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Preface

This book concisely presents the essential information in the field of gyneco-
logic endocrinology. Textual material is extensively supplemented by
schemes, tables, and diagrams to elucidate etiologies, pathophysiologic
mechanisms, and natural histories of the various clinical disorders in the field.
The most timely and up-to-date laboratory procedures and physiologic
manipulations for diagnosis are presented. Management rationales based on
the definitive diagnostic studies and on knowledge of the natural histories are
also presented. Special emphasis is placed on the roles of suprahypothalamic
as well as extragonadal and peripheral factors in the pathogenesis of many of
the disorders of the menstrual cycle. These include the influence of diseases,
altered physiologic states, and drugs—areas which are largely neglected in
other presentations of this field.

The material presented is based on courses in gynecologic endocrinology
presented at the Loma Linda University School of Medicine and at other
institutions over the past several years. Extensive use is made of authoritative
reviews in this field, and only highly controversial material is authenticated by
specific references.

I am deeply grateful to Mrs. Lucille Innes of the Audiovisual Department
at Loma Linda University for the artwork. The loyal secretarial help of Alice
Hickman, Carol Guzman, and Robbie Cleek is gratefully acknowledged.

Habeeb Bacchus, Ph.D., M.D., F.A.C.P.
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Mechanisms
of Hormone
Actions

Compared with other metabolic active compounds, hormones circulate in
extremely low concentrations in the body fluids. Blood levels of peptide
hormones normally range from 10 *°-10"1? M, whereas glucose circulates at
the concentration of 1072 M. These low hormone levels, therefore, require
special mechanisms for recognition by target cells and for their metabolic
activities. Marked organ specificity for actions of hormones are well recog-
nized; for example, the hormone adrenocorticotropin (ACTH) acts on adrenal
cortical cells specifically. The product of adrenocortical secretion, cortisol, on
the other hand, has several specific targets with special mechanisms to
mediate the biologic activity of the hormone. The hormones regulate growth
differentiation and metabolic activities of their target tissues. While they do
not take part in energy production, hormones are intimately involved in
regulation of that process. Actions of most hormones are mediated by two
general mechanisms, either through involvement of membrane adenyl cyclase
(Sutherland, 1972) or through participation of specific cytosol and receptor
molecules (Means and O’Malley, 1972). The detailed mechanisms of actions
of insulin and growth hormone actions are not completely clear. Most of the
peptide and glycoprotein hormones initiate their actions by activating mem-
brane adenyl cyclase, whereas the steroid hormone actions are mediated by
specific cytosol and nuclear receptor proteins. These mechanisms will be
summarized below.

HORMONAL ACTIONS PROPAGATED BY RELEASE OF MEMBRANE
ADENYL CYCLASE

The release of adenyl cyclase from the inner layer of the cell membrane is a
hormone action in many endocrine as well as non-endocrine tissues (Suther-
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2 Habeeb Bacchus

land, 1972; Gill, 1972). Luteinizing hormone (LH) specifically acts on cells of
the testes and ovaries to release membrane adenyl cyclase, but there are
recent data to implicate its action on certain androgen- or estrogen-producing
cells in the adrenal cortex. The hormone regulates growth and replication of
cells of the follicle of the ovary as well as the differentiated function,
steroidogenesis, in these cells.

The initial event in the action of the hormone is a calcium-independent
stereospecific binding of LH to the outer cell membrane of the ovarian
(granulosa-thecal) cells. This step initiates the release of adenyl cyclase from
the inner membrane layer by a calcium-dependent process, the influx of
calcium being activated by the initial membrane receptor binding. Studies
with other tissues have shown that this type of receptor binding is un-
doubtedly related to specific molecular structure at the binding site. Altera-
tions of this structure by disease (e.g., neoplasm) affect the binding affinity
and may depress the specificy of their actions. For example, the lys-lys-arg-
arg sequence is especially important in the binding of ACTH on the adrenal
cell. Adrenal tumor-line cells apparently lose this amino acid configuration
and receptor specificity, thereby permitting binding by thyroid-stimulating
hormone (TSH), follicle-stimulating hormone (FSH), and LH to this site.

The release of membrane adenyl cyclase initiates a series of intracellular
events depicted in figure 1.1. Cyclic adenosine monophosphate is released
from adenosine triphosphate (ATP) by the adenyl cyclase enzyme by a
process not requiring protein synthesis. This step is extremely efficient and
the process of magnification permits the release of several molecules of cAMP
per molecule of LH. The cAMP functions as a second messenger mediating
LH action. The released cAMP is firmly and specifically bound to a receptor
protein, but certain closely related analogs with the 3',5" cyclic ring such as
guanosine monophosphate and inosine monophosphate may weakly compete
for the receptor site. The receptor protein is localized in the cytosol and the
endoplasmic reticulum of the cell. Formation of the cAMP-receptor complex
permits the release of a protein kinase. The cAMP receptor complex is
resistant to the enzyme phosphodiesterase but the enzyme readily degrades
cAMP. These steps outlined above describe the major action of cAMP in
mammalian tissues, namely the regulation of a cAMP-dependent kinase. The
protein kinase transfers the v phosphate of ATP to serine and threonine
residues in a variety of substrate proteins. The cAMP receptor protein kinase
contains a regulatory receptor and a catalytic kinase unit which is inhibited
by the cAMP receptor. Dissociation of the receptor catalytic complex, which
is located in the endoplasmic reticulum, occurs when cAMP displaces the
kinase from the receptor as follows:

Receptor — kinase + cAMP — kinase + receptor — cAMP

The free kinase is the fully activated form and is no longer responsive to
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4 Habeeb Bacchus

cAMP. Similar cAMP-dependent kinases are known in several cellular systems,
and it is probable that the receptor-cAMP complex may serve to maintain a
protected pool of the nucleotide within the cell.

In the hormone-producing cells of the ovaries, the kinase eventually
permits the phosphorylation and activation of phosphorylase (via phosphory-
lase kinase), activation of cholesterol esterase (permitting release of free
cholesterol), and ribosomal phosphorylation (which is involved in the regula-
tion of protein synthesis at the level of translation).

Steroidogenesis in the Ovaries

Biologically active estrogens are synthesized through a series of complex
enzymatic reactions involving several intracellular organelles. The immediate
precursor for estrogen synthesis is cholesterol, which is synthesized from
acetate and stored in the form of cholesterol esters in the ovarian cells. The
cholesterol esterase released in the process described above is responsible for
provision of a pool of cholesterol for steroidogenesis in the ovaries. The
mitochondria contain the side chain-cleaving desmolase enzyme which cata-
lyzes the insertion of O, into the stored molecule and cleavage of isocaproic
aldehyde, resulting in formation of pregnenolone. This intermediate then
enters the soluble microsomal fraction of the cell where the following
enzymatic steps take place: first, 17a-hydroxylase converts pregnenolone to
17a-hydroxypregnenolone; second, an alternative possibility is the conversion
of pregnenolone to progesterone by the enzyme hydroxysteroid dehydrogen-
ase (HSD), A%, 3B-0l dehydrogenase). Both intermediates then reenter the
mitochondrial compartment where the 17, 20 desmolase enzyme cleaves off
the side chain with the production of dehydroepiandrosterone (DHEA) from
170-OH pregnenolone and androstenedione from 170¢OH progesterone.
DHEA is converted to androstenedione by the enzyme HSD. The hydroxyla-
tion of carbon 19 of androstenedione is followed by aromatization of ring A
with the resultant production of estrone. Reduction of the ketone group of
estrone at C 17 results in the formation of 178-estradiol, the definitive natural
estrogen.

The steroidogenesis process described above requires enzyme protein
synthesis, and it is probable that formation of a regulator protein with rapid
turnover is stimulated by LH. LH also stimulates deoxyribonucleic acid
(DNA) synthesis in the ovarian steroidogenic cells.

HORMONAL ACTIONS PROPAGATED BY PARTICIPATION OF
CYTOSOL AND NUCLEAR RECEPTORS

Steroid hormones act on several different types of tissue cells, such as those
in the liver, kidneys, and adipose tissues, essentially by similar steps (Means
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6 Habeeb Bacchus

and O’Malley, 1972; Samuels and Tomkins, 1970; Jensen and DeSombre,
1973; and O’Malley and Means, 1974). These steps are: (1) permeation of the
target cell membrane; (2)binding to a cytosol receptor; (3) transfer of
steroid-receptor (SR) across the nuclear membrane to the nucleus; (4) binding
of the SR complex to nuclear acceptor to acceptor chromatin DNA; (5) syn-
thesis of new DNA; (6) protein synthesis; and (7) cell function.

In figure 1.2, the processes stated above are depicted with estradiol as the
prototype steroid hormone and the endometrial cell as the target, with the
process resulting in new protein synthesis and cellular enlargement.

Permeation of the Target Cell Membrane

The factors responsible for transfer of estrogens through the cell membrane
are not known. As estradiol is transported in the plasma bound to a carrier
protein sex hormone-binding globulin (SHBG), it is likely that the estradiol-
SHBG complex is dissociated at the cell membrane.

Binding to Intracellular Cytosol Receptor

Unchanged estradiol is taken up by hormone-binding proteins in the cytosol,
termed estrogen-receptors or estrophiles. This uptake phase is not saturable
even at hyperphysiologic doses of estrogens. The binding protein in the
cytosol is now known to have a sedimentation coefficient of about 8 s. The
estrogen-receptor complex is susceptible to intracellular electrolyte changes
and, in the presence of KCI above a concentration of 0.2 M, the 8 s complex
is reversibly dissociated into 4 s subunits. Although the estrogen-receptor
binding is noncovalent, it is remarkably strong and resistant to dissociation.
In some steroid target tissues, e.g., glucocorticoid-dependent cells, at least
two conformational types of receptors, one active and the other inactive,
have been described.

Transfer of Steroid-Receptor Complex to the Nucleus

Transfer of the steroid receptor complex to the nucleus of the cell requires
receptor transformation, whereas a temperature-dependent process converts
the 4 s protein to 5 s which then migrates to the nucleus. The presence of
nuclear binding is dependent on the presence of the cytosol receptor, and
there is no detectable nuclear 5 s protein in cells not exposed to estrogen. As
estradiol reacts with the nuclear receptor, there is a decrease of the cytosol
receptor, and there are data indicating that estradiol, on leaving the nucleus,
may encounter more cytosol receptors and repeat the interaction cycle. Thus,
each molecule of estradiol may induce the translocation of several receptor
moieties to the nuclear receptor.
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Binding of the Estradiol-Receptor (ER) Complex to Nuclear Acceptor
(NAc)

The intranuclear binding of the ER involves a two step reaction, first a high
affinity reaction between a receptor subunit and chromatin DNA and, sec-
ond, a high affinity reaction between a specific subunit of the intact native
protein and nonhistone (acidic) acceptor proteins.

Synthesis of New Messenger Ribonucleic Acid (mRNA)

Estradiol induction of protein synthesis involves enhancement of precursor
incorporation into ribosomal mRNA by a mechanism involving increased
nucleolar RNA polymerase activity. The specificity is dependent on the
specific activation of mRNA synthesis by the steps described above. It is
likely that the ER complex inhibits a repressor gene and, thus, permits activity
of a structural gene to stimulate RNA polymerase activity and the resultant
release of mRNA. Existence of a post-transcriptional repressor which inhibits
translation of specific mRNAs and increased degradation of the messenger is
likely, and it is probable that the ER complex inhibits this repressor.

Synthesis of New Proteins by Ribosomes

The synthesis of structural and enzyme proteins in the endometrial cell is
directed by the mRNAs released by the above processes. These proteins
participate in growth and metabolic activities of the endometrial cells.

REFERENCES
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Hypothalamic-
Pituitary-
Ovarian Axis

The hypothalamic-pituitary system is involved in the control of gonadal
development and reproductive rhythmicity (Guillemin, 1967; McCann and
Porter, 1969; Frohman, 1973). The gonadotropic hormones, follicle-stimulat-
ing hormone and luteinizing hormone, participate in the activation and sup-
port of gonadal differentiation and maturation and in the process of hor-
monal steroidogenesis in the ovaries. Menstrual cyclicity is dependent on the
secretion of gonadotropic hormones in adult amounts and sequence. The
development of secondary sexual characteristics, as well as the cyclic release
of ova, set the stage for conception and implantation. Although the ovaries
contain a fund of several hundred thousand follicles at birth, the cyclic
release of ova does not commence until about the age of 13 yr. The factors
responsible for this latency period are not known. It is related at least in part
to the fact that the responsiveness of ovarian tissue to gonadotropins is agg
dependent and probably mediated by estrogen production by the theca
interna (Goldenberg, Recter, and Ross, 1973).

Control of the anterior pituitary cells which secrete the gonadotropic
hormones resides in specific nuclei in the hypothalamus. The hypophysio-
tropic area of the hypothalamus is located in the medial aspect and includes
the median eminence (fig. 2.1). Nuclei in this area are responsible for the
synthesis and release of several stimulatory and inhibitory neurohormones
which are small peptides, the smallest being the tripeptide thyrotropin-
releasing factor or hormone (TRF or TRH). The activity of the various
hypothalamic nuclei are in turn under control of transducer neurons located
in suprahypothalamic areas. In addition, there is an autoregulator “‘short
feedback’ loop through which the gonadotropins may regulate their own
secretion rate. These neurons exert catecholaminergic or serotoninergic influ-

9
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PV
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Figure 2.1. Hypophysiotropic area of hypothalamus. The tonic and cyclic centers for
release of gonadotropin-releasing hormones are identified. Mapping studies have identi-
fied the locations of nuclei releasing the various neurohormones, namely SRF (somato-
tropin-releasing factor), CRF (corticotropin-releasing factor), TRH (thyrotropin-releasing
hormone), PIF (prolactin-inhibitory factor), etc.

ences on the nuclei of the hypophysiotropic areas. Ambient levels of gonadal
hormones are involved in the feedback control of release of the hypothalamic
geurohormones. This long feedback loop is mainly of the negative feedback
type, but there are data which indicate the presence of a positive feedback
type of activity also. Yet higher centers exert controlling influences on the
axis. The participation of additional suprahypothalamic centers, including the
cerebral cortex, the limbic system (amygdala and hippocampus), and the
pineal body, has been established.

The existence of gonadotropin-releasing neurohormone(s) has been estab-
lished. There are data consistent with the view that the release of both FSH
and LH is dependent on the secretion of a single gonadotropin-releasing
factor (FSH/LH-RH or Gn-RH). Other data suggest separation of LH-releasing
and FSH-releasing activities dependent on luteinizing hormone release factor
(LRH) and FSH-releasing factor (FSH-RH).

Activity of the suprahypothalamic-hypothalamic-pituitary-ovarian axis is
dependent on the integrity of the several nuclei and other responsive cells
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along the axis, on various factors affecting their responses such as maturation,
on factors affecting levels of the circulating hormones such as metabolic
degradation and drug effects, as well as temporal factors (fig. 2.2).

MATURATION OF PITUITARY GONADOTROPIN FUNCTION IN
FEMALES

Estrogens may exert both a negative and a positive feedback on the pituitary
release of the gonadotropic hormone LH. It is at the time of puberty that

Figure 2.2. Factors affecting the activity of the hypothalamic-pituitary-ovarian axis. The
various limbs of the axis are influenced by the various stimuli indicated in the various
blocks. Some of these are directly involved in either the hypothalamus, pituitary, or
ovaries, whereas others influence the axis indirectly by altering estrogen kinetics or the
circulating pool of estrogens and androgens.



12 Habeeb Bacchus

estrogens start to elicit the control of LH secretion. Estrogens usually inhibit
the release of both FSH and LH (negative feedback), but they may also
stimulate the midcycle release of LH which is essential for ovulation (positive
feedback). The other ovarian steroid hormone, progesterone, suppresses the
secretion of LH and, in conjunction with estrogen, the secretion of FSH.

Suprahypothalamic and hypothalamic areas regulate activity of the anteri-
or pituitary. The neurohormones of the hypothalamus are stored in the
median eminence until they are discharged. The neurohormones are trans-
ported to the anterior pituitary through a portal system which is derived from
the superior hypophyseal artery above and the inferior hypophyseal artery
below. A dense capillary network derived from the superior hypophyseal
forms portal vessels which traverse the exterior of the pituitary stalk and
empty into anterior pituitary sinusoids. Branches of the inferior hypophyseal
artery form a capillary network in the posterior pituitary, which then be-
comes a second portal system to the anterior pituitary.

In the mature human female subject, gonadotropin secretion is cyclical,
whereas in the male, it is essentially tonic. In the female, the cyclic changes
are superimposed on the tonic release mechanism. The tonic center is located
in the hypophysiotropic area and is composed of the median eminence and
the arcuate, ventromedial, and paraventricular nuclei. The center regulating
the cyclic release of gonadotropins (cyclic center) is located in the anterior
preoptic and lateral portions of the hypothalamus. It is likely that the adult
pattern of either tonic (male) or cyclic (female) secretion of gonadotropins
may be established in utero in man as the cyclic center is permanently
suppressed by androgens during fetal life in the male. The activity of gonado-
tropic releasing factor has been established in prepubertal, adolescent, and
mature human subjects. As stated above, the discharge of neurohormones by
the hypothalamic centers is dependent on catecholaminergic and serotoniner-
gic influences from the transducer neurons. In this connection, several drugs
may affect the release of the factors by either stimulating or inhibiting the
release of these chemical neurotransmitters. Hypothalamic activity may also
be influenced by the pineal body especially with regard to the effect of light.
Light impulses picked up by the retina are transmitted to the pineal body
through neural tracts involving the superior cervical ganglion. Darkness stimu-
lates, whereas light inhibits, the activity of the hydroxyindoleorthomethyl
transferase system in the pineal body which is responsible for the synthesis of
melatonin and other products from serotonin. This mechanism is probably
responsible for occurrence of sexual precocity in patients with destructive
tumors of the pineal body, and of sexual infantilism in patients with func-
tioning (parenchymatous) tumors of the pineal body. The finding of early
menarchial ages of blind girls perhaps contradicts the predicted effect of
pineal involvement in this process.

It is likely that each component of the pathways which control sexual
development in the female, including the end-organs, the gonads, the pitui-
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tary, the hypothalamus, and the various suprahypothalamic centers, is capa-
ble of adult activity by months or years before the usual age of puberty. The
factors responsible for triggering the changes associated with puberty are not
fully understood. There are data indicating that the entire axis may already
be functional in the fetal and prepubertal states, suggesting that puberty
really represents a gradual and continuous progression of a system which
started in utero. Figure 2.3 presents the changes in the axis at various stages
of development.

Undoubtedly, activity of the entire system will depend not only on the
release of the various neurohormones and hormones, and their feedback
regulation, but also on responsiveness of the particular target tissues. Periph-
eral metabolic transformation and degradation, time and duration of expo-
sure, as well as levels of exposure, undoubtedly influence the activity of the
entire system.

Variations in the sensitivity of the hypothalamic receptor systems may
influence the inhibitory and stimulatory effects of gonadal hormones. It is
established that this sensitivity of inhibitory influences declines with maturi-
ty. The antiestrogenic effects of clomiphene, which are evident in mature
subjects (with release of LH and FSH), are not noted in immature children,
the adult effect of clomiphene becoming evident in the late stages of puberty.
Supporting this concept is the clinical observation that the serum gonado-
tropins in normal prepubertal subjects and in subjects with gonadal dysgenesis
are suppressible with smaller amounts of exogenous estrogens than required
in mature individuals. Similarly, the suppressive dose of estrogen increases
with age. These phenomena are probably not dependent on chronologic age
per se in view of the fact that adult sequence and amounts of gonadotropic
hormones occur in sexual precocity. It has been suggested that suprahypotha-

Figure 2.3. Maturation of the hypothalamic-pituitary-ovarian axis.
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lamic activity may be responsible for the enhanced inhibitory sensitivity of
the hypothalamus to estrogens; inhibition of hypothalamic hypophysiotropic
activity by the amygdala has been shown (Schiaffini and Martini, 1972).

In summary, this aspect of hypothalamic-pituitary function is undoubt-
edly influenced by several factors at different levels of the axis. The decreased
sensitivity of the inhibitory hypothalamic centers to estrogens declines pro-
gressively with aging. Therefore, relatively larger amounts of gonadotropins
are secreted until increased levels of estrogens break through the diminished
inhibitory activity of the hypophysiotropic areas. Undoubtedly, there is a
continuous process of equilibration until the adult relationship is established.

Chemical and biologic properties of the various pituitary hormones are
summarized later in this chapter. Measurable levels of FSH have been found
in the urine of girls between the ages of 4.75 and 10.5 yr (Root, 1973); and
the urinary excretion of FSH increases between 5—8 yr. In the adult, cyclic
variations in FSH correlated with the menstrual cycle. Cyclic changes may
also be seen in premenarchial and early postmenarchial girls. LH levels in the
urine may be elevated between 3—6 mo of age, with a significant decrease to
low levels until age of 6 yr. Serum LH levels increase after 8 yr of age and
during the earliest phases of puberty.

OVARIAN RESPONSE TO GONADOTROPINS

Recent experimental data demonstrate that the onset of ovarian responsive-
ness to exogenous gonadotropins is mediated by estrogen produced by the
theca interna (Goldenberg et al., 1973). Since this layer secretes estrogen, it is
suggested that the further development of the ovarian follicle is estrogen
dependent. Estrogen secreted by the theca interna stimulates granulosa cell
proliferation after which antrum formation takes place. There is undoubtedly
a time-related mechanism involved in the onset of follicular responsiveness.

In the mature female, FSH promotes growth and maturation of a few
primary follicles to the antrum stage, the secretion of follicular fluid, prolifer-
ation of granulosa cells, and theca cell transformation. In the mature female,
LH stimulates the process of ovulation and corpus luteum formation. The
processes will be described in greater detail in a subsequent section. The role
of LH prior to puberty is not well defined.

FACTORS AFFECTING AMBIENT LEVELS OF GONADAL HORMONES

The circulating levels of the gonadal hormone estradiol in the area of the
appropriate hypothalamic nuclei are responsible for the control of pituitary
release of gonadotropic hormones under the influence of hypothalamic neu-
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rohormones (LRH, FRH). Factors which alter the levels of 17B-estradiol,
therefore, affect the operation of the hypothalamic-pituitary-ovarian axis.
Several such factors are now known and include liver function, thyroid

function, exogenous obesity, dietary changes, disease states, and drug effects
(fig. 2.2).

Effect of Liver Function

The conversion of estradiol to the less active compound, estriol, takes place in
the liver. There are considerable data that the degradation of 17f-estradiol is
decreased in hepatocellular disease (Chopra, Tulchinsky, and Greenway,
1973). The resultant undegraded estradiol suppresses the cyclic release of
FSH and LH. A similar defect in estradiol inactivation in liver disease in males
is implicated in pathogenesis of gynecomastia (Chopra et al., 1973). Milder
degrees of liver disease, as in fatty metamorphosis of the liver. may be
associated with errors in estrogen degradation and may be responsible for
secondary amenorrhea. This disorder is often reversible with appropriate
management of the liver disorder. Among the causes of fatty metamorphosis
known to be associated with menstrual irregularities are exogenous obesity
and drug ingestion. Febrile states may also affect menstrual cyclicity pre-
sumably by affecting the degradation of the gonadal hormones (fig. 2.2).

Several studies reveal that the hepatic degradation of estrogens, as well as
of other steroids, is altered by changes in thyroid function. Spontaneous
hyperthyroidism and chronic excess of exogenous thyroid hormones are
known to be causes of oligomenorrhea, amenorrhea, and anovulation.
Changes in menstrual pattern are also seen in hypothyroidism presumably as a
reflection of alterations in degradation of gonadal hormones by the liver and
other tissues.

Steroid Conversion in the Central Nervous System

Experimental data reveal that several parts of the central nervous system are
active in steroid degradation. Based on the Sa-reductase and 20a-hydroxy-
steroid dehydrogenase activities of the brain, pituitary, and hypothalamus, a
concept has evolved regarding the participation of the central nervous system
in regulation of the hypothalamic centers. The Sa-reduction of testosterone
decreases the availability of this substrate for the Sa-reductase, and estrogens
have been shown to enhance this Sa-reduction of progesterone. Based on
these data, Herman, Heinrichs, and Tabei, 1973 speculate that these activities
in the central nervous system may well be involved in the feedback regulation
of gonadotropin secretion.

In summary, regulation of the hypothalamic-pituitary-ovarian axis is
dependent on several factors at several levels of the circuit. Among these are:
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(1) sensitivity to negative feedback regulation; (2) sensitivity to positive feed-
back regulation; (3) responsiveness of target cells based on age- or time-
related phenomena; and (4) dependence of the circulating levels of gonadal
hormones which are affected by peripheral metabolism in the liver, central
nervous system, and other tissues.

HYPOTHALAMIC-PITUITARY CONTROL OF OTHER ENDOCRINE
FUNCTIONS

kegulation of ovarian activity by the hypothalamic-pituitary axis has been
described in some detail in the preceding section. Similar considerations
generally apply in discussing regulation of other target endocrine organs, e.g.,
thyroid, adrenals, and testes, and regulation of metabolic activities in muscles,
adipose cells, and other tissues by growth hormone. The presence of several
hypothalamic releasing and inhibitory neurohormones is now established.
Control of the nuclei releasing these hormones resides in the activities of
transducer neurones which operate through serotoninergic or catecholaminer-
gic pathways. At this level, various drugs which affect synthesis or degrada-
tion of these amines may influence activities of the hypothalamic nuclei.
Mapping studies have shown the locations of the various hypophysiotropic
nuclei in the hypothalamus (fig. 2.1). It is noted that control of growth
hormone release is regulated by a nucleus in the ventral aspect of the
hypothalamus through the releasing hormone SRF. The site of release of
somatotropin release inhibiting factor (SRIF or somatostatin) is located in
close apposition. The CRF nucleus which regulates release of adrenocortico-
tropin (ACTH) by the hypothalamus is located in the posterior aspect of the
hypothalamus close to the mamillary bodies. The nucleus for cyclic (surge)
release of gonadotropin-stimulating factor(s) is located in the anterior aspect
of the hypothalamus, and the nucleus controlling basal secretion of the
gonadotropins (the tonic area) is located just posterior to the cyclic nucleus.
Thyrotropic releasing hormone (TRH) is secreted by a nucleus located in an
anterior aspect of the hypothalamus just above the supraoptic and paraven-
tricular nuclei. It is of interest that this factor may well function as a
prolactin-releasing hormone also. Other neurohormones released from the
hypothalamus include prolactin inhibitory factor (PIF) and the melanocyte-
stimulating hormone (MSH)-inhibiting factors (MIF).

Regulation of the Hypothalamic Nuclei

Release of the corticotropin-releasing factor (CRF) neurohormone from the
hypothalamus is inhibited by ambient levels of cortisol. The mechanism of
this negative feedback control is not yet clear. The release of ACTH by
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corticotrope cells of the anterior pituitary is stimulated by CRF. The ambient
levels of cortisol do not affect the responsiveness of the pituitary to CRF. In
contrast, the response of the pituitary to TRF is altered by the ambient levels
of thyroid hormones; the effect of TRF is blocked by high circulating levels
of T3 or T4. The control of SRF and somatostatin is related to the circulating
levels of amino acid and glucose, but the details of the regulation are not
completely clear. Control and regulation of the hypothalamic-pituitary-
ovarian axis have been discussed in the preceding section.

The various factors which affect the operation of the circuitry which
controls the pituitary gonadal axis undoubtedly influence the operations of
the other axes considered. For example, it is well known that the pituitary-
adrenal relationships are altered in liver disease, by drugs, and in various
nutritional states, which may all operate by altering the distribution and
degradation of cortisol. In all of the axes described above, suprahypophysial
factors may supersede the lower controlling mechanisms discussed. The
effects of pharmacologic agents on release of the hypothalamic neuro-
hormones are presented in table 2.1.
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"The Anterior

Pituitary
Gland

The anterior pituitary gland (adenohypophysis) influences a variety of bio-
logic processes through the secretion and release of polypeptide and glyco-
protein hormones (Harris and Donovan, 1966; McCann and Porter, 1969).
Body growth is regulated through the synthesis and release of growth hor-
mone (somatotropic hormone, STH), while the structure and activity of
several other endocrine glands are regulated by the secretion of various tropic
hormones by the anterior pituitary. The gland is derived from ectodermal
cells (Rathke’s pouch) in the roof of the primitive oral cavity. After migration
of these cells upward, and separation from the oral cavity by mesoderm, the
cells eventually assume a position anterior to the neurohypophysis. The
pituitary gland (anterior hypophysis and neurohypophysis) weighs approxi-
mately 500 mg in the normal adult male, and, in pregnant women, may
increase to 1 g. The adenohypophysis accounts for approximately 75% of the
entire pituitary size. The pituitary gland rests in the sella turcica, a bony
structure which surrounds the gland on all sides except the superior surface.
The anterior pituitary is supplied by a system of portal veins from a capillary
network around the median eminence and the neural stalk (Harris and
Donovan, 1966). Within the gland, the portal system divides into sinusoids so
that the cells are separated from blood by the endothelium and perisinusoidal
space (Harris and Donovan, 1966).

CONTROL OF THE ANTERIOR PITUITARY GLAND

Several stimulatory and inhibitory factors (correctly termed hypothalamic
neurohormones) are transported by the portal blood supply to the pituitary
gland. The stimulatory hormones include somatotropin-releasing factor

(SRF), FSH, and LH-releasing hormone (FSH/LH-RH, or gonadotropin-
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releasing hormone, GnRH), TRH (thyrotropin-releasing hormone), and CRF
(corticotropin-releasing factor). There are some data suggesting probable
non-identity of FSH-RH and LH-RH. The inhibitory neurohormones are PIF,
MIF, and SRIF or Somatostatin. Suggestions of existence of inhibitory factors
corresponding to each of the stimulating factors listed above have not been
definitively proved. The various specific secretory cells of the anterior pitui-
tary are under immediate control by the hypothalamic neurohormones. These
neurohormones are formed at axonal terminals of tracts which ultimately
respond to circulating levels of hormones produced by the target glands, to
various metabolic stimuli, e.g., amino acids, and to higher neutral control.
These higher neural stimuli may supersede the usual negative feedback circuit.

HORMONES PRODUCED BY THE ANTERIOR PITUITARY GLAND

The anterior pituitary gland is composed of several types of cells which have
been characterized by staining and immunofluorescent techniques, different
cell types presumably secreting specific hormones. The general groups of cells
include the acidophilic cells which secrete growth hormone (GH) and prolac-
tin and the basophilic cells which secrete TSH, FSH, LH, and ACTH.
Chromophobe cells may also participate in the secretion of the pituitary
hormones.

ACTH, the melanocyte-stimulating hormones (e-MSH, §-MSH), GH, and
prolactin possess protein or polypeptide structures, whereas TSH, LH, and
FSH are glycoproteins. The tropic hormones, TSH, ACTH, LH, and FSH,
maintain the structure and biologic activities of specific target endocrine
glands. GH affects several biochemical reactions. ACTH, TSH, and LH in-
crease the activity of adenyl cyclase in the cell membranes of the adrenal
cortex, thyroid, and ovary respectively, accelerating the formation of cyclic
adenosine, 3'5’-monophosphate (cAMP) from ATP. Cyclic AMP serves as the
intracellular mediator of the action of these hormones.

Growth Hormone

Growth hormone (GH, HGH) (Li, Liu, and Dixon, 1966) is a single chain
polypeptide composed of 188 amino acids and has a molecular weight of
21,500. The molecule has an intrachain disulfide bond which forms a ring
structure. Because of species differences in immunologic activity, as well as in
biologic activity, only primate GH has significant biologic activity in man. GH
influences several biochemical mechanisms such as stimulation of protein
synthesis, intracellular transport of amino acids, and ribosomal protein syn-
thesis. Intracellular lipolysis is stimulated by the hormone leading to in-
creased plasma free fatty acids and enhancement of fatty acid oxidation and
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ketogenesis. GH affects carbohydrate metabolism by decreasing the response
to insulin, decreasing lipogenesis, and functioning as a diabetogenic hormone
in certain species. GH also stimulates collagen synthesis, increases intestinal
absorption of calcium, and induces hypercalcemia, sodium, and phosphate
retention as well as increasing serum alkaline phosphatase.

GH may require further transformation before becoming effective in
growth stimulation. It is suggested that renal uptake of the hormone may be
required for its activation. The ability of somatomedin (sulfation factor) to
stimulate growth in the absence of GH has been proved (Daughaday, 1971).
It is likely that GH (or other hormones) may precede or stimulate the
production of somatomedin, which is one of the steps in the process of
growth stimulation.

It is estimated that the human pituitary contains 5—10 mg of GH per
gland. Normal individuals in the fasting and resting state have a plasma GH
concentration of less than 5 mg/ml, with biologic half-life of 20 min. GH
levels in the plasma are increased by exercise, hypoglycemia, and infusion or
ingestion of certain amino acids such as arginine and are decreased by
hypoglycemia. Pituitary GH secretory activity is best assessed after a chal-
lenge by one of the above stimuli. These will be discussed later.

Prolactin

Prolactin is a polypeptide hormone with a molecular weight of 23,000 and
containing an intrachain disulfide bond. Specific lactotrope cells in the
pituitary gland have been identified. Secretion of this hormone is increased
by the hypothalamic neurohormone TRH and is suppressed by PIF from the
hypothalamus. Several physiologic states, including stress, pregnancy, and
anesthesia, and disease states such as chromophobe tumors of the pituitary, as
well as several pharmocologic agents, affect the secretion of this hormone
(Fourniers, Desjardins, and Friesen, 1974). These are discussed in more detail
in Chapter 7. The biologic actions of this hormone include a role in the
growth and development of the breast and in lactation. These actions are
dependent on the presence of GH, cortisol, thyroid hormone, and proges-
terone. The mammotropic and lactogenic actions of this hormone have been
employed for biologic assays. The hormone is now quantitated by radio-
immunoassay methods.

Follicle-Stimulating Hormone

Follicle-stimulating hormone has a glycoprotein structure and an estimated
molecular weight of 29,000. Its biologic activity is confined to the gonads,
stimulating maturation of the ovarian follicle in the female and increasing the
growth of seminiferous tubules and the process of spematogenesis in the
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male. FSH administration in women is followed by increased levels of urinary
estrogens and pregnanediol. FSH extracted from human postmenopausal
urine has been employed for induction of ovulation and pregnancy in patients
with ovulatory failure, with a high incidence of multiple births. The secretion
of FSH by the pituitary is inhibited by estrogens; conversely, in estrogen
deficiency, e.g., hypogonadism, there are increased levels of FSH in the urine.

Luteinizing Hormone

Luteinizing hormone is a glycoprotein hormone with an approximate molecu-
lar weight of 30,000. This hormone precipitates release of the ovum from the
fully developed follicle. It also activates membrane adenyl cyclase, thus
releasing cyclic AMP which functions as the intracellular mediator of the
steroidogenic action of LH in the follicle and in the corpus luteum. In the
male, LH (also called interstitial cell stimulating hormone, ICSH) stimulates
the production of testosterone by the interstitial cells of the testis. In
prepubertal children, the level of LH measured by radioimmunoassay is 0.5
ng/ml. At puberty in males, the levels reach 0.7 ng/ml, increasing up to 1.7
ng/ml in the fourth decade. In females, the postpubertal level is 1.2 ng/ml in
the follicular phase and 1.0 ng/ml in the luteal phase of the menstrual cycle.
Detailed patterns of plasma LH during the menstrual cycle have been de-
scribed (Odell, Ross, and Rayford, 1966). The regulation of LH secretion is
dependent on the activity of the central nervous system (Everett, 1964).
Estrogens inhibit LH release and, conversely, low levels of estrogens as are
found in ovarian insufficiency result in increased LH release. However, a
positive feedback between estrogens and LH is necessary for the LH spurt
before ovulation. In the male, testosterone has been shown to decrease LH
levels (Odell, 1968), but this action is mediated by conversion of testosterone
to estradiol.

Thyroid-Stimulating Hormone

Thyroid-stimulating hormone is a glycoprotein hormone containing glu-
cosamine and galactosamine and has an estimated molecular weight of
28,000. TSH increases adenyl cyclase in thyroid tissue and, thus, stimulates
the release of cyclic AMP which serves as the intracellular mediator of its
action. TSH may also exert an extrathyroidal action on lipolysis in adipose
tissue, but the significance of this finding is not clear. TSH increases the
thyroidal uptake of 'I, as well as the discharge of thyroid hormone. The
release of TSH is determined in large part by the circulating level of thyroid
hormone by a negative feedback circuit in which hypothalamic TRH plays a
role. However, this role is superseded by the thyroid-pituitary feedback
system. By radioimmunoassay procedures (Utiger, 1965), it has been esti-
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mated that TSH levels in human plasma range from 010 uU/ml, with marked
elevations in patients with hypothyroidism and low to undetectable levels in
primary hyperthyroid states.

Adrenocorticotropic Hormone

Adrenocorticotropic hormone is a single-chained polypeptide made up of 39
amino acids with species differences in amino acids at positions 25 and 33.
The peptide of amino acids 1 through 24 exerts biologic activity of the full
ACTH molecule. The major function of ACTH is to maintain the structure
and secretory activity of the adrenal cortex. It stimulates the production of
cortisol, corticosterone, and 17-ketosteroids (17-KS) by the adrenals by
activation of adrenal cell membrane adenyl cyclase which leads to release of
cAMP which serves at the intracellular mediator of ACTH action (Gill, 1972).
The hormone also exerts a melanocyte-stimulating activity, but increased
pigmentation observed in patients with high levels of ACTH is probably due
to associated increased MSH levels. There is a circadian pattern in ACTH
release, with peak levels occurring at the time of awakening, followed by a
steady decline at the time of sleep. The level of ACTH is also dependent on
the circulatory levels of cortisol by a negative feedback system mediated by
hypothalamic CRF. ACTH depletes the adrenal stores of cholesterol and
ascorbic acid, and the latter finding is the basis of a biologic assay for ACTH.
The steroidogenic action of ACTH in the hypophysectomized rat’s adrenal is
another method of biologic assay of ACTH. Employing bioassay methods it
was shown that plasma ACTH ranges between 0.1-0.5 uU/100 ml at 6:00
A M., with undetectable levels at 6:00 P.M. Yalow et al. (1964), employing
radioimmunoassay, demonstrated somewhat higher levels of plasma ACTH.

o- and $-Melanocyte-Stimulating Hormones

a-Melanocyte-stimulating hormone (a-MSH) is a polypeptide composed of 13
amino acids, and f-melanocyte-stimulating hormone (8-MSH) is made up of
22 amino acids. There are certain features in these structures which are
similar to the amino acid sequence in ACTH. MSH produces dispersion of
melanin granules in the skin; this activity has been separated from similar
action of ACTH.

ASSESSMENT OF FUNCTIONS OF THE ANTERIOR PITUITARY GLAND

The function of the pituitary gonadal axis is influenced by the various other
actions of the gland (Bacchus, 1972; Eddy et al., 1974). It is, therefore,
essential that several aspects of its functions are evaluated in the analysis of
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the various disorders of the pituitary-gonadal axis. The principles and pro-
cedures for assessment of pituitary function are presented under headings of
individual functions.

Assessment of Pituitary Gonadotropic Functions

These activities of the pituitary are reflected by the functions of the target
ovaries in the female. Vaginal cytology and endometrial development are
indirect indexes of pituitary effect on the gonads and are discussed in other
sections. The differential diagnosis of hypopituitarism from primary gonadal
insufficiency requires the determination of plasma or urinary pituitary FSH
and LH. In primary gonadal failure, the pituitary gonadotropin levels are
higher than normal. These tests are especially useful in the diagnosis of
hypopituitarism in the postmenopausal women; in these patients, the increase
in urinary gonadotropins associated with the postmenopausal state is absent.
In adult women of reproductive ages, normal values for FSH range from 630
uU/ml and for LH the normal values are essentially the same. Low values are
difficult to interpret, and it is necessary to perform the stimulation tests
listed below to assess pituitary gonadotropic responsiveness.

Clomiphene Stimulation Test In the test, 50 ml of clomiphene is given
orally 2 or 3 times daily for 7 days. Plasma is obtained before and after the
clomiphene ingestion for FSH and LH determinations. A significant increase
(> 58%) in LH after clomiphene is a normal response. The rise in FSH is not
as marked. Patients with gonadotropin deficiency fail to show a significant
increase in LH.

LRH Stimulation Test In this test, 50~150 ug FSH/LH RH is injected
intravenously and plasma LH and FSH are determined at 0 min, 10 min, 15
min, 30 min, 60 min, 120 min, and 180 min after the injection. The integrity
of pituitary gonadotropic activity is reflected by 5- to 10-fold increases in LH
and a less marked elevation of FSH at the peak time around the 15- to 30-min
interval.

Assessment of Pituitary Adrenocorticotropin Function

Diseases of the pituitary may cause hyperadrenogorticotropinism and hypo-
adrenocorticotropinism, both of which are manifested clinically by their
effects on adrenocortical functions.

Hyperadrenocorticotropinism Hyperadrenocorticotropinism results in
bilateral adrenocortical hyperplasia (Cushing’s disease) and hypercortisole-
mia, as well as increased levels of adrenal 17-KS androgens. Clinical manifesta-
tions of hypercortisolemia are due to the effects of the hormone on protein,
fat, and carbohydrate metabolism, as well as its effects on blood pressure,
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connective tissues, and bone structure. The androgenic effects include viriliza-
tion and hirsutism in the female. These clinical effects are described in
Chapter 10.

Indirect clinical laboratory effects of hypercortisolemia include an in-
creased blood sugar and impaired glucose tolerance test (GTT), decreased total
eosinophil count in peripheral blood, and an increase in serum Na:K ratio,
but these parameters are not pathognomonic of hypercortisolemia.

Assessment of Pituitary Hyperadrenocorticotropinism These methods
involve quantitiation of adrenocortical steroids or their metabolites after
appropriate physiologic manipulations. These tests are described more fully in
Chapter 10.

In the overnight dexamethasone suppression test, the patient is given 1
mg of dexamethasone orally at 12 midnight, and a plasma cortisol level is
determined on blood drawn at 8:00 A.M.Normal individuals show a plasma
cortisol level of 5 ug/100 ml. Levels of cortisol greater than 10 ug/100 ml are
found in patients with hypercortisolemia due to hyperadrenocorticotropin-
ism, as well as adrenal adenoma, carcinoma, or ectopic ACTH.

Circadian variation of plasma cortisol is lacking in patients with increased
ACTH. Plasma cortisol levels in normal subjects at 8:00 A.M. and at 5:00
P.M. are 5-25 pg/100 ml and 2.5-12.5 ug/100 ml respectively. Patients with
increased ACTH exhibit values of 25 ug or greater at both times.

Basal urinary excretion of 17-hydroxycorticosteroids (17-OHCS) and
17-latogenic steroids (17-KGS) is increased in patients with hypercortico-
tropinism, adrenal adenoma, adrenal carcinoma, and ectopic ACTH excess.
Urinary 17-KS is also increased in all of the above conditions except adrenal
adenoma. The procedures and the values are described in Chapter 10.

Dexamethasone suppression tests utilizing urinary 17-OHCS (total or
after sequential extraction) or 17-KGS reveal no suppression of urinary
steroids after the low dexamethasone dosage (0.5 mg every 6 hr for 3 days) in
patients with hypercorticotropinism. Suppression occurs after higher doses of
dexamethasone (2 mg 4 times daily for 3 days).

Urinary 17-OHCS (total or fractionated), 17-KGS, or plasma 11-deoxy-
cortisol after metyrapone (oral or intravenous) are significantly increased in
patients with hypercorticotropinism (see Chapter 10).

The biologic assay methods of measuring ACTH levels are not readily
applicable to clinical practice. The radioimmunioassay of ACTH promises to
be quite helpful in diagnosis of pituary-adrenal disorders. In hypercortico-
tropinism, the levels of ACTH are significantly higher than the normal
0.1-0.5 uU/100 ml.

Hypoadrenocorticotropinism Hypoadrenocorticotropinism  (decreased
ACTH secretion) is manifested clinically by evidence of adrenal insufficiency
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described in Chapter 10. Patients with hypoadrenocorticotropinism lack the
pigmentary and marked electrolyte disturbances seen in primary adrenal
disease.

The best tests to evaluate a defect in ACTH production involve methods
of stimulating the release of ACTH. The effects of ACTH release are mea-
sured by study of plasma cortisol or urinary corticosteroids. After establish-
ing that the adrenal cortex is responsive (see sections on the intravenous
cosyntropin test and the 8-hr ACTH test described in Chapter 10), the
following tests may be done.

Vasopressin Stimulation Test In our experience, this test is very reliable
and less cumbersome than any of the other procedures employed. Plasma
cortisol increase of 100% or greater after injection of vasopressin (10 units
intramuscularly) is reliable evidence of intact pituitary ACTH secretion.

Adrenocorticotropic Hormone Tests Repeated 8-hr intravenous ACTH
tests show incremental increases in urinary 17-KS, 17-KGS, or 17-OHCS in
patients with hypoadrenocorticotropinism. A simpler procedure is repetitive
cosyntropin stimulation (0.25 mg every hour for 3 doses). Incremental
increases are seen in hypoadrenocorticotropin disorders (Bacchus, 1972).

Metyrapone Challenge The various procedures employing metyrapone
challenge are quite reliable for assessment of pituitary ACTH function and are
especially helpful in differentiating primary from secondary adrenal insuf-
ficiency. The lack of increased levels of plasma 11-deoxycortisol, urinary
17-KGS, 17-OHCS, or THS after metyrapone would be consistent with
decreased pituitary ACTH production, provided the adrenal is ascertained to
be intact.

Assessment of Pituitary Thyrotropic Function

The target organ effects of TSH on the thyroid are employed in testing for
pituitary TSH activity. In the TSH stimulation test, a basal epithyroid 3'I
uptake increases to normal or supranormal levels after TSH injection (10
units intramuscularly daily for 3 days). In some patients with a long-standing
hypopituitarism and marked thyroid involution, no increase is seen after TSH
stimulation.

Direct Assessment of Pituitary TSH Function In primary thyroid insuf-
ficiency, the TSH levels are higher than normal (> 10 pU/ml); in pituitary
insufficiency, the levels are between 0—10 uU/ml, which is the normal range. It
is, therefore, necessary to perform the TRH stimulation test in which the
hypothalamic neurohormone TRH is given by intramuscular injection of
50-100 ug and plasma. TSH levels are measured before and after the TRH
administration. A significant increase in TSH to supranormal levels reflects
integrity of pituitary thyrotropic activity. The peak increase in TSH is noted
within 20—30 min after the injection of TRH (Utiger, 1962).
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Assessment of Pituitary Prolactin Release

The TRH stimulation test is employed to assess pituitary release of prolactin.
Normal individuals show a marked increase in plasma prolactin after TRH
injection. (It is well to note the close proximity of the site of TRH produc-
tion and that of gonadotropin release in the hypophysiotrophic area; see
Chapter 8).

Assessment of Growth Hormone Functions

Clinical disorders may involve decreased and excessive GH secretion. These
clinical states may be suspected on the basis of the target organ effects of GH.

The clinical features of various pituitary disorders are presented in tables
3.1 and 3.2. In the unihormonal deficiency state involving GH, dwarfism is
the resultant clinical condition. In the adult, the major clinical laboratory
finding is that of a hypoglycemia which may be symptomatic under condi-
tions of stress. In the child with decreased GH, the most important manifesta-
tion is decreased bone age; the epiphyses do not develop at a normal rate,
hence, bone age on an X-ray of the wrists, for example, is retarded. Serum
phosphate and alkaline phosphatase are often decreased.

Direct Assessment of Decreased Growth Hormone

GH Levels in Hyposomatotropinism Basal fasting serum immunoreactive
GH levels of less than 1 ng/ml are found in both types of hyposomato-
tropinism.

Serum GH Levels after Insulin Hypoglycemia A baseline blood sample is
obtained for glucose and GH determinations. The patient is given crystalline
insulin by intravenous injection (0.05 units/kg body weight in children, and
0.1 to 0.15 units/kg in adults). Blood samples are obtained at 20, 60, and 90
min after the injection of insulin. An adequate stimulus is a drop of blood
sugar to less than 50% of basal value, or below 50 mg/100 ml. Baseline plasma
and at least two in the hypoglycemic range are used for GH radioimmuno-
assay.

Normal subjects show levels of GH 2 to 3 times the basal level of GH, or
at least exhibit GH levels of > 10 ng/ml at the hypoglycemic peak. Patients
with pituitary insufficiency causing decreased GH, as well as obese indi-
viduals, fail to show increased levels of GH. It is suggested that nonresponsive-
ness of HGH to hypoglycemia should be confirmed by the arginine challenge.

GH Levels after Arginine Infusion A baseline blood sample is obtained
for glucose and GH determinations. The patient is given an arginine solution
of 0.5 mg/kg body weight by intravenous infusion over a period of 30 min.
Blood samples for GH levels are taken at the end of the infusion (30 min) and
at 60, 90, and 120 min after the start of the infusion. Normal subjects show
increases in the GH levels to 2 to 3 times the basal value. Patients with
defective GH secretion fail to show values above 10 ng/ml.
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GH Levels after Glucagon In this test, a similar protocol as in the test
directly above is employed. The baseline GH level is compared with those
taken 20, 60, and 90 min after the subcutaneous injection of 1.0 mg of
glucagon. The criteria for diagnosis are those in the same as those above. This
procedure is safter than the assessment after insulin hypoglycemia.

GH Response to Vasopressin Challenge Baseline plasma, and plasma
obtained 30 and 60 min after intramuscular injection of 10 units of vaso-
pressin, are followed by a significant rise of GH in normat subjects. Failure to
show GH above 10 ng/ml is consistent with hyposomatotropinism.

GH Levels after Physical Exercise GH levels after vigorous physical
exercise, or during deep sleep, are methods employed, especially in pediatric
practice, for assessment of hyposomatotropinism.

GH Levels in Plasma after Challenge with Dihydroxyphenylalanine (-
Dopa) Several studies show that normal individuals exhibit a prompt and
significant increase in plasma HGH after oral ingestion of 0.5 g of L-dopa.
This test is readily performed on an outpatient basis and is highly reliable
(Eddy et al., 1974).

It should be pointed out that the above procedures should not be
performed uniess the patient is euthyroid, as hypothyroidism will attenuate
or obliterate the expected rises in HGH after the various challenges.

Hypersomatotropinism Hypersomatotropinism (excessive GH) in the
prepubertal child results in gigantism, whereas its occurrence after puberty
results in acromegaly. Indirect clinical tests consistent with hypersomato-
tropinism include a diabetic-type glucose tolerance test, an elevated serum
inorganic phosphorus level (without the normal circadian variation), hyper-
calciuria, hydroxyprolinemia, and virilization ascribable to increased 17-KS
levels.

Direct Assessment of Growth Hormone Excess These methods involve
the determination of GH levels by radioimmunoassay. The basal GH levels in
the fasting male subject is 5 ng/ml or less, and a level greater than 5 ng/ml is,
therefore, consistent with hypersomatotropinism. In female patients the basal
fasting levels may fluctuate widely. It is necessary to conduct a hyper-
glycemic challenge before assessing the GH levels.

In male and female patients with acromegaly, there is a less than 50%
decrease in plasma immunoreactive GH after infusion of glucose intra-
venously. Normal subjects exhibit an almost complete suppression of GH
production during the hyperglycemia. Patients with hypersomatotropinism
show plasma HGH levels of > 10-300 ng/ml regardless of the level of blood
sugar elevation.

The studies are detailed above to present the methods, rationale, and
interpretations of the individual tests. It is now recommended that they be
replaced by the combined pituitary challenge test (Harsoulis et al., 1974). In
this procedure the patients are studied in the fasting state with the test
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commencing from 9:00 to 10:00 A.M. Regular insulin is administered intra-
venously (0.05-0.3 units/kg of body weight) and followed immediately by a
mixture of 200-500 ug of TRH and 100 pg of FSH/LH-RH in 5 ml of sterile
water. Blood samples are obtained at 0, 30, 60, 90, and 120 min after the
infusion for quantitation of glucose, growth hormone, and cortisol. TSH,
FSH, and LH are determined only at the 0-, 20-, and 60-min intervals. The
results obtained in this manner are essentially comparable to those obtained
with the separate test procedure. Normal subjects exhibit significant eleva-
tions in GH (values reaching > 10 ng/ml by 60 min with mean values around
120 ng/ml), cortisol (values at least 7 ug/100 ml greater than baseline, or a 3-
to 4-fold increase by 1 hr), TSH (at least a 4-fold increase by 20 min), FSH
(at least a doubling by the 20- to 60-min sampling times), and LH (at least a
2- to 4-fold increase by the 20- to 60-min sampling times). Patients with
panhypopituitarism fail to show significant increases in these hormones after
the combined challenge.

Clinical Disorders of Anterior Pituitary Function

Clinical patterns in disorders of the anterior pituitary depend on the hor-
mones affected and on the time of onset of the disorder. Because of the
multiplicity of anterior pituitary hormones either hyperfunctional or hypo-
functional states may be manifested by a combination of disturbances in the
target effects of various or isolated (single) pituitary hormones. Etiologies and
clinical manifestations of the various clinical disorders are summarized in
tables 3.1 and 3.2. Disturbances in the production of the tropic hormones
are manifested mainly by clinical and laboratory parameters related to the
target organs of the specific tropic hormones. Disturbances in GH secretion
are reflected by disturbances in the various tissues effects of GH.

Hypopituitary States Clinical manifestations depend both on age of
onset and on the hormones affected.

Hypopituitarism in Childhood The clinical pattern depends on the hor-
monal functions affected. In panhypopituitarism in childhood, there are
several clinical manifestations.

There are manifestations secondary to GH deficiency. Intrauterine growth
is not dependent on GH, but subsequent growth is. Therefore, there is
marked growth retardation detectable during the first year of life. Serial
height-weight measurements, failure of the appearance of certain landmarks
at correct times, such as delayed bone age and epiphyseal development, are
reliable stigmata of this deficiency. The ratio of upper (crown to pubis) to the
lower (pubis to floor) body segments will approach 1:1 in contrast to the
infantile 1.7:1.

There are parameters referable to decreased gonadotropins. Pubertal
development is retarded. There is lack of female sexual characteristics such as
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pubarch and thelarche. Epiphyseal closure does not occur and there is no
evidence of estrogen effect on the vagina. Linear growth may continue into
the third or fourth decade because of lack of epiphyseal closure.

There are clinical parameters referable to lack of TSH. Hypothyroidism
tations may not be overt, and may occur only during stress. Occasional
hypoglycemia and weakness may occur.

There are clinical parameters referable to lack of TSH. Hypothyroidism
may be mild compared with the clinical manifestations in primary hypo-
thyroidism.

Panhypopituitarism in the Adult The manifestations are referable
mainly to deficiencies of the tropic hormones since there are no overt clinical
manifestations of GH deficiency in the adult. Hypoglycemia may occur under
certain stress situations and in the presence of infections. The clinical patterns
of this disorder and unihormonal deficiencies are presented in table 3.1.

Treatment of Pituitary Diseases

Diseases of Hyperfunction Most of the hyperpituitary states presented in
table 2 are due to tumors. The available methods for therapy of these tumors
are conventional radiation, radiation with proton beam, yttrium, radioactive
gold implants, and cryosurgery. These methods have been evaluated in several
centers, but final data are not available. Conventional radiation has been
employed for patients without extrasellar spread, but is probably not com-
pletely satisfactory. Proton beam therapy is moderately effective, especially
in patients without extrasellar extension; surgery has been performed in
patients with local tumor extension with some degree of success. Cryosurgery
has been quite successful and has been followed by early decreases of HGH in
the acromegalic patients treated. Transsphenoidal implantation with yttrium-
90 is also worthwhile, but may be complicated by infection and cerebrospinal
fluid rhinorrhea.

Medical management of acromegaly with progesterone and phenothia-
zines has been attempted, with some evidence of improvement. In the
hypothalamic disorder associated with suppression of prolactin inhibitory
factor (resulting in inappropriate prolactin release), newer information on
pharmacologic agents e.g., L-dopa and others may provide a rationale for
therapy (see Chapter 11).

Diseases of Hypofunction Clinical disorders secondary to deficiencies in
the tropic hormones are not treated by the pituitary hormones, since all the
hormones of the target glands are not available and have not been extensively
employed. Replacement therapy includes the following.

Thyroid Hormone Gradual restitution of replacement doses of thyroxin
(0.05 mg daily or 15 mg of thyroid extract) is begun. The dosage should be
increased gradually until a full replacement dose of 0.15—0.2 mg thyroxin (or
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90-120 mg desiccated thyroid) is achieved. The presence of arteriosclerotic
heart disease and angina may necessitate slower progression to lower final
dose. In myxedema coma, a faster acting preparation triiodothyronine is
recommended.

Corticosteroid Replacement Corticosteroid replacement is between
12.5-37.5 mg of cortisone acetate daily. Larger doses may be required in
stressful situations. Replacement with a mineralocorticoid is rarely needed in
pituitary ACTH deficiency.

Gonadal Hormone Replacement Gonadal hormone replacement in
young female patients is achieved with the use of estrogens to prevent
osteoporosis and atrophy of the genital organs and vaginal mucosa.

Unihormonal Replacement The rare occurrence of unihormonal defi-
ciency of pituitary tropic hormones is treated by the appropriate target gland
product as above.

Treatment of Pituitary Dwarfism Human growth hormone in doses of 1
mg/day is followed by markedly accelerated growth of up to 35 in/yr within
the first year. Thereafter, the growth rate is somewhat slower. Occasionally,
antibody formation precludes further therapy, but reinstitution after several
months may again cause growth. The supply of human growth hormone is
limited since it is harvested from cadaver pituitances. Synthetic growth
hormone will probably be available soon.
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Gonadal
Development

GONADAL DEVELOPMENT

Two normal sex chromosomes are required for the maturation of germ cells
(Arey, 1965; Donovan and Van Der Werff Ten Bosch, 1965; and Federman,
1967). Absence of germ cells results in the occurrence of afollicular streak
gonads. The absence of one X chromosome (45X) apparently does not affect
the intrauterine gonadal structure up to the third month of gestation, but
subsequent growth fails to occur. These phenomena are due to the fact that
meiotic division, which begins at 2 mo of embryonic life, is impossible in the
abnormal germ cell whereas mitotic division is normal. It is probable that two
normal chromosones are necessary for crossing over in meiosis I, at which
stage there is an exchange of genetic material. A further requirement for
follicular development is the ability of oocytes to organize a surrounding
granulosa cell layer as they reach the stage of meiosis I. This structure now
comprises the primordial follicle which organizes the stroma into a thecal
layer. Disturbance of any of these stages renders the ovary incapable of
response to stimulation.

A thickening of celomic epithelium by the fourth week of embryonic life
is the earliest stage of gonadal development. Primary sex cords grow down
from the celomic epithelium into the mesenchymal structure of the gonad.
Gonadal development is essentially identical in both sexes up to this point
(undifferentiated gonad). Germ cells derived from extragonadal elements in
the entoderm of the yolk sac caudal to the embryonic disk migrate to the
gonad. These cells are necessary for further gonadal development, and, in
their absence, gonadal agenesis occurs. These germ cells at this stage are
bipotential, being capable of becoming either sperm cells or ova. The X and Y
chromosomes determine their eventual location in the undifferentiated gonad
and their subsequent development. By 6 wk of gonadal development the total
content of germ cells is approximately 100,000. Testicular differentiation

37
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takes place between 6—8 wk of gestation. At this time, there is appearance of
medullary primary sex cords or primitive tubules and formation of a limiting
membranous tunica and cleft separating deeper layers from surface epitheli-
um. These changes are characteristic of testicular development, and their
absence represents the stage of a quiescent primitive ovary. This process of
differentiation is dependent on the chromosomal constitution which confers
inductor capabilities to the germ cells and on the mesenchymal receptivity. In
the presence of the Y chromosome, testicular development proceeds with
disappearance of the cortex and persistence of the medullary portion. Pri-
mary sex cords form the seminiferous tubules, and the cells of these cords
become the Sertoli or sustentacular cells. Mesenchymal cells which surround
the tubules become the Leydig or interstitial cells. Testicular descent takes
place at the 28th wk of gestation. During this process the testes, gubernacu-
lum, and the epididymis (which is partly derived from the tubules) migrate as
a unit into the inguinal canal preceded by a sac of peritoneum, into the
scrotum. The process is completed at about the first 46 wk of extrauterine
life, by which time there is elongation of the vas deferens, disintegration of
the gubernaculum, and enlargement of the testes. Wolffian ducts become the
vasa deferentia, seminal vesicles, and epididymis, and Miillerian primordia
disappear. The prostate is derived from the urethra except for the utricle
which is a Miillerian remnant.

In the presence of the XX chromosomal constitution, the process of
ovarigenesis takes place. Ovarian formation from the undifferentiated gonad
occurs later than testicular differentiation. There is rapid oogonial develop-
ment at 8—10 wk but it is not until 14 wk of gestation that a number of germ
cells are surrounded by precapsular cells derived from the sex cords, while all
others not destined to persist undergo degenerative changes. Nuclear matura-
tion takes place at 1520 wk and most oogonia are transformed into oocytes.
The thickened cortex with maturing germ cells is now penetrated by vascular
ingrowths perpendicular to the surface and divided into secondary sex cords.
Capillaries originating in the mesonephric area separate the cortex from the
medulla. The Miillerian primordia grow caudad and meet in the midline,
giving rise to the Fallopian tubes, uterus, and upper third of the vagina.
Simultaneously, there is regression of the Wolffian system.

Development of external genitalia in both sexes is from a common anlage.
In females, the genital tubercle gives rise to the clitoris. With some elongation,
this forms the penis in the male. The labia minora in the female are derived
from the genital folds, which, in the male, fuse to form the ventral raphe,
which displaces the urethral opening to the tip of the penis. The labia majora
are formed from the genital swellings, which, in the male, fuse in the midline
to form the scrotum.

The final stage in development of the ovaries takes place from 20 wk to
time of birth. At this time, there is envelopment of the oocytes with
granulosa cells which are associated with capillaries but are not endothelial in
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origin. These cells enclose the closest oocyte with a single layer of flat cells,
with the resulting formation of the primary follicle. By this process eventu-
ally all of the germ cells are converted to follicles. Perivascular cells not
involved in this process ultimately form the interfollicular stroma. By the
time the ovum becomes part of the ovarian follicle, the nucleus has entered
phase I of meiosis, at which stage it remains for a variable period until further
follicular development is stimulated. This quiescent stage may be quite short,
as any oocyte in the primordial follicle may enlarge up to threefold and
resume maturation. Associated with this change is maturation of the Graafian
follicle with proliferation of a multilayer granulosa, formation of antrum, and
a thecal layer with a rich vascular supply. At any step in this maturation
process, however, regression may take place, with eventual replacement by
connective tissue. It is probable that there is no degeneration of ova in the
primary follicle. Most of these changes which occur during fetal life take
place at the junction of the cortex and the anatomically minor medulla. It is
clear, therefore, that the cycle of formation, ripening, and atresia of follicles
is characteristic of fetal ovarian existence. The medullary remnant is made up
of cords, nodules, and rete tubules. The medulla persists beyond fetal life as
the hilus of the ovary. At birth, the female ovaries contain 400,000-500,000
ova, of which only about 400 will eventually be extruded by ovulation.
Variable degrees of atresia is the fate of the rest of the ova.

OVARY FROM BIRTH TO PUBERTY

At birth, each ovary measures 2 cm in diameter, and the bulk of the gland is
made up of primordial follicles in a variety of pre-atretic developmental
stages. The largest number of primordial follicles exists just prior to birth,
after which time there is a rapid decrease. The partial follicular maturation
and regression changes seen in fetal life continue into infancy and childhood.
After follicular atresia, the cortical stroma accumulates as a connective tissue
layer beneath the epithelium, most of these cells being theca residua. Stromal
deposition and increase of hilar blood vessels comprise the major growth of
the ovary between childhood and puberty.

The prepubertal ovary contains a hilar area with many blood vessels and
some medullary remnants with a peripheral cortex of stroma and follicles at
various stages of maturity, but without any corpus luteum or evidence of
ovulation.

DISORDERS OF SEXUAL DEVELOPMENT

The determinant potencies of the X and Y chromosomes in sexual differentia-
tion and development are described above. It is clear that, in the absence of
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the Y chromosome, sexual development progresses essentially along female
lines. It is now evident that the influence of the Y chromosome and presence
of the testes on development of secondary and accessory sexual charac-
teristics are probably dependent on both steroid and nonsteroid secretions
from the testes. Early male development, such as that of the Wolffian system,
is not dependent on androgens, and it is likely that peptide inductors from
the testes may underlie these early stages. The influence of the sex chromo-
somes may be affected by the numbers and quality of the chromosome
structures. Aberrations in the complement of X or Y, therefore, strongly
affect development of the sexual characteristics. Several clinical entities are
known to result from errors either in disjunction of chromosomes or from
other abnormalities.

The normal chromosomal complement in the human species is 22 pairs of
autosomes and 2 sex chromosomes, the female containing 2 X chromosomes,
i.e, 44 plus XX, whereas the male complement is 44 plus XY. The chromo-
some karyotype is a systematized distribution of chromosomes from a single
cell, the cells being arrested in the metaphase. Chromosomal pairs are arrayed
and numbered according to morphologic characteristics, with special empha-
sis on the relative lengths of the arms (long or short) and the location of the
centromere. The X chromosomes are identified on the basis of their resem-
blance to the larger, medium-sized autosomes with submedian centromeres
(groups 6-12). The Y chromosome shows morphologic characteristics of the
very short acrocentric autosomes of groups 21-22.

Errors in chromosomal constitution may arise from abnormal replication
during gametogenesis or from faulty mitotic division in the zygote after
fertilization. Aneuploidy refers to the presence of a different number of
chromosomes than is characteristic of the species. This abnormality may be
the result of nondisjunction which may occur either during mitotic or meiotic
division, and is a failure of separation of a pair of sister chromatids or
members of a pair of homologous chromosomes during the anaphase. Loss of
a chromosome from one or both of two daughter cells during anaphase lag
may also result in aneuploidy.

Other chromosomal structural errors include mosaicism and chimerism.
Mosaicism refers to the presence in individuals of two or more cell lines which
differ in chromosomal constitution but originate in a single zygote. This type
of error occurs only during faulty mitosis after fertilization has occurred.
Embryos derived from gametes of abnormal chromosomal characteristics may
undergo further errors of replication. It is likely that aging, especially in
females, is associated with a gradual and slight increase in aneuploidy.
Chimerism refers to the presence of two or more cell lines, each from a
different genetic origin. Clinical manifestations are dependent on this ad-
mixture of cell lines. The classical example of chimerism is the freemartin,
which is a common form of hermaphroditism in cattle in which anastomotic
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placental channels permit the admixture of hemopoietic and primoidial germ
cells between binovular twins of opposite sex. Structural errors in chromo-
somes may be due to breakage, partial deletion, and improper restitution
of broken fragments of the chromosomes. It is likely that an interchange of
chromosomal fragments between X and Y during their alignment during
meiosis I of spermatogenesis in the father may explain the presence of both
testes and ovaries in certain forms of true hermaphroditism, and in rare
phenotypic males with the XX karyotype without mosaicism.

The Y chromosome transmits the male-determining characteristics and
can induce testicular development even in the presence of two X chromo-
somes as in Klinefelter’s syndrome. The short arm of the Y is apparently most
important in determination of masculine development. The trait of hairy ear
lobes is also determined by the Y chromosome as an unpaired trait.

The presence of paired X chromosomes is required for differentiation of
the bipotential primitive gonad into the ovary. Failure of prenatal ovarian
development occurs in patients with the XO chromosomal complement
(45X0). Apparently the long and short arms are involved in ovarian develop-
ment.

The presence of a stainable chromatin mass at the periphery of the
nucleus in over 24% of cells with well-preserved nuclei is characteristic of the
female. This phenomenon is dependent on the fact that the X chromosome
which gives rise to the sex chromatin completes its DNA synthesis later than
any other chromosome in the cell, hence, the staining property which is due
to DNA. The size of the nuclear chromatin mass is related to the constitution
of the X chromosomes, so that a small amount is seen in patients with partly
deleted chromosome material, as is XXP, and a large amount is seen in the
presence of increase chromosome material as with the X isochrome, as is XX!.

Table 4.1 summarizes the various factors involved in sexual differentia-
tion as well as development of secondary characteristics. Examples of chro-
mosomal abnormalities and clinical disorders due to nondisjunction of sex
chromosomes during meiotic division in the parental germ cells are shown in
table 4.2. A classification of anomalous sexual differentiation with the
significant clinical features is presented in table 4.3.

THE MENSTRUAL CYCLE

The human menstrual cycle refers to a pattern of events which include
Graafian follicle development and maturation, proliferative changes in the
endometrium, ovulation, corpus luteum development with associated secre-
tory changes in the endometrium, and culminating in menstruation, the
sloughing of decidual layers of the endometrium. While the overt changes are
seen in the ovaries and the endometrium, systemic manifestations reflecting
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the effects of the gonadal hormones also take place. These include changes in
breast size, vaginal secretions, emotional state, and other biologic functions.
The control of these cyclic changes is mediated by the hypothalamic-pituitary
axis as well as by suprahypothalamic and infrahypophysial factors which
influence this regulation.

The time of onset of menstrual cyclicity, menarche, is usually at the age
of 13 yr in the United States, but this landmark is influenced by climatic,
ethnic, and familial factors. At birth, the female individual possesses a fund of
several hundred thousands of potential ova, but cyclic release of ova does not
start until the age of menarche. The reason for the latent period is not clear,
but there are several factors which deserve consideration. These include the
sensitivity of the hypothalamic nuclei to negative or positive feedback control
by ambient levels of gonadal hormones and to suprahypothalamic and central
nervous system influences. In addition, the responsiveness of the ovarian
Graafian follicle cells to gonadotropic hormones has been shown to be age-
and, perhaps, body development-related. Some consideration of the matura-
tion of the hypothalamic-pituitary and ovarian axis was presented in the
preceding chapter.

The Adult Ovary and the Menstrual Cycle

The principal functionat unit of the adult ovary is the follicle, consisting of an
ovum and two layers of tissue, an inner band of granulosa cells and an outer
vascularized mantle, the thecal cells. The follicles present in the ovary show
varying degrees of maturity reflected by the amount of granulosa prolifera-
tion, appearance and degree of thecal layer thickening, and antral size. Only a
few follicles reach maturity since most regress by atresia.

Stages of Follicular Growth

In the first stage of follicular growth, the oocyte enlarges and the single
originally flat granulosa layer becomes cuboidal and proliferates into a multi-
layer band of tissue. This layer receives its nutrition from the thecal layer
since it lacks an intrinsic vascularity. The proliferation of granulosa cells
results in formation of a multilayer granulosa layer with some intercellular
spaces. This is surrounded by a more concentrated thecal layer (figs. 4.1 and
4.2). As oocyte growth and enlargement continue, there is a widening of the
granulosa layer where fluid-filled intercellular spaces appear secondary to
either cellular liquefaction or to secretion. These later coalesce to form the
antrum. The liquor folliculi then becomes a transudate of blood filtered
through the granulosa layer. The follicular antrum is not in contact with the
ovum, which is encased in a random mound of granulosa cells, the cumulus
oophorus. As the antrum enlarges, the cells of the cumulus enlarge and the
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Figure 4.1. Follicular development; a maturing follicle at intermediate stage. The oocyte
is surrounded by a single layer of granulosa cells. (Photograph courtesy of L. E. Watkins,
M.D.)

granulosa cells are compressed (fig. 4.2). Vascular canals from the theca
traverse the granulosa layer to supply the ovum, forming the corona radiata.
The ovum is now encased in a zona pellucida, which is made up of a
polysaccharide fluid produced by the granulosa.

Formation of the theca occurs at the time of antrum formation. The
thecal cells are arranged concentrically in a sheath around the follicle, and
consist of an inner layer, the theca interna, in which the cells enlarge rapidly,

Figure 4.2. Several developmental stages in follicular growth are seen in this panoramic
view. In the mature Graafian follicle, the oocyte is seen encased in a zona pellucida.
Liquor folliculi fills the follicular cavity. The ovum is encased in a zona pellucida.
(Photograph courtesy of L. E. Watkins, M.D.)
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become vacuolated, and vascularized. This layer becomes lipid-laden, pre-
sumably for nutrition of the granulosa cells. The theca externa is made up of
compressed connective tissue without muscle or elastic tissue components.
Follicle growth now proceeds to maturation, with expansion of the antrum
and enlargement of the theca interna. The ovum eventually becomes sup-
ported on a hillock of granulosa cells. There is no further growth of the
oocyte at this time, and follicular development and function come under
gonadotropic direction and control.

Development of the follicle may be arrested at any stage, and regression
and atresia follow. In this process of follicular atresia, there is disruption and
disappearance of the granulosa cells and they become flattened and resemble
connective tissue. Obliteration of the antrum leaves a ribbon-like streak
surrounded by markedly reduced theca. The oocyte degenerates in situ. These
atretic follicles may persist for considerable periods before complete disap-
pearance. Occasionally, cyst formation in the atretic follicles may occur, the
process involving a distension of the cavity with fluid. These cysts may be
found in normal ovaries during the reproductive years. There is increased
follicular atresia during pregnancy. In chronic inflammatory disease, the
appearance of numerous follicular cysts may cause cystic ovary disease. The
corpus fibrosum is formed from degeneration and fibrosis of the follicular
cyst.

Steroidogenesis in the Ovaries

Several elements in ovarian tissue are capable of, and participate in biosynthe-
sis of, the ovarian steroid hormones (Ryan and Petro, 1966; Mikhail, 1970).
Several of the steps in the biosynthetic pathway are identical to those in the
adrenal cortex, and, in males, in the testes. The eventual substrate for
hormone synthesis is acetyl CoA, which is utilized in the synthesis of
cholesterol. Cholesterol is converted to the intermediate pregnenolone ( A®
pregnen, 38-ol, 20-one) and isocaproic acid by the desmolase system. This
enzyme is activated by cAMP, which is released by membrane adenyl cyclase,
which is stimulated by LH. The membrane receptor specificity for the
peptide hormones was described in Chapter 1. Figure 4.3 presents the
pathways of the synthesis of estrogens from pregnenlone in the ovaries.
Pregnenolone has two alternative fates. One synthetic pathway is dependent
on the presence of the enzyme 17a-hydroxylase, which converts pregneno-
lone to 17a-hydroxypregnenolone. A desmolase enzyme then cleaves off the
side chain from 17a-hydroxypregnenolone, resulting in the formation of
dehydroepiandrosterone (DHEA). DHEA is biologically active as a weak
androgen. This series of reactions is mediated by microsomal enzymes and is
called the A% pathway. DHEA is converted to androstenedione by the HSD
system which consists of two reactions, a 3p-dehydrogenase and a A® iso-
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Figure 4.3. Steroidogenesis in the ovary. Two pathways are depicted—the A% pathway is
predominant during the folliculoid phase, whereas the A* pathway, which provides both
progesterone and estrogens, is active in the luteal phase of the cycle.

merase. Androstenedione has two alternative fates, namely reduction by a
17B-dehydrogenase to testosterone, which is a powerful androgen, or to a
19-hydroxylated derivative of androstenedione. The 19-hydroxylation step is
followed successively by 19-aldo and 19-carboxylic acid formation, which are
converted to estrone by oxidation at carbons 1 and 2. Estrone is then reduced
at the ketone group at C 17 to form 178-estradiol, which is the definitive
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estrogen. The alternative fate of pregnenolone involves the conversion to
progesterone by the HSD enzyme system. Progesterone is then hydroxylated
at C 17 by the microsomal 17a-hydroxylase. Cleavage of the side chain of
17a-hydroxyprogesterone is catalyzed by the desmolase enzyme system, with
the resultant formation of androstenedione. This series of microsomal reac-
tions, transforming pregnenolone eventually to androstenedione, is termed
the A* pathway.

There are relative cell and phase specificities regarding these two path-
ways. There is a synergistic two-cell participation of granulosa and thecal cells
in the production of estrogens via the A® pathway during the preovulation or
folliculoid phase of the menstrual cycle. It is likely that the thecal cells may
utilize preformed progesterone in estrogen synthesis. During the luteal phase
of the cycle, there is active generation of the estrogens by the A% pathway.
Steroid synthesis by the corpus luteum will be discussed under the section on
that organ.

The ovarian stroma participates in estrogen and androgen synthesis main-
ly via the AS pathway in anovulatory states and in tumors. Hilar cells may
participate in androgen (and estrogen) synthesis through the same pathway in
certain tumors.

The definitive estrogen 173-estradiol is converted to estriol by the enzyme
16a-hydroxylase, which is present in several tissues, but mainly in the liver.
The degraded estrogens and androgens are then conjugated with sulfate,
mainly for urinary excretion. Progesterone is reduced at the C 20 position by
20c- or 20B-hydroxysteroid dehydrogenases mainly in the liver. Conjugation
with glucuronic acid renders the compounds water-soluble for excretion.
Formation of polar compounds, such as 2a- or 68-hydroxylated derivatives,
may represent an alternative excretion route for estrogens. These pathways
may be active in pregnancy and also after ingestion of certain drugs which
induce microsomal hydroxylation enzymes.

Ovulation

The final maturation step of the developing follicle consists of rupture of the
distended follicle and extrusion of the ovum. With fluid engorgement of the
antrum, the cumulus attachment to the rest of the granulosa layer is pinched
and atrophied. The antral engorgement distorts the capsule of the ovary, but
apparently pressure per se is not responsible for the process of ovulation.
Orientation of the follicle toward the surface is determined by formation of a
wedgelike cone of thecal tissue. When the thecal cone (stigma) is just beneath
the superficial epithelium, avascular necrosis of the superficial capsule occurs.
Ovulation takes place from the stigma. The process involves the dissolution of
mucopolysaccharide cement in the capsule. This process is activated by LH.
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Corpus Luteum

The formation of the corpus luteum is a direct consequence of final matura-
tion of the follicle and the process of ovulation. After discharge of the ovum,
there is a collapse of the follicle with the appearance of a crumbled pattern
which is very characteristic and is regarded as a reliable indication that
ovulation has taken place. The corpus luteum has an inherent life span of
14-16 days unless it is restimulated by chorionic gonadotropin from the
trophoblast. The life cycle of the corpus luteum consists of three progressive
stages prior to retrogression. The proliferative stage occurs immediately
following follicular rupture. The granulosa layer of the follicle becomes
transformed into large, vacuolated, and lipid-laden cells, as the lutein cells.
This zone is surrounded by a perigranulosal vascular wreath. The stage of
vascularization is characterized by an invasion of the layer of lutein cells by
blood vessels from the theca. Limited amounts of hemorrhage into the
luminal edge may occur, but on occasion the cavity may become distended
with blood. The theca interna virtually disappears after undergoing retrogres-
sive changes. At this stage the corpus luteum appears as a hemorrhagic-
looking structure of 10—-12 mm in diameter, often forming a slight mound on
the surface of the ovary. The stage of maturity correlates with the phase of
progesterone effect on the endometrium. The lutein zone assumes a yellowish
color due to the presence of carotene in the lipid. The lutein layer is divided
into folds and alveoli by septa pushed downward from the theca. Some of the
cells of the thecal layer may themselves show evidence of luteinization as
theca lutein or paralutein cells which are distinguished from granulosa lutein
cells by being smaller. Along the luminal edge of the lutein cells, a zone of
fibroblastic tissue forms, separating the lutein layer from the cavity which
now contains unresorbed elements of the previous hemorrhage. At this stage,
the corpus luteum may range from 10-20 mm in diameter and may be seen
through the surface of the ovary. Maximum growth of the corpus luteum
occurs about 4—6 days before menstrual bleeding. The stage of retrogression
of the corpus luteum is characterized by fatty degeneration, fibrosis, and
hyalinization of the lutein zone, with the elements in the cavity showing
cicatrization. The yellow color may disappear after weeks to months with the
eventual appearance of the corpus albicans which slowly decreases in size.

Steroidogenesis in the Corpus Luteum

During the luteal phase of the menstrual cycle, steroid synthesis proceeds
through the A* pathway described above (Ryan and Petro, 1966; Mikhail,
1970). In this manner, appropriate amounts of both estrogens and proges-
terone are produced for continued preparation of the endometrium for
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implantation of a fertilized ovum. Both hormones suppress the release of
pituitary LH. This results in degeneration of the corpus luteum, which has an
inherent life span of 14—16 days unless further stimulated (see later in this
chapter).

Hormonal Events in the Menstrual Cycle

The earliest stages of follicular development are independent of gonadotropic
control (Abraham et al, 1972; Ross et al, 1970). The inability of the undifferen-
tiated theca to secrete adequate amounts of estrogen is probably responsible
for a lack of ovarian response early in the cycle (Goldenberg, Reiter, and
Ross, 1973). Proliferation of granulosa cells is stimulated only after the theca
interna becomes responsive to gonadotropins and secretes estrogens. FSH
initiates development of several follicular units, but in each cycle, only one
reaches maturity, in which stage it is responsive to the LH surge which
induces ovulation. Plasma levels of FSH show an early rise in the first few
days of the follicular phase. This is followed by a decline in the second part
of the follicular phase, reaching lowest levels late in this phase. An abrupt rise
in FSH then occurs just prior to ovulation, followed by a nadir 10 days later
in the luteal phase. A slight rise occurs around the time of onset of menstrual
bleeding, probably representing the beginning of the early FSH rise of the
folliculoid phase of the subsequent cycle.

Plasma LH levels begin to increase in the second part of the folliculoid
phase. This is followed by a sharp rise to about 5 times the basal level,
followed by a fall to basal levels, with a further drop during the luteal phase
(fig. 4.4). Detailed studies revealed that there is an episodic pattern in LH
levels probably related to the sleep cycle; this pattern is also seen during the
LH surge. The levels of plasma estradiol fluctuate in relation to those of the
gonadotropins. During menstruation, the levels of estradiol are quite low.
There is a gradual rise during the early follicular phase followed by a sharp
increase during the late follicular phase. A peak level is reached about 12-24
hr before the LH peak; this is followed by a drop at the time of ovulation.
During the luteal phase, there is again a rise in estradiol, followed by a
decrease during menstrual bleeding.

The midcycle surge of pituitary gonadotropins results from the rapid
increase in estradiol. Urinary studies reveal similar rises of estrone and estriol.
This effect of estrogens on the surge of FSH and LH is dependent on certain
temporal relationships (Cargille et al., 1973). Estradiol administration suf-
ficient to cause an estrogen rise in the midfollicular phase of the menstrual
cycle is also capable of inducing a rise in LH and FSH within 12-24 hr.
Administration of estradiol at an earlier time in the follicular phase (days
3-5) is followed by a dissociation in the responses of the gonadotropins, with
occurence of an LH surge but without a similar rise in FSH. Immediate
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Figure 4.4. The events of the menstrual cycle. Cyclic changes in the levels of FSH, LH,
estradiol, and progesterone, as well as in the morphology of the follicle, are depicted.
The endometrial changes during the phases are described in the text. The operation of a
negative-feedback circuit, as well as an example of a positive-feedback circuit involving
estradiol and the secretion of FSH and LH, are described in the text. (Reprinted by
permission of A. L. Nichols, M.D.)
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suppression of serum FSH occurs if exogenous estradiol is started on the day
of menses; but if the exogenous estrogen is started on day 9 of the cycle, the
FSH drop does not occur until 6 days after initiation of the estrogen. It is
suggested that when the levels of estrogens begin to increase in the midfollicu-
lar phase, an increased sensitivity of the hypothalamic-pituitary axis occurs.
There are considerable amounts of data consistent with the concept that the
major signal for the surge release of gonadotropins during the cycle is the
rapid rise (or fall) of circulating estradiol. The maximum estradiol rise at the
midcycle is possibly responsible for low FSH levels, which occur just before
the LH peak. It has been suggested that the rise in plasma LH before the surge
peak of LH is due to a positive feedback stimulation of estradiol produced by
the developing follicle. Continued increase in estradiol secretion results in the
surge release of LH.

The changes in levels of the intermediate compound 17a-hydroxy-
progesterone are similar to those of estradiol. Plasma progesterone levels
are low throughout the follicular phase. These levels increase by the time of
the LH peak, reach a maximum level about 8 days later, then decline to
preovulation levels. The peak levels of progesterone may be responsible for
the decline of gonadotropins in the luteal phases. The subsequent decreases in
gonadal steroids may well be responsible for the gradual rise in FSH in the
late luteal phase and probably represent the initiation of the ensuing cycle.
The rising estradiol secretion early in the cycle suppresses further FSH
stimulation of additional follicles and later increases LH, culminating in the
surge release of LH after the acute rise of estradiol described above. Recent
studies of androstenedione and testosterone levels revealed that both steroids
are somewhat elevated in the middle third of the cycle (Judd and Yen, 1973).

Endometrial Changes during the Menstrual Cycle

Changes in the endometrium during the menstrual cycle are considered in
three phases, viz., the menstrual phase (days 1—4), the proliferative phase
(which follows the menstrual phase), and the secretory phase (which lasts 14
+ 2 days. The proliferative phase may be variable in duration from 10-12
days, but the duration of the secretory phase is fairly constant and is related
to that of the corpus luteum. In the menstrual phase, the abrupt withdrawal
of estrogen and progesterone is associated with characteristic changes, which
culminate in the sloughing of the decidual cells.Endometrial tissue, previously
supported for sufficient periods and with sufficient amounts of estrogen and
progesterone, on losing this support, abruptly undergoes certain morphologic
alterations. The predeciduum is first deprived of nutriment, there is shrinkage
of the decidual cells, autolysis, and the layer becomes thinner. The stromal
support of the superficial capillaries undergoes autolysis, the caliber of the
spiral vessels decreases, and constriction of the vessels results in local is-
chemia. Further stromal shrinkage is followed by kinking of the coiled
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arteries. Constriction of these spiral vessels at the basal parts closest to the
myometrium occurs. Subsequent vasodilation in these vessels is followed by
bleeding and sloughing of the endometrium. This process lasts for approxi-
mately 4 days during which fibrinolysins released from this tissue aid in lysis
of clots. There are recent data which suggest that decreased lysosomal
integrity is probably the basis of the destruction of the decidual cells and the
sloughing.

In the proliferative phase of the menstrual cycle, there is cessation of
menstrual bleeding and endometrial desquamation. Increasing estrogen levels
induce rapid re-epithelialization and the vascularity is restored. The early
proliferative phase (days 4-7) is characterized by the presence of glands
which are short and narrow, with considerable mitotic activity. The surface
epithelium showing regenerative changes, and the stroma showing few mito-
ses, are compact with stellate- or spindle-shaped cells with large nuclei and
scanty cytoplasm. In the middle proliferative phase (days 7-10), there is the
beginning of pseudostratification of nuclei with the glands appearing longer
and somewhat curved. The stroma shows some edematous changes, and there
is significant mitotic activity. The scanty cytoplasm and stromal edema
produce the naked nucleus effect. At this stage, also, the surface epithelium is
covered with columnar epithelium. In the late proliferative phase, the actively
growing glands show numerous mitoses and pseudostratification of the nuclei,
and appear tortuous. The stroma shows active growth with numerous mitoses.

The secretory phase of the menstrual cycle lasts about 14 days, the first
half confined largely to changes in the glandular epithelium, and the latter
half confined mainly to changes in the stroma. Stromal changes provide a
method of dating the stages of the phase. Basal vacuolation is the earliest
morphologic indication that ovulation has occurred; this is first noted on
about day 16 in most glands, associated with little or no mitotic activity in
the glands or in the stoma. By day 17, there is a characteristic accumulation
of glycogen in subnuclear vacuoles, with the cytoplasm located above the
nuclei of the glands. Little mitotic activity is noted in the stroma or glands at
this time. Discharge of glycogen into the cytoplasm is noted by day 18, at
which time the nuclei move toward the bases of the cells. The characteristic
lining up of the nuclei above the vacuoles is best seen on day 17, and this
serves as an excellent indication of recent ovulation. Secretory activity of the
glands is evident by days 18—22, with appearance of loose feathery material
in the lumina, providing the best milieu for implantation at around days 20 —
22.

Stromal edema is most striking around days 22 and 23, at which time the
stromal cells show dark dense nuclei with filamentous cytoplasm. This mor-
phologic alteration probably facilitates implantation by decreasing tissue
resistance. A periarterial predecidual reaction noted by days 23 and 24 is
regarded as a protective mechanism against premature vascular disruption and
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as a supportive framework for neovascularization. Involutional changes in the
endometrium evident by day 24 consist of marked periarteriolar predicidual
collections, active mitoses, and a decrease of stromal edema. Within the next
2 days, there is lymphocytic infiltration of the stroma and edema in the
perioarteriolar areas; this is followed by polymorphonuclear infiltration
throughout the stroma and an increase in the predecidua. Focal areas of
necrosis and stromal hemorrhage associated with exhaustion of the glands are
seen by day 28.

Systemic Changes during the Menstrual Cycle

Several systemic changes are noted during the menstrual cycle; these vary in
degree depending on the organ systems involved and individual sensitivities to
these changes. Several neurologic manifestations may be associated with
phases of menstrual cycle. For example, migraine headaches are often related
to ovulatory cycles and may be relieved by pregnancy and anovulatory
periods. This phenomenon is probably not related to alteration in water or
electrolyte balance. Nevertheless, it is likely that these episodes may be
related to relative amounts of estrogen and progresterone in the circulation.
Ovulatory suppression by progestins may alleviate attacks of migraine, where-
as estrogen-progestin combinations may not. Increased cerebral cortical ac-
tivity is noted during menses, and may result in increased seizure activity in
susceptible individuals. Despite suggestions that altered sodium and water
balance may be related to this phenomenon, recent data are more consistent
with the concept that the increased cortical activity is noted during menses
and may result in increased seizure activity in susceptible individuals. Psycho-
logic changes during the cycle are often noted in the premenstrual phase
when there may be increased libido, irritability, depression, aggression, and
violent behavior in certain hyperactive women.

In the premenstrual period, lowered estrogen and increased skin sebum
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