Spring 2026 - Systems Biology of Reproduction

Lecture Outline - Reproduction Overview and Systems Biology
Eric Nilsson - Biol 475/575

10:35-11:50 am, Tuesdays & Thursdays

January 13, 15, 20, 2026

Weeks 1 and 2

Reproductive Biology Overview

Importance of Reproduction
¢ Define animal (mineral/vegetable/animal)
¢ Define area in biology
History Reproduction/Thought
e Testis/Ovary
e Aristotle
e Harvey
e 1930’s Steroids/Inhibin/Cycle
Reproductive Biology Areas
Reproduction Problems/Questions
e Contraception/Society problems

Required Reading
Ganong W., Medical Physiology, Development and Function of Reproductive System, Chapter 23

Skinner MK, Jegou B (2018) Historic Considerations in Male Reproduction in: Encyclopedia of
Reproduction 2nd Edition, Ed: MK Skinner. Elsevier. Vol 1: 3-9.

Reproduction Background References
Encyclopedia of Reproduction, Second Edition (2018) Volumes 1-6, Editor-in-Chief Michael K.

Skinner.
Open Access through WSU library:
https://www.sciencedirect.com /referencework/9780128151457 /encyclopedia-of-reproduction

Systems Biology
e History and Definitions

e Revolutionary and Evolutionary Systems Biology

e Reductionism/ Genetic Determination

e Holism/ Emergentism/ Homeostasis or Robustness
e Networks and Computational Biology

e Basic Molecular and Cellular Components

¢ Omics and Technology

Required Reading
Knepper, et al.,, (2014) Systems biology versus reductionism in cell physiology. Am ] Physiol Cell

Physiol 307:C308-309

Systems Biology Background Book References
Eberhard Voit (2012) A First Course in Systems Biology, Garland Science

Capra and Luisi (2014) The Systems View of Life, Cambridge University Press.


https://www.sciencedirect.com/referencework/9780128151457/encyclopedia-of-reproduction
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INTRODUCTION -

Modern genetics and experimental embryology make it
clear that, in most species of mammals, the multiple
differences between the male and the female depend
primarily on a single chromosome (the Y chromosome)
and a single pair of endocrine structures, the testes in
the male and the ovaries in the female. The differentia-
tion of the primitive gonads into testes or ovaries in
utero is genetically determined in humans, but the for-
mation of male genitalia depends on the presence of a
functional, secreting testis; in the absence of testicular
tissue, development is female. Evidence indicates that
male sexual behavior and, in some species, the male
pattern of gonadotropin secretion are due to the action
of male hormones on the brain in early development.
After birth, the gonads remain quiescent until adoles-
cence, when they are activated by gonadotropins from
the anterior pituitary. Hormones secreted by the go-
nads at this time cause the appearance of features typi-
cal of the adult male or female and the onset of the sex-
ual cycle in the female. In human females, ovarian
function regresses after a number of years and sexual cy-
cles cease (the menopause). In males, gonadal function
slowly declines with advancing age, but the ability to fa-
ther children persists.

In both sexes, the gonads have a dual function: the
production of germ cells (gametogenesis) and the se-
cretion of sex hormones. The androgens are the
steroid sex hormones that are masculinizing in their ac-
tion; the estrogens are those that are feminizing. Both
types of hormones are normally secreted in both sexes.
The testes secrete large amounts of androgens, princi-
pally testosterone, but they also secrete small amounts
of estrogens. The ovaries secrete large amounts of estro-
gens and small amounts of androgens. Androgens are
secreted from the adrenal cortex in both sexes, and
some of the androgens are converted to estrogens in fat
and other extragonadal and extraadrenal tissues. The
ovaries also secrete progesterone, a steroid that has spe-
cial functions in preparing the uterus for pregnancy.
Particularly during pregnancy, the ovaries secrete the

polypeptide hormone relaxin, which loosens the liga-
ments of the pubic symphysis and softens the cervix, fa-
cilitating delivery of the fetus. In both sexes, the gonads
secrete other polypeptides, including inhibin B, a
polypeptide that inhibits FSH secretion.

The secretory and gametogenic functions of the go-
nads are both dependent on the secretion of the anteri-
or pituitary gonadotropins, FSH, and LH. The sex hor-
mones and inhibin B feed back to inhibit gonadotropin
secretion.. In males, gonadotropin secretion is non-
cyclic; but in postpubertal females an orderly, sequen-
tial secretion of gonadotropins is necessary for the oc-
currence of menstruation, pregnancy, and lactation.

R
B SEX DIFFERENTIATION
& DEVELOPMENT

CHROMOSOMAL SEX.
The Sex Chromosomes

Sex is determined genetically by two chromosomes,
called the sex chromosomes to distinguish them from
the somatic chromosomes (autosomes). In humans
and many other mammals, the sex chromosomes are
called X and Y chromosomes. The Y chromosome is
necessary and sufficient for the production of testes,
and the testis-determining gene product is called SRY
(for sex-determining region of the Y chromosome).
SRY is a DNA-binding regulatory protein. It bends the
DNA and acts as a transcription factor that initiates
transcription of a cascade of gene necessary for testicu-
lar differentiation, including the gene for MIS (see
below). The gene for SRY is located near the tip of the
short arm of the human Y chromosome. Male cells with
the diploid number of chromosomes contain an X and
a Y chromosome (XY pattern), whereas female cells
contain two X chromosomes (XX pattern). As a conse-
quence of meiosis during gametogenesis, each norrnal‘
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ovum contains a single X chromosome, but half the
normal sperms contain an X chromosome and half con-
tain a Y chromosome (Figure 23~1). When a sperm
containing a Y chromosome fertilizes an ovum, an XY
pattern results and the zygote develops into a genetic
male. When fertilization occurs with an X-containing
sperm, an XX pattern and a genetic female result. Cell
division and the chemical nature of chromosomes are
discussed in Chapter 1.

Human Chromosomes

Human chromosomes can be studied in detail. Human
cells are grown in tissue culture; treated with the drug
colchicine, which arrests mitosis at the metaphase; ex-
posed to a hypotonic solution that makes the chromo-
somes swell and disperse; and then “squashed” onto
slides. Fluorescent and other staining techniques make
it possible to identify the individual chromosomes and
study them in detail (Figure 23-2). There are 46 chro-
mosomes: in males, 22 pairs of autosomes plus an X
chromosome and a Y chromosome; in females, 22 pairs
of autosomes plus two X chromosomes. The individual
chromosomes are usually arranged in an arbitrary pat-

Meiosis

22X
(First
polar body)

Immature
ova

Fertilizatio

tern (karyotype). The individual autosome pairs are
identified by the numbers 1-22 on the basis of their
morphologic characteristics. The human Y chromo-
some is smaller than the X chromosome, and it has
been hypothesized that sperm containing the Y chro-
mosome are lighter and able to “swim” faster up the fe-
male genital tract, thus reaching the ovum more
rapidly. This supposedly accounts for the fact that the
number of males born is slightly greater than the num-

ber of females.

Sex Chromatin

Soon after cell division has started during embryonic
development, one or the other of the two X chromo-
somes of the somatic cells in normal females becomes
functionally inactive. In abnormal individuals with
more than two X chromosomes, only one remains ac-
tive. The process that is normally responsible for inacti-
vation is initiated in an X-inactivation center in the
chromosome, probably via the transactivating factor
CTCF, which is also induced in gene imprinting.
However, the details of the inactivation process are still
incompletely understood. The choice of which X chro-

Meiosis

22X
Mature
sperms

Primary
spermatocyte

Figure 23-1, Basis of genetic sex determination. In the two-stage meiotic division in the female, only one cell sur-

vives as the mature ovum. In the male, the meiotic division
the X and two the Y chromosome. Fertilization thus produc
and a Y or a female zygote with 22 pairs of autosomes and
Figures 23-6 and 23-7 differ from the current internationa
ber of chromosomes followed by the sex chromosome pat

results in the formation of four sperms, two containing
s a male zygote with 22 pairs of autosomes plus an X
two X chromosomes. Note that for clarity, this figure and
Fnomenclature for karyotypes, which lists the total num-
tern. Thus, XO is 45, X, XY is 46, XY, XXY is 47, XXY, etc.




Figure 23-2. Karyotype of chro-
mosomes from a normal male. The
chromosomes have been stained

a characteristic banding pattern. (Re-
produced, with permission, from Lin-
gappa VJ, Farey K: Physiological Med)-
cine. McGraw-Hill, 2000)

19

mosome remains active is random, so normally one X
chromosome remains active in approximately half of
the cells and the other X chromosome is active in the
other half. The selection persists through subsequent
divisions of these cells, and consequently some of the
somatic cells in adult females contain an active X chro-
mosome of paternal origin and some contain an active
X chromosome of maternal origin.

In normal cells, the inactive X chromosome con-
denses and can be seen in various types of cells, usually
near the nuclear membrane, as the Barr body, also
called sex chromatin (Figure 23-3). Thus, there is a
Barr body for each X chromosome in excess of one in

THE GONADS: DEVELOPMENT & FUNCTION OF THE REPRODUCTIVE SYSTEM

with Giemsa’s stain, which produces 13 14

12

the cell. The inactive X chromosome is also visible as a
small “drumstick” of chromatin projecting from the
nuclei of 1-15% of the polymorphonuclear leukocytes
in females but not in males (Figure 23-3)

EMBRYOLOGY OF THE HUMAN
REPRODUCTIVE SYSTEM

Development of the Gonads

On each side of the embryo, a primitive gonad arises
from the genital ridge, a condensation of tissue near the
adrenal gland. The gonad develops a cortex and a

Figure 23-3. Left: Barr body (arrows) in the epidermal spinous cell layer. Right: Nuclear appendage (
identified by arrow in white blood cells, (Reproduced, with permission, from Grumbach MM, Barr ML: Cyt
chromosomal sex in relation to sex anomalies in man. Recent Prog Horm Res 1958;14:255)

“drumstick”)
ologic tests of
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medulla. Until the sixth week of development, these
structures are identical in both sexes. In genetic males,
the medulla develops during the seventh and eighth
weeks into a testis, and the cortex regresses. Leydig and
Sertoli cells appear, and testosterone and miillerian in-
hibiting substance are secreted. In genetic females, the
cortex develops into an ovary and the medulla regresses.
The embryonic ovary does not secrete hormones. Hor-
monal treatment pf the mother has no effect on go-
nadal (as opposed to ductal and genital) differentiation
in humans, although it does in some experimental ani-
mals.

Embryology of the Genitalia

The embryology of the gonads is summarized in
Figures 23—4 and 23-5. In the seventh week of gesta-
tion, the embryo has both male and female primordial
genital ducts (Figure 23-4). In a normal female fetus,
the miillerian duct system then develops into uterine
tubes (oviducts) and a uterus. In the normal male fetus,
the wolffian duct system on each side develops into the
epididymis and vas deferens. The external genitalia are
similarly bipotendal until the eighth week (Figure
23-5). Thereafter, the urogeniral slit disappears and
male genitalia form, or, alternatively, it remains open
and female genitalia form.

‘When the embryo has functional testes, male inter-
nal and external genitalia develop. The Leydig cells of
the fetal testis secrete testosterone, and the Sertoli cells
secrete miillerian inhibiting substance (MIS; also
called miillerian regression factor, or MRF). MIS is a
536-amino-acid homodimer that is a member of the
TGEFP superfamily of growth factors, which includes
inhibins and activins (see below). In their effects on the
internal as opposed to the external genitalia, MIS and
testosterone act unilaterally. MIS causes regression of
the miillerian ducts by apoptosis on the side on which
it is secreted, and testosterone fosters the development
of the vas deferens and related structutes from the wolf-
fian ducts. The testosterone metabolite dihydrotestos-
terone (see below) induces the formation of male exter-
nal genitalia and male secondary sex characteristics
(Figure 23-6).

MIS continues to be secreted by the Serroli cells,
and it reaches mean values of 48 ng/mL in plasma in 1-
to 2-year-old boys. Thereafter, it declines to low levels
by the time of puberty and persists at low but de-
tectable levels throughout life. In girls, MIS is produced
by granulosa cells in small follicles in the ovaries, but
plasma levels are very low or undetectable until pu-
berty. Thereafter, plasma MIS is about the same as in
adult men, ie, about 2 ng/mL. The funcrions of MIS
after early embryonic life are unsettled, but it is proba-

bly involved in germ cell maturation in both sexes and
in control of testicular descent in boys (see below).

Development of the Brain

At least in some species, the development of the brain
as well as the external genitalia is affected by androgens
early in life. In rats, a brief exposure to androgens dur-
ing the first few days of life causes the male pattern of
sexual behavior and the male pattern of hypothalamic
control of gonadotropin secretion to develop after pu-
berty. In the absence of androgens, female patterns de-
velop (see Chapter 15). In monkeys, similar effects on
sexual behavior are produced by exposure to androgens
in utero, bur the parttern of gonadotropin secretion re-
mains cyclic. Early exposure of female human fetuses to
androgens also appears to cause subtle but significant
masculinizing effects on behavior. However, women
with adrenogenital syndrome due to congenital adreno-
cortical enzyme deficiency (see Chapter 20) develop
normal menstrual cycles when treated with cortisol.
Thus, the human, like the monkey, appears to retain
the cyclic pattern of gonadotropin secretion despite the
exposure to androgens in utero.

ABERRANT SEXUAL DIFFERENTIATION
Chromosomal Abnormalities

From the preceding discussion, it might be expected
that abnormalities of sexual development could be
caused by genetic or hormonal abnormalities as well as
by other nonspecific teratogenic influences, and this is
indeed the case. The major classes of abnormalities are
listed in Table 23-1.

An established defect in gametogenesis is nondis-
junction, a phenomenon in which a pair of chromo-
somes fail to separate, so that both go to one of the
daughter cells during meiosis. Four of the abnormal zy-
gotes that can form as a result of nondisjunction of one
of the X chromosomes during oogenesis are shown in
Figure 23-7. In individuals with the XO chromosomal
pattern, the gonads are rudimentary or absent, so that
female external genitalia develop. Stature is short, other
congenital abnormalities are often present, and no sex-
ual maturation occurs at puberty. This syndrome is
called gonadal dysgenesis or, alternatively, ovarian
agenesis or Turner’s syndrome. Individuals with the
XXY pattern, the most common sex chromosome dis-
order, have the genitalia of a normal male. Testosterone
secretion at puberty is often great enough for the devel-
opment of male characteristics. However, the seminif-
erous tubules are abnormal, and the incidence of men-
tal retardation is higher than normal. This syndrome is
known as seminiferous tubule dysgenesis or Klinefel-
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Figure 23-4. Embryonic differentiation of male and female internal genitalia (genital ducts) from wolffian (male)
and mulerian (female) primordia. (After Corning HK, Wilkins L. Redrawn and reproduced, with permission, from Williams
Textbook of Endocrinology, 7th ed. Wilson JD, Foster DW [editors]. Saunders, 1985.)
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ter’s syndrome. The XXX (“superfemale”) pattern is
second in frequency only to the XXY pattern and may
be even more common in the general population, since
it does not seem to be associated with any characteristic
abnormalities. The YO combination is probably lethal.

Meiosis is a two-stage process, and although nondjis-
junction usually occurs during the first meiotic division,
it can occur in the second, producing more complex
chromosomal abnormalities. In addition, nondisjunc-

Figure 23-5. Differentiation of
male and female external genitalia
from indifferent primordial struc-
tures in the embryo.

tion or simple loss of a sex chromosome can occur dur-
ing the early mitotic divisions after fertilization. The re-
sult of faulty mitoses in the early zygote is the produc-
tion of mosaicism, in which two or more populations of
cells have different chromosome complements. True
hermaphroditism, the condition in which the individ-
ual has both ovaries and testes, is probably due to
XX/XY mosaicism and related mosaic patterns, although
other genetic aberrations are possible.
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Figure 23-6. Diagrammatic summary of normal sex determination, differentiation, and development in humans.

MIS, mullerian inhibiting substance; T, testosterone; DHT, dihydrotestosterone.

Chromosomal abnormalities also include transposi-
tion of parts of chromosomes to other chromosomes.
Rarely, genetic males are found to have the XX kary-
otype because the short arm of their father’s Y chromo-
some was transposed to their father’s X chromosome
during meiosis and they received that X chromosome
along with their mother’s. Similarly, deletion of the
small portion of the Y chromosome containing SRY
produces females with the XY karyotype.

Nondisjunction of chromosome 21 produces tri-
somy 21, the chromosomal abnormality associated
with Down’s syndrome (mongolism). The additional
chromosome 21 is normal, so Down’s syndrome is a
pure case of gene excess causing abnormalities.

Many other chromosomal abnormalities occur as
well as numerous diseases due to defects in single genes.
These conditions are generally diagnosed in utero by
analysis of fetal cells in a sample of amniotic fluid col-
lected by inserting a needle through the abdominal wall
(amniocentesis) or, earlicr in pregnancy, by examining

fetal cells obtained by a needle biopsy of chorionic villi
(chorionic villus sampling).

Hormonal Abnormalities

Development of the male external genitalia occurs not-
mally in genetic males in response to androgen secreted
by the embryonic testes, but male genital development
may also occur in genetic females exposed to androgens
from some other source during the eighth to the thir-
teenth weeks of gestation. The syndron}e that results is
female pseudohermaphroditism. A pseudohermaphro-
dite is an individual with the genetic constitution and
gonads of one sex and the genitalia of the other. After
the thirteenth week, the genitalia are fully formed, but
exposure to androgens can cause hypertrophy of the cli-
toris. Female pseudohermaphroditism may be due to
congenital virilizing adrenal hyperplasia (see Chapter
20), or it may be caused by androgens administered to
the mother. Conversely, one cause of the development
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Table 23-1. Classification of the major disorders
of sex differentiation in humans. Many of these
syndromes can have great variation in degree
and, consequently, in manifestations.

Chromosomal disordefs
Gonadal dysgenesis (XO and variants)
“Superfemales” (XXX)
Seminiferous tubule dysgenesis (XXY and variants)
True hermaphroditism

Developmental disorders
Female pseudohermaphroditism
Congenital virilizing adrenal hyperplasia of fetus
Maternal androgen excess
Virilizing ovarian tumor
latrogenic: Treatment with androgens or certain
synthetic progestational drugs
Male pseudohermaphroditism
Androgen resistance
Defective testicular development
Congenital 17a-hydroxylase deficiency
Congenital adrenal hyperplasia due to blockade of preg-
nenolone formation
Various nonhormonal anomalies

of female external genitalia in genetic males (male
pseudohermaphroditism) is defective testicular devel-
opment. Because the testes also secrete MIS, genetic
males with defective testes have female internal genitalia.

Another cause of male pseudohermaphroditism is
androgen resistance, in which, as a result of various
congenital abnormalities, male hormones cannot exert
their full effects on the: tissues. One form of androgen
resistance is a Sa-reductase deficiency, in which the
enzyme responsible for the formation of dihydrotestos-
terone, the active form of testosterone, is decreased.
The consequences of this deficiency are discussed in the
section on the male reproductive system. Other forms
of androgen resistance are due to various mutations in
the androgen receptor gene, and the resulting defects in
receptor function range from minor to severe. Mild de-
fects cause infertility with or without gynecomastia (see
below). When the loss of receptor function is complete,
the testicular feminizing syndrome, now known as
complete androgen resistance syndrome, results. In
this condition, MIS is present and testosterone is se-
creted at normal or even elevated rates. The external
genitalia are female, but the vagina ends blindly because
there are no female internal genitalia. Individuals with
this syndrome develop enlarged breasts at puberty and
usually are considered to be normal women until they
are diagnosed when they seek medical advice because of
lack of menstruation.

Ovum

Abnormal
meiosis :

]
I
\J
—

Seminiferous
tubule dysgenesis

Figure 23-7. Summary of four possible defects pro-
duced by maternal nondisjunction of the sex chromo-
somes at the time of meiosis. The YO combination is
believed to be lethal, and the fetus dies in utero.

It is worth noting that genetic males with congeni:
blockage of the formation of pregnenolone are pseudo-
hermaphrodites because testicular as well as adrenal an-
drogens are normally formed from pregnenolone. Male
pseudohermaphroditism also occurs when there is a con-
genital deficiency of 170-hydroxylase (see Chapter 20).

PUBERTY

As noted above, a burst of testosterone secretion occurs
in male fetuses before birth (Figure 23-8). In the
neonatal period there is another burst, whose function
is unknown, but thereafter the Leydig cells become qui-
escent. There follows in all mammals a period in which
the gonads of both sexes are quiescent until they are ac-
tivated by gonadotropins from the pituitary to bring
about the final maturation of the reproductive system.
This period of final maturation is known as adoles-
cence. It is often also called puberty, although puberty,
strictly defined, is the period when the endocrine and
gametogenic functions of the gonads have first devel-
oped to the point where reproduction is possible. In
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Figure 23-8. Plasma testosterone levels at various
ages in human males.

girls, the first event is thelarche, the development of
breasts, followed by pubarche, the development of axil-
* lary and pubic hair, and then by menarche, the first
menstrual period. The initial periods are generally
anovularory, and regular ovulation appears about a year
later. In contrast to the situation in adulthood, removal
of the gonads during the period from soon after birth to
puberty causes only a small increase in gonadotropin se-
cretion, so gonadotropin secretion is not being held in
check by the goriadal hormones. In children between
the ages of 7 and 10, a slow increase in estrogen and an-
drogen secretion precedes the more rapid rise in the
carly teens (Figure 23-9).

The age at the time of puberty is variable. In Europe
and the United States, it has been declining ar the rate
of 1-3 months per decade for more than 175 years. In
the United States in recent years, puberty generally oc-
curs between the ages of 8 and 13 in girls and 9 and
14 in boys.

Another event that occurs in humans at the time of
puberty is an increase in the secretion of adrenal andro-
gens (see Figure 20-14). The onset of this increase is
called adrenarche. It occurs at age 810 years in girls
and age 10-12 years in boys. DHEA values peak at
about 25 years of age in females and slightly later than
that in males. They then decline slowly to low values in
old age. The rise appears to be due to an increase in the
lyase activity of 170t-hydroxylase. o

Control of the Onset of Puberty

The gonads of children can be stimulated by go-
nadotropins; their pituitaries contain gondanotropins;

and their hypothalami contain GnRH (see Chapter

Testosterone
2 (ng/mL)

Stage of puberty

12 13.7 157 Bone age

4 5
Stage of puberty

7.0 105 11.6 13.0 14.0 Bone age
Figure 23-9. Changes in plasma hormone concentra-
tions during puberty in boys (top) and girls (bottom).
Stage 1 of puberty is preadolescence in both sexes. In
boys, stage 2 is characterized by beginning enlarge-
ment of the testes, stage 3 by penile enlargement, stage
4 by growth of the glans penis, and stage 5 by adult
genitalia. In girls, stage 2 is characterized by breast buds,
stage 3 by elevation and enlargement of the breasts,
stage 4 by projection of the areolas, and stage 5 by aduit
breasts. (Modified and reproduced, with permission, from
Puberty: Biologic and Psychosocial Components. Berenberg
SR [editor]. HE Stenfoert Kroese BY, 1975)

14). However, their gonadotropins are not secreted. In
immature monkeys, normal menstrual cycles can be
brought on by pulsatile injection of GnRH, and they
persist as long as the pulsatile injection is continued.
Thus, it seems clear that pulsatile secretion of GnRH
brings on puberty. During the period from birth to pu-
berty, a neural mechanism is operating to prevent the
normal pulsatile release of GnRH. The nature of the
mechanism inhibiting the GnRH pulse generaror is un-
known. However, one or more genes produce products
that stimulate secretion of GnRH, and inhibition of
these genes before puberty is an interesting possibility.




420 / CHAPTER23

Relation to Leptin

It has been argued for some time that a critical body
weight must normally be reached for puberty to occur.
Thus, for example, young women who engage in strenu-
ous athletics lose weight and stop menstruating. So do
girls with anorexja nervosa. If these girls start to eat and
gain weight, they menstruate again, i, they “go back
through puberty.” It now appears that leptin, the sati-
ety-producing hormone secreted by fat cells (sec Chap-
ter 14), may be the link between body weight and pu-
berty. Obese ob/ob mice that cannot make leptin are
infertile, and their fertility is restored by injections of
leptin. Leptin treatment also induces precocious puberty
in immature female mice. However, the way that leptin
fits into the overall control of puberty remains to be de-
termined.

PRECOCIOUS & DELAYED PUBERTY
Sexual Precocity

The major causes of precocious sexual development in
humans are listed in Table 23-2. Early development of
secondary sexual characteristics without gametogenesis
is caused by abnormal exposure of immature males to
androgen or females to estrogen. This syndrome should
be called precocious pseudopuberty to distinguish it
from true precocious puberty due to an early but oth-
erwise normal pubertal pattern of gonadotropin secre-
tion from the pituitary (Figure 23-10),

Constitutional precocious puberty—ie, precocious
puberty in which no cause can be determined—is more

Table 23-2. Classification of the causes of
precocious sexual development in humans.

True precocious puberty
Constitutional
Cerebral: Disorders involving postetior hypothalamus
Tumors
Infections
Developmental abnormalities
Gonadotropin-independent precocity

Precocious pseudopuberty (no spermatogenesis or ovarian
development)
Adrenal
Congenital virilizing adrenal hyperplasia
Androgen-secreting tumors (in males)
Estrogen-secreting tumors (in females)
Gonadal
Leydig cell tumors of testis
Granulosa cell tumors of ovary
Miscellaneous

Figure 23-10. Constitutional precocious puberty in a
3-year-old girl. The patient developed pubic hair and
started to menstruate at the age of 17 months. (Repro-
duced, with permission, from Jolly H: Sexual Precocity.
Thomas, 1955.)

common in girls than in boys. In both sexes, tumors or
infections involving the hypothalamus cause precocious
puberty. Indeed, in one large series of cases, precocious
puberty was the most common endocrine symptom of
hypothalamic disease. In experimental animals, preco-
clous puberty can be produced by hypothalamic le-
sions. Apparently the lesions interrupt a pathway that
normally holds pulsatile GnRH secretion in check.
Pineal tumors are sometimes associated with precocious
puberty, but evidence indicates that these tumors are
associated with precocity only when there is secondary
damage to the hypothalamus.

Precocious gametogenesis and steroidogenesis can
occur without the pubertal pattern of gonadotropin se-
cretion (gonadotropin-independent precocity). At least
in some cases of this condition, the sensitivity of LH re-
ceptors to gonadotropins is increased because of an acti-
vating mutation in the G protein that couples the re-
ceptors to adenylyl cyclase.
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Delayed or Absent Puberty

The normal variation in the age at which adolescent

anges occur is so wide that puberty cannot be consid-
ered to be pathologically delayed until the menarche
has failed to occur by the age of 17 or testicular devel-
opment by the age of 20. Failure of maturation due to
panhypopituitarism is associated with dwarfing and evi-
dence of other endocrine abnormalities. Patients with
the XO chromosomal pattern and gonadal dysgenesis
are also dwarfed. In some individuals, puberty is de-

yed even though the gonads are present and other en-
docrine functions are normal. In males, this clinical pic-
ture is called eunuchoidism. In females, it is called
. primary amenorrhea (see befow).

MENOPAUSE

The human ovaries become unresponsive to go-
nadotropins with advancing age, and their function de-
clines, so that sexual cycles disappear (menopause).
This unresponsiveness is associated with and probably
caused by a decline in the number of primordial follicles,
which becomes precipitous at the time of menopause
(Figure 23~11). The ovaries no longer secrete proges-
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Figure 23-11. Number of primordial follicles per
ovary in women at various ages. Colored squares, pre-
menopausal women (regular menses); black squares,
perimenopausal women (irregular menses for at feast

1 year); black triangles, postmenopausal women (no
menses for at least 1 year). Note that the vertical scale is
a log scale and that the values are from one rather than
two ovaries. (Redrawn by PM Wise and reproduced, with
permission, from Richardson SJ, Senikas V, Nelson JF: Fol-
licular depletion during the menopausal transition: Evi-
dence for accelerated loss and ultimate exhaustion. J Clin
Endocrinol Metab 1987;65:1231)

terone and 17B-estradiol in appreciable quantities, and
estrogen is formed only in small amounts by aromatiza-
tion of androstenedione in peripheral tissues (see Chap-
ter 20). The uterus and the vagina gradually become at-
rophic, As the negative feedback effect of estrogens and
progesterone is reduced, secretion of FSH and I.H is in-
creased, and plasma FSH and LH increase to high lev-
els. Old female mice and rats have long periods of
diestrus and increased levels of gonadotropin secretion,
but a clear-cut “menopause” has only been described in
women.

In women, the menses usually become irregular and
cease between the ages of 45 and 55. The average age at
onset of the menopause has been increasing since the
end of the 19th century and is currently 52 years.

Sensations of warmth spreading from the trunk to
the face (hot flushes; also called hot flashes), night
sweats, and various psychologic symptoms are common
after ovarian function has ceased. Hot flushes are said
to occur in 75% of menopausal women and may con-
tinue intermittently for as long as 40 years. They also
occur when early menopause is produced by bilateral
ovariectomy, and they are prevented by estrogen treat-
ment. In addition, they occur after castration in men.
Their cause is unknown. However, they coincide with
surges of LH secretion. LH is secreted in episodic bursts
at intervals of 30-60 minutes or more (circhoral secre-
tion), and in the absence of gonadal hormones these
bursts are large. Each hot flush begins with the start of a
burst. However, LH itself is not responsible for the
symptoms, because they can continue after removal of
the pituitary. Instead, it appears that some estrogen-
sensitive event in the hypothalamus initiates both the
release of LH and the episode of flushing.

Although the function of the testes tends to decline
slowly with advancing age, the evidence is clear that
there is no “male menopause” (andropause) similar to
that occurring in women.

L
E PITUITARY GONADOTROPINS

& PROLACTIN

Chemistry {

FSH and LH are each made up of an o and a B subunit
whose nature is discussed in Chapter 22. They are gly-
coproteins that contain the hexoses mannose and galac-
tose, the hexosamines N-acetylgalactosamine and N-
acetylglycosamine, and the methylpentose fucose. They .
also contain sialic acid. The carbohydrate in the go-
nadotropin molecules increases their potency by
markedly slowing their metabolism. The halfife of
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human FSH is about 170 minutes; the half-life of LH is
about 60 minutes. Loss-of-function mutations in the
FSH receptor cause hypogonadism. Gain-of-function
mutations cause a spontaneous form of ovarian hyper-
stimulation syndrome, a condition in which many fol-
licles are stimulated and cytokines are released from the
ovary, causing jncreased vascular permeability and
shock.

Human pituitary prolactin contains 199 amino acid
residues and three disulfide bridges (Figure 23-12) and
has considerable structural similarity to human growth
hormone and hCS. The halflife of prolactin, like that
of growth hormone, is about 20 minutes. Structurally
similar prolactins are secreted by the endometrium and
" by the placenta (see below).

Receptors

The receptors for FSH and LH are serpentine receptors
coupled to adenylyl cyclase through Gs (see Chapter 1).
In addition, each has an extended, glycosylated extra-
cellular domain.

The human prolactin receptor resembles the growth
hormone receptor and is one of the superfamily of re-
ceprors that includes the growth hormone receptor and
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Figure 23-12. Structure of human prolactin.

receptors for many cytokines and hematopoietic growth
factors (see Chapters 1, 22, 24, and 27). It dimerizes
and activates the JAK-STAT and other intracellular en-

zyme cascades.

Actions

The testes and ovaries become atrophic when the pitu-
itary is removed or destroyed. The actions of prolactin
and the gonadotropins FSH and LH, as well as those of
the gonadotropin secreted by the placenta, are de-
scribed in detail in succeeding sections of this chapter.
In brief, FSH helps maintain the spermatogenic epithe-
lium by stimulating Sertoli cells in the male and is re-
sponsible for the early growth of ovarian follicles in the
female. LH is tropic to the Leydig cells and, in females,
is responsible for the final maturation of the ovarian
follicles and estrogen secretion from them. It is also re-
sponsible for ovulation, the initial formation of the cor-
pus luteum, and secretion of progesterone.

Prolactin causes milk secretion from the breast after
estrogen and progesterone priming. Its effect on the
breast involves increased action of mRNA and in-
creased production of casein and lactalbumin. How-
ever, the action of the hormone is not exerted on the
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cell nucleus and is prevented by inhibitors of micro-
tubules. Prolactin also inhibits the effects of go-
nadotropins, possibly by an action at the level of the
ovary. Its role in preventing ovulation in lactating
women is discussed below. The function of prolactin in
normal males is unsettled, but excess prolactin secreted
by tumors causes impotence. An action of prolactin
that has been used as the basis for bioassay of this hor-
mone is stimulation of the growth and “secretion” of
the crop sacs in pigeons and other birds. The paired
crop sacs are outpouchings of the esophagus which
form, by desquamation of their inner cell layers, a nu-
tritious material (“milk”) that the birds feed to their
young. However, prolactin, FSH, and LH are now reg-
ularly measured by radioimmunoassay.

Regulation of Prolactin Secretion

The normal plasma prolactin concentration is approxi-
mately 5 ng/mL in men and 8 ng/mL in women. Secre-
tion is tonically inhibited by the hypothalamus, and
section of the pituitary stalk leads to an increase in cir-
culating prolactin. Thus, the effect of the hypothalamic
prolactin-inhibiting hormone (PIH) dopamine is nor-
mally greater than the effects of the various hypothala-
mic peptides with prolactin-releasing activity. In hu-
mans, prolactin secretion is increased by exercise,
surgical and psychologic stresses, and stimulation of the
nipple (Table 23-3). The plasma prolactin level rises
during sleep, the rise starting after the onset of sleep
and persisting throughout the sleep period. Secretion is
increased during pregnancy, reaching a peak at the time
of parturition. After delivery, the plasma concentration
falls to nonpregnant levels in about 8 days. Suckling
produces a prompt increase in secretion, but the magni-
tude of this rise gradually declines after a woman has
been nursing for more than 3 months. With prolonged
lactation, milk secretion occurs with prolactin levels
that are in the normal range.

L-Dopa decreases prolactin secretion by increasing
the formation of dopamine, and bromocriptine and
other dopamine agonists inhibit secretion because they
stimulate dopamine receptors. Chlorpromazine and re-
lated drugs that block dopamine receptors increase pro-
lactin secretion. TRH stimulates the secretion of pro-
lactin in addition to TSH, and additional polypeptides
with prolactin-releasing activity are present in hypo-
thalamic tissue. Estrogens produce a slowly developing
increase in prolactin secretion as a result of a direct ac-
tion on the Jactotropes.

It has now been established that prolactin facilitates
the secretion of dopamine in the median eminence.
Thus, prolactin acts in the hypothalamus in a negative
feedback fashion to inhibit its own secretion.
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Table 23-3. Factors affecting the secretion
of human prolactin and growth hormone.

" Factor

Sleep
Nursing
Breast stimulation in
nonlactating women
Stress
Hypoglycemia
Strenuous exercise
Sexual intercourse in
women
Pregnancy
Estrogens
Hypothyroidism
TRH
Phenothiazines,
butyrophenones
Opiods
Glucose
Somatostatin
-Dopa
Apomorphine
Bromocriptine and
related ergot de-
rivatives

%, moderate increase; I+, marked increase; |++, very
marked increase; N, no change; D, moderate decrease; D+,
marked decrease,

Hyperprolactinemia

Up to 70% of the patients with chromophobe adeno-
mas of the anterior pituitary have elevated plasma pro-
lactin levels. In some instances, the elevation may be
due to damage to the pituitary stalk, but in most cases,
the tumor cells are actually secreting the hormone. The
hyperprolactinemia may cause galactorrhea, but in many
individuals no demonstrable endocrine abnormalities
are present. Conversely, most women with galactorrhea
have normal prolactin levels; definite elevations are
found in less than a third of patients with this condi-
tion. :

Another interesting observation is that 15-20% of
women with secondary amenorrhea have elevated pro-
lactin levels, and when prolactin secretion is reduced,
normal menstrual cycles and fertility return. It appears
that the prolactin may produce amenorrhea by block-
ing the action of gonadotropins on the ovaries, but de-
finitive proof of this hypothesis must await further re-
search. The hypogonadism produced by prolactinomas
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is associated with osteoporosis due to estrogen defi-
ciency.

As noted above, hyperprolactinemia in men is asso-
ciated with impotence and hypogonadism that disap-
pear when prolactin secretion is reduced.

:
B THE MALE REPRODUCTIVE
SYSTEM '

STRUCTURE

The testes are made up of loops of convoluted seminif-
erous tubules, in the walls of which the spermatozoa
are formed from the primitive germ cells (spermatoge-
nesis). Both ends of each loop drain into a network of
ducts in the head of the epididymis. From there, sper-
matozoa pass through the tail of the epididymis into
the vas deferens. They enter through the ejaculatory
ducts into the urethra in the body of the prostate at
the time of ejaculation (Figure 23-13). Between the
tubules in the testes are nests of cells containing lipid
granules, the interstitial cells of Leydig (Figures
23-14 and 23-15), which secrete testosterone into the
bloodstream. The spermatic arteries to the testes are
tortuous, and blood in them runs parallel but in the op-
posite direction to blood in the pampiniform plexus of
spermatic veins. This anatomic arrangement may per-
mit countercurrent exchange of heat and testosterone,
The principles of countercurrent exchange are consid-
ered in detail in relation to the kidney in Chapter 38.

Biadder Ureter

Vas deferens

Symphysis

Urethra
Epididymis Ejaculatory duct
Cowper's

(bulbourethral) gland

Scrotum

Figure 23-13. Left: Male reproductive system. Right:

Seminal vesicle

Prostate

GAMETOGENESIS & EJACULATION
Blood-Testis Barrier

The walls of the seminiferous tubules are lined by prim-
itive germ cells and Sertoli cells, large, complex glyco-
gen-containing cells that stretch from the basal lamina
of the tubule to the lumen (Figure 23-15). Germ cells
must stay in contact with Sertoli cells to survive, and
this -contact is maintained by cytoplasmic bridges.
Tight junctions between adjacent Sertoli cells near the
basal lamina form a blood—testis barrier that prevents
many large molecules from passing from the interstitial
tissue and the part of the tubule near the basal lamina
(basal compartment) to the region near the tubular
lumen (adluminal compartment) and the lumen. How-
ever, steroids penetrate this barrier with ease, and evi-
dence suggests that some proteins pass from the Sertoli
cells to the Leydig cells and vice versa in a paracrine
fashion. In addition, maturing germ cells must pass
through the barrier as they move to the lumen. This ap-
pears to occur without disruption of the barrier by pro-
gressive breakdown of the tight junctions above the
germ cells, with concomitant formation of new tight
junctions below them.

The fluid in the lumen of the seminiferous tubules is
quite different from plasma; it contains very little pro-
tein and glucose but is rich in androgens, estrogens, K,
inositol, and glutamic and aspartic acids. Maintenance
of its composition presumably depends on the blood—
testis barrier. The barrier also protects the germ cells
from blood-borne noxious agents, prevents antigenic
products of germ cell division and maturation from en-
tering the circulation and generating an autoimmune

Head of epididymis

Rete testis

Seminiferous tubules <3

Tunica albuginea

Tail of epididymis

Duct system of the testis.
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Seminiferous
tubules

Primary
spermatocyte

Spermato-
gonium

Interstitial
cell

Figure 23-14. Section of human testis.

response, and may help establish an osmotic gradient
that facilitates movement of fluid into the tubular
lumen.

Spermatogenesis

The spermatogonia, the primitive germ cells next to
the basal lamina of the seminiferous tubules, mature
into primary spermatocytes (Figure 23-15). This
process begins during adolescence. The primary sper-
matocytes undergo meiotic division, reducing the num-
ber of chromosomes. In this two-stage process, they di-
vide into secondary spermatocytes and then into
spermatids, which contain the haploid number of
23 chromosomes. The spermatids mature into sperma-
tozoa (sperms). As a single spermatogonium divides
and matures, its descendants remain tied together by
cytoplasmic bridges until the late spermatid stage. This
apparently ensures synchrony of the differentiation of
each clone of germ cells. The estimated number of sper-
matids formed from a single spermatogonium is 512.
In humans, it takes an average of 74 days to form a ma-
ture sperm from a primitive germ cell by this orderly
process of spermatogenesis.

Each sperm is an intricate motile cell, rich in DNA,
with a head that is made up mostly of chromosomal
material (Figure 23-16). Covering the head like a cap is
the acrosome, a lysosome-like organelle rich in en-
zymes involved in sperm penetration of the ovum and
other events involved in fertilization. The motile tail of
the sperm is wrapped in its proximal portion by a
sheath holding numerous mitochondria. The mem-
branes of late spermatids and spermatozoa contain a
special small form of angiotensin-converting enzyme
called germinal angiotensin-converting enzyme (see
Chapter 24). The function of this enzyme in the
sperms is unknown, although male mice in which the
function of the angiotensin-converting enzyme gene
has been disrupted have reduced fertility.

The spermatids mature into spermatozoa in deep
folds of the cytoplasm of the Sertoli cells (Figure
23-15). Mature spermatozoa are released from the Ser-
toli cells and become free in the lumens of the tubules.
The Sertoli cells secrete androgen-binding protein
(ABP), inhibin, and MIS. They do not synthesize an-
drogens, but they contain aromatase (CYP19), the en-
zyme responsible for conversion of androgens to estro-
gens, and they can produce estrogens. ABP probably
functions to maintain a high, stable supply of androgen
in the tubular fluid. Inhibin inhibits FSH secretion (see
below). MIS causes regression of the miillerian ducts in
males during fetal life (see above).

FSH and androgens maintain the gametogenic func-
tion of the testis. After hypophysectomy, injection of
LH produces a high local concentration of androgen in
the testes, and this maintains spermatogenesis. The
stages from spermatogonia to spermatids appear to be
androgen-independent. However, the maturation from
spermatids to spermatozoa depends on androgen acting
on the Sertoli cells in which the developing spermato-
zoa are embedded. FSH acts on the Sertoli cells to facil-
itate the last stages of spermatid maturation. In addi-
tion, it promotes the production of ABP.

An interesting observation is that the estrogen con-
tent of the fluid in the rete testis (Figure 23-13) is high,
and the walls of the rete contain numerous FRaestro-
gen receptors. In this region, fluid is reabsorbed and the
spermatozoa are concentrated. If this does not occur,
the sperm entering the epididymis are diluted in a large
volume of fluid, and infertility results.

{
Further Development of Spermatozoa

Spermatozoa leaving the testes are not fully mobile.
They continue their maturation and acquire motility
during their passage through the epididymis. Motility is
obviously important in vivo, but fertilization occurs in
vitro if an immotile spermatozoon from the head of the
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Lat? spermatids

Spermiogenesis
Meiosis

Basal lamina

Fibroblast

Cytoplasmic
bridges

Early spermatids

Secondary spermatocytes

Primary spermatocyte

Spermatogonium

Interstitial cells

Figure 23-15. Seminiferous epithelium. Note that maturing germ cells remain connected by cytoplasmic bridges
through the early spermatid stage and that these cells are closely invested by Sertoli cell cytoplasm as they move
from the basal lamina to the lumen. (Reproduced, with permission, from Junqueira LC, Carneiro J: Basic Histology: Text &

Atlas, 10th ed. McGraw-Hill, 2003.)

epididymis is microinjected directly into an ovum. The
ability to move forward (progressive motility), which
is acquired in the epididymis, involves activation of a
unique protein called CatSper, which is localized to the
principal piece of the sperm tail. This protein appears
to be a Ca™ ion channel that permits cAMP-general-
ized Ca™ influx. In addition, spermatozoa express olfac-

tory receptors, and ovaries produce odorant-like mole-
cules. Recent evidence indicates that these molecules
and their receptors interact, fostering movement of the
spermatozoa toward the ovary (chemotaxis; see below).

Ejaculation of the spermatozoon (see below) in-
volves contractions of the vas deferens mediated in part

by P2X receptors for ATP (see Chapter 4), and fertility

Mitochondria Acrosome

5um

End piece Principal piece

Middle piece

Figure 23-16. Human spermatozoon, profile view. Note the acrosome, an organelle that covers half the sperm
head inside the plasma membrane of the sperm. (Reproduced, with permission, from Junqueira LC, Camneiro J: Basic His-

tology: Text & Atlas, 10th ed. McGraw-Hill, 2003)
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is reduced in mice in which these receptors are knocked
out.

Once ejaculated into the female, the spermatozoa
move up the uterus to the isthmus of the uterine tubes,
where they slow down and undergo capacitation. This
further maturation process involves two components:
increasing the motility of the spermatozoa and facilitat-
ing their preparation for the acrosome reaction. How-
ever, the role of capacitation appears to be facilitatory
rather than obligatory, because fertilization is readily
produced in vitro. From the isthmuses the capacitated
spermatozoa move rapidly to the tubal ampullas, where
fertilization takes place (see below).

Effect of Temperature

Spermatogenesis requires a temperature considerably
lower than that of the interior of the body. The testes
are normally maintained at a temperature of about
32 °C. They are kept cool by air circulating around the
scrotum and probably by heat exchange in a counter-
current fashion between the spermatic arteries and
veins. When the testes are retained in the abdomen or
when, in experimental animals, they are held close to
the body by tight cloth binders, degeneration of the
tubular walls and sterility result. Hot baths (4345 °C
for 30 minutes per day) and insulated athletic support-
ers reduce the sperm count in humans, in some cases by
90%. However, the reductions produced in this man-
ner are not consistent enough to make the procedures
reliable forms of male contraception. In addition, evi-
dence suggests a seasonal effect in men, with sperm
counts being greater in the winter regardless of the tem-
perature to which the scrotum is exposed.

Semen

The fluid that is ejaculated at the time of orgasm, the
semen, contains sperms and the secretions of the semi-
nal vesicles, prostate, Cowper’s glands, and, probably,
the urethral glands (Table 23-4). An average volume
per cjaculate is 2.5-3.5 mL after several days of conti-
nence. The volume of semen and the sperm count de-
crease rapidly with repeated ejaculation. Even though it
takes only one sperm to fertilize the ovum, each milli-
liter of semen normally contains about 100 million
sperms. Fifty percent of men with counts of 20-40 mil-
lion/mL and essentially all of those with counts under
20 million/mL are sterile. The presence of many mor-
phologically abnormal or immotile spermatozoa also
correlates with infertility. The prostaglandins in
semen, which actually come from the seminal vesicles,
are in high concentration, but the function of these
fatty acid derivatives in semen is unknown. Their struc-
ture and their multiple actions in other parts of the
body are discussed in Chapter 17.

Table 23-4. Composition of human semen,

Color: White, opalescent

Specific gravity: 1.028

pH:7.35-7.50

Sperm count: Average
about 100 mitlion/mt,
with fewer than 209
abnormal forms

Other components:

Fructose (1.5-6,5 mg/mL)
Phosphorylcholine
Ergothioneine

Ascorbic acid

Flavins

Prostaglandins

From seminal vesicles
(contributes 60% of total
volume)

Spermine

Citric acid

Cholesterol,
phospholipids

Fibrinolysin, fibrino-
genase

Zinc

Acid phosphatase

From prostate
(contributes 20% of total
volume)

Phosphate

Bicarbonate Buffers

Hyaluronidase

Human sperms move at 2 speed of about 3 mm/min
through the female genital tract. Sperms reach the uter-
ine tubes 30-60 minutes after copulation. In some
species, contractions of the fernale organs facilitate the
transport of the sperms to the utering tubes, but it is
unknown if such contractions are important in hu-
mans.

Erection

Erection is initiated by dilation of the arterioles of the
penis. As the erectile tissue of the penis fills with blood,
the veins are compressed, blocking outflow and adding
to the turgor of the organ. The integrating centers in
the lumbar segments of the spinal cord are activated by
impulses in afferents from the genitalia and descending
tracts that mediate erection in response to erotic psy-
chologic stimuli. The efferent parasympathetic fibers
ate in the pelvic splanchnic nerves (nervi erigentes).
The fibers presumably release acetylcholine and the va-
sodilator VIP as cotransmitters (see Chapter 4).

~ Nonadrenergic noncholinergic fibers are also present
in the nervi erigentes, and these contain large amounts
of NO synthase, the enzyme that catalyzes the forma-
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tion of nitric oxide (NOj see Chapter 31). NO activates
guanylyl cyclase, resulting in increased production of
¢GMP, and ¢GMP is a potent vasodilator. Injection of
inhibitors of NO synthase prevents the erection nor-
mally produced by stimulation of the pelvic nerve in
experimental aniinals. Thus, it seems clear that NO
plays a prominent role in the production of erection.
Sildenafil (Viagra) inhibits the breakdown of cGMP by
phosphodiesterases and has gained worldwide fame for
the treatment of impotence. The multiple phosphodi-
esterases (PDEs) in the body have been divided into
seven isoenzyme families, and sildenafil is most active
against PDES, the type of phosphodiesterase found in
the corpora cavernosa. It is worth noting, however, that
sildenafil also produces significant inhibition of PDEG.
This is the type of phosphodiesterase found in the
retina, and one of the side effects of sildenafil is tran-
sient loss of the ability to discriminate between blue
and green (see Chapter 8). -
Normally, erection”is terminated by sympathetic
vasoconstrictor impulses to the penile arterioles.

Ejaculation

Ejaculation is a two-part spinal reflex that involves
emission, the movement of the semen into the urethra:
and ejaculation proper, the propulsion of the semen
out of the urethra at the time of orgasm. The afferent
pathways are mostly fibers from touch receptors in the
glans penis that reach the spinal cord through the inter-
nal pudendal nerves. Emission is a sympathetic re-
sponse, integrated in the upper lumbar segments of the
spinal cord and effected by contraction of the smooth
muscle of the vasa deferentia and seminal vesicles in re-
sponse to stimuli in the hypogastric nerves. The semen
is propelled out of the urethra by contraction of the
bulbocavernosus muscle, a skeletal muscle. The spinal
reflex centers for this part of the reflex are in the upper
sacral and lowest lumbar segments of the spinal cord,
and the motor pathways traverse the first to third sacral
roots and the internal pudendal nerves. Carbon monox-
ide may be involved in the control of ejaculation, since
HO2, the enzyme that catalyzes its production in the
nervous system (see Chapter 4), is abundant in the
pathways concerned with ejaculation, and ejaculatory
petformance is diminished when the gene for HO2 is

knocked out.
PSA

The prostate produces and secretes into the semen and
the bloodstream a 30-kDa serine protease generally
called prostate-specific antigen (PSA). The gene for
PSA has two androgen response elements. PSA hy-
drolyzes the sperm motility inhibitor semenogelin in
semen, and it has several substrates in plasma, but its

precise function in the circulation is unknown. An ele-
vated plasma PSA occurs in prostate cancer and is
widely used as a screening test for this disease, though
PSA is also elevated in benign prostatic hyperplasia and
prostatitis.

Vasectomy

Bilateral ligation of the vas deferens (vasectorny) has
proved to be a relatively safe and convenient contracep-
tive procedure. However, it has proven difficult to re-
store the patency of the vas in those wishing to restore
fertility, and the current success rate for such opera-
tions, as measured by the subsequent production of
pregnancy, is about 50%. Half of the men who have
been vasectomized develop antibodies against sperma-
tozoa, and in monkeys, the presence of such antibodies
is associated with a higher incidence of infertility after
restoration of the patency of the vas. However, the anti-
sperm antibodies do not appear to have any other ad-
verse effects.

ENDOCRINE FUNCTION OF THE TESTES
Chemistry & Biosynthesis of Testosterone

Testosterone, the principal hormone of the testes, is a
Cyy steroid (see Chapter 20) with an —OH group in
the 17 position (Figure 23-17). It is synthesized from
cholesterol in the Leydig cells and is also formed from
androstenedione secreted by the adrenal cortex. The
biosynthetic pathways in all endocrine organs that form
steroid hormones are similar, the organs differing only
in the enzyme systems they contain. In the Leydig cells,
the 11- and 21-hydroxylases found in the adrenal cor-
tex (see Figure 20-8) are absent, but 170-hydroxylase is
present. Pregnenolone is therefore hydroxylated in the
17 position and then subjected to side chain cleavage to
form dehydroepiandrosterone. Androstenedione is also
formed via progesterone and 17-hydroxyprogesterone,
but this pathway is less prominent in humans. Dehy-
droepiandrosterone and androstenedione are then con-
verted to testosterone.

The secretion of testosterone is under the control of
LH, and the mechanism by which LH stimulates the
Leydig cells involves increased formation of cAMP via
the serpentine LH receptor and G,. Cyclic AMP in-
creases the formation of cholesterol from cholestery! es-
ters and the conversion of cholesterol to pregnenolone
via the activation of protein kinase A.

Secretion

The testosterone secretion rate is 4-9 mg/d (13.9-
31.33 pmol/d) in normal adult males. Small amounts
of testosterone are also secreted in females, probably
from the ovary but possibly from the adrenal as well.
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Cholesterol — Pregnenolone —— 17a-Hydroxypregnenolone ——» Dehydroepiandrosterone

}

’ ;

Progesterone ——— 17a-Hydroxyprogesterone ———— Androstenedione

In some

target tissues
50-reductase,
type 1 or type 2

[
'

H

Dihydrotestosterone

Testosterone

Figure 23-17. Biosynthesis of testosterone. The formulas of the precursor steroids are shown in Figure 20-8. Al-
though the main secretory product of the Leydig cells is testosterone, some of the precursors also enter the circula-

tion.

Transport & Metabolism

Ninety-eight percent of the testosterone in plasma is
bound to protein: 65% is bound to a B-globulin called

gonadal steroid-binding globulin (GBG) or sex
steroid-binding globulin, and 33% to albumin (Table
23-5). GBG also binds estradiol. The plasma testos-
terone level (free and bound) is 300-1000 ng/dL
(10.4-34.7 nmol/L) in adult men (Figure 23-8) and
30-70 ng/dL (1.04-2.43 nmol/L) in adult women. It
declines somewhat with age in males.

A small amount of circulating testosterone is con-
verted to estradiol (see below), but most of the testos-
terone is converted to 17-ketosteroids, principally an-
drosterone and its isomer etiocholanolone (Figure
23-18), and excreted in the urine. About two thirds of
the urinary 17-ketosteroids are of adrenal origin, and
one third are of testicular origin. Although most of the

Table 23-5. Distribution of gonadal steroids
and cortisol in plasma.?

Testosterone 0 65
Androstenedione 0 8
Estradiol 0 38
Progesterone 18 0
Cortisol 4 90 0

3CBG, corticosteroid-binding globulin; GBG, gonadal
steroid-binding globulin. (Courtesy of S Munroe.)

17-ketosteroids are weak androgens (they have 20% or
less the potency of testosterone), it is worth emphasiz-
ing that not all 17-ketosteroids are androgens and not
all androgens are 17-ketosteroids. Etiocholanolone, for
example, has no androgenic activity, and testosterone
itself is not a 17-ketosteroid.

Actions

In addition to their actions during development, testos-
terone and other androgens exert an inhibitory feed-
back effect on pituitary LH secretion; develop and

o]

H

Androsterone

o

H

Etiochoianolone

Figure 23-18. Two 17-ketosteroid metabolites of
testosterone.




430 / CHAPTER23

maintain the male secondary sex characteristics; exert
an important protein-anabolic, growth-promoting ef-
fect; and, along with FSH, maintain spermatogenesis
(see above).

Secondary Sex}vCha racteristics

The widespread changes in hair distribution, body con-
figuration, and genital size that develop in boys at pu-
berty—the male secondary sex characteristics—are
summarized in Table 23-6. The prostate and seminal
vesicles enlarge, and the seminal vesicles begin to se-
crete fructose. This sugar appears to function as the
main nutritional supply for the spermatozoa. The psy-
chic effects of testosterone are difficult to define in hu-
mans, but in éxperimental animals, androgens provoke
boisterous and aggressive play. The effects of androgens
and estrogens on sexual behavior are considered in de-
tail in Chapter 15. Although body hair is increased by
androgens, scalp hair is decreased (Figure 23-19).
Hereditary baldness often fails to develop unless dihy-

dI'OtCStOStCI'OIlC is present.

Anabolic Effects

Androgens increase the synthesis and decrease the
breakdown of protein, leading to an increase in the rate
of growth. It used to be argued that they cause the epi-
physes to fuse to the long bones, thus eventually stop-
ping growth, but it now appeats that epiphysial closure
is due to estrogens (see below and Chapter 22). Sec-
ondary to their anabolic effects, androgens cause mod-
erate sodium, potassium, water, calcium, sulfate, and

Table 23-6. Changé's at puberty in boys (male
secondary sex characteristics).

External genitalia: Penis increases in length and width,
Scrotum becomes pigmented and rugose.

Internal genitalia: Seminal vesicles enlarge and secrete
and begin to form fructose, Prostate and bulbourethral
glands enlfarge and secrete,

Voice: Larynx enlarges, vocal cords increase in length and
thickness, and voice becomes deeper.

Hair growth: Beard appears. Hairline on scalp recedes an-
terolaterally. Pubic hair grows with male (triangle with
apex Up) pattern. Hair appears in axillas, on chest, and
around anus; general body hair increases.

Mental: More aggressive, active attitude. Interest in oppo-
site sex develops.

Body conformation: Shoulders broaden, muscles enfarge.

Skin: Sebaceous gland secretion thickens and increases
{predisposing to acne).

phosphate retention; and they also increase the size of
the kidneys. Doses of exogenous testosterone that exert
significant anabolic effects are also masculinizing and
increase libido, which limits the usefulness of the hor-
mone as an anabolic agent in patients with wasting dis-
eases. Attempts to develop synthetic steroids in which
the anabolic action is divorced from the androgenic ac-
tion have not been successful.

Mechanism of Action

Like other steroids (see Chapter 1), testosterone binds
to an intracellular receptor, and the receptor—steroid
complex then binds to DNA in the nucleus, facilitating
transcription of various genes. In addition, testosterone
is converted to dihydrotestosterone (DHT) by 50-re-
ductase in some target cells (Figures 2317 and 23-20),
and DHT binds to the same intracellular receptor as
testosterone. DHT also circulates, with a plasma level
that -is about 10% of thé testosterone level. Testos-
terone—receptor complexes are less stable than DHT-
receptor complexes in target cells, and they conform
less well to the DNA-binding state. Thus, DHT forma-
tion is a way of amplifying the action of testosterone in
target tissues. Humans have two S0-reductases, en-
coded by different genes. Type 1 5ai-reductase is pres-
ent in skin throughout the body and is the dominant
enzyme in the scalp. Type 2 Sot-reductase is present in
genital skin, the prostate, and other genital tissues.
Testosterone—receptor complexes are responsible for
the maturation of wolffian duct structures and conse-
quently for the formation of male internal genitalia
during development, but DHT-receptor complexes are
needed to form male external genitalia (Figure 23-20).
DHT-receptor complexes are also primarily responsi-
ble for enlargement of the prostate and probably of the
penis at the time of puberty, as well as for the facial
hair, the acne, and the temporal recession of the hair-
line. On the other hand, the increase in muscle mass
and the development of male sex drive and libido de-
pend primarily on testosterone rather than DHT,
Congenital 5a-reductase deficiency, in which the
gene for type 2 S0i-reductase is mutated, is common in
certain parts of the Dominican Republic. It produces
an interesting form of male pseudohermaphroditism.
Individuals with this syndrome are born with male in-
ternal genitalia including testes, but they have female
external genitalia and are usually raised as girls. How-
ever, when they reach puberty, LH secretion and circu-
lating testosterone levels are increased. Consequently,
they develop male body contours and male libido. At
this point, they usually change their gender identities
and “become boys.” Their clitorises enlarge (“penis-at-
12 syndrome”) to the point that some of them can have
intercourse with women. This enlargement probably




Figure 23-19. Hairline in children and adults. The hairline of the

the man is indented in the lateral frontal region.

occurs because with the high LH, enough testosterone
is produced to overcome the need for DHT amplifica-
tion in the genitalia.

506—Reductase—inhibiting drugs are now being used
clinjcally to treat benign prostatic hyperplasia, and fi-
nasteride, the most extensively used drug, has its great-
est effect on type 2 50i-reductase.

Testicular Production of Estrogens

Over 80% of the estradiol and 95% of the estrone in
the plasma of adult men is formed by extragonadal and
extraadrenal aromatization of circulating testosterone
and androstenedione. The remainder comes from the
testes. Some of the estradjol in testicular venous blood
comes from the Leydig cells, but some is also produced

Luteinizing

woman is fike that of the child, whereas that of

by aromatization of androgens in Sertoli cells. In men,
the plasma estradiol level is 20-50 pg/mL (73—
184 pmol/L) and the total production rate is approxi-
mately 50 pg/d (184 nmol/d). In contrast to the situa-
tion in women, estrogen production moderately in-
creases with advancing age in men.

CONTROL OF TESTICULAR FUNCTION

FSH is tropic to the Sertoli cells, and FSH and andro-
gens maintain the gametogenic function of the testes.
FSH also stimulates the secretion of ABP and inhibin.
Inhibin feeds back to inhibit FSH secretion, LH is
tropic to the Leydig cells and stimulates the secretion of
testosterone, which in turn feeds back to inhibit LH se-
cretion. Hypothalamic lesions in animals and hypothal-
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Figure 23-20. Schematic diagram of the actions of testosterone (solid arrows)

and dihydrotestosterone (dashed

arrows). Note that they both bind to the same receptor, but DHT binds more effectively. (Reproduced, with permis-

sion, from Wilson JD, Griffin JE, Russell W: Steroid 5a-reductase 2 deficiency. Endocr

The Endocrine Society.)
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amic disease in humans lead to atrophy of the testes
and loss of their function.

inhibins

Testosterone reduces plasma LH, but except in large
doses, it has no ef‘fiect on plasma FSH. Plasma FSH is
elevated in patients who have atrophy of the seminifer-
ous tubules but normal levels of testosterone and LH
secretion. These observations led to the search for in-
hibin, a factor of testicular origin that inhibits FSH se-
cretion. There are two inhibins in extracts of testes in
men and in antral fluid from ovarian follicles in
women. They are formed from three polypeptide sub-
units: a glycosylated o subunit with a molecular weight
of 18,000, and two nonglycosylated B subunits, B and
B, each with a molecular weight of 14,000. The sub-
units are formed from precursor proteins (Figure
23-21). The o subunit combines with B, to form a
heterodimer and with B to form another heterodimer,
with the subunits linked by disulfide bonds. Both of,
(inhibin A) and ol (inhibin B) inhibit FSH secretion
by a direct action on the pituitary, though it now ap-
pears that it is inhibin B that is the FSH-regulating in-
hibin in adult men and women. Inhibins are produced
by Sertoli cells in males and granulosa cells in fermales.
The heterodimer 4By and the homodimers BB,
and Bgfg are also formed. They stimulate rather than
inhibit FSH secretion and consequently are called ac-
tivins. Their function in reproduction is unsettled,

o, precursor

Ba precursor

Bg precursor

Inhibin A

E Activins

Inhibin B

Figure 23-21. Inhibin precursor proteins and the var-
ious inhibins and activins that are formed from the car-

boxyl terminal regions of these precursors. S5, disulfide
bonds.

However, the inhibins and activins are members of the
TGFP superfamily of dimeric growth factors that also
includes MIS (see above). Two activin receptors have
been cloned, and both appear to be serine kinases. In-
hibins and activins are found not only in the gonads
but also in the brain and many other tissues. In the
bone marrow, activins are involved in the development
of white blood cells. In embryonic life, activins are in-
volved in the formation of mesoderm. All mice with a
targeted deletion of the ¢t-inhibin subunit gene initially
grow in a normal fashion but then develop gonadal
stromal tumors, so the gene is a tumor suppressor gene.

In plasma, o,-macroglobulin binds activins and in-
hibins. In tissues, activins bind to a family of four gly-
coproteins called follistatins. Binding of the activins
inactivates their biologic activity, but the relation of fol-
listatins to inhibin and their physiologic function re-
main unsettled.

Steroid Feedback

A current “working hypothesis” of the way the func-
tions of the testes are regulated is shown in Figure
23-22. Castration is followed by a rise in the pituitary
content and secretion of FSH and LH, and hypothala-

Hypothalamus

Anterior
. pituitary

et e

~

Testosterone

e

Androgenic
and anabolic
effects

-
4

Figure 23-22. postulated interrelationships between
the hypothalamus, anterior pituitary, and testes. Solid
arrows indicate excitatory effects; dashed arrows indi-
cate inhibitory effects. Compare with Figures 18-12,
20-21,22-10, and 23-35.
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mic lesions prevent this rise. Testosterone inhibits LH
secretion by acting directly on the anterior pituitary
and by inhibiting the secretion of GnRH from the hy-
pothalamus. Inhibin acts directly on the anterior pitu-
itary to inhibit FSH secretion.

In response to LH, some of the testosterone secreted
from the Leydig cells bathes the seminiferous epithe-
lium and provides the high local concentration of an-
drogen to the Sertoli cells that is necessary for normal
spermatogenesis. Systemically administered testosterone
does not raise the androgen level in the testes to as great
a degree, and it inhibits LH secretion. Consequently,
the net effect of systemically administered testosterone
is generally a decrease in sperm count. Testosterone
therapy has been suggested as a means of male contra-
ception. However, the dose of testosterone needed to
suppress spermatogenesis causes sodium and water re-
tention. The possible use of inhibins as male contracep-
tives is now being explored.

ABNORMALITIES
OF TESTICULAR FUNCTION

Cryptorchidism

The testes develop in the abdominal cavity and nor-
mally migrate to the scrotum during fetal development.
Testicular descent to the inguinal region depends on
MIS, and descent from the inguinal region to the scro-
tum depends on other factors. Descent is incomplete
on one or, less commonly, both sides in 10% of new-
born males, the testes remaining in the abdominal cav-
ity or inguinal canal. Gonadotropic hormone treatment
speeds descent in some cases, or the defect can be cor-
rected surgically. Spontaneous descent of the testes is
the rule, and the proportion of boys with undescended
testes (cryptorchidism) falls to 2% at age 1 year and
0.3% after puberty. However, early treatment is now
recommended despite these figures because the inci-
dence of malignant tumors in is higher in undescended
than in scrotal testes and because after puberty the
higher temperature in the abdomen eventually causes
irreversible damage to the spermatogenic epithelium.,

Male Hypogonadism

The clinical picture of male hypogonadism depends on
whether testicular deficiency develops before or after
puberty. In adults, if it is due to testicular disease, circu-
lating gonadotropin levels are elevated (hyperg-
onadotropic hypogonadism); if it is secondary to dis-
orders of the pituitary or the hypothalamus (eg,
Kallmann’s syndrome; see Chapter 14), circulating go-

nadotropin levels are depressed (hypogonadotropic
hypogonadism). If the endocrine function of the testes
is lost in adulthood, the secondary sex characteristics
regress slowly because it takes very little androgen to
maintain them once they are established. The growth of
the larynx during adolescence is permanent, and the
voice remains deep. Men castrated in adulthood suffer
some loss of libido, although the ability to copulate per-
sists for some time. They occasionally have hot flushes
and are generally more irritable, passive, and depressed
than men with intact testes. When the Leydig cell defi-
ciency dates from childhood, the clinical picture is that
of eunuchoidism. Eunuchoid individuals over the age
of 20 are characteristically tall, although not as tall as
hyperpituitary giants, because their epiphyses remain
open and some growth continues past the normal age
of puberty. They have narrow shoulders and small mus-
cles, a body configuration resembling that of the adult
female. The genitalia are small and the vojce high-
pitched. Pubic hair and axillary hair are present because
of adrenocortical androgen secretion. However, the hair
is sparse, and the pubic hair has the female “triangle
with the base up” distribution rather than the “triangle
with the base down” pattern (male escutcheon) seen in
normal males.

Androgen-Secreting Tumors

“Hyperfunction” of the testes in the absence of tumor
formation is not a recognized entity. Androgen-secret-
ing Leydig cell tumors are rare and cause detectable en-
docrine symptoms only in prepubertal boys, who de-
velop precocious pseudopuberty (Table 23-2).

T L Y S S STV RS

B THE FEMALE REPRODUCTIVE
SYSTEM

THE MENSTRUAL CYCLE

The reproductive system of women (Figure 23-23),
unlike that of men, shows regular cyclic changes that
teleologically may be regarded as periodic preparations
for fertilization and pregnancy. In humans and other
primates, the cycle is a menstrual cyéle, and its most
conspicuous feature is the periodic vaginal bleeding that
occurs with the shedding of the uterine mucosa (men-
struation). The length of the cydle is notoriously vari-
able in women, but an average figure is 28 days from
the start of one menstrual period to the start of the
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Uterine tube
Ligament of the ovary

Figure 23-23. The female reproductive system.

next. By common usage, the days of the cycle are iden-
tified by number, starting with the first day of menstru-
ation.

Ovarian Cycle

From the time of birth, there are many primordial fol-
licles under the ovarian capsule. Each contains an im-
mature ovum (Figure 23-24). At the start of each cycle,
several of these follicles enlarge, and a cavity forms
around the ovum (antrum formation). This cavity is
filled with follicular fluid. In humans, usually one of
the follicles in one ovary starts to grow rapidly on about
the sixth day and becomes the dominant follicle, while
the others regress, forming atretic follicles. The atretic
process involves apoptosis. It is uncertain how one follj-
cle is selected to be the dominant follicle in this follicu-
lar phase of the menstrual cycle, but it seems to be re-
lated to the ability of the follicle to secrete the estrogen
inside it that is needed for final maturation. When
women are given highly purified human pituitary go-
nadotropin preparations by injection, many follicles de-
velop simultaneously.

The structure of a maturing ovarian (graafian) folli-
cle is shown in Figure 23-24. The cells of the theca jn-
terna of the follicle are the primary source of circulat-
ing estrogens. However, the follicular fluid has a high
estrogen content, and much of this estrogen comes
from the granulosa cells (see below).

At about the 14th day of the cycle, the distended
follicle ruptures, and the ovum is extruded into the ab-
dominal cavity. This is the process of ovulation. The
ovum is picked up by the fimbriated ends of the uterine

Ovarian artery

Uterine tube
Ovary

Rectum

Bladder

. Urethra
Vagina

tubes (oviducts). It is transported to the uterus and, un-
less fertilization occurs, on out through the vagina.

The follicle that ruptures at the time of ovulation
promptly fills with blood, forming what is sometimes
called a corpus hemorrhagicum. Minor bleeding from
the follicle into the abdominal cavity may cause peri-
toneal irritation and fleeting lower abdominal pain
(“mittelschmerz”). The granulosa and theca cells of the
follicle lining promptly begin to proliferate, and the
clotted blood is rapidly replaced with yellowish, lipid-
rich luteal cells, forming the corpus luteum. This ini-
tiates the luteal phase of the menstrual cycle, during
which the luteal cells secrete estrogens and proges-
terone. Growth of the corpus luteum depends on its de-
veloping an adequate blood supply, and there is evi-
dence that VEGF (see Chapter 30) is essential for this
process.

If pregnancy occurs, the corpus luteun persists and
usually there are no more periods until after delivery. If
pregnancy does not occur, the corpus luteum begins to
degenerate about 4 days before the next menses (24th
day of the cycle) and is eventually replaced by scar tis-
sue, forming a corpus albicans.

The ovarian cycle in other mammals is similar, ex-
cept that in many species more than one follicle ovu-
lates and multiple births are the rule. Corpora lutea
form in some submammalian species but not in others.

In humans, no new ova are formed after birth. Dur-
ing fetal development, the ovaries contain over 7 mil-
lion primordial follicles. However, many undergo atre-
sia (involution) before birth and others are lost after
birth. At the time of birth, there are 2 million ova, but
50% of these are atretic. The million that are normal
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Figure 23-24, Diagram of a mammalian ovary, showing the sequential development of a follicle, formation of a
corpus luteum, and, in the center, follicular atresia. A section of the wall of a mature follicle is enlarged at the upper
right. The interstitial cel!l mass is not prominent in primates. (Reproduced, with permission, from Gorbman A, Bern H:

Textbook of Comparative Endocrinology. Wiley, 1962.)

undergo the first part of the first meiotic division at
about this time and enter a stage of arrest in prophase
in which those that survive persist until adulthood.
Atresia continues during development, and the number
of ova in both of the ovaries at the time of puberty is
less than 300,000 (Figure 23-11). Only one of these
ova per cycle (or about 500 in the course of a normal
reproductive life) normally reaches maturity; the re-
mainder degenerate. Just before ovulation, the first
meiotic division is completed. One of the daughter
cells, the secondary oocyte, receives most of the cyto-
plasm, while the other, the first polar body, fragments
and disappears. The secondary oocyte immediately be-
gins the second meiotic division, but this division stops
at metaphase and is completed only when a sperm pen-
etrates the gocyte. At that time, the second polar body
is cast off and the fertilized ovum proceeds to form a
new individual. The arrest in metaphase is due, at least
in some species, to formation in the ovum of the pro-
tein pp39™”, which is encoded by the c-mos pro-
tooncogene. When fertilization occurs, the pp39™ is

destroyed within 30 minutes by calpain, a calcium-de-
pendent cysteine protease.

Uterine Cycle

At the end of menstruation, all but the deep layers of
the endometrium have sloughed. A new endometrium
then regrows under the influence of estrogens from the
developing follicle. The endometrium increases rapidly
in thickness from the fifth to the fourteenth days of the
menstrual cycle. As the thickness increases, the uterine
glands are drawn out so that they lengthen (Figure
23-25), but they do not become convoluted or secrete
to any degree. These endometrial changes are called
proliferative, and this part of the menstrual cycle is
sometimes called the proliferative phase. It is also
called the preovulatory or follicular phase of the cycle.
After ovulation, the endometrium becomes more highly
vascularized and slightly edematous under the influence
of estrogen and progesterone from the corpus luteum.
The glands become coiled and tortuous (Figure
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Figure 23-25, Changes in the endometrium during the menstrual cycie.

23-25), and they begin to secrete a clear fluid. Conse-
quently, this phase of the cycle is called the secretory or
luteal phase. Late in the luteal phase, the en-
dometrium, like the anterior pituitary, produces pro-
lactin, but the function of this endometrial prolactin is
unknown, .

The endometrium is supplied by two types of arter-
ies. The superficial two thirds of the endometrium that
is shed during menstruation, the stratam functionale,
is supplied by long, coiled spiral arteries (Figure
23-26), whereas the deep layer that is not shed, the
stratum basale, is supplied by short, straight basilar
arteries.

When the corpus luteum regresses, hormonal sup-
port for the endometrium is withdrawn. The en-
dometrium becomes thinner, which adds to the coiling
of the spiral arteries. Foci of necrosis appear in the en-
dometrium, and these coalesce. In addition spasm and
degeneration of the walls of the spiral arteries take
place, leading to spotty hemorrhages that become con-
fluent and produce the menstrual flow.

The vasospasm is probably produced by locally re-
leased prostaglandins. Large quantities of prostaglandins
are present in the secretory endometrium and in men-
strual blood, and infusions of PGF,, produce endome-
trial necrosis and bleeding.

From the point of view of endometrial function, the
proliferative phase of the menstrual cycle represents
restoration of the epithelium from the preceding men-
struation, and the secretory phase represents prepara-
tion of the uterus for implantation of the fertilized
ovum. The length of the secretory phase is remarkably
constant at about 14 days, and the variations seen in
the length of the menstrual cycle are due for the most
part to variations in the length of the proliferative
phase. When fertilization fails to occur during the se-

cretory phase, the endometrium is shed and a new cycle
starts.

Normal Menstruation

Menstrual blood is predominantly arterial, with only
25% of the blood being of venous origin. It contains
tissue debris, prostaglandins, and relatively large
amounts of fibrinolysin from endometrial tissue. The
fibrinolysin lyses clot, so that menstrual blood does not
normally contain clots unless the flow is excessive.

The usual duration of the menstrual flow is
3-5 days, but flows as short as 1 day and as long as
8 days can occur in normal women. The amount of
blood lost may range normally from slight spotting to
80 mL; the average amount lost is 30 mL. Loss of more
than 80 mlL is abnormal. Obviously, the amount of
flow can be affected by various factors, including the
thickness of the endometrium, medication, and diseases
that affect the clotting mechanism.

Anovulatory Cycles

In some instances, ovulation fails to occur during the
menstrual cycle. Such anovulatory cycles are common
for the first 12-18 months after menarche and again
before the onset of the menopause. When ovulation
does not occur, no corpus luteum is formed and the ef-
fects of progesterone on the endometrium are absent.
Estrogens continue to cause growth, however, and the
proliferative endometrium becomes thick enough to
break down and begins to slough. The time it takes for
bleeding to occur is variable, but it usually occurs in less
than 28 days from the last menstrual period. The flow
is also variable and ranges from scanty to relatively pro-
fuse.




Figure 23-26. Spiral artery of endometrium. Drawing
of a spiral artery (left) and two uterine glands (right)
from the endometrium of a rhesus monkey; early secre-
tory phase. (Reproduced, with permission, from Daron
GH: The arterial pattern of the tunica mucosa of the uterus
in the Macacus rhesus. Am J Anat 1936,58:349.)

Cyclic Changes in the Uterine Cervix

Although it is continuous with the body of the uterus,
the cervix of the uterus is different in a number of ways.
The mucosa of the uterine cervix does not undergo
cyclic desquamation, but there are regular changes in
the cervical mucus. Estrogen makes the mucus thinner
and more alkaline, changes that promote the survival
and transport of sperms. Progesterone makes it thick,
tenacious, and cellular. The mucus is thinnest at the
time of ovulation, and its elasticity, or spinnbarkeit,
increases so that by midcycle, a drop can be stretched
into a long, thin thread that may be 8-12 cm or more
in length. In addition, it dries in an arborizing, fern-like
pattern (Figure 23-27) when a thin layer is spread on a
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Figure 23-27. Patterns formed when cervical mucus
is smeared on a slide, permitted to dry, and examined
under the microscope. Progesterone makes the mucus
thick and cellular. In the smear from a patient who
failed to ovulate (bottom), no progesterone is present
to inhibit the estrogen-induced fern pattern.

slide. After ovulation and during pregnancy, it becomes
thick and fails to form the fern pattern.

Vaginal Cycle

Under the influence of estrogens, the vaginal epithe-
lium becomes cornified, and cornified epithelial cells
can be identified in the vaginal smear. Under the influ-
ence of progesterone, a thick mucus is secreted, and the
epithelium proliferates and becomes infiltrated with
leukocytes. The cyclic changes in the vaginal smear in
rats are relatively marked. The changes in humans and
other species are similar but not so clear-cut.

Cyclic Changes in the Breasts

Although lactation normally does not becur until the
end of pregnancy, cyclic changes take place in the
breasts during the menstrual cycle. Estrogens cause pro-
liferation of mammary ducts, whereas progesterone
causes growth of lobules and alveoli The breast
swelling, tenderness, and pain experienced by many
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women during the 10 days preceding menstruation are
probably due to distention of the ducts, hyperemia, and
edema of the interstitial tissue of the breast. All these
changes regress, afong with the symptoms, during men-
struation.

Changes During Intercourse

During sexual excitement in women; fluid is secreted
onto the vaginal walls, probably because of release of
VIP from vaginal nerves. A lubricating mucus is also se-
creted by the vestibular glands. The upper part of the
vagina is sensitive to stretch, while tactile stimulation
from the labia minora and clitoris adds to the sexual ex-
citement. These stimuli are reinforced by tactile stimuli
from the breasts and, as in men, by visual, auditory,
and olfactory stimuli, which may build to the crescendo
known as orgasm. During orgasm, autonomically me-
diated thythmic contractions occur in the vaginal walls.
Impulses also travel via the pudendal nerves and pro-
duce thythmic contraction of the bulbocavernosus and
ischiocavernosus muscles. The vaginal contractions may
aid sperm transport but are not essential for it, since
fertilization of the ovum is not dependent on orgasm.

Indicators of Ovulation

Knowing when during the menstrual cycle ovulation
occurs is important in increasing fertility or, conversely,
in family planning. A convenient and reasonably reli-
able indicator of the time of ovulation is a change—
usually a rise—in the basal body temperature (Figure
23-28). The rise starts 1-2 days after ovulation.
Women interested in obtaining an accurate tempera-
ture chart should use a thermometer with wide grada-
tions and take their temperatures (oral or rectal) in the
morning before getting out of bed. The cause of the
temperature change at the time of ovulation is probably
the increase in progesterone secretion, since proges-
terone is thermogenic (see Chapter 14).

A surge in LH secretion triggers ovulation (see
below), and ovulation normally occurs about 9 hours
after the peak of the LH surge at midcycle (Figure
23-28). The ovum lives for approximately 72 hours
after it is extruded from the follicle, but it is fertilizable
for a much shorter time than this. In a study of the rela-
tion of isolated intercourse to pregnancy, 36% of
women had a detected pregnancy following intercourse
on the day of ovulation, but with intercourse on days
after ovulation, the percentage was zero. Isolated inter-
course on the first and second day before ovulation also
led to pregnancy in about 36% of women. A few preg-
nancies resulted from isolated intercourse on day 3, 4,
or 5 before ovulation, although the percentage was

much lower, eg, 8% on day 5 before ovulation. Thus,
some sperms can survive in the female genital tract and
fertilize the ovum for up to 120 hours before ovulation,
but the most fertile period is clearly the 48 hours before
ovulation. However, for those interested in the
“thythm method” of contraception, it should be noted
that there are rare but documented cases in the litera-
ture of pregnancy resulting from isolated coitus on

every day of the cycle.

The Estrous Cycle

Maminals other than primates do not menstruate, and
their sexual cycle is called an estrous cycle. It is named
for the conspicuous period of “heat” (estrus) at the
time of ovulation, normally the only time during which
the sexual interest of the female is aroused (see Chapter
15). In spontaneously ovulating species with estrous cy-
cles, such as the rat, no episodic vaginal bleeding occurs
but the underlying endocrine events are essentially the
same as those in the menstrual cycle. In other species,
ovulation is induced by copulation (reflex ovulation).

OVARIAN HORMONES

Chemistry, Biosynthesis,
& Metabolism of Estrogens

The naturally occurring estrogens are 17B-estradiol,
estrone, and estriol (Figure 23-29). They are
C18 steroids (see Figure 20-7) which do not have an
angular methyl group attached to the 10 position or a
A*-3-keto configuration in the A ring. They are se-
creted primarily by the granulosa cells of the ovarian
follicles, the corpus luteum, and the placenta. Their
biosynthesis depends on the enzyme aromatase (CYP19),
which converts testosterone to estradiol and an-
drostenedione to estrone (Figure 23-29). The latter re-
action also occurs in fat, liver, muscle, and the brain.
Theca interna cells have many LH receptors, and
LH acts via cAMP to increase conversion of cholesterol
to androstenedione. Some of the androstenedione is
converted to estradiol, which enters the circulation.
The theca interna cells also supply androstenedione to
the granulosa cells. The granulosa cells make estradiol
when provided with androgens (Figure 23-30), and it
appears that the estradiol they form in primates is se-
creted into the follicular fluid. Granulosa cells have
many FSH receptors, and FSH facilitates their secretion
of estradiol by acting via cAMP to increase their aro-
matase activity. Mature granulosa cells also acquire LH
receptors; and LH also stimulates estradiol production.
Two percent of the circulating estradiol is free, and
the remainder is bound to protein: 60% to albumin
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Figure 23-28. Basal body temperature and plasma hormone concentrations (mean + standard error) during the
normal human menstrual cycle. Values are aligned with respect to the day of the midcycle LH peak. ‘
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Figure 23-29, Biosynthesis and metabolism of estrogens. The formulas of the precursor steroids are shown in Fig-

ure 20-8.

and 38% to the same gonadal steroid-binding globulin
(GBG) that binds testosterone (Table 23-5).

In the liver, estradiol, estrone, and estriol are con-
verted to glucuronide and sulfate conjugates. All these
compounds, along with other metabolites, are excreted
in the urine. Appreciable amounts are secreted in the
bile and reabsorbed into the bloodstream (enterohep-
atic circulation).

THECA INTERNA

CIRCULATION CELLS

Cholesterol

Estradiol

Secretion

The concentration of estradiol in the plasma during the
menstrual cycle is shown in Figure 23-28. Almost all of
this estrogen comes from the ovary, and two peaks of
secretion occur: one just before ovulation and ope dur-
ing the midluteal phase. The estradiol secretion rate is
36 pg/d (133 nmol/d) in the early follicular phase,

GRANULOSA

CFELLS ANTRUM

Figure 23-30. Interactions between theca and granulosa cells in estradiol synthesis and secretion.
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380 pg/d just before ovulation, and 250 pg/d during
the midluteal phase (Table 23-7). After menopause, es-
trogen secretion declines to low levels.

As noted above, the estradiol production rate in

men is about 50 pg/d (184 nmol/d).

Effects on the Female Genitalia

Estrogens facilitate the growth of the ovarian follicles
and increase the motility of the uterine tubes. Their
role in the cyclic changes in the endometrium, cervix,
and vagina is discussed above. They increase uterine
blood flow and have important effects on the smooth
muscle of the uterus. In immature and castrate females,
the uterus is small and the myometrium atrophic and
inactive. Estrogens increase the amount of uterine mus-
cle and its content of contractile proteins. Under the in-
fluence of estrogens, the muscle becomes more active
and excitable, and action potentials in the individual
fibers become more frequent (see Chapter 3). The “es-
togen-dominated” uterus is also more sensitive to oxy-
tocin.

Chronic treatment with estrogens causes the en-
dometrium to hypertrophy. When estrogen therapy is
discontinued, sloughing takes place with withdrawal
bleeding. Some “breakthrough” bleeding may occur
during treatment when estrogens are given for long pe-
riods.

Effects on Endocrine Organs

Estrogens decrease FSH secretion. Under some circum-
stances, they inhibit LH secretion (negative feedback);
in other circumstances, they increase LH secretion
(positive feedback; see below). Women are sometimes

given large doses of estrogens for 4-6 days to prevent

conception after coitus during the fertile period (post-
coital or “morning-after” contraception). However, in
this instance, pregnancy is probably prevented by inter-

ference with implantation of the fertilized ovum rather
than changes in gonadotropin secretion.

Estrogens cause increased secretion of angiotensino-
gen (see Chapter 24) and rhyroid-binding globulin (see
Chapter 18). They exert an important protein anabolic
effect in chickens and cattle, possibly by stimulating the
secretion of androgens from the adrenal, and estrogen
treatment has been used commercially to increase the
weight of domestic animals. They cause epiphysial clo-
sure in humans.

Effects on the CNS

The estrogens are responsible for estrous behavior in
animals, and they increase libido in humans. They ap-
parently exert this action by a direct effect on certain
neurons in the hypothalamus (Figure 23-31). The rela-
tion of estrogens, progesterone, and androgens to sexual
behavior is discussed in Chapter 15. Estrogens increase
the proliferation of dendrites on neurons and the num-
ber of synaptic knobs in rats.

Effects on the Breasts

Estrogens produce duct growth in the breasts and are
largely responsible for breast enlargement at puberty in
gitls; they have been called the growth hormones of the
breast. They are responsible for the pigmentation of the
areolas, although pigmentation usually becomes more
intense during the first pregnancy than it does at pu-
berty. The role of the estrogens in the overall control of
breast growth and lactation is discussed below.

Female Secondary Sex Characteristics
The body changes that develop in girls at puberty—in

addition to enlargement of breasts, uterus, and vagina—
are due in part to estrogens, which are the “feminizing
hormones,” and in part simply to the absence of testic-
ular androgens. Women have narrow shoulders and

Table 23-7. Twenty-four-hour production rates of sex steroids in women at different stages of the
menstrual cycle.

Progesterone (mg)
17-Hydroxyprogesterone (mg)
Dehydroepiandrosterone (mg)
Androstenedione (mg)
Testosterone (ug)

Estrone (ug)

Estradiol (ug)

4.0
4.0
70
47
171.0
350.0
380.0

Modified and reproduced, with permission, from Yen SSC, Jaffe RB, Barbieri RL: Reproductive Endocrinology, 4th ed. Saun-

ders, 1999.
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Figure 23-31. Loci where implantations of estrogen
in the hypothalamus affect-ovarian weight and sexual
behavior in rats, projected on a sagittal section of the
hypothalamus. The implants that stimulate sex behav-
ior are located in the suprachiasmatic area above the
optic chiasm (gray area), whereas ovarian atrophy is
produced by implants in the arcuate nucleus and sur-
rounding ventral hypothalamus (colored area). MB,
mamillary body.

broad hips, thighs that converge, and arms that diverge
{(wide carrying angle). This body configuration, plus
the female distribution of fat in the breasts and but-
tocks, is seen also in castrate males. In women, the lar-
ynx retains its prepubertal proportions and the voice
stays high-pitched. Women have less body hair and
more scalp hair, and the pubic hair generally has a char-
acteristic flat-topped pattern (female escutcheon).
However, growth of pubic and axillary hair in both
sexes is due primarily to androgens rather than estro-
gens.

Other Actions

Normal women retain salt and water and gain weight
just before menstruation. Estrogens cause some degree
of salt and water retention. However, aldosterone secre-
tion is slightly elevated in the luteal phase, and this also
contributes to the premenstrual fluid retention.

Estrogens are said to make sebaccous gland secre-
tions more fluid and thus to counter the effect of testos-
terone and inhibit formation of comedones (“black-
heads”) and acne. The liver palms, spider angiomas,
and slight breast enlargement seen in advanced liver
disease are due to increased circulating estrogens. The
increase appears to be due to decreased hepatic metabo-
lism of androstenedione, making more of this androgen
available for conversion to estrogens.

Estrogens have a significant plasma cholesterol-low-
ering action (see Chapter 17), and they rapidly produce
vasodilation by increasing the local production of NO.
However, it is uncertain whether they prevent heart at-

tacks and strokes. Their action on bone is discussed in

Chapter 21.

Mechanism of Action

There are two principal types of nuclear estrogen recep-
tors: estrogen receptor & (ERar) encoded by a gene on
chromosome 6; and estrogen receptor B (ERf), en-
coded by a gene on chromosome 14. Both are members
of the nuclear receptor superfamily (see Chapter 1).
After binding estrogen, they form homodimers and
bind to DNA, altering its transcription. Some tissues
contain one type or the other, but overlap also occurs,
with some tissues containing both ERal and ERf. ERo.
is found primarily in the uterus, kidneys, liver, and
heart, whereas ERB is found primarily in the ovaries,
prostate, lungs, gastrointestinal tract, hemopoietic sys-
tem, and CNS. They also form heterodimers with ERot
binding to ERB. Male and female mice in which the
gene for ER0L has been knocked out are sterile, develop
OSteOpOIosis, and continue to grow because their epi-
physes do not close. ERB female knockouts are infer-
tile, but ERP male knockouts are fertile even though
they have hyperplastic prostates and loss of fat. Both re-
ceptors exist in isoforms, and like thyroid receptors, can
bind to various activating and stimulating factors. In
some situations ERB can inhibit ERat transcription.
Thus, their actions are complex, multiple, and varied.

Most of the effects of estrogens are genomic, ie, due
to actions on the nucleus, but some are so rapid that it
is difficult to believe they are mediated via production
of mRNAs. These include effects on neuronal discharge
in the brain and, possibly, feedback effects on go-
nadotropin secretion. Evidence is accumulating that
these effects are mediated by cell membrane receptors
that appear to be structurally related to the nuclear re-
ceptors and produce their effects by intracellular mito-
gen-activated protein kinase pathways. Similar rapid ef-
fects of progesterone, testosterone, glucocorticoids,
aldosterone, and 1,25-dihydroxycholecalciferol may
also be produced by membrane receptors.

Synthetic and Environmental Estrogens

The ethinyl derivative of estradiol is a potent estrogen
and—unlike the naturally occurring estrogens—is re-
latively active when given by mouth, because it is re-
sistant to hepatic metabolism. The activity of the
naturally occurring hormones is low when they are ad-
ministered by mouth because the portal venous
drainage of the intestine carries them to the liver, where
they are inactivated before they can reach the general
circulation. Some nonsteroidal substances and a few
compounds found in plants have estrogenic activity.
The plant estrogens are rarely a problem in human nu-
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trition, but they may cause undesirable effects in farm
animals. Dioxins, which are found in the environment
and are produced by a variety of industrial processes,
can activate estrogen response elements on genes. How-
ever, they have been reported to have antiestrogenic as
well as estrogenic effects, and their role, if any, in the
production of human disease remains a matter of dis-
agreemerit and debate.

Because natural estrogens have undesirable as well as
desirable effects (eg, they preserve bone in osteoporosis
but can cause uterine and breast cancer), there has been
an active search for “tailor-made” estrogens that have
selective effects in humans. Two compounds, tamox-
ifen and raloxifene, show promise in this regard. Nei-
ther combats the symptoms of menopause, but both
have the bone-preserving effects of estradiol. In addi-
tion, tamoxifen does not stimulate the breast, and
raloxifene does not stimulate the breast or uterus. The
way the effects of these selective estrogen receptor mod-
ulators (SERMs) are brought about is related to the
complexity of the estrogen receptors (see above) and
hence to differences in the way receptor-ligand com-
plexes they form bind to DNA.

Chemistr’y, Biosynthesis,
& Metabolism of Progesterone

Progesterone’is a Cy, steroid (Figure 23-32) secreted by
the corpus luteum, the placenta, and (in small
amounts) the follicle. It is an important intermediate in
steroid ‘biosynthesis in all tissues that secrete steroid
hormones, and small amounts apparently enter the cir-
culation from the testes and adrenal cortex. About 2%
of the circulating progesterone is free (Table 23-5),
whereas 80% is bound to albumin and 18% is bound
to corticosteroid-binding globulin (see Chapter 20).
Progesterone has a short half-life and is converted in the
liver to pregnanediol, which is conjugated to glucuronic
acid and excreted in the urine.

Secretion

In men, the plasma progesterone level is approximately
0.3 ng/mL (1 nmol/L). In women, the level is approxi-
mately 0.9 ng/mL (3 nmol/L) during the follicular
phase of the menstrual cyde (Figure 23-28). The dif-
ference is due to secretion of small amounts of proges-
terone by cells in the ovarian follicles: theca cells pro-
vide pregnenolone to the granulosa cells, which convert
it to progesterone. Late in the follicular phase, proges-
terone secretion begins to increase. During the luteal
phase, the corpus luteum produces large quantities of
progesterone (Table 23-7) and plasma progesterone is
markedly increased to a peak value of approximately
18 ng/ml. (60 nmol/L).
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Figure 23-32. Biosynthesis of progesterone and
major pathway for its metabolism. Other metabolites
are also formed.

The stimulating effect of LH on progesterone secre-
tion by the corpus [uteum is due to activation of adeny-
Iyl cyclase and involves a subsequent step that is depen-
dent on protein synthesis.

Actions

The principal target organs of progesterone are the
uterus, the breasts, and the brain. Progesterone is re-
sponsible for the progestational changes in the en-
dometrium and the cyclic changes in the cervix and
vagina described above, It has an antiestrogenic effect
on the myometrial cells, decreasing their excitability,
their sensitivity to oxytocin, and their spontaneous elec-
trical activity while increasing their membrane poten-
tial, It also decreases the number of estrogen receptors
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in the endometrium and increases the rate of conver-
sion of 17B-estradiol to less active estrogens.

In the breast, progesterone stimulates the develop-
ment of lobules and alveoli. It induces differentiation of
estrogen-prepared ductal tissue and supports the secre-
tory function of the breast during lactation.

The feedback effects of progesterone are complex
and are exerted at both the hypothalamic and pituitary
levels. Large doses of progesterone inhibit LH secretion
and potentiate the inhibitory effect of estrogens, pre-
venting ovulation.

Progesterone is thermogenic and is probably respon-
sible for the rise in basal body temperature at the time
of ovulation. It stimulates respiration, and the alveolar
Pco, (see Chapter 34) in women during the luteal
phase of the menstrual cycle is lower than that in men.
In pregnancy, the Pco, falls as progesterone secretion
rises. However, the physiologic significance of this res-
piratory response is unknown.

Large doses of progesterone produce natriuresis, prob-
ably by blocking the action of aldosterone on the kidney.
The hormone does not have a significant anabolic effect.

Mechanism Qf Action

The effects of progesterone, like those of other steroids,
are brought about by an action on DNA to initiate syn-
thesis of new mRNA. As noted in Chapter 1, the prog-
esterone receptor is bound to a heat shock protein in
the absence of the steroid, and progesterone binding re-
leases the heat shock protein, exposing the DNA-bind-
ing domain of the receptor. The synthetic steroid
mifepristone (RU 486) binds to the receptor but does
not release the heat shock protein, and it blocks the
binding of progesterone. Since the maintenance of carly
pregnancy depends on the stimulatory effect of proges-
terone on endometrial growth and its inhibition of uter-
ine contractility, mifepristone causes abortion. In some
countries, mifepristone combined with a prostaglandin
is used to produce elective abortions.

There are two isoforms of the progesterone recep-
tor—PR, and PRg—produced by differential process-
ing from a single gene. PR, is a truncated form, but it is
likely that both isoforms mediate unique subsets of
progesterone action,

Substances that mimic the action of progesterone
are sometimes called progestational agents, gestagens,
or progestins. They are used along with synthetic es-
trogens as oral contraceptive agents (see below).

Relaxin

Relaxin is a polypeptide hormone that is produced in
the corpus luteum, uterus, placenta, and mammary
glands in women and in the prostate gland in men.
During pregnancy, it relaxes the pubic symphysis and

other pelvic joints and softens and dilates the uterine
cervix. Thus, it facilitates delivery. It also inhibits uter-
ine contractions and may play a role in the develop-
ment of the mammary glands. In nonpregnant women,
relaxin is found in the corpus luteum and the en-
dometrium during the secretory but not the prolifera-
tive phase of the menstrual cycle. Its function in non-
pregnant women is unknown. In men, it is found in
semen, where it may help maintain sperm motility and
aid in sperm penetration of the ovum.

In most species there is only one relaxin gene, but in
humans there are two genes on chromosome 9 that
code for two structurally different polypeptides which
both have relaxin activity. However, only one of these
genes is active in the ovary and the prostate. The struc-
ture of the polypeptide produced in these two tissues is
shown in Figure 23-33.

CONTROL OF OVARIAN FUNCTION

FSH from the pituitary is responsible for the carly mat-
uration of the ovarian follicles, and FSH and.LH to-
gether are responsible for their final maturation. A
burst of LH secretion (Figure 23-28) is responsible for
ovulation and the initial formation of the corpus lu-
teum. A smaller midcycle burst of FSH secretion also
occurs, the significance of which is uncertain. LH stim-
ulates the secretion of estrogen and progestérone from
the corpus luteum.

Figure 23-33. Structure of human luteal and seminal
refaxin. Note the similarity to the structure of insulin,
IGF-I, and IGF-II (see Figure 22-7). Pca, pyroglutamic
acid. (Modified and reproduced, with permission, from
Winslow JW et al: Human seminal relaxin is a product of
the same gene as human |uteal relaxin. Endocrinology
1992;130:2660. Copyright © 1992 by The Endocrine Soci-
ety.)




Hypothalamic Components

The hypothalamus occupies a key position in the con-
trol of gonadotropin secretion. Hypothalamic conrrol is
exerted by GnRH secreted into the portal hypophysial
vessels (see Chapter 14). GnRH stimulates the secretion
of FSH as well as LH, and it is unlikely that there is an
additional separate FRH.

GnRH is normally secreted in episodic bursts, and
these bursts produce the circhoral peaks of LH secretion.
They are essential for normal secretion of gonadotropins.
If GnRH is administered by constant infusion, the
GnRH receptors in the anterior pituitary down-regulate
(see Chapter 1) and LH secretion declines to zero, How-
ever, if GnRH is administered episodically at a rate of
one pulse per hour, LH secretion is stimulated. This is
true even when endogenous GnRH secretion has been
prevented by a lesion of the ventral hypothalamus.

It is now clear not only that episodic secretion of
GnRH is a general phenomenon but also that fluctua-
tions in the frequency and amplitude of the GnRH
bursts are important in generating the other hormonal
changes that are responsible for the menstrual cycle.
Frequency is increased by estrogens and decreased by
progesterone and testosterone. The frequency increases
late in the follicular phase of the cycle, culminating in
the LH surge. During the secretory phase, the fre-
quency decreases as a result of the action of proges-
terone (Figure 23-34), but when estrogen and proges-
terone secretion decrease at the end of the cycle, the
frequency once again increases.

At the time of the midcycle LH surge, the sensitivity
of the gonadotropes to GnRH is greatly increased be-
cause of their exposure to GnRH pulses of the frequency
that exist at this time. This self-priming effect of GnRH
is important in producing a maximum LH response.

The nature and the exact location of the GnRH
pulse generator in the hypothalamus are still unsettled.
However, it is known in a general way that norepineph-
rine and possibly epinephrine in the hypothalamus in-
crease GnRH pulse frequencies. Conversely, opioid
peptides such as the enkephalins and B-endorphin re-
duce the frequency of GnRH pulses.

The down-regulation of pituitary receptors and the
consequent decrease in LH secretion produced by con-
stantly elevated levels of GnRH has led to the use of
long-acting GnRH analogs to inhibit LH secretion in
precocious puberty and in cancer of the prostate (see

below).

Feedback Effects

Changes in plasma LH, ESH, sex steroids, and inhibin
during the menstrual cycle are shown in Figure 23-28,
and their feedback relations are diagrammed in Figure
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Figure 23-34, Episodic secretion of LH (s) and FSH (d)
during the follicular stage (top) and the luteal stage
(bottom) of the menstrual cycle. The numbers above
each graph indicate the numbers of LH pulses per

12 hours and the plasma estradiol (E)) and proges-
terone (P) concentrations at these two times of the
cycle. (Reproduced, with permission, from Marshall JC
Kelch RO: Gonadotropin-releasing hormone: Role of pul-
satile secretion in the regulation of reproduction. N Engl
JMed 1986;315:1459)

23-35. During the early part of the follicular phase, in-
hibin B is low and FSH is modestly elevated, fostering
follicular growth. LH secretion is held in check by the
negative feedback effect of the tising plasma estrogen
level. At 36-48 hours before ovulation, the estrogen
feedback effect becomes positive, and this initiates the
burst of LH secretion (LH surge) that produces ovula-
tion. Ovulation occurs about 9 hours after the LH
peak. FSH secretion also peaks, despite a small rise in
inhibin, probably because of the strong stimulation of
gonadotropes by GnRH. During the luteal phase, the
secretion of LH and FSH is low because of the elevated
levels of estrogen, progesterone, and inhibin.

It should be emphasized that a moderate, constant
level of circulating estrogen exerts a negative feedback ef-
fect on LH secretion, whereas during the cycle, an ele-
vated estrogen level exerts a positive feedback effect and
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Figure 23-35. Feedback regulation of ovarian func-
tion. The cells of the theca interna provide androgens
to the granulosa cells, and theca cells also produce the
circulating estrogens that inhibit the secretion of GnRH,
LH, and FSH. Inhibin from the granulosa cells inhibits
FSH secretion. LH regulates the thecal cells, whereas
the granulosa cells are regulated by both LH and FSH.
The dashed arrows indicate inhibitory effects and the
solid arrows stimulatory effects. Compare with Figures
18-12, 20-21, 22-10, and 23-22,

stimulates LH secretion. It has been demonstrated that
in monkeys estrogens must also be elevated for a mini-
mum time to produce positive feedback. When circulat-
ing estrogen was increased about 300% for 24 hours,
only negative feedback was seen; but when it was in-
creased about 300% for 36 hours or more, a brief decline
in secretion was followed by a burst of LH secretion that
resembled the midcycle surge. When circulating levels of
progesterone were high, the positive feedback effect of es-
trogen was inhibited. There is evidence that in primates,
both the negative and the positive feedback effects of es-
trogen are exerted in the mediobasal hypothalamus, but
exactly how negative feedback is switched to positive
feedback and then back to negative feedback in the luteal
phase remains unknown.

Control of the Cycle

In an important sense, regression of the corpus luteum
(luteolysis) starting 3-4 days before menses is the key
to the menstrual cycle. PGF,, appears to be a physio-

logic luteolysin, but this prostaglandin is only active
when endothelial cells producing ET-1 (see Chapter
31) are present. Therefore it appears that at least in
some species luteolysis is produced by the combined ac-
tion of PGF,, and ET-1. In some domestic animals,
oxytocin secreted by the corpus luteum appears to exert
a local luteolytic effect, possibly by causing the release
of prostaglandins. Once luteolysis begins, the estrogen
and progesterone levels fall and the secretion of FSH
and LH increases. A new crop of follicles develops, and
then a single dominant follicle matures as a result of the
action of FSH and LH. Near midcydle, estrogen secre-
tion from the follicle rises. This rise augments the re-
sponsiveness of the pituitary to GnRH and triggers a
burst of LH secretion. The resulting ovulation is fol-
lowed by formation of a corpus luteum. Estrogen secre-
tion’ drops, but progesterone and estrogen levels then
rise together, along with inhibin B. The elevated levels
inhibit FSH and LH secretion for a while, but luteolysis
again occurs and a new cycle starts.

Reflex Ovulation

Female cats, rabbits, mink, and some other animals
have long periods of estrus, during which they ovulate
only after copulation. Such reflex ovulation is brought
about by afferent impulses from the genitalia and the
eyes, ears, and nose that converge on the ventral hypo-
thalamus and provoke an ovulation-inducing release of
LH from the pituitary. In species such as rats, monkeys,
and humans, ovulation is a spontaneous periodic phe-
nomenon, but neural mechanisms are also involved.
Ovulation can be delayed 24 hours in rats by adminis-
tering pentobarbital or various other neurally active
drugs 12 hours before the expected time of follicle rup-
ture. In women, menstrual cycles may be markedly in-
fluenced by emotional stimuli.

Contraception

Methods commonly used to prevent conception are
listed in Table 23-8, along with their failure rates. Once
conception has occurred, abortion can be produced by
progesterone antagonists such as mifepristone.
Implantation of foreign bodies in the uterus causes
changes in the duration of the sexual cycle in a number
of mammalian species. In humans, such foreign bodies
do not alter the menstrual cycle, but they act as effec-
tive contraceptive devices. Intrauterine implantation of
pieces of metal or plastic (intrauterine devices, 1UDs)
has been used in programs aimed at controlling popula-
tion growth. Although the mechanism of action of
TUDs is still unsettled, they seem in general to prevent
sperms from fertilizing ova. Those containing copper
appear to exert a spermatocidal effect. IUDs that slowly
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Table 23-8. Relative effectiveness of frequently
used contraceptive methods.

Vasectomy 0.02
Tubal ligation and similar 0.13
procedures
Oral contraceptive
>50 mg estrogen and progestin 0.32
<50 mg estrogen and progestin 0.27
Progestin only 1.2
IUD
Copper 7 15
Loop D 1.3
Diaphragm 1.9
Condom 36
Withdrawal 6.7
Spermicide 11.9
Rhythm 15,5

Data from Vessey M, Lawless M, Yeates D: Efficacy of differ-
ent contraceptive methods. Lancet 1982;1:841. Repro-
duced with permission.

release progesterone or synthetic progestins have the ad-
ditional effect of thickening cervical mucus so that
entry of sperms into the uterus is impeded. IUDs can
cause intrauterine infections, but these usually occur in
the fitst month after insertion and in women exposed
to sexually transmitted discases.

Women undergoing long-term treatment with rela-
tively large doses of estrogen do not ovulate, probably
because they have depressed FSH Jevels and multiple ir-
regular bursts of LH secretion rather than a single mid-
cycle peak. Women treated with similar doses of estro-
gen plus a progestational agent do not ovulate because
the secretion of both gonadotropins is suppressed. In
addition, the progestin makes the cervical mucus thick
and unfavorable to sperm migration, and it may also in-
terfere with implantation. For contraception, an orally
active estrogen such as ethinyl estradiol is often com-
bined with a synthetic progestin such as norethindrone.
The pills are administered for 21 days, then withdrawn
for 5-7 days to permit menstrual flow, and started
again. Like ethinyl estradiol, norethindrone has an
ethinyl group on position 17 of the steroid nucleus, so
it is resistant to hepatic metabolism and consequently is
effective by mouth. In addition to being a progestin, it
is partly metabolized to ethinyl estradiol, and for this
reason it also has estrogenic activity. Small as well as
large doses of estrogen are effective (Table 23-8).
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Implants made up primarily of progestins such as
levonorgestrel are now secing increased use in some
parts of the world. These are inserted under the skin
and can prevent pregnancy for up to 5 years. They
often produce amenorrhea, but otherwise they appear
to be effective and well tolerated.

ABNORMALITIES
OF OVARIAN FUNCTION

Menstrual Abnormalities

Some women who are infertile have anovulatory cy-
cles; they fail to ovulate bur have menstrual periods at
fairly regular intervals. As noted above, anovulatory cy-
cles are the rule for the first 1-2 years after menarche
and again before the menopause. Amenorrhea is the
absence of menstrual periods. If menstrual bleeding has
never occurred, the condition is called primary amen-
orrhea. Some women with primary amenorrhea have
small breasts and other signs of failure to mature sexu-
ally. Cessation of cycles in a woman with previously
normal periods is called secondary amenorrhea. The
commonest cause of secondary amenorrhea is preg-
nancy, and the old clinical maxim thar “secondary
amenorrhea should be considered to be due to preg-
nancy until proved otherwise” has considerable merit.
Other causes of amenorrhea include emotional stimuli
and changes in the environment, hypothalamic dis-
cases, pituitary disorders, primary ovarian disorders,

and various systemic diseases. Evidence suggests that in

some women with hypothalamic amenorrhea, the fre-

quency of GnRH pulses is slowed as a result of excess

opioid activity in the hypothalamus. In encouraging

preliminary studies, the frequency of GnRH pulses has

been increased by administration of the orally active
opioid blocker naltrexone.

The terms hypomenorrhea and menorrhagia refer
to scanty and abnormally profuse flow, respectively,
during regular periods. Metrorrhagia is bleeding from
the uterus between periods, and oligomenorrhea is re-
duced frequency of periods. Dysmenorrhea is painful
menstruation. The severe menstrual cramps that are
common in young women quite often disappear after
the first pregnancy. Most of the symptoms of dysmen-
orthea are due to accumulation of prostaglandins in the
uterus, and symptomatic relief has been obtained by
treatment with inhibitors of prostaglandin synthesis
(see Chapter 17).

Some women develop symptoms such as irritability,
bloating, edema, emotional lability, decreased ability to
concentrate, depression, headache, and constipation
during the last 7-10 days of their menstrual cycles.
These symptoms of the premenstrual syndrome
(PMS) have been attributed to salt and Wwater retention.
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However, it seems unlikely that this or any of the other
hormonal alterations that occur in the late luteal phase
are responsible because the time course and severity of
the symptoms arejnot modified if the luteal phase is ter-
minated early and menstruation produced by adminis-
tration of mifepristone. The antidepressant fluoxetine
(Prozac), which is a serotonin reuptake inhibitor, and
the benzodiazepine alprazolam (Xanax) produce symp-
tomatic relief, and so do GnRH-releasing agonists in
doses that suppress the pituitary—ovarian axis. How
these diverse clinical observations fit together to pro-
duce a picture of the pathophysiology of PMS is still

unknown.

Genetic Defects

A number of single-gene mutations cause reproductive
abnormalities when they occur in women. Examples in-
clude (1) Kallmann’s syndrome, which causes hypogon-
adotropic hypogonadism (see above); (2) GnRH resis-
tance, FSH resistance, and LH resistance, which are
due to defects in the GnRH, FSH, or LH receptors, re-
spectively; and (3) aromatase deficiency, which prevents
the formation of estrogens. These are all caused by loss-
of-function mutations. An interesting gain-of-function
mutation causes the McCune-Albright syndrome, in
which Gsot becomes constitutively active in certain cells
but not others (mosaicism) because a somatic mutation
after initial cell division has occurred in the embryo (see
Chapter 1). It is associated with multiple endocrine ab-
normalities, including precocious puberty and amenor-
thea with galactorrhea,

L -
B PREGNANCY

Fertilization & Implantation

In humans, fertilization of the ovum by the sperm
usually occurs in the ampulla of the uterine tube. Fertil-
ization involves (1) chemoattraction of the sperm to the
ovum by substances produced by the ovum; (2) adher-
ence to the zona pellucida, the membranous structure
surrounding the ovum; (3) penetration of the zona pel-
lucida and the acrosome reaction; and (4) adherence of
the sperm head to the cell membrane of the ovum, with
breakdown of the area of fusion and release of the
sperm nucleus into the cytoplasm of the ovum (Figure
23-36). Millions of sperms are deposited in the vagina
during intercourse. Eventually, 50-100 sperms reach
the ovum, and many of them contact the zona pellu-
cida. Sperms bind to a sperm receptor in the zona, and
this is followed by the acrosomal reaction, ic, the

Nucleus
Acrosome

Zona
pellucida

Figure 23-36. Sequential events in fertilization in
mammals. Sperm are attracted to the ovum, bind to the
zona pellucida, release acrosomal enzymes, penetrate
the zona peilucida, and fuse with the membrane of the
ovum, releasing the sperm nucleus into its cytoplasm.
Current evidence indicates that the side—rather than
the tip—of the sperm head fuses with the egg cell
membrane. (Modified from Vacquier VD: Evolution of ga-
mete recognition proteins. Science 1999;281:1995)

breakdown of the acrosome, the lysosome-like organelle
on the head of the sperm (Figure 23-18). Various en-
zymes are released, including the trypsin-like protease
acrosin. Acrosin facilitates but is not required for the
penetration of the sperm through the zona pellucida.
When one sperm reaches the membrane of the ovum,
fusion to the ovum membrane is mediated by fertilin, a
protein on the surface of the sperm head that resembles
the viral fusion proteins which permit viruses to attack
cells. The fusion provides the signal that initiates devel-
opment. In addition, the fusion sets off a reduction in
the membrane potential of the ovum that prevents
polyspermy, the fertilization of the ovum by more than
one sperm. This transient potential change is followed
by a structural change in the zona pellucida that pro-
vides protection against polyspermy on a more long-
term basis.

The developing embryo, now called a blastocyst,
moves down the tube into the uterus. This journey
takes about 3 days, during which the blastocyst reaches
the 8- or 16-cell stage. Once in contact with the en-
dometrium, the blastocyst becomes surrounded by an
outer layer of syncytiotrophoblast, a multinucleate
mass with no discernible cell boundaries, and an inner
layer of cytotrophoblast made up of individual cells.
The syncytiotrophoblast erodes the endometrium, and
the blastocyst burrows into it (implantation). The im-
plantation site is usually on the dorsal wall of the
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uterus. A placenta then develops, and the trophoblast
remains associated with it.

Failure to Reject the “Fetal Graft”

It should be noted that the fetus and the mother are
two genetically distinct individuals, and the fetus is in
effect a transplant of foreign tissue in the mother. How-
ever, the transplant is tolerated, and the rejection reac-
tion that is characteristically produced when other
foreign tissues are transplanted (see Chapter 27) fails
to occur. The way the “fetal graft” is protected is un-
known. However, one explanation may be that the pla-
cental trophoblast, which separates maternal and fetal
tissues, does not express the polymorphic class I and
class II MHC genes and instead expresses HLA-G, a
nonpolymorphic gene. Therefore, antibodies against
the fetal proteins do not develop. In addition, there is a
Fas ligand on the surface of the placenta, and this
bonds to T cells, causing them to undergo apoptosis
(see Chapter 1).

Infertility

The vexing clinical problem of infertility often requires
extensive investigation before a cause is found. In 30%
of cases the problem is in the man; in 45%, the prob-
lem is in the woman; in 20%, both partners have a
problem; and in 5% no cause can be found. In vitro
fertilization, ie, removing mature ova, fertilizing them
with sperm, and implanting one or more of them in the
uterus at the four-cell stage is of some value in these
cases. It has a 5-10% chance of producing a live birth,

Endocrine Changes

In all mammals, the corpus luteum in the ovary at the
time of fertilization fails to regress and instead enlarges
in response to stimulation by gonadotropic hormones
secreted by the placenta. The placental gonadotropin in
humans is called human chorionic gonadotropin
(hCG). The enlarged corpus lutenm of pregnancy se-
cretes estrogens, progesterone, and relaxin, The relaxin
helps maintain pregnancy by inhibiting myometrial
contractions. In most species, removal of the ovaries at
any time during pregnancy precipitates abortion. In hu-
mans, however, the placenta produces sufficient estro-
gen and progesterone from maternal and fetal precur-
sors to take over the function of the corpus luteum after
the sixth week of pregnancy. Ovariectomy before the
sixth week leads to abortion, but ovariectomy thereafter
has no effect on the pregnancy. The function of the
corpus luteum begins to decline after 8 weeks of preg-
nancy, but it persists throughout pregnancy. hCG se-
cretion decreases after an initial marked rise, but estro-

gen and progesterone secretion increase until just before
parturition (Table 23-9).

hCG

hCG is a glycoprotein that contains galactose and hex-
osamine. It is produced by the syncytiotrophoblast. Like
the pituitary glycoprotein hormones, it is made up of o
and B subunits. hCG-0t is identical to the o subunit of
LH, FSH, and TSH. The molecular weight of hCG-0 is
18,000, and that of hCG- is 28,000. hCG is primarily
luteinizing and luteotropic and has little FSH activity. It
can be measured by radioimmunoassay and detected in
the blood as early as 6 days after conception. Its presence
in the urine in early pregnancy is the basis of the various
laboratory tests for pregnancy, and it can sometimes be
detected in the urine as early as 14 days after concep-
tion. It appears to act on the same receptor as LH. hCG
is not absolutely specific for pregnancy. Small amounts
are secreted by a variety of gastrointestinal and other tu-
mors in both sexes, and hCG has been measured in in-
dividuals with suspected tumors as a “umor marker.” It
also appears that the fetal liver and kidney normally pro-
duce small amounts of hCG.

hCs

The syncytiotrophoblast also secretes large amounts of
a protein hormone that is lactogenic and has a small
amount of growth-stimulating activity. This hormone
has been called chorionic growth hormone-prolactin
(CGP) and human placental lactogen (hPL), but it is
now generally called human chorionic somatomam-
motropin (hCS). The structure of hCS is very similar
to that of human growth hormone (sce Figure 22--3),
and it appears that these two hormones and prolactin
evolved from a common progenitor hormone. Large
quantities of hCS are found in maternal blood, but very
little reaches the fetus. Secretion of growth hormone

Table 23-9. Hormone levels in human maternal
blood during normal pregnancy.

hCG 5mg/mL First trimester
Relaxin 1 ng/mL First trimester
hCs 15 mg/mL Term
Estradiol 16 ng/mL Term
Estriol 14 ng/mL [ Term
Progesterone 190 ng/mL Term
Prolactin 200 ng/mL Term
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from the maternal pituitary is not increased during
pregnancy and may actually be decreased by hCS.
However, hCS l}as most of the actions of growth hor-
mone and apparently functions as a “maternal growth
hormone of pregnancy” to bring about the nitrogen,
potassium, and calcium retention, lipolysis, and de-
creased glucose utilization seen in this state. These lat-
ter two actions divert glucose to the fetus. The amount
of hCS secreted is proportionate to the size of the pla-
centa, which normally weighs about one sixth as much
as the fetus, and low hCS levels are a sigh of placental
insufficiency.

Other Placental Hormones

In addition to hCG, hCS, progesterone, and estrogens,
the placenta secretes other hormones. Human placental
fragments probably produce POMC. In culture, they
release CRH, B-endorphin, 0-MSH, and dynorphin A,
all of which appear to be identical to their hypothala-
mic counterparts. They also secrete GnRH and inhibin,
and since GnRH stimulates and inhibin inhibits hCG
secretion, locally produced GnRH and inhibin may act
in a paracrine fashion to regulate hCG secretion. The
trophoblast cells and amnion cells also secrete leptin
(see Chapter 14), and moderate amounts of this satiety
hormone enter the maternal circulation. Some also en-
ters the amniotic fluid. Its function in pregnancy is un-
known. The placenta also secretes prolactin in a num-
ber of forms.

Finally, the placenta secretes the o subunits of hCG,
and the plasma concentration of free ot subunits rises
throughout pregnancy. These o subunits acquire a car-
bohydrate composition that makes them unable to
combine with B subunits, and their prominence sug-
gests that they have a function of their own. It is inter-
esting in this regard that the secretion of the prolactin
produced by the endometrium also appears to increase
throughout pregnancy, and it may be that the circulat-
ing o subunits stimulate endometrial prolactin secre-
tion,

The cytotrophoblast of the human chorion contains
prorenin (see Chapter 24). A large amounts of prorenin
is also present in amniotic fluid, but its function in this
location is unknown.

Fetoplacental Unit

The fetus and the placenta interact in the formation of
steroid hormones. The placenta synthesizes preg-
nenolone and progesterone from cholesterol. Some of
the progesterone enters the fetal circulation and pro-
vides the substrate for the formation of cortisol and cor-
ticosterone in the fetal adrenal glands (Figure 23-37).
Some of the pregnenolone enters the fetus and, along

Placenta Fetal Adrenal

Figure 23-37. Interactions between the placenta and
the fetal adrenal cortex in the production of steroids.

with pregnenolone synthesized in the fetal liver, is the
substrate for the formation of dehydroepiandrosterone
sulfate (DHEAS) and 16—hydroxydehydroepiandros—
terone sulfate (16-OHDHEAS) in the fetal adrenal.
Some 16-hydroxylation also occurs in the feta] liver.
DHEAS and 16-OHDHEAS are transported back to
the placenta, where DHEAS forms  estradiol and
16-OHDHEAS forms estriol. The principal estrogen
formed is estriol, and since fetal 16-OHDHEAS is the
principal substrate for the estrogens, the urinary estriol
excretion of the mother can be monitored as an index
of the state of the fetus.

Parturition

The duration of pregnancy in humans averages
270 days from fertilization (284 days from the first day
of the menstrual period preceding conception). Irregu-
lar uterine contractions increase in frequency in the last
month of pregnancy.

The difference between the body of the uterus and
the cervix becomes evident at the time of delivery, The
cervix, which is firm in the nonpregnant state and
throughout pregnancy until near the time of delivery,
softens and dilates, while the body of the uterus con-
tracts and expels the fetus.

There is still considerable uncertainty about the
mechanisms responsible for the onset of labor. One fac-
tor is the increase in circulating estrogens produced by
increased circulating DHEAS. This makes the uterus
more excitable, increases the number of gap junctions
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between myometrial cells, and causes production of
more prostaglandins, which in turn cause uterine con-
tractions. In humans, CRH secretion by the fetal hypo-
thalamus increases and is supplemented by increased
placental production of CRH. This increases circulat-
ing ACTH in the fetus, and the resulting increase in
cortisol hastens the maturation of the respiratory sys-
tem. Thus, in a sense, the fetus picks the time to be
born by increasing CRH secretion.

The number of oxytocin receptors in the my-
ometrium and the decidua (the endometrium of preg-
nancy) increases more than 100-fold during pregnancy
and reaches a peak during early labor. Estrogens in-
crease the number of oxytocin receptors, and uterine
distention late in pregnancy may also increase their for-
mation. In early labor, the oxytocin concentration in
maternal plasma is not elevated from the prelabor value
of about 25 pg/mL. It is possible that the marked in.
crease in oxytocin receptors causes the uterus to re-
spond to normal plasma oxytocin concentrations.
However, at least in rats, the amount of oxytocin
mRNA in the uterus increases, reaching a peak at term;
this suggests that locally produced oxytocin also partici-
pates in the process.

Premature onset of labor is a problem because pre-
mature infants have a high mortality rate and often re-
quire intensive, expensive care. Intramuscular 170-hy-
droxyprogesterone  (see Figure 20-8) causes a
significant decrease in the incidence of premature labor.
The mechanism by which it exerts its effect is uncer-
win, but it may be that the steroid provides a stable
level of circulating progesterone. Progesterone relaxes
uterine smooth muscle, inhibits the action of oxytocin
on the muscle, and reduces the formation of gap junc-
tions between the muscle fibers. All these actions would
be expected to inhibit the onset of labor.

Once labor is started, the uterine contractions dilate
the cervix, and this dilation in turn sets up signals in af-
ferent nerves that increase oxytocin secretion (Figure
23-38). The plasma oxytocin level rises, and more oxy-
tocin becomes available to act on the uterus. Thus, a pos-
itive feedback loop is established that aids delivery and
terminates on expulsion of the products of conception.
Oxytocin increases uterine contractions in two ways:
(1) It acts directly on uterine smooth muscle cells to
make them contract] and (2) it stimulates the formation
of prostaglandins in the decidua. The prostaglandins en-
hance the oxytocin-induced contractions,

During labor, spinal reflexes and voluntary contrac-
tions of the abdominal muscles (“bearing down”) also
aid in delivery. However, delivery can occur without
bearing down and without a reflex increase in secretion
of oxytocin from the posterior pituitary gland, since
paraplegic women can go into labor and deliver.

Increase in oxytocin receptors

/

Prostaglandins

'

> Uterine contractions

l

Dilation of cervix and
distention of vagina

l

Stimuli from cervix
and vagina

l

Increased secretion
of oxytocin

Figure 23-38. Role of oxytocin in parturition.

il LACTATION

Development of the Breasts

Many hormones are necessary for full mammary devel-
opment. In general, estrogens are primarily responsible
for proliferation of the mammary ducts and proges-
terone for the development of the lobules. In rats, some
prolactin is also needed for development of the glands
at puberty, but it is not known if prolactin is necessary
in humans. During pregnancy, prolactin levels increase
steadily until term, and levels of estrogens and proges-
terone are elevated as well, producing full lobuloalveo-
lar development.

Secretion & Ejection of Milk

The composition of human and cows’ milk is shown in
Table 23-10. In estrogen- and progesterone-primed ro-
dents, injections of prolactin ‘cause the formation of
milk droplets and their secretion into the ducts, Oxy-
tocin causes contraction of the myoepithelial cells lin-
ing the duct walls, wich consequent ejection of the milk
through the nipple. The reflex release of dxytocin initi-
ated by touching the nipples and areolas (milk ejection
reflex) is discussed in Chapter 14.

The transfer of antibodies to the infant by colostrum
is discussed in Chapter 26.
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Table 23-10. Composition of colostrum and
milk. (Units are weight per deciliter.)

Water, g el
Lactose, g 53 . 5.0
Protein, g - 27 . 33
Casein:lactalbumin e : 31
ratio
Fat, g 29 . 37
Linoleic acid - . 1.6%
of fat
Sodium, mg 92 58
Potassium, mg 55 138
Chloride, mg 17 103
Calcium, mg 31 125
Magnesium, mg 4 12
Phosphorus, mg = 14 1 100
Iron, mg 0.09* 0.152 0.10°
Vit A, ug 89 53 34
Vit D, ug . 003 0.06°
Thiamine, ng 15 16 42
Riboflavin, ng 30 43 157
Nicotinic acid, g 75 172 85
Ascorbic acid, mg 4.4 432 1.6

Reproduced, with permission, from Findlay ALR: Lactation.
Res Reprod (Nov) 1974;6(6).

#Poor source.

Initiation of Lactation After Delivery

The breasts enlarge during pregnancy in response to
high circulating levels of estrogens, progesterone, pro-
lactin, and possibly hCG. Some milk is secreted into
the ducts as early as the fifth month, but the amounts
are small compared with the surge of milk secretion
that follows delivery. In most animals, milk is secreted
within an hour affer delivery, but in women it takes
1-3 days for the milk to “come in.”

After expulsion of the placenta at parturition, the
levels of circulating estrogens and progesterone abruptly
decline. The drop in circulating estrogen initiates lacta-
tion. Prolactin and estrogen synergize in producing
breast growth, bur estrogen antagonizes the milk-pro-
ducing effect of prolactin on the breast. Indeed, in
women who do not wish to nurse their babies, estro-
gens may be administered to stop lactation.

Suckling not only evokes reflex oxytocin release and
milk ejection; it also maintains and augments the secre-
tion of milk because of the stimulation of prolactin se-
cretion produced by suckling (see above).

Effect of Lactation on Menstrual Cycles

Women who do not nurse their infants usually have
their first menstrual period 6 weeks after delivery.
However, women who nurse regularly have amenorrhea
for 25-30 weeks. Nursing stimulates prolactin secre-
tion, and evidence suggests that prolactin inhibits
GnRH secretion, inhibits the action of GnRH on the
pituitary, and antagonizes the action of gonadotropins
on the ovaries. Ovulation s inhibited, and the ovaries
are inactive, so estrogen and progesterone output falls
to low levels. Consequently, only 5-10% of women be.
come pregnant again during the suckling period, and
nursing has long been known to be an important if
only partly effective method of birth control. Further-
more, almost 50% of the cycles in the first G months
after resumption of menses are anovulatory.

Chiari-Frommel Syndrome

An interesting although rare condition is persistence of
lactation (galactorrhea) and amenorrhea in women
who do not nurse afrer delivery. This condition, called
the Chiari-Frommel syndrome, may be associated
with some genital atrophy and is due to persistent pro-
lactin secretion without the secretion of the FSH and
LH necessary to produce maturation of new follicles
and ovulation. A similar pattern of galactorrhea and
amenorrhea with high circulating prolactin levels is
seen in nonpregnant women with chromophobe pitu-
itary tumors and in women in whom the pituitary stalk
has been sectioned in treatment of cancer,

Gynecomastia

Breast development in the male is called gynecomastia.
It may be unilateral but is more commonly bilateral. It
is common, occurring in about 75% of newborns be-
cause of transplacental passage of maternal estrogens. It
also occurs in mild, transient form in 70% of normal
boys at the time of puberty and in many men over the
age of 50. It occurs in androgen resistance. It is a com-
plication of estrogen therapy and is seen in patients
with estrogen-secreting tumors. It is found in a wide va-
riety of seemingly unrelated conditions, including eu-
nuchoidism, hyperthyroidism, and cirthosis of the [iver.
Digitalis can produce it, apparently because cardiac gly-
cosides are weakly estrogenic. It can also be caused by
many other drugs. It has been seen in malnourished
prisoners of war, but only after they were liberated and
eating an adequate diet. A feature common to many
and perhaps all cases of gynecomastia is an increase in
the plasma estrogen:androgen ratio due to either jn-
creased circulating estrogens or decreased circulating
androgens.
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Hormones & Cancer

About 35% of carcinomas of the breast in women of
childbearing age are estrogen-dependent; their contin-
ued growth depends on the presence of estrogens in the
circulation. The tumors are not cured by decreasing es-
trogen secretion, but symptoms are dramatically re-
lieved, and the tumor regresses for months or years
before recurring. Women with estrogen-dependent tu-
mors often have a remission when their ovaries are re-
moved. Inhibition of the action of estrogens with ta-
moxifen also produces remissions, and inhibition of

estrogen formation with drugs that inhibit aromatase
(Figure 23-29) is even more effective.

Some carcinomas of the prostate are androgen-de-
pendent and regress temporarily after the removal of
the testes or treatment with GnRH agonists in doses
that are sufficient to produce down-regulation of the
GnRH receprors on gonadotropes and decrease LH se-
cretion,

The formation of pituitary tumors after removal of
the target endocrine glands controlled by pituitary
tropic hormones is discussed in Chapter 22.
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Introduction

The objective of this article is to provide a number of early historic observations and theories that influenced the development of the
field of Male Reproductive Biology. The use of castration by ancient man to domesticate animals indicate the testis was the first
organ studied in regards to its impact on male reproductive physiology. The differences between males and females also lead to
the first biological theories on why these differences exist. One of the first uses of the microscope was the examination of sperm
and the initial theories developed that impeded the initial theory of fertilization. The basis for sex determination was also one
of the first biological considerations of Aristotle which impacted the biological sciences for over 2000 years. This article will present
a number of historic considerations (Table 1) that were for the most part inaccurate and misleading, but have significantly impacted
the progression of the field of reproductive biology.

Historic Castration (Testis) Considerations

Ancient civilizations used the removal of testis (i.e., castration) to domesticate animals including pigs, cattle, and sheep. The origins
of castration, most likely developed at the time of the emergence of faming (i.e., neolitic period ~ 10,000 BC), either accidentally or
intentionally are unknown but had a significant impact on ancient civilizations (Diamandopoulos et al., 2005). Therefore, this bio-
logical manipulation is the first documented physiological observation on the impacts of a specific organ on the biology of an
organism. The first writings on castration was around 1500 BC by Assyrians in a tablet relating castration as punishment for sexual
crimes. Then, the Greek medical writer Hippocrates in the 5th—4th century BC elaborated on the concept requiring the two parents.
Physical traits on voice and feminization in eunuchs (i.e., human castrations) were documented by Aristotle in the 4th—3rd
centuries BC (Hippocrates, 1915). He commented on the effects of castration in the rooster and man and gave a detailed description

Table 1 Historic considerations impacting male reproduction

Reproductive topic Observation Period

Castration Testis first organ interest Prehistoric/neolitic

Domestication animals

Eunuch characteristics

Theory male provide seed (testis involved) active role and
female provide soil passive role (prevailing theory 2000
years)

Theory environmental factors such as heat (fire) and cold

(water) promotes sex determination for male or female

Assyrian/egyptian/greek societies

Reproduction theory Aristotle (384-322 BC)

Environmental Aristotle (384-322 BC)

sex determination

Spermist
theory/animalculism

Ovism

Female ovary and egg role reproduction

Male reproductive
tract organs anatomy

Genetic sex
determination theory

Male reproduction
endocrine theory

One of the two theory of preformationism for which sperm
head contained preformed offspring (homunculus) and
female provide passive environment for development

The other theory of preformation for which “the embryo is
preformed in the ovum (egg) while the sperm only
provides an aura seminalis,” that is a vital essence

Egg produced in ovary and has active role reproduction
with sperm

Detailed anatomy of male reproductive tract organs and
specialized roles

The role of genetics followed by gonadal followed by
phenotypic sex in mammals

The role of endocrine hormones in male reproduction
integrating the testis, brain and other reproductive
organs

Nicolaas Hartsoeker 1600s

1600s-1700s

William Harvey and Bishop
Niels Stenson 1600s
Vesale 1543s and De Graaf 1600s

Alfred Jost (1940s and 1950s)
Berthold 1879; Alfered Jost

(1940s and 1950s); Mc Cullagh
(1930s and 1940s)

Encyclopedia of Reproduction, 2nd edition, Volume 1

https://doi.org/10.1016/B978-0-12-801238-3.64554-3
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of the genital tract in mammals. Aristotle also developed early theories or speculations on the role of the testis in male biology
(Hippocrates, 1962). Over the next 1000 years debates and theories on the impacts of the testis on male biology developed ranging
from the impact of temperature on the testis to the effects of the testis on the heart, brain, and muscle development (Diamando-
poulos et al.,, 2005). One of the more interesting speculations was the role of a testis derived liquid on the males biology
(Diamandopoulos et al., 2005; Galen, 1964). Although the majority of these theories and speculations were neither accurate or
based on specific observations, Aristotle’s concepts had significant impacts for centuries on our approach and progress of scientific
advances (Table 1).

The use of castrations in ancient societies in humans to create eunuchs was reported in Assyrian, Egyptian, and Greek cultures.
Observations of the physiological impacts of castration were documented in all these societies. This included infertility, brain
behavioral effects, voice changes, weight, and metabolism alterations and more. These observations led to a variety of early theories
and speculations. A prominent link between the testis and the brain was discussed by Aristotle and others throughout history, which
was the first speculations of the brain and gonadal axis today known to be endocrine based. Although these early speculations and
theories were not completely accurate, they laid the foundation for much of the early male reproduction research in the last century.

Reproduction and Sperm Theory

One of the first recorded reproduction theories or speculations was proposed by Aristotle (Table 1). Observations with castration
and role of the testis to create semen Aristotle proposed the male provided the seed having an active role in reproduction and the
female provided the soil having a passive role in reproduction. Although this reproduction theory was based on observations at the
time, this Aristotle concept persisted for nearly 2000 years and impacted the majority of reproductive biology research and society. A
classic example involving one of the first observations following the development of the single lens microscope in the 1600s by
Leewenhock (1678) was made on his own sperm which lead him to describe the presence and vigor of “animalcules,” the name
that he gave to spermatozoa. Under the name of “homunculus” the speculation was made by Hartsoeker (1694) that the
spermatozoon contained the entire preformed human (homunculus)/animal (animalcules) with a number of supporting
microscopic observations (Hartsoeker, 1696). The concept named “animalculism” was that the sperm provided the seed that
contained the preformed animal (Fig. 1) and that the female provided the soil to allow its growth. Therefore, Aristotle’s
reproduction theory was supported.

This preformation sperm theory was debated for the next 100 years. The work of the Reverent Lazzaro Spallanzani (1717, 1780)
lead to the description of the mobility of spermatozoa (the “small worms” as he wrote) and he also provided the first artificial
insemination using a dog (Inza, 1964). Although all of Spallanzani’s work supported the role of the sperm in reproduction, he
believed in ovism and the role of a preformed person in the egg. The very long standing controversy about the role of spermatozoa
in reproduction really ended with Prevost and Dumas in 1824 who rediscovered after Spallanzani the relationship between the male
gamete and reproductive abilities. The named “spermatozoa” was first coined by Van Baer soon after (1827), and it was van Kolliker
in 1841 who introduced the fact that spermatozoa derive from germ cells in the testis.

During the same period, it was William Harvey (1578-1657), who discovered circulation of blood, but he also studied the ovary
anatomy making major observations on the histology of the ovary and anatomy of the female reproductive system. Observations
led Harvey to the proposal that ovulation and the ovary had a critical role in reproduction (Harvey, 1651). Harvey did not discover
the egg as during the same period Bishop Niels Stensen (1638-86) using fish ovaries to discover the egg and later using the mule,
horse and donkey described the role of the egg in reproduction (Volker, 1989). The debate that the female and egg played an active
role in reproduction was contested during the 1600s and 1700s period due in part to the predominant influence of the early
Aristotle concepts. The active role of the female in reproduction slowly became accepted, however, this provides an example of
how early scientific theories can develop into dogma and paradigms that can persist and sometimes impair the progression of
science.

Male Reproductive Tract Organ and Anatomy

Anatomy was one of the first biological fields to develop and was documented by artists and scientists from early Egyptian, Greek,
and Roman periods through the modern era. All those societies had documentation of testis and ovary which suggested their

Fig. 1 Homunculus involving preformed human/animal in the head of the sperm to then allow growth in the female From Hartsoeker, N. Principes
de Physique. Paris, 1696.
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understanding of the link with reproduction. Later artists such as Leonardo Di Vinci (1452-1519) created drawings of reproductive
systems and organs such as the male reproductive tract. This included an anatomical representation of coitum of a hemisected man
and women, and is best known for his analysis of fetal developmental anatomy (O'Malley, 2003). Many artists and scientists docu-
mented the anatomy of many reproductive organs, such as the work of Vesale in 1513, but one of the most influential and infor-
mative scientists was Regneri de Graaf in the 1600s (de Graaf, 1677). The most complete and insightful male and female
reproductive tract anatomy was provided by de Graaf and detailed the specific organs, connections and hypothetical functions.
An example of his detailed drawings of male reproductive tract anatomy is presented in Figs. 2 and 3. In addition to the testis,
rete testis and epididymis, seminal vesical, vas deferens and penis are presented in detail (de Graaf, 1677). The work of early
anatomists such as de Graaf set the ground work for our modern understanding of male reproduction. The development of the
microscope in the late 1600s allowed more detailed anatomy and histology to be performed of male reproductive tract tissues.
This analysis advanced the concepts of the “Cell Theory” which suggested tissues and organs had specific cells that allowed
them to function. One of the first tissues studied was the testis due to its importance for reproduction and having more
understanding than most tissues. Following the understanding sperm was produced within the seminiferous tubules, the first

Fig. 2 Testis and epididymis male reproductive tract anatomy drawing From de Graaf, R. Opera Omnia: Lugd. Batav. Ex Officina Hackiana, 1677.
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Fig. 3 Seminal vesicle and male reproductive tract anatomy drawing From de Graaf, R. Opera Omnia: Lugd. Batav. Ex Officina Hackiana, 1677.

somatic cell identified at this level was the Sertoli cell. Enrico Sertoli was an Italian physician that used the early microscope to
describe the structure and histology of this critical cell type. Sertoli elaborated the crucial concept that Sertoli cells are the “nurse
cells” of germ cells (Anon, 1987). His early diagrams of these cells that now have his name are shown in Fig. 4 (Sertoli, 1865).
The various structures of the Sertoli cell and its role in the development of the seminiferous tubule are described from this 1865
observation (Sertoli, 1865). This is simply the first of many different observations by many scientists to describe specific cell types
in various male reproduction tract organs. Clearly the organ anatomy and cellular histology of the 1600s-1800s help establish the
initial building blocks for current reproduction research.

Early Sex Determination Theory

The origins of males versus females through the process of sex determination was also considered in early societies, but the first
documented theory or speculation was provided by Aristotle (Table 1). The concept was that environment promoted sex
determination and Aristotle suggested heat initiated male development and cold initiated female development (Fig. 4). Although
this does exist in some organisms such as turtles, this is now known not to be a factor in mammals and most organisms. This theory
has persisted even into the modern era. An example is in the 1980s when the prince of England was about to have a child the fact he
had been a helicopter pilot was determined by the popular press to indicate he would have a male child. Therefore, even today the
concept environment can impact sex determination persists from these early Aristotle concepts.

This environmental impact on sex determination persisted until the mid-1900s. The first modern theory of sex determination
was provided by Alfred Jost, University of Paris in the 1940s and 1950s (Jost, 1945, 1970). The development of genetics in the early
1900s led to the identification of sex chromosomes that then through experiments by Jost on early fetal sex determination led to his
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Fig. 4 Aristotle sex determination theory. The relative preponderances of the four elements and their qualities in males and females. The greater
innate heat of the male allows for a greater degree of concoction of the nourishment and hence a more concentrated white semen is formed. From
Sertoli E. (1865). Dell’esistenza di particolari cellule ramificate nei canalicoli seminiferi del testicolo umano. Morgagni 7, 31-40.

theory for sex determination (Table 1). This involved the theory that genetic sex (sex chromosomes) promote gonadal sex (testis or
ovary) that then promotes phenotypic sex (male or female) (Jost, 1945, 1970), Fig. 5. This sex determination theory displaced the
early Aristotle concept of environmental sex determination, but surprisingly Aristotle’s theory was predominant for nearly 2000
years. Another example of how early historic concepts can impede the progression of science by development of strong dogma
or paradigms.

Early Endocrine Observations

The development of early anatomy and cell histology in the 1600s and 1700s established an understanding of the complexities of
male reproduction in a number of different species. The first major advance to the next level was made by Claude Bernard in the
1850s with the advent of the field of physiology. He is considered the father of the field through his insight and experiments that
different organ systems interact to influence their functions. He described the concept of cybernetic systems between organs and
tissues through the internal milieu as the basis of how the organism functions (De La, 1872). Although he did not focus on
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Fig. 5 Jost sex determination theory. Role of genetic sex (sex chromosomes) in promoting gonadal sex (testis or ovary) that promote male or
female phenotypic sex characteristics (Jost, 1945).

reproduction, the concepts and theory initiated the fields of physiology, endocrinology and cell biology. One of the systems he did
consider was the brain-gonadal interaction. Therefore, Bernard set the ground work for reproduction physiology and indirectly led
to the field of endocrinology.

With this in mind and the summary of the main milestones concerning the testis itself, the seminiferous tubules and
spermatozoa (see above) it is interesting to note that the first demonstration of the role of a “gland,” was provided by Berthold
in 1849 when he showed that while castration was followed by regression of the cockscomb, transplantation of the testes to the
castrated cocks restored its size. Very soon afterward Leydig (1850) provided the first microscopic description of the interstitial cells
of the testis which were named the Leydig cells and are now known to produce the hormones named androgens, and Insulin-like
factor 3 the latter being responsible for testicular descent in mammals.

The early 1900s involved a large number of physiology experiments to examine how organ systems influence each other and
identified substances that mediate those interactions. Some of the first hormones identified were shown to be produced by the
gonads and impact a wide variety of tissues (Table 1). This involved the identification of testosterone being produced by the testis
(McCullagh, 1948). In addition, one of the first protein hormones inhibin being produced by the testis and impacting the brain
hypothalamus (McCullagh, 1948). One of the prominent scientists involved was (McCullagh, 1948). This initiated in the following
decades an increasing number of endocrine focused experiments to help understand male reproduction. Another example is related
to the work of Alfred Jost, Fig. 6, who during his work on sex determination identified a testis determining factor that we now know
is a specific gene (SRY), as well as a hormone anti-Miillerian hormone (AMH) which is critical in both male and female fetal sex
determination and in the adult (Jost, 1945, 1970). Over the past 100 years the advances have been far more rapid than in previous
centuries.

Summary

The review of ancient and early history has revealed that early history concepts for science are often not completely accurate, but they
do have an important role in the progression of science. The advantage is that a theory is developed that can be tested through
experiment and during that process new observations can be made to progress science. The disadvantage is that the theory
developed can turn into dogma and a strong paradigm that becomes so ingrained that it can impede the progression of science.
In considering the history and concepts of male reproduction, there have been good examples of both. Although the insight and
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Fig. 6 Sex determination theory. From Jost, A. (1970). Hormonal factors in the sex differentiation of the mammalian foetus. Philosophical
transactions of the Royal Society of London Series B, Biological sciences 259(828), 119-130; Jost, A. (1945). Sur I'action de divers androgenes dans la
differenciation embryonnaire du sexe. Comptes Rendus des Seances de la Societe de Biologie et de Ses Filiales 139, 670-672.

theories of Aristotle were surprising, the development of dogma around these concepts clearly impeded the progression of science in
subsequent centuries. We have displaced many of these concepts, but even today we have our paradigms. The future will need to
assess these paradigms and not resist the paradigm shifts required to advance science.

Considering the male reproduction historic concepts can assist in our understanding of the origins of current science and
theories. Perhaps the biggest value of this historic understanding is to put the current activities in perspective, which will only
help the advances of male reproductive sciences in the future.
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Reproductive Biology Overview

Importance of Reproduction
o Define animal (mineral/vegetable/animal)
o Define area in biology
History Reproduction/Thought
o Testis/Ovary
o Aristotle
o Harvey
o 1930’s Steroids/Inhibin/Cycle
Reproductive Biology Areas
Reproduction Problems/Questions
o Contraception/Society problems

Required Reading

Ganong W., Medical Physiology, (2012) Chapter 23
Skinner MK, Encyclopedia of Reproduction (2018) Volume 1, Chapter 2

REPRODUCTIVE BIOLOGY

- Define animal

- Central to any biological system

¢ Reproduction «——— Propagation of Species

Required
- Survival Species
- Genetic Diversity
- Propagate Numbers

REPRODUCTIVE BIOLOGY

* Oldest medical discipline (obstetrics)/Scientific Area

* Many Species only Reproduce

* Theology- Atheism — Reprod Purpose Life

Historic Considerations Impacting Male Reproduction

Reproductive Topic Observation Period
Castration Testis first organ interest Prehistoric / neolitic
Domestication animals
Eunuch characteristics Assyrian / Egyptian /

Greek societies

Reproduction Theory  Theory male provide seed (testis involved) ~ Aristotle (384 ~ 322 BC)
active role and female provide soil passive
role (prevailing theory 2000 years)

Sex Theory i factors such as heat  Aristotle (384 — 322 BC)
Determination (fire) and cold (water) promotes sex
determination for male or female

Spermist Theory / One of the two theory of preformationism  Nicolaas Hartsoeker
Animalculism for which sperm head contained 16005

preformed offspring (homunculus) and

female provide passive environment for

development

Ovism The other theory of preformation for 16005-1700s
which the embryo is preformed in the
ovum (egg) while the sperm only provides
an aura seminalis”, that is a vital essence

Female Ovary & Egg  Egg produced in ovary and has active role  William Harvey and

Role Reproduction  reproduction with sperm Bishop Niels Stenson
1600s

Male Reproductive  Detailed anatomy of male reproductive  Vesale 1543s and De

Tract Organs Anatomy  tract organs and specialized roles Graaf 1600s

Genetic Sex The role of genetics followed by gonadal  Alfred Jost

Determination Theory  followed by phenotypic sex in mammals (19405 & 1950s)

Male Reproduction  The role of endocrine hormones in male  Berthold 1879
Endocrine Theory reproduction integrating the testis, brain  Alfered Jost
and other reproductive organs (19405 & 19505)
Mc Cullagh

(19305 & 19405)




HISTORY REPRODUCTION:

TESTIS
First organ interest (prehistoric periods)

Castration
¢ Domestication of animals
¢ Greek Mythology
¢ Society (punishment, eunuch, biblical) — every known society
¢ Assyrian Societies (noted)

Link to reproduction noted/importance?

OVARIES

» Egyptians (3000 BC) hicroglyph Y (womb)

Historic Considerations Impacting Male

Reproductive Topic

Castration

Reproduction Theory

Observation

Testis first organ interest
Domestication animals
Eunuch characteristics

Theory male provide seed (testis involved)
active role and female provide soil passive
role (prevailing theory 2000 years)

Sex
Determination

Spermist Theory /
Animalculism

Ovism

Female Ovary & Egg
Role Reproduction

Male Reproductive
Tract Organs Anatomy

Genetic Sex
Determination Theory

Male Reproduction
Endocrine Theory

Theory envi factors such as heat
(fire) and cold (water) promotes sex
determination for male or female

One of the two theory of preformationism
for which sperm head containet
preformed offspring (homunculus) and
female provide passive environment for
development

The other theory of preformation for
which the embryo is preformed in the
ovum (egg) while the sperm only provides
an aura seminalis”, that is a vital essence

Egg produced in ovary and has active role
reproduction with sperm

Detailed anatomy of male reproductive
tract organs and specialized roles

The role of genetics followed by gonadal
followed by phenotypic sex in mammals

The role of endocrine hormones in male
reproduction integrating the testis, brain
and other reproductive organs

Period
Prehistoric / neolitic

Assyrian / Egyptian /
Greek societies

Aristotle (384 - 322 BC)
Aristotle (384 — 322 BC)

Nicolaas Hartsoeker
1600s

16005-1700s

William Harvey and
Bishop Niels Stenson
16005

Vesale 1543s and De
Graaf 1600s

Alfred Jost
(19405 & 19505)

Berthold 1879
Alfered Jost
(19405 & 1950s)
Mc Cullagh
(19305 & 1940s)

ISTOTLE — (384 — 322 BC)

Castration (testis/ovary) — no reproduction
(first recorded ovorectomy procedure)

Reproductive Theory

* Man provide seed (testis involved) active
* Woman provided soil to allow growth (ovary involved) passive

(Man propagate active) 2000 years prevailing theory

Sex Determination Theory (Aristotie, 400 BC)
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Historic Considerations Impacting Male

Reproductive Topic

Castration

Reproduction Theory

Sex

Observation

Testis first organ interest
Domestication animals
Eunuch characteristics

Theory male provide seed (testis involved)
active role and female provide soil passive
ole (prevailing theory 2000 years)

Determination

Spermist Theory /
Animalculism

Ovism

Female Ovary & Egg
Role Reproduction

Male Reproductive
Tract Organs Anatomy

Genetic Sex
Determination Theory

Male Reproduction
Endocrine Theory

Theory factors such as heat
(fire) and cold (water) promotes sex
determination for male or female

One of the two theory of preformationism
for which sperm head contained
preformed offspring (homunculus) and
female provide passive environment for
development

The other theory of preformation for
which the embryo is preformed in the
ovum (egg) while the sperm only provides
an aura seminalis”, that is a vital essence

Egg produced in ovary and has active role
reproduction with sperm

Detailed anatomy of male reproductive
tract organs and specialized roles

The role of genetics followed by gonadal
followed by phenotypic sex in mammals

The role of endocrine hormones in male
reproduction integrating the testis, brain
and other reproductive organs

Period

Prehistoric / neolitic

Assyrian / Egyptian /
Greek societies

Aristotle (384 - 322 BC)

Atistotle (384 - 322 BC)

Nicolaas Hartsoeker
1600s

16005-1700s.

William Harvey and
Bishop Niels Stenson
16005

Vesale 15435 and De
Graaf 16005

Alfred Jost
(19405 & 1950s)

Berthold 1879
Alfered Jost
(19405 & 1950s)
Mc Cullagh
(19305 & 1940s)

Harvey Introduced —
LEEWENHOCK (1678) with crude microscope, 1696 Hartsoeker see in
perm (animal)
Sperm origin
o Aristotle — Brain — Testis
o Testis process from blood
e With microscope — testis origin

Spallanzani (1780)

o Spermatozoa are fertilizing agent and successfully artificially
inseminated a dog

Homunculus (Hartsoeker 1696)

Historic Consi ions Impacting Male
Reproductive Topic Observation Period
Castration Testis first organ interest Prehistoric / neolitic
Domestication animals
Eunuch characteristics Assyrian / Egyptian /

Greek societies

Reproduction Theory  Theory male provide seed (testis involved)  Aristotle (384 — 322 BC)
active role and female provide soil passive
role (prevailing theory 2000 years)

Sex  Theory envi factors such as heat  Aristotle (384 - 322 BC)
Determination (fire) and cold (water) promotes sex
determination for male or female

Spermist Theory / One of the two theory of preformationism  Nicolaas Hartsoeker
Animalculism for which sperm head contained 16005

preformed offspring (homunculus) and

female provide passive environment for

development

Ovism The other theory of preformation for 16005-1700s
which the embryo is preformed in the
ovum (egg) while the sperm only provides
an aura seminalis”, that is a vital essence

Female Ovary &Egg  Egg produced in ovary and has active role  William Harvey and

Role Reproduction  reproduction with sperm Bishop Niels Stenson
16005

Male Reproductive  Detailed anatomy of male reproductive  Vesale 1543s and De

Tract Organs Anatomy  tract organs and specialized roles Graaf 1600s

Genetic Sex The role of genetics followed by gonadal  Alfred Jost

Determination Theory  followed by phenotypic sex in mammals (19405 & 1950s)

Male Reproduction  The role of endocrine hormones in male  Berthold 1879
Endocrine Theory reproduction integrating the testis, brain  Alfered Jost
and other reproductive organs (1940s & 1950s)
Mc Cullagh

(19305 & 19405)




LLIAM HARVEY (1578 — 1657)
¢ Discovered circulation blood
¢ Observed follicle development in ovary
¢ Theory ovary play important role in reproduction so woman active
role not just soil — (major debate of time). Counter Aristotle idea
¢ Did not discover egg

During same time as Harvey —
BISHOP NIELS STENSEN - (1638 — 1686)
¢ First examined fish ovaries — egg
¢ Later examine mule/horse/donkey due to lack eggs in donkey —
no reproduction so proposed egg import reproduction

Historic Considerations Impacting Male Reproduction

Reproductive Topic Observation Period
Castration Testis first organ interest Prehistoric / neolitic
Domestication animals
Eunuch characteristics Assyrian / Egyptian /

Greek societies

Reproduction Theory  Theory male provide seed (testis involved)  Aristotle (384 — 322 BC)
active role and female provide soil passive
role (prevailing theory 2000 years)

Environmental Sex  Theory environmental factors such as heat ~ Aristotle (384 — 322 BC)
Determination (fire) and cold (water) promotes sex
determination for male or female

Spermist Theory / One of the two theory of preformationism  Nicolaas Hartsoeker
Animalculism for which sperm head contained 16005

preformed offspring (homunculus) and

female provide passive environment for

development

Ovism The other theory of preformation for 16005-1700s
which the embryo is preformed in the
ovum (egg) while the sperm only provides
an aura seminalis”, that is a vital essence

Female Ovary & Egg  Egg produced in ovary and has active role  William Harvey and

Role Reproduction reproduction with sperm Bishop Niels Stenson
16005

Male Reproductive Detailed anatomy of male reproductive Vesale 1543s and De

Tract Organs Anatomy  tract organs and specialized roles Graaf 16005

Genetic Sex The role of genetics followed by gonadal  Alfred Jost

Determination Theory  followed by phenotypic sex in mammals (19405 & 1950s)

Male Reproduction  The role of endocrine hormones in male ~ Berthold 1879
Endocrine Theory reproduction integrating the testis, brain  Alfered Jost
and other reproductive organs (19405 & 1950s)
Mc Cullagh

(19305 & 1940s)

DI VINCHI (1452 — 1519 AD)

¢ Example anatomist
* Drawings — ovary recorded

(Anatomy prevalent science)




Testis and Epididymis Anatomy (De Graaf, 1677)

Seminal Vesicle Anatomy (De Graaf, 1677)

Sertoli Cell Structure (E. Sertoli, 1865)




Historic Considerations Impacting Male Reproduction

Reproductive Topic

Observation

Castration

Reproduction Theory

Environmental Sex
Determination

Spermist Theory /
Animalculism

Ovism

Female Ovary & Egg
Role Reproduction

Male Reproductive
Tract Organs Anatomy

Genetic Sex
Determination Theory

Male Reproduction
Endocrine Theory

Testis first organ interest
Domestication animals
Eunuch characteristics

Theory male provide seed (testis involved)
active role and female provide soil passive
role (prevailing theory 2000 years)

Theory environmental factors such as heat
(fire) and cold (water) promotes sex
determination for male or female

One of the two theory of preformationism
for which sperm head contained
preformed offspring (homunculus) and
female provide passive environment for
development

The other theory of preformation for
which the embryo is preformed in the
ovum (egg) while the sperm only provides
an aura seminalis”, that is a vital essence

Egg produced in ovary and has active role
reproduction with sperm

Detailed anatomy of male reproductive
tract organs and specialized roles

The role of genetics followed by gonadal
followed by phenotypic sex in mammals

The role of endocrine hormones in male
reproduction integrating the testis, brain
and other reproductive organs

Period
Prehistoric / neolitic

Assyrian / Egyptian /
Greek societies

Aristotle (384 - 322 BC)

Aristotle (384 - 322 BC)

Nicolaas Hartsoeker
16005

16005-1700s

William Harvey and
Bishop Niels Stenson
16005

Vesale 1543s and De
Graaf 1600s

Alfred Jost
(19405 & 1950s)

Berthold 1879
Alfered Jost
(19405 & 19505)
Mc Cullagh
(19305 & 1940s)

Dumas (1825)

* Proved sperm were the fertility agent

* Steriods discovered - Estrogen/Androgen
* Pituitary/Gonadal axis
¢ Inhibin discovered

Sex Determination Theory (Jost, 1940s)

GENERAL AREAS OF REPRODUCTIVE BIOLOGY

Behavior (fetal, adolescence, puberty, aged)

Sex
Sex determination
Physiology
Anatomy (sexes)
Cell biology
Gametogenesis % Genetics
Molecular biology
Reproductive Physiology
Anatomy
Neuroendocrine

Endocrinology

Sex hormones (steroid etc.)




Cell Biology
Fertilization Molecular Biology/Pharmacology

Implantation

Cell Biuology

Embryogenesis
Genetics
Developmental
Molecular/Cellular

Cell Biology
Anatomy <

Endocrine Regulation
Pregnancy/Fetal Development

Birth/Lactation

GENERAL BIOLOGICAL PROBLEMS/QUESTIONS WHICH CAN UTILIZE
REPRODUCTIVE BIOLOGY

- Fertility/Contraception

- Disease
o Reproductive Medicine
o Immunology

- Cancer
o Breast Cancer
o Prostate Cancer

- Cell Biology
o  Growth Regulation
o Cellular Communication
o Cell Differentiation and Development

- Molecular Biology
o Gene Structure
o Transcriptional Regulation

GENERAL WORLD PROBLEMS WHICH CAN BENEFIT FROM
REPRDOCUTIVE BIOLOGY RESEARCH

+ Sociological & Economic Problems in Underdeveloped
Countries

* World Famine
» Green House Effect

» Conservation Biology




Systems Biology

History and Definitions

Revolutionary and Evolutionary Systems Biology
Reductionism/ Genetic Determination

Holism/ Emergentism/ Homeostasis or Robustness
Networks and Computational Biology

Basic Molecular and Cellular Components

Omics and Technology

Required Reading

Knepper, et al,, (2014) Systems biology versus reductionism in cell physiology. Am ]
Physiol Cell Physiol 307:C308-309

Antony, et al., (2012) From systems biology to systems biomedicine. Curr Opin Biotechnol.

23(4):604-8
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Systems Biology

Definition
History
Theory
Paradigm Shift
Parameters

Systems biology is a comprehensive quantitative analysis of the manner in
which all the components of a biological system interact functionally over
time. Such an analysis is executed by an interdisciplinary team of
investigators that is also capable of developing required technologies and
computational tools. In this model, biology dictates what new technology
and computational tools should be developed, and, once developed, these
tools open new frontiers in biology for exploration. Thus, biology drives
technology and computation, and, in turn, technology and computation
revolutionize biology.

“systems biology is the study of an organism, viewed

as an integrated and interacting network of genes, proteins
and biochemical reactions which give rise to life ”(Hood
2005).

Systems Biology Theory

Evolutionary Systems Biology- Extension of classical biology paradigm with new
technology

Revolutionary Systems Biology- New paradigm shift in biology with altered
perspective on causal relationships and
systems

11



Evolutionary Systems Biology History

Systems biology extension current paradigm and history of biology with new technology

300BC Aristotle, System has 4 properties or causes: Material, Formal, Efficient,Teleological
200AD Galen (Roman Physician), Teleological important role in organism function
1500s Fernel, Systematic approach Anatomy
1600s Harvey, Physiology, Cell Biology, Circulation
1700s Newton, Physics leads to mechanistic determinism to explain systems

La Mettrie, Define Biological Machine (eg Clock)
1800s Bernard, Father physiology and integration biological systems (milieu interieur)
1900s Cannon, Biological equalibrium and homeostatsis

-Discovery DNA/Structure/Genes (Molecular Biology)

-Computational Biology (non-equalibrium thermodynamics and kinetics metabolism)
2000s -Genome Sequence

-Omics Technology

Ecosystem

Populations

Organisms

Organ systems

Organs

Tissues

Cells

Oxganclles

Macromolecules

Evolutionary System Biology Definitions

Extension of traditional biological paradigm
Marc Kirchner 2005

“Systems biology is the study of the behavior of complex biological organization and
processes in terms of the molecular constituents”

Westerhoff and Alberghina 2005

Systems biology is “nothing but good old physiology” or that is “molecular biology claiming
additional money”

Sorger 2005

“System biology aim is to build numerical models of biological processes and test the
models experimentally”

Revolutionary Systems Biology History

Jan Smuts (1870-1950), South Africa, Defined-Holism (Tendency in nature to form wholes
that are greater than the sum of the parts through creative evolution)

Alfred Whitehead (1861-1947), USA, Defined- Organisms (Philosophy of organism to
explain the complexity of natural processes- including biological organisms)

Ludwig von Bertalanffy (1901-1972), Austria, Defined- Disequalibrium (Biological
organisms are open systems, which respond to changes in environment, such that dis
equalibrium is state of living organism and equalibrium is death)

Norbert Wiener (1894-1964), USA, Defined- Cybernetics (Application mathematics to
explain biological mechanisms)

Joseph Woodger (1894-1981), UK, Defined- Bauplan (Bauplan as the essential structural
plan or morphology of an organism body plan, eg vertebrates)

Conrad Waddington (1905-1975), Scotland, Defined- Epigenetics (Discuss later)
Walter Elsasser (1904-1991), Hungarian, Defined- Biotonic (Laws not reducible to physical
or chemical laws)

1980s Theoretical Biology Holism (Elsasser and Laszlo) (Butterfly Effect)
Chaos Theory (Mathematical approach complex systems)

1990s High throughput sequencing and expansion epigenetic area

2000s Sequence genome and transcriptome (Omics technologies)

12



Ecosystem

Populations

Organisms

Organ systems

Organs

Tissues

Cells

Organclles

Macromolecule

The figure again is not complete or e:

Definitions for Systems Biology

Leroy Hood (2005)
“The inter-relationships of all the elements in a system rather than studying them one at a

time”

Methodological Approach-

1)
2
3
4

5

Develop simple descriptive, graphical, or mathematical model of how system functions
Identify and define the various components of the system and their state (eg omics)
Disturb the system with external perturbation and document changes in the components
Integration of the two data sets from step 3 and comparison to model in step 1

Adjust model until harmony or conjunction exists between data and model

Hiroaki Kitano (2002)
Four factors for comprehensive systems biology definition

1
2

3

4

System Structure, organization of components (macromolecules, genes, cells, tissues etc
System Dynamics, interactions between or relationships of the various hierarchical levels
over time

Systems Control Method, regulatory mechanisms involved in the maintenance of the
organizational hierarchy

Systems Design Method, hierarchical organization with specific properties and manipulate

Table 1. Comparison of features for revolutionary and evolutionary systems biology

Revolutionary systems biology Evolutionary systems biology
1. Holism Reductionism

2. Top-down causation Bottom-up causation

3. Epigenetics Genetic determinism

4. Emergentism Mechanism

5. Synergism Synthesis

6. Robustness Homeostasis

7. Nonlincar dynamics Linear stasis

Reductionism

The view that the ultimate scientific understanding of a range of phenomena is to be
gained exclusively from looking at the constituents of these phenomena and their
properties

Ontological Reductionism

That complex phenomena are reducible to or determinable by simpler entities and
forces that compose them (eg genetic determinism) and (bottom-up or upward
causation)

Methodological Reductionism

Reducing wholes to parts and explaining the higher levels in terms of lower ones as the
ultimate direction for all scientific research (eg physics)

Epistemological Reductionism

Reduction of scientific knowledge, whether in terms of theories, laws, or explanations,
from a higher level of organization to that of a lower or more basic one

13



The fall and rise of pharmacology--(re-)defining the discipline?
Winquist RJ, Mullane K, Williams M.
Biochem Pharmacol. 2014 Jan 1;87(1):4-24.

Abstract

Pharmacology is an integrative discipline that originated from activities, now nearly 7000 years old,
to identify therapeutics from natural product sources. Research in the 19th Century that focused on
the Law of Mass Action (LMA) demonstrated that compound effects were dose-/concentration-
dependent eventually leading to the receptor concept, now a century old, that remains the key to
understanding disease causality and drug action. As pharmacology evolved in the 20th Century
through successive biochemical, molecular and genomic eras, the precision in understanding
receptor function at the molecular level increased and while providing important insights, led to an
overtly reductionistic emphasis. This resulted in the generation of data lacking physiological context
that ignored the LMA and was not integrated at the tissue/whole organism level. Ag

became & primary focus in biomedicsl research, it led (o (he fall of phermacology. However,
concerns regarding the disconnect between basic research efforts and the approval of new drugs to
treat 21st Century disease tsunamis, e.g., neurodegeneration, metabolic syndrome, etc. has led to
the reemergence of pharmacology, its rise, often in the semantic guise of systems biology. Against
a background of limited training in pharmacology, this has resulted in issues in experimental
replication with a bioinformatics emphasis that often has a limited relationship to reality. The
integration of newer technologies within a pharmacological context where research is driven by
testable hypotheses rather than technology, together with renewed efforts in teaching
pharmacology, is anticipated to improve the focus and relevance of biomedical research and lead to
novel therapeutics that will contain health care costs.

Neuropharmacology beyond reductionism - A likely prospect.
Margineanu DG.
Biosystems. 2016 Mar;141:1-9.

Abstract

Neuropharmacology had several major past successes, but the last few decades did not witness
any leap forward in the drug treatment of brain disorders. Moreover, current drugs used in
neurology and psychiatry alleviate the symptoms, while hardly curing any cause of disease,
basically because the etiology of most neuro-psychic syndromes is but poorly known. This review
argues that this largely derives from the unbalanced prevalence in neuroscience of the analytic
reductionist approach, focused on the cellular and molecular level, while the understanding of
integrated brain activities remains flimsier. The decline of drug discovery output in the last decades,
quite obvious in neuropharmacology, coincided with the advent of the single target-focused search
of potent ligands selective for a well-defined protein, deemed critical in a given pathology. However,
all the widespread neuro-psychic troubles are multi-mechanistic and polygenic, their complex
etiology making unsuited the single-target drug discovery. An evolving approach, based on systems
biology considers that a disease expresses a disturbance of the network of interactions underlying
organismic functions, rather than alteration of single molecular components. Accordingly, systems
pharmacology seeks to restore a disturbed network via multi-targeted drugs. This review notices
that neuropharmacology in fact relies on drugs which are multi-target, this feature having occurred
just because those drugs were selected by phenotypic screening in vivo, or emerged from
serendipitous clinical observations. The novel systems pharmacology aims, however, to devise ab
initio multi-target drugs that will appropriately act on multiple molecular entities. Though this is a
task much more complex than the single-target strategy, major informatics resources and
computational tools for the systemic approach of drug discovery are already set forth and their
rapid progress forecasts promising outcomes for neuropharmacology.

Holism (Revolutionary Systems Biology)

The living world consists in a reality that can be understood only in its global and
inseparable unity. The whole is fundamental, not any one level. The whole is greater
than the sum of its parts or of its levels.

Ontological Holism
Putting together the parts will not produce the wholes (such as living systems) or
account for their properties and behaviors. Downward causation claims that higher
order entities determine causally the properties or behavior of lower-level entities.

Methodological Holism
That life can only be understood by studying it as a whole. The world is disordered and
it recognized that each hierarchical level requires its own research strategy not
reducible to the methodological strategy below it.

Epistemological Holism
Complex wholes are considered not to be understandable from the mere knowledge of
the behavior of the parts in isolation; only properties of the system as a whole may
offer understanding.

The new holism: P4 systems medicine and the medicalization of health
and life itself.

Vogt H, Hofmann B, Getz L.
Med Health Care Philos. 2016 Jun;19(2):307-23.

Abstract

The emerging concept of systems medicine (or 'P4 medicine'-predictive, preventive, personalized
and participatory) is at the vanguard of the post-genomic movement towards 'precision medicine'. It
is the medical application of systems biology, the biological study of wholes. Of particular interest,
P4 systems medicine is currently promised as a revolutionary new biomedical approach that is
holistic rather than reductionist. This article analyzes its concept of holism, both with regard to
methods and conceptualization of health and disease. Rather than representing a medical holism
associated with basic humanistic ideas, we find a technoscientific holism resulting from altered
technological and theoretical circumstances in biology. We argue that this holism, which is aimed at
disease prevention and health optimization, points towards an expanded form of medicalization,
which we call 'holistic medicalization': Each person's whole life process is defined in biomedical,
technoscientific terms as quantifiable and controllable and underlain a regime of medical control
that is holistic in that it is all-encompassing. It is directed at all levels of functioning, from the
molecular to the social, continual throughout life and aimed at managing the whole continuum from
cure of disease to optimization of health. We argue that this medicalization is a very concrete
materialization of a broader trend in medicine and society, which we call 'the medicalization of
health and life itself'. We explicate this holistic medicalization, discuss potential harms and conclude
by calling for preventive measures aimed at avoiding eventual harmful effects of overmedicalization
in systems medicine (quaternary prevention).
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ing structure and ion of i through a holistic k inii ionist and i
approaches.
Jaspers C, Fraune S, Arnold AE, Miller DJ, Bosch TCG, Voolstra CR; Consortium of Australian Academy of Science Boden Research
Conference Participants.
Zoology (2019) 133:81-87.

Table 1. Comparison of features for revolutionary and evolutionary systems biology

Revolutionary systems biology Evolutionary systems biology
1. Holism Reductionism

2. Top-down causation Bottom-up causation

3. Epigenetics Genetic determinism

4. Emergentism Mechanism

5. Synergism Synthesis

6. Robustness Homeostasis

7. Nonlincar dynamics Linear stasis

Genetic Determinism

The view that genes (genotype) cause traits (phenotype)

Genetic determinism also referred to as- Geneticism, Genetic Essentialism and
Genetic Fatalism

Strong Genetic Determinism- genotype “always” dictates phenotype

Weak Genetic Determinism- genotype “sometimes” dictates phenotype, also
potentials or predispositions

Classical Genetics (Mendel) to Molecular Genetics (DNA) to Molecular Biology

Two applications of network-
based analyses of GWAS. (a)
GWAS analysis computes the
association between a SNP
and case/control, reporting a
P-value for each SNP. (b)
Casual gene identification is
the problem of identifying a
single causal gene (circled in
red) for the phenotype from a
larger locus of candidate
genes that is significantly
associated with the
phenotype. (c) Causal
network identification is the
problem of finding a group of
interacting genes (e.g. a
signaling pathway or protein
complex) containing SNPs
that distinguish cases and
controls.
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Issecting mammalian reproduction with s 1al transcriptomics
Zhang X, Cao Q, Rajachandran S, Grow EJ, Evans M, Chen H.
Hum Reprod Update. 2023 Jun 2. 17. doi: 10.109: 17. Online ahead of print.

After geneticization.
Arribas-Ayllon M.
Soc Sci Med. 2016 Jun;159:132-9.

Abstract

The concept of geneticization belongs to a style of thinking within the social sciences that refers to
wide-ranging processes and consequences of genetic knowledge. Lippman's original use of the
term was political, anticipating the onerous consequences of genetic reductionism and determinism,
while more recent engagements emphasise the productivity and heterogeneity of genetic concepts,
practices and technologies. This paper reconstructs the geneticization concept, tracing it back to
early political critiques of medicine. The argument is made that geneticization belongs to a style of
constructionist thinking that obscures and exaggerates the essentializing effects of genetic
knowledge. Following Hacking's advice, we need a more literal sense of construction in terms of
‘assembly’ to give a clearer account of the relationship between processes and products. Using the
‘assemblage' concept to explore the social ontology of genetics, the paper reviews three areas of
the empirical literature on geneticization - disease classification, clinical practice and biosociality - to
show that a new style of thinking has appeared within the social sciences. In the final assessment,
the conditions that gave rise to geneticization are now obsolete. While it may serve as a useful
ritual of debate, conceptually geneticization offers a limited account of the heterogeneity of socio-
technical change.

Epigenetics

Waddington (1940s) coined term to describe environment-gene interactions that
promote phenotype.

Non-genetic factors in the control of developmental processes and phenotype (? anti-
genetic determinism)

Art Riggs (1996), defined as “mitotically and/or meiotically heritable changes in gene
function that cannot be explained by changes in DNA sequence”

Epigenetics represents for many systems biologists a promise for control of biological
phenomena unfulfilled by genetic determinism (Silverman 2004)
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Epigenetic Mechanisms of
Gene Regulation

Epigenetics

-DNA Methylation

-Histone Modification
Molecular factors/processes around the -Chromatin Structure
DNA that regulate genome activity, -DNA Organization into
independent of DNA sequence, and are Domains (eg Loops)

-Nuclear Compartmentalization

mitotically stable (eg nuclear matrix)

-Noncoding functional RNAs

Table 1. Comparison of features for revolutionary and evolutionary systems biology

Revolutionary systems biology Evolutionary systems biology
1. Holism Reductionism

2. Top-down causation Bottom-up causation

3. Epigenetics Genetic determinism

4. Emergentism Mechanism

5. Synergism Synthesis

6. Robustness Homeostasis

7. Nonlincar dynamics Linear stasis




Mechanism and Emergence

Mechanism-

Glennan 2002- “is a complex system that produces that behavior by the interaction of
a number of parts, where the interactions between parts can be characterized by

direct, invariant, change relating generalizations”

Machamer, Darden, Craver 2000- “are intities and activities organized such that they
are productive of regular changes from start or set-up to finish or termination
conditions” (A to B to C)

Mechanisms are especially open to investigation particularly through experimentation

Emergence. Complex systems display properties, often called “emergent
properties,” that are not demonstrated by their individual parts and cannot
be predicted even with full understanding of the parts alone. For example,
understanding the properties of hydrogen and oxygen does not allow us to
predict the properties of water. Life is an example of an emergent property.
It is not inherent in DNA, RNA, proteins, carbohydrates, or lipids but is a
consequence of their actions and interactions. A comprehensive
understanding of such emergent properties requires systems-level
perspectives and cannot be gleaned from simple reductionist approaches.

“What is the difference between a live cat and a dead
one? One scientific answer is systems biology. A live cat

is the emergent behavior of the system incorporating those
parts.”
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Emergence of biological organization through thermodynamic inversion.
Kompanichenko V.
Front Biosci (Elite Ed). 2014 Jan 1;6:208-24.

lllustration of environmental influences and the effect of perturbations on inner dynamics. In (A), two environments
are shown (rich and minimal media). Plots adapted from (Freilich et al., 2010). In (B), a current state of an internal

Homeostasis vs Robustness

Homeostasis-
Claude Bernard (1800s)- “internal milieu’ s constancy”

Cannon (1939)- “steady states in the body.....a condition that may vary, but is
relatively constant”

Miglani (2006)- “a mechanism for promoting the stability of phenotypic expression of
a genotype when grown over a wide range of environments”

control can be modified by small or large perturbations (thick black arrows) pushing the agent—internal dynamics

within the current boundary of attraction or far from it. NN, neural network. See main text for further details.

Robustness. Biological systems maintain phenotypic stability in the face of
diverse perturbations imposed by the environment, stochastic events, and
genetic variation. Robustness often arises through positive and negative
feedback loops and other forms of control that constrain a gene’ s output.
This feedback insulates the system from fluctuations imposed on it by the
environment. Positive feedback, in general, enhances sensitivity, whereas
negative feedback can dampen noise and reject perturbations. Robustness
is an inherent property of all biological systems and is strongly favored by

evolution.
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Robustness as an organizational principle

Robustness enables the system to maintain its functionalities
against external and internal perturbations. This property has
been widely observed across many species, from the level of
gene transcription to the level of systemic homeostasis.
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Figure 5. Feedforward mechanism or loop.
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Modularity. A further characteristic of complex systems is their
modularity. Multiple useful definitions of a module exist. To an engineer,
a module is a functional unit, a collection of parts that interact together
to perform a distinct function. Such a module would have distinct inputs,
things it is sensitive to, and outputs, things it controls. To a biologist, a
module in a network is a set of nodes that have strong interactions and a
common function. Modularity can contribute to both robustness of the
entire system, by confining damage to separable parts, and to evolution,
by simply rewiring modules. Furthermore, modularity decreases the risk
of failure of the system by preventing the spread of damage in one part of
the network throughout the entire network.
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Table 1. Comparison of features for revolutionary and evolutionary systems biology

Revolutionary systems biology Evolutionary systems biology
1. Holism Reductionism

2. Top-down causation Bottom-up causation

3. Epigenetics Genetic determinism

4. Emergentism Mechanism

5. Synergism Synthesis

6. Robustness Homeostasis

7. Nonlincar dynamics Linear stasis
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Table 1. Comparison of features for revolutionary and evolutionary systems biology Populations F’Opufﬁons
Revolutionary systems biology Evolutionary systems biology Organisms Organisms

1. Holism Reductionism Physiology Physiology

2. Top-down causation

Bottom-up causation

3. Epigenetics

Genetic determinism

3
4. Emergentism

Organ Systems

Organ Systems

Mechanism Organs Organs
5. Synergism Synthesis Tissues Tissues
6. Robustness Homeostasis Colls s
7. Nonlincar dynamics Linear stasis
Organelles Organelles
Macromolecules Macromolecules
DNA DNA
Evolutionary Systems Biology ~ Revolutionary Systems Biology Evolutionary Systems Biology Systems Biology Revolutionary Systems Biology
Ecosystem Ecosystem Ecosystem Ecosystem Ecosystem
Linear Stasis Populations Populations : Linear Stasis Populations Populations Populations Nonlinear
Nonlinear
Organisms Organisms Organisms Organisms Organisms
H i Robustness Robustness
lomeostasis Physiology Physiology Homeostasis Physiology Physiology Physiology
Organ Systems Organ Systems ) Organ Systems Organ Systems Organ Systems Synergism
Synergism T T l ‘1’
Mechanism :
Organs Organs Mechanism Organs Organs Organs
Emergence
Tissues Tissues Emergence Tissues Tisstes Tissues
Genetic Determinism : -
Cells Cells Genetic Determinism Cells Cells Cells N
" " Epigenetics
Epigenetics
Organelles Organelles Organelles Organelles Organelles
Reductionism Holism R i oni 1‘ 1‘ l, l, :
eductionism Holism
Macromolecules Macromolecules Macromolecules Macromolecules ~ Macromolecules
DNA DNA DNA DNA DNA




Top-down models in biology: explanation and control of complex living systems
above the molecular level.

Pezzulo G, Levin M.

J R Soc Interface. 2016 Nov;13(124).

Systems Biology

History and Definitions

Revolutionary and Evolutionary Systems Biology
Reductionism/ Genetic Determination

Holism/ Emergentism/ Homeostasis or Robustness
Networks and Computational Biology

Basic Molecular and Cellular Components

Omics and Technology

Required Reading

Knepper, et al,, (2014) Systems biology versus reductionism in cell physiology. Am ]
Physiol Cell Physiol 307:C308-309

Antony, et al., (2012) From systems biology to systems biomedicine. Curr Opin Biotechnol.
23(4):604-8

Actual
Ecosystem Ecosystem Ecosystem
Linear Stasis Populations Populations Populations Nonlinear
Organisms Organisms Organisms
Robustness
Homeostasis Physiology Physiology Physiology
Organ Systems Organ Systems Organ Systems Synergism
Mechanism Organs Organs Organs
Emergence
Tissues Tissues Tissues
Genetic Determinism
Cells Cells Cells . "
Epigenetics
Organelles Organelles Organelles
Reductionism Holism
Macromolecules Macromolecules Macromolecules
DNA DNA DNA
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(d) Process mocel (e) Dynamical model (U] Quantitative results
'

0-X ay =g (const) dx/dt = to—KxT 5

X=0 ag = Ky - [X] dyfdt = fyr—Kyy 2 Y

0=Y :  ay=f(X) #0) = §

Y 0 ag =Ky [Y] v(0) = 1o é

Figure 1.2 Typical abstraction steps in
mathematical modeling. () Excherichia col
bacteria produce thousands of different proteins
If 3 specific protein type is fluorescently labeled,
cells glow under the microscope according to the
concentration of this enzyme (Courtesy of

M. Elowitz). (b) In a simplified mental model,
we assume that cells contain two enzymes of

Time
the production of protein Y. (d) All individual
processes to be considered are listed together
with their rates o (occurrence per time). The
mathematical expressions for the rates are
based on a simphfied picture of the actual
chemical processes. (e) The list of processes
can be translated into different sorts of
in this case, deterministic

for the protein concentrations
By solving the model equations,

ns do not agree
data, it indicates that the model is wrong or
egraded (black arrows). | 100 much simplified. In both cases, it has to be
assume that proteins of type X can increase  refined.

experimenta’

Computational Biology

* Mathematical modeling
* Data set analysis to develop models

Computational Models
Model Scope (mathematical elements)
Model Statement (equations)
System State (dynamic, snapshot)
Variables, Parameters and Constants
Model Behavior (environmental and internal processes)
Model Assignment (biology described mathematical)

Data Integration (omics data)
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136
Model Classification

For modeling, processes are classified with respect to a set of criteria.

* A structural or qualitative model (e.g., a network graph) specifies the interactions
among model elements. A quantitative model assigns values to the elements and to
their interactions, which may or may not change.

* In a deterministic model, the system evolution through all following states can be
predicted from the knowledge of the current state. Stochastic descriptions give
instead a probability distribution for the successive states.

* The nature of values that time, state, or space may assume distinguishes a
discrete model (where values are taken from a discrete set) from a continuous
model (where values belong to a continuum).

* Reversible processes can proceed in a forward and backward direction, Irreversibil-
ity means that only one direction is possible.

o Periodicity indicates that the system assumes a series of states in the time interval
{t. t + At} and again in the time interval {t + iAt, t+ (i + 1)At} fori=12,....

Transition State
Activated complex

Free Energy

Substrate A_Cf : 1

Product

Reaction coordinate

Figure 2.1 Change of free energy along the course of a reaction.
The substrate and the product are situated in local minima of the
free energy; the active complex is assigned to the local maximum.
The enzyme may change the reaction path and thereby lower the
barrier of free energy.

Michaelis—Menten Kinetics

Vinax e e e e e .
; Hange of Table 22 Dificrent approaches for the Inearization of Mickacks-Mentes enzyme kinesics
g v “zero order kinetics” e e ]
.5 —max = Range of Tsboemet ecesnon Vel et
S 2 “intermediary order kinetics” New sarizbies z Ss
g 3
o | s Al 3
——+—— Range of “first order kinetics v
| - L~
i Geapbical repessersarion v,_\‘ Sope <XV ‘\\Q =K
|

K Substrate concentration S 3

Figure 2.2 Dependence of reaction rate v on substrate —_ S S
concentration S in Michaelis-Menten kinetics. V,,., denotes the
maximal reaction rate that can be reached for large substrate
concentration. K,,, is the substrate concentration that leads to half-
maximal reaction rate. For low substrate concentration, v
increases almost linearly with S, while for high substrate
concentrations v is almost independent of S.
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Figure 2.3 General scheme of inhibition in Michaelis—-Menten
kinetics. Reactions 1 and 2 belong to the standard scheme of
Michaelis-Menten kinetics. Competitive inhibition is given, if in
addition reaction 3 (and not reactions 4, 5, or 6) occurs.
Uncompetitive inhibition involves reactions 1, 2, and 4, and
noncompetitive inhibition comprises reactions 1, 2, 3, 4, and 5.
Occurrence of reaction 6 indicates partial inhibition.

Table 23 Types of imbibiion for eveversiie and reversible VichasksMenten kinetics”
Name emclerrentaion Equation - esewersible Eguation - reversiie case Charscteristics
case

Synthetic biology and regulatory networks: where metabolic systems
biology meets control engineering.

He F, Murabito E, Westerhoff HV.

J R Soc Interface. 2016 Apr;13(117).

An unbranched metabolic pathway under hierarchical regulation. (a) The first enzyme is regulated through both transcriptional
repression and allosteric activity inhibition by the end product. Enzymes in other steps might also be regulated through gene
expression (in dashed arrows), but this is not explicitly considered here. TF denotes transcription factor. (b) The hierarchical supply—
demand representation of the pathway (a). The lower part represents the classical metabolic supply—demand system, in which only
the metabolic regulation (in this case allosteric inhibition) is considered. The letter X' denotes the penultimate product xn, still in
pathway. The supply is catalysed by enzyme Es (i.e. e1 here or enzymes stemming from an entire operon). (c) lllustration of the
steady-state properties of a supply—demand system in terms of changes in the flux, intermediate concentration and elasticity
coefficients.
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Figure 3.3 Dynamic behavior of the upper
glycolysis model (Figure 3.2 and Eq. (3.1)). Initial
conditions at ¢ = 0: Glucose(0) = Gluc-6P(0) =
Fruc-6P(0) = Fruc-1,6P;(0) == 0 and ATP(0) =
ADP(0) = 0.5 (arbitrary units). Parameters:

Ky=0.25,ky =1, ks =1,ky=1,ke=1,ks =1, ke =1, versusconcentration of ATP withvarying time); all

and k; = 2.5. The steady-state concentrations are
Glucose™ = 0.357, Gluc-6P™ = 0.714, Fruc-6P™ =

0.964, Fruc-1,6P;*' =0.2, and ATP*" = 0.7, and
ADP* =0.25. The steady-state fluxes are
h=)a=J3=)s=Js=025Js=05,and);- 0.75.
(a) Time-course plots (concentration versus
time), (b) phase-plane plot (concentrations

curves start at ATP=0.5 for t=0.
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Figure 3.4 Flux and concentration control coeﬂicienl-s (or‘ the
glycolysis model in Figure 3.2 with the parameters given in ll'l\e
legend of Figure 3.3. Values of the coefficients are und»saleld in
gray-scale: gray means zero control, white or light gray mdl:‘ales
positive control, dark gray or black negative control, respectively.
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Figure 3.5 Full glycolysis models. (a) Main reactions and
metabolites, (b) network of reactions connected by common
boll (<) network of boll by common

reactions,

4.1
Data for Small Metabolic and Signaling Systems

Summary

The mathematical equations that are used to develop kinetic models of biochemical
systems are so complex that, except for the most simple cases, it is impossible to
solve them analytically. Therefore, ical simulations are required to predict
how concentrations develop over time and when and if the system will reach a steady
state. But ical il ions need ical data to assign specific values to a
large number of molecule properties. Among these properties are Michaelis-Menten
constants, Ky, and maximal velocities, Vi, (for enzymes), but also biological
half-lives, binding constants, molecule concentrations, and diffusion rates, In the
early days of mathematical modeling, it was very difficult to obtain enough data of
sufficient quality to make reliable model predictions. In such a situation, only
qualitative models can be constructed that investigate the question if a certain
behavior is at all possible or not. Although such a model provides valuable
information about a system of biochemical reactions, most models today aim to
be quantitative. This means that the model should agree well with measured
concentrations and also predictions regarding changes of molecule concentrations
are given as specific numbers instead of a qualitative up or down statement. To
develop quantitative models, it is therefore essential to obtain a large number of
reliable data for the model parameters. One source are specialized databases, which
will be discussed in this section. But the process of filling these databases is currently
very time-consuming, since most kinetic data have to be extracted by hand from the
existing literature. Recently developed experimental techniques aim to improve
the situation by enabling researchers to measure large numbers of kinetic data with
high accuracy. Some of these techniques will be described at the end of chapter 4.1.

4.2
Parameter Estimation

‘ Summary

‘ Parameters in a model can be determined by fitting the model to experimental data.
| In the method of least squares, a common approach in parameter estimation, the
sum of squared residuals between model predictions and data is minimized, For data
with additive standard Gaussian errors, this method is equivalent to maximum
likelihood estimation. The variability of p estimates due to noisy and
insufficient data can be d by repeating the estimation with pled data
("bootstrapping”) and the quality of model predictions can be tested by cross-
lidation. In Bayesian p imation, p sets are scored by how well
| they agree with both available data and with certain prior assumptions, which are
expressed by probability distributions of the p s. The p imati
often leads to minimization problems, which can be solved with a variety of local or

global optimization algorithms. Local optimizers are relatively fast, but they may get
lated I

stuck in suboptimal local optima. Global optimizers like si g oj
g

genetic algorithms can evade local minima, but they may be numerically demandin,

29



Parameter Estimations

e Regression (minimum of the function)

* Estimators (distance measure)

*  Maximum likelihood estimation (Gaussian noise)

* Identifiability (landscape in parameter space)

* Bootstrapping (sampling and noisy data)

* Cross Validation (model fitting and prediction)

* Baysian Parameter Estimation (parameter not fixed, random variables)
* Local and Global Optimization

* Genetic Algorithms (simulations)

(Mathematica / Matlab / Systems Biology Markup Language, SBML)

(a)
X,y

|
A (true but

; 0y unknown}

True data x o
Noisy anificial data y

A.. oC

1 >
‘¢t

Figure 4.2 Linear regression leads to an
optimization problem. (a) Artificial data points
(#m: ym) (grey) are created by adding Gaussian
noise to data points (black) from a model x

(£) =6:(t) + 0, (straight line). Each possible line
is characterized by two parameters, the slope 6,
and the offset 8,. The aim in linear regression is
to reconstruct the unknown true parameters
from noisy data (in this case, the artificial data
set y). (b) The distance between a possible line

(four lines A, B, C, and D are shown) and the data
points can be measured by the sum of squared
residuals (SSR). The residuals are shown for line
D (red dashed lines). (c) Each of the lines A, B, C,
and D corresponds to a point (0, 8,) in
parameter space. The SSR as a function R(6)
forms a landscape in parameter space
(schematically shown by shades of pink, dark
pink indicates small SSR). Line D minimizes the
SSR value.

Patterning with activator-inhibitor systems. (A) Local activation and lateral
inhibition generates spatially heterogeneous patterns. (B) Interactions between
black and yellow pigment cells produce Turing patterns in zebrafish skin. Mutual
inhibition between them functions as self-activation for the yellow cells. Each
yellow cell activates distant black cells. Therefore, inhibition of the yellow cell by
the black cell works as a lateral inhibition. (C) Different modeling approaches to
spontaneous pattern formation.

Patterning with signaling gradients. (A) Schematic of early fruit fly embryo showing the maternal gradient of Bicoid
protein at cycle 13 that directs the formation of precise target gene domains such as hunchback and knirps. (B)
Proposed gene regulatory network showing cross-regulation of target genes (9). The four genes are also under
control of Bicoid and other players. t, time.
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Parameter Estimations

Regression (minimum of the function)

Estimators (distance measure)

Maximum likelihood estimation (Gaussian noise)

Identifiability (landscape in parameter space)

Bootstrapping (sampling and noisy data)

Cross Validation (model fitting and prediction)

Baysian Parameter Estimation (parameter not fixed, random variables)
Local and Global Optimization

Genetic Algorithms (simulations)

(Mathematica / Matlab / Systems Biology Markup Language, SBML)
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Figure 4.4 The bootstrapping method. (a) Hypothetical data
sets are created by resampling data values from the original
data set. Each resampled data set yields a parameter estimate 6.
(b) The distribution of the parameter estimates, obtained
from the bootstrap samples, approximates the true distribution
of the estimator 6. A good approximation requires a large
original data set.

Parameter Estimations

Regression (minimum of the function)

Estimators (distance measure)

Maximum likelihood estimation (Gaussian noise)

Identifiability (landscape in parameter space)

Bootstrapping (sampling and noisy data)

Cross Validation (model fitting and prediction)

Baysian Parameter Estimation (parameter not fixed, random variables)
Local and Global Optimization

Genetic Algorithms (simulations)

(Mathematica / Matlab / Systems Biology Markup Language, SBML)

(b)
p(o)

Figure4.6 Bayesian parameter estimation. (a) In
Bayesian estimation, the parameters 8 and the
data y follow a joint probability distribution with
density p(y, 0). The marginal probability density
p(6) of the parameters is called the prior (blue),
while the conditional density p(6]y) given a

<certain data set is called the posterior (magenta)

(b) The posterior (magenta) is more narrow than

x(6)

amae d
0 o
the prior (blue), which reflects the information
gained by considering the data. (c) Prior,
likelihood and posterior. In a model, the data y
are given by a mean prediction x(8) (black line)
plus Gaussian noise. An observed value y gives
rise to a likelihood function L(Bly) = p(y10) in
parameter space. The posterior is proportional
to the product of prior and likelihood function.
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Parameter Estimations

e Regression (minimum of the function)

* Estimators (distance measure)

e Maximum likelihood estimation (Gaussian noise)

* Identifiability (landscape in parameter space)

* Bootstrapping (sampling and noisy data)

* Cross Validation (model fitting and prediction)

* Baysian Parameter Estimation (parameter not fixed, random variables)
* Local and Global Optimization

* Genetic Algorithms (simulations)

(Mathematica / Matlab / Systems Biology Markup Language, SBML)

Machine Learning Modeling

* Large data set with manipulations

* Test data set with known outcomes parameters (learning data set)
¢ Mathematical Algorithm development from training set

« Refine Algorithm development with large data set

*  Final Algorithm should be correct with training set and reveal new biology insight

i i iag for the inistic reaction rate
The diagrams are constructed using XPPAUT for equations (1)—(13) and the parameter values given in Results. Numbers of
reporter protein molecules produced are plotted against the natural logarithm of the external signal In(kia/kis), in the a)
autoregulated and b) constitutive cases, showing a bistable and graded response respectively. Bold lines denote stable solutions
and dashed lines denote unstable solutions. doi:10.1371/journal.pcbi.1002396.9003

Methods of information theory and algorithmic complexity for network
biology.

Zenil H, Kiani NA, Tegnér J.

Semin Cell Dev Biol. 2016 Mar;51:32-43.

Abstract

We survey and introduce concepts and tools located at the intersection of information
theory and network biology. We show that Shannon's information entropy,
compressibility and algorithmic complexity quantify different local and global aspects of
synthetic and biological data. We show examples such as the emergence of giant
components in Erdds-Rényi random graphs, and the recovery of topological properties
from numerical kinetic properties simulating gene expression data. We provide exact
theoretical calculations, numerical approximations and error estimations of entropy,
algorithmic probability and Kolmogorov complexity for different types of graphs,
characterizing their variant and invariant properties. We introduce formal definitions of
complexity for both labeled and unlabeled graphs and prove that the Kolmogorov
complexity of a labeled graph is a good approximation of its unlabeled Kolmogorov
complexity and thus a robust definition of graph complexity.
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Summary

43
Reduction and Coupling of Models

The aim in model reduction is to simplify complex models, i.e., to capture their key
dynamical properties with fewer equations and parameters. This facilitates under-
standing, numerical and analytical calculations, and model fitting. A reduced model
has to emulate the behavior of relevant variables under relevant conditions and on
the relevant time scale. To reduce a model, elements can be omitted, lumped, or
replaced by effective descriptions, and global model behavior can be approximated
by global modes or simplified black-box models. Important simplifying concepts
like quasi-equilibrium or quasi-steady state can be justified by a distinction between
fast and slow processes. Once models for parts of the cell have been established,
they may be combined to form move complex models, which may show new
emergent behavior.

(@) Oomit  (b)

v
o
(d) Lump (e)
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v
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Figure 4.8 Simplifications in biochemical
models. The scheme shows a branched pathway
of metabolites (circles) and reactions (arrows).
(a) Omitting substances or reactions.
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different compartments, Likewise, subsequent

reactions in a pathway or elementary steps in a
reaction can be replaced by a single reaction of
the same velocity; for parallel reactions, like the
action of| the velocities are summed

fluxes or relations between them. (c) Simplifying
the mathematical expressions (e.g., omitting
terms in a kinetic law, using simplified kinetic
laws [21], neglecting insensitive parameters
[22]). (d) Lumping the substances, for instance,

similar metabolites, protonation states of a
boli bol

up; for the two directions of a reaction, the
velocities are subtracted. (e) Replacing the
model parts by a dynamic black-box model that
mimics the input-output behavior [23]. (f)
Describing the dynamic behavior by global
modes (e.g., elementary flux modes or

des of the Jacobian).
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Time t, a.u. Time f a.u.

Figure 4.15 Fit of the example models. (a) Artificial data
(aconcentration time series, black dots) were generated by adding
Gaussian noise to results of the true model (dashed line). Solid
curves show simulations from model A (red) and B (blue) with
fixed p (b) After estimating the s of models
A and B, a better fit is obtained.

Table 4.3 Calculation of selection criteria for the running example.”

o large o small

Model A Model B Model A Model B
n 3 2 -
k 9 9
% 6 4
2% el 4.67 233
klog n 659 439
Weighted SSR 498 613 499 19.81
AlC 10.98 10.13 1099 2381
AlCc 9.64 8.46 9.66 22.14
BIC 1157 1052 11.58 2420

“For each of the criteria (weighted sum of squared residuals (SSR), Akaike information criteria (AIC_
and AICc), and Schwarz criterion (BIC), the more favorable values are shown in red.
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Parameter Estimations

e Regression (minimum of the function)

* Estimators (distance measure)

e Maximum likelihood estimation (Gaussian noise)

* Identifiability (landscape in parameter space)

* Bootstrapping (sampling and noisy data)

* Cross Validation (model fitting and prediction)

* Baysian Parameter Estimation (parameter not fixed, random variables)
* Local and Global Optimization

* Genetic Algorithms (simulations)

(Mathematica / Matlab / Systems Biology Markup Language, SBML)

Translational Bioinformatics for Human
Future Reproductive Medicine.

Liu K, Zhang Y, Martin C, Ma X, Shen B.

Int J Mol Sci. 2022 Dec 20;24(1):4.

pi

Biology

Opportunities and Challenges for a

* Modules

* Nodes

* Clusters

* Interactomes

Networks
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Structure of Biochemical Networks

Summary

The structure of complex biochemical systems - e.g., metabolism or transcriptional
regulation —can be represented by networks. Nodes typically correspond to molecule
types or genes, while edges represent, for instance, molecular interactions, causal
nfluences, or correlations in high-throughput data. To detect significant structures
that deserve further explanation, networks can be compared to random graphs with
defined statistical properties. Various characteristic structures have been found in
biological networks, including scale-free degree distributions, small average path
engths, modules and clustering, as well as network motifs.

(@) . (b)

Figure 8.1 Biological networks. (3) Network of Curve colors express the nature of relation

protein-protein interactions in yeast. From  (red: inhibition, blue: activation, green:
Jeong et al. [4]. (b) Regulatory interactions dual regulation), and the traces around the
between E. coli genes. Genes shown as colored  circle indicate autoregulation. Courtesy of
segments associated with the structural S. Oniz, L. Rico, and A. Valencia.

description of the gene’s main function

Randomized network
Real netwoek (Erdos - Renyi)
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(a) A network of 750 nodes was generated by means of the PS model, with target
average node degree 2m = 10, scaling exponent y =2.75 and network temperature T =0.
The network is embedded to the hyperbolic plane H2 An external file that holds a picture,
illustration, etc. Object name is srep30108-m31.jpg with LaBNE to reveal the angular
position of the nodes in the hyperbolic circle containing the network. (b) Finally, the
radial coordinates of the nodes are assigned, so that they resemble the rank of each
node according to its degree. By the colour of the nodes, which highlights their angular
coordinates, one can note that the embedding by LaBNE is rotated by some degrees
with respect to the actual node angular coordinates obtained with the PS model. This
does not impact the hyperbolic, distance-dependent connection probabilities, because
distances are invariant under rotations. Edges in the raw embedding by LaBNE are not
shown for clarity.

Input: A, the N x N adjacency matrix representing network G = (V, E)
Output: Y .2, the hyperbolic coordinates for the set of nodes V

Compute the average node degree of the network 2m
Determine the network’s scaling exponent ~
Be—1/(v—1)

_ L~ In(N)(1 )'))

R« 2 In(N) — 2 In|2=

am(l - j3)

Compute the degree matrix D

L—D-A
Embed G to HZ via Lv;., , 2= A, Dvy, with k=2
Since the smallest eigenvalue is 0, Y., = [y, = V,, Y, = V3]

Sort nodes decreasingly by degree and label them i={1, 2, ..., N}

Assign each node with radial coordinates r(i) =23 In(i) + 2(1 — 3) In(N)
0« arctan(y,/y,)

Finally, Y .2 < [r, 6]

Note that to embed a network G to H2, the truncated spectral decomposition of L is used.
This gives the closest approximation to the eigen-decomposition by a matrix Ak+1 of
rank A .1 and ensures that the computational complexity of LaBNE is O(N2).

Efficient embedding of complex networks to hyperbolic space via their
Laplacian.

Alanis-Lobato G, Mier P, Andrade-Navarro MA.

Sci Rep. 2016 Jul 22;6:30108.
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Summary Points

Feedback is an essential part of molecular networks. It allows the cell to adjust the
repertoire of functional proteins to current needs.

A FL is primarily characterized by its sign: negative feedback for maintaining
homeostasis, positive feedback for obtaining ultrasensitivity or multiple stable

states  of the cellular composition.

Negative feedback can cause oscillations if signal propagation around the FL is
sufficiently slow. High Hill coefficients, additional positive FLs, or saturated
degradation facilitates oscillations in a negative FL.

Positive feedback can come from strong self-activation of a gene, from mutual
repression between proteins, or by autocatalytic processes. In all cases one can
obtain bistability if reactions involve some sort of cooperativity.

Metabolism of small molecules is characterized by a separation of scales. Typically,
the intracellular pool of available small molecules is much smaller than the total
amount of small molecules consumed during one cell generation.

Combinations of FLs in small-molecule uptake and metabolism can result in new
behavioral features that are significantly different from a simple sum of the
behaviors of single loops.

(a) Simple system (b) Complex system

Perturbation Perturbation

(%] %] (0]
! (it
(0] (@] (0]

l l !

Response Response

Figure 6. Response of a simple system (a) and complex system (b) to perturbation.
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Network Motifs

Summary

Signal transduction pathways and transcription networks process biochemical
signals, which are coded in the concentrations, modifications, and localization of
molecules. Regulatory networks contain characteristic motifs, which may reveal small
subsystems with typical dynamic behavior and specific regulatory functions. The
adapation motif, for instance, translates jumps of its input signal into a transient
response, but in steady-state situations, its response is completely independent of
the magnitude of the input. Other typical motifs comprise negative feedback loops,
which speed up response times and contribute to stability, but also to oscillations,
and the feed-forward loops, which can act as filters, sign-sensitive delays, or pulse
generators,

39



carbon Lkzaton camosic stess.
DOR

sttcnary phase ONA metabolsm DOR g and
DOR superzaide DOR

Transcription network in bacteria

©  transcription fackee (TF) Y QebeTE

1= ooR)

O shgfe input module (SN neganve reguissen
A cobecent feediorward bocp Sual regaton
& Incoherent feedtorward loop O mubingut motue
©  single cpercn

(a) g (C) Feed- d (d) Regulator
loop chain

SluQ

Mem1
Swis
(b) Multi-component ‘> i
loop Swid $
S ) o
Rox1 Yapé e D/ \
Wi, 7 Sgat Peit

Figure 8.7 Network motifs in the transcription network of the
yeast S. cerevisiae. Gene names refer to specific examples in the
network. Redrawn from Lee et al. [19].
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Figure8.15 Epistatic effects reflect the shared functions of genes.
Circles show the abundance of epistatic interactions between
genes belonging to functional groups (rows and columns). Circle
radii represent numbers of epistatic interactions. Aggravating and
buffering interactions are shown as red and green pie slices,

respectively. From Segre et al. [66).

Network Application Examples
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i (a) Gene regulatory
iant network for Drosophila
ey gap genes, showing
relationship between
input genes (Bcd, Cad,
Hb, TIl) and output genes
(Kni,Hb,Kr,Gt). (After
figure 1 of Papatsenko
and Levine (2011)). (b)
Concentration of Gap

e Pesteor genes along the anterior
posterior axis of the
embryo. Model was fitted
to this data. Hb,

hunchback; Gt, giant; Kr,
Kruppel; Kni, Knirps.

The (r)evolution of gene regulatory networks controlling Arabidopsis plant
reproduction: a two-decade history.

A schematic of the network perturbations of one neural degenerative network over the 20 weeks of
the progression of this disease in a mouse model. The red nodes indicate mRNAs that have
become disease perturbed as compared with the brain transcripts of normal mice. The spreading of
the disease-perturbed networks at the three different times points is striking — indicating the
progressive disease perturbation of this neurodegenerative network.

Systems biology and gene networks in neurodevelopmental and
neurodegenerative disorders.

Parikshak NN, Gandal MJ, Geschwind DH.
Nat Rev Genet. 2015 Aug;16(8):441-58.
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I MECHANISM OF ACTION

Use of comparative genomics approaches to characterize interspecies
differences in response to environmental chemicals:
challenges, opportunities, and research needs.
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in vitro 0000

Interspecies comparisons and human relevance — a modified parallelogram approach for integrating in vivo, in vitro, and
computational approaches in interspecies extrapolation of toxicity perturbation. The parallelogram approach proposed by Nesnow
(2004) and referred to by the National Research Council ( National Research Council, 2006) is modified here by the incorporation of
computational comparative genomics approaches. Using rat and human as examples: 1) a rat network perturbation model is
developed based on in vivo data; 2) the rat and human networks are computationally compared; 3) differences and similarities found
by the interspecies network comparison are tested via human in vitro assays (e.g., primary human cell lines); 4) quantified in vitro
perturbations are mapped back to the compared networks; and, 5) human in vivo outcomes are inferred. In addition, rat in vivo
assays, driven by network-based hypotheses or otherwise (as represented by the white arrows), can inform the rat network model
and the compared network model.
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Tablel.  Summary of the datasets used in systems blology based drug design paradigm and the nature of the hypothesis that can be:
inferred from these analyses.
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Colin Macilwain
Systems Biology: Evolving into the Mainstream
Cell Volume 144, Issue 6 2011 839 - 841
http://dx.doi.org/10.1016/j.cell.2011.02.044

y biology: perspectives on i ing in on endocrine-related cancers.
Clarke R, Tyson JJ, Tan M, Baumann WT, Jin L, Xuan J, Wang Y.
Endocr Relat Cancer (2019) 26(6):R345-R368
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Colin Macilwain
Systems Biology: Evolving into the Mainstream
Cell Volume 144, Issue 6 2011 839 - 841
http://dx.doi.org/10.1016/.cell.2011.02.044

Systems Biology Components and Technology

¢ Components
— DNA, Expression (Transcriptome), Protein, Cellular, Organ, Physiology, Organism
— Differentiation, Development, Phenotype, Evolution

* Technology

— Genomics, Transcriptomics, Proteomics
— Interactome, Signaling, Metabolism

*  Omics
— Computational Biology, Data Processing
— Data Resources
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The human being as a dynamic
network of networks. In systems
medicine the human organism is
envisioned as a system of systems or
network of networks. At every scale of
biological organization (molecular,
cellular, organ, individual and
social/lenvironmental) systems are
portrayed as giving rise to and
embedding each other. At all levels the
network of networks is seen as a
dynamic or four-dimensional process
(as opposed to a static thing)
(Copyright: The Institute for Systems
Biology, used with permission)
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Figure 10.8 Schematic illustration of an animal cell with its major organelles.
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Omics Technology
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Genomics

Tiling array

A high-density microarray that contains
evenly spaced, or ‘tiled’, sets of probes that
span the genome or chromosome, and can be
used in many experimental applications such
as transcriptome characterization, gene
discovery, alternative-splicing analysis, ChlIP-
chip, DNA-methylation analysis, DNA-
polymorphism analysis, comparative genome
analysis and genome resequencing.
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Complete strategy for TFBSs focused ChIP-Seq and RNA-Seq data analysis.

Transcriptome
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cDNA array platform  oligonucleotide platform

TEH ’J" ™ oligonucieotides
in situ synthesis
)
¢ expression ratio
expression ratio ‘e (chip 1 vs. chip 2)

(Cy3 vs. Cy5)

Figure 5.1 Scheme of DNA array analysis samples are shown in the lower part. In the
using ¢cDNAs (left) and oligonucleotides center of the figure, the strategy for case-control
(right, here Affymetrix technology) as probes.  studies is shown using a two-color approach
Probe design and construction of the array is  (left panel) and a single-color approach

shown in the upper part of the figure and the  (right panel). Array images were taken from [69)
different preparation steps of the target and from hitp:/ fwww.affymetrix.com
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5.2
Analysis of Gene Expression Data

| Summary

The analysis of genome-wide gene expression data involves basic concepts
from multivariate statistics. Most applications belong to two groups: the first group
consists of case-control studies comparing a certain transcriptome state of the
biological system (e.g., disease state, perturbed state) to the control situation;
the second group of applications consist of multiple case studies involving different
states (e.g., drug response time series, groups of patients, etc.). The analysis of
case-control studies involves testing of statistical hypotheses. Here, expression
changes are observed that deviate from a predefined hypothesis and this deviation
is judged for significance. The basic methods for multicase studies are clustering and
classification. Here, groups of coexpressed genes serve to identify functionally |
related groups of genes or experiments. These types of analysis result in the |
identification of marker genes and their related interactions, which are the basis
for further network studies.

Figure 5.5 Influence of similarity measure on
clustering. Two dendrograms of a subgroup
of genes using the microarray expression
data of Ross et al. [70] were generated using
hierarchical clustering with Euclidean distance
(3) and Pearson correlation (b) as paiewise

simidarity measure. Although all other
parameters are kept constant, results show
differences in both gene and cancer cell ine
groupings. Clustering was performed with the
J-Express Pro software package (Molmine,
Bergen Nomway).
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6.3
Dynamic Models of Gene Regulation

In order to comprehend the functioning of organisms at the molecular level, we wish
to know which genes are expressed, to what level, where, and when. A network of
interactions between DNA, mRNA, proteins, and other molecules realizes the
regulation of gene expression. This network comprises many components. Accord-
ing to the central dogma of molecular biology formulated by Francis Crick [71], there
is a forward flow of information from gene to mRNA to protein. Moreover, positive
and negative feedback loops and information exchange with signaling pathways and
energy metabolism ensure the appropriate regulation of expression according to the
current state of the cell and the environment.

Modeling of gene expression is used here as an example to apply different
modeling techniques. The dynamics and the regulatory patterns of gene expression
will be mathematically described with various graphs, Boolean networks, Bayesian
networks, ordinary and partial differential equation systems, stochastic processes,

and with rule-based formalisms.

Summary
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V={abcd} Plx,)
E={(aas)(acst).bcr) Pxs)
(cb-)(c.d-)(d.b+)} Pxclxg ).
Plxgxc).

a(t+1) = a(l)

b(t+1) = (not ¢(t)) and d(f)
c(t+1) = a(t) and b(f)
d(t+1) = not c(t)

Figure 6.9 Gene regulatory network with four genes and mutual regulation.
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Role of early e nutrition in regulallng Sexual devel opmenl n bulls
C J Byrne, K Keogh, D A Kenny
Animal. 2023 May:17 Suppl 1:100802.

Weight (kg)

Proteome

Mass spectrometry
An analysis technique that identifies

biochemical molecules (such as
proteins, metabolites or fatty acids) on
the basis of their mass and charge.

56



Tandem mass spectrometry
This combines two mass
spectrometers: one (MS1) for
the detection and selection

of precursor ions, which is
followed by a second (MS2)
for the analysis of fragment
ion spectra generated from
selected precursor ions

after collision-induced
fragmentation. The information
from the fragment ion spectra
is used for peptide
identification.
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Protein Interactome
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Metabolome
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Fig. 13 An example of plots describing the relationship between area under ROC curve and p-
values for various metabolites. These plots are applicable when comparing univariate
biomarkers or multiple model predictions. The more effective biomarkers approach the top left
hand corner of the plot (i.e., low p-value and high AuROC). Kindly reprinted from a study related
to heart failure203 with permission from Springer.

Databases
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Databases Sources

* National Center for Bioinformatics NCBI
* European Bioinformatics Institute

« EMBL

e Ensembl

* Interpro

* Protein databank

* Bionumbers

* Gene Ontology

* Pathway- KEGG

* Consensus Path DB

Data mining

An analytical discipline that is
focused on finding unsuspected
relationships and summarizing often
large observational data sets in new
ways that are both understandable
and useful to the data owner.

In silico prediction

A general term that refers to a
computational prediction that usually
results from the analysis of a

mathematical or computational model.
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Omics Data Integration
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Omics data integration
The simultaneous analysis of high-
throughput genome-scale data that is

aimed at developing models of biological

systems to assess their properties and
behavior.
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Single cell sequencing approaches for complex biological systems.
Baslan T, Hicks J.

Curr Opin Genet Dev. 2014 Jun;26:59-65.

Single-cell RNA-sequencing of retrieved human oocytes and eggs in clinical practice and for human
ovarian cell atlasing.

Machlin JH, Shikanov A.

Mol Reprod Dev. 2022 Dec;89(12):597-607.
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Evolutionary Systems Biology Systems Biology Revolutionary Systems Biology
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