16-18 days after the LH surge) displayed comparable affinity for 

hLH (X - 0.88 + 0.04 x 10~10 M) and hCG (K, = 0.7 + 0.03 x 10~10 M). 
d — d — 

In contrast, the number of receptors increased from the early luteal 

phase to maximal levels (8.9 + 0.75 fmol LH bound/mg tissue) during 

the mid-luteal phase (6-9 days post-LH surge) of the cycle, subsequent 

to the development of maximal serum progesterone levels (4-5 days 

post-LH surge). Receptor number decreased significantly by 13-15 days 

after the LH surge and dropped to low, but detectable levels around 

menses (2.3 + 0.3 fmol LH/mg). Although progesterone levels were 

declining in 4 of 8 monkeys luteectomized 10-12 days after the LH 

surge, the LH binding capacity of these 4 tissues (9.0 ± 2.4 fmol/mg) 

was comparable to that of tissue removed while progesterone remained 

elevated (8.7 + 0.8 fmol/mg). Similar changes in hCG binding capacity 

occurred throughout the lifespan of the corpus luteum. Coincubation 

""8 
of particulate fractions with 10 M prostaglandin significantly 



125 "*8 
inhibited I-hLH uptake, whereas 10 M estradiol had no effect. 

The solvent used to dissolve these potential luteolytic agents, i.e., 

125 
ethanol, increased I-hLH binding in a dose-dependent manner 

(0.8-8.0%, vol/vol). Gthanol increased the number of available 

binding sites without altering their affinity for LH. 

The results indicate that the macaque corpus luteum contains 

homogeneous population of gonadotropin binding sites that bind the 

human gonadotropins, hLH and hCG, with equally high affinity through

out the luteal phase of the menstrual cycle. These sites display 

binding properties consistent with those of gonadotropin receptors. 

The number of available LH/CG receptors changes markedly during the 

development and regression of the macaque corpus luteum. Although 

potential luteolytic agents, such as PGF2a, may directly modulate 

LH/CG receptor availability in vitro, these studies strongly suggest 

that the loss of luteal LH receptors during the late luteal phase is 

not an obligatory step in the spontaneous onset of luteolysis in the 

menstrual cycle. Finally, additional gonadotropin receptors may be 

"masked" within luteal membranes and remain undetectable by conven

tional methods for assessing gonadotropin receptor populations until 

exposed by appropriate conditions in vitro, e.g., ethanol, and 

possibly in vivo. 



CHAPTER 1 

INTRODUCTION AND RATIONALE 

The corpus luteum is a transient ovarian tissue whose principal 

function is to secrete progesterone, the steroid hormone responsible 

for preparing the uterus for implantation of the fertilized ovum and . 

for maintaining pregnancy. In primate species, one corpus luteum forms 

midway through each menstrual cycle, secretes progesterone for a dis

crete period of time (approximately 14 days in the nonfertile cycle of 

humans and rhesus monkeys), and subsequently undergoes functional and 

structural regression (i.e., luteolysis) near the end of the cycle. 

The fall in plasma progesterone levels during luteolysis leads to 

degeneration and sloughing of the endometrial lining of the uterus and 

menstrual bleeding. Without sufficient secretion of progesterone 

during the second half (i.e., the luteal phase) of the menstrual cycle, 

the uterine lining does not fully develop and is incapable of support

ing pregnancy. Moreover, interruption of progesterone secretion by the 

corpus luteum would provide a means of preventing the establishment of 

a pregnancy. An understanding of the factors which control luteal 

function in primates is therefore relevant to both clinical problems 

of infertility and the development of new methods for controlling 

fertility. However, there is a limited understanding of the factors 

responsible for the initiation and maintenance of luteal function and 

even less is known about the mechanisms of luteal regression. 
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In all animals studied to date, including primates, the corpus 

luteum is dependent to some degree on luteinizing hormone (LH) from the 

anterior pituitary for development and maintenance of function. Never

theless, regression of the corpus luteum does npt appear to result from 

withdrawal of pituitary LH support. Rather, there is evidence that 

luteal regression in several species results from the action of lute-* 

olytic factors such as prostaglandin (PG) F2a or estrogen. Although 

the mechanisms of action of luteolytic factors are poorly understood, 

recent studies in primate and nonprimate species suggest that these 

factors promote luteolysis by decreasing the ability of corpus luteum 

to respond to circulating LH. Moreover, spontaneous luteolysis in non-

primates as well as primates may be associated with decreased sensi

tivity to gonadotropin stimulation. This concept is supported by re

ports that the availability of LH receptors and LH-sensitive adenylyl 

cyclase activity declines during luteal regression in several nonpri

mate species. Whether these changes in receptor-cyclase activity play 

an important role in initiating luteolysis or are later manifestations 

of luteal regression remains controversial. To date, comparable exper

iments have not been performed in primates. 

The research in primates is confounded by the action of another 

gonadotropin, chorionic gonadotropin (CG). CG is produced by the 

developing placenta and plays a vital role in prolonging the functional 

lifespan of the primate corpus luteum during early pregnancy. Research 

with laboratory animals suggests that LH and CG share a common luteal 

receptor. However, definitive studies addressing this issue have not 
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been performed in primate species where both of these gonadotropins are 

endogenous hormones. 

The present investigation was designed to further our under

standing of the interaction of pituitary (LH) and placental (CG) 

gonadotropins with the primate corpus luteum during the menstrual 

cycle. Experiments were performed (1) to characterize the LH/CG recep

tor population in the corpus luteum of the rhesus monkey, and (2) to 

determine whether changes in the LH/CG receptor population accompany 

changes in luteal function during the lifespan of the corpus luteum of 

the menstrual cycle, with in-depth examination of the hypothesis that 

the loss of LH-CG receptors may play an important role in luteal re

gression in primates. 



CHAPTER 2 

REVIEW OF THE LITERATURE 

Unlike the ovarian cycle of most animals, the menstrual cycle 

of primate species can be divided into two distinct phases: the follic

ular phase and the luteal phase. During the follicular phase, a single 

dominant follicle differentiates from a cohort of growing follicles 

(diZerega and Hodgen, 1981). Maturation of the dominant follicle 

culminates in ovulation, whereas the remaining follicles of the cohort 

undergo atresia, i.e., degeneration, at some point during follicular 

development. Early follicular growth involves growth of the oocyte as 

well as proliferation and hypertrophy of the granulosa cells surround

ing the oocyte. The later stages of follicular growth are marked by 

the appearance of a fluid-filled antrum around the oocyte, differentia

tion of theca cells peripheral to the granulosa layer and production of 

increasing quantities of estrogen, particularly 173-estradiol. At mid-

cycle, estradiol secreted by the dominant follicle triggers the release 

of large amounts of gonadotropins, luteinizing hormone (LH) and fol

licle stimulating hormone (FSH), from the anterior pituitary. Although 

the precise roles of low levels of LH and FSH circulating in the fol

licular phase on follicle selection and development are unclear, the 

mid-cycle "LH surge" appears to be the primary stimulus for ovulation, 

which occurs approximately 24 hours after peak LH serum concentration. 

4 
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Expulsion of the ovum marks the termination of the follicular 

phase and the initiation of the luteal phase. The luteal phase is the 

period when the corpus luteum, an endocrine tissue derived primarily 

from the granulosa cell layer of the ruptured follicle, is functional. 

Development of the corpus luteum (i.e., luteinization) involves exten

sive vascularization of the granulosa layer, hypertrophy and possibly 

hyperplasia of the follicular cells, as well as an increase in the 

amount of smooth endoplasmic reticulum and Golgi in the cells. The 

major secretory product of the cells, now termed luteal cells, changes 

from estrogen to progesterone. Progesterone is responsible for prepar

ing the uterine endometrium for implantation of the conceptus and for 

maintaining of early pregnancy should fertilization occur. In the non-

fertile cycle, the corpus luteum is a transient structure which 

secretes progesterone for approximately 14 days and then undergoes 

functional and structural degeneration, referred to as luteolysis. 

Declining serum progesterone concentrations during luteolysis lead to 

sloughing of the uterine endometrium and subsequent menstruation. The 

first day of menstruation is generally regarded as the event which 

marks the end of the luteal phase of one menstrual cycle and the initi

ation of the follicular phase of the next cycle. 

Luteotrophic Factors 

Available evidence suggests that five hormones, estrogen, pro

lactin, FSH, LH and chorionic gonadotropin (CG), have properties which 

enable them to maintain luteal function. Estrogen, prolactin and FSH 

appear to be luteotrophic in limited number of species. However, the 



corpus luteum of all species is dependent to some degree on pituitary 

LH secretion for formation, structural maintenance and steroidogenic 

activity. In addition, primate luteal function is apparently prolonged 

in early pregnancy by the actions of an additional gonadotropin, CG. 

Estrogen 

The luteotrophic action of estrogen was first demonstrated in 

the rabbit in 1937 by Robson, and subsequently in the rat (Merckel and 

Nelson, 1940; Bogdanove, 1966; Lee and Ryan, 1974), and the sow (Kid

der, Casida and Grummer, 1955; Goldenberg et al., 1973; Hansel, 1973). 

Estrogen may also enhance steroidogenesis in the corpus luteum of the 

hamster (Greenwald, 1967); however, estrogen alone cannot maintain 

luteal function in this species . Likewise, Brown, Bradbury and Jen

nings (1948) demonstrated that estrogen was not capable of supporting 

luteal function in women. In fact, estrogen had a luteolytic action in 

most primate studies to date (Hoffman, 1960; Karsch and Sutton, 1976), 

as will be discussed in detail in later sections. 

Prolactin 

The anterior pituitary hormone, prolactin, was originally iden

tified as the primary luteotrophic hormone in rats by Astwood in 1941. 

Although, the importance of prolactin in maintaining luteal function in 

the rat is now well established (Holt et al., 1976; Grinwich, Hichens 

and Behrman, 1976a), prolactin does not appear to have a similar role 

in domestic animals (Hansel, 1973). The role of prolactin in maintain

ing the primate corpus luteum remains equivocal. Several lines of 

evidence suggest that prolactin has little effect on luteal activity 
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during the menstrual cycle. Early studies by Hisaw (1944) indicated 

that prolactin administration to rhesus monkeys during the latter half 

of the menstrual cycle did not prolong the lifespan of the corpus 

luteum. Moreover, Gemzell (1962) reported that hypophysectomized women 

became pregnant after sequential FSH and hCG administration without 

prolactin supplement. Finally, inhibition of prolactin secretion in 

patients exhibiting pituitary tumors and concomitant amenorrhea re

sulted in the return of normal menstrual cyclicity (Turkington, 1972; 

Del Pozo et al„, 1972). 

Nevertheless, other studies indicate that prolactin may be 

luteotrophic during the menstrual cycle and during the postpartum in

terval in primates. In 1974, McNatty, Sawers, and McNeilly reported 

that low concentrations of prolactin were required for progesterone 

production by human granulosa cells in vitro. The possible importance 

of prolactin circulating during the luteal phase of the menstrual cycle 

(Robyn et al., 1973) in primate luteal function is supported by evi

dence that bromoergocryptine, a potent inhibitor of prolactin release, 

acts synergistically with estrogen to cause premature luteolysis in 

cynomolgus monkeys (Castracane and Shaikh, 1980). The recent discovery 

of prolactin binding sites in human luteal tissue (McNeilly and co

workers, 1980) lends further credence to the concept that the corpus 

luteum of the menstrual cycle is a target tissue for prolactin. In 

addition, suckling prolongs the lifespan of the postpartum corpus 

luteum in rhesus monkeys (Weiss et al., 1973) and Knobil (1973) sug

gested that the luteotropic stimulus at this stage is elevated pro

lactin levels. Indeed, Stouffer, Coensgen, and Hodgen (1980) noted 
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that the addition of human prolactin stimulated progesterone secretion 

by cultures of luteal cells collected from rhesus monkeys immediately 

after parturition. These studies indicate the need for in depth 

examination of the possible role of prolactin in the regulation of 

primate luteal function during the menstrual cycle, pregnancy, and the 

postpartum interval. 

Follicle Stimulating Hormone, FSH 

Although it has been proposed that FSH is an essential compo

nent of a luteotropic complex of hormones in several rodent species 

(Hilliard, 1973; Channing et al., 1980), a luteotrophic role for FSH 

has been firmly established in only one animal, the hamster (Greenwald, 

1967). FSH binding sites have recently been found in human corpora 

lutea during the early luteal phase of the nonfertile menstrual cycle 

(McNeilly et al., 1980), but a role for FSH in corpus luteum function 

in primate species remains to be examined. 

Luteinizing Hormone, LH 

LH serves a luteotrophic function in almost all animals studied 

to date. Infusion of LH during the luteal phase stimulates progester

one secretion in the ewe (McCracken, 1971), and continued infusion sig

nificantly prolongs the lifespan of the corpus luteum (Kaltenbach et 

al., 1968; Karsch et al., 1970). Moreover, Nalbandov (1970) and Hansel 

(1973) reported that withdrawal of LH leads to premature luteolysis in 

domestic animals. LH, in addition to prolactin is reportedly a neces

sary luteotrophic hormone in the rat (Nalbandov, 1970). The only no

table exception may be the pig, since hypophysectomy (Anderson and 
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Melampy, 1967), or treatment with LH antiserum (Spies, Slyter and 

Quadri, 1967) during the luteal phase had no effect on the lifespan of 

the corpus luteum. In similar studies, Moudgal, MacDonald and Greep 

(1972) have shown that injections of LH antiserum during the luteal 

phase of the menstrual cycle lead to premature luteolysis in rhesus 

monkeys. In addition, Vande Wiele (1970) reported that continued 

administration of small doses of LH are needed to maintain luteal 

function in hypophysectomized women following hormonal induction of 

follicular growth and ovulation. Thus, it appears that the corpus 

luteum of most animals,, including primates, requires constant exposure 

to LH for maintenance of progesterone secretion throughout the normal 

luteal lifespan. Moreover, recent reports by Richards and Midgley 

(1976) and Holt et al. (1976) indicate that the luteotrophic influence 

of prolactin in the rat may result in part from the ability of prolac

tin to increase luteal responsiveness to LH by increasing the number of 

available LH receptors. Likewise, Lee and Ryan (1974) reported that 

125 
estrogen treatment in vivo increased the binding of I-hCG to 

slices of rat corpus luteum in vitro. 

Chorionic Gonadotropin, CG 

Although the luteal phase of the nonfertile menstrual cycle is 

terminated approximately 14 days after the LH surge, regression of the 

primate corpus luteum is delayed if fertilization occurs and pregnancy 

ensues (Knobil, 1973). The stimulus for continued luteal maintenance 

is believed to be CG secreted by the developing syncytiotrophoblast 

following implantation of the blastocyst in the uterine endometrium 
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(Knobil, 1973). Hisaw (1944) first reported that administration of ex

ogenous hCG to rhesus monkeys during the midluteal phase of the non-

fertile menstrual cycle prolonged the functional lifespan of the corpus 

luteum and delayed menses by several days. This observation was sub

sequently confirmed by Neill and Knobil (1972) who showed that admin

istration of hCG to rhesus monkeys, at a time in the luteal phase when 

serum progesterone levels were declining, stimulated increased proges

terone production in a pattern resembling that observed during early 

pregnancy (Neill, Johansson and Knobil, 1969). However, it was not 

until the development of a specific radioimmunoassay for macaque (m) 

CG (Hodgen et al., 1974) that CG could be detected in the plasma of 

pregnant rhesus monkeys at the time of "rescue" of the corpus luteum. 

The finding that the first detectable levels of mCG were present in the 

serum of macaques when luteal progesterone production was enhanced in 

the fertile menstrual cycle, indicated that the temporal relationships 

were compatible with the concept that CG is the normal physiological 

stimulus for luteal maintenance during early pregnancy. CG is now 

generally accepted as the luteotropic hormone of early pregnancy in 

primates. Interestingly, a recent report by Wilks et al. (1977) indi

cated that hCG administration did not stimulate progesterone production 

in rhesus monkeys prior to day 6 of the luteal phase. This finding 

suggests that the primate corpus luteum may only be responsive to the 

luteotropic action of CG at specific times during the luteal phase. 

The pituitary gonadotropins, LH and FSH, and the placental go

nadotropin, CG, are structurally related glycoprotein molecules, having 

two noncovalently linked subunits (Ryan et al., 1977; Liu and Ward, 
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1975). The a subunit is common to all three hormones, but each has a 

unique 3 subunit. The a and 3 subunits show considerable cross-linking 

by disulfide bridges, however the exact locations of these bridges have 

not been determined. All data to date indicate that the subunits must 

be combined to display biological activity. The primary amino acid 

sequences in both the a and 3 subunits of LH and CG display homologous 

regions. Considering their structural similarity it is not surprising 

that LH and CG demonstrate similar functional activities, i.e., 

luteotropic or LH-like activity. Sialic acid is common to all three 

glycoproteins; the sialic acid content of CG is higher than LH, which 

probably accounts for the longer half-life of CG in vivo. 

Mechanism of LH-CG Action in the Corpus Luteum 

Gonadotropin Receptors of the Corpus Luteum 

A hormone receptor is a cellular component that initially 

interacts with a hormone molecule through a specific binding site to 

form a hormone-receptor complex responsible for mediating the cellular 

events that lead to the recognized biologic effects of the hormone 

(Munck, 1976). Although hormone receptors have not yet been isolated 

and thoroughly characterized, some of the properties of the various 

hormone receptors have been identified primarily through studies of 

hormone-receptor binding. Many studies have demonstrated that the 

receptors for LH and CG are located primarily on the plasma membranes 

of target cells (Dufau, Catt and Tsuruhara, 1971; Rajaniemi and Vanha-

Perhula, 1972; Han et al., 1974; Rajaniemi, Hirshfield and Midgley, 

1974; Hsueh et al., 1976; Chen et al., 1977; Bramley and Ryan, 1978a,b; 



Petrusz and Sar, 1978; Luborsky-Moore and Behrman, 1979; Anderson et 

al., 1979; Amsterdam et al., 1978). In rat luteal cells, LH receptors 

may be located primarily on the apical surface of the cells adjacent to 

capillaries (Bramley and Ryan, 1979). Examination of solubilized re

ceptors suggest that LH receptors are polymers (Haour and Saxena, 1974; 

Lee and Ryan, 1974; Ji and Ji, 1980) with a molecular weight of approx

imately 194,000 daltons (Dufau et al., 1973a; Dufau, Charreau and Catt, 

1973b). Biochemical studies indicate that the LH receptor is a gly-

colipoprotein moiety (Gospodorowicz, 1973; Lee and Ryan, 1973b; Dufau 

and Catt, 1976) containing disulfide bonds which appear to be necessary 

for maintenance of biological activity (Dufau, Ryan, and Catt, 1974). 

In order for hormone binding sites to be considered receptors, 

the hormone-site interactions must meet certain criteria (Ryan et al., 

1977). First, the sites must exhibit hormone specificity. Second, 

each site should have an affinity for the hormone that is applicable to 

the physiologic range of plasma hormone concentrations. Third, there 

must be a limited number of specific binding sites present in the 

cells of the hormone target tissue. Lastly, the formation of hormone-

receptor complexes- must be linked to the biological effect of the 

hormone. 

Specific binding sites for LH and human (h) CG have been 

identified and characterized in murine (Lee and Ryan, 1973a; Rajaniemi 

et al., 1977; Amir—Zaltsman and Solomon, 1980), bovine (Gospodarowicz, 

1973; Haour and Saxena, 1974; Rao, 1974), porcine (Ziecik, Shaw and 

Flint, 1980) and ovine (Diekman et al., 1978a) corpora lutea as well as 

in testicular tissue from a variety of species, Leydig tumor cells and 



ovarian follicular and interstitial cells (Ryan et al., 1977) via exam-

125 
ination of I-LH and hCG binding to tissue preparations in vitro. 

The binding sites examined in many of these studies met the criteria 

required to be considered gonadotropin receptors. Specific LH-CG bind

ing sites have also been reported in human corpora lutea (Cole et al., 

1973a; Lee et al., 1973; Wardlaw, Lauersen and Saxena, 1975; Rao, 

Griffin and Carman, 1977a; Halme et al., 1978; Rajaniemi et al., 1981; 

Garcea et al., 1980; Tanabe et al., 1980). However, many of these 

studies used poorly defined procedures and failed to characterize fully 

the gonadotropin-binding site interaction (as will be discussed later). 

To date there have been no reports examining the gonadotropin receptors 

in the corpus luteum of nonhuman primate species. 

Although Rao (1979) has reported differential binding of LH and 

CG to gonadotropin receptors of the bovine corpus luteum, most studies 

125 
in nonprimate species have indicated that LH and hCG inhibit I-

LH/hCG binding to the corpus luteum in a similar manner. This has led 

to general acceptance of the concept that LH and CG bind to common go

nadotropin receptors. The concept was originally proposed by Lee and 

Ryan (1973a) subsequent to their findings that the kinetic and equilib-

125 125 
rium binding parameters of I-hLH and I-hCG interaction with 

particulate preparations of luteinized rat ovaries were identical. 

However, it should be noted that CG is only endogenous to primate 

species. Only one group of investigators (Halme et al., 1978) has ex

amined both hLH and hCG binding to human corpora lutea and their 

studies suggest that primate gonadotropin receptors have different 



affinities for hLH and hCG (as will be discussed in detail in later 

sections). 

125 
Binding of I-hLH/hCG to luteal preparations in vitro has 

been shown to increase as a function of time and gonadotropin concen

tration (Lee and Ryan, 1973a; Gospodarowicz, 1973; Diekman et al., 

1978a; Lee et al., 1973; Cole et al., 1973a; Lee et al., 1973; Halme et 

al., 1978; Rao et al., 1977a; Garcea et al., 1980). The pH and ion 

concentration of the incubation medium also affects the gonadotropin-

receptor interaction. Studies indicate that maximum LH-hCG binding 

occurs around pH 7.0 and that binding decreases sharply above and below 

this pH (Gospodarowicz, 1973; Rao et al., 1977a; Rajaniemi et al., 

14* 
1981). Ca and Mg concentrations in excess of 10 mM, as well as 

Na+ (> 50mM) and K+ (> lOOmM), inhibit gonadotropin binding to 

receptors of the rat corpus luteum (Lee and Ryan, 1972; Bellisaro and 

Bahl, 1975). 

The interaction of gonadotropins with specific receptors on 

luteal cell membranes has been modeled as a simple, bimolecular, re

versible reaction (Catt, Ketelslegers and Dufau, 1976): 

^a 
H + R t HR 

kd 

where 
H 3 concentration of free hormone 
R = concentration of free receptor 

HR s concentration of hormone-receptor complex 
ka » association-rate constant 
kd = dissociation-rate constant 



The dissociation equilibrium constant, K^, for this type of inter

action is defined as 

kd (HR) 
Kd = — = 

ka (H)(R) 

Quantititative characterization of gonadotropin receptor sys

tems has usually entailed analysis of the equilibrium binding of 

125 
I-gonadotropin to receptor preparations by the method of Scatchard 

(1949). Scatchard plots are formed by graphing [HR]/[H] versus [HR]. 

When a homogeneous population of independent binding sites are present 

the plot is linear and is defined by the equation 

[HR] 1 
= - — [H0 - HR] 

[H] Kd 

where 

H0 = total receptor concentration 

Thus the slope of the line is equal to -l/K^ and the intercept with 

the horizontal axis represents HQ. 

Calculation of binding parameters by Scatchard analysis is 

valid if the hormone-receptor interactions fulfill certain criteria 

(DeMeyts, 1976; Catt et al., 1976). First, labeled and unlabeled 

hormones must react with the receptor population in a similar manner. 

Second, the hormone-receptor interaction must be fully reversible. 

Third, the hormone must be present in a homogeneous form. And lastly, 



each binding site must only react with one hormone molecule with no 

site-site interactions or ligand-ligand interactions. In addition to 

these criteria which are implicit to the Scatchard model, the equilib

rium binding studies must meet specific procedural qualifications. The 

hormone-receptor interaction must be allowed to reach complete equilib

rium; thereafter the bound and free hormone must be accurately measured 

without disturbing equilibrium conditions. The total hormone binding 

should be corrected for nonspecific binding and the maximum binding 

ability of the tracer before analysis. Moreover, it is important that 

during assessment of nonspecific binding, the labeled and unlabeled 

hormones are added to the incubation medium prior to addition of recep

tor preparation so that they have an equal opportunity to react with 

the receptors. The degradation of hormone and receptors during the 

binding studies should be assessed and taken into account prior to 

Scatchard analysis. Although many investigators have utilized the 

Scatchard method to analyze gonadotropin binding to receptors of the 

corpus luteum and other target tissues, few experiments have adhered to 

the stringent criteria listed above. 

125 
Binding of I-LH/hCG to corpora lutea from a variety of 

nonprimate species (Lee and Ryan, 1973a; Gospodarowicz, 1973; Diekman 

et al., 1978a; Ziecik et al., 1980) have yielded linear Scatchard plots 

indicative of a homogeneous population of gonadotropin receptors which 

do not display site-site interactions. Linear Scatchard plots have 

also been reported by most investigators for gonadotropin binding to 

human corpora lutea (Lee et al., 1973; Cole et al., 1973a; Wardlaw et 

al., 1975; Rao et al. , 1977a; Halme et al., 1978; Garcea et al., 1980; 



Rajaniemi et al., 1981). In contrast, Tanabe et al. (1980) reported a 

curvilinear plot with an upward concavity. The authors suggested that 

this finding is indicative of gonadotropin binding to two distinct 

populations of receptors. However, a similar curve may result from 

125 
hetereogeneity of the I-ligand (Diekman et al., 1978a), negative 

cooperativity among receptor sites or an error in assessing nonspecific 

binding (Chamness and McGuire, 1975; Munck, 1976; DeMeyts, 1976). Two 

methods, both involving evaluation of gonadotropin-receptor dissocia

tion, are available to distinguish hormone binding to multiple popula

tions of receptor sites from the presence of negative cooperativity 

(Rodbard, 1973). Miscalculation of nonspecific binding can be prevent

ed by adding a limited amount of unlabeled hormone, i.e., 10-50 times 

K,, to saturate only the high affinity binding sites (Chamness and 
d 

McGuire, 1975). These possibilities were not discussed by Tanabe et 

al. (1980), nor was the method used to analyze the curvilinear plot 

discussed; such analysis cannot be done graphically (Rodbard, 1973). A 

major criticism of several of the human studies (Cole et al., 1973a; 

Wardlaw et al., 1975; Rao et al., 1977a) is that linear Scatchard plots 

were drawn on the basis of very few data points. 

Many of the binding studies with human corpora lutea were per

formed at 37 C (Cole et al., 1973a; Lee et al., 1973; Rao et al., 

1977a; Garcea et al., 1980; Rajaniemi et al., 1981; Tanabe et al., 

1980). None of the studies assessed receptor or gonadotropin degrada

tion during the incubation, although Lee and Ryan (1973a) demonstrated 

that up to 70% of the labeled hormone was degraded during incubation 

with particulate preparations of luteinized rat ovaries at a much lower 



temperature (24 C). In most cases, human tissue was stored frozen 

prior to assay (Cole et al., 1973a; Wardlaw et al, 1975; Rao et al., 

1977a; Halme et al., 1978; Garcea et al., 1980, Tanabe et al., 1980; 

Rajaniemi et al., 1981), despite reports that gonadotropin binding 

inhibitors appear in rat (Yang, Samaan and Ward, 1976, 1979), pig 

(Sakai, Gngel and Channing, 1977) and human (Channing et al., 1980) 

corpora lutea subsequent to storage at -20 C. Moreover, only one group 

of investigators (Rajaniemi et al*, 1981) measured the maximum binding 

activity of the radiolabeled gonadotropin utilized in the equilibrium 

binding studies. 

Recent studies suggest that gonadotropin binding may not be a 

readily reversible process. Only Gospodarowicz (1973) reported that 

the dissociation of gonadotropin from bovine luteal membranes followed 

125 125 
first order kinetics. I-hLH and I-hCG release from particu

late preparations of luteinized rat ovaries (Lee and Ryan, 1973a) and 

125 
I-hCG release from porcine granulosa cells (Stouffer, Tyrey and 

Schomberg, 1976a) have been reported to follow a biphasic pattern. 

125 
Moreover several investigators have reported that I-hCG binding to 

rat testicular receptors is incompletely reversible (Chen et al., 1979; 

Bhalla et al., 1979; Catt et al., 1980). Their studies showed that the 

reversibility of hCG binding progressively decreased as the period of 

gonadotropin-receptor association increased. 

Studies with intact cell preparations further suggest that 

gonadotropin binding may be irreversible in certain situations. Many 

investigators have reported that gonadotropin binding to luteal and 

testicular receptors in vitro and in vivo is initially associated with 



stimulation of steroidogenesis followed by a period in which the 

steroid-producing cells become refractory to further stimulation by 

gonadotropin (Catt et al., 1978, 1980; Tell, Haour and Saez, 1978). 

The desensitization to LH and hCG appears to involve a loss of membrane 

receptors as well as decreased responsiveness of membrane adenylyl cy

clase and a further lesion in the steroid synthetic pathway (Catt et 

al., 1978, 1980; Tell et al., 1978; Suter et al., 1980; Muller, Bauck-

necht and Siebers, 1980; Gnanaprakasam et al., 1979; Rajaniemi and 

Jaaskelainen, 1978; Davies et al., 1979a). Most studies have utilized 

large doses of gonadotropin. However, doses within the physiologic 

range have been reported to induce similar changes in responsiveness 

(Catt et al., 1978, 1980). Several studies suggest that subsequent to 

interaction with membrane receptors, gonadotropin-receptor complexes 

aggregate, are internalized via an endocytotic process (Chen et al., 

1977; Conn et al., 1978; Anderson et al., 1979; Amsterdam et al., 1978, 

1980) and subsequently are degraded, possibly within lysosomal vesicles 

(Ascoli and Puett, 1977, 1978; Chen et al., 1978a,b; Conn et al., 1978; 

Abel et al., 1978; Ascoli, 1978; Rajaniemi and Jaaskelainen, 1977). 

Although it has been shown that gonadotropin receptors in luteinized 

rat ovaries (Rajaniemi et al., 1974; Han et al., 1974) and Leydig cells 

(Catt et al., 1980) are located predominately on the plasma membrane, 

receptors have also been localized in the cytoplasm of murine luteal 

cells (Han et al., 1974) and on the Golgi, rough endoplasmic reticulum 

and nuclear membranes of bovine luteal cells (Mitra and Rao, 1978; Rao 

and Mitra, 1979). Together, these studies suggest that the interaction 

between gonadotropins and membrane receptors is a complex process 
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possibly involving a number of steps. If this is the case, the binding 

constants derived from Scatchard plots, as well as association and dis

sociation rate constants derived from kinetic studies, may actually 

apply to a summation of the hormone-receptor interactions or to the 

rate-limiting step of the interaction. 

Although Scatchard analysis of equilibrium binding data pro

vides a method for measuring unoccupied hormone receptors, the slow 

dissociation of bound gonadotropin indicates that receptors filled with 

endogenous hormone may not be available for interaction with radio

labeled hormone and thus are not measurable by this method. The number 

of filled receptors have been indirectly quantified by measuring the LH 

eluted from luteal tissue by low pH solutions (Diekman et al., 1978a; 

Ziecik et al., 1980). This method was originally develope'd by Dufau, 

Catt and Tsurahara (i972). Subsequently, chaotropic agents such as 

MgC^ (Chen and Payne, 1977; Katikinieni et al., 1980) and urea 

(Halme et al., 1978; Ziecik et al., 1980) have been utilized to elute 

gonadotropins from receptors on several target tissues. To date, MgC^ 

has not been utilized in luteal tissue studies and Ziecik et al., 

(1980) recently reported considerable degradation of LH follows urea 

elution. Diekman et al., (1978a) and Ziecik et al. (1980) reported 

that the percentage of receptors filled with endogenous gonadotropin 

ranged between 0.2 and 1.0% of the total receptors present in ovine 

and porcine corpora lutea, respectively. In contrast, Wardlaw et al. 

(1975) concluded that 9-60% of the total receptors in human corpora 

lutea were filled with endogenous LH. However, these investigators did 

125 
not measure the quantity of eluted LH, but compared I-hCG binding 
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to fresh luteal homogenates with binding to homogenates that had been 

preincubated in a high pH buffer. The difference between the human 

data and that from the sheep and pig may therefore be a function of 

methodological differences. 

Gonadotropin Stimulation of Adenylyl Cyclase 

Cyclic (c) AMP is generally recognized as the cellular mediator 

of many, if not all, of the effects of LH and CG on their target tis

sues (Marsh, 1975; Ryan et al., 1977). Early experiments by Marsh and 

Savard (1964a,b, 1966) demonstrated that addition of exogenous cAMP to 

slices of bovine corpora lutea stimulated progesterone producion in a 

manner similar to LH. Moreover, they found that the effects of LH and 

cAMP on progesterone production were not additive. In 1966, Marsh et 

al. were.the first investigators to observe that the addition of LH to 

bovine corpora lutea increased tissue cAMP levels; this has subsequent

ly been demonstrated in corpora lutea of many species (Marsh, 1975; 

Ryan et al., 1977) including humans (Marsh and LeMaire, 1974), as well 

as in other target tissues for LH and CG (Marsh, 1975; Ryan et al., 

1977). The LH-stimulated increase in cAMP was brought about by in

creased activity of adenylyl cyclase rather than inhibition of phos

phodiesterase activity (Marsh, 1970). More recently, LH-stimulated 

adenylyl cyclase activity has been identified and studied in corpora 

lutea from a variety of nonprimate species (Anderson, Schwartz and 

Ulberg, 1974; Birnbaumer et al., 1976; Hunzicker-Dunn and Birnbaumer, 

1976a,b,c; Bockaert, Hunzicker-Dunn, and Birnbaumer, 1976; Abramowitz 
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and Birnbaumer, 1979; Ezra and Salomon, 1979; Azulai and Solomon, 1980; 

Day et al., 1980). 

Results from several studies have challenged the concept that 

all gonadotropin receptors are coupled to adenylyl cyclase. Catt and 

Dufau (1973) reported evidence that maximal cAMP production and ste

roidogenesis can occur at doses of hCG which do not completely saturate 

the available gonadotropin receptors on murine testicular membranes. 

Their finding led to the concept of "spare" receptors; however, it did 

not establish whether the "spare" receptors were capable of stimulating 

adenylyl cyclase. More recently, it was reported that gonadotropin 

receptors on the basolateral surface of murine luteal cells are associ

ated with adenylyl cyclase activity, whereas another population of 

gonadotropin receptors present on the microvillus surface is associated 

with little adenylyl cyclase activity (Bramley and Ryan 1978a,b, 1979, 

1980). Further studies are required to determine the possible sig

nificance of receptor and adenylyl cyclase compartmentalization. 

Hormonal activation of adenylyl cyclase in many hormone systems 

appears to be regulated by guanyl nucleotides and nucleosides (Ryan et 

al., 1977; Rodbell, 1980). Although the interaction between these mem

brane components is not completely understood, several models proposed 

(Rodbell, 1980; Abramowitz, Iyengar and Birnbaumer, 1979) that the hor

mone receptor complex interacts with a regulatory subunit that binds 

guanyl nucleotides prior to activation of adenylyl cyclase. Binding 

of GTP to the regulatory subunit appears to stimulate adenylyl cyclase 

and GDP competitively inhibits GTP stimulation. Paradoxically, GTP ap

pears to have an inhibitory influence on hormone-receptor interactions 



(Abramowitz et al., 1979). Whether GTP directly modulates the gonado

tropin receptor or acts through the regulatory subunit remains unclear 

at this time. 

As in other systems, gonadotropin stimulation of adenylyl cy

clase is potentiated by the addition of nucleotides (Birnbaumer et al., 

1976; Rodbell et al., 1975). Reports by Birnbaumer and Yang (1974) and 

Birnbaumer et al. (1976) suggest that ATP rather than GTP is involved 

in LH-receptor-adenylyl cyclase coupling in the corpus luteum. How

ever, Ezra and Salomon (1979) recently reported a GTP-sensitive LH-

stimulated adenylyl cyclase in rat ovarian membranes. In contrast to 

the inhibitory affects of GTP on the hormone-receptor interaction in 

several systems (Abramowitz et al., 1979) recent experiments by 

LaBarbera, Richert, and Ryan (1980) suggested that nucleotides did not 

modulate hCG binding to particulate preparations of luteinized rat 

ovaries. However, an earlier report by Rao (1975) suggested that nu

cleotides decreased the affinity of gonadotropin receptors in the bo-

125 
vine corpus luteum for I-hCG. 

Gonadotropin Effect on Progesterone Synthesis and Secretion 

The predominant site of LH and cAMP action on stimulation of 

progesterone production is believed to be between the conversion of 

cholesterol to pregnenolone (Ichii, Forchielli and Dorfman, 1963; Hall 

and Koritz, 1964, 1965; Hall and Young, 1968; Armstrong, Lee and 

Miller, 1970). However the mechanism of action remains to be deter

mined. As reviewed by Marsh (1975), there are several ways in which 

the steroidogenic pathway may be modulated by LH. Briefly outlined, LH 



may: (1) increase the production of an enzymatic cofactor such as 

NADPH; (2) increase the availability of an enzymatic substrate such as 

cholesterol; (3) increase the transport of cholesterol into the mito

chondria where the first enzymes in the steroidogenic pathway are 

located; (4) increase the activity of the cholesterol side-chain 

cleavage enzyme complex by activating or increasing the synthesis of 

one of the components; or (5) increase the efflux of progesterone from 

mitochondria, thereby decreasing end-product inhibition of the enzyma

tic system. Although there is experimental data supporting each of 

these possibilities, none have been conclusively substantiated. The 

various possibilities are not mutually exclusive, thus LH may stimulate 

steroidogenesis by more than one mechanism. 

Recent studies (Ling and Marsh, 1977; Dufau and Catt, 1978; 

Sala, Dufau and Catt, 1979) indicate that LH stimulation of steroido

genesis is accompanied by increased protein kinase activity. Although 

increases in protein kinase activity have been detected with doses of 

LH that do not appreciably increase cAMP concentrations, it is possible 

that cAMP concentrations are selectively elevated in specific intracel

lular compartments (Niswender et al., 1980). Protein kinases may in

fluence steroidogenesis via modulation of gene expression and protein 

synthesis (Jungmann and Hunzicker-Dunn, 1978), or activation of various 

enzymes in the steroidogenic pathway (Trzeciak and Boyd, 1974; Caron et 

al., 1975; Caffrey et al., 1979). 

LH activation of steroidogenesis appears to require protein 

synthesis. Protein synthesis inhibitors, such as puromycin, block the 

action of gonadotropins in corpora lutea (Savard, Marsh and Rice, 1965; 
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Marsh, 1968; Hermier, Corabamous and Jutisz, 1971) and other target 

tissues (Marsh, 1975). These inhibitors block LH-stimulated progester

one synthesis subsequent to cAMP formation (Marsh et al., 1966) and 

prior to side-chain cleavage of cholesterol (Hermier et al., 1971). 

Recently, Azhar, Menon and Menon (1980) have reported that LH-

stimulated progesterone production is dependent on mRNA production as 

well as protein synthesis. 

The initial secretion of progesterone subsequent to LH stimula

tion is a rapid process (Higuchi et al., 1976) which is not consistent 

with simple diffusion of the steroid out of the cell (Niswender et al., 

1980). The observation that progesterone secretion parallels the for

mation and release of secretory granules in luteal cells of several 

species (Corteel, 1973; Gemmell, Stacy and Thorburn, 1974; Gemmell and 

Stacy, 1977; Sawyer et al., 1979) has led to the suggestion that 

progesterone is packaged in membrane-bound vesicles and released by 

exocytosis. A recent model for progesterone synthesis (Abel et al., 

1978; Niswender et al., 1980) proposes that vesicles containing a 

"progesterone-carrier protein" accumulate progesterone as they migrate 

towards the plasma membrane where they are released into the extra

cellular space by exocytosis. Hypothetically, LH could stimulate 

progesterone secretion at any step in this scheme. 

Luteolytic Factors 

Although maintenance of the primate corpus luteum is depen

dent on pituitary LH, it is unlikely that regression of the corpus 

luteum is due to withdrawal on gonadotropic support (Knobil, 1973). LH 



concentrations in the peripheral plasma remain at low, basal levels 

throughout the entire luteal phase; they do not decline around the time 

of luteolysis. This observation has prompted speculation that luteal 

degeneration is initiated by the action of a luteolytic factor, rather 

than by the removal of luteotrophic support. Exogenous estrogen, 

prostaglandins of the F series and gonadotropin releasing hormone 

(GnRH) induce luteolysis in a variety of species, making these sub

stances candidates for physiological factors responsible for initi

ating regression of the primate corpus luteum during the nonfertile 

menstrual cycle. 

Estrogen 

Administration of exogenous estrogen induces premature regres

sion of the corpus luteum in several domestic animals (Greenstein, 

Murray and Foley, 1958; Wiltbank, Ingalls and Rowden, 1961; Lynn et 

al., 1965, Hawk and Bolt, 1970). Similar effects of systemic estrogen 

administration on the lifespan of human (Gore, Caldwell and Speroff, 

1973; Johansson, 1973) and macaque (Karsch et al., 1973; Auletta et 

al., 1972) corpora lutea have been reported. It was not possible to 

ascertain the negative feedback effects of the exogenous estrogen in 

most of these studies because circulating LH levels were not monitored. 

However, Karsch et al. (1973) reported that doses of estrogen that did 

not alter plasma LH concentrations elicited premature luteolysis in 

rhesus monkeys, suggesting that estrogen may have directly inhibited 

luteal function. This possibility was examined by Karsch and Sutton 



(1976), who found that dosed of estradiol which caused premature lute

olysis when injected into the ovary containing the corpus luteum did 

not significantly shorten the lifespan of the corpus luteum when 

injected into the contralateral ovary or subcutaneously in rhesus 

monkeys. In this study, premature luteolysis was associated with 

decreased serum LH levels. However, the authors concluded that low LH 

concentrations were not the major cause of luteolysis since estradiol 

injections into the contralateral ovary also lowered circulating LH but 

did not shorten the luteal phase. This conclusion is supported by 

studies in sheep which indicated that estrogen-induced luteolysis could 

not be accounted for by inhibition of LH secretion (Cook et al., 1974; 

Kann and Denamur, 1973; Denamur and Kann, 1973). Karsch and Sutton's 

study (1976) supported the finding in women (Hoffman, 1960) that im

plantation of estradiol into the ovary bearing the corpus luteum 

shortened the menstrual cycle. 

Human (Hammerstein, Rice, and Savard, 1964) and macaque 

(Stouffer, Bennett, and Hodgen, 1980; Williams, Johnson, and Hodgen, 

1980) corpora lutea, as well as those of a few nonprimate species 

(Weiss, Brinkley and Young, 1976; Elbaum and Keyes, 1976) produce 

estrogen as well as progesterone. Moreover, Butler, Hotchkiss and 

Knobil (1975) reported that the estrogen concentration in macaque 

luteal tissue increased during the late luteal phase at the time when 

luteal progesterone production was declining. These reports, in addi

tion to those discussed in the preceding paragraph, led Knobil (1973) 

to suggest that estrogen produced by the corpus luteum is responsible 

for initiating regression of the primate corpus luteum, i.e., that 



luteolysis is the result of a "self-destruct mechanism". Detailed 

examination of in vitro estrogen synthesis by macaque luteal cells 

collected at specific times during the lifespan of the corpus luteum 

(Stouffer et al., 1980) indicated that the estrogen synthetic capacity 

of luteal cells did not increase during the late luteal phase coinci

dent with luteal regression. However, the investigators point out that 

these results may not necessarily reflect in vivo estrogen synthesis, 

particularly if androgen precursors are provided by other ovarian 

compartments. Alternatively, constant levels of estrogen could induce 

luteolysis consequent to increased sensitivity of the corpus luteum to 

the luteolytic action of estrogen. Indeed, Schoonmaker, Victery and 

Karsch (1981) recently reported that the corpus luteum of the rhesus 

monkey was refractory to the luteolytic action of estradiol during the 

first seven days of the luteal phase but thereafter exogenous estradiol 

administration resulted in premature luteolysis. 

Evidence is accumulating which indicates that estrogen may 

initiate luteolysis by decreasing the responsiveness of luteal cells to 

LH. Hansel (1973) reported that estradiol abolished the stimulatory 

effects of LH on the bovine corpus luteum. More recently, Stouffer, 

Nixon and Hodgen (1977a) demonstrated that low doses of estrogen which 

did not alter basal progesterone production, inhibited gonadotropin-

stimulated progesterone production by luteal cells from the rhesus 

monkey. Moreover, Williams et al. (1979) showed that estradiol inhib

ited hCG-stimulated progesterone production by human luteal cells in 

vitro in a dose-dependent fashion. Studies by Sairam and Behrman 
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(1979) suggested that gonadotropin antagonism by estrogen may be medi

ated by a direct action on gonadotropin receptors. These investigators 

found that synthetic estrogens, diethylstilbestrol (DES) and DES-sodium 

125 
phosphate, decreased I-LH binding to membranes of luteinized rat 

ovaries. A similar decrease in gonadotropin binding to particulate 

fractions of human corpora lutea by DES was reported by Nakano, Yamoto 

and Iwasaki (1981). This investigation further determined that the 

number of LH binding sites, but not affinity of the sites, was de

creased by DES. However, the physiological significance of these find

ings is uncertain since estradiol and estradiol benzoate did not affect 

LH binding (Sairam and Behrman, 1979). Nevertheless, Sotrel et al. 

(1981) recently reported that estradiol injections into the corpus 

luteum of the rhesus monkey during the midluteal phase of the non-

fertile menstrual cycle decreased the number of LH binding sites in the 

corpus luteum, without altering the affinity of the sites for LH. In 

contrast to these reports, Williams et al. (1979) found that estradiol 

inhibited progesterone production by human luteal cells in vitro, with

out altering hCG-induced accumulation of cAMP. Moreover, cAMP stimula

tion of progesterone synthesis was also blocked, suggesting that estro

gen may have inhibited LH-stimulated progesterone synthesis at a point 

beyond cAMP formation. 

Prostaglandin F2a, PGF2a 

In 1969, Pharris and Wyngarden demonstrated that in vivo admin

istration of PGF2a resulted in premature luteolysis in pseudopregnant 

rats. Since that time, exogenous PGF2a has been reported to cause 
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luteolysis in a wide variety of laboratory and domestic animals (Horton 

and Poyser, 1976; Ellinwood, Nett and Niswender, 1978). Moreover, the 

uterus of many domestic animals produces PGF2a during the late luteal 

phase and removal of the uterus from these species is associated with a 

significant extension of the lifespan of the corpus luteum (Hansel, 

1973). These observations led to speculation that PGF2a uterine 

origin is responsible for the initiation of luteolysis in many labora

tory and domestic animals (Horton and Poyser, 1976; Flint and Hillier, 

1975). 

In contrast, hysterectomy has no effect on the length of the 

menstrual cycle in monkeys (Neill et al., 1969) and women (Beling, 

Marcus and Markham, 1970), indicating that uterine origin is 

not the physiologic luteolysin responsible for initiating regression of 

the primate corpus luteum. Moreover, a number of studies suggest that 

exogenous PGF2a does not promote luteolysis in primate species. Many 

investigators reported that administration to women had negli

gible or transient luteolytic effects (Jones and Wentz, 1972; Wentz and 

Jones, 1973; Coudert, Winter and Faiman, 1974; Arrata and Chatterton, 

1974; Okamura et al., 1974). Likewise, Wan et al. (1975) were not 

able to induce premature luteolysis in rhesus monkeys by admin

istration. However, Kirton et al. (1972) and Spilman and Roseman 

(1975) reported that PGF2a and 15-keto PGF2a ^3 naturally occurring 

metabolite of PGF), respectively, promoted luteolysis in rhesus mon

keys. The luteolytic action of 15-keto PGF2a in macaques has been 

further established by Wilks (1977). More recently, specific binding 

sites for PGF0 have been demonstrated in human (Rao, Griffin and 
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Carman, 1977b; Powell, Hammarstrom and Samuelsson, 1974a) as well as 

ovine, bovine and equine (Powell, Hammarstrom and Samuelsson, 1974b, 

1975; Rao, 1975; Kimball and Lauderdale, 1975; Kimball, 1976) corpora 

lutea. Shutt, Shearman and Lyneham (1975) reported that human corpora 

lutea contain PGF2a and Challis et al. (1975) showed that minces of 

human corpora lutea were capable of producing prostaglandins. Based on 

short-term incubations of intact corpora lutea, Balmaceda et al. (1979) 

concluded that macaque luteal tissue also produced prostaglandins. 

However, it is not clear whether the prostaglandins measured in the 

incubation media were actually produced by the luteal tissue. Never

theless, these reports suggest that the primate corpus luteum may pro

duce prostaglandins which could subsequently act through specific bind

ing sites to promote luteolysis. This hypothesis, reminiscent of the 

"self-destruct mechanism" postulated for estrogen-induced luteolysis 

(Knobil, 1973), warrants further examination. Indeed, several studies 

have suggested that the capacity of the primate corpus luteum to 

produce prostaglandin changes during the luteal phase, particularly 

around the onset of luteolysis. Shutt et al. (1975) and Patwardhan and 

Lantheir (1980) reported increased PGF concentrations in human corpora 

lutea during the mid to late luteal phase. However, studies by Challis 

et al. (1975) and Swanston, McNatty and Baird (1977) showed no increase 

in PGF2a production or content in human corpora lutea during the 

later stages of the luteal phase. Alternatively, the corpus luteum may 

become progressively susceptible to the luteolytic action of PGF2a 

during the luteal phase. Henderson and McNatty (1977) found that 

corpora lutea of several species were resistant to PGF2a~induced 



luCeolysis during the early luteal phase. They suggested that the 

sensitivity of the corpus luteum to PGF20 increased during luteal 

phase as a result of unmasking of PGF2a receptors. In contrast, 

Stouffer, Nixon and Hodgen (1979) suggested that PG receptors in the 

macaque corpus luteum are available throughout the luteal phase but 

that the action of PGF2Q switches from steroidogenic to antigonado-

tropic as the luteal phase progresses. They found that stimu

lated in vitro steroidogenesis in isolated macaque luteal cells col

lected during the early luteal phase but inhibited gonadotropin-

stimulated steroidogenesis in cells collected at later stages. 

The mechanisms of PG-induced luteolysis are not established. 

Early investigators proposed that PGF2a initiated luteolysis via 

reduction of blood flow to the ovary (Pharris and Wyngarden, 1969) or 

corpus luteum (Thorburn and Hales, 1972). It was subsequently demon

strated that luteolysis in the sheep (Niswender et al., 1976), rabbit 

(Novy and Cook, 1973) and rat (Pang and Behrman, 1979) was associated 

with a decrease in blood flow to the corpus luteum. Although there 

have been numerous attempts to determine whether decreased luteal 

blood flow is a cause or a result of luteolysis in domestic animals 

(McCracken, 1971; Novy and Cook, 1973; Bruce and Hillier, 1974; 

Niswender et al., 1976; Moore and D'Alecy, 1976; Wehrenberg et al., 

1978), this controversy remains unresolved. Kirton et al. (1976) 

reported that administration of pharmacologic doses of PGF2a to 

rhesus monkeys to elicit luteolysis, decreased ovarian blood flow. 

However, there has been no examination of the role of ovarian/luteal 

blood flow on the normal regression of the primate corpus luteum. 
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Alternatively, data has accumulated which suggests that 

may exert its luteolytic action by decreasing the responsiveness of the 

corpus luteum to LH. PGF2a antagonism of LH-stimulated progesterone 

production has been demonstrated in nonprimate (Horton and Poyser, 

1976; Behrman, Ng and Orczyk, 1974; Behrman, 1977) and primate (Chan-

ning, 1972; Henderson and McNatty, 1977; Stouffer et al., 1979) 

species. Behrman (1977) suggested that this antagonism may occur 

through a direct action of PGF2a on LH receptors. Decreased binding 

of gonadotropins to rat luteal tissue has been reported following in 

vivo (Hichens, Grinwich, and Behrman, 1974) but not in vitro (Thomas, 

Dorflinger and Behrman, 1978) administration of PGF2a» Although 

Behrman and Hichens (1976) reported that PGF2a reduced the in vivo 

125 
uptake of I-hCG by corpora lutea of pseudopregnant rats at the 

time that serum progesterone declined, other studies in the rat (Behr

man, Grinwich and Hichens, 1976; Torjesen et al., 1978) and ewe (Diek-

man et al., 1978b) indicated that reduced progesterone secre

tion in vitro prior to any decrease in LH binding. These studies, 

which address the crucial question of whether changes in gonadotropin 

binding precede or follow the initial stages of luteal regression, 

suggest that PGF2a~induced luteolysis may not result from altera

tions in gonadotropin binding in several nonprimate species. Recent 

studies by Sotrel and coworkers (1981) indicated that injection of 

PGF2a into the corpus luteum of the rhesus monkeys resulted in a 

decreased capacity of the luteal tissue to bind LH within five hours. 

Although serum progesterone concentrations were lowered by one hour 

after the PGF2a injection, the capacity of the tissue to bind LH was 
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not assessed until five hours post-injection. Therefore, it was not 

possible to determine the temporal relationship between the decreases 

in serum progesterone and LH binding capacity in this study. 

In addition to possible alterations in gonadotropin binding, 

work by Lahav, Freud and Lindner (1976) indicated that acutely 

inhibited LH-stimulated cAMP production in vitro by luteinized rat 

ovaries. Further studies in this same system by Thomas et al. (1978) 

showed that PGF2a inhibited LH-stimulated progesterone production and 

that exogenous cAMP would reverse this effect. Moreover, PGF2U had 

125 
no effect on the capacity of the tissue to bind I-hCG, suggesting 

that PGF2a inhibited adenylyl cyclase activation by the gonadotropin-

receptor complex. These findings suggest that one of the early actions 

in PGF2a induction of luteolyeis is impairment of the ability of 

LH-receptors to activate intracellular processes via stimulation of 

adenylyl cyclase. 

Recent studies suggest that the luteolytic effect of estrogen 

is mediated by PGF2a* Experiments by Auletta, Agins and Scommegna 

(1978) demonstrated that estrogen-induced luteolysis of the macaque 

corpus luteum was blocked by inhibitors of prostaglandin synthesis. 

Moreover, in vivo infusions of estradiol resulted in increased PGF_ 
2a 

levels in the ovarian vein. More recently, Balmeceda et al. (1980) 

reported that Lii vivo administration of estrogen to rhesus monkeys dur

ing the early luteal phase was associated with decreased serum proges

terone concentrations and an increased ratio of PGF2a/PGE2 pro

duction by the corpus luteum in vitro. These investigators concluded 

that estrogen may induce luteolysis by altering the ratio of PGF2a/PGE2 



production. However, as discussed earlier, their procedure did not 

clearly measure prostaglandin production. In addition, it was not 

clear from their earlier study (Balmaceda et al., 1979) that PGF2a/PGE2 

ratios were higher at luteolysis than at earlier stages of the luteal 

phase. Sotrel and coworkers (1981) found that injections of both pGF2Q 

and estradiol into the corpus luteum of the rhesus monkey lowered serum 

progesterone levels and decreased the capacity of the tissue to bind 

LH. Although PGF2ct significantly decreased serum progesterone within 

1 hour, estrogen did not suppress circulating progesterone until 3-5 

hours after administration. The temporal difference may be due to the 

possibility that estrogen-induced luteolysis is mediated by PGF2a 

production. 

Gonadotropin Releasing Hormone, GnRH 

Over the past five years, numerous studies have established 

that exogenous GnRH and GnRH analogs inhibit luteal function in non-

primates (Humphrey et al., 1976; Corbin et al., 1976; Labrie et al., 

1977, 1979; Kledzik et al., 1978) and primate species (Lamay et al., 

1979; Hsueh and Erickson, 1979; Casper and Yen, 1979; Koyama et al., 

1978). Most of these studies were performed with intact animals and 

the effects of GnRH were often assumed to result from effects at the 

hypothalamic-pituitary level (Cuson et al., 1979; Conti et al., 1976, 

1977). However, recent in vitro examinations of GnRH interaction with 

luteal tissue suggest that the luteolytic actions of this hormone may 

be partially attributable to direct effects at the ovary. Specific 

receptors that bind GnRH and a GnRH analog with high affinity, have 
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brane prepartions (Clayton, Harwood and Catt, 1979; Harwood, Clayton 

and Catt, 1980a). Moreover, GnRH binding was associated with a de

crease in basal progesterone production as well as a decrease in the 

steroidogenic responsiveness of luteal cells to gonadotropin (Harwood 

et al., 1980b; Behrman, Preston and Hall, 1980). The maximal level of 

gonadotropin-stimulated progesterone production was not diminished by 

GnRH, nor was gonadotropin binding decreased (Harwood et al., 1980b; 

Behrman et al., 1980). However, LH-stimulated cAMP accumulation was 

inhibited by GnRH (Behrman et al., 1980). Although Behrman et al. 

(1980) found that GnRH inhibited LH-stimulated adenylyl cyclase activ

ity in intact luteal cells, they could not detect similar inhibition 

in luteal membrane preparations. These studies suggest that GnRH can 

directly reduce LH-stimulated progesterone secretion by rat luteal tis

sue via inhibition of cAMP accumulation, possibly due to inhibition of 

adenylyl cyclase activity. 

Ying et al., (1981) recently isolated a small peptide, termed 

gonadocrinin, from rat follicular fluid that stimulated FSH and LH 

secretion by the rat pituitary ija vivo and in vitro. Thus, gonado

crinin exhibited biological activity similar to GnRH at the pituitary 

level. However, the chemical nature of gonadocrinin was different from 

GnRH. Although the effects of gonadocrinin on ovarian function have 

not been examined to date, it is possible that the so-called "GnRH 

receptors" present in the ovary may actually serve as receptors for 

gonadocrinin, since the levels of GnRH circulating in the general 

bloodstream are undetectable. 



Changes in Gonadotropin Sensitivity during the Luteal Phase 

Analysis of the cellular mechanisms through which es~ 

trogen and GnRH decrease the steroidogenic activity of the corpus 

luteum to gonadotropins suggests that all three agents decrease the 

responsiveness of the corpus luteum to gonadotropin. Moreover, studies 

in domestic animals (Armstrong and Black, 1966) and macaques (Stouffer 

et al., 1977b; Wilks et al., 1977) indicate that changes in the luteal 

responsiveness to gonadotropins normally occur during the lifespan of 

the corpus luteum. Armstrong and Black (1966) found that bovine 

corpora lutea removed during the late estrus cycle did not produce 

progesterone in response to LH in vitro. At all other stages, bovine 

luteal tissue was responsive to LH stimulation. Examination of 

isolated macaque luteal cells (Stouffer et al., 1977b) revealed that 

hCG stimulated progesterone production by cells removed during the mid-

luteal phase (days 15-19 of the menstrual cycle), but that progesterone 

production in response to hCG was markedly decreased in cells removed 

during the late luteal phase (days 22-28). Wilks et al.. (1977) report

ed that the macaque corpus luteum was not responsive to hCG in vivo 

during the early luteal phase (2-6 days after the mid-cycle LH surge) 

but that hCG responsiveness was elevated on days 7-15 after the LH 

surge. In contrast to the in vitro study by Stouffer et al. (1977b), 

these investigators found that the corpus luteum remained somewhat 

responsive to hCG during the late luteal phase. Thus, the ability of 

the aging corpus luteum to produce progesterone in response to gonado

tropin stimulation may differ under in vivo and in vitro conditions. 
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Changes in Gonadotropin Binding and Adenylyl Cyclase 
Activation During the Lifespan of the Corpus Luteum 

The number of available LH/CG receptors in the ovary and the 

affinity of the receptors for gonadotropin changes over the course of 

the reproductive cycle in laboratory and domestic animals. Studies by 

Channing and Katnmerman (1973), Midgley (1973), Kammerman and Ross 

(1975), Lee (1976), Gnanaprakasam, Gupta and Talwar (1976) and Stouffer 

et al. (1976a) have indicated that during the follicular phase the 

ability of granulosa cells to bind LH and CG greatly increases as the 

follicles develop. The increase in binding ability appeared to result 

from an increased number of gonadotropin receptor sites/cell rather 

than an<increased binding affinity of the individual receptors (Kammer

man and Ross, 1975; Stouffer et al., 1976a). In vitro and in vivo 

studies in several nonprimate species demonstrated that the induction 

of LH/CG receptors in granulosa cells of developing follicles was 

regulated by FSH (Richards et al., 1976; Channing, 1975; Anderson and 

Channing, 1978; Nimrod, Tsafriri and Lindner, 1977). The induction 

process in porcine granulosa cells was accompanied by an increased 

ability of LH to stimulate cAMP production, suggesting that the new 

LH/CG receptors are coupled to adenylyl cyclase (Lee, 1976; Channing et 

al., 1980). It is generally accepted that LH binding to granulosa cell 

receptors is responsible for stimulating ovulation and luteinization 

(Channing et al., 1980). 

Studies in luteinized rat ovaries suggest that LH/CG bind

ing changes during the functional lifespan of corpus luteum (Lee et 

al., 1975). The binding of gonadotropins to rat ovaries throughout 



pseudopregnancy was studied recently in detail by Rajaniemi and co

workers (1977). These investigators injected immature rats with ovine 

FSH and LH to induce functional corpora lutea and measured the amount 

of gonadotropin binding to ovarian tissue pellets and isolated cells 

125 
throughout the lifespan of the corpus luteum. The binding of Z-hCG 

increased during the first few days following ovulation, remained 

constant for several days and then fell to pre-luteinization levels. 

The amount of binding closely paralleled the changes in progesterone 

secretion by the corpora lutea. Although these investigators implied 

125 
that the changes in I-hCG binding were a result of changes in 

receptor number, the procedures utilized could not delineate between 

changes due to alterations in receptor number versus affinity. In more 

physiological systems, Diekman and coworkers (1978a) and Ziecik et al. 

(1980) showed that the number of available LH receptors increased early 

in the lifespan of the corpus luteum, remained elevated during the 

midluteal phase and subsequently decreased late in the luteal phase 

of the estrous cycle in ewes and pigs, respectively. Diekman et al. 
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(1978a) observed no changes in receptor affinity for I-hCG at any 

time during the estrous cycle in the ewe. In constrast, Ziecik et al. 

(1980) found that receptors of the pig corpus luteum had an increased 

125 
affinity for I-pLH during the late luteal phase. Both groups also 

reported that changes in the number of receptors occupied with en

dogenous gonadotropin paralleled the changes in available receptor 

number. Although changes in total receptor number, occupied receptor 

number and serum progesterone were significantly correlated during the 

estrous cycle of the ewe (Diekman et al., 1978a), it was not possible 
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from this study to determine whether changes in receptor number pre

ceded the onset of luteolysis. Serum progesterone was not measured in 

the study by Ziecik et al. (1980), so it was not possible to correlate 

receptor number with luteal activity in this study. The maximum number 

of receptors occupied by endogenous LH was 0.6% and 1.02% of the total 

receptor number in the ewe and pig, respectively. This finding sug

gests that maximal progesterone production by the corpus luteum occur

red when a low percentage of receptors were occupied; this may be con

sidered as support for the "spare'" receptor hypothesis (Catt and Dufau, 

1973) discussed earlier. However, Niswender et al. (1980) questioned 

whether receptors that are unoccupied are actually "spare", suggesting 

that circulating levels of LH are so low that large numbers of recep

tors are required in order for enough receptors to be occupied to 

stimulate steroidogenesis. 

Changes in LH/CG binding to particulate preparations of human 

corpus luteum have also been reported over the course of the luteal 

phase of the nonfertile menstrual cycle (Wardlaw et al., 1975; Halme 

et al., 1978; Bolton, Coulom and Ryan, 1980; McNeilly et al., 1980; 

Rajaniemi et al., 1981). However, the studies were not as thorough as 

those in nonprimate species and the results were not consistent. Dis

crepancies may have resulted partially from the practice of estimating 

the age of the corpus luteum from the patient's menstrual history and 

histological examination of the tissue. Croxatto, Ortiz and Croxatto 

(1980) recently reported that assessment of luteal age from morphologic 

features and the day of the menstrual cycle is subject to considerable 
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error due to normal variation in the length of the follicular and 

luteal phases and the day of ovulation in the primate ovarian cycle. 

125 
Studies by McNeilly et al. (1980) suggested that I-hLH and 

hCG binding to human luteal tissue changed during the lifespan of the 

corpus luteum of the menstrual cycle in a manner similar to that dis

cussed earlier for nonprimate species. Gonadotropin binding was low 

during the early luteal phase, maximal during the midluteal phase and 

declined during late luteal phase. Serum progesterone levels appeared 

to increase during luteal development prior to gonadotropin binding; 

however, it was not possible to determine the temporal relationship 

between declining progesterone levels and reduced gonadotropin binding 

during luteolysis. In addition, this study did not determine whether 

changes in gonadotropin binding resulted from alterations in receptor 
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number or affinity. Several other studies have indicated that I-hCG 

binding to human corpora lutea changes during the menstrual cycle 

(Wardlaw et al., 1975; Bolton et al., 1980), but the large variation in 

binding among tissues obtained on the same day of the cycle suggests 

that these changes were not significant. Moreover, these studies did 

not attempt to correlate gonadotropin binding with the functional 

activity of the corpus luteum; serum progesterone levels were not 

assessed in these investigations. Halme et al. (1978) and Rajaniemi 

et al. (1981) are the only investigators to date to examine changes 

in LH/CG receptor number and affinity in the human corpus luteum dur

ing the menstrual cycle. Halme and coworkers (1978) reported that 

the number of gonadotropin binding sites increased during the late 

luteal phase and that the affinity of these sites for hCG increased in 



relation to the affinity for hLH as the luteal phase progressed. How

ever, Rajaniemi et al. (1981) reported that gonadotropin receptor 

number increased during the early luteal phase and then remained essen

tially constant through the late luteal phase. They found no signifi

cant changes in affinity during the luteal phase. Review of these 

studies indicates that the reported changes in gonadotropin binding to 

human corpora lutea over the course of the nonfertile menstrual cycle 

are generally uninterpretable due to inadequacy of the experimental 

procedures. 

LH-sensitive adenylyl cyclase activity also changes during fol

licle development and during the lifespan of the corpus luteum of non-

primate species. LH-stimulated adenylyl cyclase activity increases in 

rabbit, rat (Hunzicker-Dunn and Birnbaumer, 1976b,c) and pig (Lee, 

1976) follicles during follicular development. Moreover, the LH-

responsiveness of adenylyl cyclase in corpora lutea from pseudopreg-

nant/pregnant rats and rabbits increased during early luteal develop

ment and declined around the onset of luteolysis (Hunzicker-Dunn and 

Birnbaumer, 1976b,c; Ryan et al., 1977). Whether these changes are 

related to alterations in LH receptor availability, LH receptor 

activation of adenylyl cyclase, or direct modulation of the adenylyl 

cyclase moiety has not been established. To date, there are no reports 

characterizing the LH-sensitive adenylyl cyclase system of the primate 

corpus luteum of the menstrual cycle. 

In summary, evidence suggests that the sensitivity of the cor

pus luteum to gonadotropin stimulation is not static, but changes dur

ing the lifespan of the corpus luteum in primate as well as nonprimate 
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species. Alterations in luteal sensitivity to gonadotropin may play an 

important role in modulating the response of the corpus luteum to 

available luteotropic stimuli. Recent studies in nonprimate species 

suggest that changes in luteal sensitivity to gonadotropin may result 

from alterations in (1) the number of available LH/CG receptors, (2) 

the affinity of the receptors for gonadotropin, or (3) the ability of 

gonadotropin-receptor complexes to stimulate adenylyl cyclase. Further 

investigations are needed to determine whether similar changes in LH/CG 

receptors and LH-sensitive adenylyl cyclase normally occur during the 

lifespan of the primate corpus luteum of the menstrual cycle. More

over, detailed studies are required to clarify whether such changes 

play an important role in modulating luteal sensitivity to gonadotropin 

and mediating alterations in luteal function, particularly around the 

time of luteolysis. 



CHAPTER 3 

OBJECTIVES OF THE PRESENT STUDY 

In the present study, the LH/CG receptor population of the cor

pus luteum of the rhesus monkey (Macaca mulatta) was examined through

out the luteal phase of the nonfertile menstrual cycle via specific 

125 125 
binding of I-hLH and I-hCG to particulate fractions of luteal 

tissue. In addition, the relationship between the functional activity 

of the corpus luteum and the binding capability of the gonadotropin 

receptor population was evaluated, especially during the initial stages 

of luteolysis. The ultimate goal of the investigation was to determine 

whether the initiation of spontaneous luteolysis in primates is accom

panied, and possibly preceded, by changes in the gonadotropin receptor 

population of the corpus luteum. In addition, the acute ̂ n vitro 
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effects of estrogen and prostaglandins on the I-hLH binding to 

macaque luteal tissue were examined to ascertain whether these poten

tial luteolytic agents could reduce the sensitivity of the corpus 

luteum to gonadotropin by directly altering the gonadotropin-receptor 

interaction. 

Experimental Objectives 

The study was designed to fulfill four specific objectives. 

Experiments were performed (1) to characterize the LH and CG receptors 

of the macaque corpus luteum with respect to their tissue and hormone 
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specificity, affinity for LH/CG and the kinetics of the gonadotropin-

receptor interaction; (2) to assess gonadotropin receptor number and 

affinity throughout the lifespan of the macaque corpus luteum of the 

menstrual cycle; (3) to compare gonadotropin binding capability with 

the steroidogenic activity of luteal tissue during the normal menstrual 

cycle; and (4) to investigate the direct effects of estrogen and vari

ous prostaglandins on the gonadotropin-receptor interaction in primate 

luteal tissue. 

Choice of Animal Model 

The experiments utilized corpora lutea removed from adult, 

female rhesus monkeys exhibiting normal menstrual cycles. The rhesus 

monkey was chosen as a primate model on the basis of similarities be

tween the menstrual cycle and luteal function in this macaque and 

humans (diZerega and Hodgen, 1981). Both species are monovular, form

ing one functional corpus luteum during each nonfertile cycle. The 

menstrual cycle of rhesus monkeys and humans are of comparable length 

and are not terminated by the action of an uterine luteolytic factor. 

The advantages of using a nonhuman primate for the study were 

threefold. First, the menstrual and hormonal events during the cycle 

could be followed much more closely in monkeys than in humans by daily 

observation and blood sampling. Second, based on the above informa

tion, it was possible to remove the corpus luteum from the macaque 

ovary at specific times in the cycle designated in the experimental 

protocol. Third, it was possible to remove four to six corpora lutea 

per year from each monkey. 



CHAPTER 4 

GONADOTROPIN RECEPTORS OF THE PRIMATE CORPUS LUTEUM: 
I. CHARACTERIZATION of [125I]-LABELED hLH and hCG BINDING TO 

LUTEAL MEMBRANES FROM THE RHESUS MONKEY 

Luteinizing hormone (LH) from the anterior pituitary is essen

tial for the development of the corpus luteum and the maintenance of 

luteal function in many species, including primates (Knobil, 1973). 

Nevertheless, regression of the corpus luteum does not appear to result 

from withdrawal of pituitary LH support (Knobil, 1973). Rather, lute-

olytic factors such as prostaglandin (PG) F2a (Horton and Poyser, 

1976) or estrogen (Hawk and Bolt, 1970; Karsch and Sutton, 1976) may 

initiate the demise of the corpus luteum. Recent studies on primate 

(Stouffer et al., 1977a, 1979; Williams et al., 1979) and nonprimate 

(Behrman et al., 1978; Lahav et al., 1976; Thomas et al., 1978; Sairam 

and Berman, 1979) species suggest that these factors promote luteolysis 

by decreasing the ability of the corpus luteum to respond to circu

lating LH. This concept is supported by reports that the availability 

of LH receptors (Rajaniemi et al., 1977; Hichens et al., 1974) and 

LH-sensitive adenylyl cyclase activity (Lahav et al., 1976; Ryan et 

al., 1977) declines in luteal tissue of laboratory animals during spon

taneous and PGF^^induced luteolysis. Comparable experiments have 

not been performed in primate species. However, any investigation on 

primates must consider the role of another LH-like gonadotropin, 

chorionic gonadotropin (CG), which acts on the corpus luteum during the 

46 



47 

later stages of the fertile menstrual cycle to prolong luteal function 

in early pregnancy (Knobil, 1973). 

Gonadotropin receptors have been investigated in the corpus 

luteum of a variety of nonprimate species (Ryan et al., 1977; Catt et 

al., 1976; Diekman et al., 1978a; Papaionannou and Gospodarowicz, 1975; 

Lee and Ryan, 1973a; Amir-Zaltsman and Solomon, 1980) via the specific 

125 
binding of I-labeled LH or hCG. These studies, particularly the 

report of Lee and Ryan (1973a), resulted in the concept that LH and CG 

share the same receptors in luteal tissue. However, definitive studies 

have not been performed in primate species where these are endogenous 

hormones. LH/CG binding sites have been identified in human corpora 

lutea (Cole et al., 1973a; Lee et al., 1973; Wardlaw et al., 1975, Rao 

et al., 1977a; Halme et al., 1978; Rajaniemi et al., 1981), but their 

characteristics are poorly defined. This may be correlated in part 

with the difficulty in obtaining normal human ovaries for research and 

in accurately determining the age/functional status of corpora lutea in 

surgical samples. 

In the present investigation we have utilized the rhesus monkey 

as a novel model for detailed examination of the receptors for LH and 

CG in the primate corpus luteum during the nonfertile menstrual cycle. 

In this chapter, I report the characteristics of the LH and CG binding 

sites in macaque luteal tissue during the midluteal phase of the 

menstrual cycle. In the following chapter, I describe the changes 

which occur in these binding sites at specific stages during the 

lifespan of the corpus luteum of the menstrual cycle, in particular 

during luteolysis. 
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Materials and Methods 

Collection of corpora lutea 

Twenty female rhesus monkeys were individually caged in a con

trolled environment at 24 C, 12 h light/day, in the Division of Animal 

Resources at the Arizona Health Sciences Center. Animals were main

tained on a diet of Purina monkey chow and water ad libitum supplement

ed daily with fresh fruit. Animal care included daily checks for 

menses and recording of each monkey's menstrual pattern. Monkeys ex

hibiting nomal menstrual cycles of approximately 28 days were selected 

for surgery. Counting the day of the onset of menstrual flow as day 1. 

of the menstrual cycle, the corpus luteum was removed on days 17-19 of 

the cycle. Blood samples were collected by femoral venipuncture be

tween 0800-1000 h for several days before surgery. The serum was 

stored at -20 C until analyzed for progesterone content. The day 

before surgery the progesterone content of petroleum ether extracts of 

serum samples was determined by a radioimmunoassay as described previ

ously (Stouffer et al., 1976b) except the incubation period was short

ened to 2 h at 24 C. Laparotomy was performed on animals whose serum 

progesterone concentrations indicated the presence of a functional 

corpus luteum, i.e., > 1 ng/ml. Corpora lutea were obtained at lapa

rotomy under ketamine anesthesia (Parke Davis; 20-25 mg/kg; IM) supple

mented with phenobarbitol (Harvey Laboratories; 8-12 mg/kg; IV) anes

thesia. The corpus luteum was excised from the ovary by blunt dissec

tion and immediately placed in 0.05 M Tris-HCl buffer at 4 C for trans

port to the laboratory. After luteectomy, the menstrual pattern of 

each monkey was followed for reestablishment of regular menstrual 
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cycles. AC least one normal cycle was allowed for recuperation before 

another laparotomy was performed in the subsequent cycle. Our experi

ence indicated that the corpus luteum can be removed tin 4-8 occasions 

without altering cyclic ovarian function of the rhesus monkey. 

Hormone preparations 

Purified hCG (CR119; 11,600 IU 2nd Int. Std. hCG/mg), ct-hCG 

(ct-CRll9; 14.5 IU/mg) and 3-hCG (6-CR119 110-2; 5.2 IU/mg) were pro

vided by Dr. R. Canfield. Purified hLH (LER 960; 2 x NIH-LH-Sl/mg by 

rat OAAD assay), hFSH (NIH-FSH-HS-1; 4990 IU FSH and 187 IU/mg LH 2nd 

IRP HMG) and hPRL (AFP 1582C) were supplied by the National Pituitary 

Agency. Dr. D. Ward provided the purified oLH (DNW 9-109-6), bLH (DNW 

9-117-2), and pLH (DNW 9-121-1) preparations which had biological 

activities, as determined by the rat OAAD assay, of 2.51, 2.37, and 

1.87 x NIH-LH-Sl, respectively. Commercial chorionic gonadotropin 

(APL) was purchased from Ayerst Laboratories. 

Preparation of radiolabeled hLH and hCG 

Purified hLH (LER 960) and hCG (CR119) were radiolabeled with 

125 
1 raCi Na I (Amershara) by the lactoperoxidase procedure of Stouffer 

et al. (1976a) with minor modifications. The reaction utilized 5 yg 

hormone and 200 ng lactoperoxidase (Calbiochem, B grade). Iodination 

of hCG involved four additions of 200 ng aliquots of ̂ 02 at 5 min 

intervals during a total reaction period of 20 min. For hLH, 600 ng 

^02 were added during a 15 min reaction period. Labeled hormone 

was separated from free iodine by filtration through a column of BioGel 

P-60 equilibrated with 0.05 M phosphate-buffered saline (pH 7.0) 
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containing 2% bovine serum albumin. The specific activities of 

125I-hLH (36 + 2 pCi/yg) and 125I-hCG (43 + 3 yCi/ug) were 

calculated as described by Reichert (1976). Stouffer and coworkers 

(1976a) as well as others (Diekman et al., 1978a; Papaionannou and 

Gospodarowicz, 1975; Reichert, 1976; Miyachi et al., 1972) have shown 

that hLH and hCG iodinated by the lactoperoxidase method outlined 

above retain the biological activity of the native hormone prepara

tions. The maximum binding activities of labeled hLH (26 + 2.4%) 

and hCG (44 +4%) were determined by incubation of trace amounts 

125 
( - 3000 CPM) of I-gonadotropin with excess receptor (20 mg 

equivalents of luteal tissue). The maximum binding activity did not 

decrease appreciably during 3 weeks of storage at 4 C. Therefore, 

labeled gonadotropins were routinely kept at 4 C and used within 

3 weeks of iodination. 

Preparation of luteal particulate fraction 

I prepared a crude particulate fraction of each macaque corpus 

luteum by methods utilized previously by Birnbaumer et al. (1976) for 

preparation of particulate fractions of rat and rabbit corpora lutea. 

The freshly excised corpus luteum was separated from any extraneous 

ovarian tissue, weighed, minced, and homogenized at 4 C in 20 volumes 

(vol/wt) of buffer solution (0.05 M Tris-HCl, pH 7.4, containing 5 mM 

MgC^j 15 mM NaN^, 0.1% bovine serum albumin and 8% sucrose) in a 

hand-operated Dounce homogenizer with 10 strokes/pestle. The homoge-

nate was centrifuged at 160 x g for 2 min to remove tissue fragments 

and intact cells. The supernatant was saved and the resultant pellet 



was rehomogenized and recentrifuged. The supernatant fractions were 

combined and centrifuged at 15,000 x g for 15 min. The pellet was 

resuspended in buffer to yield a particulate preparation of luteal 

membranes. Aliquots equivalent to 2.5 mg intact luteal tissue were 

utilized in the majority of the studies. 

Gonadotropin binding studies 

Luteal particulate samples were incubated with various concen-

125 
trations of I-hLH and hCG in 0.25 ml buffer for up to 20 h at 24 C 

in a gyrotory (New Brunswick) shaker bath. After incubation, 1 ml ice-

125 
cold buffer was added to each tube and the I-gonadotropin bound to 

luteal tissue was separated from, free gonadotropin by Millipore filtra

tion of the tube contents through Metricel membrane filters (0.45 ym 

pores; Scientific Products) presoaked in buffer containing 2% bovine 

serum albumin. The incubation tubes were rinsed with 2 ml ice-cold 

buffer and the filters rinsed with an additional 10 ml buffer. The 

radioactivity remaining on the filters was determined by a Searle 1185 

automatic gamma-counter. Nonspecific binding was assessed by coincu-

bating tissue samples with an excess of unlabeled hCG (Ayerst APL, 100 

125 
IU). The amount of specifically bound I-gonadotropin was calcu

lated by subtracting nonspecific binding from the total amount of 

^"^-gonadotropin bound. 

The methods of Yang et al. (1976) were used to determine if the 

macaque corpus luteum contained a soluble inhibitor of gonadotropin 

binding as reported in corpora lutea of other species (Yang et al., 

1976; Sakai et al., 1977; Kurnari et al., 1980), particularly following 
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125 
prolonged storage at -70 C. The specific binding of I-hCG to 

membrane particulate fractions of macaque corpus luteum was not greater 

than binding to crude homogenates of luteal tissue. Moreover, addition 

of the 15,000 x g supernatant from fresh or frozen (-70 C for 4 months) 

125 
corpora lutea did not decrease I-hCG binding to luteal particulate 

fractions. Although these studies provided no evidence for the pres

ence of a soluble inhibitor of gonadotropin binding in macaque corpus 

luteum, we performed all of our receptor studies with particulate frac

tions of freshly isolated tissues. 

Equilibrium binding studies were performed at 24 C utilizing 

0.5 - 50 ng of labeled gonadotropin. In all cases, the membranes were 

incubated for 20 h, allowing enough time for the lowest concentration 

of gonadotropin to reach equilibrium. The tube contents were filtered 

125 125 
after incubation and the amount of bound I-hLH or I-hCG was 

measured as described above. Degradation of receptors under these 

incubation conditions was determined by incubating membrane particulate 

fractions in the absence of labeled gonadotropin for 20 h at 24 C and 

125 125 
subsequently comparing their ability to bind I-hLH and I-hCG 

with that of freshly prepared fractions. Receptor degradation was 

negligible in our system. However, hormone degradation, as measured by 

a modification of the method described by Lee and Ryan (1973a), was 

significant. At the end of each equilibrium binding study, the fil-

125 
trate from each tube was collected and the unbound I-gonadotropin 

assessed for its ability to bind to fresh membrane particulate frac

tions during a 20 h incubation at 24 C. This binding was compared to 

125 
that in control tubes containing I-gonadotropin pre-incubated in 



buffer alone. The results are presented in Table 1 as a percentage of 

the binding in control tubes. The amount of gonadotropin degradation 

progressively increased as the gonadotropin concentration in the 

125 
incubation tubes decreased. I—hLH degradation exceeded that of 

125 
I-hCG at all concentrations. Scatchard analyses of equilibrium 

binding data were corrected for hormone degradation and maximum binding 

activity of the ^"*I-hLH and hCG. 

Results 

Our experiments indicated that during the midluteal phase of 

the menstrual cycle the macaque corpus luteum bound hLH and hCG in a 

qualitatively and quantitatively similar manner. For brevity, I have 

presented representative data for one gonadotropin (hLH or hCG) for 

the majority of studies described in this chapter. 

125 
Specific binding of I-gonadotropm to macaque luteal par

ticulate fractions was detected at the lowest tissue concentration 

tested (equivalent to 0.5 mg intact of luteal tissue) and increased in 

direct proportion to tissue concentration (Fig. 1). In all cases, 

nonspecific binding constituted a small percentage of the total go

nadotropin binding. Nonspecific binding did not increase as a func

tion of tissue concentration, suggesting that it primarily represented 

gonadotropin binding to Metricel filters. In accordance with these 

results, we utilized an intermediate concentration of luteal membranes 

(equivalent to 2.5 mg intact luteal tissue) in subsequent experiments. 

125 
The binding of I-hCG to luteal particulate fractions was 

125 
a function of the pH of the incubation medium (Fig. 2). I-hCG 
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Table 1. Degradation of ^^I-gonadotropin (doses ranging from 1.0 -
25 ng) during equilibrium binding studies. l^I-gonadotropin Was 
incubated with aliqouts of macaque luteal membranes (equivalent to 
2.5 mg intact corpus luteum) for 20 h at 24 C and the free 
gonadotropin was subsequently reincubated with fresh membranes. The 
amount of ^-^I-gonadotropin bound during the second incubation is 
expressed as a percentage of l^I-gonadotropin binding in control 
tubes which contained labeled hormone preincubated for 20 h at 24 C 
with buffer alone. 

Labeled ^^I-hLH bound ^^I-hCG bound 
gonadotropin (% Control + S.E.) (% Control + S.E.) 

(ng) 

1.0 44 + 19.6a 62 + 13.5 

2.5 64 + 9 61 + 18 

5.0 69 + 9.1 85 + 4.7 

10 73 + 13 90 + 4 

25 88 + 3.7 97 + 3.1 

a X + S.E., n of 6 experiments. 
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Figure 1. Specific (.%) and nonspecific (O) binding of 125i-hCG to 
increasing concentrations of macaque luteal tissue. —The incubation 
medium contained 10 ng 125i_hCQ and luteal membranes equivalent to 
0.5 - 10 mg of intact luteal tissue in a final volume of 0^25 ml 
buffer. Each point represents a mean and standard error (X + S.E.) of 
3 experimental values (n ® 3). ~ 
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Figure 2. Specific_binding of 125]>hCG as a function of pH of the 
incubation medium (X, n = 3). —Luteal membranes (2.5 mg equivalents) 
were incubated with 3 ng 125j-hCG in a final volume of 0.25 ml 
buffer. The pH was maintained by the addition of 0.05 M Tris-HCl (pH 
3.3-8.5;®); 0.05 M sodium acetate (pH 3-7; 0)> 0'1 N Li0H <PH 8-2'» 
A) or 0.1 M NaOH (pH 10.2; buffers. 



binding was maximal at pH 6.0 - 7.5 and fell sharply below pH 6 and 

125 
above pH 8. I-hCG binding was also influenced by the type of 

buffer used in the incubation medium. Greater binding was seen with 

0.05 M Tris-HCl buffer than with 0.05 M sodium acetate buffer 

regardless of the pH of the medium. Consequently, we used a 0.05 M 

Tris-HCl buffer at pH 7.4 in subsequent experiments. Our standard 

buffer also contained 15 mM NaN^, 5 mM MgC^, 8% sucrose and 0.1% 

bovine serum albumin. Table 2 shows that these constituents alone or 

125 
together did not affect the binding of I-hCG to luteal particulate 

fractions. 

125 
To determine the tissue specificity of I-gonadotropm 

binding by the macaque corpus luteum, similar studies were performed on 

the oviduct and prepubertal ovary of the monkey (Fig. 3). Total bind

ing of labeled hLH by other tissues of the reproductive tract was less 

than that by the corpus luteum. Furthermore, the presence of excess 

125 
unlabeled gonadotropin reduced I-hLH binding to luteal tissue, but 

125 
not to oviduct or prepubertal ovary. Specific I-hLH binding to 

the later tissues did not increase in proportion to the concentration 

of labeled hormone in the incubation medium. These findings support 

the interpretation that specific LH binding by the luteal particulate 

preparation represents a hormone-target tissue interaction. 

125 
The ability-of various hormones to displace I-hLH and 

125 
I-hCG binding to luteal particulate preparations is summarized in 

125 
Figures 4 and 5. Human LH and CG displaced I-hLH binding in a 

parallel manner with high levels of both gonadotropins inhibiting 70% 

125 
of the total I-hLH binding (Fig. 4). Whereas small amounts of 



Table 2. Effects of sucrose, NaN3 and MgCl2 on binding 
to macaque luteal membranes. —Binding is expressed as a percent of 
^•^^I-hCG binding in tubes containing luteal membranes in 0.05 M 
Tris-HCl buffer (pH 7.4) alone. 

^•^^I-hCG Bound 
Buffer Solutions (% Control + S.E.) 

Tris-HCl buffer alone 100 

Tris-HCl buffer 
sucrose 
0.5% 111 + 4 
8.0% 97 + 2 

NaN3 
0.75mM 103 + 4 
1.5 mM " 95 + 1 

15.0 mM 95 + 0.1 

MgCl2 
0.5 mM 97 + 3 
2.5 mM 94 + 4 
.5.0 mM 93 + 4 

8.0% sucrose, 15 mM NaN3 
5.0 mM MgCl2 (standard buffer) 99 + 0.3 
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Figure 3. Binding of ^-25x-hLH to membranes of corpus luteum, 
oviduct and prepubertal ovary of the rhesus monkey. —^25i-hLH was 
incubated with particulate membrane fractions (equivalent to 2.5 mg 
whole tissue) in the presence (shaded bars) and absence (open bars) of 
excess unlabeled gonadotropin (X + S.E., n=3). 
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Figure 4. Displacement of 125i-hLH binding by increasing amounts of 
unlabeled hLH, hCG, bLH, pLH and oLH. —Binding in the absence of 
unlabeled hormone (B0) was regarded as 100%. The incubation medium 
contained luteal membranes equivalent to 2.5 mg intact corpus luteum, 
10""13 moles and unlabeled hormone in 0.25 ml buffer. 
Values are the mean of three experiments. 
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unlabeled hLH (1.7 x 10 ̂  moles) and hCG (6 x 10 ̂  moles) 

125 
inhibited 50% of specific I-hLH binding, much larger doses of oLH 

(2 x 10 moles), bLH (3.5 x 10 ̂  moles) and pLH ( >10 ̂  moles) 

were required to produce comparable inhibition. Interestingly, all 

four LH preparations exhibit similar activity in the rat OAAD bio-

125 
assay. Human LH and CG also displaced I-hCG binding to luteal 

membranes in a parallel manner; both hormones inhibited 90% of the 

1 9 S  1 2 5  
I-hCG binding (Fig. 5). Fifty percent of the specific I-hCG 

binding was inhibited by small doses of hLH (7 x 10 ^ moles) and 

hCG (2 x 10 ̂  moles) and much larger doses of hFSH (4.5 x 10 ̂  

moles), a-hCG (3.5 x 10 ̂  moles), and (3-hCG ( > 10 ̂  moles). The 

binding activities of hFSH, a-hCG and g-hCG were directly proportional 

to their biological activities in the rat OAAD bioassay. These hormone 

preparations presumably are contaminated with small amounts of intact 

gonadotropin (hLH or hCG) or intrinsically display a low amount of 

LH/CG-like activity. hPRL did not compete for hCG binding sites. 

125 
The specific binding of I-gonadotropm to luteal membranes 

was a time and temperature dependent process (Fig. 6). At 37 C, 

125 
specific I-hCG binding increased rapidly during the first 2 h and 

reached steady-state conditions in 6 h; specific binding did not change 

between 6 and 20 h. Binding at 24 C proceeded more slowly until it 

reached a plateau at 20 h comparable to the plateau observed at 37 C. 

125 
I-hCG binding did not achieve comparable levels after 20 h 

incubation at 4 C. Analysis of the initial hormone uptake (2 h) at 

24 C indicated that the binding of hCG to luteal tissue followed second 
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Figure 5. Displacement of 125x-hCG binding by increasing amounts of 
unlabeled hCG, hLH, hPRL, hFSH, -hCG and -hCG. —Binding in the 
absence of unlabeled hormone (B0) was regarded as 100%. The 
incubation medium contained 2.5 mg equivalents of luteal membranes, 
7.8 x 10"^ moles 125i-hCG and unlabeled hormone in 0.25 ml 
buffer. Points represent the mean of three experimental values. 
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TIME (hours) 

Figure 6. Time dependence of specific 125i-hCG binding to luteal 
membranes at 4 C ((}), 24 C (#), and 37 C (A). —Luteal membranes 
(2.5 mg) and ^ ng of 125j-hCG were incubated for time periods of 30 
min to 20 h (X + S.E., n = 3). 



order kinetics with the calculated association rate constant (k ) of 
a 

0.3 x 105 M~1sec"1 (Fig. 7). 

125 
The dissociation of specifically bound I-hCG from luteal 

particulate preparations was a slow process with only 40% of the bound 

radioactivity released within 8 h after a 100-fold dilution with buffer 

at 24 C (Fig. 8A). Moreover, little radioactivity was released there

after for up to 20 h. Addition of excess unlabeled hCG did not affect 

the rate of dissociation. In contrast, exposure to 4 M MgC^ dis-

125 . ... 
sociated 97% of the bound I-hCG within 15 ram. Similarly, 95% of 

125 . ... 
the bound I-hCG dissociated from the membrane fraction within 

5 rain after acidifying the 0.05 M Tris-HCl buffer to pH 3.5 (data not 

shown). However, neither heat (60 C) nor alkalinity (0.5 M Tris-HCl 

buffer at pH 10) altered the dissociation rate. Logarithmic trans

formation of the dissociation data (Fig. 8B) indicates that dissocia-

125 
tion of I-hCG from luteal tissue did not follow first order 

kinetics, but was biphasic. The dissociation rate constant (k^) of 

the fast phase was 6.4 x 10 "*sec ^ and that of the slow phase was 

6.4 x 10 ^sec 

125 
All corpora lutea specifically bound both I-hLH and 

125 
I-hCG in a dose-dependent manner. Specific binding was detect

able at the lowest hormone concentration tested (0.25 ng/0.25 ml) and 

approached saturation at 50 ng/0.25 ml (Fig. 9). Nonspecific binding 

increased in a linear, nonsaturable manner and was considerably less 

than specific binding at all gonadotropin concentrations. 

125 
Scatchard analysis of specific I-hLH and hCG binding to 

luteal particulate fractions under steady-state conditions (e.g., 
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Figure 7. Analysis of the association of 125i-hCG with luteal 
membrane receptors. —Luteal membranes (2.5 mg) and 3 ng of 125x-hCG 
were incubated for 0 to 120 min at 24 C. The initial hormone 
concentration, receptor concentration and the concentration of 
hormone-receptor complexes at each time are represented by H, R, and 
X, respectively. The slope of the line is equivalent to the 
association rate constant (ka). 
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Figure 8. (A) Dissociation of 125j-hCG from luteal membrane 
receptors as a function of time (X, n = 3). (B) Logarithmic 
transformation of the data for the dissociation of 125i-hCG from 
luteal membrane receptors during incubation in a 100-fold dilution 
buffer. —The dissociation was biphasic. The dissociation rate 
constants for the fast and slow phase are represented by k<j and 
k'a, respectively. 
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Figure 9. Specific (£) and nonspecific (O) binding of 125i_hcG to 
luteal membranes as a function of the 125j-hCG concentration in the 
incubation medium. —Luteal membranes (2.5 mg equivalents) were 
incubated with 125i-hCG (0.5 - 50 ng) in 0.25 ml buffer for 20 h at 
24 C (X + S.E., n = 3). 
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Figure 10. Composite Scatchard plots of specific 125i-hLH and hCG 
binding to particulate preparations of macaque corpora lutea removed 
during the mid-luteal phase of the menstrual cycle. —Increasing 
amounts (2.5 - 50 ng) of 125l-hLH/hCG were incubated with membranes 
equivalent to 2.5 mg of luteal tissue at 24 C for 20 h to establish 
equilibrium conditions. Each point on the graph represents the mean 
and standard error of 4 experiments. The data were corrected for the 
maximum binding activity of the 125j-gonadotropin. 



Fig. 9) yielded linear plots (Fig. 10). The plots for hLH and hCG were 

parallel with comparable x and y intercepts. The binding capacities 

for hLH and hCG were 71 and 80 pM, respectively; these are equivalent 

to 7.1 fraol hLH and 8.0 fnvol hCG bound/rag tissue. The apparent 

dissociation constant (K^) was 1.03 x 10 ^ M for hLH and 

0.86 x 10 ̂  M for hCG. When the Scatchard plots were corrected 

for hormone degradation the was altered (hLH = 0.71 x 10 ̂  M; 

hCG = 0.60 x 10 ̂  M) but the binding capacities remained unchanged. 

Discussion 

This study constitutes the first detailed investigation of 

gonadotropin binding sites in the corpus luteum of a nonhuman primate. 

Our results demonstrate that the corpus luteum of the rhesus monkey 

contains specific binding sites for the gonadotropins, hLH and hCG. 

Moreover, these sites display binding properties which are consistent 

with those of gonadotropin receptors in target tissues. First, the 

binding sites were present in a gonadotropin responsive tissue, the 

corpus luteum, but absent in tissues that are not considered targets 

for these hormones, such as oviduct or prepubertal ovary. Second, the 

binding sites exhibited hormone specificity for hLH and the LH-like 

gonadotropin, hCG. The other anterior pituitary gonadotropin, hFSH, 

125 
demonstrated very limited ability to compete for I-hLH/hCG bind

ing sites (which probably can be attributed to LH contamination of the 

preparation) and hPRL displayed no binding activity. Third, there was 

a finite number of binding sites with high affinity for hLH and hCG, 

indicating their ability to bind the gonadotropins at concentrations 



within the physiologic range (Stouffer et al., 1977b). The final 

criteria required to definitively classify these binding sites as 

gonadotropin receptors has yet to be addressed, i.e., that interaction 

of gonadotropin with these sites activates cellular processes leading 

to the physiologic effects of the hormone. However, the particulate 

preparation of macaque luteal tissue offers an appropriate system for 

examining this parameter via gonadotropin-stimulation of adenylyl 

cyclase activity. 

The gonadotropin receptors of the macaque corpus luteum display 

many characteristics which are similar to those reported for the 

gonadotropin receptors of the human corpus luteum. First, the LH/CG 

receptors of the macaque corpus luteum were specific for primate gonad

otropins; nonprimate gonadotropins were ineffective competitors of hLH 

and hCG binding. This quality is analogous to the species specificity 

demonstrated in gonadotropin receptors of human corpus luteum (Cole et 

al., 1973a, 1976; Rajaniemi et al., 1981) and testis (Davies et al., 

1979b). Comparative studies performed in our laboratory (Cameron and 

Stouffer, 1981) determined that the apparent species specificity of 

gonadotropin receptors in the macaque corpus luteum was not due to 

differences in the purities or biological activities of the hormone 

preparations. Although all of the LH preparations had similar biolog

ical activities in the rat OAAD bioassay and,displayed equivalent 

binding activities in particulate preparations of rat corpora lutea, 

our studies indicated that primate gonadotropin receptors have both a 

greater affinity for primate gonadotropins and a lesser affinity for 
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nonprimate gonadotropins compared to the gonadotropin receptors of 

nonprimate species (Cameron and Stouffer, 1981). 

Second, our equilibrium binding and specificity studies 

indicate that during the midluteal phase of the menstrual cycle the 

macaque corpus luteum contains a single population of gonadotropin 

receptors which bind LH and CG with equally high affinity. Although 

Rao (1979) has reported differential binding of LH and CG to gonado

tropin receptors of the bovine corpus luteum, the concept that LH and 

CG share common receptor sites has been supported by experimental 

findings in many nonprimate tissues. Moreover, several investigators 

have reported that the human corpus luteum (Wardlaw et al., 1975; 

Rajanemi et'al., 1981) and testis (Davies et al., 1979b) also contain a 

single population of gonadotropin receptors which bind LH and CG in a 

similar fashion. In contrast, Halme et al. (1978) have recently 

suggested that the gonadotropin receptors of the human corpus luteum 

demonstrate a decreased affinity for LH and an increased affinity for 

CG as the luteal phase progresses. We have examined in detail the 

number and affinity of available LH/CG receptors in the macaque corpus 

luteum throughout the luteal phase of the nonfertile menstrual cycle 

and will discuss our findings in the following article. 

Third, the equilibrium dissociation constants for hLH (1.03 x 

10 M) and hCG (0.86 x 10 ̂  M) calculated prior to correction 

for hormone degradation are in agreement with those reported by several 

investigators for human corpus luteum (Rao et al., 1977a; Halme et al., 

1978) and human and macaque testis (Davies et al., 1979b). Our study 

constitutes the first detailed examination of gonadotropin degradation 



in primate gonadotropin receptor preparations. Gonadotropin degrada

tion during our binding studies was less than than reported by Lee and 

Ryan (1973a) during 16 h incubations at 25 C with particulate fractions 

of rat corpora lutea. Correction of the equilibrium binding data for 

hormone degradation decreased the apparent dissociation constants by 

30%. The similarities in hormone specificity and binding affinity 

between gonadotropin receptors in the human and rhesus monkey 

substantiates our assumption that the rhesus monkey is a suitable model 

for studying gonadotropin receptors in the primate corpus luteum during 

the menstrual cycle. 

125 
In our system, dissociation of I-hCG from membrane recep

tors appears to be a complex biphasic process similar to that observed 

i ac 125 
for I-hLH and I-hCG release from particulate preparations of 

125 
luteinized rat ovaries (Lee and Ryan, 1973a) and I-hCG release 

from porcine granulosa cells (Stouffer et al., 1976a). This finding 

suggests that the gonadotropin-receptor interaction is not a simple, 

bimolecular process which is readily reversible. Likewise, Catt and 

125 
coworkers (1980) have reported that I-hCG binding to rat testicu

lar receptors is incompletely reversible. Their studies show that the 

reversibility of hCG binding progressively decreases as the period of 

gonadotropin-receptor association increases. Recent reports of 

gonadotropin receptor loss subsequent to hormonal stimulation (Catt et 

al., 1978; Tell et al., 1978), internalization of gonadotropins by 

luteal cells (Conn et al., 1978; Chen et al., 1979), and specific 

binding of gonadotropins to Golgi, rough endoplasmic reticulum and 

nuclei of luteal cells (Mitra and Rao, 1978; Rao and Mitra, 1979) have 



challenged the classical model for gonadotropin interaction with 

plasma membrane receptors. Other reports have suggested that, within 

the plasma membrane, nucleotides and the coupling of receptor complexes 

to adenylyl cyclase may alter the affinity of receptors for gonado

tropin molecules (Abramowitz et al., 1980; Rao, 1975). To date, we 

have not examined these possibilities in our receptor preparation. Our 

work with MgC^ and low pH shows that although the gonadotropin-

receptor interaction is not readily reversible, neither is it irrevers

ible. Moreover, comparable amounts of gonadotropin bound to fresh 

luteal membranes and to membranes which had been preincubated with LH 

or CG and then treated with a low pH buffer, suggesting that receptors 

are not necessarily lost in our preparation subsequent to gonadotropin 

binding. Although the gonadotropin-receptor interaction is not fully 

understood at this time, it appears likely that the association rate, 

dissociation rate and equilibrium binding constants reported here apply 

to a summation of gonadotropin-receptor interactions or to the rate-

limiting steps of the interaction. 

In summary, we have found that the macaque corpus luteum con

tains a homogeneous population of high affinity, low capacity gonado

tropin receptors that specifically bind LH and CG. This study estab

lishes the suitability of the macaque corpus luteum for continued 

investigation of primate gonadotropin receptors and their role in the 

regulation of the corpus luteum. As reported in the following paper, 

we have utilized this preparation to examine the changes that occur in 

the LH/CG receptor population during the course of the luteal phase of 

the nonfertile menstrual cycle. Moreover, this tissue preparation 



also provides an appropriate model system for investigation of other 

intramembrane processes in gonadotropin action in the primate corpus 

luteum, e.g., gonadotropin-receptor complex activation of adenylyl 

cyclase. 



CHAPTER 5 

GONADOTROPIN RECEPTORS OF THE PRIMATE CORPUS LUTEUM: 
II. CHANGES IN AVAILABLE LH AND CG BINDING SITES 

IN MACAQUE LUTEAL MEMBRANES DURING THE NONFERTILE MENSTRUAL CYCLE 

Although LH circulating after ovulation provides essential 

trophic support to the corpus luteum of the menstrual cycle, the major 

alterations in primate luteal function during development and regres

sion are not associated with apparent changes in plasma LH levels 

(Knobil, 1973). In vitro studies by Stouffer and coworkers (1976b, 

1977b) indicated that the ability of luteal cells to recognize and/or 

respond to available gonadotropic (i.e., LH) stimuli may be an im

portant factor governing corpus luteum function in the rhesus monkey. 

In particular, the ability of macaque luteal cells to produce proges

terone in response to exogenous gonadotropin decreased around the time 

of luteolysis, i.e., days 20-21 of the nonfertile menstrual cycle. 

Furthermore, acute in vitro exposure to the potential luteolytic 

agent, PGF2a» blocked gonadotropin-stimulated, but not cyclic AMP-

stimulated, progesterone production by macaque luteal cells (Stouffer 

et al., 1979). These findings suggest that one of the early events in 

luteolysis during the menstrual cycle is diminished responsiveness of 

the primate corpus luteum to circulating LH, possibly due to the loss 

of available LH receptors or impaired receptor activation of adenylyl 

cyclase in luteal cells. 

75 
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In several nonprimate species, spontaneous and PGF2a~induced 

luteolysis is associated with decreased ability of the corpus luteum to 

125 
bind I-labeled gonadotropin (Rajaniemi et al., 1977; Diekman et 

al., 1978a,b; Hichens et al., 1974; Sairara and Behrman, 1979; Ziecik et 

al., 1980). Whether this apparent loss of gonadotropin receptors plays 

an important role in the onset of luteolysis or is a later manifesta

tion of luteal regression remains controversial. Reports on changes in 

gonadotropin binding sites in the human corpus luteum during luteolysis 

are limited and equivocal (Wardlaw et al., 1975; McNeilly et al., 1980; 

Bolton et al., 1980; Halme et al., 1978; Sotrel et al., 1981). Exam

ination of LH receptors in primate luteal tissue is complicated by 

evidence that these receptors may bind another gonadotropin, chorionic 

gonadotropin (CG), late in the fertile cycle. Indeed, Halme et al. 

(1978) report that gonadotropin receptors of the human corpus luteum 

exhibit an increased affinity for CG and a decreased affinity for LH 

as the luteal phase of the menstrual cycle progresses. 

In the preceding chapter, I described the binding character

istics of putative LH/CG receptors in the corpus luteum of the rhesus 

monkey during, the midluteal phase of the menstrual cycle. The goal of 

the current investigation was to determine whether changes in the LH/CG 

receptor population occur at specific stages in the lifespan of the 

macaque corpus luteum of the menstrual cycle, particularly around the 

onset of luteolysis. In addition, I have examined the acute jLn vitro 

effects of several potential luteolytic agents on the gonadotropin-

receptor interaction. 
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Materials and Methods 

Collection of corpora lutea 

Corpora lutea were obtained from adult, female rhesus monkeys 

exhibiting regular menstrual cycles of approximately 28 days in 

length. Counting the day of the onset of menstrual flow as day 1 of 

the cycle, corpora lutea were removed between days 14-30 of the 

menstrual cycle and on day 1 of the subsequent cycle. A more accurate 

indication of the age of each corpus luteum was determined in 

retrospect from the number of days between the mid-cycle LH surge and 

luteectoray. Blood samples were collected by femoral venipuncture 

between 0800-1000 h from day 8 through the day of luteectomy. Serum 

samples were stored at -20 C until analyzed for progesterone and LH 

content. Progesterone content of selected serum samples was determined 

prior to luteectomy by the radioimmunoassay procedure outlined in the 

previous chapter to confirm the presence of a corpus luteum. After 

luteectomy, each serum sample collected during the experimental cycle 

was analyzed for progesterone content (Stouffer et al., 1976b) to 

assess the functional status of the corpus luteum leading up to and on 

the day of surgery. 

Macaque LH was measured in serum samples via the heterologous 

radioimmunoassay developed by Niswender et al. (1971), utilizing rhesus 

rmonkey pituitary gonadotropin (LER 1909-2; 0.003 x NIH LH-S1 and 

0.049 x NIH FSH-Sl) as the standard. Ovine LH antibody (#15) was 

graciously provided by Dr. G.D. Niswender, Colorado State University. 

The inhibition curve produced by addition of increasing volumes of 



serum from an ovariectomized rhesus monkey was parallel to the standard 

curve. Intra- and inter-assay variabilities were 2.13 + 0.22 and 

10+3 percent, respectively. The day of the LH surge during experi

mental cycles in our monkey colony was day 11.3 + 0.2 (X + S.E., 

n = 86). Corpora lutea were arbitrarily divided into six groups cor

responding to tissues removed 2, 4-5, 6-9, 10-12, 13-15 or 16-18 days 

after the raid-cycle LH surge. 

After luteectomy, monkeys were observed for reestablishment 

of normal menstrual cyclicity. One cycle was routinely allowed for 

recuperation before the animal was returned to the experimental proto

col. Prior experience indicated that 4-5 luteectomies per year failed 

to alter the cyclicity of rhesus monkeys in our protocol. 

Hormone preparations 

Purified hCG (CR119; 11,600 IU 2nd Int. Std. hCG/mg) was pro

vided by Dr. R. Canfield and purified hLH (LER 960; 2 x NIH-LH-Sl/mg) 

was supplied by the National Pituitary Agency. Dr. L.E. Reichert 

provided the purified mLH (LER-1909-2; 0.003 x NIH-LH-S1 and 0.049 x 

NIH-FSH-S1) and oLH (LER-1056-C2) preparations. The Upjohn Company 

kindly provided PGI2 (U-53217A), PGE2 (U-12062) and PGF^-

tromethamine salt (U-14583E). 17g-Estradiol (E-8875) was purchased 

from the Sigma Chemical Company and commercial chorionic gonadotropin 

(APL) was purchased from Ayerst Laboratories. 

Quantification of available LH-CG binding sites 

After removal from the ovary by methods described previously, 

the corpus luteum was weighed, minced, homogenized with a Dounce 



homogenizer in 20 volumes (vol/wt) of buffer (0.05 M Tris-HCl at pH 

7.4, containing 5 mM MgC^, 15 mM NaN^, 8% sucrose, and 0.1% bovine 

serum albumin). A particulate fraction of luteal tissue was obtained 

by centrifugation of the homogenate at 15,000 x g for 15 rain followed 

by resuspension of the pellet in buffer. Aliquots of freshly prepared 

particulate fraction, equivalent to 2.5 mg intact luteal tissue, were 

125 125 
incubated with seven concentrations of I-hLH and I-hCG, 

ranging from 0.25 - 50 ng labeled hormone/0.25 ml buffer. Incubations 

lasted 20 h at 24 C to allow enough time for the lowest concentration 

125 
of gonadotropin to reach steady state binding conditions. I-hLH 

and hCG were prepared and characterized as described previously; their 

specific activities were 36+2 uCi/ug and 43+3 yCi/yg (n = 20), 

125 
respectively. After incubation, I-gonadotropin bound to luteal 

125 
membranes was separated from free I-gonadotropm by Millipore 

filtration and the amount of bound radioactivity was measured by a 

125 
Searle 1185 automatic gamma-counter. Nonspecific binding of I-

gonadotropin was assesed by coincubating labeled gonadotropin and 

tissue samples with an excess of unlabeled gonadotropin (Ayerst APL, 

125 
100 IU). The amount of specifically bound I-gonadotropin was 

calculated by subtracting nonspecific binding from the total amount of 

^"'i-gonadotropin bound. 

125 
Steady state I-hLH and hCG binding was analyzed by the 

method of Scatchard (1949) to determine the maximum hLH and hCG binding 

capacity (B^) of luteal particulate fractions and the affinity 

(equilibrium dissociation constant, K^) of the binding sites for LH 

and CG. Scatchard analyses were corrected for the maximum binding 



activity of the labeled hLH (26 + 2.4%) and hCG (44 + 4%) and for 

gonadotropin degradation during the incubation period as described 

previously. Significant gonadotropin degradation occurred in our in 

vitro system regardless of the functional status/age of the corpus 

luteum. Receptor degradation during the incubation period was 

negligible. 

Statistical analysis 

Significant differences between means of LH/CG receptor number, 

LH/CG binding affinity, corpus luteum weight, and serum progesterone 

concentration at various stages of the luteal phase were determined by 

one-way analysis of variance (ANOVA) followed by Duncan's Multiple 

Range Test. The method of Bruning and Klintz (1976) was used to 

determine a composite n when the groups being compared had unequal 

n values. Duncan's Multiple Range Test was also used to determine 

whether various doses of prostaglandins and estradiol significantly 

125 
decreased I-hLH binding to luteal membranes. Significance of 

differences between receptor capacity and affinity for hLH versus hCG 

was assessed using Hewlett Packard (model 97) programs for t statistics 

and t distribution. In certain cases t tests were also used to test 

the significance of differences between two means of serum progesterone 

concentration and LH receptor number. 

Results 

125 125 
Specific binding of 0.25 - 50 ng of I-hLH and I-hCG 

to particulate preparations of macaque corpus luteum removed at various 

stages, including midluteal phase (see Chapter 4), of the menstrual 
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cycle yielded linear Scatchard plots. The maximum binding capacity and 

the affinity of LH/CG binding sites in particulate preparations of 

corpora lutea obtained at various stages of the luteal phase of the 

menstrual cycle are summarized in Table 3. The affinity of available 

receptors for hLH and hCG did not change appreciably throughout the 

lifespan of the corpus luteum. Moreover, gonadotropin receptors 

displayed a comparable affinity for hLH (K^ = 0.88 + 0.04 10 ̂  M) 

and hCG (K, = 0.79 + 0.03 10 ^ M, n = 34) at all stages of the 
d — 

luteal phase. In contrast, the number of available LH receptors 

increased significantly (p < 0.05) from 4-5 days after the LH surge to 

reach maximal levels during the midluteal phase (days 6-9 post LH 

surge) of the cycle. Receptor number remained elevated 10-12 days 

after the LH surge, then declined significantly (p < 0.01) by days 

13-15 post-LH surge and reached low but detectable levels around the 

onset of menses (16-18 days post-LH surge). Similar changes in hCG 

binding capacity occurred during the course of the luteal phase. 

The wet weight of the corpus luteum, the serum progesterone 

level at luteectoray and available LH receptors in luteal tissue at 

various stages of the menstrual cycle are illustrated in Figure 11. 

Corpus luteum weight increased (p < 0.05) between day 2 and days 4-5 

post-LH surge and then remained constant until days 16-18 when it 

decreased significantly (p < 0.01). Increases in serum progesterone 

content during the early luteal phase paralleled increases in luteal 

weight. However the subsequent decline (p < 0.01) in progesterone 

levels during the late luteal phase (after day 12) preceded the loss of 

luteal weight. Comparison with changes in available LH receptors 
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Table 3. Maximum binding capacity (B^) and receptor affinity (equi
librium dissociation constant, K<j) of LH and CG binding sites in 
particulate preparations of macaque corpora lutea removed at specific 
times after the mid-cycle LH surge. Each value represents the mean + 
the standard error (X + S.E.) of n experiments. The B^ and for 
each experiment were calculated from •'•^^I-hLH and 125j_hQQ equilib

rium binding data using Scatchard analysis. 

125] [-hLH Binding 125] C-hCG Binding 

Days 
Post-LH 
Surge 

n BM 

(fmol/mg) 

Kd 

(x 10* -!0M) 

bM 

(fmol/mg) 

Kd 

(x 10" "10M) 

2 2a 5.2 + 2.2 0.79 + 0.07 - -

4-5 4 5.8 + 0.45 0.79 + 0.17 4.7 + 0.3 0.70 + 0.13 

6-9 6 8.9 + 0.75 0.87 + 0.17 8.4 + 1.2 0.87 + 0.19 

10-12 8 8.7 + 1.2 0.95 + 0.08 9.3 + 1.1 0.79 + 0.11 

13-15 10 4.9 + 0.59 0.88 + 0.22 5.5 + 0.98 0.74 + 0.15 

16-18 4
a>b 

2.3 + 0.3 1.01 + 0.05 1.1 + 0.2 0.83 + 0.25 

Small amount of tissue prevented simultaneous LH-CG studies. 

Two of four tissues were removed on the first day of menses. 
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DAYS POST-LH SURGE 

Figure 11. Serum progesterone concentration at luteectomy, the wet 
weight of the corpus luteum and unoccupied LH receptor number in 
macaque corpora lutea removed 2, 4-5, 6-9, 10-12, 13-15 and 16-18 days 
after the LH surge. —Each bar represents the mean + the standard 
error (X S.E.). The n value for each group is given in Table 1. 
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indicate that (1) serum progesterone levels and luteal weight reached 

maximal values 4-5 days after the LH surge, prior to the development of 

maximal LH binding capacity, and (2) LH binding capacity and serum 

progesterone levels declined 13-?15 days after the LH surge, prior to 

any loss in luteal weight. 

Figure 11 suggests a close relationship between the decline in 

LH binding capacity and the decrease in circulating progesterone during 

luteolysis (days 13-18 post LH surge). Further examination of hormonal 

patterns in monkeys around the onset of luteolysis (days 10-12 post-LH 

surge) indicated that 4 of 8 monkeys were luteectomized approximately 

24 hours after circulating progesterone levels began to decline 

(Fig. 12). However, the LH binding capacity of corpora lutea removed 

from these 4 animals (9.0 + 2.4 fmol/mg) was comparable to that of 

tissues removed while circulating progesterone remained elevated (8.6 + 

0.8 fmol/mg, n = 4) and not significantly different from that of 

tissues at 6-9 days post-LH surge (8.9 + 0.75 fmol/mg). Thus in four 

animals, circulating progesterone declined prior to any detectable 

decline in available LH binding sites below levels present in normal 

functional corpora lutea. 

The ability of increasing amounts of prostaglandins (PGs) and 

125 
173-estradiol to directly alter I-hLH binding to particulate 

preparations of macaque corpora lutea is summarized in Figure 13. The 

—8 
presence of 2 x 10 moles significantly (p < 0.01) inhibited 

125 
I-hLH binding by 20%. However lower doses of PGF2a and 

— 11  —8 
10 - 10 moles PGE2 and estradiol had no effect. 

125 
produced a modest suppression of I-hLH binding compared to 
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DAYS 

Bm - 8.610.76 fmol/mg 

(n=4) 

Bm 
3 9.012.3 fmol/mg 

(n=4) 

8 10 12 

POST-LH SURGE 

Figure 12. Representative serum progesterone patterns for two monkeys 
whose progesterone levels either decreased just prior to removal of 
the corpus luteum (Q) or remained elevated at the time of luteectomy 
(O ), 10-12 days after the LH surge. —The values for serum 
progesterone at luteectomy (LX) and LH binding capacity (1%) of 
excised corpora lutea from 8 experiments at this stage of the luteal 
phase were subdivided on the basis of declining versus maintained 
progesterone levels. There was no significant difference in 
between the two groups. 
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ESTROGEN/PROSTAGLANDINS (moles) 

GONADOTROPINS (moles) 

Figure 13. Inhibition of 125i-hLH binding to particulate 
preparations of macaque corpora lutea by coincubation with increasing 
amounts of prostaglandin (PG) E2 and F2a and 17$-estradiol (E2). 
--Displacement curves for unlabeled hLH (LER 960) and hCG (CR119) are 
included for comparison. Binding in the absence of unlabeled hormone 
(B0) was regarded £s 100%. The incubation medium contained 2.5 mg 
equivalents of luteal membranes, 10~13 moles 125I-hLH and 
unlabeled hormone in 0.25 ml buffer. Incubations lasted 20 h at 
24 C. Each point represents the mean of 3 values. 
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competitive inhibition by native hLH or hCG. Similar results were 

obtained with particulate preparations of corpora lutea removed between 

9-13 days after the LH surge (n = 5). 

Discussion 

Previous investigators attempted to assess changes in gonado

tropin binding to luteal particulate preparations throughout the life

span of the human corpus luteura of the menstrual cycle by estimating 

the age/function of tissues from the patient's menstrual history and/or 

the progesterone content of blood samples collected at surgery (Wardlaw 

et al., 1975; McNeilly et al., 1980; Bolton et al., 1980; Halme et al., 

1978; Rajaniemi et al., 1981). However, considerable variation in the 

length of the follicular phase, the day of ovulation and luteal proges

terone production during the primate ovarian cycle (Croxatto et al., 

1980; Doty, 1979; Jaffe and Monroe, 1980) prevents accurate assessment 

of luteal age from the day of the menstrual cycle. One major advantage 

of the primate model utilized in the present study, the adult female 

rhesus monkey, is the ability to assess accurately the age/functional 

activity of the excised corpus luteum from LH/progesterone patterns 

radioimmunoassayed in daily serum samples collected through the day of 

luteectomy. This method of luteal dating enabled us to determine 

changes in the gonadotropin receptor population of macaque luteal 

tissue at well-defined stages in the lifespan of the corpus luteum of 

the menstrual cycle and to compare these changes with the functional, 

i.e., steroidogenic, status of the tissue. 



125 
Examination of I-hLH and hCG binding to particulate 

preparations of macaque corpora lutea indicated that the affinity of 

available receptors for hLH and hCG was comparable at all times during 

the lifespan of the corpus luteum of the menstrual cycle. In addition 

hLH and hCG binding capacity of luteal particulate fractions were 

similar regardless of the stage of the cycle. We conclude that the 

gonadotropin receptors of the macaque corpus luteum can recognize/bind 

both pituitary and placental gonadotropins to a similar degree through

out the luteal phase of the menstrual cycle. Similar conclusions for 

the gonadotropin receptors of the human corpus luteum are supported by 

the results of Rajaniemi and coworkers (1981) and others (Rao et al., 

1977a; Cole et al., 1973a). In contrast, data reported by Halme et al. 

(1978) suggested that gonadotropin receptors of the human corpus luteum 

exhibited increased affinity for hCG and decreased affinity for hLH as 

the luteal phase progressed. Our experimental findings provide no 

evidence of a similar trend in the gonadotropin receptor population of 

the rhesus monkey corpus luteum. 

In the present study, the number of available gonadotropin 

receptors in the macaque corpus luteum varied as a function of luteal 

age, increasing from the early to midluteal phase and subsequently 

declining around the onset of luteolysis, reaching low but detectable 

levels during the late luteal phase of the menstrual cycle. Comparable 

125 125 
changes in I-hLH and I-hCG binding have been reported during 

the development and regression of the corpus luteum in the pseudo-

pregnant rat (Rajaniemi et al., 1977; Lee et al., 1975) as well as in 

corpora lutea of domestic animals (Diekman et al., 1978a; Ziecik et 
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al., 1980) throughout the estrous cycle. Moreover, similar changes in 

125 
I-hCG binding to human luteal tissue during the menstrual cycle 

were reported by McNeilly et al. (1980). In contrast, other investiga

tors have reported that the concentration of gonadotropin receptors in 

human corpora lutea remained elevated (Rajaniemi et al., 1981) or 

increased (Halme et al., 1978) during the late luteal phase until 

menses. These authors surmised that the loss of available gonadotropin 

receptors was not a primary factor in the onset of luteolysis. Al

though our studies appear to support this conclusion, as discussed 

below, the data clearly indicate that the number of available LH/CG 

receptors in the corpus luteum of the rhesus monkey declines markedly 

during the late luteal phase prior to menses. The loss of LH receptors 

in macaque corpus luteum during the late luteal phase may partially 

explain the decreased ability of macaque luteal cells isolated at this 

stage to respond exogenous gonadotropin in terms of enhanced proges

terone production in vitro (Stouffer et al., 1977b). Nevertheless, 

Wilks et al. (1977) reported that the rhesus monkey responds to chronic 

injections of hCG during the late luteal phase (+14 days after the LH 

surge) with a small increase in circulating progesterone. This finding 

suggests that the decreased, but detectable, levels of LH/CG receptors 

observed in the macaque corpus luteum during luteolysis are functional 

at least following chronic exposure to elevated levels of chorionic 

gonado t rop in. 

Although the changes in gonadotropin receptor number in the 

macaque corpus luteum followed a pattern similar to that of the 

circulating progesterone concentration, these two parameters were not 
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tightly linked at all times during the menstrual cycle. The initial 

rise in serum progesterone during the early luteal phase occurred 

several days before an appreciable increase in LH binding. Moreover, 

detailed examination of gonadotropin binding around the onset of 

luteolysis (10-12 days after the LH surge) clearly indicated that in 

several animals, the steroidogenic activity of the corpus luteum 

declined prior to a reduction in gonadotropin receptor number below 

levels normally present in the fully functional corpora luteum. This 

finding strongly suggests that a decline in the capacity of the corpus 

luteum to bind LH is not a prerequisite for regression of the primate 

corpus luteum. However, the data does not rule out the possibility 

that luteal regression results from decreased responsiveness of the 

corpus luteum to circulating LH. Decreased responsiveness could result 

from a lesion in the mechanism of LH action following the hormone-

receptor interaction, e.g., the uncoupling of the gonadotropin-receptor 

complex from adenylyl cyclase activation. Indeed, PGF2a-induced 

(Lahav et al., 1976; Thomas et al., 1978) and spontaneous (Ryan et al., 

1977) luteolysis in the rat is associated with a loss of LH-stimulated 

adenylyl cyclase activity. Also luteolysis may result from a decrease 

in the number of "occupied" gonadotropin receptors. Studies in the ewe 

(Diekraan et al., 1978b) and pig (Ziecik et al., 1980) indicated that 

luteal regression in these species is closely associated with a decline 

in the amount of endogenous LH that can be eluted from the corpus 

luteum. The decline in the number of occupied receptors observed in 

these studies may reflect diminished receptor availability in 

regressing tissues. Alternatively, changes in occupied receptor number 



could occur prior to receptor loss as a result of attenuated 

transport/availablity of LH to the corpus luteum (Ellinwood et al., 

1978). 

Examination of the iji vitro effects of several potential 

125 
luteolytic agents on I-hLH binding to macaque luteal particulates 

indicates that PGF2a may act at the membrane level to inhibit the 

gonadotropin-receptor interaction. Earlier reports established that 

acute exposure to inhibits hCG-stimulated progesterone 

production by macaque luteal cells in vitro (Stouffer et al., 1979) and 

reduces progesterone secretion by the macaque corpus luteum ̂ n vivo 

(Sotrel et al., 1981). Our finding, as well as the data of Sotrel and 

coworkers (1981) suggest that inhibition of luteal steroido

genesis may result in part from a reduction in gonadotropin receptor 

availability in the macaque CL. Although, Sotrel et al., (1981) 

reported a similar decrease in LH binding capacity of the macaque 

corpus luteum following intraluteal injections of large doses of 

estradiol, as well as PGF2a, we did not observe any significant 

effect of estradiol on LH binding in our system. The importance of 

PGF2o~induced changes in gonadotropin binding to the induction of 

luteolysis in various species remains controversial (Diekman et al., 

1978b; Hichens et al., 1974; Behrman and Hichens, 1976). Moreover, it 

is not established whether PGF2a_induced and spontaneous luteolysis 

occur by similar mechanisms. Regardless of whether exogenous lute

olytic agents alter LH binding capacity in the macaque corpus luteum, 

our finding that the initial phase of luteolysis in the rhesus monkey 

was not necessarily preceeded by a change in receptor number suggests 
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that loss of LH receptors is not a necessary step in the initiation of 

spontaneous luteolysis in the menstrual cycle. 

In summary, there are marked changes in the number, but not the 

affinity,, of available LH/CG receptor sites during the development and 

regression of the primate corpus luteura. However, the initial stages 

of luteolysis, as marked by declining serum progesterone levels, are 

not necessarily preceded by or associated with an appreciable decline 

in available LH/CG receptor sites. We conclude that although potential 

luteolytic agents may directly modulate LH receptors, the loss of LH 

receptor sites is not an obligatory step in the initiation of spontane

ous luteolysis in primates during the normal menstrual cycle. 



CHAPTER 6 

COMPARISON OF THE SPECIES SPECIFICITY 
OF GONADOTROPIN BINDING TO PRIMATE AND NONPRIMATE CORPORA LUTEA 

The gonadotropin receptors of the human corpus luteum report

edly exhibit a unique species specificity for primate gonadotropins of 

pituitary (hLH) and placental (hCG) origin (Cole et al., 1973a, 1976). 

Human LH and CG, but not ovine, bovine, or porcine LH, compete with 

125 
I hLH and hCG for binding sites in homogenates of fresh human 

corpora lutea. In contrast, a variety of LH preparations compete with 

125 
I hLH and hCG for binding sites in corpora lutea of nonprimate 

species (Lee and Ryan, 1973a; Haour and Saxena, 1974; Rao, 1974). 

However, studies which directly compare the specificity of gonadotro

pin receptors in primate and nonprimate species have not been report

ed. In the present investigation, we have examined the species speci

ficity of gonadotropin binding sites in the corpus luteum of another 

primate species, the rhesus monkey, and compared it to sites in two 

nonprimate species, the rat and the pig. 

Materials and Methods 

Preparation of Luteal Tissue 

The corpus luteum was removed from three rhesus monkeys 

(Macaca mulatta) on days 17-19 of the menstrual cycle (Stouffer et al., 

1977b). The tissue was weighed, minced, and homogenized at 4 C in 20 
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volumes (vol/wt) of buffer solution (0.05 M Tris-HCl, pH 7.4, contain

ing 5 mM MgClg, 15 mM NaN^, 0.1% bovine serum albumin, and 8% 

sucrose) in a Dounce homogenizer with 10 strokes/pestle. The 

homogenate was centrifuged at 160 x g for 2 min to remove tissue 

fragments and intact cells. The supernatant was subsequently centri

fuged at 15,000 x g for 15 min and the resultant pellet resuspended in 

buffer solution. Aliquots equivalent to 2.5 mg intact luteal tissue 

were utilized for the binding studies. 

Ovaries from mature, nonpregnant pigs were collected at a local 

abattoir, placed in saline at 4 C, and transported to the labora

tory. Corpora lutea were removed from the ovaries by blunt dissection 

and homogenized as described above in 10 volumes of buffer. The 

homogenate was passed through fiberglass (1 oz) cloth and the filtrate 

was centrifuged at 15,000 x g for 15 min. The pellet was resuspended 

in buffer and aliquots equivalent to 5 mg intact luteal tissue were 

used in these studies. 

Luteinized ovaries were removed from 10 rats (Sprague-Dawley) 

following decapitation on days 12-15 of pregnancy. A particulate 

preparation of the ovaries was obtained utilizing the procedure 

described above for porcine corpora lutea. 

Hormone Preparations 

Purified hCG (CR119; 11,600 IU 2nd Int. Std. hCG/mg) was 

provided by Dr. R. Canfield. Purified hLH (LER 960; 2 x NIH-LH-Sl/mg 

by rat OAAD assay) was a gift from the National Pituitary Agency. 

Dr. D. Ward provided the purified oLH (DNW 9-109-6), bLH (DNW 9-117-2), 
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and pLH (DNW 9-121-1) preparations which had biological activities, as 

determined by the rat OAAD assay, of 2.51, 2.37, and 1.87 x NIH-LH-Sl, 

respectively. 

A modification of the lactoperoxidase procedure (Stouffer et 

al., 1976a) was used to radioiodinate 5 yg hLH (LER 960) with 1 mCi Na 

125 
I (Amersham) to a specific activity of 30 - 50 yCi/pg. The maxi-

125 
mum binding activity of the I—hLH, as determined by incubation 

with excess particulate preparation of porcine luteal tissue, was 25 + 

2.3% of total counts. 

Competitive Binding Experiments 

125 
Luteal particulate samples were incubated with 3 ng I-hLH 

and 0.25 - 10,000 ng of unlabeled hormone in 0.25 ml buffer solution 

for 20 h at 24.C in a shaker bath. After incubation, 1 ml ice-cold 

125 
buffer was added to each tube and the I-hLH bound to luteal tissue 

was separated from free hormone by Millipore filtration of the tube 

contents through Metricel membrane filters (0.45 iim pores) presoaked in 

buffer containing 2% bovine serum albumin. The incubation tubes were 

rinsed with 2 ml buffer and the filters rinsed with an additional 10 ml 

buffer. The radioactivity remaining on the filters was determined by a 

Searle 1185 automatic gammacounter. 

Results 

125 
The competitive inhibition of I-hLH binding to macaque, 

porcine and murine luteal tissue by various gonadotropin preparations 

125 
is summarized in Fig. 14. Nonspecific binding ( I-hLH uptake 

in the presence of an excess of unlabeled hormone) accounted for 
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Figure 14. Competitive inhibition of 125i-hLH binding to macaque, 
porcine, and murine luteal particulate preparations by unlabeled hCG, 
hLH, oLH, bLH and pLH. —12->I-hLH uptake in the absence of un
labeled gonadotropin (B0) is defined as 100%. Each value represents 
the mean of three determinations per experiment (rat and pig) or of 
three experiments (monkey). 
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Table 4. Moles of unlabeled gonadotropin required to inhibit 50% of 
specific l^I-hLH binding to particulate preparations of murine, 
porcine and macaque luteal tissue. 

Murine Porcine Macaque 

hCG 5.5 x 10~13 5.4 x 10~14 6.4 x 10~14 

hLH 23.0 x 10~13 7.6 x 10~14 18.0 x 10~14 

-13 -13 -10 
oLH 4.4 x 10 2.7 x 10 3.3 x 10 

bLH 13.0 x 10~13 6.8 x 10~13 2.1 x 10~U 

-13 -13 -10 
pLH 8.3 x 10 6.5 x 10 > 10 



125 
approximately 25% of the total I-hLH uptake in tissues from all 

three species. Logit transformation indicated that the slopes of the 

five inhibition curves in both rat and porcine tissue were comparable. 

Due to the limited inhibitory activity of the nonprimate gonadotropins 

in macaque tissue, logit analysis was not feasible. However, the in

hibition curves for the primate gonadotropins in macaque tissue were 

125 
parallel. Both primate and nonprimate gonadotropins suppressed I-

hLH uptake to the level of nonspecific binding in murine and porcine 

tissue, whereas high levels of nonprimate gonadotropins failed to do so 

in macaque tissue. 

The quantity of unlabeled gonadotropin required to inhibit 50% 

125 
of the specific I-hLH binding to murine luteinized ovaries ranged 

-13 -13 
from 4.4 x 10 to 23 x 10 moles (Table 4). This range spans 

less than an order of magnitude. In contrast, hLH and hCG were approx

imately ten times more effective than oLH, bLH, or pLH in inhibiting 

125 
I-hLH binding to porcine luteal tissue. This dichotomy between 

primate and nonprimate gonadotropins resulted from an increase in the 

125 
ability of hLH and hCG to inhibit I-hLH uptake in porcine tissue 

when compared to murine tissue. The dichotomy between primate and 

nonprimate gonadotropin binding became more apparent in macaque 

luteal tissue. The dose of nonprimate gonadotropin needed to inhibit 

125 
I-hLH binding by 50% was 500-1000 times greater than the required 

dose of primate gonadotropin. The effectiveness of the primate gonado-

125 
tropins in inhibiting I-hLH binding was similar in macaque and 

porcine luteal tissue. However, the nonprimate gonadotropins were 

50-100 times less active in macaque tissue. 
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Discussion 

Early investigations in both monkeys (Simpson and van Wagenen, 

1958; van Wagenen and Simpson, 1957; Knobil, Kostyo, and Greep, 1959) 

and humans (Gemzell, 1962; Gemzell, Diczfalusy, and Tillinger, 1958) 

found in vivo administration of primate gonadotropins (LH and FSH) more 

effective in stimulating follicle development and ovulation than admin

istration of nonprimate gonadotropins. However, it was not possible in 

these experiments to determine whether the difference in potency be

tween primate and nonprimate gonadotropins was due to receptor speci

ficity for primate gonadotropins, antibody formation against hetero

logous gonadotropins, or differences in hormone purities. Subsequent 

clinical studies have shown that women treated with pharmacological 

doses of nonprimate FSH for 3-4 months do not develop gonadotropin 

antibodies (Daume and Muller, 1970; Groot-Wassink and Rohde, 1971). 

Recent iji vitro experiments have suggested that gonadotropin 

receptors in the human corpus luteum (Cole et al., 1973a, 1976) 

demonstrate specificity for primate gonadotropins. Similarly, we found 

in the current study that primate gonadotropins were much more 

125 
effective than nonprimate gonadotropins in inhibiting I-hLH 

binding to macaque corpora lutea. All of the LH preparations used in 

our studies had comparable biological activity in the rat OAAD bioassay 

125 
and were equally effective in inhibiting I-hLH binding to murine 

corpora lutea. Thus, the apparent species specificity in the gonado

tropin receptors of the macaque corpus luteum is not due to differences 

in hormone purity or biological activity per se. Similar specificity 

of primate tissue for homologous hormones has been demonstrated for 
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gonadotropin binding to primate testes (Davies et al., 1979b) and 

growth hormone binding to certain strains of human leukocytes (Lesniak 

et al., 1973, 1974) and human liver tissue (Carr and Friesen, 1976). 

We did not observe appreciable species specificity in LH binding to 

murine and porcine corpora lutea, nor have other investigators in a 

number of nonprimate receptor systems (Lee and Ryan, 1973a; Haour and 

Saxena, 1974; Rao, 1974; Catt, Dufau and Tsuruhara, 1972; Cole et al., 

1973b; Kammerman et al., 1972). 

Our comparative study of gonadotropin binding in primate and 

nonprimate corpora lutea suggests that two processes result in the 

development of gonadotropin receptor specificity for homologous hor

mones in primates. First, there is a 10-fold increase in the potency 

of primate gonadotropins in macaque luteal preparations as compared to 

murine luteal preparations. Second, there is a simultaneous decrease 

in the potency of nonprimate gonadotropins by two orders of magnitude. 

Thus, gonadotropin receptors of the macaque corpus luteum have an in

creased affinity for primate gonadotropins and a decreased affinity for 

nonprimate gonadotropins. The ability of the porcine receptors to 

discriminate between primate and nonprimate gonadotropins is inter

mediate to the macaque and murine systems. 

The species specificity of the macaque gonadotropin receptors 

presumably reflects the capability of these receptors to distinguish 

between the physicochemical properties of primate and nonprimate 

gonadotropins. The a subunits of all three nonprimate gonadotropins 

are similar; furthermore the 3 subunits of oLH and bLH are similar 

both structurally and chemically. In contrast, both the a and the 



g subunits of hLH differ markedly in physical and chemical properties 

from the oLH, bLH, and pLH subunits, but are quite similar to the a and 

(3 subunits of hCG (Liu and Ward, 1975). 

In conclusion, we have found that the gonadotropin receptors of 

the macaque corpus luteum exhibit specificity for primate gonadotropins 

analogous to the specificity demonstrated in human corpora lutea. This 

specificity, which is not present in murine corpora lutea, appears to 

result from an increased affinity for primate gonadotropins and a de

creased affinity for gonadotropins of nonprimate origin. This finding 

strongly supports the requirement for human gonadotropins in clinical 

therapy of gonadal disorders as well as in research on the mechanisms, 

the regulation, and the manipulation of gonadotropin action in primate 

reproduction. 



CHAPTER 7 

IN VITRO EFFECTS OF ETHANOL ON PRIMATE OVARIAN MEMBRANES: 
EXPOSURE OF ADDITIONAL GONADOTROPIN RECEPTOR SITES 

The interaction of peptide and protein hormones with specific 

membrane receptors in target tissues has been studied extensively 

through ̂ n vitro examination of radiolabeled hormone binding to tissue 

slices, isolated cells, homogenates, and membrane particulate prepara

tions (Roth, 1973; Ryan et al., 1977). Although these preparations 

provide well-controlled systems in which the apparent number and af

finity of available receptors can be quantified, studies described in 

this report suggest that there are additional receptor sites in certain 

tissues which are not measured by standard ̂ n vitro techniques. Go

nadotropin hormone receptors in the primate corpus luteum have been 

125 
characterized in our laboratory via the specific uptake of I-hLH 

to luteal tissue of the rhesus monkey (Coensgen and Stouffer, 1980; 

125 
Cameron and Stouffer, 1981). We report here that the binding of I-

hLH to membrane particulate preparations of the macaque corpus luteum 

was significantly enhanced by the addition of low concentrations of 

ethanol to the incubation medium. Scatchard analysis indicated that 

ethanol increased the number of available gonadotropin binding sites 

without altering their affinity for LH. We conclude that ethanol 

exposes receptors in macaque luteal membranes which were previously 

unavailable for hormone interaction in vitro, and possibly in vivo. 

102 



The concept that the primate corpus luteum contains additional gonado

tropin receptors which are "masked" within the membrane is supported 

by the report of Rajaniemi et al. (1981) that pretreatment of membranes 

from human corpus luteum with neuraminidase increased gonadotropin 

binding 4-fold. These additional receptors may be exposed in vivo by 

appropriate conditions. Indeed, Huhtaniemi et al. (1981) and Niswender 

et al. (1980) have recently reported the phenomenon of gonadotropin 

receptor "up-regulation" by homologous hormone in rat testis and ovine 

corpora lutea, respectively. Huhtaniemi and coworkers (1981) suggested 

that gonadotropins may act at the cell membrane to induce conforma

tional changes that expose previously unavailable receptor sites. 

During our initial characterization of the gonadotropin recep

tor population of the macaque corpus luteum we examined the direct in 

125 
vitro effects of several potential luteolytic agents on I-hLH 

binding to luteal particulate preparations. Our results indicated that 

the solvent used to administer these agents, i.e., ethanol, altered LH 

binding to luteal membranes. Consequently, we examined more closely 

the effects of ethanol on gonadotropin interaction with macaque luteal 

tissue in vitro. 

Designating the first day of menses as day 1 of the menstrual 

cycle, the corpus luteum was removed (Stouffer et al., 1977b) from 

rhesus monkeys (Macaca mulatta) during the luteal phase of the non-

fertile menstrual cycle (i.e., 9-13 days after the mid-cycle LH surge). 

125 
Specific binding of I-hLH to aliquots of freshly prepared particu

late fractions (equivalent to 2.5 mg intact luteal tissue) was assessed 

after co-incubation at 24 C for 20 h in the presence and absence of 
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125 
ethanol. The effect of increasing doses of ethanol on I-hLH bind

ing to macaque luteal membranes is shown in Figure 15. Low concentra-

125 
tions of ethanol increased I-hLH binding in a dose-dependent man

ner, with a maximal effect observed in the presence of 8% (vol/vol) 

ethanol (p < 0.01; Duncan's multiple range test). Higher levels 

125 
(20 - 50%) of ethanol significantly (p < 0.05) decreased I-hLH 

125 
binding. Eight percent ethanol enhanced I-hLH binding to macaque 

luteal membranes to a similar extent when either 0.05 M Tris-HCl buffer 

(pH 7.4), 0.05 M phosphate-buffered saline (pH 7.4), or our standard 

buffer (0.05 M Tris-HCl buffer containing 5 mM MgCL2, 15 mM NaN^, 

0.1% bovine serum albumin, and 8% sucrose at pH 7.4) was utilized as 

the incubation medium. Figure 15 also summarizes the effect of various 

125 
doses of ethanol on I-hLH binding to membrane particulate samples 

(equivalent to 5 mg intact luteal tissue) of porcine corpora lutea. 

125 
Low concentrations (0.8 - 8.0%) of ethanol which enhanced I-hLH 

binding to macaque luteal membranes failed to produce a similar effect 

on porcine luteal membranes. However, high levels (20 - 50%) of 

125 
ethanol decreased I-hLH binding to porcine as well as macaque 

luteal membranes. 

Equilibrium binding studies involving incubation of macaque 

125 
luteal membranes with increasing doses of I-hLH yielded linear 

Scatchard plots in the presence or absence of 8% ethanol (Figure 16). 

The presence of 8% ethanol had no appreciable effect on the affinity 

(K, = 0.40 x 10 10 M without ethanol; K, = 0.33 x 10 ̂  M with 
d d 

ethanol) of the gonadotropin binding sites for LH. However, exposure 

to 8% ethanol resulted in a 2.3-fold increase in the maximum binding 



Figure 15. The effect of increasing doses of ethanol on *^I-hLH 
binding to membrane particulate preparations of macaque and porcine 
corpora lutea. 

Freshly excised corpora lutea were weighed, minced, and homogenized in 
20 vol (vol/wt) of buffer (0.5 M Tris-HCl buffer at pH 7.4, containing 
5 mM MgCl2> 15 mM NaN3, 0.1% bovine serum albumin and 8% sucrose) 
in a Dounce homogenizer with 10 strokes/pestle. The homogenate was 
centrifuged at 160 x g to remove tissue fragments and intact cells and 
a membrane pellet was subsequently collected at 15,000 x g. The 
pellet was resuspended in buffer to yield a particulate preparation of 
luteal membranes. Highly purified hLH (LER 960) was radiolabeled with 
1 mCi Na ^25^ (Amershara) to a specific activity of 36 + 2 VCi/Vg) 
using the lactoperoxidase method (Stouffer et al., 1976a). The 
reaction utilized 5 yg hLH and 200 ng lacctoperoxidase (Calbiochem, B 
grade). The iodination procedure involved addition of 600 ng H2O2 
in 200 ng aliquots at 5 rain intervals during a total reaction period 
of 15 min. Labeled hormone was separated from free 125j by 
filtration through a BioGel P60 column equilibrated with 0.05 M 
phosphate-buffered saline (pH 7.5). Aliquots of luteal membranes, 
equivalent to 2.5 mg intact corpus luteum, were incubated with 3 ng 
^•"I-hLH and 0 - 50% (vol/vol) ethanol in a total volume of 0.25 ml 
until steady state binding was attained (20 h at 24 C). After in
cubation, 1 ml ice-cold buffer was added to each tube and ^^I-hLH 
bound to luteal tissue separated from free hormone by Millipore fil
tration of the tube contents through Metrical membrane filters (0.45 
pm pores) presoaked in buffer containing 2% bovine serum albumin. The 
filters were rinsed and the radioactivity remaining on the filters 
determined by a Searle 1185 automatic gammacounter. The results are 
expressed here as a percentage of ^-'1-hLH binding in tubes con
taining no ethanol. Each bar represents the mean + standard error of 
three experimental values. 
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Figure 15. The effect of increasing doses of ethanol on 125i-hLH 
binding to membrane particulate preparations of macaque and porcine 
corpora lutea. 



Figure 16. Scatchard plots of specific ^^I-hLH binding to particu
late preparations of two macaque corpora lutea in the presence and 
absence of 8% (vol/vol) ethanol. 

Aliquots of macaque luteal membranes, equivalent to 2.5 mg intact 
tissue, were incubated with increasing doses of ^f>I-hLH 
(0.5 - 25 ng) in a total volume of 0.25 ml buffer with or without 
0.02 ml (8%) ethanol. Nonspecific binding was assessed by 
coincubating tissue samples and l^I-hLH with a 200-fold excess of 
unlabeled gonadotropin. Specific ^^I-hLH binding was taken to be 
the difference between total and nonspecific binding. Prior to 
Scatchard analysis the data were corrected for the maximum binding 
activity of the ^^I-hLH (26 + 2.4%). This was determined by 
incubation of trace amounts (approximately 3000 CPM) of 125j_hm 
with excess membrane particulate preparation (aliquots equivalent to 
20 mg intact luteal tissue). Each point on the graph represents the 
mean of three values from one of two separate (circles; squares) 
experiments. 
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Figure 16. Scatchard plots of specific 125i-hLH binding to particu
late preparations of two macaque corpora lutea in the presence and 
absence of 8% (vol/vol) ethanol. 
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125 
capacity of the tissue for I-hLH; binding capacity increased from 

3.1 fmol to 7.2 fmol per mg luteal tissue. The effect of ethanol on LH 

binding was a reversible process; membranes which exhibited enhanced 

i« 
(2.3-fold) I-hLH binding following 24 h incubation in 8% ethanol 

displayed "normal" binding levels (i.e., levels in membranes unexposed 

to ethanol) following washing and resuspension in buffer without 

ethanol. These studies demonstrate that the continued presence of 

ethanol is required for gonadotropin interaction with newly exposed 

binding sites. 

Certain in vivo effects of ethanol can be attenuated by inhibi

tors of alcohol metabolism (Cicero, Newman and Meyer, 1980). This 

finding, plus evidence that acetaldehyde (the first oxidation product 

of ethanol) mimics the effects of ethanol in certain in vitro systems 

(Boyden, Silvert and Pamenter, 1981), suggests that some biological 

actions of ethanol are attributable to its metabolites. To determine 

whether other small chain alcohols or products of alcohol metabolism 

could alter the apparent LH binding capacity in a manner similar to 

ethanol, we investigated the effects of methanol and acetaldehyde on 

125 
I-hLH binding to macaque luteal tissue. Methanol, at a molar dose 

equivalent to 8% ethanol, increased the LH binding capacity 1.35-fold, 

but this change was not significant. Concentrations of acetaldehyde 

(20 - 180 yM) which are present in humans drinking moderate amounts of 

ethanol (Boyden et al., 1981), had no effect on the LH binding 

capacity. However, molar doses of acetaldehyde equivalent to 8% 

125 
ethanol completely inhibited I-hLH binding to macaque luteal 
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membranes. The data suggest that ethanol may be more effective than 

other small chain alcohols, such as methanol, in enhancing LH binding 

to luteal membranes. Moreover, acetaldehyde does not appear to mediate 

the stimulatory effect of low doses of ethanol on LH binding. However, 

the possibility that acetaldehyde mediates the inhibitory effects of 

high doses of ethanol cannot be ruled out. 

This study constitutes the first in vitro examination of acute 

effects of ethanol on gonadotropin receptors. Studies by Gnanaprakasam 

et al. (1979) have shown that chronic in vivo administration of ethanol 

causes a depletion of gonadotropin receptors in rat testicular tissue. 

Their findings are consistent with the well documented observation that 

chronic as well as acute alcohol ingestion is associated with decreased 

serum testosterone levels (Cicero, 1981). In contrast, our data 

clearly demonstrate that the number of available gonadotropin binding 

sites in membranes prepared from macaque corpus luteum are increased in 

the presence of low concentrations of ethanol. However, the low 

concentrations of ethanol which we used are considered lethal in vivo. 

Our studies have not delineated whether the additional binding sites 

exposed by ethanol represent functional gonadotropin receptors that are 

coupled to the physiologic processes within macaque luteal cells. 

However, Abramowitz and Birnbaumer (1979) recently reported that 

incubation of membrane particulate fractions, prepared from rat and 

rabbit corpora lutea, with 5% ethanol increased gonadotropin-

stimulated adenylyl cyclase activity 2- and 7-fold, respectively. 

Higher doses of ethanol decreased gonadotropin stimulated adenylyl 
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cyclase activity. The similar dose-response relationship between LH 

binding in our primate system and gonadotropin-stimulated adenylyl 

cyclase activity in rat and rabbit luteal membranes suggests that in 

vitro exposure of luteal membranes from several species to low amounts 

of ethanol may "unmask" a population of gonadotropin receptors which 

are capable of activating other cellular processes such as cyclic AMP 

production. In contrast, we did not find similar effects of ethanol 

on porcine luteal membranes. This may indicate a paucity of "masked" 

receptors in the luteal membranes of this species. 

The apparent ability of ethanol to expose receptors is not 

exclusively limited to gonadotropin receptor populations. Modest 

increases in receptor number have been demonstrated in several 

neurotransmittor-receptor systems in response to acute administration 

of ethanol. Examinations of JLn vivo (Ticku and Burch, 1980) and in 

vitro (Ciofalo, 1978) effects of ethanol on rodent brain have indicat

ed that acute ethanol exposure is associated with an increase in 

y-aminobutyric acid and a-adrenergic receptor number. Although the 

changes in these studies were qualitatively similar to those which we 

observed in macaque luteal membranes, the effect of ethanol in our 

system was much greater than the effects observed in mouse and rat 

brain. 

The mechanism whereby ethanol exposes additional gonadotropin 

receptors in macaque luteal tissue remains unresolved. Ethanol, in 

doses comparable to those used in our studies, increases the fluidity 
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in erythrocyte, mitochondrial and synaptosomal membranes (Chin and 

Goldstein, 1977). Several investigators have suggested that changes 

in membrane fluidity may expose hormone receptors which are "masked" 

within the membrane (Rajaniemi et al., 1981; Huhtanimi et al., 1981; 

Ciofalo, 1978; Dave and Knazek, 1980), possibly within cryptic regions 

(Huhtanimi et al., 1981). Alternatively, ethanol may increase the 

number of available receptors by removing inhibitors of gonadotropin 

binding. Although ethanol may expose "masked" receptors by altering 

binding inhibitor-receptor interactions, it seems unlikely that 

ethanol physically removes binding inhibitors from the membrane since 

gonadotropin binding did not remain elevated after ethanol was washed 

from macaque luteal membranes. 

In summary, our studies demonstrate that additional gonado

tropin receptors are present in the corpus luteum of the rhesus monkey 

which are not measured by conventional methods for assessing gonado

tropin receptor populations. The data presented here indicate that 

these previously unavailable receptors can be exposed by low concen

trations of ethanol. In this respect, ethanol may prove useful as a 

novel agent for more thorough examination of the receptor populations 

of peptide and protein hormones. 
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