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CHAPTER 1

GENERAL INTRODUCTION AND STATEMENT
OF THE PROBLEM

Very little is known about the physiology of ovarian secretion
in the primate. However, the secretory capacity of the ovary is sug-
gested by the cyclical patterns of estradiol1 and progesterone in the
systemic circulation during the intermenstrual period (1-4), The
basal level of estradiol in the peripheral circulation during the early
follicular phase of the cycle is associated with the tonic release of
gonadotropic hormones, The circulating level of estradiol increases
as the follicles develop and during the late preovulatory period
reaches a peak concentration that is eight times greater than that of
the early follicular period. After the peak, the systemic concentra-
tion is drastically reduced within 12 to 24 hours. Initially the late
preovulatory period is associated with a slight decrease in peripheral
gonadotropins that is consonant with a negative feedback role for the
inc reasing amounts of estradiol. However, during and after the

estradiol peak, the preovulatory surge of luteinizing hormone (LH)

Systematic chemical names of the steroids discussed in the text are
found in Appendix A,



is thought to be the result of a positive feedback effect of estradiol.
Concurrently progesterone appears in the peripheral plasma and
remains throughout the luteal phase after ovulation,

The current explanation of the relationship between the ovary
and pituitary contains at least one inconsistency. If the estradiol in
the general circulation is from the ovary, why does it decrease rapid-
ly just before ovulation when the ovary is under intense trophic stimu-
lation from the preovulatory surge of LH? The administration of LH

in vivo or in vitro generally results in an increased production of all

——

ovarian steroids so that LH is not likely to play an inhibitory role.
Moreover, the fact that quantities of estrogen in the peripheral cir-
culation decrease at least 24 hours before the follicle ruptures argues
against ovulation being an important factor in the decline of estrogen
measured systemically. The observation that progesterone is
secreted from the preovulatory ovary in response to gonadotropin
stimulation and the fact that it regulates the biosynthesis of androgen
in other endocrine glands suggested that it or a progestin is involved
in the regulation of the biosynthesis of estrogen by the primate ovary.
Therefore, studies reported here were designed to investigate
the role of progesterone in steroid secretion by the primate ovary
during the periovulatory period. (1) A method was developed for
reproducibily manipulating the concentration of progesterone in the

systemic circulation. Ordinarily, progesterone is present in



quantities greater than 2 ng/ml only during the luteal phase of the
ovulatory cycle. Consequently, it was necessary to find a way of
administering exogenous progesterone that furnished immediate
physiological concentrations in the general circulation for the desired
treatment period. (2) The peripheral quantities of testosterone were
measured throughout the normal menstrual cycle. This descriptive
experiment interrelated the systemic pattern of this important andro-
gen with the patterns of other ovarian steroids. Furthermore, assay-~-
ing it in blood provided an additional end point for analyzing the effects
of progesterone, since the androgens are precursors in the ovarian
synthesis of estrogens, (3) The effects of exogenous progesterone
during the periovular period were tested on the pattern of androgens
and estrogens found in the systemic and ovarian venous plasma. If
progesterone is acting on the ovary, elevations in the concentrations
of this hormone in the systemic plasma by exogenous administration
during the midfollicular and periovulatory period should inhibit the
secretion of estrogens and androgens., The reduction in the concen-
tration of these compounds in the peripheral blood and the temporal
relationships observed will give some insight into the regulatory
action of progesterone on the control of hormone secretion by the

ovary near the time of ovulation,.



CHAPTER 1II

REVIEW OF THE PHYSIOLOGICAL PARAMETERS
IN THE PRIMATE OVARIAN CYCLE

The most characteristic external feature of the reproductive
cycle in the female primate is menstruation. Initially, the divisions
of the cycle were described and defined by sequential changes in the
iining of the human endometrium (5). When it was later discovered
that ovulation occurred near the midpoint between menses after a
period of follicular growth and before the development of a corpus
luteum, the cycle was described as having a follicular phase and a
luteal phase (5). The first studies of cyclic menstrual periods in the
rhesus monkey provided an experimental model with many of the
physiologic attributes of man (6, 7). The cycle is 28 days (mode)
long, with ovulation occurring between the 11th and 14th days. The
dominant hormones in the follicular and luteal phases are estradiol
and progesterone respectively (8); the secretion of these‘hormones
in a cyclical fashion by the ovary presumably triggers the morpho-
logical changes in the primate endometrium (9).

It was generally assumed that the presence of menstrual flow

was associated with the preceding ovulation (5). However,
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identification of anovulatory cycles in the monkey followed by menses
suggested that ovulation and menstruation are not necessarily related
(10). Moreover, the fact that endometrial degeneration, usually
found before the onset of menses, occurs in either the follicular or
the luteal phase and that menstruation can be induced in the ovariecto-
mized female by various steroid treatments (5) indicated that a more
precise physiological correlate of ovarian development than menstru=-
ation was desirable, The appearance of vaginal bleeding, however,
still serves as a convenient external marker,

The most significant feature in the reproductive cycle is the
periodic release of a mature ovum., The ovarian cycle, unlike the
menstrual cycle, is divided‘into follicular and luteal periods by the
physical process of ovulation, The definition of the two phases need
not be restricted to this event, and any other reference point can be
selected that divides the cycle near the time of ovulation, e.g. the
preovulatory peak of estradiol or the preovulatory surge of LLH.

The following review covers four general topics related to the
morphology, biochemistry, and physiology of ovarian function: (1)
the dynamic morphology of ovarian cell populations; (2) related alte-

rations in biosynthetic capabilities inferred from in vitro and in vivo

experiments; (3) the rhythmic patterns of ovarian steroids in the
peripheral circulation of the primate; (4) possible regulatory mechan-

isms for controlling steroid biosynthesis in the ovary.



Ovarian Cycle: Morphology and Histology of the Ovary

Grossly, the ovaries of sexually mature rhesus monkeys are
slightly flattened, paired organs 1 to 2 cm in length, 1 to 1.5 cm in
width, and 0.5 to 1,2 cm in thickness., Peritoneal epithelium and the
tunica albuginea cover the thick cortex that surrounds the inner or
medullary portion. Embedded within the undifferentiated stroma of
the cortex are follicles, ranging from extremely small, dormant
primordial follicles to large preovulatory structures, as well as
corpora lutea in various stages of activity or degeneration (Figure 1).
The medulla, consisting of loosely arranged connective tissue, under-
lies the cortex and a mass of contorted blood %ressels enters through
the hilus of the ovary,

The changing peripheral patterns of gonadotropins and steroids
are both the cause and the result of the dynamic alterations in ovarian
morphology during the cycle. Koering (11) recently described the
ovarian cycle of the rhesus monkey according to the size of the
developing follicles and the functional state of the corpus luteum.
Vesicular follicles, 1 mm in diameter or less usually underwent
atresia except the one destined to ovulate. This follicle (now referred
to as a Graafian follicle) is identifiable by day 9 of the menstrual cycle
whereas the others are in various stages of atresia. The initiation of

folliculogenesis and continued growth of the follicles probably depend



Figure 1. Schematic illustration of the microscopic anatomy of the
ovary (courtesy of Dr, J. A, Resko),
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on the appropriate ratio of gonadotropins (2).

The specialized theca interna cells in the preovulatory follicles
are sparse and unevenly distributed but well-vascularized. The
interstitial gland tissue surrounding the follicle appears to derive
from the theca interna of follicles undergoing atresia and the differ-
entiating perifollicular stromal cells. This tissue is most prominent
during the preovulatory period and can scarcely be identified during
the rest of the cycle. The interstitial or stromal gland has been
described in man (12); it was observed that the number of atretic
follicles reached a maximum in the preovulatory period, These
authors noted that the formation of vesicular and atretic follicles is
a rhythmic process and suggested that the stromal gland is as impor-~
tant for steroid production as the theca interna in the preovulatory
state.

Immediately after ovulation, the wall of the follicle collapses

“and the granulosa cell lining folds into the fluid-filled cavity. The
blood vessels supplying the theca interna sprout and invade the granu-
losa cells as they undergo luteinization and a fully mature corpus
luteum is present by day 10 after ovulation, During the entire period
of luteal activity, the largest follicle observed was about 1 mm in
diameter and attained no further growth until the corpus luteum began
to degenerate (11); in all animals degeneration of the corpus luteum

began before the onset of menses., These observations confirm and
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extend previous reports (13, 14),

Although it is extremely difficult to relate steroidogenic activ-
ity directly with cellular morphology, indirect comparisons have been
made. In general, steroid production has been related to the appear-
ance of a hypertrophied specialized cell mass that is well-vascular-
ized, Each cell is characterized by diffuse lipoproteins, i.e. large
quantities of agranular endoplasmic reticulum, a slight accumulation
of lipid or lipid esters, complex tubular mitochondria, and enzyme,
activities indicative of steroid hormone synthesis (15, 16). Early
studies on the distribution of cholesterol suggested that the theca
interna cells of the follicle and the luteinized theca interna and granu-
losa cells of the corpus luteurmm were normal sites of hormone synthe-
sis in man (17, 18).

Recent investigators, using more refined histological, histo-
chemical, and electron microscopic techniques, have described in
detail the indirect morphological indices of steroid production in the
human ovary. Dean, Lobel, and Romney (19), noted that the activity
of the 3ﬁ-hydroxy‘steroid dehydrogenase enzyme was highest in the
theca interna before ovulation and high also in the luteinized granu-
losa after ovulation. Confirming previous observations (20), Guraya
(21) observed large amounts of agranular endoplasmic reticulum and
diffuse lipoproteins in the theca interna with only small amounts of
either in the granulosa before ovulation, Similar studies on stromal

gland tissue indicated that this cell population is also capable of

steroid production (22, 23). The dramatic reversal of the structure
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and contents of a particular cell population correlates, within the
limits of the various techniques, with the changes in peripheral

steroid patterns observed during the cycle (24).

These studies suggest that three morphologically distinct ovari-
an compartments--the follicle, stroma, and corpora lutea--can be
identified in this complex heterogeneous tissue. Judging from histo-
logical criteria, these separate cell populations undergo various per-
iods of growth, functional activity, and degeneration that are related
to patterns of gonadotropins and steroid hormones in the systemic

circulation.

Ovarian Cycle: Biosynthetic Potential of the Ovary

In vivo studies characterizing the concentrations of gonadal and
hypophyseal hormones in the systemic plasma are valuable indices of
the endocrine state of the female., Similarily, the qualitative func-
tional and structural relationships within the ovary can be inferred by
coxhparing the cellular morphology of the organ with the quantities of
circulating steroids. These observations, however, do not directly
assess the biosynthetic potential of the anatomical compartments
within the ovary or identify the intermediates in the biosynthetic pro-
cesses leading to the secreted product. These questions are partially
answered by investigating the metabolism of various substrates by
the ovary in vitro and by identifying the steroid hormones that are

secreted into the venous effluent from the gland,
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The results obtained from in vitro experiments leave much to
be desired. For example, discrimination is lost by the disruption of
normal substrate supply routes, the microanatomy of the subcellular
organization is drastically altered, and reactions can be inhibited by
the abnormal accumulation of metabolites. Despite these limitations,
the use of isotopically pure substrates has defined the probable routes
of steroid biosynthesis in the primate, especially in the human ovary
(Figure 2).

The possible intermediates in pathway A were initially sug-
gested from studies on the bovine ovary in which progesterone was
used as the substrate (25). The role of cholesterol in ovarian ster-
oid production was indicated by the identification of labeled pregnane-
diol and estrone in the urine of pregnant women treated with the
labeled sterol (26, 27). Acetate as a precursor was also implicated
in man by the identification of radioactive cholesterol and estradiol
in incubations with ovarian homogenates (28). The isolation of vari-
ous prbgestins and androgens from different parts of the ovary (29)
provided the impetus to investigate the biosynthesis of steroids in
different morphological compartments,

The earliest studies, which made no attempt to separate folli-
cles from the surrounding stroma, showed that testosterone was
metabolized to both estrone and estradiol (30, 31) and that andro-

stenedione was converted to testosterone (32)., Other studies indicated
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Figure 2.

Schematic representation of the metabolic pathways for
steroid biosynthesis in the primate ovary. Pathway A
is known as the A“-3-keto pathway and predominates in
the granulosa, Pathway B is known as the A5-3ﬁ—ol
pathway and predominates in the theca and stroma,.
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that pregnenolone was converted to progesterone and 17 a-hydroxy
progesterone and that a small percentage of 17 a~-hydroxyprogester-
one could be metabolized to androstenedione (33, 34)., In another
series of investigationsrwith progesterone, the follicular tissue was
more active than luteal tissue in producing 17 a-hydroxyprogesterone
and androstenedione although the pattern was similar (35). These
authors concluded that their inability to show estrogen formation in
either tissue was the result of the low metabolic potential of the pre-
paration, These problems were overcome in multiple experiments
in which large cystic follicles were developed by treating women with
gonadotropins and separating the follicular linings from the stroma
(36-40)., The results showed that in the follicle acetate was converted
to cholesterol and estrogens; cholesterol and androstenedione were
converted to estrogens; and progesterone was converted to testoster-
one, These observations agreed well with the identification of both
testosterone and androstenedione in ovarian homogenates or slices
with either 17 a-hydroxyprogesterone or progesterone as substrates
(41, 42). Besides confirming the major intermediates in pathway A,
they identified pathway B (43). Acetate was incorporated into preg-
nenolone, 17 a-hydroxypregnenolone, dehydroepiandrosterone, and
androstenedione with little incorporation into progesterone under
these conditions, This second (B) pathway was confirmed in non-

stimulated tissue when both follicles and stroma were present (44-46)



16
and seemed to be independent of the pathway through progesterone
{47, 48). The identification of various 19-oxygenated androgens has
been well-documented (49-51), but which of these compounds is the
actual intermediate in estrogen biosynthesis is still not known, Pre-
vious studies had identified all of the intermediates in separate incu-
bations, but Axelrod and Goldzieher (50) were the first to identify all
of the intermediates from a single incubation. These authors cau-
tioned that their results represented only a particular phase of a
particular cycle with multiple compartments and that generalizations
were difficult, In later studies equimolar amounts of 3H-pregneno-—
lone and 14C -progesterone were used to follow the accumulation of
products from the two pathways by a comparison of the isotope ratios
‘in tissue incubations from various phases of the cycle (52-55). These
authors concluded that if the corpora lutea were excluded, the favored

metabolic pathway in normal ovarian tissue was pathway B. The

same conclusion was reached in a study of isolated thecal and granu-
losa cells (56).

Studies on ovarian tissue after the removal of the larger folli-
cles and the corpora lutea showed that this tissue was active in the
metabolism of acetate to progesterone (57) and that the major product
isolated was either testosterone (58) or androstenedione (59). These
last investigators concluded that the stroma is the major source of

androgens in the ovary. This ovarian compartment used pregnenolone
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at a much higher rate than progesterone in the production of andro-
gens via pathway B (60-61) and could produce estrogens (62).
Leymarie and Savard (60) felt that the synthetic activity of the stroma
was related to the stage of the cycle since tissue from the follicular
phase was much more active than tissue from the luteal phase. The
biosynthetic potential of the stroma is probably best evaluated in the
postmenopausal ovary since anatomically it consists almost entirely
of stromal tissue and is highly stimulated by in vivo gonadotropins
(62-65). It is particularly active in the production of androgens,
especially of androstenedione from either pregnenolone or progester-
one; in most of the incubations, pregnenolone was most actively
metabolized (65). Obviously the stroma of the premenopausal and
postmenopausal ovary differs since the former produces estrogens
whereas the latter does not (64, 65)., Nevertheless, the fact that
stromal tissue actively produces steroids confirms the morphological
observations mentioned above.

The major product isolated from in vitro incubations of corpora
lutea was progesterone, but smaller amounts of 17 a-hydroxyproges-
terone were also found (66-71). Other intermediates found in pathway
A, including estrogens, indicated that luteal tissue can produce estro-
gens, but at very low concentrations, When pregnenolone was used
as a substrate (72), pathway B was almost totally inactive; these

results were confirmed by the accumulation of C21 steroids in the
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absence of dehydroepiandrosterone or other C19 products (67, 69).
Thus the human corpus luteum can produce estrogen, as is ev‘idenced
by its extremely éctive aromatization of androstenedione (66, 73-75),
but to a lesser degree than stromal tissue (73). The fact that corpora
lutea aromatize dehydroepiandrosterone to estradiol in slices and
estrone in homogenates indicates that if this androgen were formed,
estrogens should accumulate (76). Results obtained from human and
rhesus monkey granulosa cells in cell culture have confirmed that the
pattern of steroids obtained from these cells is different from that of
similarly cultured thecal cells (56, 77-79). In all of these studies,
progesterone was the major steroid produced b}: the luteinized granu-
losa cells; in the last study there was a definite correlation between
the age of the corpus luteum and the steroidogenic and morphological
characteristics of the cultures., Granulosa cells from the preovula-
tory ovary and from the early luteal phase produced 10 to 100 times
more progesterone than cells from the early follicular phase (79).

Thus we infer that the various anatomical compartments of the
ovary have different steroidogenic potentials. Falk (80) in a series
of experiments on rats suggested that different steroidal patterns
are elaborated by the several compartments of the ovary and that
these compartments are somehow interrelated. This theory was fur-
ther developed in the *"two cell® concept (81) which holds that luteal

and follicular cells have qualitatively different functional capabilities,
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depending on the enzymatic pathways present and the vascular supply
of the potentially active cells, Attempts to prove these postulates in
vitro (56, 77, 79) have yielded conflicting results, an indication that
although the three ovarian compartments are grossly similar qualita-
tively, the nature of their interrelationships and the fine differences
that are probably acting physiologically are still obscure., In a series
of in vitro studies on ovarian slices from 19 women in different
phases of the cycle, the preovulbatory ovary transformed pregneno-
lone to 17 a-hydroxypregnenolone, dehydroepiandrosterone, andro-
stenedione, and small amounts of estrogen, particularly in the late
follicular phase. After ovulation, the pattern was dramatically alter-
ed, and the same substrate was converted to progesterone, 17a-
hydroxyprogesterone, and estrogen (82). These results with hetero-
geneous tissue slices confirm the conclusion by Samuels and Eik-Nes
(83), that two separate pathways exist within the ovary and are active
at different times in the ovarian cycle concurrent with the presence
of different anatomical structures,

Perhaps the best indicator of glandular secretory activity is the
measurement of steroids in the venous effluent draining the ovary.
In the postovulatory ovary, the largest amounts of progesterone are
present in blood from the ovary with the corpus luteum (84). On the
other hand, in one subject, much larger quantities of 17 a-hydroxy-

progesterone and androstenedione were found in the effluent plasma
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from the ovary with the ripe follicle {85). However, no progestins
were isolated in venous blood from monkeys whose ovaries were in
the follicular phase (86). Estradiol concentrations were found to be
highest in plasma from the preovulatory ovary with the Graafian
follicle, and in some cases progesterone has also been identified
(85, 87). The amounts of 17~keto steroids in ovarian venous blood
(88), the reduced concentration of androgen in ovarian venous plasma
by the suppression of gonadotropins (89), and the identification of an
a-v difference in hormone concentration across the ovary indicate
that dehydroepiandrosterone, androstenedione, estradiol, and testo-
sterone are secreted during the ovarian cycle (90-97). The latest
attempt to correlate steroid levels with a phase of the ovarian cycle
was relatively unsuccessful because any single steroid varied widely
between subjects, whether at the same phase or at different phases
of the cycle (97). However, these results showed that the major
steroids secreted by the ovary with the active follicle and corpus
luteum were estradiol, androstenedione, and progesterone and that
the levels of these steroids tended to be higher in the luteal than in
the follicular phase. According to the estimation of steroids in ovar-
ian venous plasma, the ovary produces a variety of androgens, estro-
gens, and progestins; but without sequential sampling from a single
subject during the cycle, few concrete conclusions about the steady

or variable rates of steroid secretion are possible. Except for two
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studies on the postovulatory ovary (98, 99), little is known about the
concentration of steroids in the ovarian venous plasma of subhuman
primates, However, the low levels of estrogens measured peripher-
ally during the luteal phase indicates that the luteal tissue of the mon-
key probably secretes only minute quantities of these steroids.

In summary, the systemic patterns of steroid hormones
observed during the normal ovarian cycle reflect dynamic alterations
in the structural and functional anatomy of the ovary. The active
follicles and surrounding stroma release estrogens and androgens in
the follicular phase, and the corpus luteum produces mostly proges-
terone, although some overlap tempers this strict compartmentaliza~
tion,

Ovarian Cycle: Pattern of Steroids and Gonadotropins
in Systemic Plasma

Until recently, it was impossible to measure the actual amounts
of hormone produced by the ovaries and found in the systemic circu-
lation. Instead, ovarian function was determined by chemical esti-
mates or bioassay of hormone quantities in pooled 24-hour collections
of urine,

Brown, Klopper, and Lorain (100) not only defined the patterns
of urinary estrogens, gonadotropins, and progestins, but reviewed

the earlier studies in man. They described the characteristic
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excretion of estrogen beginning on Day 8 of the menstrual cycle and
increasing to a well-defined peak on Day 12. The gonadotropin peak
that follows about a day later is succeeded by the excretion of preg-
nanediol, a metabolite of progesterone. These temporal sequences
are similar in man (101, 102), the baboon (103), and the rhesus mon-
key (104). In this last study, the peak of urinary estroge‘n occurred
two days before ovulation as shown by laparoscopic inspection of the
ovary.

Initial efforts to estimate the quantities of estrogens in periph-
eral blood were unsuccessful except in a few isolated cases near the
time of ovulation (105-107). Other studies using similar methods
resulted in conflicting data (108-111). In 1969, numerous reports
established that estradiol and estrone peaks are present at midcycle
(112-114), These results were substantiated in later studies on man
(3, 115-118) and the rhesus monkey (4). The increasing level of
estrogen in plasma at midcycle indicates the greater secretory
capacity of thé maturing follicles and the estrogen peak reflects
maximum secretion by the preovulatory follicle. Moreover, the
observation that larger quantities of estradiol than estrone are pres-
ent peripherally is compatible with the hypothesis that estradiol is the
major estrogenic steroid released by the follicle, This view is fur-
ther confirmed by the fact that that follicular fluid contains more

estradiol than estrone (119) and that much larger amounts of estradiol
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are found in ovarian venous plasma (85, 87, 97). However, during
the luteal phase the concentrations of estrogens in the rhesus monkey
do not increase as they do in the human female,

The urinary excretion of pregnanediol is greatest during the
second half of the human menstrual cycle (100, 120)., Earlier bioas-
say measurements of progestin in the plasma of man (121, 122) and
the rhesus monkey (123, 124) supported this finding although early
chemical measurements were only partially successful, An early
study found the steroid present throughout the cycle (125), and Short
and Levett reported that luteal concentrations were greater than folli-
cular levels (126). Lack of specificity in the analytical methods
probably accounts for such divergent results. However, in a study
of progesterone concentrations in daily plasma samples (127),
Woolever confirmed the findings of Short and Levett, Despite later
confirmation, the results were still ambiguous and more qualitative
than quantitative (128, 129). Questions about the periovulatory levels
of progesterone, the exact peripheral concentrations, and the tem-
poral relationships to ovulation and other physiological parameters
during the cycle remained unanswered,

With the advent of sensitive radioimmunoassays and competitive
protein binding assays as well as refined separation techniques,
the simultaneous quantitative determination of steroids and gonado-

tropins in systemic plasma became possible (130, 131). Consequently,
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the subtle and rapid alterations in hormonal patterns during the cycle
could be detected daily and the quantity of progestins in the general
circulation was found to increase either at or immediately after the
midcycle surge of LH in man (1, 2, 118, 132-136), the monkey (130,
137-139), and the baboon (103). The measurement of a serum gonad-
otropin peak in subhuman primates confirmed the previous observa-
tion of an increase in urinary gonadotropin at midcycle (140),

The principal progestin to appear with the increased quantities
of LH is 17 a-hydroxyprogesterone (2, 18, 141, 142). These obser-
vations established that 17 a-hydroxyprogesterone is present near the
time of ovulation (143) and others identified it in ovarian venous
blood (84). However, progesterone is also present in the preovula-
tory follicle (144) and in venous blood from the ovary with the pre-
ovulatory follicle (98). In a study based on laparoscopic examination,
significant amounts of progesterone appeared in the peripheral plasma
of the rhesus monkey before ovulation (137‘); however, the reliability
of the morphological criteria used to determine the time of ovulation
has been questioned (145), In earlier studies neither progesterone
nor its 17 a-hydroxy metabolite could be identified in the ovaries or
in the ovarian venous plasma of the monkey (86). The mean concen-
tration of progesterone in women increased significantly (1-2 ng/ml)
on the day of the LH surge but not in every cycle (118), Preovulatory

progesterone is consistent with the gqualitative morphological changes
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in the human endometrium (146) and with the observation that the
synthesis of progesterone probably depends on LH activity (147),

Progesterone, the major progestin in blood during the luteal
phase, is found in quantities two to seven times greater in man (1)
than in the subhuman primate (103, 130). These results confirm the
observation that the amount of progesterone in ovarian venous blood
is related to the relative size and maturity of the corpus luteum (84,
29].

Some of the studies mentioned previously have characterized
the temporal relationship between the estrogens and the gonadotropins
in peripheral plasma (2-4, 113, 115, 118). Apparently both LH and
follicle stimulating hormone (FSH) are nécessary for the appropriate
growth and maturation of the follicles during the early and middle
periods of the follicular phase (2). In man, the midcycle surge of LH
follows the peak of estradiol by at least 24 hours (118). According to
some interpretations, the rapid rise in LH is the result of a positive
feedback of estradiol on the neural substrate mediating gonadotropin
release (148-150). During the remainder of the cycle, the negative
feedback effect of the peripheral steroids directs the release of the
pituitary hormones,

The two feedback relationships explain the changes in systemic
patterns of steroids found throughout the menstrual cycle except dur-

ing the brief period after the estradiol peak and during the LH surge.
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At this time, peripheral estrogen concentration is falling whereas
the gonadotropins are still increasing. In the rhesus female, the
estradiol and gonadotropin peaks occur on the same day when evalu-
ated on a 24-hour basis (4); however, further investigation has shown
that estradiol precedes the burst of gonadotropin in the monkey as it
does in women, : Although the precise interval between the LLH surge
and ovulation in the primate is unknown, it is generally assumed to
be at least one day later or perhaps even longer (137, 151). There-
fore, this rapid decrease in systemic estrogen during the release of
LH is most probably not a consequence of the postovulatory physical
disruption of the follicle., The temporal relationships observed in
the peripheral patterns of estrogens, progestins, and gonadotropins
are summarized in Figure 3.

For the most part, the temporal patterns of androgens in the
systemic plasma during the ovarian cycle are unknown. In the rhesus
monkey, the earliest report indicated that androgens in the urine
increased near the time of ovulation, then decreased, and increased
again at menstruation (152), After reviewing the scanty data avail-
able, the same author concluded that there is no correlation between
the excretion of androgens or 17-ketosteroids and the stage of the

menstrual cycle (153). Later investigators evaluated the excretion

1 . : :
Dr, R. Wieck, personal communication.
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Figure 3. Schematic representation of the ovarian hormones in the
systemic plasma of the primate during the intermenstrual
period. Day 0 is the day of the preovulatory surge of LH
(118).
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of testosterone in man and ocbserved a midcycle peak in eighé of the
ten cycles studied (154-156), These results were not supported in
four cycles studied by other workers (157). Such inconsistencies are
not surprising since each plasma androgen does not have a unique
excretory metabolite and thus may contribute to the total excretion
of testosterone (158); therefore, testosterone concentrations in the
urine are not related to concentrations:in the peripheral plasma (159).

The development of a spectrofluorometric assay for testoster-
one in plasma made it possible to estimate the quantity of this hor-
mone circulating in plasma (160, 161)., During the subsequent ten
years various techniques--including double isotope derivatives, gas-
liquid chromatography, and competitive protein binding--were
developed to reduce the quantities of plasma as well as the time and
expense involved in completing the analysis. But even the most
sensitive of these techniques required at least 2 ml of plasma because
of the small amounts of testosterone in female blood. Consequently
detailed studies of androgen pattern during the cycle were impossible
in subhuman primates and difficult in man. These studies (94, 162~
190) identified both testosterone and androstenedione in the general
circulation of the female, although the ranges varied considerably,
The average (+ SD) concentration in systemic plasma without refer-
ence to the stage of the cycle was 0.062 = 0. 029 pg/100 ml (testoster-

one) and 0,154 + 0,028 pg/100 ml (androstenedione).
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Both the ovary and the adrenal contribute significantly to the

pool of androgen in the systemic circulation (162, 191, 192). This
conclusion was based on decreased concentration of the steroids in
peripheral plasma with ovariectomy and adrenalectomy (162, 166,
190). The efforts to indirectly identify the source of these androgens
by simple stimulation or repression of the organs were inconclusive.
According to several workers, ACTH stimulation increased the
peripheral levels of testosterone (176, 179, 193) and urinary tes-
tosterone excretion (194), but others could not detect any change in
plasma under similar circumstances (85, 175). Dexamethasone treat-
ment reduced the plasma levels of both testosterone and androstenedi-
one (171, 177) but again these results were not obtained by other
investigators (85, 166, 175). Similar attempts to increase ovarian
androgen secretion with placental gonadotropins were unsucces sful
(171, 175). Ovarian production of testosterone, rather than the
diurnal activity of the adrenal was thought to result in the steady
plasma level of this steroid in females., Moreover, the ocbservation
that peripheral testosterone levels are at least two times greater in
adults than in prepubertal females was considered additional evidence
that androgen is released by the active ovary (94, 195). These results
suggest both ovarian and adrenal production of androgen, but the most
conclusive evidence was the significant differences in the concentra-

tions of both androstenedione and testosterone across the circulation
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of the ovary (84, 85, 91, 94, 169, 190).

Since the ovarian cycle is known to influence almost every
other physiological variable (196), numerous attempts have been
made to relate the plasma levels of testosterone with the phases of
the menstrual cycle (90, 159, 163, 165-167, 172, 176, 179, 187,
188). Several of these investigators reported that peripheral testo-
sterone or androstenedione levels increased significantly near mid-
cycle (163, 176, 188). During the luteal phase of the cycle in women,
plasma androgens show a secondary rise and then decrease again
before menstruation (159, 187, 188). Most of these investigators,
however, concluded that there are no significant alterations in the
plasma levels of either androgen during the menstrual cycle.

In summary, the patterns of estrogens and progestins in the
systemic circulation are well-defined during the ovarian cycle, and
their appearance is related to the cyclical appearance of gonadotro-
pins. Androstenedione and testosterone are present in the peripheral
plasma of the female, but technical limitations have made it impossi-
ble to characterize the secretory activity of the ovary by this crite-

rion,

Ovarian Cycle: Regulatory Mechanisms for Steroidogenesis

Gonadotropins of either pituitary or placental origin were impli-

cated in the regulation of steroid biosynthesis by the fact that they
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alter the morphology of the ovary. The increased excretion of
urinary estrogens that resulted from the administration of a hormone
pituitary extract to amenorrheic women was consistent with the stimu-
latory effect of gonadotropins on follicular growth (197). Similar
increases in the production rate of estrogen in plasma in women (3;
198) and in the excretion of estrogens in the urine of monkeys have
béen observed with either gonadotropic preparation (199). When mon-
keys in the late follicular phase were treated with human chorionic
gonadotropin (HCG), progestins appeared in the ovarian venous plasma
before the rputure of the follicle and further elevated the venous levels
of progesterone in the ovary cohtaining the corpus luteum (86). The
systemic level of progesterone can be augmented by the administra-
tion of LH or HCG during the luteal phase in either man (141,200) or
the rhesus monkey (201). Antisera to LH administered to monkeys
before ovulation blocked the secretion of progesterone by the corpus
luteum and resulted in premature luteal regression (202). These
results are direct evidence for the stimulatory effects of gonadotro-
pins in vivo,

Ovaries treated in vivo with ovine FSH or human menopausal
gonadotropin (HMG) before the removal of the tissue during the folli-

cular phase (56, 77, 203) were highly active in steroid biosynthesis

in vitro. Other investigators added HCG to in vitro incubations of

ovarian tissue to obtain measurable quantities of metabolites (33, 34,
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42). In all primate tissues studied, the addition of LH or HCG to in
vitro incubations of ovarian slices (48), follicular tissue (141),
stroma (58, 59, 61), luteal tissue (61, 68, 71) or isolated granulosa
cells (78, 79), resulted in 2 to 20-fold increase in all of the steroidal
products isolated relative to control incubations. In studies with
double-labeled substrates (71, 91), the isotopic ratios of the purified
products were not affected, and in luteal tissue, both the absolute
quantities and the activity (dpm) of the de novo progesterone were
increased (70). The formation of androgens by the postmenopausal
ovary was stimulated by treatment with HCG in vivo (204). These

results indicate that LH has a stimulatory effect on the in vitro bio-

synthesis of steroids when acetate, cholesterol, or pregnenolone are
used as substrates. However, the increase in the activity of the
aromatizing enzyme system by either FSH or LH was blocked by
antigonadotropins (2055.

To identify the site of gonadotropin action, Savard, Marsh and
Rice (206) added LH and FSH to in vitro preparations of bovine luteal
tissue., They concluded that FSH is ineffective in increasing
steroid synthesis in this system and that the stimulatory effect of LH
probably occurs between cholesterol and pregnenolone. However,
they did not rule out the possibility that all steps in the biosynthetic
pathway can be accelerated. The general conclusion from the in vivo

and in vitro studies is that the function of gonadotropins is stimulatory,
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Their effect on the ovary in vivo differs from the dramatic general
increase in steroidogenesis in both pathways in vitro, but the fact
remains that no inhibitory effects have yet been demonstrated for the
pituitary tropic hormones,

Other possible sites for regulation have been propo sed despite
the paucity of definitive experimental work. The production of differ-
ent steroids by different cell types has been suggested (80, 81), buta
simple change in vascularity or diffusion parameters even in the
presence of the third or stromal compartment does not sufficiently
explain the large quantitative alterations in steroid release through-
out the menstrual cycle. The most obvious mechanism identified by
the in vitro studies is a differential change in the activity of the two
enzymatic pathways, i.e., the A5—3[5—ol pathway in the follicle (Path
B) and the A4—3—keto pathway in luteal tissue (Path A). This may be
one of the ways of chemically defining the luteinizing process,
although there is currently no evidence for a differential effect of
LH on this process. Another factor, described by Savard, et gl.
(206) is the availability of NADPH. This may be important, but it is
unlikely that it is a major limiting factor in the control of steroid
biosynthesis.

This present study was developed to explore another possibility,
viz., the direct local control of steroidogenesis by a secretory pro-

duct of the ovary. The traditional concepts of enzymatic induction,
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activation, or inhibition have not been extensively studied in ovarian
cell population because in vitro studies have not produced sufficient
evidence for such regulatory mechanisms. The observation that the
systemic levels of estradiol are decreasing whereas the cellular
populations presumably responsible for their release, that is, the
theca interna of the active follicles, are still intact and under intense
LH stimulation, suggests such an internal regulatory mechanism.
The concurrence of progestins with the initial release of pituitary LH
provides a logical substrate for inhibiting some critical site(s) in
estrogen synthesis. With reference to Figure 2, such inhibition could
affect the biosynthesis of 018 steroids at the aromatization step or
the formation of C19 steroids by inhibiting the 17-20 desmolase
(lyase) complex with a subsequent depression in estrogen formation,
In homogenates of rat testis, progesterone was an effective competi-
tive inhibitor of the desmolase enzyme responsible for the conversion
of 17 a-hydroxyprogesterone to androstenedione (207). In a study that
used pregnenolone as the substrate in human corpora lutea, proges-
terone and 17 a-hydroxyprogesterone accumulated with only a slight
concurrent formation of androstenedione (69). In the same study,
neither progestin was directly converted to androstenedione. These
findings complement those in the testis. Similarly, the active cleav-
age of 17 a-hydroxyprogesterone by the mic rosomal fraction from rat

testis was completely inhibited by the progesterone metabolite 17 a,
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20 a-dihydroxypregn-4-en-3-one (208). We propose here that proges-
terone or a progestin acts in a similar fashion in vivo and we will

produce some evidence for this regulatory action.
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CHAPTER III

MATERIAL AND METHODS

Animals and Animal Care

The subjects used for these studies were mature females

(Macaca mulatta) from the rhesus colony of the Oregon Regional Pri-
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were unknown since many had been obtained as juveniles or adults of
indeterminate age. However, body weights and reproductive perfor-
mance before these studies indicated that they were mature females.
The animals were individually caged indoors under constant
temperature (20 + ZOC) and were maintained on monkey chow (Purina
Co.) ad libitum and fresh fruit. The average weight of the subjects
was 7.8 kg with a range from 5.5 to 11 kg. The animals were checked
each morning for menses, and routine health checks for tuberculo sis,
weight loss, or other abnormalities were carried out by the veterinary
staff of the Primate Center. Bimonthly during an experimental peri-
od, the animals were treated with intramuscular injections of 50 mg
iron dextran (Inferon, Lakeside Lab., Inc., Milwaukee, Wis. ), and

blood hematoc rit and hemoglobin levels were monitored as an
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additional precautionary measure.

Individual menstrual records from twenty normal females were
examined from January, 1970, to July, 1971, and ten subjects were
chosen from this group on the basis of menstrual regularity during
these 19 months. The mean menstrual period (£ SD) was 28.7 £ 3.0

days with a range of 26.5 to 31.1 days.

Blood-Handling Techniques

Animals were individually transported from their home cage to
the bleeding cage in a catch box. The bleeding cage was designed so
that the monkey could be immobilized without trauma against one wall
of the cage. The end of the cage at the rear of the animal was then
opened, the desired leg was withdrawn and stabilized, and 5 ml of
blood were collected from the saphenous vein. The animals were
well-acquainted with the procedure and in some cases would extend
a leg without assistance. Samples were remoyed from alternate legs
on alternate days between 0830 and 0900 hours. The caudal surface
of the leg was washed with 70% ethanol and blood collected through a
23-gauge needle into an heparinized plastic syringe. After the with-
drawal of the sample, a cotton ball was firmly taped over the veni-
puncture site and the monkey was returned to her home cage.

The blood was kept on ice until centrifuged at 1500 rpm for 20

minutes at 4°C. Special care was taken to begin plasma separation
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within 20 minutes after the first sample was drawn; typically only 5
to 10 minutes elapsed before centrifugation. Aliquots of one half ml

of plasma were stored at -20°C until used for steroid assay.

Steroid Administration

It was desirable to use a technique for steroid administration
whereby plasma progesterone levels typical of the luteal phase could
be rapidly produced and maintained during the follicular phase of the
cycle. Since steroids easily pass through silastic sheets (209),
silastic implants containing progesterone were the method of choice.

Six females (from 7 to 11.5 kg) that had been ovariectomized
for at least two years were used to determine the dimensions of a
silastic implant that would release physiological amounts of proges-
terone. The criterion for normal luteal function in our laboratory is
arbitrarily defined as the production of concentrations of systemic
progesterone greater than 2 ng/ml; blood levels in the treated animals
had to be above this concentration throughout the treatment period.

The implant used in the rest of the experiments was a 4 cm
length of silastic tubing (3.35 mm ID X 4.65 mm OD), (Dow Corning,
Midland, Michigan) sealed at one end with silastic type A cement
(plug thickness = wall thickness) and cured for two to three hours at
90°C. This cylinder was filled with either crystalline progesterone

or cholesterol (Steroloids, Inc., Pawling, N, Y.) and the open end washed
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carefully with methanol to remove any adhering steroid before being
sealed with cement. The completed implant was allowed to cure over-
night at room temperature and just before placement was sterilized by
being soaked for 5 to 10 minutes in chlorhexidine {Nolvasan, Fort
Dodge Lab., Fort Dodge, Iowa),

On the day of surgery (Day 0), the ovariectomized females were
fasted and a 5 ml blood sample was drawn before they were anesthe-
tized with ketamine hydrochloride (Ketaject, 5-10 mg/kg, Bristol
Lab., Syracuse, N. Y.). A 4 to 5 cm incision was made under
aseptic conditions 1 to 2 cm lateral to the linea alba on the left side
at the level of the umbilicus, The implant was placed between the top
layer of fascia and the underlying mass of the rectus abdominus,
every precaution being made to avoid disturbing the muscle. A few
stitches were taken in the fascia, the rest of the incision was closed,
and antibiotics (penicillin, 600, 000 units, Bicillian, Wyeth Lab.,
Philadelphia) were given IM, Peripheral blood was collected on the
afternoon of Day 0 and twice daily at 0830 and 1530 hours through
Day 8 except on the weekend when only the morning samples were
drawn., The implant was removed on the morning of Day 6 after the
usual blood collection. A photographic record of the implant place-
ment and removal procedure is given in Appendix B. The animals
ate normally on the afternoon of surgery and no complications were

observed. A check for menstrual flow was made by inserting a
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cotton-tipped swab into the vagina daily for three days after the

removal of the implant; no vaginal bleeding was ever noted.

Normal Cycle

The ten normal subjects previously described were bled daily
during a menstrual cycle where Day 1 was designated as the first day
of the onset of menses., Except for bleeding and iron replacement
therapy, no experimental or other manipulations were permitted dur-

ing this cycle.

Cholesterol and Progesterone Treatment

Daily collections of peripheral blood were continued during the
subsequent menstrual cycle. In addition, the animals were treated
with either a progesterone (N=5) or a cholesterol (N =5) implant from
Day 6 to Day 15. Preparation of the implants and surgical placement
were the same as previously described, and the usual blood samples
were drawn before surgery on both Day 6 and Day 15. Animals were
assigned to either treatment group according to the order in which the
last digit of the individual identification number appeared in a random
number table. Gross examination of the implant sites showed no
signs of connective tissue incapsulation when the implants were
removed (Appendix B). All animals were checked for menstrual flow

for two to three days after Day 15, and peripheral samples were
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collected until the onset of menstrual flow in both treatment groups.

These studies were conducted from August to November, 1971.

Laparotomy Cycle

A four-month interim period was allowed to elapse before the
final phase of these studies began. Daily 3 ml peripheral blood
samples were drawn at 1300 hours and ovarian venous samples were
obtained by three sequential laparotomies on Days 7, 9, and 11 of the
menstrual cycle, A progesterone (N =2) or cholesterol (N =2) implant
was placed on Day 7 after the collection of the ovarian vein samples
and removed on Day 15, four to five hours before the collection of the
peripheral blood sample.

The following surgical procedure was used. Animals were
brought to surgery at 1245 hours, a 17-gauge polyethylene catheter
(Tomac Intrafusor) was placed in the saphenous vein, and the infusion
of 5% dextrose in normal saline began., Atropine (0.2 mg, Eli Lilly
Co.) and succinyl choline chloride (20 to 40 mg, Quelicin, Abbot Lab. )
was administered to each animal and an endotracheal tube was in-
serted. Surgical anesthesia was maintained with vaporized halothane
(Fluothane, 1 to 1.5%, Ayerst Lab, Inc., N, Y., N. Y.) in 50%
oxygen and 20% nitrous oxide and a 3 ml sample of systemic blood
was obtained from the venous catheter. The abdomen was opened

with a midline incision and the ovaries were exposed and examined
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grossly for evidencek of follicles. Physical disturbance of the
ovaries was kept at'a minimum during these observations. At a site
2 to 4 cm distal to the ovary, one ovarian vein was located by blunt
dissection and 2 toc 3 ml of blood were drawn through a 25-gauge
needle bent to a 30-45° angle and attached to a heparinized plastic
syringe, After withdrawal of the needle, hemostasis was achieved
with surgical gauze before a similar sample was collected from the
contralateral ovarian vein. Before the incision was closed, a final
check was made for hemostasis. On Day 7, in two animals, the
implant was placed in the rectus abdominus muscle through the
initial incision. In the other two animals, a second incision was
made for the implant. On Days 9 and 11, the same midline incision
was used and ovarian vein blood collected as above. In addition, on
Day 11, the laparotomy incision was completely debrided to obtain a
primary closure. The implant was removed on Day 15 under local
anesthesia (1% lidocaine, Xylocaine, McKesson and Robbins) to pre-
vent further surgical stress and blood loss. After surgery, the
animals were treated with antibiotics, and after the last laparotomy,
an intravenous vitamin preparation was given (Solu-B—Forte; Upjohn
Lab.). In a single animal (#3594) methyl prednisolone sodium succi-
nate (Solu-Medrol, Upjohn Lab.) was administered. The total time
course for drug action was about 36 hours. The effects of this treat-

ment on the experimental protocol seemed negligible because of the
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time of injection (after the main effects had been observed) and
because steroid levels in ovarian venous plasma were low in three of
the animals, even those without prednisolone. Peripheral samples
of blood were collected until the onset of the first menses after sur-
gery. The animals recovered well from these procedures and

required no special care.

Steroid Assays

Preparation and purification procedures for solvents, reagents,
labeled and unlabeled standards, and the chromatographic plates used
‘in the steroid assays are given in Appendix C. In general, steroid
levels were estimated in duplicate by radioimmunoassay on samples
drawn at daily intervals until the pattern from five no rmal cycles
was obtained. After this period, single determinations were carried
out with occasional duplicates from the same and previous assays as
a method check, Initially, blank samples consisted of plasma from
ovariectomized monkeys for the progesterone and estrogen assays
and plasma from ovariectomized, adrenalectomized monkeys for the
androgen assay. When it became apparent that the blank values
obtained from equal volumes of deionized water were the same as

those from plasma, water blanks were routinely used thereafter.
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Competitive Protein Binding Assay for Progesterone (P)

The competitive protein assay for P is a modification of the
method recently reported (1). P was extracted from 500 pl of sys-
temic plasma with 2.5 ml (X3) of fresh anhydrous ether (Mallin-
ckrodt AR). The combined ether extracts were dried and concen-
trated under nitrogen. P was separated from other substrates by
thin-layer chromatography in benzene:ethyl acetate (2:1) on silica gel
G with 1, 4-diaminoanthroquinone dye (K and K Laboratories, Inc.,
Hollywood, Calif.) as a marker. The steroid was eluted with 4%
methanol-methylene chloride from the silica gel scrapings that were
placed on an aluminum oxide column. P runs 1.7 cm above the dye,
and a 2.5 cm wide area was removed for elution. The column ex-
tracts were taken to dryness under purified nitrogen., The binding
protein was obtained from dog plasma diluted to 2. 5% with distilled
water and saturated with 250 pl of 3H-corticosterone (5.5 pCi/ml,

50 Ci/mM, New England Nuclear Corp., Boston, Mass,)., Standard
amounts of P (0.3, 1.2, 2.1, 4.2, 8.4, 9.9 ng) run in triplicate were
included with each assay. One ml of the labeled binding protein was
added to each tube, shaken, and allowed to incubate at 3800 for 5
minutes. After incubation for an additional 10 minutes on ice, 80 mg
of florisil were added to the tube, shaken for 30 seconds, then allowed

to settle for 30 seconds before a 500 pl aliquot was removed and added
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to a counting vial containing 0.5 ml water and 10 ml Triton-N101
scintillation fluid (2 liters xylene, 1 liter Triton-N101, Rohm-Haas
Co. and 10 g Omnifluor, New England Nuclear Corp.). All samples
in this and the following assays were counted for 20 minutes or to an
accumulation of 20,000 cpm in a liquid scintillation spectrometer
(Packard Model 3375 with vautomatic external standardization). The
maximum relative statistical error was less than 2% under these con-
ditions. Independent samples of 3.H—P (20 Ci/mM, New England

Nuclear Corp.) were carried throughout the extraction and chroma-

blanks in a given assay were averaged and subtracted from plasma
values before being corrected for procedural losses (210). The
average (mean * SD) blank and recovery for P in this assay were

0.31 £ 0.19 ng, N=66 and 69.8 = 12.8%, N =66 respectively.

Radioimmunoassay for Estradiol-17 § (Ep) and Estrone (E})

Steroids were extracted from 250 pl of systemic plasma or 25
to 50 pl of ovarian vein plasma with 6 ml of fresh anhydrous ether
(Mallinckrodt AR). The ether extract was taken to dryness under
nitrogen. The two estrogens were separated by chromatography on
Eastman silica gel thin-layer sheets (#6060 with fluorescent indicator)
in chloroform:acetone (95:5). Before use, the sheets were washed

(X2) with redistilled methanol. Isatin dye (J. T. Baker Chemical Co:)
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was used to locate E2 since th¢ Rf for EZ and the dye are similar
and E1 runs 2.5 cm above the dye in this system. El and E2 areas
were eluted with 6 ml of fresh ether into assay tubes and dried under
purified nitrogen. Duplicate standard curves (@, 5, 10, 20, 30, 50,
75, 100 and 150 pg) of respective steroids were included in each assay.
Antisera (0,1 ml) obtained from sheep immunized with estradiol-17 -
succinyl bovine serum albumin (1:15, 000 dilution) were added to each
tube, shaken, and allowed to incubate for 0.5 hour at room tempera-
ture. Approximately 4000 cpm of 3H—E2 (100 Ci/mM, Amersham/
Searle) in 0.1 ml phosphate buffered saline (PBS) containing 0. 1%
gelatin were added to each tube, shaken, and incubated overnight at
4°C. The next morning, 0.1 ml of a 0.5% gelatin-PBS solution and
1.0 ml of dextran-coated charcoal in PBS were added to each tube
and shaken. After incubation for 15 minutes on ice, the tubes were
centrifuged at 2500 rpm at 4°C and a 1.0 ml aliquot of the supernatant
was removed and added to 10 ml of the Triton-N101 scintillation fluid.
Independent samples of 3H—Ez and 3H—El (46.6 Ci/mM; 40.0 Ci/mM
respectively, New England Nuclear Corp.) were carried throughout
the procedure to correct for procedural losses, and individual blanks
were averaged and subtracted in each assay as mentioned above. The
sensitivity, precision, accuracy, and specificity of this method have
been previously reported (211). The averages (mean = SD) for E

2

and El blanks and recovery values in this assay were 7. 5% 2.2 pg,
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N=73; 77.7 +8.7%, N=78, and 7.6 £ 2.2 pg, N=26; 78.6 + 9.5%,

N =33 respectively.

Radioimmunoassay for Testosterone (T)

Testosterone was extracted from 100 pl of systemic plasma or
50 pl of ovarian vein plasma with &6 ml of fresh anhydrous ether (Mall-
inckrodt AR), and the extract was taken to dryness with nitrogen. T
was isolated by chromatography on Mallinckrodt ChromAR 1000 fiber-~
glass sheets impregnated with silica gel in a chloroform:acetone
(90:10) system. Before use, the sheets were washed (X2) with redis-
tilled methanol. The area corresponding to T was located 1 cm
below the isatin dye (J. T. Baker Chemical Co.), and this area was
eluted with 6 ml of fresh ether into assay tubes and dried with purified
nitrogen. Duplicate standard curves (5 to 150 pg) were included in
each assay. Antisera (0.1 ml) obtained from rabbité immunized with
testosterone-3-oxime bovine serum albumin (1:3000 dilution) were
added to assay tubes., The remainder of the assay procedure was
exactly as described for the estrogen radioimmunoassay except that
approximately 4000 cpm of 3.H-T (91 Ci/mM, New England Nuclear
Corp.) were added to assay tubes after the initial 15 minutes incuba-
tion with the antibody. In Appendix D, data are presented that docu-
ment the sensitivity, precision, accuracy, and specificity of this

method, Independent 3H-T (45 Ci/mM, New England Nuclear Corp.)
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samples were used to measure procedural losses, and the average
blank in each assay was calculated and subtracted from the individual
values determined from the standard curve. The average (mean *
SD) blank and recovery values for T in this assay were 11. & £ 4.6 pg,

N=78; 79.2 £ 6. 1%, N=79 respectively.

Radioimmunoassay for Androstenedione {A)

In samples from normal and experimental cycles, A was esti-
mated by difference, i.e., by subtracting the previously measured T
from a determination of total androgen in systemic plasma after A
had been reduced to T with sodium borohydride. In the samples
taken during laparotomy, the hormone was quantified by the reduction
of A after chromatographic purification and radioimmunoassay of
the resulting T,

In the first method, 20 pl of systemic plasma were extracted
with ether as before and the dried extract was redissolved in 0.5 ml
of redistilled methanol. The A was reduced to T by the addition of
50 pl of agqueous Na,BH4 (10 mg/ml, Matheson, Coleman and Bell,
Norwood, Ohio) to the methanolic solution. The reaction mixture
was diluted after 20 seconds with 2 ml of glass distilled water and
extracted with 6 ml of fresh ether. The dried extract was chroma-
tographed on ChromAR sheets in a chloroform:acetone (90:10) system.

The T area was eluted into assay tubes and measured by radioim-
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munoassay. Blanks were averaged as before and procedural losses
were corrected by carrying independent 3H—A (48 Ci/mM, New
England Nuclear Corp.) samples through the procedure, Testoster-
one was reported as pg/ml and A was calculated by subtracting the
values of T previously measured.

In the second method, 100 pl of systemic plasma or 50 pl of
ovarian vein plasma were extracted with fresh ether and chromato-
graphed in the chloroform:acetone system. The A area which runs
1.5 c¢cm above the isatin dye marker, was eluted with 6 ml of fresh
ether. The dried extract was dissolved in 0.5 ml methanol and re-
duced as described above. Testosterone was removed from the
unreduced A by an additional chromatography in the usual system
and the T area eluted from the ChromAR sheets by 6 ml of fresh
ether into assay tubes. Since the quantity of reduced A exceeded the
upper limits of the T assay, the dried eluate was dissolved in 1 ml
of redistilled ethanol and a 200 to 500 pl aliquot removed, dried under
purified nitrogen, and assayed. Appendix D presents experimental
data on the accuracy, precision, and sensitivity of this analytical
method for A. The average (mean + SD) A blanks and recoveries
measured as T were 12.7 £5.1 pg, N =25 and 64,0 % 10.8%, N =30

respectively,
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Data Analysis

Because the follicular phase varies widely in primates, the
menstrual cycle is a poor index of ovarian function, Therefore, the
data were combined and plotted by designating Day 0 as the day of the
preovulatory surge of EZ in each animal, The measurements of
steroids made on the days before the surge were designated -1, -2,
-3, etc. and those after the surge as 1, 2, 3, etc,

A one-way analysis of variance was computed to test for general
effects (212). After this, comparisons between concentration of ster-
oids in the follicular and luteal phase of the cycle were made by a
paired t test for correlated samples (213)., Similar tests were used
to compare the mean concentrations of steroids in the systemic
plasma of animals before and after treatment with P and the con-
centrations of EZ and A in ovarian venous plasma on Days 7, 9, and
11 of the cycle, A Pearson's coefficient of correlation (r) was calcu-
lated to test the correlation between the concentrations of steroid in
the ovarian venous effluent and the systemic circulation as well as

the possible correlations between the levels of steroid in plasma

flowing through the two ovarian veins (214).
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. CHAPTER IV

RESULTS

Patterns of Steroids in Systemic Plasma of the Ovariec tomized
Female Rhesus Monkey; Treatment with Progesterone

The concentrations of progesterone (P), testosterone (T), and
androstenedione (A) in the plasma of ovariectomized rhesus monkeys
before, during, and after the removal of a silastic implant containing
either P or cholesterol are shown in Figure 4.

During the period of the P implant (A), fhe plasma concentra-
tion of the hormone was 2.81 = 0.26 ng/ml, N=3 (mean = SE), and
ranged from 0.74 + 0,17 ng/ml on the afternoon of Day 0 to 3.96 =
0.46 ng/ml on the morning of Day 6 before removal of the implant.
Androstenedione was present in greater quantities than T and the
amount of A on the morning of Day 7 (1.96 + 0.25 ng/ml) was signi-
ficantly different from that on the morning of Day 6 (0.93 + 0.21 ng/
ml, t=4,15, 2df, p < 0.05), but not significantly different from the
quantity present before surgery on Day 0. The quantities of T found
in the systemic plasma did not differ throughout the course of the
treatment with P.

In animals treated with cholesterol (B), the concentration of P
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Figure 4.

The concentrations of progesterone (x -x), andro-
stenedione (. — — .), and testosterone (o----0) in the
systemic plasma of six ovariectomized rhesus monkeys
treated either with progesterone (A, N=3) or choles-

terol (B, N=3), Data are plotted as means * standard

error (vertical bars),
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did not exceed 0.5 ng/ml during the treatment period. The mean
level of P on the afternoon of Day 6 (0.40 + 0.0l ng/ml, N =3) was
significantly greater than that on the morning of Day 0 (0.07 £ 0.07,
t=19.0, 2df, p < 0.01) or that on the morning of Day 6 (0.02 + 0. 01
ng/ml). Except for a suggestion of elevated concentration presumably
caused by stress, there was no significant effect on A and T levels.
The plasma levels of both androgens were relatively constant.

Before surgery, the concentrations of A and T were 1,31 %
0.29 ng/ml and 486 + 178 pg/ml respectively. On the morning of Day
8, the concentration of the two steroids was 1.20 #+ 0.10 ng/ml and
461+ 105 pg/ml respectively. These results were not significantly

different,

Patterns of Steroids in Systemic Plasma During the Normal Cycle

The concentrations of estrone (El)’ estradiol (EZ)’ T, and P
throughout the menstrual cycle of nine females are shown in Figure 5.
Coinciding with the midcycle surge of EZ is a surge of El' A 5-fold
difference, however, was observed in the concentration of EZ (365 =
34 pg/ml, mean + SE) and El (65 + 6 pg/ml) on the day of the pre-
ovulatory surge. Testosterone peaked (1123 * 140 pg/ml) on the same
day as the estrogens, and the systemic concentrations of these ster-

oids began falling when the systemic level of P was increasing. In

the individual animals, T reached maximum concentrations on the
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Figure 5. Cyclical variations in the concentrations of steroids dur-
ing the intermenstrual period of rhesus monkeys (N =9),
Day 0 is the day of the preovulatory surge of estradiol,
Data are plotted as means * standard errors (shaded
areas),
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same day as EZ in seven of nine cycles. In the other two cycles, the
maximum level was seen on the day after the peak, although E2 levels
were still high.

The average concentration of T during the follicular and luteal
phases of the cycle are shown in Table 1. The amount of T in the
systemic plasma after the preovulatory surge differed significantly
from that before the preovulatory surge. The mean concentration of
this hormone 12 days before (836 = 99 pg/ml) and 12 days after the
estrogen peak (707 + 89 pg/ml) were compared by means of a t test
(t=4,57, 8df, p < 0,01}

The concentrations of A and T during the menstrual cycles of
four females are shown in Figure 6. A preovulatory increase in A
was not seen and the short-term decrease in systemic levels appears
at least one day after the initial decrease in T. In addition, the
luteal concentrations of A did not differ significantly from that in
the follicular phase. The systemic alterations of this androgen did

not parallel those of E_ at any time of the cycle, and further analysis

2

was deemed unnecessary.
The tenth subject in this group is not included because of a long
48-day anovulatory cycle as judged by the absence of the preovulatory

surge of E_ and by concentrations of P that were less than 2 ng/ml

2

during the entire cycle. This animal also had a prolonged second
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Table 1. The concentration of testosterone in the systemic plasma
of rhesus monkeys during the follicular (Day -12 to Day -1)
and the luteal (Day 1 to Day 12) phases of the menstrual

cycle,
Animal Testosterone (mean pg/ml*SE)
Number Follicular Luteal
a a
807 489 + 35 (10) 358 + 28 (12)
833 842 £ 81 (10) 712 £ 63 (12)
1252 957 + 48 (11) T16 = 57 (12}
3585 705 = 14 (12) 576 + 20 (12)
3594 1411 + 33 (10) 1267 + 81 (12)
3598 745 + 49 (11) 721 + 34 (12)
3599 1116 + 64 (12) 935 + 50 (12)
3601 452 = 24 (12) 480 + 26 (12)
3609 807 = 34 (12) 601 £ 53 (12)
b b
Mean = SE 836 + 99 707 £ 89

a
Values in parenthesis indicate the number of sample days,

Mean compared by a t test for correlated samples; t=4.57, 8 df,
p < 0.01,
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Figure 6. Cyclical variations in the concentrations of androstenedi-
one and testosterone from the same monkeys during the
intermenstrual period (N=4). Data are plotted as means
and the standard error of the androstenedione estimation
is the shaded area.
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cycle of 43 days with similar steroid patterns and therefore is not

included in the results reported for the implant study.

Patterns of Steroids in Systemic Plasma
During the Experimental Cycle

Cholesterol Implant (Control)

Figure 7 demonstrates that the surgical manipulations required
to place a silastic implant containing cholesterol did not alter the pat-
terns of peripheral steroids in the subsequent intermenstrual period of
four animals. The usual midcycle increase in T (983 = 289 pg/ml,
mean + SE) and E2 (249 + 42 pg/ml) was found and the quantities of P
in the systemic plasma indicated a functional éorpus luteum. The con-
centrations of both EZ and T declined concurrently with the initial rise
in P. As in the previous cycle, the mean concentration of T in the
follicular phase (803 + 109 pg/ml) was significantly greater than that
in the luteal phase (579 = 161 pg/ml, Table 2). The concentration of
EZ in the luteal phase of the cholesterol treatment cycle (31 + 11 pg/
ml)was not significantly different from that of the normal cycle (615
pg/ml, t=2.74, 3df, p > 0.05). The duration of the menstrual cycle
in the untreated and cholesterol-treated females was 28.7 = 1,7 and
27.8 £ 1,7 days (mean = SD) respectively, Similarly, the length of
the luteal phase was 16.1 = 0.78 and 16 = 1.1 days respectively, an

indication that neither the stress of daily bleeding nor the implantation
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Figure 7. Cyclical variations in the concentrations of steroids in
the systemic plasma of animals treated with a silastic
implant that contained cholesterol from days 6 to 15 of
the menstrual cycle (N=4), Data are plotted as means
+ standard errors (shaded areas).
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Table 2. The concentration of testosterone in the systemic plasma
of rhesus monkeys (treated with cholesterol from Day 6 to
Day 15) during the follicular and luteal phases of the mens-
trual cycle.
Animal Testosterone (mean pg/m/+SE)
Number Follicular Luteal
a a
3594 1342 + 50 (9) 1117 £ 60 (12)
3398 686 + 46 (12) 519 £ 39 (12)
3601 514 = 34 (10) 270 £29 (12)
3609 670 + 48 (12) 409 + 47 (12)
b b
Mean % SE 803 x 109 579 = 161
®Values in parenthesis indicate the number of sample days.

b
Means compared by a t test for correlated samples: t=11.0, 3df,
p < 0.01.
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procedure had significantly altered the duration of the menstrual cycle

or the length of the luteal phase.

Progesterone Implant (Experimental)

The treatment of five animals with P from Day 6 to Day 15 of
the menstrual cycle blocked the midcycle increase in T and EZ

(Figure 8). The initial rise in P was accompanied by a rapid and

dramatic decrease in the circulating levels of E_, which persisted

X
throughout the entire treatment period. The average concentration
of this hormone in the peripheral plasma during the treatment (39 +
6 pg/ml, mean * SE) was significantly less than that before placement
of the implant (71 + 4 pg/ml) and during the previous control luteal
phase (71 = 14 pg/ml, Table 3). After removal of the implant, the
level of EZ gradually increased to pretreatment concentration.
Although the quantity of T in systemic plasma, like that of EZ
appeared to decline, the apparent reduction in the concentration of T
for the first six days of P administration was not significantly differ-
ent from the pretreatment level. However, the usual peak of this

steroid that should appear on the day of the E_ surge was absent,

2
Two days before the implant was removed, the systemic concentra-
tion of T seemed elevated. The levels of A in two of these animals

also showed no significant alterations during the treatment with P.
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