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Thirty-eight years ago, | was walking along a corridor at Yale and encountered Bob Glass
coming toward me. He stopped and said, “Nate (Nathan Kase) and | are writing a book.
Areyou interested in joining us?’ “You bet!” | said, and ayear later, thefirst edition of our
book appeared, typed by me on a Royal portable typewriter, 273 pages long, $17 in price.
Not too long ago, | was talking with one of my colleagues and mentioned that | had just
looked at the first edition of our book, and it looked to me like a grade school primer. My
colleague looked mein the eye and said, “That’'swhy | liked it!”

Many years and several editions later, | was standing on a New York City corner, waiting
to cross the street. Without warning, athought struck me like a thunderbolt. It froze me on
that corner, and when the light changed, everyone crossed without me. The thought was:
What an enormous obligation it isto not let anything written in our book lead to improper
care of apatient. | had to get it right!

How did | get here? My grandparents, father, and my uncle were Macedonian mountain
peasantsin the northern limit of Greece. Oneday in 1911, my grandfather just walked away
and disappeared. For the next 10 years, the village helped my grandmother take care of her
two boys. Then one day in 1921, a hand-delivered telegram from my grandfather came for
my grandmother, saying: “I’m in Sofia, Bulgaria. Come and join me.” He had been in the
U.S. for those 10 years, working on railroad construction.

He neglected to send any money. My grandmother and her two sons walked 200 miles to
Bulgaria. It wasn't as difficult as it sounds because they walked for 2 months from village
to village, and the villagers gave them food and a place to sleep. They found my grandfa-
ther in a hotel, with thousands of dollars saved from hiswork in America. The plan was to
purchase a farm, but somehow they were cheated out of half their money, with nothing to
show for it. My father, now age 18, said, “If you can make that much money in America,
let'sgo.”

They came through Ellis Island to Ohio, where a close family friend had arranged a job
for my grandfather in the steel factory in Lorain. With the last of their money, they bought
a 24-acre farm. My early years were spent on that farm, speaking Macedonian, and little
English.

By now, you arewondering, “ What isthe point of thisstory?’ The point isthat if you would
have told me when | was a boy how my life would turn out, | never would have believed
you. If you had told me that someday | would be writing a Preface in the Eighth Edition
of alarge, medical book, | would have been incredulous. Because of my early life, | never
take anything for granted. | am deeply appreciative for al that has happened throughout
my career, especialy this book.

For many years and through multiple editions in eleven languages, this book has opened
doors and made friends for me and my family in numerous countries. | am thankful for an
experience that has always been heart-warming and uplifting.

Now it is time to pass the torch. Marc Fritz came to Oregon in 1981 for his fellowship in
reproductive endocrinology. Early on, | asked Marc to write a review on the regulation of
the menstrual cycle. Finished with the task, he carefully put the manuscript in my office
mailbox on a Friday afternoon when | wasn't around, anticipating a critical destruction
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of hiswork. He didn’t have long to wait. | called him that Sunday afternoon, but with a
message he was not expecting. | congratulated him on hiswork, telling him how impressed
| was with his ability to articulate the science in a clear and conceptual fashion. Some of
those sentences are still in Chapter 6.

This book may be the only remaining medical book of its size to be single-authored, area-
son why thewriting styleis consistent from beginning to end. The writing style of thisbook
has always been amagjor factor in its success, a style that avoided medical jargon and never
feared to make relevant clinical conclusions and recommendations based on up-to-date
medical knowledge. Marc Fritz and | have been good friends since 1981, and his writings
taught me that he matched me in acompulsion to get it right and his effortsto be clinically
relevant. For these reasons, Marc was an obvious and natural choice to become the senior
author of this book.

Now | am a professor emeritus, riding my tractor, playing softball, fly-fishing, and still
writing. My best wishes to all for good health and a happy, rewarding life.

Leon Speroff
Portland, Oregon

Twenty-nine years ago, my fellowship training in Reproductive Endocrinology with Leon
Speroff began. | wasLeon’sfirst fellow, arriving in Portland, Oregonin 1981, eager, excited,
and determined. The next 2 years, in many ways, shaped al of those that have followed.

Leon’s story about the first manuscript | wrote asafellow is quite true. When first assigned
the task, | was again eager, excited, and determined, but also uncertain. | spent countless
hours searching the stacks and copying articles at the medical library, organizing and syn-
opsizing the literature on 4 x 6 index cards, and typing the paper on an Underwood portable
typewriter at the kitchen table. | had done my best with the assignment, but was not at all
sure it would be good enough. As it turned out, that review on the menstrual cycle, pub-
lished asaModern Trends article in Fertility and Serility in 1982, became the foundation
for alifelong friendship.

During my residency, this book (then in its second edition, with 433 total pages) was a
constant companion. | read and re-read it from cover to cover, and found in its pages my
passion, career path, and my teacher. Had | been told then that someday | would be writing
a preface for the Eighth Edition of this book, | would have been incredulous. In the years
that followed my training in Oregon, | became just as familiar with each subsequent edi-
tion. To me, reading the book was very much like having a conversation with Leon, or like
listening to him lecture; always clear, logical, and practical, with a personal touch.

When Leon invited me to co-author the Seventh Edition of this book, | experienced many
of the same emotions | had when preparing that first manuscript as a fellow; it was only
natural. It was ajoy to work closely together again in preparing the previous edition, and
this one. | am truly honored to become the senior author of this book, and to be entrusted
with its future. | understand the responsibility and am truly grateful for the opportunity.
Understandably, Leon views it as passing the torch. Understandably, | view it as closing a
perfect circle.

Marc A. Fritz
Chapel Hill, North Carolina

P.S. The cover colors of the Eighth Edition are those of Tulane University. The symbol on
the cover is the Macedonian Star, from the days of Philip of Macedon and Alexander the
Great.
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Molecular Biology for Clinicians

GCAGCCGTATTTCTACTGCGACGAGGAG
GAGAACTTFRITZCTCTACCAGCAGCAG
AGCGAGCTSPEROFFAGCCCCGGCGCC
CAGGGATATCTGGAAGAAATTCGAGCT
CTGCCGCCCTGTCCCTAGCTGCGACGAG

I he above DNA sequence is obviously a mutant. But the fact that we can recognize
this cryptogram as a nucleotide sequence and diagnose a mutant change illustrates
the incredible progress made in the understanding of human biology. Molecular biology
is the subspecialty of science devoted to understanding the structure and function of the
genome, the full complement of DNA (deoxyribonucleic acid), the macromolecule that
contains al the hereditary information.

The Austrian monk Gregor Mendel studied his garden of peas for much of his life at his
monastery and was the first to express the principles of heredity in the 1860s. He described
dominant and recessive traits and the “laws’ of transmission governing the homozygous
and heterozygous inheritance of these traits. Mendel’s theories remained unknown until
1900, when they were discovered. Unfortunately, Mendel died 16 years before recognition
of hiswork. But how far we have comein only 150 years, mostly in the last 50 years!

The pairing and splitting of chromosomes at cell division was proposed in 1903, but it was
not until 1946 that Edward Tatum and Joshua L ederberg at Yale University demonstrated in
bacteriathat DNA carried hereditary information. James Watson and Francis Crick, working
at the Cavendish Laboratoriesin Cambridge, proposed in 1953 the structure of DNA by cre-
ating amodel based on the parameters provided by Maurice Wilkins and Rosalind Franklin
obtained with x-ray crystallography. Crick, Watson, and Wilkins received the Nobel Prize
in 1962; Franklin died in 1958, and the Nobel Prize is not awarded posthumously.

DNA replication involves many enzyme systems. DNA polymerase was isolated in
1958, and ribonucleic acid (RNA) polymerase in 1960. In 1978, Werner Arber, Hamilton
Smith, and Daniel Nathans received the Nobel Prize for their discovery, in the 1960s, of
the enzymes for joining or cutting DNA. The use of ligase and restriction endonuclease
enzymes permitted the production of recombinant DNA molecules, first accomplished by
Paul Berg at Stanford University in 1972,

E.M. Southern of Edinburgh University developed in 1975 the technique to transfer
(to blot) DNA from agarose gels onto nitrocellulose filters, enabling DNA fragments to

3
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be joined with radiolabeled RNA probes and thus isolated. The cloning of genes or DNA
fragments followed the breakthrough discovery that plasmids carrying foreign DNA mol-
ecules could be inserted into bacteria, leading to the replication of the foreign DNA.

The genomeisthe complete set of DNA inan organism. A geneisacontiguousregion of DNA
that can encode a protein product and contains within its area regulatory sequences that regu-
late its expression. The study of the functions and interactions of all the genesin the genome
required anew designation, “genomics,” coined in 1987 with ajournal of that name.

We have entered the age of molecular biology. It won't be long before endocrine problems
will beexplained, diagnosed, and treated at the molecular level . Soon thetraditional hormone
assays will be amedical practice of the past. The power of molecular biology will touch us
all, and the many contributions of molecular biology will be perceived throughout this book.
But unfortunately, molecular biology has its own language, alanguage that is almost unin-
telligible to the uninitiated. We offer this chapter as a guide to molecular medicine.

To beginaclinical book with a chapter on molecular biology and a chapter on biochemistry
only serves to emphasize that competent clinical judgment is founded on a groundwork
of basic knowledge. On the other hand, clinical practice does not require a technical and
sophisticated proficiency in abasic science. The purpose of these first two chapters, there-
fore, is not to present an intensive course in a basic science, but rather to review the most
important principles and information necessary for the development of the physiological
and clinical conceptsto follow. It isfurther intended that certain details, which we all have
difficulty remembering, will be available in these chapters for reference.

The Chromosomes

We are eukaryotes, organisms with cells having atrue nucleus bounded by a nuclear mem-
brane, with multiplication by mitosis. Bacteria are prokaryotes, organisms without a true
nucleus, with reproduction by cell division. With the exception of DNA within mitochon-
dria, all of our DNA is packaged in a nucleus surrounded by a nuclear membrane. Mito-
chondria are believed to be descendants of primitive bacteria engulfed by our ancestors,
and they still contain someimportant genes. Because ovaarerich in mitochondria, diseases
due to mitochondrial genes (for example, Leber’s optic neuropathy) are transmitted by the
mother. The mitochondriain sperm are eliminated during fertilization.

Chromosomes are packages of genetic material, consisting of a DNA molecule (which
contains many genes) to which are attached large numbers of proteins that maintain
chromosome structure and play a role in gene expression. Human somatic cells contain
46 chromosomes, 22 pairs of autosomes, and one pair of sex chromosomes. All somatic
cells are diploid—23 pairs of chromosomes. Only gametes are haploid, with 22 autosome
chromosomes and one sex chromosome. The chromosomes vary in size, ranging from
50 millionto 250 million base pairs. Chromosome 1 containsthe most genes (2,968), and the
Y chromosome has the smallest number (231). All contain a pinched portion called a cen-
tromere, which divides the chromosome into two arms, the shorter p arm and the longer
g arm. The two members of any pair of autosomes are homol ogous, one homol ogue derived
from each parent. The number of chromosomes does not indicate the level of evolutionary
sophistication and complexity; the dog has 78 chromosomes and the carp has 104!

A single geneis a unit of DNA within a chromosome that can be activated to transcribe a
specific RNA. The location of a gene on a particular chromosome is designated its locus.
Because there are 22 pairs of autosomes, most genes exist in pairs. The pairs are homozy-
gous when similar and heterozygous when dissimilar. Only 2% of the human genome
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consists of genesthat encode protein synthesis. In 1952, Alfred Hershey and Martha Chase
confirmed that DNA isthe source of genetic transmission. Their report is famously known
as the blender experiment, in which labeled DNA in bacteriophages infected bacteria and
blender agitation separated the phage particles, demonstrating that the radioactive tracer
was present only in the bacterial cells.

The usua human karyotype is an arrangement of the chromosomes into pairs, usually after
proteolytic treatment and Giemsastaining to produce characteristic banding patterns, allow-
ing ablueprint useful for location. The staining characteristics divide each arm into regions,
and each region into bands that are numbered from the centromere outward. A given point
on a chromosome is designated by the following order: chromosome number, arm symbol
(p for short arm, g for long arm), region number, and band number. For example, 7931.1is
the location for the cystic fibrosis gene.

All eukaryotes, from yeasts to humans, undergo similar cell division and multiplication.
The process of nuclear division in all somatic cells is called mitosis, during which each
chromosome divides into two. For normal growth and development, the entire genomic
information must be faithfully reproduced in every cell.

Mitosis consists of the following stages:

Interphase

During this phase, all normal cell activity occurs except active division. It is during this
stage that the inactive X chromosome (the Barr body or the sex chromatin) can be seenin
female célls.

Prophase

As division begins, the chromosomes condense, and the two chromatids become visible.
The nuclear membrane disappears. The centriole is an organelle outside the nucleus that
forms the spindles for cell division; the centriole duplicates itself, and the two centrioles
migrate to opposite poles of the cell.

M etaphase

The chromosomes migrate to the center of the cell, forming a line designated the equato-
rial plate. The chromosomes are now maximally condensed. The spindle, microtubules of
protein that radiate from the centrioles and attach to the centromeres, is formed.

Anaphase

Division occurs in the longitudina plane of the centromeres. The two new chromatids
move to opposite sides of the cell drawn by contraction of the spindles.
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Telophase

Division of the cytoplasm begins in the equatorial plane, ending with the formation of two
complete cell membranes. The two groups of chromosomes are surrounded by nuclear
membranes forming new nuclei. Each strand of DNA serves as a template, and the DNA
content of the cell doubles.

Melosis

Meiosis is the cell division that forms the gametes, each with a haploid number of
chromosomes. Meiosis has two purposes: reduction of the chromosome number and
recombination to transmit genetic information. In meiosis |, homologous chromosomes
pair and split apart. Meiosis |1 is similar to mitosis as the already divided chromosomes
split and segregate into new cells.

The First Meiotic Division (Meiosis|)

Prophase Lepotene: Condensation of the chromosomes.
Zygotene: Pairing of homologous chromosomes (synapsis).

Pachytene: Each pair of chromosomes thickens to form four strands. This is the stage in
which crossing over or recombination can occur (DNA exchange of homologous segments
between two of the four strands). Chiasmata are the places of contact where crossovers
occur (and can be visualized). This movement of blocks of DNA is a method for creat-
ing genetic diversity. On the other hand, genetic diseases can result from the insertion of
seguences during gametogenesis. Transpositional recombination, utilizing enzymes that
recognize specific nucleic acid sequences, allows the insertion of a genetic element into
any region of a chromosome. Thisis amethod used by viruses (such as the human immu-
nodeficiency virus) to transform host cells.

Diplotene: Longitudinal separation of each chromosome.

M etaphase, Anaphase, and Telophase of Melosis|

The nuclear membrane disappears, and the chromosomes move to the center of the cell.
One member of each pair goesto each pole, and the cellsdivide. Meiosis| is often referred
to as reduction division because each new product now has the haploid chromosome num-
ber. It isduring thefirst meiotic division that mendelian inheritance occurs. Crossovers that
occur prior to metaphase result in new combinations of genetic material, both favorable
and unfavorable.

The Second Meiotic Division (Meiosis|I)

The second division follows the first without DNA replication. In the oocyte, meiosis |1
occurs after fertilization. The end result is the production of four haploid cells.
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The Structure and Function of DNA

DNA is the material of the gene responsible for coding the genetic message as transmitted
through specific proteins. Thus, it is the most important molecule of life and the fun-
damental mechanism for evolution. Genes are segments of DNA that code for specific
proteins, together with flanking and intervening sequences that serve controlling and regu-
lating functions. Each molecule of DNA has a deoxyribose backbone, identical repeating
groups of deoxyribose sugar linked through phosphodiester bonds. Each deoxyribose is
attached in order (giving individuality and specificity) to one of four nucleic acids, the
nuclear bases:

A purine—adenine or guanine.
A pyrimidine—thymine or cytosine.

A nucleotide is the basic building block of DNA. It consists of three major components:
the deoxyribose sugar, a phosphate group, and a nucleic acid base. The phosphate-sugar

Sugar-phosphate
backbone

5 end Nuclear bases paired
by hydrogen bonding

Sugar-phosphate
backbone

3 end
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Original DNA unwinds
into template strands

A
g Synthesis of new
g duplicate strands

A

GC
TA

linkages are asymmetric; the phosphorus is linked to the 5-carbon of one sugar and to the
3-carbon of the following sugar. Thus, one end isthe 5" (5 prime) end and the other the 3’
(3 prime) end. By convention, DNA and its nuclear acid sequences are written from left to
right, from the 5" end to the 3’ end, the direction of the transcription process. The 5" end
leads to the formation of the amino end of the protein; the 3" end forms the carboxy end of
the protein.

DNA consists of two deoxyribose strands twisted around each other clockwise in a double
helix, with the nucleic acids on the inside and the nuclear bases paired by hydrogen bond-
ing, adenine with thymine and cytosine with guanine. RNA differs from DNA inthat itis
single stranded, its sugar moiety is ribose, and it substitutes uracil for thymine. Phoebus
Levene, a Russian immigrant to the United States, working at the Rockefeller Institute of
Medical Research from 1905 until he died in 1940, identified the components of DNA
(discovering and naming the ribose and deoxyribose sugars) and was the first to suggest
the nucleotide structure, research that provided the foundation for the later delineation of
the DNA's significance.
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How can acell’sDNA, which stretched out measures nearly 2m long, fit into acell? Watson
and Crick figured this out when they proposed a tightly coiled two-stranded helix, the
double helix. Like the centimeter is a measure of length, the base pair (bp) is the unit
of measure for DNA. The base pair is either adenine-guanine or cytosine-thymine, the
nucleic acid of one chain paired with the facing nucleic acid of the other chain. A fragment
of DNA, therefore, is measured by the number of base pairs, e.g., a 4,800-bp fragment
(a4.8 kb fragment). It is estimated that we have nearly 3 billion bp of DNA, only a small
portion of which actually codes out for proteins.

DNA does not exist within the cell as a naked molecule. The nucleotide chains wind
about a core of proteins (histones) to form a nucleosome. The nucleosomes become con-
densed into many bands, the bands that are recognized in karyotype preparations. This
condensation is another important mechanism for packing the long DNA structure into
a cell. Many other proteins are associated with DNA, important for both structure and
function.

The process of DNA replication begins with a separation of the double-stranded DNA
helix, initiated at multiple steps by enzyme action. As the original DNA unwinds into
template strands, DNA polymerase catalyzes the synthesis of new duplicate strands, which
re-form a double helix with each of the original strands (this is called replication). Each
daughter molecule, therefore, contains one of the parental strands. It is estimated that the
original DNA molecule present in the fertilized zygote must be copied approximately 10%°
times during the course of a human lifetime. Rapidity and accuracy are essential. By com-
bining precision with error correction systems, errors that affect the function of the gene's
protein are surprisingly rare.

The 20 Amino Acids in Proteins

Amino Acid Three-Letter Abbreviation Single-Letter Code
Glycine Gly G
Alanine Ala A
Valine Val \
Isoleucine lle I
Leucine Leu L
Serine Ser S
Threonine Thr T
Proline Pro P
Aspartic acid Asp D
Glutamic acid Glu E
Lysine Lys K
Arginine Arg R
Asparagine Asn N
Glutamine Gin Q
Cysteine Cys C
Methionine Met M
Tryptophan Trp w
Phenylalanine Phe F
Tyrosine Tyr Y
Histidine His H

10
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The homeobox isa DNA sequence, highly conserved throughout evolution, that encodes a
series of 60 amino acids, called a homeodomain. Homeodomain protein products function
as transcription factors by binding to DNA. The homeobox influences specific tissue func-
tions that are critical for growth and development of the embryo.

The Human Genome

The genome for each species consists of the complete set of DNA sequences on al the
chromosomes. There are nearly 3 billion bpsin each haploid human genome; in the dou-
ble-stranded helix DNA, there are 6 billion nucleotides, and there are an estimated 20,000
to 25,000 genes, the smallest functional unit of inherited information. Genes account for
only about 2% of human DNA. Although enormously complex at first glance, the entire
genetic language is written with only four letters: A, C, G, and T (U in RNA). Further-
more, the language is limited to only three-letter words, codons. Finally, the entire genetic
message is fragmented into the 23 pairs of chromosomes. With four nucleotides, reading
groups of three, there are 64 possible combinations. Essentially all living organisms use
this code. The genome changes only by new combinations derived from parents or by
mutation.

The mRNA Genetic Code

Second Position

First Position (5" end) U C A G Third Position (3" end)
Phe Ser Tyr Cys U
U Phe Ser Tyr Cys C
Leu Ser Stop Stop A
Leu Ser Stop Trp G
Leu Pro His Arg U
Leu Pro His Arg C
¢ Leu Pro Gln Arg A
Leu Pro Gin Arg G
lle Thr Asn Ser U
lle Thr Asn Ser C
A lle Thr Lys Arg A
Met Thr Lys Arg G
Val Ala Asp Gly U
Val Ala Asp Gly C
¢ Val Ala Glu Gly A
Val Ala glu Gly G

Reading across the first row of the table, the codon UUU specifies Phenylalanine, the codon UCU speci-
fies Serine, the codon UAU specifies Tyrosine, and the codon UGU specifies Cysteine. UAA, UAG, and
UGA are stop codons.
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Gene Structure and Function

The linear arrangement of many genes forms a chromosome. A gene is composed of a
segment of DNA containing exons separated by introns, the coding and noncoding codons
of nucleotides, respectively. Intron—exon patterns tend to be conserved during evolution.
The alpha- and beta-globin genes are believed to have arisen 500 million years ago, with
the introns in the same location as they are today.

Exon
The segment of a gene that yields a messenger RNA product that codes for a specific
protein.

Intron
The segment of a gene not represented in mature RNA and, therefore, noncoding for
protein, but capable of regulatory functions.

Codon

A sequence of three basesin RNA or DNA that codes for a specific amino acid; the triplet
codon.

With some exceptions, it was believed that one geneyields only one protein. The one gene-
one protein concept was first proposed in 1909 by Archibald Garrod and experimentally
supported in the 1940s by George Beadle and Edward Tatum, American geneticists, by
linking single gene mutations to single enzyme deficiencies. However, through a mecha-
nism known as alternative splicing, the 20,000 to 25,000 human genes can produce more
than 100,000 proteins. As noted above, the introns are not translated into protein products.
Only the DNA sequencesin the exons (the part that “exits’ the nucleus) are transcribed into
messenger RNA and then translated into proteins. However variations (alternative splicing)
can produce related proteins.

Genes a'so include flanking sequences important for gene transcription. The area that will
initiate DNA action (e.g., DNA binding to the hormone-receptor complex) is called an
enhancer region. The actual areawhere transcription beginsisthe promoter region. Only a
few relatively short nucleotide sequences are promoters, such as the T-A-T-A-A sequence,
or TATA box, and the C-C-A-A-T sequence, or CAT box. The promoter sites (the binding
sites for RNA polymerase and numerous cofactors) are usually near the start of the coding
region of the gene. Enhancer sites are larger than promoter sites and can be located any-
where, even far from the gene, but usually arein the 5" flanking end. At the 3’ end, acoding
sequence is usually present for the polyadenine (poly-A) tail common for most messenger
RNA molecules.

The enhancer sites bind proteins (regulatory proteins) that serve as signalsto regulate gene
expression by either increasing or repressing the binding of RNA polymerase in the pro-
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moter region. This is one method of creating unique cellular functions. For example, a
hormone target tissue can respond to the hormone because it contains a specific receptor
protein that, on binding to the hormone, will bind to a DNA enhancer site. Specific proteins
(called transcription factors) bind to enhancer sites and activate transcription. The regula-
tion of gene transcription usually involves DNA sequences in the 5 flanking upstream
region of agene.

Three codons (UAG, UAA, UGA) are called stop codons, because they specify a stop to
translation of RNA into protein (likeaperiod at the end of a sentence). By contrast, an open
reading frame is a long series of base pairs between two stop codons; therefore, an open
reading frame encodes the amino acid sequence of the protein product. Finding and iden-
tifying an open reading frame is an important step in analyzing DNA sequences because
such along sequence is usually encountered only in an active gene.

Gene expression is composed of the following steps: transcription of DNA to RNA, RNA
processing to produce functional messenger RNA by splicing out introns, tranglation of
messenger RNA on a ribosome to a peptide chain, and protein structural processing to the
functional form.

13
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Transcription

Transcription is the synthesis of single-stranded messenger RNA from a gene (double-
stranded DNA). The amino acid sequence of the protein is coded in the DNA by codons;
a single amino acid is coded by each codon, a triplet of three nucleic acid bases. RNA
polymerase constructs the messenger RNA by reading the DNA strand (the “antisense”
strand) that is complementary to the RNA; thus, the RNA is an exact copy of the other
DNA strand (the “sense” strand), which is also called the complementary strand of the
DNA molecule (remember, important differences are that thymine in DNA is replaced by
uracil, and ribose replaces deoxyribose in RNA).

Molecular complementarity is both a difficult and a simple concept to grasp. The simple
aspect is the concept of one thing being like another. The difficult part is the necessity to
understand and visualize that the complementary molecule is not identical to its template,
but more like the place where the template goes in, and the complementary molecule goes
out. Thus, the strands of the double helix are not identical. Each DNA strand has a comple-
mentary structure, in a sense, one positive template and one negative template, each speci-
fying the other. Each strand, therefore, serves as a template for its complementary DNA
(in the process of replication) or complementary RNA (in the process of transcription).
Thus, messenger RNA is synthesized from the negative template, the “ antisense” strand, so
that it will have the same structure as the positive template, the “sense” strand. Molecular
biologists have to think in three dimensions!

Transcription is initiated at the upstream start site, the 5" untranslated flanking region
where the two strands of the double helix come apart. The process continues downstream,
copying one of the strands until a specific codon is reached, which provides a stop mes-
sage. RNA synthesis continues with the addition of along chain of adenines, the poly-A
tail; this is the 3" untranslated region that is believed to stabilize RNA by preventing
degradation. After transcription from a gene, the RNA moves into the cytoplasm where
the intron regions are excised, and the exons are joined together (RNA splicing) to pro-
duce a complete, mature RNA molecule. The start and end of each exon and intron have
sequences that, when copied onto the RNA, signal an enzyme to remove the intervening
parts. Almost al introns begin with GU and end with AG (GT and AG inthe DNA intron).
Introns are of varying lengths; a single intron can be longer than the final RNA product.
The mature RNA molecule has an addition at one end (“capping,” by the addition of a
modified nucleotide, 7-methyl guanosine) to protect against ribonucleases (RNases) and
at the other end, a polyadenine tail (the poly-A tail) is added (in addition to a stabilizing
factor, perhaps a signal to direct exit from the nucleus). Both ends are untranslated in the
ribosomes.

Complementary
DNA strands
RNA strand
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Transcription factors are proteins that bind to regulatory elementsin DNA (enhancers and
promoters) and thus influence gene expression. The steroid hormone receptors are tran-
scription factors. Gene transcription and the formation of messenger RNA can be either
stimulated or inhibited through direct interactions with DNA. Transcription factors can
further interact with other factors (coactivators and corepressors, aso called adapter pro-
teins) to produce cooperative effects. The activity of these proteins can also be affected by
phosphorylation triggered by signals from cell-surface receptors (often growth factors).
MicroRNAs are non-protein-coding small RNAs of 18 to 25 nucleotides that are tran-
scribed from genes and regul ate target gene expression at both the transcriptional and trans-
lational levels; over 1,500 MRNAS have been identified. An important concept is to view
thefinal result of hormonal activity and gene expression as areflection of cellular context,
the nature and activity of transcription factors asinfluenced by specific intracellular adapter
proteins. Thisexplains how similar agents (and similar transcription factors, e.g., the estro-
gen receptor) can have different actionsin different tissues.

Translation

The messenger RNA travels from the chromosome on which it was synthesized to aribo-
some in the cytoplasm, where it directs the assembly of amino acids into proteins (trans-
lation). Each cell has a characteristic but dynamic and aways changing proteome, the
collection of proteins unique for that cell. Amino acids are brought into the process by
specific transfer RNA molecules. The specific sequence of three bases at one end of the
transfer RNA is complementary to the codon coding for the specific amino acid. Binding of
this area to the messenger RNA codon places the specific amino acid at the other end into
the proper sequencefor the protein. The amino acids are placed one at atime as the transfer
RNA molecules read the RNA template, beginning at the amino acid end (the 5" end) and
finishing at the carboxy end (the 3" end). The process begins at the first AUG triplet and
continues until a stop codon (UAA, UAG, or UGA) is reached, whereupon the messenger
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RNA falls off the ribosome and degenerates. The specific linear sequence of amino acidsis
specified by the genetic coding; in turn, this sequence determines the 3-dimensional form
of the protein, the folded structure necessary for function. There are only 20,000 to 25,000
protein-encoding human genes, but there are more than 100,000 proteins. Obviously a
single gene can produce more than one protein.

The final expression of a gene may not end with the translation process. Further
(posttranslational) processing of proteins occurs, such as glycosylation (the gonadotropins)
or proteolytic cleavage (conversion of pro-opiomelanocortin to ACTH). These arereferred
to as “epigenetic’ modifications.

The mechanisms that produce proteins from genes are similar throughout the biologic
world. This means that important knowledge regarding human function can be gained by
studying simple organisms, and microbes can be engineered to produce human proteins.

Many genes exist in various forms, called alleles. A change in DNA sequence that results
in achangein protein structure or function that is harmful constitutes a mutation. Substitu-
tion refers to a change in a single nucleic acid base. A substitution in a codon can result
in the incorporation of the wrong amino acid into a protein, leading to a change or lossin
function. Insertion or deletion of amino acids into the final protein product can result from
improper RNA splicing. Because of great redundancy in the genetic code (many triplet
codons code out for the same amino acid, and there are only 20 amino acids), not all substi-
tutions produce an effect. A clinical example of a single base substitution (point mutation)
isthe sickle mutation, in which thymine is substituted for adenine in the beta-globin gene.
If homologous regions of DNA are misaligned, unegual crossover can occur, resulting in
deletions and insertions (additions). A “nonsense mutation” refers to a single base substi-
tution that produces a stop codon, truncating the protein product. Deletions and insertions
can involve single bases, up to entire exons, or genes or several genes. Recombination or
exchange of genetic material usually occursin meiosis. Even a change at the junction of a
coding and noncoding region can lead to abnorma messenger RNA.
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Chromosomal Abnormalities

Numerical Abnormalities

Numerical abnormalities usually are due to nondigunction, a failure of separation at ana-
phase, either during mitotic division or during meiosis. Aneuploidy is achromosome num-
ber that is not an exact multiple of the haploid number, e.g., monosomy (45,X Turner
syndrome) or trisomy (trisomy 13 Patau syndrome, trisomy 18 Edwards syndrome, trisomy
21 Down syndrome, 47,XXY Klinefelter syndrome). Mosaicism indicates one or more cell
lines with a different karyotype, usually arising from nondisjunction during early mitosis
(failure of two paired chromosomes to separate). Polyploidy, multiples of the haploid
number of chromosomes, is a significant cause of spontaneous miscarriage.

Structural Abnormalities

Structural abnormalities are usually due to chromosomal breaks induced by radiation,
drugs, or viruses. The resulting abnormality depends on the rearrangement of the broken
pieces. Thus, in a translocation there is interchange of material between two or more
nonhomologous chromosomes. A balanced translocation is associated with neither gain
nor loss of genetic material, and such an individual is a translocation carrier.

Single-Gene Defects

Autosomal Dominance

Autosomal Recessive

Single-gene defects are due to mutationsin specific genes. These mutations are transmitted
according to mendelian inheritance: autosomal dominant, autosomal recessive, X-linked
recessive, and rarely X-linked dominant. In addition, single-gene disorders can be transmit-
ted by mitochondrial gene inheritance, maternal or paternal imprinting, disomy (inheriting
both pairs of a chromosome from one parent), and excessive repeats (a phenomenon in
which more than the usual repeats of 3 bps occurs).

Transmission is not linked to the sex of an individual, and homozygous and heterozygous
children are affected (only one alele needs to be abnormal). With two heterozygous par-
ents, each child has a 75% risk of being affected. With one heterozygous parent, each child
has a 50% risk of being affected. The effect is subject to variable expression. Exampl es of
autosomal-dominant conditions include Huntington disease, neurofibromatosis, and Mar-
fan syndrome. The effect of an abnormal dominant gene is influenced by penetrance, the
degree the dominant gene is expressed. Complete penetrance, as opposed to incomplete
penetrance, means that the gene is always expressed and always produces a recognizable
phenotype.

These conditions are phenotypically expressed only in homozygotes (both alleles must be
abnormal). With heterozygote parents, each child hasa25% risk of being affected and a50%
chance of being a carrier. Examples of autosomal-recessive conditions are cystic fibrosis,
sickle cell disease, and adrenal hyperplasia due to adeficiency in 21-hydroxylase.
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X-Linked Recessive I nheritance

An affected father can transmit the condition only to daughters. Only homozygous females
are affected when the condition isrecessive. Each son of afemale carrier has a50% chance
of being affected and each daughter a 50% chance of being a carrier. Red—green color
blindness and hemophilia A are examples.

Genomic Imprinting

Genomic imprinting indicates persisting influences on genome function by the male and
female parental contributions. For example, placental development is controlled mostly
by paternally derived genes. Thus, a hydatidiform mole has a normal karyotype, but all
of its chromosomes are derived from the father. Placental structures are absent in ovarian
teratomas, tumors that contain only maternally derived chromosomes. Experiments in
nature and animal experiments indicate that the maternal contribution to the genome is
more important for embryonic development. In certain autosomal-recessive conditions, the
expression, severity, and age of onset are influenced by the gender of the parent provid-
ing the mutant gene or chromosome. Angelman syndrome, the Prader-Willi syndrome,
and the Beckwith-Wiedemann syndrome are examples of human disorders associated with
genomic imprinting.

Epigenetics is the study of changes in gene expression not directly caused by DNA
seguence changes. Mechanisms include modifications of DNA without changing the DNA
seguence, such as methylation of DNA to turn off gene expression, atering the histone
proteins that are responsible for the overall structure of chromatin (affecting transmission
during cell replication), the production of new forms of RNA, and alterations in cellular
proteins that influence gene expression. Each of these mechanisms can be transmitted to
offspring and be responsible for imprinting. This is another method by which species can
adapt, another evolutionary pathway.

Techniques of Molecular Biology

An enzyme that breaks the phosphodiester bonds and cuts the DNA molecule into frag-
mentsis an endonuclease; arestriction enzyme (restriction endonuclease) cutsonly at sites
with specific nucleic acid sequences. Restriction enzymes were discovered in bacteriain
which they form a defense mechanism to cut (and thus inactivate) any foreign DNA (from
invading viruses) introduced into the bacterial cell. As part of this protection mechanism,
bacteria also contain methylases that methylate recognition sites in native DNA, directing
the action of the restriction enzyme to the nonmethylated foreign DNA. Different bacteria
have different restriction enzymes with specific action sites. Restriction enzymes are avail-
able that cut DNA into pieces (restriction fragments), ranging from many small fragments
to afew large pieces, depending on the number of nucleotidesin the recognition sequence.
The enzymes are named for the organism and strain from which they are derived. The com-
bination of restriction fragments, the merger of two cut pieces of DNA, yieldsrecombinant
DNA.

DNA polymerase is an enzyme that brings single nucleotides into a DNA molecule.
A DNA polymerase can form DNA only in the presence of a DNA template; the synthe-
sized DNA will be complementary to the template. RNA polymerase can make RNA also
only in the presence of aDNA template.
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A deoxyribonuclease (DNAase) can remove nucleotides. By combining DNAase treat-
ment with DNA polymerase action, radiolabel ed nucleotides can beintroduced into aDNA
molecule, producing a DNA probe. A DNA probe can be compared with the antibody used
in immunoassays. The antibody is specific and recognizes the hormone against which it is
formed. The DNA probe specifically detects a sequence of DNA.

Reverse transcriptase is DNA polymerase that is RNA dependent. It is called reverse
transcriptase because the flow of information is from RNA to DNA, the reverse of the
usua direction of flow. This enzyme permits the copying of essentially any RNA molecule
into single-stranded DNA; such DNA is called complementary DNA becauseit isamirror
image of the messenger RNA. Complementary DNA probes are limited by their reading
only the exons (remember that introns are excised from RNA), and thus these probes read
only large areas.

DNA and RNA are charged molecules and, therefore, will migrate in an electrical field.
Fragments can be analyzed by gel (agarose or polyacrylamide) electrophoresis, the largest
fragments migrating the slowest. By convention, the gels are read from top to bottom, with
the smallest fragments at the bottom.

Southern Blot Analysis

DNA is first denatured to separate the two strands, digested by restriction enzymes to
produce smaller fragments that are loaded into an electrophoresis gel. The Southern blot
method, named after its inventor E.M. Southern, determines the fragment sizes. The frag-
ments are separated by electrophoresis; the smaller the fragment the faster the migration.
The electrophoresis gel is placed over athick piece of filter paper with itsends dipped in a
high-salt solution. A special membrane (nitrocellulose or nylon) is placed over the gel, and
over thisis placed a stack of paper towels compressed by aweight. The salt solution rises
by wick action into the filter paper; it moves by capillary action through the gel, carrying
the DNA with it. The DNA is carried to the membrane to which it binds. The salt solution
keeps moving and is absorbed by the paper towels. The nitrocellulose or nylon membrane
thus creates areplica of the original electrophoresis pattern. The DNA is fixed to the mem-
brane either by high-temperature baking or by ultraviolet light. Specific labeled DNA or
RNA probes then can be introduced for hybridization. Hybridization means that a specific
probe anneals to its complementary sequence. The fragments with this sequence are then
identified by autoradiography. Fluorescent probes can be utilized that can be detected after
activation by alaser beam, allowing qualitative and quantitative assessment by acomputer.
Southern blotting is still a necessary procedure, but it is often replaced by the faster and
more sensitive technique of polymerase chain reaction.

Northern blotting detects RNA sequences, Northern because RNA is the opposite image
of DNA. Extracted RNA is separated by electrophoresis and transferred to a membrane as
in Southern blotting for hybridization with probes (complementary DNA). Northern blot-
ting would be used, for example, to determine whether hormone stimulation of a specific
protein in atissue is mediated by messenger RNA, i.e., gene expression. Northern blotting
can also be replaced by polymerase chain reaction using a reverse transcriptase enzyme.

Electrophoresisto separate and quantitate proteinsiscalled Western blotting, and antibodies
are used for the hybridization identification process. Like Northern blotting, Western blot-
ting tests gene expression, not just the presence of a gene. The terms Northern and Western
represent intentional witticisms (arare event in science) in response to Southern blotting.
Hybridization without electrophoresis by placing adrop of the cell extract directly on filter
paper is called dot or ot blotting.
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When two complementary strands of DNA reassociate, the process is called hybridization.
Hybridization allows a specific area of the DNA to be studied using a radiolabeled DNA
probethat is specific (a complementary sequence). The membrane produced after Southern
blotting is first treated to block nonspecific binding sites. The membrane is then treated
(hybridized) with the labeled probe. The location of bound probe is then identified by
autoradiography (for radiolabeled probes) or by colorimetric methods. The sequence of the
probe, therefore, determines the sequence at the site of binding. Whenever two products
are complementary, hybridization occurs. Thus, complementary DNA can be hybridized to
its template messenger RNA.

In situ hybridization is the technique in which labeled DNA or RNA probes are placed
directly on a slide of tissue or cells. A piece of cloned DNA labeled with a fluorescent
marker can be utilized; the method is referred to as FISH (fluorescence in situ hybrid-
ization). The region corresponding to the cloned DNA lights up under fluorescent
illumination unless the region has been deleted from one of the chromosomes. Several
microdel etion syndromes have been discovered with the FISH technique, e.g., the Prader-
Willi syndrome.

Microarray Chip Technology

This method detects gene expression, testing thousands of genes simultaneously. Comple-
mentary cloned DNA is hybridized with labeled complementary DNA prepared from the
tissue to be studied. If that tissue expresses a gene, the labeled signal is easily observed.
The production of specific gene chips allows this technique to search for mutations and
polymorphisms. The microarray gene chip isaphysical array of DNA that can simultane-
oudly identify thousands of unique mRNA productsin heterogeneous samples. Chips have
been developed that include the entire human genome and can assess more than 500,000
single-nucleotide polymorphisms (SNP-chips) in one sample. Thus, a DNA chip can con-
tain all of the 20,000 to 25,000 protein-encoding human genes. This highly automated pro-
cess can indicate, although not quantitate, the differential expression of genesin response
to various stimuli or conditions. For example, gene expression can be compared before
and after hormonal treatment. The method can aso detect gene deletions, duplications,
and alterations in atechnique called comparative genomic hybridization, using areference
DNA sample for hybridization instead of complementary DNA.

Polymerase Chain Reaction (PCR)

The polymerase chain reaction (PCR) is a technique to amplify (relatively quickly) small
fragments or areas of DNA into quantitieslarge enough to be analyzed with electrophoresis
and blotting methods. This technique produces enormous numbers of copies of a specific
DNA sequence without resorting to cloning. The sequence to be amplified must be known.
Specific markers (synthesized short sequences of DNA corresponding to each end of the
sequence to be studied) are selected that will delineate the region of DNA to be amplified.
These flanking sequences are called primers. The DNA sample, the primers, and an excess
of free single nucleotides are incubated with a DNA polymerase.

The first step involves separating DNA into its single strands by denaturation with heat
(92°C); then the temperature is lowered (40°C), causing the primers to stick (anneal) to
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their complementary regions on the DNA. The temperature is raised to 62°C, and DNA
polymerase then synthesizes a new strand beginning and ending at the primers, forming
anew double-stranded DNA. Repeating the cycle many times (by aternating the reaction
temperature) amplifies the amount of DNA available for study (more than 1 million-fold);
theincrease occurs exponentially. Thus, DNA can be analyzed from asingle cell, and genes
can be visualized by blotting without labeled probes, al in athermocycler, the machine that
carries out the entire procedure.

Because the process requires alternate heating and cooling, a DNA polymerase resistant to
heat is an advantage in that periodic replenishment is not necessary. This problem was solved
with the discovery of DNA polymerase (Tag polymerase) in a microorganism (Thermophilus
aquaticus) that is a thermophile (a hot-water microbe) found in an out-of-the-way
Yellowstone National Park hot spring called Mushroom Pool. This high-temperature
polymerase allows automation of the process.

Reversetranscriptase PCR is used to amplify small amounts of aspecific RNA. The starting
template is an RNA molecule, which is converted to its complementary by reverse tran-
scriptase, an enzyme originally discovered in retroviruses. The new DNA isthen processed
by the standard PCR procedure.

The technique of polymerase chain reaction has made possible the study of incredibly
small amounts of DNA from virtually any tissue or body fluid. Down syndrome can be
diagnosed from the few fetal cells obtained from maternal blood. Especially impressive
is the amplification of small amounts of degraded DNA from extinct and rare species
preserved in museums. DNA from fossils has been amplified and sequenced (e.g., from
an 18-million-year-old magnolia plant). The method also makes it possible to identify a
gene by its expression of messenger RNA. The RNA is the template for amplification by
first converting it into complementary DNA. Polymerase chain reaction is used to detect
microbes, providing results within hours even in the presence of antimicrobial drugs. This
method can detect bacteria that cannot be isolated by culture techniques.

Real-time PCR is now routinely used in clinical laboratories. The method is faster than
conventional PCR, an hour or less, using fluorescent probes. The light emitted by the
probes is immediately displayed on a graph, alowing almost an instant quantification of
the measured DNA.

Chromatin Immunoprecipitation (ChIP)

Chromatin immunoprecipitation localizes a protein to its binding site on DNA. The tech-
nigue uses an antibody that is specific to the protein of interest. The DNA that is isolated
by the antibody-protein-DNA complex can then be studied by PCR. The specific region of
the genome can be determined by using a DNA microarray, a method known as ChlP-chip,
ChlP-on-chip.

Cloning DNA

Cloning means isolating a gene and making copies of it. A DNA library is a collection of
DNA molecules derived from cloning methods. A complementary DNA library isthe DNA
counterpart of all of the messenger RNA isolated from a particular cell or tissue. Comple-
mentary DNAs have been produced for more than 70% of the human and mouse genes. By
starting with messenger RNA, the search for the gene of interest can be focused (instead of
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searching the entire genome). Such alibrary is made using reverse transcriptase. The DNA
molecules then can be inserted into an appropriate vector (described below) and replicate
molecules can be produced. Using probes, the complementary DNA can be selected that
matches the gene of interest (keeping in mind that complementary DNA only includes the
exons of agene). Cloning the DNA simply means the production of many identical copies
of aspecified fragment of DNA. Cloning can also be performed using the polymerase chain
reaction. As indicated above, complementary DNA cloning focuses on the DNA counter-
part of messenger RNA; genomic DNA cloning, using a restriction endonuclease, copies
the DNA in genes. Cloning also can be used to make multiple copies of probes or unknown
DNA fragments.

If the amino acid sequence is unknown, one can work backward. Knowing the specific pro-
tein product, antibodies can be produced against the protein. When complementary DNA is
inserted into certain vectors, production of the protein can be identified with the antibodies;
thus, the DNA fragment will be isolated.

A vector is an entity in which foreign DNA can be inserted. The vector plus the foreign
DNA are inserted into a host cell; the host cell produces both the vector and the foreign
DNA. The first vectors were bacterial plasmids, circular DNA molecules (minichromo-
somes) that coexist in the cytoplasm with the bacterial chromosomal DNA. Most notewor-
thy, they carry genes that code for antibiotic resistance. This enables the bacterial cellsthat
contain the plasmid to be selected by appropriate antibiotic treatment. Plasmid vectors have
also been developed that allow selection by color. A variety of bacterial strains have been
developed, each for a specific use.

Disruption of the plasmid DNA with restriction enzymes, followed by incorporation of
foreign DNA with DNA ligase, produces plasmid DNA molecules (recombinant DNA
containing the foreign DNA) that can be replicated. Plasmid vectors can incorporate
foreign DNA fragments up to 10 kb in size. Digestion of recovered plasmids with
restriction enzymes releases the desired DNA fragment, which can then be recovered
by electrophoresis.

Other vectors exist. Bacteriophages (or phages) are viruses that infect and replicate within
bacteria. Phage vectors can incorporate larger DNA inserts, up to 20 kb. Cloning DNA with
phage vectors follows the same basic design as with plasmids. Larger fragments of foreign
DNA are cloned with cosmid vectors, artificially produced combinations of phage and
plasmid vectors. Very large fragments, up to 1,000 kb, can be cloned using yeast artificia
chromosomes. This method can work with whole genes.
Basic Stepsfor Cloning

1. Choose a DNA source: either genomic DNA or complementary DNA.

2. Fragment the DNA by restriction endonucl eases.

3. Insert the fragmentsinto vectors.

4. Introduce the vectors into bacteria.

5. Collect the cloned DNA propagated in the bacteriato form alibrary.

6. Screen the library for the desired sequence. Possible methods include the use of

complementary nucleotide probes for fragments that hybridize or the detection

of a specific protein produced with antibodies to the protein or by assaying the
function of the protein.
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Transgenic Animals

Transgenic animals are produced by inserting cloned genes or complementary DNA into
bacteria, yeast, worms, fish, frogs, and mice. In mammals, the cloned gene or cDNA can
beinjected into a pronucleus of afertilized egg whereit will be integrated into the chromo-
somes. The eggsaretransferred to the uterus of arecipient mother who will deliver progeny
with the foreign DNA. Altered biologic behaviors and functions are then attributed to the
foreign DNA. Transgenic animals provide animal models for inherited diseases and malig-
nant tumors and provide a means to carry out experiments in gene therapy. The transfer
of new or atered genesis an important method to study gene function. Transgenic plants
can even be developed to produce new pharmaceuticals, and the introduction of genes
conferring resistance to insects may solve the problem of insecticide contamination.

Knockout Animal Models

Animal models for the function of a gene employ the method of “knocking out” a specific
gene. In a straightforward, but important demonstration, it can be determined whether a
specific gene and its protein are essential for life, or for a function (such as pregnancy).
Thisisusually accomplished by having foreign DNA introduced into an animal by avector
to replace endogenous DNA. A similar result can be achieved by interfering with specific
messenger RNASs, although complete loss of a specific gene expression is not achieved
because new cell division reactivates gene expression.

The Identification of Genes

To clone an entire gene whose protein product is known, a complementary DNA library is
produced. The specific DNA fragment isidentified by linking it to the protein. Onceidentified,
thetotal gene can be screened using the identified complementary DNA, indicating theintrons
and exons. Another strategy isto synthesize an oligonucleotide probe, basing the sequence on
the known amino acid sequence in the protein product (from the peptide sequence, the DNA
sequence that codes for that protein can be predicted). This method can be used with just a
relatively small piece of the peptide. As more and more genes are cloned, the codon frequency
for particular amino acidsis established. Complementary DNA can be cloned without produc-
ing alibrary by using the polymerase chain reaction to amplify complementary DNA made
from messenger RNA by reverse transcriptase. Overlapping sequences of the genome can be
cloned, using apiece of DNA from each succeeding product, to work across achromosomein
asystematic manner to search for agene; thisis called chromosome walking.

The entire sequencing process can be performed by a computer, even searching for open
reading fames. Once the sequence of aDNA fragment has been identified, the computer can
utilize DNA and protein databases to predict sequence, recognition site, protein translation,
and homology with known sequences. The scientist can then select restriction fragment
sizesfor cloning. Once agene has been analyzed, it hasto be compared with the genein the
disease state. If amutation is of large size, this can be detected by Southern blotting. Minor
alterations require comparisonsin DNA sequences, which is possible by using polymerase
chain amplification to produce specific gene sequences in amounts readily studied.

A gene can be localized to a specific chromosome when its protein product is unknown
by studies involving chromosome rearrangements and linkage analysis. Specific diseases
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are associated with karyotypic changes. Thus, the specific chromosome can be targeted for
gene localization. Linkage analysis utilizes restriction fragment length polymorphisms.

DNA Polymorphism

Southern blotting reveals specific patterns of bands that reflect the varying lengths of the
DNA fragments produced by restriction enzyme action. A specific site can exhibit a muta-
tion by having a different pattern (a different length of the DNA fragment on Southern
blotting due to sequence difference). These differences in DNA sequences are called
restriction fragment length polymor phisms. Single-nucleotide polymorphisms, referred
to as SNPs), or simply polymorphisms, are usually a benign and common variations. The
human genome contains about 4.5 million polymorphisms, and more than 3 million have
been identified. Although 99.9% of DNA sequences in humans are the same, SNPs can
serve as genetic markers for amedically important gene. A polymorphism is governed by
the mendelian regulations of inheritance, and if by chance a polymorphismisidentified in
a patient with a specific disease, the transmission of the disease can be studied. The poly-
morphism, which is linked to the disease by chance, can be used to study the inheritance
of a disease when the genes are unknown. The polymorphism islike aflag that marks spe-
cific areas of chromosomes. This method of study requires DNA from at least one affected
individual and a sufficient number of family members to trace the polymorphism, either
by Southern blotting (for long sequences) or with the polymerase chain reaction (best for
short sequences). Correlation of genetic markers (polymorphisms) and phenotype also
employs haplotypes (similar to a polymorphism but a longer sequence of nucleotides,
even aset of several polymorphisms). Efforts using genetic technologiesto link SNPS and
haplotypesto clinical problemsand inherited traits are known as genome-wide association
studies.

Minisatellites are a form of polymorphisms. Genes concentrate in random areas along
chromosomes separated by long sequences of noncoding DNA. Minisatellites are non-
coding areas of DNA that repeat in variable numbers, so-called variable number tandem
repeat sequences, distributed throughout the length of every human chromosome. These
areas can be followed by DNA probes, providing a “fingerprint” for specific individu-
als. Thisuniquenessis applied in forensic medicine. Microsatellites, as the name implies,
are smaller than minisatellites. Usually, microsatellites consist of repetitions of only two
nucleotides. DNA polymorphisms now number in the thousands and alow genetic map-
ping with great precision. The mapping of SNP variations in humans (the human haplotype
map) is underway.

The Human Genome Project

All of the human genes are collectively known as the genome. Begun in 1990, the goal
of the international Human Genome Project was to sequence the human genome, a goal
that was reached in draft form in 2001 and 99% of the actual sequence in 2003, more
than 2 years ahead of schedule, 50 years after Watson and Crick’s publication. The num-
ber of protein-encoding genes (20,000 to 25,000) is smaller than previous estimates.
Less than 2% of the human genome with nearly 3 billion nucleotides codes for proteins;
therefore, the remainder is a rich resource for evolutionary historians and a target for
inducing genetic changes. The number of genes in specific chromosomes varies; the
chromosomes that are affected by trisomy, chromosomes 13, 18, and 21, have the fewest
genes.
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Information on the human genome project is available at:
http://www.ornl.gov/sci/techresources/Human_Genome/home.shtml

Fortunately the Internet emerged in time to accommodate the enormous data generated by
studying the human genome. The National Center for Biotechnology Information (NCBI)
maintains awebsite that provides databases as well as the Online Mendelian Inheritancein
Man site developed by Johns Hopkins University as a guide to human genes and inherited
disorders:

http://www.ncbi.nlm.nig.gov/projects/genome/guide/human

The GeneTestsweb siteis a so recommended, agenetic information source funded by NIH.
This siteincludes reviews of specific diseases, an international directory of genetic testing
laboratories and prenatal diagnosis clinics, plus educational materials for teaching:

http://www.genetests.org

The next wave of information will come from projects like the ENCODE project and the
1000 Genomes project. ENCODE is a research consortium organized by the National
Human Genome Research Institute of NIH to develop an encyclopedia of the functional
elements in the human genome (http://www.genome.gov/ENCODE). The 1000 Genomes
project will sequence the genomes of 1,000 people from around the world to map DNA
variations with afine resolution (http://www.1000genones.org/page.php).

The human genome map can serve as a foundation for locating sites for heritable factors
that predispose for diseases, mutations that cause disease, and for integrating the genetic
sequencing with biologic functions. Soon, we will be able to have in our possession a per-
sonal record of our individual complete genetic blueprint.

The chromosomal locations of genes responsible for hormone production have been
mapped. From the cloned DNA sequences, the amino acid segquences can be predicted.
Every protein product of a gene represents a potential diagnostic or therapeutic target.
And of course, inherited disorders will be subject to characterization and, eventually,
gene therapy. However, even after a gene has been identified and genetically mapped, its
full characterization remains a difficult and time-consuming task. Full understanding of
disorders that involve the interactions of multiple geneswill be even more complicated.

Genomics and Proteomics

Genomics refers to the entire process involved in the Human Genome Project, the com-
plete description of the genetic sequence and the study of gene expression, especially
using the microarray technique with gene chips. Genomics, however, will not tell the
whole story. The protein products of gene expression are altered in the translation pro-
cess and also by posttranslational modifications such as glycosylation, methylation, and
phosphorylation. The complete story, therefore, requires proteomics, the study of the bio-
logically functional end products, the proteins of a cell or a tissue. Both genomics and
proteomics are required for understanding physiology, diagnosing diseases, and for the
design of new drugs.

Protein identification requires separation of the proteins by electrophoresis, digestion of

large proteinsinto smaller proteins, measurement of the amino acid content by mass spec-
trophotometry, and specific identification of proteins by comparison with computerized
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databases. The protein mass profiles of normal and abnormal cells can then be compared.
Post-translational aterations can be detected by comparing specific proteins to known pro-
teins. Protein chips are now available, comparable to DNA chips, that can be used to study
protein changes.

M etabolomics is the study of small molecules within cells, the metabolic products that
characterize cells. Crude cellular extracts are subjected to chromatography, spectrometry
or nuclear magnetic resonance measurements to create characteristic patterns, chemical
fingerprints, associated with normal or abnormal cells.

The amount of data generated by genomics, proteomics, and metabolomics is enormous,
impossible to manage without computer databases. Bioinformatics is the science dedi-
cated to the development of computer techniques to best organize and analyze growing
wealth of information, creating efficient search and retrieval systems. This allows the data
to be available to laboratories scattered throughout the world, the study of the information
with sophisticated mathematical analysis, and worldwide sharing of data.

Clinical Applications

The challenge for modern medicine is to make clinical sense of the massive collection
of data generated by genomics and proteomics. Understanding the function of genes and
proteins will undoubtedly be an accelerating feature of human progress. Knowing an indi-
vidual'’s genetic susceptibilities would allow medical diagnosis and treatment to be person-
alized to the ultimate degree. Nevertheless, this is a complicated new era and not always
straight-forward. For example, a genetic susceptibility may carry with it only a small per-
centage increase in risk for a disease; at what point is intervention merited in terms of
benefit and cost, not only for an individual, but for society? In addition, gene activity can
be turned on and off in response to environmental factors. From the bench to the bedside
may be slower than anticipated, but there is no doubt that we are on the verge of transdating
genomic theory into clinical practice.

The molecular diagnosis of genetic disorders requires only asmall sample of DNA, obtain-
ablefromany cellsthat are nucl eated, such aswhiteblood cellsor epithelial cells. Polymerase
chain reaction carried out by automatic machinery allows speedy DNA diagnosis with mate-
rial amplified from asingle cell. Thisis an important advantage in prenatal genetic analysis
and in preimplantation sexing and diagnosis. PCR makes it possible to perform DNA diag-
nosis from asingle cell removed from embryos fertilized in vitro.

Molecular diagnosisis limited by the prevalence of heterogenic genetic changes. In other
words, many disordersinvol vedifferent mutationsin different people. In contrast, some (like
sickle cell disease) always involve the same change. With cystic fibrosis, 70% of patients
(of northern European ancestry) have the same 3-base deletion, whereas the remaining
30% have an extremely heterogenic collection of mutations. Molecular diagnosisis further
challenged by the need not only to find a subtle change in a gene but also to distinguish
important changes from benign variations (polymorphisms). Ingenious PCR-based meth-
ods have been developed for rapid screening and detection of mutations. The significance
of detected mutations requires segregation of the mutation with an identified disease in a
family.

At least one type of growth hormone deficiency is inherited in an autosomal-recessive

pattern. The cloning of growth hormone DNA complementary to its messenger RNA per-
mitted localization of the growth hormone gene. The growth hormone geneisin a cluster

26



CHaPTER T Molecular Biology for Clinicians

that also includes the gene for human placental lactogen. This cluster of genes contains
multiple units of DNA that are homologous and prone to recombination, which leads to
deletion on one chromosome and duplication on another. Similar mechanisms operate for
other protein products governed by genes in clusters, such as the globins. The first report
of aclinical diagnosis based on DNA hybridization was that of the prenatal diagnosis of
alpha-thalassemia in the Department of Obstetrics and Gynecology at the University of
Californiain San Francisco.

The commercial production of proteins from cloned genes inserted into bacteriais rapidly
increasing. The production of insulin (the first) and growth hormone are good examples.
Glycosylation does not occur in bacterial systems, and therefore the commercial production
of recombinant glycoproteins requiresamammalian cell line for the process. This has been
accomplished, and recombinant gonadotropins are now available. The gene for gonadotro-
pin-releasing hormone on the short arm of chromosome 8 has been isolated and cloned.
Molecular technology was important in the characterization of inhibin, the ovarian follicu-
lar hormone that inhibits follicle-stimulating hormone (FSH) secretion. The inhibin gene
has been sequenced and found to be homologous to the gene for antimdillerian hormone.
The alpha-subunit common to gonadotropins, thyroid-stimulating hormone, and human
chorionic gonadotropin (hCG) has been traced to a gene that has been isolated, sequenced,
and localized on chromosome 6.

The human genome contains many genes with the potential to cause cancer. Other genes
have the ability to block malignant growth. Cancer is a genetic disease in that tumors
can be said to be clonal; all the cells are genetically related (although subsequent genetic
alterations can yield cytogenetically different cells in tumors). Oncogenes, discovered in
tumor viruses, are genes that transform cells from normal to abnormal growth by encoding
proteins that are involved in signal transduction, specifically the transmission of growth-
regulatory messages. There are many oncogenes and many different pathways of action,
al of which result in a proliferative state. The mutations that activate these genes lead
either to protein activity independent of incoming signals or to activity at the wrong place
at the wrong time. The bottom line is the turning on (by an altered oncogene) of persistent
growth. But this single change is probably not sufficient to produce a tumor. Tumors usu-
aly involve alterations in many oncogenes, as well asin anti-oncogenes.

Anti-oncogenes in normal cells are growth-suppressing genes that must be inactivated
before tumors can grow. Thus, an inherited susceptibility for cancer can also result from
a mutation in tumor suppressor genes. Although activation of an oncogene is a dominant
effect, tumor suppressor mutations are recessive and can be carried and transmitted, but are
not active as long as pairing occurs with a normal anti-oncogene.

Cancer, therefore, is a genetic disease, but regulation of normal growth involves a com-
plex system that takes a long time to overcome. This involves alterations in many genes,
eventually yielding a tumor with a heterogeneity that determines sensitivity to various
treatment modalities. During this time period, the technology of recombinant DNA may
be able to achieve diagnosis sufficiently early to yield cures. Knowing the specific onco-
gene involved in a given tumor also offers therapeutic possibilities. For example, an anti-
metabolite can be attached to an antibody for an oncogene, targeting the cancer cells.
Monoclonal antibodies have been developed that affect the protein products of specific
oncogenes.

Molecular biology is changing both diagnosis and therapy. Viral and bacterial DNA can
be identified. The automated PCR process can produce electrophoretic patterns that can
be read automatically. With this technique, a single human papillomavirus DNA molecule
can be detected among 10,000 or more human cells. Hundreds of genetic tests are now in
clinical use.
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Pharmacogenomics is the study of genetic variations in pharmacodynamics that can
explain different responses to the same dose of a drug. For example, different polymor-
phismsinvolved in enzyme synthesis can affect metabolism and clearance. Genetic testing
offers the potential to predict drug pharmacokinetics in an individual, which would allow
the selection of an appropriate dose to minimize side effects and maximize efficacy.

Faulty endogenous protein production can be corrected by replacing the problematic
mechanism. There are two strategies: foreign cells that produce the missing protein
could be introduced, or the faulty gene could be replaced (or more accurately, adding a
complementary-corrected DNA). Thus, recessive single-gene disorders are potentially
amenabl e to gene therapy, as are acquired diseases such as cancer and infections. Gene
therapy is broadly defined as the enlistment of the patient’s own cellular machinery to
produce a therapeutic agent. A gene delivered to a cell can either replace a defective or
missing gene or produce a protein with a desired effect. However, thisis afield in its
infancy.

Specific guidelinesfor gene therapy have been developed requiring several levelsof review.
One class of human therapy is the use of retroviral vectors to transfer marker genes into
cultured human cells that are returned to patients of origin. For example, this allows track-
ing of tumor-infiltrating lymphocytes, donor hepatocytes, or killer T cells that are specific
for the human immunodeficiency virus. These transferred genes can aso be crafted to
provide a function in patients with single-gene inherited disorders. Another class of ther-
apy involves the transfer of genes that encode for factors that destroy tumor cells, such as
tumor necrosis factor or interleukin. Retroviral vectors are viruses that have been atered
so that no viral proteins can be made by cells infected by the vectors. Thus, viral replica-
tion and spread are prevented, but gene transfer into replicating cells can take place. Other
transfer methods being devel oped include the use of adenovirus vectors and specifically
targeted plasmid DNA.

A Final Thought

Molecular progress is inexorable. The future will see preventive medicine by prediction.
By knowing an individual’s genetic constitution, appropriate and intensive screening can
be directed to predisposed conditions. This kind of knowledge will aso require social and
political considerations. It is not far-fetched to envision marriages and pregnancies avoided
because of abad match of genetic predispositions. Society is devel oping guidelines regard-
ing the use of thisinformation: by individuals, by employers, by health organizations, and
by the government. Scientific progress must be matched by public and professional educa-
tion to appropriately manage this knowledge.
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Hormone Biosynthesis,
Metabolism, and Mechanism
of Action

I he classical definition of a hormone is a substance that is produced in a specia
tissue, where it is released into the bloodstream, and travels to distant responsive cellsin
which the hormone exerts its characteristic effects. What was once thought of as a simple
voyage is how appreciated as an odyssey that becomes more complex as new facets of the
journey are unraveled in research laboratories throughout the world. Indeed, the notion that
hormones are products only of special tissues has been challenged.

Complex hormones and hormone receptors have been discovered in primitive, unicellular
organisms, suggesting that endocrine glands are alate devel opment of evolution. The wide-
spread capability of cellsto make hormones explains the puzzling discoveries of hormones
in strange places, such as gastrointestinal hormones in the brain, reproductive hormonesin
intestinal secretions, and the ability of cancersto unexpectedly make hormones. Hormones
and neurotransmitterswere and are ameans of communication. Only when animals evolved
into complex organismsdid special glands develop to produce hormonesthat could be used
in a more sophisticated fashion. Furthermore, hormones must have appeared even before
plants and animals diverged because there are many plant substances similar to hormones
and hormone receptors. Therefore, it is not surprising that, because every cell contains the
genes necessary for hormonal expression, cancer cells, because of their dedifferentiation,
can uncover gene expression and, in inappropriate locations and at inappropriate times,
make hormones.
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Hormones, therefore, are substances that provide a means of communication and should
now be viewed broadly as chemical regulatory and signaling agents. The classic endocrine
hormones travel through the bloodstream to distant sites, but cellular communication is
also necessary at local sites. Paracrine, autocrine, and intracrine depict a more immediate
form of communication.

Paracrine Communication

Intercellular communication involving the local diffusion of regulating substances from a
cell to nearby (contiguous) cells.

Autocrine Communication

Intracellular communication whereby a single cell produces regulating substances that in
turn act upon receptors on or within the same cell.

Intracrine Communication

This form of intracellular communication occurs when unsecreted substances bind
to intracellular receptors; in other words, a regulating factor acts within the cell that
secretes it.

Let us follow an estradiol molecule throughout its career and in so doing gain an over-
view of how hormones are formed, how hormones work, and how hormones are metabo-
lized. Estradiol beginsitslifespan with its synthesisin acell specially suited for thistask.
For this biosynthesis to take place, the proper enzyme capability must be present along
with the proper precursors. In the adult human female the principal sources of estradiol
are the granulosa cells of the developing follicle and the corpus luteum. These cells pos-
sess the ability to turn on steroidogenesis in response to specific stimuli. The stimulating
agents are the gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hor-
mone (LH). The initial step in the process that will give rise to estradiol is the transmis-
sion of the message from the stimulating agents to the steroid-producing mechanisms
within the cells.

Messages that stimulate steroidogenesis must be transmitted through the cell membrane.
Thisis necessary because gonadotropins, being large glycopeptides, do not ordinarily enter
cells but must communicate with the cell by joining with specific receptors on the cell
membrane. In so doing they activate a sequence of communication. A considerable amount
of investigation has been devoted to determining the methods by which this communica
tion takes place. E. W. Sutherland, Jr., received the Nobel Prize in 1971 for proposing the
concept of a second messenger.

Gonadotropin, the first messenger, activates an enzyme in the cell membrane called
adenylate cyclase. This enzyme transmits the message by catalyzing the production
of a second messenger within the cell, cyclic adenosine 3’,5"-monophosphate (cyclic
AMP). The message passes from gonadotropin to cyclic AMP, much like a baton in a
relay race.
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Cyclic AMP, the second messenger, initiates the process of steroidogenesis, leading to
the synthesis and secretion of the hormone estradiol. This notion of message transmission
has grown more and more complex with the appreciation of physiologic concepts, such
as the heterogeneity of peptide hormones, the up- and down-regulation of cell membrane
receptors, the regulation of adenylate cyclase activity, and the important roles for autocrine
and paracrine regulating factors.

Secretion of estradiol into the bloodstream directly followsits synthesis. Oncein the blood-
stream, estradiol exists in two forms, bound and free. A majority of the hormoneis bound
to protein carriers, albumin and sex steroid hormone-binding globulin. The biologic activ-
ity of a hormone is limited by binding in the blood, thereby avoiding extreme or sudden
reactions. In addition, binding prevents unduly rapid metabolism, alowing the hormone
to exist for the length of time necessary to ensure a biologic effect. This reservoir-like
mechanism avoids peaks and valleys in hormone levels and allows a more steady state of
hormone action.

The biologic and metabolic effects of a hormone are determined by a cell’s ability to
receive and retain the hormone. The estradiol that is not bound to a protein, but floats
freely in the bloodstream, readily enters cells by rapid diffusion. For estradiol to produce
its effect, however, it must be grasped by areceptor within the cell. The job of the receptor
isto aid in the transmission of the hormone's message to nuclear gene transcription. The
result is production of messenger RNA |eading to protein synthesis and a cellular response
characteristic of the hormone.

Once estradiol has accomplished its mission, it is eventually released back into the blood-
stream. It is possible that estradiol can perform its duty several times before being cleared
from the circulation by metabolism. On the other hand, many molecules are metabolized
without ever having the chance to produce an effect. Unlike estradiol, other hormones, such
as testosterone, can either work directly or are metabolized and altered within the cell in
which an effect is produced. In the latter case, ametabolite is released into the bloodstream
as an inactive compound. Clearance of steroids from the blood varies according to the
structure of the molecules.

Cells that are capable of clearing estradiol from the circulation accomplish this by bio-
chemical means (conversion to estrone and estriol, moderately effective and very weak
estrogens, respectively) and conjugation to products that are water soluble and excreted in
the urine and bile (sulfo and glucuro conjugates).

Thus, a steroid hormone has avaried career packed into a short lifetime. In this chapter we
will review the important segments of this lifespan in greater detail.

Steroid Hormone Nomenclature

All steroid hormones are of basically similar structure with relatively minor chemical
differences leading to striking alterations in biochemical activity. The basic structure
is the perhydrocyclopentanephenanthrene molecule. It is composed of three 6-carbon
rings and one 5-carbon ring. One 6-carbon ring is benzene, two of the 6-carbon rings
are naphthalene, and three 6-carbon rings are phenanthrene; add a cyclopentane (5-car-
bon ring), and you have the perhydrocyclopentanephenanthrene structure of the steroid
nucleus.
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The sex steroids are divided into three main groups according to the number of carbon
atoms they possess. The 21-carbon series includes the corticoids as well as the proges-
tins, and the basic structure is the pregnane nucleus. The 19-carbon seriesincludes al the
androgens and is based on the androstane nucleus, whereas the estrogens are 18-carbon
steroids based on the estrane nucleus.

Cholesterol
(27 carbons)

\)

Progestins
Corticoids

Pregnane derivatives
(21 carbons)

\)

Androstane derivatives
(19 carbons)

——» Androgens

\)

Estrane derivatives
(18 carbons)

——— Estrogens

There are six centers of asymmetry on the basic ring structure, and there are 64 possible
isomers. Almost all naturally occurring and active steroids are nearly flat, and substituents
below and above the plane of the ring are designated apha (o) (dotted line) and beta ()
(solid line), respectively. Changes in the position of only one substituent can lead to inac-
tive isomers. For example, 17-epitestosterone is considerably weaker than testosterone;
the only difference being a hydroxyl group in the o position at C-17 rather than in the
B position.
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Progesterone

Top View

Side View

The convention of naming steroids uses the number of carbon atoms to designate the basic
name (e.g., pregnane, androstane, or estrane). The basic name is preceded by numbers
that indicate the position of double bonds, and the name is atered as follows to indicate
one, two, or three double bonds. -ene, -diene, and -triene. Following the basic name,
hydroxyl groups are indicated by the number of the carbon attachment, and one, two, or

Estrone o
1,3,5(10)-Estratriene-3p-ol-17-one

Testosterone
4-Androstene-174-ol-3-one

Progesterone
4-Pregnene-3,20-dione
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three hydroxyl groups are designated -ol, -diol, or -triol. Ketone groups are listed last with
numbers of carbon attachments, and one, two, or three groups designated -one, -dione, or
-trione. Special designationsinclude dehydro, elimination of two hydrogens; deoxy, elimi-
nation of oxygen; nor, elimination of carbon; deltaor A, location of double bond.

Lipoproteins and Cholesterol

Cholesterol is the basic building block in steroidogenesis. All steroid-producing organs
except the placenta can synthesize cholesterol from acetate. Progestins, androgens, and
estrogens, therefore, can be synthesized in situ in the various ovarian tissue compartments
from the 2-carbon acetate molecule via chol esterol as the common steroid precursor. How-
ever, in situ synthesis cannot meet the demand, and, therefore, the major resource is blood
cholesterol that enters the ovarian cells and can be inserted into the biosynthetic pathway
or stored in esterified form for later use. The cellular entry of cholesterol is mediated via
a cell membrane receptor for low-density lipoprotein (LDL), the bloodstream carrier for
cholesterol.

Lipoproteins are large molecules that facilitate the transport of nonpolar fats in a polar
solvent, the blood plasma. There are five major categories of lipoproteins according to their
charge and density (flotation during ultracentrifugation). They are derived from each other
in the following cascade of decreasing size and increasing density.

Chylomicrons

Large, cholesterol (10%)- and triglyceride (90%)-carrying particles formed in the intestine
after afatty meal.

Very Low-Density Lipoproteins (VLDL)

Also carry cholesterol, but mostly triglyceride; more dense than chylomicrons.

Intermediate-Density Lipoproteins (IDL)

Formed (for a transient existence) with the removal of some of the triglyceride from the
interior of VLDL particles.

Low-Density Lipoproteins (LDL)

The end products of VLDL catabolism, formed after further removal of triglyceride leav-
ing approximately 50% cholesterol; the major carriers (two-thirds) of cholesterol in the
plasma and thus a strong relationship exists between elevated LDL levels and cardiovas-
cular disease.
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High-Density Lipoproteins (HDL)

The smallest and most dense of the lipoproteins with the highest protein and phospholipid
content; HDL levels areinversely associated with atherosclerosis (high levels are protective).
HDL can be further separated into alighter fraction (HDL ) and a denser fraction (HDL,).

The lipoproteins contain four ingredients: (1) cholesterol in two forms: free cholesterol on
the surface of the spherical lipoprotein molecule, and esterified cholesterol inthe molecule’s
interior; (2) triglycerides in the interior of the sphere; (3) phospholipid; and (4) protein in
electrically charged substances on the surface of the sphere and responsible for miscibility
with plasma and water. The surface proteins, called apoproteins, constitute the sites that
bind to the lipoprotein receptor molecules on the cell surfaces. The principal surface protein
of LDL isapoprotein B, and apoprotein A-1 is the principal apoprotein of HDL.

Lipidsfor peripheral tissues are provided by the secretion of VLDL by theliver. Triglycer-
idesareliberated from VLDL by lipoprotein lipase located in the capillary endothelial cells
aswell asalipase enzymelocated on the endothelial cellsinliver sinusoids. Inthis process,
the surface components (free cholesterol, phospholipids, and apoproteins) are transferred
to HDL. Finally, the VLDL is converted to LDL, which plays the important role of trans-
porting cholesterol to cells throughout the body. The hepatic lipase enzyme is sensitive to
sex steroid changes: suppression by estrogen and stimulation by androgens.
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LDL is removed from the blood by cellular receptors that recognize one of the surface
apoproteins. The lipoprotein bound to the cell membrane receptor is internalized and
degradated. Intracellular levels of cholesterol are partly regulated by the up- and down-
regulation of cell membrane LDL receptors. When these LDL receptors are saturated or
deficient, LDL is taken up by “scavenger” cells (most likely derived from macrophages)
in other tissues, notably the arterial intima. Thus, these cells can become the nidus for
atherosclerotic plaques.

35



SectioN | Reproductive Physiology

HDL is secreted by the liver and intestine or is a product of the degradation of VLDL. Cho-
lesteryl ester molecules move to form acorein asmall spherical particle, the HDL , particle.
These particles accept additional free cholesterol, perhaps mediated by receptors that recog-
nize apoprotein A-1. With uptake of cholesteral, the particle sizeincreasesto form HDL ,, the
fraction that reflects changes in diet and hormones. HDL, levels remain relatively stable.

The protein moieties of the lipoprotein particles are strongly related to the risk of cardio-
vascular disease, and genetic abnormalities in their synthesis or structure can result in
atherogenic conditions. The lipoproteins are a major reason for the disparity in atheroscle-
rosis risk between men and women. Throughout adulthood, the blood HDL -cholesterol
level is about 10 mg/dL higher in women, and this difference continues through the post-
menopausal years. Total and LDL-cholesterol levels are lower in premenopausal women
than in men, but after menopause they rise rapidly.

The protective nature of HDL is due to its ability to pick up free cholesterol from cells or
other circulating lipoproteins. This lipid-richn HDL is known as HDL ., which is then con-
verted to the larger, less dense particle, HDL,. Thus, HDL converts lipid-rich scavenger
cells (macrophages residing in arterial walls) back to their low-lipid state and carries the
excess cholesterol to sites (mainly liver) where it can be metabolized. Another method by
which HDL removes cholesterol from the body focuses on the uptake of free cholesterol
from cell membranes. The free cholesterol is esterified and moves to the core of the HDL
particle. Thus, HDL can remove cholesterol by delivering cholesterol to sitesfor utilization
(steroid-producing cells) or metabolism and excretion (liver).

For good cardiovascular health, the blood concentration of cholesterol must be kept low,
and its escape from the bloodstream must be prevented. The problem of cholesterol trans-
port is solved by esterifying the cholesterol and packaging the ester within the cores of
plasma lipoproteins. The delivery of cholesterol to cells isin turn solved by lipoprotein
receptors. After binding the lipoprotein with its package of esterified cholesterol, the com-
plex is delivered into the cell by receptor-mediated endocytosis (discussed later in this
chapter), in which the lysosomes liberate cholesterol for use by the cell.

Major protection against atherosclerosis depends on the high affinity of the receptor for
LDL and the ability of the receptor to recycle multiple times, thus allowing large amounts
of cholesteral to be delivered while maintaining a healthy low blood level of LDL. Cellscan
control their uptake of cholesterol by increasing or decreasing the number of LDL receptors
according to the intracellular cholesteral levels. Thus, a high-cholesterol diet influences the
liver to reduce the number of LDL receptors on its cells, causing an elevated blood level of
LDL. Statins protect against atherosclerosis by reducing cholesterol biosynthesis, increas-
ing LDL receptorsin the liver, and lowering circulating levels of LDL-cholesterol.

Steroidogenesis

The overall steroid biosynthesis pathway shown in the figure is based primarily on the pio-
neering work of Kenneth J. Ryan and his coworkers.™2 These pathwaysfollow afundamen-
tal pattern displayed by al steroid-producing endocrine organs. As aresult, it should be no
surprise that the normal human ovary produces all three classes of sex steroids: estrogens,
progestins, and androgens. The importance of ovarian androgens is appreciated, not only
as obligate precursors to estrogens, but also as clinically important secretory products. The
ovary differsfrom the testisin its fundamental complement of critical enzymes and, hence,
its distribution of secretory products. The ovary is distinguished from the adrenal gland in
that it is deficient in 21-hydroxylase and 11B-hydroxylase reactions. Glucocorticoids and
mineral ocorticoids, therefore, are not produced in normal ovarian tissue.
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During steroidogenesis, the number of carbon atoms in cholesterol or any other steroid
molecule can be reduced but never increased. The following reactions can take place:

1. Cleavage of aside chain (desmolase reaction).

2. Conversion of hydroxyl groups into ketones or ketones into hydroxyl groups
(dehydrogenase reactions).

3. Addition of OH group (hydroxylation reaction).

4. Creation of double bonds (removal of hydrogen).
5. Addition of hydrogen to reduce double bonds (saturation).

Thetraditional view of steroidogenesiswas that each step was mediated by many enzymes,
with differences from tissue to tissue. A fundamental simplicity to the system emerged
when the responsible complementary DNAs and genes were cloned.®*

Steroidogenic enzymes are either dehydrogenases or members of the cytochrome P450 group
of oxidases. Cytochrome P450 is a generic term for a family of oxidative enzymes, termed
450 because of apigment (450) absorbance shift when reduced. P450 enzymes can metabolize
many substrates, e.g., in the liver, P450 enzymes metabolize toxins and environmental pollut-
ants. The human genome contains genes for 57 cytochrome P450 enzymes, 7 in mitochondria
and 50 in the endoplasmic reticulum (the mgjor site for metabolic clearance). The following
distinct P450 enzymes areidentified with steroidogenesis. P450scc isthe cholesterol sidechain
cleavage enzyme; P450c11 mediates 11-hydroxylase, 18-hydroxylase, and 19-methyloxidase;
P450c17 mediates 17-hydroxylase and 17,20-lyase; P450c21 mediates 21-hydroxylase; and
P450arom mediates aromatization of androgensto estrogens. Marked differencesin the exon—
intron organization of the P450 genes are compatible with an ancient origin; thus, the super-
family of P450 genes diverged more than 1.5 billion years ago.

Enzyme Cellular Location Reactions
P450scc Mitochondria Cholesterol side chain cleavage
P450c11 Mitochondria 11-hydroxylase

18-hydroxylase
19-methyloxidase

P450c17 Endoplasmic reticulum 17-hydroxylase, 17,20-lyase
P450c21 Endoplasmic reticulum 21-hydroxylase
P450arom Endoplasmic reticulum Aromatase

The structural knowledge of the P450 enzymes that has been derived from amino acid
and nucleotide sequencing studies demonstrated that all the steps between cholesterol and
pregnenolone were mediated by a single protein, P450scc, bound to the inner mitochon-
drial membrane. Cloning data indicate the presence of a single, unique P450scc gene on
chromosome 15. These experiments indicated that multiple steps did not require multiple
enzymes. Differing activity in different tissues may reflect posttransational modifications.
In addition, these genes contain tissue-specific promoter sequences, which is another rea-
son that regulatory mechanisms can differ in different tissues (e.g., placenta and ovary).
P450scc mutations are very rare, producing impaired steroidogenesis in both the adrenal
glands and the gonads, causing abnormal phenotypes and adrenal failure.®

Conversion of cholesterol to pregnenolone involves hydroxylation at the carbon 20 and
22 positions, with subsequent cleavage of the side chain. Conversion of cholesterol to preg-
nenolone by P450scc takes place within the mitochondria. It is one of the principal effects
of tropic hormone stimulation, which also causes the uptake of the cholesterol substrate for
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this step in the ovary. The tropic hormones from the anterior pituitary bind to the cell sur-
face receptor of the G protein system, activate adenylate cyclase, and increase intracel lular
cyclic AMP. Cyclic AMP activity leadsto gene transcription that encodes the steroidogenic
enzymes and accessory proteins. In a process that is faster than gene transcription, cyclic
AMP stimulates the hydrolysis of cholesteryl esters and the transport of free cholesterol to
the mitochondria.

The cholesterol used for steroid synthesis is derived from circulating low-density
lipoproteins (LDL), followed by the mobilization and transport of intracellular stores.> 78
LDL cholesterol esters are incorporated into the cell by tropic hormone stimulation of
endocytosis via clathrin-coated pits (a mechanism discussed later in this chapter). Choles-
terol is stored in the cell in the ester form or as free cholesterol. Indeed, the rate-limiting
step in steroidogenesis is the transfer of cholesterol from the outer mitochondrial mem-
brane to the inner mitochondrial membrane where fully active PA50scc waits for substrate.
The rate-limiting transfer of hydrophobic cholesterol through the aqueous space between
the outer and inner mitochondrial membranes is mediated by protein activation stimulated
by the tropic hormone. Long-term, chronic steroidogenesis requires gene transcription and
protein synthesis, but short-term, acute responses occur independently of new RNA syn-
thesis, although protein synthesis is still necessary, specifically the proteins that regulate
cholesterol transfer across the mitochondrial membrane.

Severa proteins have been characterized and proposed as regulators of acute intracellular
cholesterol transfer. Sterol carrier protein 2 (SCP2) is able to bind and transfer cholesterol
between compartments within a cell. Another candidate is a small molecule, steroidogenesis
activator polypeptide (SAP), and still another is periphera benzodiazepine receptor (PBR),
which affects cholesterol flux through a pore structure. But the most studied and favored
protein as a regulator of acute cholesterol transfer is steroidogenic acute regulator (StAR)
protein.®* StAR messenger RNA and proteins are induced concomitantly with acute ste-
roidogenesis in response to cyclic AMP stimulation. StAR protein increases steroid produc-
tion and is imported and localized in the mitochondria. But most impressively, congenital
lipoid adrenal hyperplasia(an autosomal-recessivedisorder) isafailurein adrenal and gonadal
steroidogenesis due to amutation in the AR gene that results in premature stop codons.** 5
With this mutation, a low level of steroidogenesis is possible, even permitting feminization
at puberty, but continuing tropic hormonal stimulation resultsin an accumulation of intracel-
lular lipid deposits that destroy steroidogenic capability.’® StAR is required for adrenal and
gonadal steroidogenesis, and, therefore, is necessary for normal male sexua differentiation.

StAR mediatesthe transport of cholesterol into mitochondriain adrenal and gonadal steroido-
genesis, but not in the placenta and brain. StAR moves cholesterol from the outer mitochon-
driadl membrane to the inner mitochondrial membrane where it can enter the steroidogenic
pathway by being converted to prenenolone. A group of proteins structurally related to SIAR
have been identified, designated StARD4, STARDS, and StARD6. StARD4 is responsible
for binding free cholesterol asit is produced in the cytoplasm and transporting it to the outer
mitochondrial membrane.’? Because steroid-producing cells do not store large amounts of
hormones, acute increases in secretion depend on this system to produce rapid synthes's.

StAR is synthesized in a precursor form as a 285-amino acid protein that has a 25-residue
sequence cleaved from the NH,-terminal after transport into mitochondria.” The mutant
forms of StAR undergo premature truncation that prevents this proteolytic cleavage. Muta-
tions of the AR gene, located on chromosome 8pl11.2, are the only inherited disorder of
steroidogenesis not caused by adefect in one of the steroi dogenic enzymes. The absence of
StAR expression in placenta and brain indicates the presence of different mechanisms for
cholesterol transport in those tissues.

Once pregnenolone is formed, further steroid synthesis in the ovary can proceed by one of
two pathways, either via AS-3p-hydroxysteroids or via the A*-3-ketone pathway. The first
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(the A® pathway) proceeds by way of pregnenolone and dehydroepiandrosterone (DHEA)
and the second (the A* pathway) via progesterone and 17a.-hydroxyprogesterone.

The conversion of pregnenolone to progesterone involves two steps: the 3-hydroxysteroid
dehydrogenase and A*® isomerase reactions that convert the 3-hydroxyl group to a ketone
and transfer the double bond from the 5-6 position to the 4-5 position. The 3B-hydroxysteroid
dehydrogenase enzyme catalyzes both the dehydrogenation and isomerization reactions, and
existsin two forms (type | and type 1), encoded by two separate genes on chromosome 1
(the type | gene is expressed in the placenta, breast, and other non-glandular tissues, the
type Il geneis expressed in the gonads and the adrenal glands). Once the A*® ketone is
formed, progesteroneis hydroxylated at the 17 position to form 17o-hydroxyprogesterone.
17a-Hydroxyprogesterone is the immediate precursor of the C-19 (19 carbons) series of
androgens in this pathway. By peroxide formation at C-20, followed by epoxidation of the
C-17, C-20 carbons, thesidechainis split off, forming androstenedione. The 17-ketone may
be reduced to a 178-hydroxyl to form testosterone by the 173-hydroxysteroid dehydroge-
nase reaction. Both C-19 steroids (androstenedione and testosterone) can be converted to
corresponding C-18 phenolic steroid estrogens (estrone and estradiol) by microsomal reac-
tionsin a process referred to as aromatization. This process includes hydroxylation of the
angular 19-methyl group, followed by oxidation, loss of the 19-carbon as formaldehyde,
and ring A aromatization (dehydrogenation).

As an dternative, pregnenolone can be directly converted to the A®-3p3-hydroxy C-19 ste-
roid, dehydroepiandrosterone (DHEA), by 17a-hydroxylation followed by cleavage of
the side chain. With formation of the A*-3-ketone, DHEA is converted into androstene-
dione. The four reactions involved in converting pregnenolone and progesterone to their
17-hydroxylated products are mediated by a single enzyme, P450c17, bound to smooth
endoplasmic reticulum, regulated by a gene on chromosome 10g24.3. 17-Hydroxylase and
17,20-lyase were traditionally regarded as separate enzymes. These two different func-
tions of asingle enzyme, P450c17, are not genetic or structural but represent the effect of
posttranglational influencing factors.*® In the adrenal gland pathway to cortisol, very little
17,20-lyase activity is expressed. In the ovarian theca cells, the testicular Leydig cells,
and the adrenal reticularis, both 17-hydroxylase and 17,20-lyase activities are expressed,
directing the steroidogenic pathway via dehydroepiandrosterone (DHEA). In the corpus
luteum, the principal pathway is via progesterone.

Characterization of the P450c21 protein and gene cloning indicate that the 21-hydroxylase
gene, CYP21, islocated on chromosome 6p21.3. An inactive pseudogene, CYP21P, is nearby.
Many of the mutations that affect CYP21 and cause congenita adrena hyperplasia are gene
conversions involving recombinations between CYP21 and inactivating mutationsin CYP21P.

Aromatization is mediated by P450arom found in the endoplasmic reticulum.'®2° Aro-
matase cytochrome P450 is derived from chromosome 15¢g21.1, at a site designated as
the CYP19A1 (cytochrome P450, family 19, subfamily A, polypeptide 1) gene, denoting
oxidation of the C-19 methyl group. Aromatization in different tissues with different sub-
strates is the result of the single P450arom enzyme encoded by the single gene. A specific
haplotype of genetic polymorphisms in CYP19 may be linked to endometrial cancer, a
known consequence of excessive estrogenic stimulation of the endometrium.?* Aromatase
deficiency because of an inactivating mutation of CYP19A1 is very rare; only a handful of
cases have been reported.?? Affected females present at birth with virilization because the
placenta cannot convert fetal adrenal androgens to estrogens; thus, materna virilization
during the pregnancy is usually also present.

Aromatase transcription is regulated by several promoter sites that respond to cytokines,
cyclic nucleotides, gonadotropins, glucacorticoids, and growth factors.® Tissue-specific
expression is regulated by tissue-specific promoters at the 5 end of the gene. Thus, this
gene has aternative promotersthat allow the extremes of highly regulated expression inthe
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ovary in response to cyclic AMP and gonadotropins, expression in adipose tissue stimu-
lated by prostaglandin E,, and nonregulated expression in the placenta and adipose. Very
specific inhibitors of P450arom have been developed, called “aromatase inhibitors,” that
allow intense blockage of estrogen production, with clinical applications that include the
treatment of breast cancer (e.g., anastrozole and letrozole) and dysfunctional uterine bleed-
ing. The aromatase complex a so includes NADPH-cytochrome P450 reductase, a ubiqui-
tous flavoprotein involved in reduction reactions.

The 17B-hydroxysteroid dehydrogenase and 5o.-reductase reactions are mediated by
non-P450 enzymes. The 17B-hydroxysteroid dehydrogenase is bound to the endoplasmic
reticulum and the 5a-reductase to the nuclear membrane. The 17f3-hydroxysteroid dehydro-
genase enzymes convert estrone to estradiol, androstenedione to testosterone, and DHEA
to androstenediol, and vice versa. Eight different isozymes have been cloned and character-
ized.?* The type 1 enzyme is active in the placenta and granulosa cells, converting estrone
to estradiol. The type 2 and 4 enzymes, found in many tissues, form androstenedione and
estrone from testosterone and estradiol, respectively. Thetype 3 and 5 enzymesin thetestis
reduce androstenedione to testosterone. The type 6 enzyme may be found only in rodents,
and thetype 7 and 8 enzymesare widespread, but havelimited activity. Thustypes1, 3,and 5
form active estrogens and androgens, whereas types 2 and 4 produce weaker products,
aform of inactivation, important, for example, in protecting the fetus against testosterone
and estradiol in the materna circulation. The cell-specific production of each of these iso-
formsisamethod for regulating the local concentration of estrogens and androgens.

The Two-Cell System

The two-cell system is a logical explanation of the events involved in ovarian follicular
steroidogenesis.® This explanation, first proposed by Falck in 1959,% brings together infor-
mation on the site of specific steroid production, along with the appearance and importance
of hormone receptors. The following facts are important:

1. FSH receptors are present on the granulosa cells.
2. FSH receptors are induced by FSH itself.

3. LH receptors are present on the theca cells and initialy absent on the granulosa
cells, but, as the follicle grows, FSH induces the appearance of LH receptors on
the granulosa cells.

4. FSH induces aromatase enzyme activity in granulosa cells.

5. The above actions are modulated by autocrine and paracrine factors secreted by
the theca and granulosa cells.

These facts combine into the two-cell system to explain the sequence of eventsin ovarian
follicular growth and steroidogenesis. The initial change from a primordial follicle to a
preantral follicleisindependent of hormones, and the stimulus governing thisinitial stepin
growth isunknown. Continued growth, however, depends on FSH stimulation. Asthe gran-
ulosa responds to FSH, proliferation and growth are associated with an increase in FSH
receptors, a specific effect of FSH itself, but an action that is enhanced very significantly
by the autocrine and paracrine peptides. The theca cells are characterized by steroidogenic
activity in response to LH, specifically resulting in androgen production, by transcription
of the P450scc, P450c17, and 3B-hydroxysteroid dehydrogenase genes. Aromatization of
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androgens to estrogens is a distinct activity within the granulosa layer induced by FSH by
activation of the P450arom gene. Androgens produced in the theca layer, therefore, must
diffuse into the granulosa layer. In the granulosa layer they are converted to estrogens, and
theincreasing level of estradiol in the peripheral circulation reflects release of the estrogen
back toward the theca layer and into blood vessels.

The theca and granulosa cells secrete peptides that operate as both autocrine and para-
crine factors.?” Insulin-like growth factor (IGF) is secreted by the theca and enhances
the LH stimulation of androgen production in the theca cells as well as FSH-mediated
aromatization in the granulosa. Evidence indicates that the endogenousinsulin-like growth
factor in the human ovarian follicle is IGF-I1 in both the granulosa and the theca cells.
Studies indicating activity of |GF-I with human ovarian tissue can be explained by the fact
that both IGF-I and IGF-11 activities can be mediated by the type | |GF receptor, which is
structurally similar to the insulin receptor. The regulation of FSH receptors on granulosa
cellsisrelatively complex. Although FSH increases the activity of its own receptor genein
acyclic AMP-mediated mechanism, this action isinfluenced by inhibitory agents, such as
epidermal growth factor, fibroblast growth factor, and even a gonadotropin-releasing hor-
mone (GnRH)-like protein. Inhibin and activin are produced in the granulosain response to
FSH, and activin has the important autocrine role of enhancing FSH actions, especially the
production of FSH receptors. Inhibin enhances LH stimulation of androgen synthesisin the

Theca cell

Cholesterol

CAMP —

Granulosa cell

F ( CAMP——» Aromatization
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thecato provide a substrate for aromatization to estrogen in the granulosa, whereas activin
suppresses androgen synthesis. Thisimportant paracrine regulation of androgen production
in thecal cells by inhibin and activin, discussed in Chapter 6, is exerted primarily through
modification of the expression of steroidogenic enzymes, especialy P450c17.%°

After ovulation, the dominance of the luteinized granulosa layer is dependent on
preovulatory induction of an adequate number of LH receptors, and, therefore, dependent
on adequate FSH action. Prior to ovulation the granulosa layer is characterized by aro-
matization activity and conversion of the theca androgens to estrogens, an FSH-mediated
activity. After ovulation the granulosa layer secretes progesterone and estrogens directly
into the bloodstream, an LH-mediated activity.

Granulosaand theca cell s each have an androgen aromatase system that can be demonstrated
invitro. However, in vivo, the activity of the granulosalayer in thefollicular phaseis severa
hundred times greater than the activity of the thecalayer, and, therefore, the granulosaisthe
main biosynthetic source of estrogen in the growing follicle.®* Because granulosa cells lack
P450c17, therate of aromatization in the granulosalayer isdirectly related to and dependent
on the androgen substrate made available by the theca cells. Hence, estrogen secretion by
the follicle prior to ovulation is the result of combined LH and FSH stimulation of the two
cell types, the theca and the granulosa. After ovulation, it is believed the two cell types con-
tinue to function as atwo-cell system; luteal cells derived from theca produce androgens for
aromatization into estrogens by luteal cells derived from granulosa.

Free (Unbound (%))  Albumin-Bound (%) SHBG-Bound (%)

Estrogen 1 30 69
Testosterone 1 30 69
DHEA 4 88 8
Androstenedione 7 85

Dihydrotestosterone 1 71 28

From Mendel*'

Blood Transport of Steroids

While circulating in the blood, a mgjority of the principal sex steroids, estradiol and tes-
tosterone, is bound to a protein carrier, known as sex hormone-binding globulin (SHBG)
produced mainly in the liver. Another 30% is loosely bound to albumin, leaving only about
1% unbound and free. A very small percentage also binds to corticosteroid-binding globulin.
Hyperthyroidism, pregnancy, and estrogen administration all increase SHBG levels, whereas
corticoids, androgens, progestins, growth hormone, insulin, and |GF-1 decrease SHBG.

The circulating level of SHBG is inversely related to body weight, and, thus, significant
weight gain can decrease SHBG and produce important changes in the unbound levels of
the sex steroids. Another important mechanism for a reduction in circulating SHBG levels
isinsulin resistance and hyperinsulinemia.3> Thus, increased insulin levelsin the circula-
tion lower SHBG levels, and this may be the major mechanism that mediates the impact of
increased body weight on SHBG. This relationship between the levels of insulin and SHBG
is so strong that SHBG concentrations are a marker for hyperinsulinemic insulin resistance,
and alow level of SHBG isapredictor for the development of type 2 diabetes mellitus.®

The distribution of body fat has a strong influence on SHBG levels. Android or central fat
is located in the abdominal wall and visceral-mesenteric locations. This fat distribution
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is associated with hyperinsulinemia, hyperandrogenism, and decreased levels of SHBG.*
The common mechanism for these changes is probably the hyperinsulinemia.

SHBG isaglycoprotein that containsasingle binding sitefor androgens and estrogens, even
though it is a homodimer composed of two monomers. Its gene has been localized to the
short arm (p12-13) of chromosome 17.% Genetic studies have revealed that the SHBG gene
also encodes the androgen-binding protein present in the seminiferous tubules, synthesized
by the Sertoli cells*" % Dimerization is believed to be necessary to form the single steroid-
binding site. Specific chromosomal abnormalities with decreased or abnormal SHBG have
not been reported. SHBG gene expression has now been identified in other tissues (brain,
placenta, and endometrium), although a biologic significance has not been determined.

Transcortin, also called corticosteroid-binding globulin, isaplasmaglycoprotein that binds
cortisol, progesterone, deoxycorticosterone, corticosterone, and some of the other minor
corticoid compounds. Normally about 75% of circulating cortisol is bound to transcortin,
15% is loosely bound to albumin, and 10% is unbound or free. Progesterone circulates in
the following percentages: less than 2% unbound, 80% bound to albumin, 18% bound to
transcortin, and less than 1% bound to SHBG. Binding in the circulation follows the law
of mass action: the amount of the free, unbound hormone is in equilibrium with the bound
hormone. Thus, the total binding capacity of a binding globulin will influence the amount
that is free and unbound.

The biologic effects of the major sex steroids are largely determined by the unbound por-
tion, known as the free hormone. In other words, the active hormone is unbound and free,
whereas the bound hormone is relatively inactive. This concept is not without controversy.
The hormone-protein complex may beinvolved in an active uptake process at the target cell
plasma membrane.*** The abumin-bound fraction of steroids may also be available for
cellular action because this binding has low affinity. Because the concentration of albumin
in plasma is manyfold greater than that of SHBG, the contribution of the abumin-bound
fraction can be significant. Routine assays determine the total hormone concentration,
bound plus free, and special steps are required to measure the active free level of testoster-
one, estradiol, and cortisol.

Estrogen Metabolism

Androgens are the precursors of estrogens. 17p-Hydroxysteroid dehydrogenase activity
converts androstenedione to testosterone, which is not amajor secretory product of the nor-
mal ovary. It is rapidly demethylated at the C-19 position and aromatized to estradiol, the
major estrogen secreted by the human ovary. Estradiol also arises to a major degree from
androstenedione via estrone, and estrone itself is secreted in significant daily amounts.
Estriol is the peripheral metabolite of estrone and estradiol and not a secretory product of
the ovary. The formation of estriol istypical of general metabolic “detoxification,” conver-
sion of hiologically active material to less active forms.

The conversion of steroids in peripheral tissuesis not always a form of inactivation. Free
androgens are peripherally converted to free estrogens, for example, in skin and adipose
cells. The location of the adipose cells influences their activity. Women with central obe-
sity (the abdominal area) produce more androgens.*? The work of Siiteri and MacDonal d*
demonstrated that enough estrogen can be derived from circulating androgens to produce
bleeding in the postmenopausal woman. In the female the adrenal gland remains the major
source of circulating androgens, in particular androstenedione. Inthe male, almost all of the
circulating estrogens are derived from peripheral conversion of androgens. The precursor
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Estrone Estradiol

16a-Hydroxyestrone Estriol

androgens consist principally of androstenedione, dehydroepiandrosterone, and dehydroe-
piandrosterone sulfate.

It can be seen, therefore, that the pattern of circulating steroids in the female is influenced
by the activity of various processes outside the ovary. Because of the peripheral contribu-
tion to steroid levels, the term secretion rateisreserved for direct organ secretion, whereas
production rate includes organ secretion plus peripheral contribution via conversion of
precursors. The metabolic clearancerate (MCR) equalsthe volume of blood that iscleared
of the hormone per unit of time. The blood production rate (PR) then equals the metabolic
clearance rate multiplied by the concentration of the hormone in the blood.

MCR = Liters/Day
PR = MCR x Concentration (Liters/Day x Amount/Liter = Amount/Day)

Androstenedione

=

Androstenedione
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In the normal nonpregnant female, estradiol is produced at the rate of 100-300 ug/day. The
production of androstenedioneis about 3 mg/day, and the peripheral conversion (about 1%)
of androstenedione to estrone accounts for about 20-30% of the estrone produced per day.
Because androstenedione is secreted in milligram amounts, even a small percent conver-
sion to estrogen results in a significant contribution to estrogens, which exist and function
in the circulation in picogram amounts. Thus, the circulating estrogens in the female are
the sum of direct ovarian secretion of estradiol and estrone, plus peripheral conversion of
C-19 precursors. Whereas estradiol is produced in ug amounts, it circulates and functions
within cellsin concentrations of pg/mL.

Premenopausal
. Testosterone
Perlpher_al 250ug/24 hrs
Conversion
1.5% 0.15%

Progesterone Metabolism

Peripheral conversion of steroids to progesterone is not seen in the nonpregnant female;
rather, the progesterone production rate is a combination of secretion from the adrenal and
the ovaries. Including the small contribution from the adrenal, the blood production rate of
progesterone in the preovulatory phaseis less than 1 mg/day. During the luteal phase, pro-
duction increases to 2030 mg/day. The metabolic fate of progesterone, as expressed by its
many excretion products, is more complex than estrogen. About 10-20% of progesterone
is excreted as pregnanediol.

Pregnanediol glucuronide is present in the urine in concentrations less than 1 mg/day until
ovulation. Postovulation pregnanediol excretion reaches a peak of 3—6 mg/day, which is
maintained until 2 days prior to menses. The assay of pregnanediol in the urine now has
little clinical use.

In the preovulatory phase in adult females, in al prepubertal females, and in the normal
male, the blood levels of progesterone are at the lower limits of immunoassay sensitivity:
less than 1 ng/mL. After ovulation, i.e., during the luteal phase, progesterone ranges from
3to 15 ng/mL. In congenital adrenal hyperplasia, progesterone blood levels can be as high
as 50 times above normal.
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Pregnanetriol isthe chief urinary metabolite of 17a-hydroxyprogesterone and has clinical
significance in the adrenogenital syndrome, a syndrome of virilizing adrena hyperpla-
siain which an enzyme defect results in accumulation of 17a-hydroxyprogesterone and
increased excretion of pregnanetriol. Theinherited abnormality invirilizing adrenal hyper-
plasia results in an inability to synthesize glucocorticoids. The hypothalamic-pituitary
axis reacts to the low level of cortisol by elevated ACTH secretion in a homeostatic
response to achieve normal levels of cortisol production. This stimulation induces a
hyperplastic adrenal cortex that produces androgens as well as corticoid precursors in
abnormal quantities. The plasma or serum assay of 17a-hydroxyprogesterone is a more
sensitive and accurate index of this enzyme deficiency than measurement of pregnan-
etriol. Normally, the blood level of 17a-hydroxyprogesterone is less than 100 ng/dL,
although after ovulation and during the luteal phase of a normal menstrual cycle, a peak
of 200 ng/dL can be reached. In syndromes of adrenal hyperplasia, values can be 10400
times normal .

Androgen Metabolism

The major androgen products of the ovary are dehydroepiandrosterone (DHEA) and
androstenedione (and only a little testosterone), which are secreted mainly by stromal
tissue derived from theca cells. With excessive accumulation of stromal tissue or in the
presence of an androgen-producing tumor, testosterone becomes a significant secretory
product. Occasionally, a nonfunctioning tumor can induce stromal proliferation and
increased androgen production. The normal accumulation of stromal tissue at midcycle
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resultsin arisein circulating levels of androstenedione and testosterone at the time of
ovulation.

The adrenal cortex produces three groups of steroid hormones:. the glucocorticoids, the
mineralocorticoids, and the sex steroids. The adrena sex steroids represent intermedi-
ate byproducts in the synthesis of glucocorticoids and mineralocorticoids, and excessive
secretion of the sex steroids occurs only with neoplastic cells or in association with enzyme
deficiencies. Under normal circumstances, adrenal gland production of the sex steroids is
less significant than gonadal production of androgens and estrogens. About one-half of the
daily production of DHEA and androstenedione comes from the adrenal gland; the other
half of androstenedione is secreted by the ovary, but the other half of DHEA is split almost
equally between the ovary and peripheral tissues. The production rate of testosteronein the
normal female is 0.2-0.3 mg/day, and approximately 50% arises from peripheral conver-
sion of androstenedione (and a small amount from DHEA) to testosterone, whereas 25%
is secreted by the ovary and 25% by the adrenal. The major androgens are excreted in the
urine as 17-ketosteroids.

There is no circadian cycle of the major sex steroids in the female. However, short-term
variations in the blood levels due to episodic secretion require multiple sampling for abso-
lutely accurate assessment. Although frequent sampling is necessary for a high degree
of accuracy, a random sample is sufficient for clinical purposes to determine whether a
level iswithin a normal range.

The testosterone-binding capacity is decreased by androgens; hence, the binding capacity
in men is lower than that in norma women. The binding globulin level in women with
increased androgen production is also depressed. Androgenic effects are dependent on the
unbound fraction that can move freely from the vascular compartment into the target cells.
Routine assays determine the total hormone concentration, bound plus free. Thus, a total
testosterone concentration can be in the normal range in a woman who is hirsute or even
virilized, but because the binding globulin level is depressed by the androgen effects, the
percent free and active testosterone is elevated. The need for a specific assay for the free
portion of testosterone can be questioned because the very presence of hirsutism or virilism
indicates increased androgen effects. In the face of hirsutism, one can reliably interpret a
normal testosterone level as compatible with decreased binding capacity and increased
active free testosterone.

Both total and unbound testosterone are normal in only a few women with hirsutism.
In these cases, the hirsutism, heretofore regarded as idiopathic, most likely results from
excessive intracellular androgen effects (specifically increased intracellular conversion of
testosterone to dihydrotestosterone).

Reduction of the A* unsaturation (an irreversible pathway) in testosterone is very sig-
nificant, producing derivatives very different in their spatial configuration and activity.
The 5B-derivatives are not androgenic, and this is not an important pathway; however,
the Sa.-derivative (a very active pathway) is extremely potent. Indeed, dihydrotestosterone
(DHT), the 5a.-derivative, is the principal androgenic hormonein avariety of target tissues
and is formed within the target tissue itself.

In men, the majority of circulating DHT is derived from testosterone that enters a target
cell and is converted by means of 5a-reductase to DHT. In women, because the produc-
tion rate of androstenedione is greater than testosterone, blood DHT is primarily derived
from androstenedione and partly from dehydroepiandrosterone.* Thus, in women, the skin
production of DHT is predominantly influenced by androstenedione. DHT is by definition
an intracrine hormone, formed and acting within target tissues.®® The 5a.-reductase enzyme
existsin two forms, type | and 1, each encoded by a separate gene, with the type | enzyme
found in skin and the type |1 reductase predominantly expressed in reproductive tissues.*
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DHT islargely metabolized intracellularly; hence, the blood DHT is only about one-tenth
the level of circulating testosterone, and it is clear that testosterone is the mgjor circulating
androgen. In tissues sensitive to DHT (which includes hair follicles), only DHT enters the
nucleus to provide the androgen message. DHT also can perform androgenic actionswithin
cellsthat do not possess the ability to convert testosteroneto DHT. DHT isfurther reduced
by a 3a-keto-reductase to androstanediol, which is relatively inactive. The metabolite of
androstanediol, 3a-androstanediol glucuronide, is the major metabolite of DHT and can
be measured in the plasma, indicating the level of activity of target tissue conversion of
testosterone to DHT.

Not al androgen-sensitive tissues require the prior conversion of testosterone to DHT.
In the process of masculine differentiation, the development of the wolffian duct struc-
tures (epididymis, the vas deferens, and the seminal vesicle) is dependent on testosterone
as the intracellular mediator, whereas development of the urogenital sinus and urogenital
tubercle into the male external genitalia, urethra, and prostate requires the conversion of
testosterone to DHT.*” Muscle development is under the direct control of testosterone.
Testosterone is also aromatized to a significant extent in the brain, liver, and breast; and
in some circumstances (e.g., in the brain) androgenic messages can be transmitted via
estrogen.
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The Importance of Local Sex Hormone Production

The characteristics of sex steroid metabolism reviewed above contribute to an important
clinical concept: circulating levels of sex hormones do not always reflect concentrations
in target cells. In premenopausal women, target tissues synthesi ze and metabolize most of
the testosterone produced. Thus, in women testosterone functions as a paracrine and intra-
crine hormone. In men, abundant secretion of testosterone creates circulating levels that
are sufficient to allow testosterone to function as a classic hormone. In women, the same
description appliesto estradiol. Estradiol functions asaclassical circulating hormone until
menopause, after which both estradiol and testosterone activities are due to local target
tissue synthesis, using precursors derived from the circulation. Clinical interventions after
menopause, therefore, are directed to local hormone production; for example, the use of
aromatase inhibitors to treat breast cancer.

Excretion of Steroids

Active steroids and metabolites are excreted as sulfo and glucuro conjugates. Conjuga-
tion of a steroid converts a hydrophobic compound into a hydrophilic one and generally
reduces or eliminatesthe activity of asteroid. Thisisnot completely true, however, because
hydrolysis of the ester linkage can occur in target tissues and restore the active form. Fur-
thermore, estrogen conjugates can have biologic activity, and it is known that sulfated
conjugates are actively secreted and may serve as precursors, present in the circulation in
relatively high concentrations because of binding to serum proteins. Ordinarily, however,
conjugation by liver and intestinal mucosa is a step in deactivation preliminary to, and
essential for, excretion into urine and hile.

Glucosiduronate

Sulfate . .
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Cellular Mechanism of Action

Hormones circulate in extremely low concentrations and, in order to respond with
specific and effective actions, target cells require the presence of special mechanisms.
There are two major types of hormone action at target tissues. One mediates the action
of tropic hormones (peptide and glycoprotein hormones) with receptors at the cell mem-
brane level. In contrast, the smaller steroid hormones enter cells readily, and the basic
mechanism of action involves specific receptor molecules within the cells. It is the
affinity, specificity, and activity of the receptors, together with the large concentra-
tion of receptorsin cells, that allow a small amount of hormone to produce a biologic
response.

The many different types of receptors can be organized into the following basic
categories:

Intracellular Receptors

Receptors within cells lead to transcription activation. Examples include the receptors for
estrogen and thyroid hormones.

G Protein Receptors

These receptors are composed of a single polypeptide chain that spans the cell membrane.
Binding to a specific hormone leads to interaction with G proteins that, in turn, activate
second messengers. Examplesinclude receptors for tropic hormones, prostaglandins, light,
and odors. The second messengers include the adenylate cyclase enzyme, the phospholi-
pase system, and calcium ion changes.

lon Gate Channels

These cell surface receptors are composed of multiple units, that after binding, open ion
channels. Theinflux of ions changesthe electrical activity of the cells. The best example of
thistypeis the acetylcholine receptor.

Receptors with Intrinsic Enzyme Activity

These transmembrane receptors have an intracellular component with tyrosine or serine
kinase activity. Binding leads to receptor autophosphorylation and activity. Examples
include the receptors for insulin and growth factors (tyrosine kinase) and the receptors for
activin and inhibin (serine kinase).
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The System of Internalization

Receptors that do not fit the above categories include the receptors for LDL, prolactin,
growth hormone, and some of the growth factors. These receptors allow entry of their
ligandsinto cells by the process of endocytosis (discussed later in this chapter).

Mechanism of Action for Steroid Hormones

The specificity of the reaction of tissues to sex steroid hormones is due to the presence of
intracellular receptor proteins. Different types of tissues, such as liver, kidney, and uterus,
respond in a similar manner. The mechanism includes. (1) steroid hormone diffusion
across the cell membrane, (2) steroid hormone binding to a receptor protein, (3) interac-
tion of a hormone-receptor complex with nuclear DNA, (4) synthesis of messenger RNA
(mRNA), (5) transport of the mRNA to the ribosomes, and finaly, (6) protein synthesis
in the cytoplasm that results in specific cellular activity. The steroid hormone receptors
primarily affect gene transcription, but also regulate posttranscriptiona events and nonge-
nomic events. Steroid receptors regulate gene transcription through multiple mechanisms,
not all of which require direct interactions with DNA.

Nucleus

HE—DNA

Cytoplasm

H

Transcription

Ribosomes

6 | Translation

/
Protein
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Each of the major classes of the sex steroid hormones, including estrogens, progestins, and
androgens, act according to this general mechanism. Glucocorticoid and mineralocorticoid
receptors, when in the unbound state, reside in the cytoplasm and move into the nucleus
after hormone-receptor binding. Estrogens, progestins, and androgens are transferred
across the nuclear membrane and bind to their receptors within the nucleus.

Steroid hormones arerapidly transported acrossthe cell membrane by simplediffusion. The
factors responsible for this transfer are unknown, but the concentration of free (unbound)
hormone in the bloodstream seems to be an important and influential determinant of cel-
[ular function. Oncein the cell, the sex steroid hormones bind to their individual receptors.
During this process, transformation or activation of the receptor occurs. Transformation
refersto aconformational change of the hormone-receptor complex revealing or producing
a binding site that is necessary in order for the complex to bind to the chromatin. In the
unbound state, the receptor is associated with heat shock proteins that stabilize and protect
the receptor and maintain a conformational shape that keeps the DNA binding regionin an
inactive state. Activation of the receptor is driven by hormone binding that causes a dis-
sociation of the receptor-heat shock protein complex.

Thehormone-receptor complex bindsto specific DNA sites(hormone-responsive el ements)
that are located upstream of the gene. The specific binding of the hormone-receptor com-
plex with DNA resultsin RNA polymerase initiation of transcription. Transcription leads
to translation, MRNA-mediated protein synthesis on the ribosomes. The principal action of
steroid hormonesiis the regulation of intracellular protein synthesis by means of the recep-
tor mechanism.

Biologic activity is maintained only while the nuclear site is occupied with the hormone-
receptor complex. The dissociation rate of the hormone and its receptor aswell asthe half-
life of the nuclear chromatin-bound complex are factors in the biologic response because
the hormone response elements are abundant and, under normal conditions, are occupied
only to asmall extent.* Thus, an important clinical principle is the following: duration of
exposure to a hormone is as important as dose. One reason only small amounts of estro-
gen need be present in the circulation isthe long half-life of the estrogen hormone-receptor
complex. Indeed, a major factor in the potency differences among the various estrogens
(estradiol, estrone, estriol) is the length of time the estrogen-receptor complex occupies
the nucleus. The higher rate of dissociation with the weak estrogen (estriol) can be com-
pensated for by continuous application to alow prolonged nuclear binding and activity.
Cortisol and progesterone must circulate in large concentrations because their receptor
complexes have short half-livesin the nucleus.

An important action of estrogen is the modification of its own and other steroid hormone
activity by affecting receptor concentrations. Estrogen increases target tissue responsive-
ness to itself and to progestins and androgens by increasing the concentration of its own
receptor and that of the intracellular progestin and androgen receptors. Progesterone and
clomiphene, on the other hand, limit tissue response to estrogen by blocking this mecha-
nism, thus decreasing over time the concentration of estrogen receptors. Small amounts of
receptor depletion and small amounts of steroid in the blood activate the mechanism.

The synthesis of the sex steroid receptors obviously takes place in the cytoplasm, but with
estrogen and progestin receptors, synthesis must be quickly followed by transportation
into the nucleus. There is an amazingly extensive nuclear traffic.*® The nuclear membrane
contains 3,000 to 4,000 pores. A cell synthesizing DNA imports about one million histone
molecules from the cytoplasm every 3 minutes. If the cell is growing rapidly, about three
newly assembled ribosomes will be transported every minute in the other direction. The
typical cell can synthesize 10,000 to 20,000 different proteins. How do they know where
to go? The answer is that these proteins have localization signals. In the case of steroid
hormone receptor proteins, the signal sequences are in the hinge region.
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Estrogen and progestin receptors exit continuously from the nucleus to the cytoplasm and
are actively transported back to the nucleus. This is a constant shuttle; diffusion into the
cytoplasm is balanced by the active transport into the nucleus. This raises the possibil-
ity that some diseases are due to poor traffic control. This can be true of some acquired
diseases as well, e.g., Reye's syndrome, an acquired disorder of mitochondrial enzyme
function.

The fate of the hormone-receptor complex after gene activation is referred to as
hormone-receptor processing. In the case of estrogen receptors, processing involves the
rapid degradation of receptors unbound with estrogen, and a much slower degradation
of bound receptors after gene transcription. The rapid turnover of estrogen receptors
has clinical significance. The continuous presence of estrogen is an important factor for
continuing response.

The best example of the importance of these factorsis the difference between estradiol and
estriol. Estriol has only 20-30% affinity for the estrogen receptor compared with estra-
diol; therefore, it is rapidly cleared from a cell. But if the effective concentration is kept
equivalent to that of estradiol, it can produce a similar biologic response.® In pregnancy,
where the concentration of estriol isvery great, it can be an important hormone, not just a
metabolite.

The depletion of estrogen receptors in the endometrium by progestational agents is the
fundamental reason for adding progestins to estrogen treatment programs. The progestins
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accelerate the turnover of preexisting receptors, and this is followed by inhibition of
estrogen-induced receptor synthesis. Using monoclonal antibody immunocytochemistry,
this action has been pinpointed to the interruption of transcription in estrogen-regulated
genes. The mechanism is different for androgen antiestrogen effects. Androgens also
decrease estrogen receptors within target tissues, especialy in the uterus.5!-%2

The Receptor Superfamily

Recombinant DNA techniques have permitted the study of the gene sequences that
code for the synthesis of nuclear receptors. Steroid hormone receptors share a com-
mon structure with the receptors for thyroid hormone, 1,25-dihydroxyvitamin D3, and
retinoic acid; thus, these receptors are called a superfamily.> % Each receptor contains
characteristic domains that are similar and interchangeable. Therefore, it is not surpris-
ing that the specific hormones can interact with more than one receptor in this family.
Analysis of these receptors suggests a complex evolutionary history during which gene
duplication and swapping between domains of different origins occurred. This fam-
ily now includes hundreds of proteins, present in practically all species, from worms
to insects to humans. Some are called orphan receptors because specific ligands for
these proteins have not been identified, but the number of orphan receptorsis gradually
diminishing (deorphaning). It has been convincingly argued that the 6 steroid receptors
originated in acommon ancestral receptor gene.* Theidentification of steroid receptors
in the sealamprey dates the origin to over 450 million years ago, and the characteriza-
tion of a receptor that functions like an estrogen receptor in the mollusk indicates that
the ancient and initial sex steroid receptor was an estrogen receptor.% Knowledge of
the complete human genome has confirmed that there are 48 nuclear receptors in the
receptor superfamily.>

Hinge
region
Regulatory DNA Hormone binding
domain domain domain

Glucocorticoid receptor (777 amino acids)

Progesterone receptor (933 amino acids)

— 1T 1 >

Aldosterone receptor (984 amino acids)

T T >

Estrogen receptor (595 amino acids)

L

Thyroid receptor (490 amino acids)

T T >

Retinoic acid receptor (462 amino acids)
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The Estrogen Receptors

Two estrogen receptors have been identified, designated as estrogen receptor-alpha (ER-o.)
and estrogen receptor-beta (ER-B).>" * The estrogen receptor-o. was discovered about
1960, and the amino acid sequence was reported in 1986.5-% The estrogen receptor-a is
translated from a 6.8-kilobase mMRNA derived from a gene that contains eight exons on
the long arm of chromosome 6.9 |t has a molecular weight of approximately 66,000 with
595 amino acids. The receptor-o. half-life is approximately 4—7 hours; thus the estrogen
receptor-o. isaprotein with arapid turnover. The more recently discovered estrogen recep-
tor-B, a protein with 530 amino acids, is encoded by a gene localized to chromosome
14,g23.2, in close proximity to genesrelated to Alzheimer’s disease.®® % Multiple isoforms
exist of ER-B, including five full-length forms.

The Estrogen Receptor-Alpha

DNA binding
Regulatory domain domain Hinge Hormone binding domain

1 180 263 302 595
Transcription activation DNAbinding Nuclear Heatshock protein binding Conformational
function-1 (TAF-1) dimerization localization  Hormone binding influence

Transcription activation function-2 (TAF-2)

The Estrogen Receptor-Beta

Regulatory DNA binding

domain domain Hinge Hormone binding domain
NH» COOH
1 104 485
DNAbinding Nuclear Heatshock protein binding Conformational
dimerization localization  Hormone binding influence

Transcription activation function-2 (TAF-2)

Orphan receptors have been identified that are related to the estrogen receptors. They have
been designated as estrogen-related receptor (ERRa,, ERRp, and ERRy). ERRa. may be
regulated by coactivator proteins and interacts with typical steroid signaling pathways. ¢
These orphan receptors are expressed in most tissues and may be involved in typica estro-
gen activities, such asthe proliferation and differentiation of target cellsin bone and in the
breast. Nevertheless, they do not bind estrogens, and no endogenous ligand has been yet
identified.

The story is further complicated with the recognition that members of the receptor super-
family are each associated with multiple isoforms.®” This increases the number of possible
signaling pathwaysin physiology and disease. In this discussion, we will mention only the
most biologically important isoforms.
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The estrogen receptors are divided into six regions in five domains, labeled A to F. The
ER-B is 96% homologous in amino acid sequence with the alpha estrogen receptor in
the DNA binding domain and 60% homologous in the hormone-binding domain. The full
comparison is as follows:; % 68 &

ER-a and ER-B Homology (%)

The regulatory domain 18
The DNA-binding domain 96
The hinge 30
The hormone-binding domain 55
The F region 18

The hormone-binding characteristics of the ER-a and the ER-f are similar, indicating that
they respond in a comparable manner to the same hormones.™ Thus, both receptors bind
to the estrogen response element with a similar affinity, and the affinity of estradiol for
each receptor is similar. There are differences, however; for example, phytoestrogens have
a greater affinity for ER-$ than for ER-a.. In other words, estrogenic agents demonstrate
preferential binding for one or the other receptor. Different genetic messages can result not
only because of differences in binding affinity, but aso through variations in the mecha-
nisms to be discussed, notably differences in conformational shape and cellular contexts.
In addition, because the regulatory domains differ in the two receptors, the ability of ER-3
to activate gene transcription by means of TAF-1isimpaired (discussed below).

A/B Region, The Regulatory Domain

The amino acid terminal is the most variable in the superfamily of receptors, ranging in
size from 20 amino acids in the vitamin D receptor, to 600 amino acids in the mineralo-
corticoid receptor. In the ER-a, it contains several phosphorylation sites and the transcrip-
tion activation function called TAF-1. TAF-1 can stimulate transcription in the absence
of hormone binding. The regulatory domain is considerably different in the two estrogen
receptors; in ER-B, TAF-1 is either significantly modified or absent.

C Region, The DNA-Binding Domain

The middle domain binds to DNA and consists of 100 amino acids with nine cysteinesin
fixed positions, thetwo zinc fingers. Thisdomain is essential for activation of transcription.
Hormone binding induces a conformational change in the three helices that allows binding
to the hormone-responsive elementsin the target gene. Thisdomain isvery similar for each
member of the steroid and thyroid receptor superfamily; however, the genetic message is
specific for the hormone that binds to the hormone-binding domain. The DNA-binding
domain controls which gene will be regulated by the receptor and is responsible for target
gene specificity and high-affinity DNA binding. The specificity of receptor binding to its
hormone responsive element is determined by the zinc finger region, especially the first
finger. The specific message can be changed by changing the amino acidsin the base of the
fingers. Substitutions of amino acids in the fingertips lead to loss of function. Functional
specificity islocalized to the second zinc finger in an areadesignated the d (distal) box. Dif-
ferent responses are due to the different genetic expression of each target cell (the unique
activity of each cell’s genetic constitution allows individual behavior).
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D Region, The Hinge

The region between the DNA-binding domain and the hormone-binding domain contains
asignal areathat isimportant for the movement of the receptor to the nucleus following
synthesisin the cytoplasm. Thisnuclear localization signal must be present for the estrogen
receptor to remain within the nucleus in the absence of hormone. Thisregion isaso asite
of rotation (hence the hinge designation) in achieving conformational change.

E Region, The Hormone-Binding Domain

The carboxy end of the estrogen receptor-a. isthe hormone-binding domain (for both estro-
gens and antiestrogens), consisting of 251 amino acids (residues 302-553). It consists of
12 helices with afolding pattern that forms a pocket where the hormones bind. The pocket
is about 20% smaller in ER-B. In addition to hormone binding, this region contains the
sites for cofactor binding, is responsible for dimerization, and harbors the transcription
activation function called TAF-2. Thisis also the site for binding by heat shock proteins
(specifically hsp 90), and it isthisbinding to the heat shock proteinsthat prevents dimeriza-
tion and DNA binding. In contrast to TAF-1 activity, TAF-2 depends on hormone binding
for full activity.

F Region

The F region of ER-o is a 42 amino acid C-terminal segment. This region modulates
gene transcription by estrogen and antiestrogens, having a role that influences antiestro-
gen efficacy in suppressing estrogen-stimulated transcription.”™ The conformation of the
receptor-ligand complex is different with estrogen and antiestrogens, and this conformation
is different with and without the F region. The F region is not required for transcriptional
response to estrogen; however, it affects the magnitude of ligand-bound receptor activity.
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It is speculated that this region affects conformation in such away that protein interactions
are influenced. Thus, it is appropriate that the effects of the F domain vary according to
cell type and protein context. The F region affects the activities of both TAF-1 and TAF-2,
which iswhat one would expect if the effect is on conformation.”

Estrogen Receptor Mechanism of Action

Ligand-Dependent Nuclear Activity

The steroid family receptors are predominantly in the nucleus even when not bound to a
ligand, except for mineralocorticoid and glucocorticoid receptors where nuclear uptake
depends on hormone binding. But the estrogen receptor does undergo what is called
nucleocytoplasmic shuttling. The estrogen receptor can diffuse out of the nucleus
and be rapidly transported back in or undergo metabolism. When this shuttling is
impaired, receptors are more rapidly degraded. Agents that inhibit dimerization (e.g.,
the pure estrogen antagonists) prevent nuclear translocation and thus increase cytoplas-
mic degradation.

Cytoplasm Nucleocytoplasmlc shuttling

Nucleus

Phosphorylation S|tes

.

In the absence of estrogen (the ligand), the receptor can become associated with the estro-
gen response element on agene, asignal for aprocessthat leadsto its proteasome degrada-
tion via the ubiquitin pathway.™ The receptor bound to its ligand, estrogen, undergoes the
same process, but at a pace much slower than unliganded receptor, allowing time for gene
transcription. This cyclic turnover allows the target cell to be very sensitive to the concen-
tration of the ligand (estrogen) within the cell.

Prior to binding, the estrogen receptor is an inactive complex that includes a variety of
chaperone proteins, including the heat shock proteins. Heat shock protein 90 appearsto be
acritical protein, and many of the others are associated with it. This heat shock protein is
important not only for maintaining an inactive state, but also for causing proper folding for
transport across membranes. “Activation” or “transformation” is the dissociation of heat
shock protein 90.7
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Imagine the unoccupied steroid receptor as a loosely packed, mobile protein complexed
with heat shock proteins. The steroid family of receptors exists in this complex and can-
not bind to DNA until union with a steroid hormone liberates the heat shock proteins and
allows dimerization. The conformational change induced by hormone binding involves
a dissociating process to form a tighter packing of the receptor. The hormone-binding
domain contains helices that form a pocket.” After binding with a hormone (or with drugs
engineered for this purpose), this pocket undergoes a conformational change that cre-
ates new surfaces with the potential to interact with coactivator and corepressor proteins.
Conformational shape is an important factor in determining the exact message trans-
mitted to the gene. Conformational shape is dightly but significantly different with each
ligand; estradiol, tamoxifen, and raloxifene each induce a distinct conformation that con-
tributes to the ultimate message of agonism or antagonism.” 7" Tamoxifen and raloxifene,
both TAF-2 antagonists, cause a steric repositioning, about a 90 degree rotation, of a helix
(the TAF-2 helix) that then occupies the binding site of a coactivator in those tissues where
such a coactivator is arequisite for TAF-2 activity. The weak estrogen activity of estriol is
because of its altered conformational shape when combined with the estrogen receptor in
comparison with estradiol .

The hormone-binding domain of the estrogen receptors contains a cavity (the pocket) sur-
rounded by awedge-shaped structure, and it isthefit into this cavity that isso influential in
thefinal genetic message. The size of this cavity on the estrogen receptor isrelatively large,
larger than the volume of an estradiol molecule, explaining the acceptance of alarge variety
of ligands. Thus, estradiol, tamoxifen, and raloxifene each bind in the same cavity within
the hormone-binding domain, but the conformational shape with each is not identical.

Conformational shapeisamajor factor in determining the ability of aligand and its recep-
tor to interact with coactivators and corepressors. Conformational shapes are not simply
either “on” or “off,” but intermediate conformations are possible providing a spectrum
of agonist/antagonistic activity. The specific conformational shape of a receptor allows
or prevents the recruitment of coactivators and corepressors that ultimately yield various
biological reponses.

Members of the thyroid and retinoic acid receptor subfamily do not exist in inactive com-

plexes with heat shock proteins. They can form dimers and bind to response elements in
DNA, but without ligand, and they act as repressors of transcription.
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Estrogen receptor mutants can be created that are unable to bind estradiol. These mutants
can form dimers with natural estrogen receptor (wild type), and then bind to the estrogen
response element, but they cannot activate transcription.” This indicates that transcription
is dependent on the result after estradiol binding to the estrogen receptor, an estrogen-
dependent structural change. Dimerization by itself isnot sufficient to lead to transcription;
neither is binding of the dimer to DNA sufficient.

Molecular modeling and physical energy cal culationsindicate that binding of estrogen with
its receptor isnot asimple key and lock mechanism. It involves conversion of the estrogen-
receptor complex to a preferred geometry dictated to amajor degree by the specific binding
site of the receptor. The estrogenic response depends on the final bound conformation and
the electronic properties of functional groups that contribute energy. The final transactiva-
tion function is dependent on these variables.

Estrogen, progesterone, androgen, and glucocorticoid receptors bind to their response
elements as dimers, one molecule of hormone to each of the two unitsin the dimer. The
estrogen receptor-o. can form dimers with other alpha receptors (homodimers) or with an
estrogen receptor-f3 (heterodimer). Similarly, the estrogen receptor-p can form homodim-
ers or heterodimers with the alpha receptor. This creates the potential for many pathways
for estrogen signaling, aternatives that are further increased by the possibility of utiliz-
ing various response elements in target genes. Cells that express only one of the estrogen
receptors would respond to the homodimers; cells that express both could respond to a
homodimer and a heterodimer.

The similar amino acid sequence of the DNA-binding domains in this family of receptors
indicates evolutionary conservation of homologous segments. An important part of the
conformational pattern consists of multiple cysteine-repeating units found in two struc-
tures, each held in afinger-like shape by a zinc ion, the so-called zinc fingers.2® The zinc
fingers on the various hormone receptors are not identical. These fingers of amino acids
interact with similar complementary patterns in the DNA. Directed changes (experimen-
tal mutations) indicate that conservation of the cysteine residues is necessary for binding
activity, asisthe utilization of zinc.

The DNA binding domain is specific for an enhancer site (the hormone-responsive
element) in the gene promoter, located in the 5 flanking region. The activity of the
hormone-responsive element requires the presence of the hormone-receptor complex.
Thus, this region is the part of the gene to which the DNA-binding domain of the recep-
tor binds. There are at least four different hormone-responsive elements, one for glu-
cocorticoids/progesterone/androgen, one for estrogen, one for vitamin D3, and one for
thyroid/retinoic acid.®* These sites significantly differ only in the number of intervening
nucleotides.

Binding of the hormone-receptor complex to its hormone-responsive element leads to
many changes, only one of which is a conformational alteration in the DNA. Although
the hormone-responsive elements for glucocorticoids, progesterone, and androgens medi-
ate all of these hormonal responses, there are subtle differences in the binding sites, and
there are additional sequences outside of the DNA-binding sites that influence activation
by the three different hormones. The cloning of complementary DNAs for steroid recep-
tors has revealed a large number of similar structures of unknown function. It is believed
that the protein products of these sequences are involved in the regulation of transcription
initiation that occurs at the TATA box.

There are three different RNA polymerases (designated I, |1, and 111), each dedicated to
the transcription of a different set of genes with specific promoters (the site of polymerase
initiation of transcription). Transcription factors are polypeptides, complexed with the
polymerase enzyme, that modulate transcription either at the promoter site or at a
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sequence further upstream on the DNA.8 The steroid hormone receptors, therefore, are
transcription factors. The polymerase transcription factor complex can be developed in
sequential fashion with recruitment of individual polypeptides, or transcription can result
from interaction with a preformed complete complex. The effect can be either positive or
negative, activation or repression.

In most cases, therefore, the steroid hormone receptor activates transcription in partnership
with severa groups of polypeptides®

1. Other transcription factors—peptides that interact with the polymerase enzyme
and DNA.

2. Coactivators and corepressors—peptides that interact with the TAF areas of the
receptor, also called adaptor proteins or coregulators. Previously considered
nuclear proteins, these regulators may also have functions within the cytoplasm.

3. Chromatin factors—structural organizational changes that allow an architecture
appropriate for transcription response.

The steroid-receptor complex regulates the amount of mRNA transcripts emanating from
target genes. The estrogen-occupied receptor binds to estrogen response elements in the
5 flanking regions of estrogen-regulated genes, allowing efficient induction of RNA
transcription. This can occur by direct binding to DNA and interaction with the estrogen
response element or by protein interactions with coactivators between the estrogen recep-
tor and DNA sites. Coactivators and corepressors are intracellular proteins, recruited
by hormone receptors, that activate or suppress the TAF areas, by acting enzymatically
either on the receptors or on DNA. .2 Most of the genes regulated by estrogens respond
within 1-2 hours after estrogen administration. Only a few respond within minutes. This
time requirement may reflect the necessity to synthesize regulating proteins.® A large num-
ber (over 300—a current list is available at www.nursa.org) of coactivator and corepressor
proteins have been identified and designated by code letters and numbers, suggesting that
there is a process involved with these proteins, causing selection, activation, queuing, and
coordination.® In general, corepressor proteins bind to hormone receptorsin the absence of
aligand and suppress any basal transcription activity. Active investigation of this step will
undoubtedly yield understanding of pathologic responses and new pharmacologic devel-
opments because it is aready recognized that these proteins influence the phenotypes of
human diseases.**

Just as coregulators can lead to different responses to the same hormones in different tis-
sues, anew avenue of research indicates that posttranslational modifications of the coregu-
lators can diversify the regulatory effects.® © The activity of a coregulator protein can
be atered by modifications such as phosphorylation or methylation. The response to a
specific hormone, therefore, can be complex, differing in various tissues as directed by the
coregulators present in that tissue and how the coregulators are modified. The diversity
from tissue to tissue is thus very complex, but even within a single cell impressive diver-
sity is the norm. Because genomic differences among various species are amazingly small
(1% or less), evolutionary differencesin the way in which genes act, including the complex
coregulatory story, make amajor contribution to the phenotypic and behavioral differences
in life forms, especially humans. In addition, coregulators provide another evolutionary
reservoir that can yield adaptation to new environmental challenges and stresses.

The concentration of coactivators/corepressors can affect the cellular response, and thisis
another explanation for strong responses from small amounts of hormone. With a small
amount of receptor but a large amount of coactivator/corepressor, the cell can be very
responsive to aweak signal.
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One of the aspects of activation, for example with the estrogen receptor, is an increase in
affinity for estrogen. Thisisan action of estrogen, and it is greatest with estradiol and least
with estriol. This action of estradiol, the ability of binding at one site to affect another site,
iscalled cooperativity. Anincreasein affinity is called positive cooperativity. The biologic
advantage of positive cooperativity is that this increases the receptor’s ability to respond
to small changes in the concentration of the hormone. One of the antiestrogen actions of
clomiphene is its property of negative cooperativity, the inhibition of the transition from
a low-affinity to a high-affinity state. The relatively long duration of action exhibited by
estradiol is due to the high-affinity state achieved by the receptor.

TAF (transcriptional activation function) isthe part of the receptor that activates gene tran-
scription after binding to DNA. Ligand binding produces a conformational change that
allows TAFs to accomplish their tasks. TAF-1 can stimulate transcription in the absence
of hormone when it isfused to DNA; however, it also promotes DNA binding in the intact
receptor. TAF-2 is affected by the bound ligand, and the estrogen receptor depends on
estrogen binding for full activity. TAF-2 consists of anumber of dispersed elementsthat are
brought together after estrogen binding. The activities of TAF-1 and TAF-2 vary accord-
ing to the promotersin target cells. These areas can act independently or with one another.
Indeed, the classic estrogen compounds (e.g., estradiol) produce a conformational shape
that allows TAF-1 and TAF-2 to react in a synergistic fashion.

Thus the differential activities of the TAFs account for different activities in different
cells. In addition to the binding of the dimerized steroid receptor to the DNA response
element, steroid hormone activity is modulated by other pathways (other protein tran-
scription factorsand coactivators/corepressors) that influence transcription activation.%
% This is an important concept: the concept of cellular context. The same hormone
can produce different responses in different cells according to the cellular context of
protein regulators, and responses can be altered by posttranslational modifications of
the cogregulator proteins.

Ligand-Independent Nuclear Activity

Phosphorylation of specific receptor sitesis an important method of regulation, as well
as phosphorylation of other peptides that influence gene transcription. Phosphorylation
can be regulated by cell membrane receptors and ligand binding, thus establishing
a method for cell membrane-bound ligands to communicate with steroid receptor
genes.

Cyclic AMP and protein kinase A pathwaysincrease transcriptional activity of the estrogen
receptor by phosphorylation. In some cases phosphorylation modul ates the activity of the
receptor; in other cases, the phosphorylation regulates the activity of a specific peptide or
coactivator/corepressor that, in turn, modulates the receptor. Phosphorylation follows ste-
roid binding and occursin both the cytoplasm and nucleus. Thus phosphorylation enhances
activity of the steroid receptor complex.

Phosphorylation of the receptor increases the potency of the molecule to regulate tran-
scription. Growth factors can stimulate protein kinase phosphorylation that can produce
synergistic activation of genes or even ligand-independent activity. Epidermal growth fac-
tor (EGF), IGF-1, and transforming growth factor-alpha (TGF-a) can activate the estrogen
receptor in the absence of estrogen, through the TAF-1 domain. This response to growth
factors can be blocked by pure antiestrogens (suggesting that a strong antagonist locks the
receptor in a conformation that resists ligand-independent pathways). The exact mecha-
nism of growth factor activation is not known, but it is known that a steroid receptor can
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be activated by means of a chemical signal (a phosphorylation cascade) originating at the
plasmamembrane. The recruitment of kinase activity is specific for specific ligands; thus
not all ligands stimulate phosphorylation.

Another explanation for strong responses from small amounts of steroids is a positive
feedback relationship. Estrogen activates its receptor, gene expression stimulates growth
factors (EFG, IGF-I, TGF-q, fibroblast growth factor), and the growth factors in an auto-
crine fashion further activate the estrogen receptor.* Ligand-independent activation of the
estrogen receptor may be an important mechanism where estrogen levels are low, such as
in the male.®

SUMMARY—Steps in the Steroid Hormone—Receptor Mechanism

1. Binding of the hormone to the hormone-binding domain that has been kept in
an inactive state by various heat shock proteins.

2. Adctivation of the hormone-receptor complex, by conformational change,
follows the dissociation of the heat shock proteins.

3. Dimerization of the complex.

4. Binding of the dimer to the hormone-responsive element on DNA at the zinc
finger area of the DNA-binding domain.

5. Stimulation of transcription, mediated by transcription activation functions

(TAFs), and influenced by the protein (other transcription factors and coacti-
vators/corepressors) context of the cell, and by phosphorylation.
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SUMMARY—Factors that Determine Biologic Activity
1. Affinity of the hormone for the hormone-binding domain of the receptor.

2. Target tissue differential expression of the receptor subtypes (e.g., ER-a and
ER-B).

3. The concept of conformational shape: the structure of the ligand-receptor
complex, with effects on two important activities: dimerization and the recruit-
ment of regulating proteins.

4. The concept of cellular context: the differential expression of target tissuereg-
ulating proteins, coactivators and corepressors, and phosphorylation, yielding
various biological responses.

Different Roles for ER-a and ER-8

Male and female mice have been developed that are homozygous for disruption of the
estrogen receptor genes, “estrogen receptor-knockout mice.”% % 97 Estrogen receptor
o-deficient mice are known as o ERKO or ERKO mice, ER-f deficient mice as BERKO or

BERKO mice.®

ERKO Mice BERKO Mice

Normal lifespan Normal lifespan

Anovulatory Oligovulatory

Absent breast response at puberty Normal breast glands and function

Normal G-U development but no adult Normal G-U development and normal adult
response response

Increase in visceral adiposity and insulin Normal body fat distribution and insulin
resistance secretion

Infertile males and females Fertile males, subfertile females with reduced

follicular growth

Spermatogenesis in the a ERKO male is reduced and the testes undergo progressive
atrophy, a result of a testicular role for estrogen, because gonadotropin levels and tes-
ticular steroidogenesis remain normal. Sexual mounting behavior is not altered, but intro-
mission, gjaculation, and aggressive behaviors are reduced. Female mice with the alpha
estrogen receptor gene disrupted do not ovulate, and the ovaries do not respond to gonado-
tropin stimulation. These female animals have high levels of estradiol, testosterone, and
LH. FSH B-subunit synthesisis increased, but FSH secretion is at normal levels, indicat-
ing different sites of action for estrogen and inhibin. Uterine development is normal (due
to alack of testosteronein early life), but growth isimpaired. Mammary gland ductal and
alveolar development is absent. Female mice with absent alpha estrogen receptor activ-
ity do not display sexua receptive behaviors. This genetically engineered line of mice
demonstrates essential activities for the alpha estrogen receptor. Relatively normal fetal
and early development suggests that the beta estrogen receptor plays a primary role in
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these functions. For example, the fetal adrenal gland expresses high levels of ER-B and
low levels of ER-o..% However, nongenomic actions of estrogen are also possible and can
explain some of the estrogenic responses in a knockout model. The results from estrogen
receptor knockout mice as well as mice with disruption of the aromatase enzyme indicate
that estrogen is essential for fertility, but not for the development of the reproductive tract
or for survival .2

These genetic mice experiments also highlight the importance of estrogen in preventing
the development of the metabolic syndrome. Knockout models for the estrogen receptors
aswell asthe knockout model for the aromatase enzyme yield mice with hyperinsulinemia
and increased visceral adiposity, with areversal achieved by estrogen treatment.?

Differential expression of the alpha and beta receptorsis present in various tissues (e.g.,
ER-p is the prevalent estrogen receptor in certain areas of the brain and the cardiovas-
cular system) resulting in different and selective responses to specific estrogens.®”: 101 102
Human granulosa cells from the ovarian follicle contain only ER-B mRNA; the human
breast expresses both ER-a. and ER-B, but ER-a is primarily involved in mammary
development and function. Some parts of the rat brain contain only ER-fB, others
only ER-a, and some areas contain both receptors.’® Target tissues that have been clas-
sically regarded as estrogen-sensitive (such as the uterus and the breast) express mainly
ER-a. But, the knockout models have oversimplified the roles of ER-a. and ER-f, at
least in breast tissue; their roles are dynamic and changing, not a simple expression of
always one or the other.

Two commonly used estrogens, 173-estradiol and ethinyl estradiol (the estrogen compo-
nent of steroid contraceptives) bind equally well to the alpha and beta estrogen receptors.
However, ER-B plays a lesser role in those target tissues affected by these two estrogens,
specifically the uterus, breast, bone, hypothalamus, and pituitary.

ER-B may have aregulatory role. In some tissues ER-f3 reduces ER-a.-regulated gene tran-
scription, even though in the absence of ER-a,, ER-B can function as an estrogen recep-
tor.™* ER-f actsasanatural suppressor of estrogen (ER-a) activity in breast tissue, and that
decreased concentrations of ER-f3 are associated with more aggressive tumors and reduced
sensitivity to tamoxifen.'® 1% The colon contains only ER-f3, and the reduction in the risk
of colonic cancer associated with postmenopausal estrogen therapy may reflect an antipro-
liferative activity of the betareceptor. Decreasesin ER-f3 expression have been observed in
cancers occurring in the endometrium ovary, colon, and prostate.**’

The estrogen story is further complicated by the fact that the same estrogen binding to the
alphaand beta receptors can produce opposite effects. For example, estradiol can stimulate
gene transcription with ER-a. at a given site of the estrogen response element, whereas
estradiol inhibits gene transcription with ER-B in this same system.’® |n other tissues,
the opposite scenario can occur with estradiol increasing ER-B expression. Different and
unique messages, therefore, can be determined by the specific combination of (1) a par-
ticular estrogen, (2) the alpha or beta receptor, and (3) the targeted response element. To
some degree, differences with ER-a and ER-f are influenced by activation of TAF-1
and TAF-2; agentsthat are capable of mixed estrogen agonism and antagonism produce
agonistic messages via TAF-1 with ER-a;, but because ER-f lacksa similar TAF-1, such
agents can be pure antagonists in cells that respond only to ER-B.1% ER-o. and ER-$
affect the peptide context of a cell, especialy coactivators and corepressors, differently.
At least one component of this differing behavior is the fact that the two receptors do not
bind to DNA in the same exact site, and the locations have different properties that could
account for some of the differences in effects produced by each receptor; specifically the
two receptors can each activate regions of a gene, but some regions selectively respond to
one or the other.X®
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Ligand-Cell Membrane Extranuclear
Receptor Activity

Not al actions of estrogen, and presumably all steroid hormones, are genomic,
requiring gene transcription. Rapid cellular responses after estrogen stimulation are ini-
tiated by estrogen binding at the level of the cell wall membrane. These responses are
traditionally associated with growth factors and G protein-coupled receptors. However,
it is not appropriate to designate this activity as “nongenomic” because the cell mem-
brane, estrogen-induced signaling, leads to both gene transcription and to events inde-
pendent of transcription. This extranuclear pathway activates various protein kinases that
can cause ion fluxes of calcium and potassium, modification of second messenger sys-
tems, and indirect effects on growth factors, transcription factors, and genetic promoters.*©
A good example of membrane-associated estrogen activity isthe stimulation of endothelial
nitric oxide synthase.*** Putative membrane receptors have been reported to be both related
to ER-a and different from the estrogen receptor. The expression of atruncated isoform of
ER-a involved in acute activation of nitric oxide has been described in the caveoli of human
vascular endothelial cells!2 A G protein-coupled receptor localized to the endoplasmic
reticulum has been identified that binds estrogen and affects intracellular functions.**®

Ligand-Dependent, ERE-Independent Activity

We have described three pathways that mediate estrogen activity:

1. Ligand-Dependent Nuclear Activity: the classical mechanism involving the
estrogen receptors with binding to DNA estrogen response elements.

2. Ligand-Independent Nuclear Activity: activation of the estrogen receptor path-
way through second messengers, involving phosphorylation of estrogen recep-
tors and coregulator proteins.

3. Ligand—Cell Membrane Extranuclear Receptor Activity: rapid responses medi-
ated by estrogen receptorsin cell membranes.

There is at least one more pathway, evident from studies with mutant mice, the ligand-
dependent, ERE-independent nuclear pathway. In these animals, mutant forms of the
estrogen receptor cannot bind to ERE, the estrogen response element in DNA, and yet
some physiological actions of estrogen can be demonstrated, such as negative feedback
inhibition of LH secretion, indicating hormona mediation with its receptor of a cellular
response, but not through the classical pathway.

The Progesterone Receptor

The progesterone receptor isinduced by estrogens at the transcriptional level and decreased
by progestins at both the transcriptional and translational levels (probably through recep-
tor phosphorylation).1's 16 The progesterone receptor (in a fashion similar to the estro-
gen receptor) has three major forms, designated the A, B, and C receptors.t” The three
isoforms are expressed by a single gene on chromosome 11 at q22-23; the three forms
are a consequence of transcription from distinctly different promoters, in a complex sys-
tem of transcription regulation.'*® Each form is associated with additional proteins, which
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are important for folding of the polypeptide into a structure that allows hormone binding
and receptor activity.*® The molecular weight of A is 94,000 and B, 114,000, with 933
amino acids, 164 more than A. The B receptor has a unique upstream segment (128165
amino acids, depending on the species) referred to as the B-upstream segment (BUS). The
C receptor isthe smallest and lacks the ability to initiate transcription, functioning in some
tissues as an inhibitor of the B receptor.

On the progesterone receptor, TAF-1 islocated in a 91-amino acid segment just upstream
of the DNA-binding domain. TAF-2 is located in the hormone-binding domain. A frag-
ment missing the hormone-binding domain activates transcription to levels comparable to
full-length hormone-activated B receptors, and higher than that with the A receptor, thus
beyond that of TAF-1 aone. In appropriate cells, therefore, BUS contains athird activation
domain, TAF-3, and can autonomously activate transcription or it can synergize with the
other TAFs.*?° In the absence of hormone binding, the C-terminal region of the progester-
one receptor exerts an inhibitory effect on transcription.'?! Progesterone agonists induce a
conformational change that overcomes the inherent inhibitory function within the carboxy
tail of the receptor. Binding with a progesterone antagonist produces a structural change
that allows the inhibitory actions to be maintained.

Progestational agents can elicit a variety of responses determined by target tissue produc-
tion and activity of the two receptor forms with dimerization as AA and BB (homodimers)
or AB (heterodimer). The progesterone receptors function in the mechanism shared by this
superfamily of receptors: an unbound complex with heat shock proteins, hormone binding,
dimerization, DNA binding to a progesterone response element, and modulation of tran-
scription by phosphorylation and various proteins.” 122

A and B are expressed in varying amountsin breast cancer and endometria cancer cell lines.

Studiesindicate that the two receptors can beregul ated independently; e.g., therelativelevels
differ in endometrium during the menstrual cycle.'? Tissue specificity with the progesterone
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receptor is influenced by which receptor and which dimer is active, and in addition, the
transcriptiona activitiesof A and B depend on target cell differences, especialy in promoter
context. However, in most cells, B is the positive regulator of progesterone-responsive
genes, and A inhibits B activity. Mutations within the carboxy terminus of B affect the tran-
scriptional activity of B. But mutationsin A have no effect on its transcriptiona inhibitory
activity. Thisindicates two separate pathways for transcription activation and repression by
the progesterone receptor. Thus, repression of human estrogen receptor transcriptiona activ-
ity (as well as glucocorticoid, mineralocorticoid, and androgen transcription) is dependent
on the expression of A.**#1% The A and B progesterone receptors have different molecular
functions, affecting different genes, and, therefore, target tissue response to progesterone
will be influenced by the differential expression of each receptor and the ratio of their con-
centrations, aswell as the target tissue context of adaptor proteins.1?s 127

The broad activity of A in regard to al steroids suggests that A regulates inhibition of
steroid hormone action wherever it is expressed. A does not form a heterodimer with the
estrogen receptor. A does not prevent the estrogen receptor from binding with DNA. A does
not change the structure of the estrogen receptor. Therefore, either A competes with the
estrogen receptor for a critical protein; in this case A would inhibit the estrogen receptor
only in cellsthat contain the critical factor, or thetarget isacritical protein, again an essen-
tial transcription activator.1'* 12

Progesterone shares with estrogen (and probably all steroid hormones) the ability to exert
activity at the cell membrane, independently of the progesterone receptor.'® For example,
progesterone or a progesterone metabolite can prevent uterine contractions by binding to
the oxytocin G protein receptor in the cell membrane and inhibiting its function.'?®

PRKO mice (lacking both progesterone receptors) are unable to ovulate due to afailure to
expel amature oocytein afully developed follicle, specifically afailurein the LH-induced
rupture of afollicle.® When only PR-A isdeficient, ovulation is severely impaired, but not
totally reduced, indicating that both receptors contribute to ovulation, but PR-A is essential
for normal function.

Like estrogen, G protein-coupled receptors for progesterone have been identified, provid-
ing a pathway for progesterone activation of various signaling cascadesinvolved in cellular
functions, including gene expression.®! A role for amembrane receptor has been proposed
for progesterone’s antiapoptotic actions in ovarian granulosa cells.**

The Androgen Receptor

The cellular mechanism is more complex for androgens. Androgens can work in any one
of three ways:

1. By intracellular conversion of testosterone to dihydrotestosterone (DHT), intrac-
rine activity.

2. By testosterone itself, endocrine activity.

3. By intracellular conversion of testosteroneto estradiol (aromatization), intracrine
activity.

Tissues that exclusively operate via the testosterone pathway are the derivatives of the

wolffian duct, whereas hair follicles and derivatives of the urogenital sinus and urogenital
tuberclerequire the conversion of testosteroneto DHT. The hypothalamus actively converts
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androgens to estrogens; hence, aromatization may be necessary for certain androgen
feedback messagesin the brain.

In those cells that respond only to DHT, only DHT will be found within the nucleus
activating messenger RNA production. Because testosterone and DHT bind to the same
high-affinity androgen receptor, why is it necessary to have the DHT mechanism? One
explanation isthat thisisamechanism for amplifying androgen action, because the andro-
gen receptor preferentialy will bind DHT (greater affinity). The antiandrogens, including
cyproterone acetate and spironolactone, bind to the androgen receptor with about 20% of
the affinity of testosterone.®* Thisweak affinity is characteristic of binding without activa-
tion of the biologic response.

The androgen receptor, like the progesterone receptor, exists as the full-length B form and
ashorter A form.*** It islikely that the A and B forms of the androgen receptor have func-
tional differences. The amino acid sequence of the androgen receptor in the DNA-binding
domain resemblesthat of the receptorsfor progesterone, mineral ocorticoids, and glucocor-
ticoids but most closely that of the progesterone receptor.?®*® Androgens and progestins can
crossreact for their receptors but do so only when present in pharmacol ogic concentrations.
Progestins compete not only for androgen receptors but also for the metabolic utilization
of the 5a.-reductase enzyme. The dihydroprogesterone that is produced, in turn, also com-
petes with testosterone and DHT for the androgen receptor. A progestin, therefore, can
act both as an antiandrogen and as an antiestrogen. Androgen-responsive gene expression
can aso be modified by estrogen; it has been known for years that androgens and estro-
gens can counteract each other’s biologic responses. These responses of target tissues are
determined by gene interactions with the hormone-receptor complexes, androgen with its
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receptor and estrogen with its receptor. The ultimate biologic response reflects the balance
of actions of the different hormones with their respective receptors, modified by various
transcription regulators.

The syndrome of androgen insensitivity represents a congenital abnormality in the andro-
gen intracellular receptor (severa hundred unique mutations have been identified—
www.androgendb.mcgill.ca).*® 37 The androgen receptor gene is localized on the human
X chromosome at Xqll-12, the only steroid hormone receptor to be located on the
X chromosome.*® Thus, androgen insensitivity isan X-linked disorder. Molecular studies of
patients with androgen insensitivity have indicated adeletion of amino acids from the steroid-
binding domain due to nucleotide aterations in the gene that encodes the androgen recep-
tor.1*¥ What was once aconfusing pictureisnow easily understood asaprogressiveincreasein
androgen receptor action. At oneend, thereisacompl ete absence of androgen binding—com-
plete androgen insengitivity. In the middleis a spectrum of clinical presentations representing
varying degrees of abnormal receptors and binding. At the other end, about 25% of infertile
men with normal genitalia and normal family histories have azoospermia due to a receptor
disorder.2 141 The androgen receptor aso plays arole in motor neuron physiology, because
a specific mutation in the androgen receptor is responsible for Kennedy's disease (X-linked
spinobulbar muscular atrophy), a condition associated with motor neuron degeneration.#?

Agonists and Antagonists

An agonist is a substance that stimulates a response. An antagonist inhibits the actions of
an agonist. Agonistic activity follows receptor binding, which leads to stimulation of the
message associated with that receptor. Antagonistic activity follows receptor binding and is
characterized by blockage of the receptor message or nontransmission of the message. Most
compounds used in thisfashion that bind to hormone nuclear receptors have amix of agonist
and antagoni st responses, depending on the tissue and hormonal milieu. Examples of antag-
onists include tamoxifen, mifepristone (RU 486), and the histamine receptor antagonists.

Short-Acting Antagonists

Short-acting antagonists, such as estriol, are actually a mixed combination of agonism
and antagonism depending on time. Short-term estrogen responses can be elicited because
estriol binds to the nuclear receptor, but long-term responses do not occur because this
binding is short-lived. Antagonism results when estriol competes with estradiol for recep-
tors. However, if a constant presence of the weak hormone, estriol, can be maintained, then
long-term occupation is possible, and a potent estrogen response can be produced.
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Long-Acting Antagonists

Clomiphene and tamoxifen are mixed estrogen agonists and antagonists. The endometrium
is very sensitive to the agonistic response, whereas the breast is more sensitive to the
antagonistic behavior. The antagonistic action is the result of nuclear receptor binding
with an ateration in normal receptor-DNA processing and eventual depletion of hormone
receptors.

Alteration of the GhRH molecule has produced both agonists and antagonists. GnRH is
a decapeptide; antagonists have substitutions at multiple positions, while agonists have
substitutions at the 6 or 10 positions. The GnRH agonist molecules first stimulate the
pituitary gland to secrete gonadotropins, then because of the constant stimulation, down-
regulation and desensitization of the cell membrane receptors occur, and gonadotropin
secretion is literally turned off. The antagonist molecules bind to the cell membrane
receptor and fail to transmit amessage and thus are competitive inhibitors. Various GnRH
agonists and antagonists are used to treat endometriosis, uterine leiomyomas, precocious
puberty, cancer of the prostate gland, ovarian hyperandrogenism, and the premenstrual
syndrome.

Physiologic Antagonists

Strictly speaking, a progestin is not an estrogen antagonist. It modifies estrogen action by
causing adepletion of estrogen receptors. Thereisalso evidence that aprogestin can inhibit
transcription activation by the estrogen receptor.’* In addition, progestins induce enzyme
activity that converts the potent estradiol to the impotent estrone sulfate, which is then
secreted from the cell.*** Androgens block the actions of estrogen, also by depleting target
tissues of estrogen receptors.

Antiestrogens

Currently, there are two groups of antiestrogens. pure antiestrogens and compounds with
both agonistic and antagonistic activities. The mixed agonist—antagonist compounds
include both the triphenylethylene derivatives (the nonsteroidal estrogen relatives such as
clomiphene and tamoxifen) and the nonsteroidal sulfur-containing agents (the benzothio-
phenes, such asraloxifene). The pure antiestrogens have abulky side chain that, with only a
little imagination, can be pictured as an obstruction to appropriate conformational changes.
Anideal antiestrogen would have the following properties:

1. A compound that would be a pure antagonist on proliferating breast carcinoma
cells.

2. Development of resistance would be rare or require long exposure.

3. High affinity for the estrogen receptor so that therapeutic doses could be easily
achieved.

4. No interference with the beneficial actions of estrogens.

5. No toxic or carcinogenic effects.
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The Antiestrogen Tamoxifen

Tamoxifen isvery similar to clomiphene (in structure and actions), both being nonsteroidal
compounds structurally related to diethylstilbestrol. Tamoxifen, in binding to the estrogen
receptor, competitively inhibits estrogen binding. In vitro, the estrogen binding affinity
for its receptor is 100—1,000 times greater than that of tamoxifen. Thus, tamoxifen must
be present in a concentration 100-1,000 times greater than estrogen to maintain inhibition
of breast cancer cells. In vitro studies demonstrated that this action was not cytocidal, but,
rather, cytostatic (and thus its use must be long-term). The tamoxifen-estrogen receptor
complex binds to DNA, but whether an agonistic, estrogenic message or an antagonistic,
antiestrogenic message predominates is determined by what promoter elements (coactiva-
tors) are present in specific cell types. If the mechanism is cytostatic, why does atreatment
period of 5 years provide protection against recurrent disease for at least 10 years? It has
been suggested that exposure to tamoxifen sensitizes cells to the apoptotic effects of a
woman's own estrogen |level s, 14 146

There have been many clinical trials with adjuvant treatment of breast cancer with tamox-
ifen, and many are still ongoing.**-14° Qverall, the impact of tamoxifen treatment on breast
cancer can be summarized as follows: Disease-free survival is prolonged. There is an
increased survival after 5 years of treatment and 10 years of follow-up of approximately
26%, most evident in women over age 50. Response rates in advanced breast cancer are
30-35%, most marked in patients with tumors that are positive for estrogen receptors,
reaching 75% in tumors highly positive for estrogen receptors.

Serum protein changes reflect the estrogenic (agonistic) action of tamoxifen. Thisincludes
decreases in antithrombin 111, cholesterol, and LDL-cholesterol, while sex hormone-
binding globulin (SHBG) levels increase (as do other binding globulins). The estrogenic
activity of tamoxifen, 20 mg daily, is nearly as potent as 2 mg estradiol in lowering FSH
levelsin postmenopausal women, 26% versus 34% with estradiol .**° The estrogenic actions
of tamoxifen include the stimulation of progesterone receptor synthesis, an estrogen-like
maintenance of bone, and estrogenic effects on the vaginal mucosa and the endometrium.
Tamoxifen causes a decrease in antithrombin I11, and there has been asmall increasein the
incidence of venous thromboembolism observed in tamoxifen-treated patients compared
with control s 151158

All too often, the antagonistic, antiestrogenic action of tamoxifen isfeatured, and the estro-
genic, agonistic action is ignored. There is about a 4-fold increase in endometrial can-
cer occurring in women receiving tamoxifen treatment.**-% |n addition, tamoxifen has
been associated with major flare-ups in endometriosis. Tamoxifen, therefore, has a variety
of side effects that indicate both estrogenic activity and antiestrogenic activity. How can
tamoxifen be both an estrogen agonist and an estrogen antagonist?

Tamoxifen Mechanism of Action

TAF-1 and TAF-2 areas can both activate transcription, but TAF-2 activates transcription
only when it is bound by estrogen. The individual transactivating abilities of TAF-1 and
TAF-2 depend on the promoter and cell context. Tamoxifen's agonistic ability is due to
activation of TAF-1; its antagonistic activity is due to competitive inhibition of the estro-
gen-dependent activation of TAF-2.

An estrogen-associated protein, a coactivator, binds to the right hand side of TAF-2. Estro-
gen binding induces binding of this protein, which then activates transcription. This protein
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recognizes only an activated conformation of the estrogen receptor, the result of estrogen
binding. Tamoxifen binding to the TAF-2 area does not activate this domain because, in at
least one explanation, the conformational change does not alow binding of the estrogen-
associated protein, theactivating factor.® %% Antagonism of TAF-2 activity isfurther enhanced
by the recruitment of corepressors after tamoxifen binds to the hormone-binding domain.®

The activity of TAF-2isnegligible in the presence of tamoxifen. In cellswhere TAF-1 and
TAF-2 function independently of each other, tamoxifen would be chiefly an antagonist in
cells where TAF-2 predominates, and an agonist where TAF-1 predominates, and in some
cellsamixed activity is possible.’>”

The contact sites of estrogens and antiestrogens with the estrogen receptor are not iden-
tical.»® When an antiestrogen binds to the estrogen receptor, the conformational changes
that areinduced alter the ability of the estrogen receptor-antiestrogen complex to modul ate
transcriptional activity. The relative agonist—antagonist activity is determined by the spe-
cific conformation achieved by the specific antiestrogen.

Even though tamoxifen can block estrogen-stimulated transcription of many genes, its
degree of antagonistic activity varies among different animals, different cell types, and
with different promoters within single cells. These differences are due to differences in
the relative activities of the TAFs. Thus, the extent to which an antiestrogen inhibits an
estrogen-mediated response depends on the degree to which that response is mediated by
TAF-2 activity as opposed to TAF-1 activity, or mixed activity.> In some cell lines TAF-1
is dominant; in others, both are necessary. No cells have yet been identified where TAF-2
is dominant.

In most cell types, TAF-1 is too weak to activate transcription by itself, but, of course,
there are well-known exceptions: endometrium, bone, and liver. In these tissues, the pro-
moter context is right. Tamoxifen is a significant activator of estrogen receptor-mediated
induction of promoters that are regulated by the TAF-1 site.

Cytoplasm

Nucleus \
e

‘ +Tamoxifen

Dimerization

‘ DNA binding

TAF-2 antagonism ‘ TAF-1 agonism

75



Section | Reproductive Physiology

SUMMARY — The Response of Cells to Estrogens and Antiestrogens Depends on:
1. The nature of the estrogen receptor.
2. The estrogen response elements and nearby promoters.
3. Thecell context of protein coactivators and corepressors.
4. The properties of the ligand.

5. Modulation by growth factors and agents that affect protein kinases and
phosphorylation.

Tamoxifen Treatment of Breast Cancer

Tamoxifen treatment achieves its greatest effect (50% reduction in recurrent disease) in
estrogen receptor-positive tumors, but it is also effective in estrogen receptor-negative
tumors. Most importantly, it isnow recognized that acquired resistance eventually devel-
ops. Therefore, there are two important questions. Why is tamoxifen treatment effective
with estrogen receptor-negative tumors? How does tamoxifen resistance devel op?

Stimulatory
proteins
TGF-a
IGF
PDGF

Inhibitory
proteins
TGF-B

Other
proteins

Protein kinase Antiestrogen
Calmodulin binding sites

Efficacy of Tamoxifen with Estrogen Receptor-Negative Tumors

Besides binding to the estrogen receptor and providing competitive inhibition, tamoxifen
has the following actions:

1. Tamoxifen and clomiphene inhibit protein kinase C activity (phosphorylation).

2. Tamoxifen inhibits calmodulin-dependent cyclic AMP phosphodiesterase, by
binding to calmodulin.
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3. Tamoxifen and estrogen have opposing effects on growth factors. 160, 161
Tamoxifen stimulates secretion of TGF-B in breast cancer cells as well as in
fibroblasts and stromal cells, and TGF- inhibits growth of breast cancer cells,
whereas estrogen and insulin decrease the secretion of TGF-f in cancer cells.
Tamoxifen decreases and estrogen increases IGF-1 and IGF-II production in
stromal fibroblasts.

Some of these actions (especially inhibition of protein kinase activity and stimulation of
TGF-B production) occur independently of tamoxifen binding to the estrogen receptor,
and thus, estrogen receptor-negative tumors can be affected by these actions; however, the
overall impact of tamoxifen on recurrence or death in women with estrogen-receptor-poor
tumorsis negligible.®

Mechanisms for Tamoxifen Resistance

The results of randomized clinical trials have indicated that there islittle reason to extend
tamoxifen treatment of breast cancer patients beyond 5 years.** 162183 |ndeed, the data sug-
gested that survival and recurrence rates worsened with longer therapy, probably dueto the
emergence of tamoxifen-resistant tumors. There are several possible explanationsfor resis-
tance, and whichever of these are operative, it is believed that a subpopulation resistant to
tamoxifen is present from the beginning, and over time grows to be clinically apparent.:¢*

1. Loss of estrogen receptors.

Generally it is believed that estrogen receptor expression is not a permanent phenotype of
breast cancer cells; thus, tumors can change from receptor-positive to receptor-negative.
But more than 50% of resistant tumors retain estrogen receptors.’® The conventional wis-
dom has been that progression is associated with loss of cellular control and loss of estro-
gen receptor expression. However, the correl ation between metastatic disease and estrogen
receptor-negative state is not strong. Indeed, metastatic disease with estrogen receptor-
positive cells despite an estrogen receptor-negative primary lesion has been reported.
In addition, the rate of estrogen receptor expression is about the sameinin situ disease and
invasive disease. Most normal breast cells are estrogen receptor-negative, and in vitro, cell
lines maintain their receptor status. Thus, there is little reason to believe that tamoxifen-
resistant tumors lose receptor expression. The importance of thisisthat resistanceis not a
wild, potentially uncontrollable dedifferentiation. ¢

2. Variant and mutant estrogen receptors.

Mutations in resistant breast tumors are infrequent and are unlikely to account for resis-
tance.’® Studies of breast tumors from tamoxifen-resistant patients indicate that most
express wild-type normal estrogen receptor; very few mutated estrogen receptors have
been described.

3. Changes in coactivators.

If abreast cancer cell were to begin expressing these factors in a fashion similar to endo-
metrium or bone, then agonistic actions would occur.

4. Cross talk between signaling pathways.

Because of the synergism between the estrogen receptor and protein kinase pathways,
stimulation of protein kinase pathways can change an antagonist message to agonism. ¢
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This mechanism operates through the phosphorylation of the estrogen receptor or proteins
involved in estrogen receptor-mediated transcription. Stimulation of this protein kinase
phosphorylation activates the agonist activity of tamoxifen-like antiestrogens. Further-
more, the lack of response of pure antiestrogens to this phosphorylation may be part of the
reason for the response of resistant tumors to pure antiestrogens.

5. Binding to other proteins.

A remote possibility is the prevention of action by binding to other proteins, such as anti-
estrogen binding sites, microsomal proteins that bind to tamoxifen with high affinity but
do not bind estrogen. ¢

6. Differential cellular transport.

Overexpression of the transmembrane efflux pump that excretes compounds from cells
could diminish the intracellular amount of tamoxifen present.

7. Differential metabolism.

Changes in pharmacology and metabolism of tamoxifen might occur so that cells acquire
the ability to metabolize the antagonist to greater agonist activity. Some breast cancer
patients develop tumors that regress when tamoxifen is withdrawn. However, estrogenic
metabolites of tamoxifen have not been identified.

Tamoxifen resistance occurs because essentially the estrogen receptor is not the domi-
nant mechanism involved in the growth of these cells. Evidence supports growth factor
stimulation and kinase phosphorylation as the predominant systems in tamoxifen-
resistant cells. These cells are hypersensitive to estrogen and respond to tamoxifen as an
agonist.17°

Randomized trial shave demonstrated the superiority of aromataseinhibitors compared with
tamoxifen for the treatment of hormone-sensitive early breast cancer. This includes better
disease-free survival, a reduction in new contralateral primary tumors, and an increased
time to recurrence. Because of this superiority, the standard has shifted from tamoxifen to
aromatase inhibitors (as discussed in Chapter 16). Nevertheless, tamoxifen made a major
contribution to the molecular understanding of hormonal action.

The Pure Antiestrogens

The pure antiestrogens are derivatives of estradiol with long hydrophobic side chains at
the 7 position. Binding with the pure antiestrogens prevents DNA binding. Because the
site responsible for dimerization overlaps with the hormone-binding site, it is believed
that pure antiestrogens sterically interfere with dimerization, and thus inhibit DNA
binding. In addition, these compounds increase the cellular turnover of estrogen recep-
tor, and this action contributes to its antiestrogen effectiveness. |Cl 182,780, fulvestrant,
is used to treat metastatic breast cancer that has failed to respond to the usual endo-
crine therapy.™ The estrogen receptor combined with fulvestrant is immobilized in the
cell and rapidly undergoes degradation.*”> ' The half-life of the estrogen receptor when
occupied with estradiol is about 5 hours; when occupied with a pure antiestrogen, it is
less than 1 hour.
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Estrogen Agonists/Antagonists (previously called

Selective Estrogen Receptor Modulators, SERMS)

This class of synthetic compounds is characterized by a fundamental principle: the
conformational shape produced after binding to the receptor results in modified action,
influenced by the cellular context of adapter (regulating) proteins and which of these
proteins are selected. Tamoxifen rightfully belongs to this family, and its use stimulated
the pursuit of a related drug that would not stimulate the endometrium. Agents such as
raloxifene and lasofoxifene have antiestrogenic activity in the uterus as well as in the
breast, and at the same time exert agonistic effectsin certain target tissues.*® Raloxifene
inhibits bone resorption and improves lipids (although thereis no effect on HDL-choles-
terol). By virtue of variations in conformational changes in the drug-receptor complex
and the cellular context of specific tissues, drugs such as these can be developed to pro-
duce beneficial effects in certain target systems (such as bone) and to avoid unwanted
actions (such as endometrial stimulation). The unique conformational shape raloxifene
produces when it binds to the estrogen receptor prevents the involvement of a required
coactivator protein at the TAF-2 site. In target tissues that respond principally to TAF-2
gene transcription, these agents will lack estrogenic activity; however in tissues with the
appropriate cellular context of proteins, estrogenic gene transcription can occur through
the TAF-1 mechanism. In tissues that respond principally to the estrogen receptor-3 that
lacks TAF-1 activity or when target tissues lack coactivating proteins that interact with
TAF-1, these agents will be pure estrogen antagonists. Compounds are being devel oped
that will interact with the progesterone and androgen receptors and produce selected
target tissue responses.

79



SectioN | Reproductive Physiology

Antiprogestins

Both progesterone and the antiprogestins, such as mifepristone (RU-486) and onapristone,
form hormone-responsive el ement-receptor complexesthat are similar, but the antiprogestin
complex has a dlightly different conformational change (in the hormone-binding domain)
that prevents full gene activation.' RU 486 has some agonistic activity due to its ability
to activate certain, but not all, of the transcription activation functions on the progesterone
receptor; the final biologic response is modulated by the target tissue context of coactivators
and corepressors.’® New antiprogestins are in development that bind to the progesterone
receptor and prevent the subsequent binding of the receptor to gene response elements.

The search for inhibitors of progesterone binding began many years ago, in the late 1960s,
but it wasn't until the early 1980s that mifepristone, the first successful antiprogestin, was
produced by scientists at Roussel Uclaf, apharmaceutical company in Paris. Mifepristoneisa
19-nortestosterone derivative. The dimethyl (dimethylaminophenyl) side chain at carbon 11is
the principal factor in its antiprogesterone action. Three major characteristics of its action are
important: along haf-life, high affinity for the progesterone receptor, and active metabolites.

The affinity of RU 486 for the progesterone receptor is 5 times greater than that of the
natural hormone. In the absence of progesterone, it can produce an agonistic (progester-
one) effect. It does not bind to the estrogen receptor, but it can act as aweak antiandrogen
because of its low-affinity binding to the androgen receptor. Mifepristone a so binds to the
glucocorticoid receptor, but higher doses are required to produce effects. The binding affin-
ity of mifepristone and its metabolites for the glucocorticoid receptor is very, very high.
The reason why it takes such a high dose to produce an effect is because the circulating
level of cortisol is so high, 1,000-fold higher than progesterone. This allows titration of
clinical effects by adjustments of dose.

Both progesterone and mifepristone induce conformational changes with the progester-
one receptor, especialy in the hormone-binding domain.’® 7 Thus, the antiprogestin not
only competes with progesterone for the progesterone receptor, but after binding to the
hormone-binding domain, the receptor structure is altered in such away that the transcrip-
tion activity of the B progesterone receptor isinhibited. In cells where the A progesterone
receptor is expressed, antiprogestin binding stimulates A receptor-induced inhibition of
transcription activity for all steroid hormone receptors (this would explain the antiestrogen
activity of mifepristone).

Mifepristone is most noted for its abortifacient activity and the political controversy sur-
rounding it. However, the combination of its agonistic and antagonistic actions can be
exploited for many uses, including contraception, therapy of endometriosis, induction of
labor, treatment of Cushing’s syndrome, and, potentialy, treatment of various cancers.
Hopefully, new antiprogestins will be free of political and emotional constraints, and the
many potential applications will be pursued.

Androgen Antagonists

Thetwo most commonly used androgen antagonists are cyproterone acetate and spironolac-
tone. Cyproterone and spironolactone bind to the androgen receptor and exert mixed
agonism—antagonism. In the presence of significant levels of androgens, the antagonism
predominates, and these agents are effective for the treatment of hirsutism. Flutamide is
anonsteroidal pure antiandrogen, effectively blocking androgenic action at target sites by
competitive inhibition.
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Mechanism of Action for Tropic Hormones

Tropic hormones include the releasing hormones originating in the hypothalamus and a
variety of peptides and glycoproteins secreted by the anterior pituitary gland and placenta.
The specificity of the tropic hormone depends on the presence of a receptor in the cell
membrane of the target tissue. Tropic hormones do not enter the cell to stimulate physi-
ologic events but unite with a receptor on the surface of the cell.

The receptor protein in the cell membrane can act as the active agent and, after binding,
operate as an ion channel or function as an enzyme. Alternatively, the receptor protein is
coupled to an active agent, an intracellular messenger. The major intracellular messenger
molecules are cyclic AMP, inositol 1,4,5-triphosphate (IP3), 1,2-diacylglycerol (1,2-DG),
calciumion, and cyclic guanosine 3’,5—monophosphate (cyclic GMP).

Receptors from this membrane family are also found in the membranes of lysosomes,
endoplasmic reticulum, Golgi complex, and in nuclei. The regulation of these intracellular
organelle receptors differs from those of the cell surface membranes.

The Cyclic AMP Mechanism

Cyclic AMPistheintracellular messenger for FSH, LH, human chorionic gonadotropin
(hCG), thyroid-stimulating hormone (TSH), and ACTH. Union of a tropic hormone
with its cell membrane receptor activates the adenylate cyclase enzyme within the mem-
brane wall leading to the conversion of adenosine 5'-triphosphate (ATP) within the cell
to cyclic AMP. Specificity of action and/or intensity of stimulation can be altered by
changes in the structure or concentration of the receptor at the cell wall binding site.
In addition to changes in biologic activity due to target cell alterations, changesin the
molecular structure of the tropic hormone can interfere with cellular binding and physi-
ologic activity.

The cell’s mechanism for sensing the low concentrations of circulating tropic hormone is
to have an extremely large number of receptors but to require only avery small percentage
(aslittle as 1%) to be occupied by the tropic hormone. The cyclic AMP released is specifi-
cally bound to a cytoplasm receptor protein, and this cyclic AM P-receptor protein complex
activates a protein kinase. The protein kinase is present in an inactive form as a tetramer
containing two regulatory subunits and two catalytic subunits. Binding of cyclic AMP to
the regulatory units releases the catalytic units, with the regulatory units remaining as a
dimer. The catalytic units catalyze the phosphorylation of serine and threonine residues
of cellular proteins such as enzymes and mitochondrial, microsomal, and chromatin pro-
teins. The physiologic event follows this cyclic AMP-mediated energy-producing event.
Cyclic AMP is then degraded by the enzyme phosphodiesterase into the inactive com-
pound, 5-AMP.

Most noteworthy, DNA contains responsive elements that bind proteins phosphorylated
by the catalytic units, thus leading to activation of gene transcription. The cyclic AMP
responsive element (CRE) functions as an enhancer element upstream from the start of
transcription.'”® A large family of transcription factors interact with the CRE, creating an
important regulatory unit for gene transcription. Cyclic AMP activates a specific transcrip-
tion factor, cyclic AMP regulatory element-binding protein (CREB); the binding of CREB
to CRE activates many genes. This system can also involve DNA sequences upstream from
the CRE site.
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Because LH can stimulate steroidogenesis without apparent changes in cyclic AMP
(at low hormone concentrations), it is possible that an independent pathway exists; i.e.,
a mechanism independent of cyclic AMP. Mechanisms independent of cyclic AMP could
include ion flow, calcium distribution, and changes in phospholipid metabolism.

The cyclic AMP system can be regarded as an example of evolutionary conservation. Rather
than developing new regulatory systems, certain critical regulators have been preserved from
bacteriato mammals. How isit that asingleintracellular mediator can regul ate different events?
Thisisaccomplished by turning on different biochemical events governed by the different gene
expression in individual cdls. In addition, the adenylate cyclase enzyme exists in severa iso-
forms, which respond either with stimulation or inhibition to various systems and agents.*™

The cyclic AMP system provides a method for amplification of the faint hormonal signal
swimming in the sea of the bloodstream. Each cyclase molecule produces a lot of cyclic
AMP; the protein kinases activate a large number of molecules that in turn lead to an even
greater number of products. This is an important part of the sensitivity of the endocrine
system, a major reason why only a small percentage of the cell membrane receptors need
be occupied in order to generate a response.

Prostaglandins stimulate adenylate cyclase activity and cyclic AMP accumulation. Despite
the effect on adenylate cyclase, prostaglandins appear to be synthesized after the action
of cyclic AMP. This implies that tropic hormone stimulation of cyclic AMP occurs first;
cyclic AMP then activates prostaglandin synthesis and, finally, intracellular prostaglandin
movesto the cell wall to facilitate the response to the tropic hormone. In addition to actions
mediated by cyclic AMP, prostaglandins can also operate through changes in intracellular
concentrations of calcium.

Prostaglandins and cyclic GMP can participate in an intracellular negative feedback mech-
anism governing the degree of, or direction of, cellular activity (e.g., the extent of steroido-
genesisor shutting off of steroidogenesisafter apeak of activity isreached). In other words,
the level of cellular function can be determined by the interaction among prostaglandins,
cyclic AMPB, and cyclic GMP.

There are differences among the tropic hormones. Oxytocin, insulin, growth hormone, pro-
lactin, and human placental lactogen (hPL) do not utilize the adenylate cyclase mechanism.
Receptorsfor prolactin, growth hormone, and anumber of cytokines (including erythropoi-
etin and interleukins) belong to a single transmembrane domain receptor family.*¥° Studies
of this receptor family indicate that prolactin operates through various signal transduction
mechanisms, including ion channels and nuclear kinase activation.

Gonadotropin-rel easing hormone (GnRH) is cal cium dependent in its mechanism of action
and utilizes IP, and 1,2-DG as second messengers to stimulate protein kinase activity.*®!
These responses require a G protein and are associated with cyclical release of calcium
ions from intracellular stores and the opening of cell membrane channelsto allow entry of
extracellular calcium.

The Calcium Messenger System

The intracellular calcium concentration is a regulator of both cyclic AMP and cyclic GMP
levels.X8 Activation of the surface receptor either opens a channel in the cell membrane that
lets calcium ions into the cell, or calcium is released from internal stores (the latter is espe-
cialy the casein muscle). Thiscalcium flux isan important intracellular mediator of response
to hormones, functioning itself as a second messenger in the nervous system and in muscle.
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The calcium messenger system is linked to hormone-receptor function by means of a
specific enzyme, phospholipase C, that catalyzes the hydrolysis of polyphosphatidylinosi-
tols, specific phospholipids in the cell membrane. Activation of this enzyme by hormone
binding to its receptor leads to the generation of two intracellular messengers, inositol
triphosphate (1P,) and diacylglycerol (DAG), which initiate the function of the two parts
of the calcium system. The first part is a calcium activated protein kinase, responsible for
sustained cellular responses, and the second part involves a regulator called calmodulin,
responsible for acute responses. These responses are secondary to alterations in enzyme
activity, especially protein kinases and in transcription factors.

Calmodulin has been identified in all animal and plant cells that have been examined.
Therefore, it isavery ancient protein. It is asingle polypeptide chain of 148 amino acid
residues whose sequence and structural and functional properties are similar to those
of troponin C, the substance that binds calcium during muscle contractions, facilitating
the interaction between actin and myosin. The calmodulin molecule has four calcium-
binding sites, and binding with calcium gives a helical conformation, which is necessary
for biologic activity. A typical animal cell contains more than 10 million molecules of
calmodulin, constituting about 1% of the total cell protein. As a calcium regulatory pro-
tein, it servesasan intracellular cal cium receptor and modifies cal cium transport, enzyme
activity, the calcium regulation of cyclic nucleotide and glycogen metabolism, and such
processes as secretion and cell motility. Thus, calmodulin serves arole analogous to that
of troponin C, mediating calcium’s actions in noncontractile tissues, and cyclic AMP
works together with calcium and calmodulin in the regulation of intracellular metabolic
activity.

85



Section | Reproductive Physiology

Kinase Receptors

The cell membrane receptors of insulin, insulin-like growth factor, epiderma growth
factor, platelet-derived growth factor, and fibroblast growth factor are tyrosine kinases.
All tyrosine kinase receptors have a similar structure: an extracellular domain for ligand
binding, a single transmembrane domain, and a cytoplasmic domain. The unique amino
acid sequences determine a three-dimensional conformation that provides ligand specific-
ity. The transmembrane domains are not highly conserved (thus differing in makeup). The
cytoplasmic domains respond to ligand binding by undergoing conformational changes
and autophosphorylation. The structure of the receptors for insulin and insulin-like growth
factor is more complicated, with two apha- and two beta-subunits, forming two trans-
membrane domains connected extracellularly by disulfide bridges. The receptors for the
important autocrine and paracrine factors, activin and inhibin, function as serine-specific
protein kinases.

Insulin and Type | IGF Receptors
Have a Similar Structure
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Kinase activation requires distinctive sequences; thus there is considerable homology
among the kinase receptors in the cytoplasmic domain. Many of the substrates for these
kinases are the enzymes and proteins in other messenger systems; e.g., the calcium mes-
senger system. Thus, the kinase receptors can cross-talk with other receptor regulated
systems that involve the G proteins.
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Regulation of Tropic Hormones

Modul ation of the peptide hormone mechanism isan important biol ogic system for enhanc-
ing or reducing target tissue response. The regulation of tropic hormone action can be
divided into four major components.

1. Autocrine and paracrine regulation factors.

2. Heterogeneity of tropic hormones.

3. Up- and down-regulation of receptors.

>

Regulation of adenylate cyclase.

Autocrine and Paracrine Regulation Factors

Growth factors are polypeptides that modulate activity either in the cells in which they
are produced or in nearby cells; hence, they are autocrine and paracrine regulators.
Regulation factors of this type (yet another biologic family) are produced by local gene
expression and protein translation, and they operate by binding to cell membrane recep-
tors. The receptors usually contain an intracellular component with tyrosine kinase
activity that is energized by a binding-induced conformational change that induces auto-
phosphorylation. However, some factors work through other second messenger systems,
such as cyclic AMP or IP,. Growth factors are involved in avariety of tissue functions,
including mitogenesis, tissue and cellular differentiation, chemotactic actions, and
angiogenesis. The growth factors involved in reproductive physiology include activin,
inhibin, insulin-like growth factor-I (IGF-I), insulin-like growth factor-11 (IGF-11),
transforming growth factor-f (TGF-B), fibroblast growth factor (FGF), and epidermal
growth factor (EGF).

In addition to the growth factors, various immune factors, especially cytokines, modulate
ovarian steroidogenesis. These factors, including interleukin-1, tumor necrosis factor, and
interferon, are found in human follicular fluid and, in general, inhibit gonadotropin stimu-
lation of steroidogenesis.

For mitogenesis to occur, cells may require exposure to a sequence of growth factors,
with important limitationsin duration and concentrations. Growth factors are important for
the direction of embryonic and fetal growth and development. In cellular differentiation,
growth factors can operate in a cooperative, competitive, or synergistic fashion with other
hormones. For example, IGF-I plus FSH, but not IGF-I alone, increases the number of LH
receptors, progesterone synthesis, and aromatase activity in granulosa cells.*®

Activin and inhibin are disulfide-linked dimers composed of peptide subunits (one apha
subunit and two beta subunits) as follows:®*

The mgjor forms of activin:  Activin-A Beta,—Beta,
Activin-AB Beta,—Beta,
Activin-B Beta,—Beta,
The mgjor forms of inhibin: Inhibin-A Alpha-Beta,
Inhibin-B Alpha-Beta,
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Each of the subunits is encoded by separate genes that produce precursor proteins that are
cleaved to form the subunits. In addition, the free subunits and related monomeric products
can be secreted. Despite the structural similarity between activin and inhibin, they function
as antagonistsin some systems (e.g., activin stimulates and inhibin inhibits FSH secretion).
Activins, inhibins, and TGF-3 come from the same gene family, which also includes anti-
mullerian hormone, and proteins active during insect and frog embryogenesis. The activity
of activin is regulated by protein binding, specifically to follistatin. Follistatin is a single-
chain glycosylated peptide, structurally unrelated to inhibin and activin, that regulates the
activin-inhibin system. Signaling by this family of peptides is accomplished by several
receptor isoforms that are transmembrane serine kinases.

TGF-B can either stimulate or inhibit growth and differentiation, depending on the target
cell and the presence or absence of other growth factors. In the ovary, TGF-p promotes
granulosa cell differentiation by enhancing the actions of FSH (especially in expression of
FSH and LH receptors) and antagonizing the down-regulation of FSH receptors. TGF-3
and the insulin-like growth factors are required for the maintenance of normal bone mass.
EGF is a structural analog of TGF-a and is involved in mitogenesis. In the ovary, EGF,
secreted by theca cells, isimportant for granulosa cell proliferation, an action opposed by
TGF-B that is also secreted by the theca cells. The most potent mitogens are the two forms
of fibroblast growth factor (FGF). Additional roles for FGF, secreted by the granulosa,
include modulation of enzyme activity involved in the physical act of ovulation and angio-
genic function during the development of the corpus luteum.

The Insulin-Like Growth Factors

Theinsulin-like growth factors (called somatomedinsin the past) are single-chain polypep-
tides that resemble insulin in structure and function.’® These factors are widespread and
areinvolved in growth and differentiation in response to growth hormone, and aslocal reg-
ulators of cell metabolism. IGF-11 ismore prominent during embryogenesis, whereas | GF-|
is more active postnatally. Only the liver produces more |GF-| than the ovary. According to
animal studies, both IGF-I and IGF-I1 are secreted by granulosa cells. IGF-I1 amplifies the
action of gonadotropins and coordinates the functions of theca and granulosa cells. |GF-I
receptors on the granulosa are increased by FSH and LH and augmented by estrogen. Inthe
theca, IGF-1 increases steroidogenesis. In the granulosa, IGF-I isimportant for the forma-
tion and increase in numbers of FSH and LH receptors, steroidogenesis, the secretion of
inhibin, and oocyte maturation. It should be noted that the endogenous insulin-like growth
factor in the human ovarian follicle is IGF-I1 in both the granulosa and the theca cells.®
Studies indicating activity of IGF-I with human ovarian tissue can be explained by the fact
that both IGF-1 and IGF-11 activities can be mediated by the type | IGF receptor that is
structurally similar to the insulin receptor.

Granulosacellsalso contain receptorsfor insulin, and insulin can bind to the IGF-I receptor.
The IGF-I receptor is aheterotetramer with two alpha- and two beta-subunitsin a structure
similar to that of the insulin receptor. Insulin can bind to the al pha-subunit ligand-binding
domain and activate the beta-subunit, which isa protein kinase. Thus, insulin can modul ate
ovarian cellular functions either through its own receptor or through the |GF-I receptor.

The biologic potency and availability of the insulin-like growth factors are further modu-
lated by a collection of |GF-binding proteins that bind circulating insulin-like growth fac-
tors and also ater cellular responsiveness. Six insulin-like growth factor binding proteins
(IGFBP-1 through | GFBP-6) have been detected in serum and various tissues.*® |GF-1 and
IGF-11 circulate in the blood in a concentration 1,000 times greater than insulin; however,
largely all of the circulating IGFs are bound to IGFBPs. The multiple IGFBPs and their
proteases provide a mechanism for tissue-specific activities of |GFs. The various IGFBPs
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differ in their actions and individual expression, depending on the specific cell type and
tissue. The principal IGFBP that regulates |GF biologic availability can vary according to
metabolic changes. There are many possible permutations because the IGFBPs are not sim-
ply transport proteins; there are inhibitory and stimulatory |GFBPs that inhibit or poten-
tiate IGF actions. Tissue-specific regulation of IGFBP protease activity can change the
bioavailability of IGFs at specific sites. In addition, the |GFBPs have been demonstrated to
have direct effects of their own, independent of IGF. Therefore, thisisacomplex regulatory
system that provides both endocrine signals and autocrine and paracrine functions.

Receptors Involved in Steroidogenesis

Steroidogenic factor-1 (SF-1) and DAX-1 (a name that represents. Dosage-sensitive sex
reversal-Adrenal hypoplasia congenita critical region on the X chromosome) are nuclear
receptors for which specific ligands have not been identified (“orphan receptors’). SF-1
influences the expression of genes that encode steroidogenic enzymes, and when genetic
expression of SF-1 is disrupted in mice, gonads and adrenal glands fail to devel op.8 187
In addition, SF-1 regulates transcription of the StAR gene.’®® Partia loss of SF-1 causes
reduced ovarian activity and infertility.?®® Inactivating mutations in the DAX1 gene result
in X-linked adrenal hypoplasia, which is also associated with hypogonadotropic hypogo-
nadism.’®® DAX-1 is believed to work with SF-1 in regulating development and function
of steroid-producing tissues as well as the regulation of gonadotropins.'® SF-1 regulates
genes that encode the gonadotropin subunits, as well as the GnRH receptor.®” Thus, SF-1
and DAX-1 are involved at al levels: the hypothalamus, the pituitary, and in the steroid-
producing organs. These proteins function as transcription factors (as are the traditional
nuclear hormone receptors such asthe estrogen receptor) in the complex mechanisms being
unraveled by molecular biologists.

Heterogeneity of Tropic Hormones

The glycoproteins, such as FSH and LH, are not single proteins but should be viewed as a
family of heterogeneousformsof varying immunologic and biologic activity.*? The various
forms (isoforms) arise in various ways, including different DNA promoter actions, altera-
tionsin RNA splicing, point mutations, and posttranslational carbohydrate changes.* The
impact of the variations is to alter structure and metabolic clearance, thus affecting bind-
ing and activity. The isoforms have different molecular weights, circulating half-lives, and
biologic activities. Throughout the menstrual cycle, the amazing number of at least 20-30
isoforms of both FSH and LH are present in the bloodstream.?** The overall activity of a
glycoprotein, therefore, is due to the effects of the mixture of formsthat reach and bind
to the target tissue.

The nonglycosylated subunit precursors of glycoprotein hormones are synthesized in the
endoplasmic reticulum, followed by glycosylation. The glycosylated subunits combine
and then are transported to the Golgi apparatus for further processing of the carbohydrate
component. The units combine to form a compact heterodimer. The protein moiety binds
to specific target tissue receptors, whereas the carbohydrate moiety plays a critical rolein
coupling the hormone-receptor complex to adenylate cyclase (perhaps by determining the
necessary conformational structure).

The preciseness of the chemical makeup of the tropic hormones is an essential element

in determining the ability of the hormone to mate with its receptor. The glycopeptides
(FSH, LH, TSH, and hCG) are dimers composed of two glycosylated polypeptide subunits,
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the o, and 3 subunits. The oo and  subunits are tightly bound in a noncovalent association.
Thethree-dimensional structure and the active conformation of the subunits are maintained
by internal disulfide bonds.**> All of the glycopeptides of the human species (FSH, LH,
TSH, and hCG) share acommon o chain, an identical structure containing 92 amino acids.
The B chains (or the B subunits) differ in both amino acid and carbohydrate content, con-
ferring the specificity inherent in the relationship between hormones and their receptors.
Therefore, the specific biologic activity of a glycopeptide hormone is determined by the
B subunit; hypogonadism has been reported due to single amino acid substitution in the
LH B subunit.1®

B-hCG is the largest  subunit, containing a larger carbohydrate moiety and 145 amino
acid residues, including a unique carboxyl-terminal tail piece of 29 amino acid groups. It is
this unique part of the hCG structure that allows the production of highly specific antibod-
ies and the utilization of very specific immunologic assays. The extended sequence in the
carboxy-terminal region of B-hCG contains four sites for glycosylation, the reason why
hCG is glycosylated to a greater extent than LH, a difference that is responsible for the
longer circulating half-life for hCG.

These differences in structure are associated with a different promoter and transcriptional
site that is located upstream in the hCG B subunit gene compared with the site in the LH
B-subunit gene. The hCG B subunit gene transcription site does not contain a hormone
response element, allowing hCG secretion to escape feedback regulation by the sex ste-
roids, in contrast to FSH and LH.

The rate-limiting step in the synthesis of gonadotropins and TSH is the availability of
subunits, because excess o subunits can be found in blood and in tissue. Furthermore, the
three dimensional structure of the  subunit, accomplished by folding the subunit by the
formation of the disulfide bonds, is an important conformational step that is essential for
assembly with the o subunit.**” This conformational change is not completed until the sub-
units are fully united to produce the final whole hormone.

The half-life of a-hCG is 6-8 minutes, and that of whole hCG from the placenta about
24 hours. All human tissues appear to make hCG as a whole molecule, but the placenta
is different in having the ability to glycosylate the protein, thus reducing its rate of
metabolism and giving it biologic activity through a long half-life. The carbohydrate
components of the glycoproteins are composed of fructose, galactose, mannose, galac-
tosamine, glucosamine, and sialic acid. Although the other sugars are necessary for
hormonal function, sialic acid is the critical determinant of biologic half-life. Removal
of sialic acid residues in hCG, FSH, and LH leads to very rapid elimination from the
circulation.

FSH consists of the o subunit of 92 amino acids and a § subunit of 118 amino acids. It
has four carbohydrate side chains, two on each subunit. The  subunit of LH consists of
121 amino acids. LH has three carbohydrate side chains with a single glycosylation site
(with less than half of the sialic acid in FSH). The initial half-life of LH is approximately
20 minutes, compared with the initial half-life of FSH of 3—4 hours.

Genes for tropic hormones contain promoter and enhancer or inhibitor regions located in
the 5’-flanking regions upstream from the transcription site. These sites respond to second
messengers (cyclic AMP) aswell as steroids and other yet unknown regulators. The protein
cores of the two glycoprotein subunits are the products of distinct genes.*®® Using recom-
binant DNA technology, it has been demonstrated that there is a single human gene for the
expression of the o subunit. The gene for the o subunit shared by FSH, LH, hCG, and TSH
is located on chromosome 6g12.21. A single promoter site subject to multiple signals and
hormones regulates transcription of the a. genein both placentaand pituitary. The o subunit
gene is expressed in several different cell types, but the § subunit genes are restricted in
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cell type. The TSH B geneis expressed only in thyrotropes regulated by thyroid hormone;
the FSH B gene is expressed in gonadotropes regulated by GnRH, activin, inhibin, and
gonadal steroids; the LH 3 gene, also expressed in gonadotropes, is regulated by GnRH and
unaffected by activin and inhibin.**®
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The o subunit gene requires the activation of distinct regulatory elements in thyro-
trope and gonadotrope cells, as well as in the placenta. It is the activation of these cell-
specific elements that produces tissue specificity for o gene expression. In gonadotropes,
the GnRH signaling pathway for o gene transcription utilizes phosphorylase stimul ation of
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diacylglycerol (DAG) and inositol triphosphate (IP,) that leads to a release of intracellular
calcium stores. GNRH also stimulates the influx of calcium at the cell membrane. DAG,
IP,, and calcium work together to stimulate protein kinase C activity. Protein kinase regula-
tion of the o promoter is a principal part of the overall mechanism. This pituitary process
is influenced by multiple factors, including growth factors and gonadal steroids. In the
placenta, the mechanism also utilizes specific regulatory elements, but the primary signal
is mediated by the cyclic AMP-protein kinase A pathway.

The gene for the FSH  subunit is on chromosome 11p13, and in the pituitary, it is mark-
edly influenced by activin.? 2! Although FSH and LH both require GnRH stimulation,
the FSH B gene is unique in that response to GnRH is dependent on activin.®? With
increasing GnRH stimulation, the role of activin isincreasingly repressed by its binding
protein, follistatin, the secretion of which isalso stimulated by GnRH and activin. Activin
is further antagonized by inhibin, the first of these factors recognized to suppress FSH
secretion.?®

The genes that encode for the  subunits of LH, hCG, and TSH are located in a cluster
on chromosome 19q13.32. There are six genes for the B subunit of hCG, and only one
for B-LH.?* Transcription for the six hCG genes, each with different promoter activity,
varies, and it is not certain why hCG requires multigenic expression (perhaps thisis nec-
essary to reach the extremely high level of production in early pregnancy). It is thought
that B-hCG evolved relatively recently from B-LH, and the unique amino acid terminal
extension of B-hCG arose by a read-through mutation of the translation stop codon in
the B-LH gene; the DNA sequences of the B-hCG genes and the B-LH gene are 96%
identical .2 Only primates and the equine species (horse, donkey, and zebra) have been
demonstrated to have genes for the B subunit of chorionic gonadotropin. In contrast to
human chorionic gonadotropin, egquine chorionic gonadotropin exerts both LH and FSH
activities in many mammalian species because it contains peptide sequencesin its 3 sub-
unit that are homologous to those in the pituitary gonadotropins of other species. The
equine B-chorionic gonadotropin geneisidentical to the equine B-LH gene, and although
the primate 3-hCG gene evolved from the same ancestral B-LH gene, the horse chorionic
gonadotropin gene evolved in a different way about 50 million years ago.?® The B-LH
geneis not expressed in the placenta.

A specific immunologic LH variant is relatively common. This variant is due to two point
mutations in the LH B subunit gene and is more common in people of northern European
descent, reaching a carrier frequency of 41.9% in Lapps of northern Finland.?® The clini-
cal significance of this mutation is not known; however, routine immunoassays can provide
falsely low readings because this variant is not detected. Inherited disorders because of
disruptions in the coding sequences of both LH and FSH arein fact quite rare.?”

The placenta-specific expression of B-hCG is due to several differencesin DNA sequences
between the B-hCG and B-LH genes.!® The cyclic AMP-mediated enhancement of the
B-hCG promoter is influenced by several regulatory proteins. The study of the B subunit
genes has been hampered by difficulties in maintaining glycoprotein-producing cell lines.
The availability of choriocarcinoma cell lines, however, has alowed greater investigation
of the B-hCG genes.

Although the B subunit specifies the biologic activity of an individual glycoprotein, the
combination of the o and B subunits is necessary for full hormonal expression. Further-
more, the o subunit also plays an important role in accomplishing normal receptor binding
and activation.?%: 2% Neither subunit alone can effectively bind to the receptor with high
affinity or exert biologic effect. In other words, binding and activation occur only when the
hormoneisin the combined a.-3 form. In addition, the o subunit influences the overall bio-
activity of the glycoprotein hormones.?® Thus structural aterationsin either the o subunit
or the 3 subunit could alter target tissue responses.
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Variations in Carbohydrate

The glycopeptide hormones can be found in the pituitary existing in a variety of forms,
differing in their carbohydrate (oligosaccharides) makeup. Theisoform mixture of gonado-
tropinsisinfluenced both quantitatively and qualitatively by GnRH and the feedback of the
steroid hormones, producing posttranslational carbohydrate modifications.?** 22 This het-
erogeneity in structure (which is also associated with heterogeneity in charge) represents a
mechanism under endocrine control that modulates half-lives and bioactivity.

Certain clinical conditions can be associated with alterations in the usual chemical struc-
ture of the glycopeptides, resulting in interference with the ability to bind to receptors and
stimulate biologic activity. In addition to deglycosylation and the formation of antihor-
mones, gonadotropins can be produced with an increased carbohydrate content. A low-
estrogen environment in the pituitary gland, for example, favorsthe production of so-called
big gonadotropins, gonadotropins with an increased carbohydrate component and, as a
result, decreased biologic activity.?® Immunoassay in these situations may not reveal the
biologic situation; an immunoassay sees only a certain set of molecules but not al. There-
fore, immunologic results do not always indicate the biologic situation.

Bioactive levels of FSH and LH are very low in women receiving oral contraceptives and
during the luteal and late follicular phases. The highest values are during the midcycle
surge and in postmenopausal women (including women with premature ovarian failure).?4
The levels of bioactive FSH parallel those of immunoactive FSH with a constant ratio
throughout the cycle. The greater bioactivity of FSH at midcycle is associated with less
sialyated, shorter-lived isoforms. These changes are effects of both GhRH and estrogen.

The carbohydrate component, therefore, affects target tissue response in two ways: (1) meta-
bolic clearance and half-life, and (2) biologic activity. The latter action focuses on two func-
tions for the hormone-receptor complex: binding and activation. One structural domain is
important for binding and another for triggering the biologic response. Carbohydrate resi-
dues, especialy the sidic acid residues, are less important in binding. Indeed, experimental
dataindicate that the carbohydrate chains have no rolein the binding of gonadotropinsto their
receptors.?’> Nevertheless, removal of the carbohydrate moiety of either subunit diminishes
gonadotropic activity. Therefore, the carbohydrate component affects the biologic activity of
the hormone-receptor complex after binding. Specific studies indicate that the carbohydrate
component plays acritical rolein activation (coupling) of the adenylate cyclase system.?¢

The circulating half-life of a gonadotropin is mainly proportional to the amount of sialic
acid present.?” The higher content of sialic acid in FSH compared with LH accountsfor the
more rapid clearance of LH from the circulation (the FSH half-life is several hours; the LH
half-life is about 50 minutes). hCG is highly sialylated, and accordingly, has a half-life of
5-6 hours. However, clearance of gonadotropins as measured by half-livesis not explained
totally by carbohydrate differences. Differences in amino acid sequences also contribute,
and most importantly, the stability of the complete hormone (resisting dissociation into the
rapidly cleared subunits) isamajor factor.

Heterogeneity of Prolactin

In most mammalian species, prolactin is a single-chain polypeptide of 199 amino acids,
40% similar in structure to growth hormone and placental lactogen.?*® All three hormones
are believed to have originated in acommon ancestral protein about 400 million years ago.
Many hormones, growth factors, and neurotransmitters affect the prolactin gene.
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Simultaneous measurements of prolactin by both bioassay and immunoassay reved
discrepancies. At first, differences in prolactin were observed based on size, leading to the
use of terms such as little, big, and the wonderfully sophisticated term, big big prolactin.
Further chemical studies have revealed structural modifications that include glycosylation,
phosphorylation, and variations in binding and charge. This heterogeneity is the result of
many influences at many levels: transcription, trandation, and peripheral metabolism.? 220

Prolactinisencoded by asingle gene on chromosome 6, producing amoleculethat initsmajor
form is maintained in three loops by disulfide bonds?® Mogt, if not dl, variants of prolactin
aretheresult of posttrandational modifications. Little prolactin probably representsasplicing
variant resulting from the proteolytic deletion of amino acids. Big prolactin has little biologic
activity and does not cross-react with antibodies to the major form of prolactin. The so-called
big big variants of prolactin are due to separate molecules of prolactin binding to each other,
either noncovalently or by interchain disulfide bonding. Some of the apparently larger forms
of prolactin are prolactin molecules complexed to binding proteins. High levels of relatively
inactive prolactin in the absence of atumor can be due to the creation of macromolecules of
prolactin by antiprolactin autoantibodies.?%222 Overall, big prolactins account for somewhere
between 10% and 25% of the hyperprolactinemia reported by commercial assays.?®
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Other variations exist. Enzymatic cleavage of the prolactin molecule yields fragments that
may be capable of biologic activity. Prolactin that has been glycosylated continuesto exert
activity; differencesin the carbohydrate moities can produce differencesin biologic activity
and immunoreactivity. However, the nonglycosylated form of prolactin is the predominant
form of prolactin secreted into the circulation.?* Modification of prolactin aso includes
phosphorylation, deamidation, and sulfation.

The prolactin receptor is encoded by a gene on chromosome 5 that is near the gene for the
growth hormone receptor. However, there is evidence for more than one receptor, depend-
ing on the site of action (e.g., decidua and placenta).?® The prolactin receptor belongs
to the receptor family that includes many cytokines and some growth factors, supporting
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a dua role for prolactin as a classic hormone and as a cytokine. The prolactin signal is
mediated through a cytoplasmic tyrosine kinase pathway.

At any one point of time, the bioactivity (e.g., galactorrhea) and the immunoreactivity
(circulating level by immunoassay) of prolactin represent the cumulative effect of the
family of structural variants. Remember, immunoassays do not always reflect the bio-
logic situation (e.g., a normal prolactin level in a women with galactorrhea).

Up- and Down-Regulation of Receptors

Positive or negative modulation of receptors by homologous hormones is known as
up- and down-regulation. Little is known regarding the mechanism of up-regulation; how-
ever, hormones such as prolactin and GnRH can increase the cell membrane concentrations
of their own receptors.

Theoretically, deactivation of the hormone-receptor complex could be accomplished by
dissociation of the complex or loss of receptors from the cell, either by shedding (exter-
nally) or by internalization of the receptorsinto the cell. It isthe process of internalization
that is the major biologic mechanism by which polypeptide hormones down-regul ate their
own receptors and thus limit hormonal activity. As a general rule, an excess concentration
of a tropic hormone, such as LH or GnRH, will stimulate the process of internalization,
leading to a loss of receptors in the cell membrane and a decrease in biologic response.
We now understand that the principal reason for the episodic (pulsatile) secretion of hor-
mones is to avoid down-regulation and to maintain, if not up-regulate, its receptors. The
pulse frequency is a key factor, therefore, in regulating receptor number.
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It is believed that receptors are randomly inserted into the cell membrane after intracellular
synthesis. Thereceptor may be viewed as having threeimportant segments: an external binding
sitethat is specific for a polypeptide hormone, the transmembrane region, and an internd site
that playsarolein the process of internalization. When the receptor is bound to a polypeptide
hormone and when high concentrations of the hormone are present in the circulation, the
hormone-receptor complex moves through the cell membrane in a process caled latera
migration. Lateral migration carries the complex to a specialized region of the cell membrane,
the coated pit. Each cell in target tissues contains from 500 to 1,500 coated pits. Lateral migra-
tion, thus, concentrates hormone-receptor complexes in the coated pit (clustering), allowing
increased interndization of the complex via the specia mechanism of receptor-mediated
endocytosis.?® The time course for this process (minutes rather than seconds) is too slow to
explain the immediate hormone-induced responses, but other cellular events may be mediated
by this mechanism that circumvents the intracellular messenger, cyclic AMP.

The coated pit is alipid vesicle hanging on a basket of specific proteins, caled clathrins
(from the Latin “clathra’” meaning “lattice”). The unit is a network of hexagons and pen-
tagons, thus looking like a soccer ball. The internal margin of the pit has a brush border,
hence the name coated pit. The clathrin protein network serves to localize the hormone-
receptor complexes by binding to the internal binding site on the receptor.

When fully occupied, the coated pit invaginates, pinches off, and enters the cell as a coated
vesiclealso called areceptosome. The coated vesicleisdelivered to the lysosomesin which
the structure then undergoes degradation, releasing the substance (e.g., a polypeptide hor-
mone) and the receptor. The receptor may be recycled; i.e., it may be reinserted into the
cell membrane and used again. On the other hand, the receptor and the hormone may
be metabolized, thus decreasing that hormone's biologic activity. The internalized hor-
mones may also mediate biologic response by influencing cellular organelles such as the
Golgi apparatus, the endoplasmic reticulum, and even the nucleus. For example, nuclear
membranes from human ovaries bind hCG and LH, and there follows an enzyme response
that isinvolved in the transfer of mMRNA from nucleus to the cytoplasm.?”
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A similar process, caled potocytosis, utilizes cholesterol-rich membrane invaginations
called caveolae (far fewer in number and smaller in structure than the clathrin coated pits)
for the internalization of small molecules and ions.?® This is another method of intracel-
lular signaling in response to hormones, and many proteins involved in cell signaling have
been detected in caveolag; e.g., G proteins, kinases, and growth factor receptors. Caveolin
isthe mgjor protein structural component of caveolae. Nitric oxide, the important mediator
of vascular events, resides in caveolae and is regulated by tyrosine phosphorylation and
interaction with caveolin.??® 2 Caveolae also facilitate endocytosis and exocytosis of sub-
stances, by the recycling of caveolin between the cell surface and the Golgi network.z

Besides down-regulation of polypeptide hormone receptors, the process of internalization
can be utilized for other cellular metabolic events, including the transfer into the cell of
vital substances such asiron or vitamins. Indeed, thisis the basic mechanism for transport-
ing large molecules across the cell wall into the interior.

Cell membrane receptors can be randomly distributed in the cell membrane and transmit
information to modify cell behavior.2 For these receptors, internalization is a method
for down-regulation by degradation in lysosomes. Because of this degradation, recycling
is usualy not a feature of this class of receptors. Hormones that utilize this category of
receptorsinclude FSH, LH, hCG, GnRH, TSH, TRH, and insulin. For these hormones, the
coated pit can be viewed as a trap to immobilize hormone-receptor complexes. The fate of
the hormone, however, can vary from tissue to tissue. In some target tissues, hCG is inter-
nalized and the hCG-receptor complex istransferred intact from the coated vesicleinto the
lysosomes for dissociation and degradation. In other tissues, especialy the placenta, it is
thought that the hCG-receptor complex is recycled back to the cell surface as a means of
transporting hCG across the placentainto both maternal and fetal circulations.?*

Cell membrane receptors, located in the coated pits, when bound to ligandslead to internal -
ization, thus providing the cell with required factors, the removal of noxious agents from
the biologic fluid bathing the cell, or the transfer of substances through the cell (transen-
docytosis). These receptors are spared from degradation and can be recycled. Examples of
this category include low-density lipoproteins (LDL), which supply cholesterol to steroid-
producing cells; cobalamin and transferrin, which supply vitamin B12 and iron, respec-
tively; and the transfer of immunoglobulins across the placenta to provide fetal immunity.

A closer look at LDL and itsreceptor isinformative because it isthe prototype for this sys-
tem. The low-density lipoprotein particle is a sphere. It contains in its center about 1,500
molecules of cholesterol that are attached as estersto fatty acids. This coreis contained by
abilayer lipid membrane. Protein-binding proteins (the apoproteins) project on the surface
of this membrane, and it is these proteins that the receptor must recognize.

Remember, thisisan important story, because al cellsthat produce steroids must use choles-
terol asthe basic building block. Such cells cannot synthesize enough cholesterol, and there-
foremust bring cholesteral into the cell from the bloodstream. LDL isthe principal messenger
delivering the cholesterol. Experimental evidence, however, indicates that HDL-cholesterol
as well as LDL can provide cholesterol to steroid-producing cells.?* Indeed, human ovar-
ian granulosa cells use HDL-cholesterol in a system that differs from the LDL-cholesterol
pathway: the lipoproteins are not internalized, but rather, the cholesteryl esters are extracted
from the lipoproteins at the cell surface and then transferred into the cell .2

Different cell surface receptors and proteins contain similar structural parts.?® For exam-
ple, the receptor for LDL contains a region that is homologous to the precursor of epider-
mal growth factor and another region that is homologous to a component of complement.
The LDL receptor is a “mosaic protein.” There are regions of proteins derived from the
exons of different gene families. This is an example of a protein that evolved as a new
combination of preexisting functional units of other proteins.
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The LDL receptor is synthesized as a precursor of 860 amino acids. The precursor includes
21 amino acids that constitute a hydrophobic signal sequence that is cleaved prior to its
insertion into the cell surface. Thissignal sequence presumably directsthe protein whereto
go inthe cell. Thisleaves an 839 amino acid protein that has five recognizable domains.

1. NH2-terminal of 292 amino acids, composed of a sequence of 40 amino acids
repeated with some variation seven times. This domain is the binding site for
LDL and islocated on the external surface of the cell membrane.

2. Approximately 400 amino acids 35% homologous to epidermal growth factor
precursor.

3. The sugar-linked site.

4. 22 Hydrophobic amino acids that cross the cell membrane. Deletion of the trans-
membrane signal sequence (found in a naturally occurring mutation) results in
an LDL receptor that is secreted from the cell instead of being inserted into the
membrane.

5. Cytoplasmic tail of 50 amino acids that islocated internally and servesto cluster
LDL receptorsin coated pits.
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When the coated pit is fully occupied with LDL, a coated vesicle is delivered into the
cell in the process called endocytosis. The vesicle moves to the Golgi system and then
is routed by an unknown mechanism (although a similar coated pit system in the Golgi
appears to be involved) to the lysosomes in which the structure undergoes degradation,
releasing cholesterol esters and the receptor. The receptor can be recycled or degraded.
Theintracellular level of free cholesterol influences the following important activities: the
rate-limiting enzyme for cholesterol synthesis, the reesterification of excess cholesterol
for storage as lipid droplets, and the synthesis of LDL receptors. The cholesterol derived
from the LDL transport process can have any one of the following fates: utilization in the
mitochondriafor steroidogenesis, reesterification for storage, use in membrane structures,
or excretion.z” Excretion (release of free cholesterol into the circulation by means of the
HDL mechanism) involves the cell surface caveolae.??® 2t Thus, entry is via coated pits
(endocytosis) and efflux from endoplasmic reticulum to the cell membraneisvia caveolae
(exocytosis).

Synthesis and insertion of new LDL receptors are a function of LH in the gonads
and ACTH in the adrenal. This process is relatively fast. It has been calculated that
the coated pit system turns over an amount of cell surface equivalent to the total
amount of plasma membrane every 3090 minutes.?” The LDL receptor makes one
round trip every 10 minutes during its 20-hour lifespan for atotal of several hundred
trips.2® Genetic defects in receptors for LDL lead to a failure in internalization and
hyperlipidemia.

Summary of Down-Regulation

Down-regulation is a decrease in response in the presence of continuous stimulation. It
can involve any of the following mechanisms:

1. Densensitization by autophosphorylation of the cytoplasmic segment of the
receptor.

2. Lossof receptors by internalization, arelatively slow mechanism.

3. Uncoupling of the regulatory and catalytic subunits of the adenylate cyclase
enzyme.

4. Alterationsin key intracellular regulatory proteins.

Regulation of Adenylate Cyclase

Thebiologic activity of polypeptide or glycoprotein hormones (such as FSH or LH) can be
altered by autocrine and paracrine regulators, the heterogeneity of the molecules, up- and
down-regulation of the receptors, and, finally, by modulation of the activity of the enzyme,
adenylate cyclase.
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The G Protein System
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The 1994 Nobel Prize in Medicine and Physiology was awarded to Alfred G. Gilman
and Martin Rodbell for the discovery and description of G proteins. Adenylate cyclase
is composed of three protein units: the receptor, a guanyl nucleotide regulatory unit,
and a catalytic unit.>® The regulatory unit is a coupling protein, regulated by guanine
nucleotides (specifically guanosine 5'—triphosphate, GTP), and thereforeitiscalled GTP
binding protein or G protein for short.?*> 2%t The catalytic unit is the enzyme itself that
converts ATP to cyclic AMP. The receptor and the nucleotide regulatory unit are struc-
turaly linked, but inactive until the hormone binds to the receptor. Upon binding, the
complex of hormone, receptor, and nucleotide regulatory unit is activated leading to
an uptake of GTP by the regulatory unit. The activation and uptake of GTP result in
an active enzyme that can convert ATP to cyclic AMP. This result can be viewed as the
outcome of the regulatory unit coupling with the catalytic unit, forming an intact com-
plete enzyme. Enzyme activity isthen terminated by hydrolysis of the GTP to guanosine
5’-diphosphate (GDP) returning the enzyme to its inactive state. Quick action and acute
control of adenylate cyclase are assured because the G protein is a GTPase that self-
activates upon binding of GTP.

The G protein has been purified. From the amino acid sequence, complementary DNA
clones have been produced. These studies have indicated that a family of G proteins exists
that couples receptors to active ligands, playing roles in signal transduction, intracellular
transport, and exocytosis. The ability of the hormone-receptor complex to work through
a common messenger (cyclic AMP) and produce contrasting actions (stimulation and
inhibition) is thought to be due to the presence of both stimulatory nucleotide regulatory
G proteins and inhibitory nucleotide regulatory G proteins.?*> 22 However, the G protein
systemisnot limited to the cyclic AMP signal, but can activate other messenger-generating
enzymes, as well asion channels.

The G proteins are composed of o, B, and y subunits, each the product of many distinct
genes? The B and y subunits are not all aike, and they exhibit selectivity for specific
ligands. Indeed, there are several hundred G protein receptors, with a common structure
but sufficiently dissimilar to be activated by different ligands. Each G protein has a unique
o subunit, and there are 16 mammalian o subunit genes. Based on amino acid similarities,
they are grouped into four subfamilies: G, G, Ga, G, G, and G, proteins mediate
stimulatory events such as hormone secretion, whereas G, proteins exert inhibition. The
role of the G, group is not yet certain. These multiple subunits allow great variability
in function to be expressed by many different combinations that produce conformational
changes linked to message transmission.

In the inactive state GDP is bound to the a subunit. Hormone-receptor interaction and
binding change the a. subunit conformation. GTP replaces GDP on the o subunit, freeing
the B and y subunits, which allowsthe GTP o subunit to bind to the catal ytic unit of adeny-
late cyclase, forming the active enzyme. The GTP o subunit can also activate other mes-
sengers, such asion channels. Intrinsic GTPase activity quickly hydrolyzes the GTP-a to
GDP-a,, which leads to reassociation with the $ and y subunits, reforming the G protein
complex for further activation. The functional specificity is due to the o subunit, which
differs for each G protein, and therefore there are many different oo subunits encoded by
different genes.
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The G Protein Receptors

The more than 200 receptors linked to G proteins are derived from a supergene family,
the 800 genes presumably originated from a common ancestral gene.*® The gonadotropin
receptor contains a transmembrane region that has the structural features of a receptor
that couples with G protein and a large extracellular domain.?* Receptors that utilize the
G proteins are inserted in membranes and consist of a long polypeptide chain that folds
into seven helices, the amino acid loops that connect the helices extend either into the
cytoplasm or into the extracellular space. The amino end extends outside the cell, and the
carboxyl end extends into the cell. The large extracellular segment is the site for specific
gonadotropin recognition and binding. Binding changes the conformation (which is associ-
ated with phosphorylation), leading to interaction with the G proteins, which in turn acti-
vate second messengers, either enzymes or ion channels. These are ancient proteins; e.g.,
they are used by yeast to detect mating pheromones (perhaps thisis why this protein isthe
basic structure for sight and smell in higher organisms; rhodopsinisa G protein located in
the light-sensitive rod of the reting). Thus, the G receptors can be activated by hormones,
neurotransmitters, growth factors, odorants, and photons of light.
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LH and hCG bind to a common receptor, encoded by genes on chromosome 2p21. The
LH/hCG receptor is highly conserved in mammals; the human receptor is very similar to
that of rat and bovine receptors.? It is likely that expression of the LH/hCG receptor is
regulated by many factors, including endocrine, paracrine, and autocrine mechanisms, but
the primary requirement is FSH. In addition to the G protein pathway, activation of the
LH/hCG receptor stimulates the calcium messenger system.

The receptor for FSH is very similar to the LH/hCG receptor, but it is structuraly dis-
tinct.* 2% Appropriately (for specificity), the extracellular segment contains the major
seguence divergence. The FSH receptor geneislocated on chromosome 2p21-16, near the
LH/hCG receptor gene. The FSH receptor is also regulated by its hormone environment,
especialy by FSH and estradiol. Other members of this family include receptors for TSH,
catecholamines, vasopressin, angiotensin |1, and dopamine.

Mutations in the G Protein System

Rare mutations that alter the structure and activity of G proteins can result in disease.**
244,250-253 | oss of function mutations of a G protein or a given receptor will result in hor-
mone deficiency syndromes; e.g., the TSH receptor and hypothyroidism, the LH receptor
and male pseudohermaphroditism, and pseudohypoparathyroidism due to a G o. mutation.
Activation of gonadotropin-releasing hormone (GnRH) at puberty is mediated by kisspep-
tin 1, aligand that binds to its G protein receptor on GnRH neurons; an inactivating muta-
tion in this receptor causes hypogonadism and delayed or absent puberty. Mutationsin the
G protein receptor for GhRH have been identified that are responsible for familial hypogo-
nadism. The McCune-Albright syndrome (sexua precocity, polyostotic fibrous dysplasia,
café-au-lait skin pigmentation, and autonomous functioning of various endocrine glands)
is due to unregulated activity (gain in function) of the adenylate cyclase system because
of amutation in the G o gene. Ga protein mutations have also been found in adrenal and
ovarian tumors, growth hormone-secreting pituitary adenomas, and thyroid adenomas. It
ispossible that alterationsin the G protein system may ultimately explain abnormalitiesin
endocrine-metabolic functions, as well as oncogenic mutations.?# 24325

Besides mutations, altered G protein receptor function can be due to polymorphisms, slight
genetic changesthat can be associated with altered physiology or disease. Single nuclectide
polymorphisms (SNPs) associated with these receptors are being identified, and correla-
tions are being made with risks and outcomes for diseases.”® Thisis an avenue of genetic
research that is bound to reveal explanations for some instances of infertility or problems
of sexual differentiation.

Some Genetic Diseases due to Specific G Protein System Mutations

Mutation Disorder

Activating LH receptor Precocious puberty in boys
Inactivating LH receptor Male pseudohermaphroditism
Activating FSH receptor Ovarian hyperstimulation
Inactivating FSH recaptor Premature ovarian failure
Inactivating TRH receptor Hypothyroidism

G.a. (stimulatory) McCune-Albright syndrome
G,a (inhibitory) Hypothyroidism

Rhodopsin Retinitis pigmentosa
Activating Vasopressin receptor Diabetes insipidus
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Coupling and Uncoupling, Desensitization, and Alterations in

Regulatory Proteins
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Another way to explain stimulating and inhibiting actions at the adenylate cyclase level
focuses on the mechanism of coupling. LH stimulates steroidogenesisin the corpus luteum
and works through the coupling of stimulatory regulatory units to the catalytic units of
adenylate cyclase. Prostaglandin F, isdirectly luteolytic, inhibiting luteal steroidogenesis
through a mechanism that follows binding to specific receptors. This luteolytic action may
be exerted via an inhibitory regulatory unit that leads to uncoupling with the catalytic unit,
thus interfering with gonadotropin action.

Increasing concentrations of tropic hormones, such as gonadotropins, are directly asso-
ciated with desensitization of adenylate cyclase independent of the internalization of
receptors. Desensitization is a rapid, acute change without loss of receptors in contrast to
the slower process of internalization and true receptor loss. The desensitization process
after prolonged agonist exposure involves receptor phosphorylation (which uncouples the
receptor from the G protein). The LH/hCG receptor, a member of the G protein family,
undergoes desensitization/uncoupling in response to LH or hCG in a process that involves
phosphorylation of the C-terminal cytoplasmic tail of the receptor.2%® 5" Decreased gonado-
tropin secretion in the presence of prolonged continuous GNRH stimulation is a desensi-
tization response that can occur followed by recovery within the time frame of a normal
endogenous GnRH secretory pulse.?®

Desensitization can also follow enzymatic alterations that affect the key intracellular pro-
teins that regulate steroidogenesis. Activation of the mitogen-activated protein kinase
(MAPK) system increases levels of SF-1, whichin turn attenuates StAR expression, which
is essentia for the transport of cholesterol in gonadal cells producing steroids.?®

All references are available online at: http://www.clinicalgynendoandinfertility.com


http://www.clinicalgynendoandinfertility.com

The Ovary—Embryology
and Development

I he great names of early Western medicine were Hippocrates, Soranus, and Galen.
Although Aristotle (384-322 B.C.) referred to castration as a common agricultural prac-
tice, it was Soranus who provided the first anatomic description of the ovaries. Soranus
of Ephesus (a city founded by Greeks on the coast of what is now Turkey) lived from 98
to 138 A.D. and has often been referred to as the greatest gynecologist of antiquity.! He
studied in Alexandria and practiced in Rome. His great text was lost for centuries and was
not published until 1838.

Galen was born in 130 A.D. in Pergamum, a Greek city in eastern Turkey, studied in
Alexandria and became a famous practitioner and teacher of medicine also in Rome. He
lived 70 years and wrote about 400 treatises, 83 of which are still in existence. Galen pre-
served in his own writings (in Greek) Aristotle’s descriptions of reproduction. He was a
true scholar and was regarded as the ultimate authority on anatomy and physiology until
the sixteenth century.? It was Galen who established bleeding as the appropriate treatment
for almost every disorder. Although in retrospect Galen’s conclusions and teachings con-
tained many errors, how many other individuals have been able to satisfy the needs of
scholars and physicians for hundreds of years?

After Galen, no further thoughts or advances were recorded for well over 1,000 years as the
dark weight of the medieval ages descended on Western civilization. During the medieval
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years, it was safe to copy Galen’s works but literally dangerous to contribute anything
original. Medieval scholars believed it was impossible to progress in knowledge beyond
Galen. The doctrine according to Galen was not challenged until the introduction of print-
ing made Galen’s works available to scholars.

Although Leonardo da Vinci (1452-1519) drew accurately the anatomy of the uterus
and the ovaries, the major advances in anatomic knowledge can be traced to the Uni-
versity of Padua, the famed Italian university where a succession of anatomists made
important contributions.® It was Andreas Vesalius (1514-1564), who while still in his
20s, because of his own human dissections, realized that Galen described only animals.
Appointed Professor of Surgery and Anatomy at the University of Padua at the age of
23, he published De Humani Corporis Fabrica, his authoritative, illustrated book on
human anatomy, in 1543, at the age of 29. Vesalius was harshly attacked by the medical
establishment, and one year after the publication of his book, he left Padua to become the
court physician in Spain.

Vesalius was the first to describe ovarian follicles and probably the corpus luteum.
Fallopius (1523-1562), remembered for his description of the fallopian tubes, was a pupil
of Vesalius, and then a successful and popular teacher of anatomy at Padua. Fabricius
(Girolamo Fabrici d’ Aquapendente, 1533-1619), a pupil of Fallopius, succeeded Fallopius
as chair of anatomy at Padua and made major contributions to embryology. Studying an
organ in birds and observing that it contained eggs, Fabricius called it the “ovary.” Dur-
ing this period of time, the ovaries came to be recognized as structures, but their function
remained a mystery.

William Harvey published the first original English book on reproductive anatomy and
physiology in 1651, at the age of 69, 35 years after his discovery of the circulation of blood.
He obtained his medical education at the University of Padua, where he learned to describe
accurately his own observations, a practice he was to continue and that culminated in his
writings. Unfortunately, Harvey promoted and maintained the Aristotelian belief that the
egg was a product of conception, a result of an interaction between semen and menstrual
blood. This view was corrected by Bishop Niels Stensen of Denmark in 1667, and in 1672,
at the age of 31, the Dutch physician Regnier de Graaf published his great work on the
female reproductive organs, De Mulierum Organis Generationi Inservientibus Tractatus
Nowvus (A New Treatise on the Female Reproductive Organs), that established the ovary as
the source of the ovum.

Ovarian follicles had been described by Vesalius and Fallopius, but the impact of his
publication earned de Graaf eternal recognition as the ovarian follicle became known as
the graafian follicle, even though de Graaf believed that the whole follicle was the egg.
de Graaf was the first to accurately describe the corpus luteum, although Marcello Mal-
pighi, whose works were published posthumously in 1697, invented the name “corpus
luteum.”

With the discovery of mammalian spermatozoa by van Leeuwenhoek in 1677, it became
possible to speculate that fertilization resulted from the combination of a spermatozoon
and the graafian follicle. It would be another 150 years before it was appreciated that
the oocyte resides within the follicle (described in 1827 by Carl Ernst von Baer), and
that there is a relationship between the ovaries and menstruation. The process of fer-
tilization was described by Newport in 1853-1854, and Oscar Hertwig, studying sea
urchins, reported in 1876 the penetration of a spermatozoon into an egg and chromo-
some reduction during meiosis, bringing to a close the era of descriptive anatomy of
the ovary and marking the beginning of scientific explorations into physiology and
endocrinology.
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The Human Ovary

The physiologic responsibilities of the ovary are the periodic release of gametes (eggs,
oocytes) and the production of the steroid hormones estradiol and progesterone. Both activ-
ities are integrated in the continuous repetitive process of follicle maturation, ovulation,
and corpus luteum formation and regression. The ovary, therefore, cannot be viewed as a
relatively static endocrine organ whose size and function expand and contract, depending
on the vigor of stimulating tropic hormones. Rather, the female gonad is a heterogeneous
ever-changing tissue whose cyclicity is measured in weeks, rather than hours.

The ovary consists of three major portions: the outer cortex, the central medulla, and the rete
ovarii (the hilum). The hilum is the point of attachment of the ovary to the mesovarium. It
contains nerves, blood vessels, and hilus cells, which have the potential to become active in
steroidogenesis or to form tumors. These cells are very similar to the testosterone-producing
Leydig cells of the testes. The outermost portion of the cortex is called the tunica albuginea,
topped on its surface by a single layer of cuboidal epithelium, referred to as the ovarian
surface epithelium or the ovarian mesothelium (epithelial ovarian carcinomas account for
90% of human ovarian cancers). The oocytes, enclosed in complexes called follicles, are
in the inner part of the cortex, embedded in stromal tissue. The stromal tissue is composed
of connective tissue and interstitial cells, which are derived from mesenchymal cells, and
have the ability to respond to luteinizing hormone (LH) or human chorionic gonadotropin
(hCG) with androgen production. The central medullary area of the ovary is derived largely
from mesonephric cells.

The Fetal Ovary

During fetal life, the development of the human ovary can be traced through four stages:* ®
(1) the indifferent gonad stage, (2) the stage of differentiation, (3) the period of oogonal
multiplication and oocyte formation, and finally, (4) the stage of follicle formation.

The Indifferent Gonad Stage

At approximately 5 weeks of gestation, the paired gonads are structurally consolidated
coelomic prominences overlying the mesonephros, forming the gonadal ridges. At this
point, the gonad is morphologically indistinguishable as a primordial testis or ovary. The
gonad is composed of primitive germ cells intermingled with coelomic surface epithelial
cells and an inner core of medullary mesenchymal tissue. Just below this ridge lies the
mesonephric duct. This indifferent stage lasts about 7-10 days. Together, the mesonephros
and the genital ridge are called the urogenital ridge, indicating the close association of the
urinary and reproductive systems.

The origin of the gonadal somatic cells is still not certain. The earliest recognizable gonad
contains, besides the germ cells, somatic cells derived from at least three different tissues:
coelomic epithelium, mesenchyme, and mesonephric tissue. In one early model, the gonad
was believed to be formed by the invasion of the “germinal epithelium” into the underly-
ing mesenchyme. The germinal epithelium is simply that part of the coelomic epithelium
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that gives rise to gonadal tissue. The invading cells were thought to form the primary sex
cords that contain the germ cells surrounded by somatic cells (the cells destined to form
the tissue that holds the germ cells). In a newer model, well-supported by experimental
data, the somatic cells of the gonad are believed to arise from the mesonephros and not
the coelomic epithelium.®® Ultrastructural studies have even suggested that both coelomic
epithelial and underlying mesonephric cells provide the somatic cells that are destined to
become follicular cells.®

The contribution of mesonephric cells requires migration into the gonad. This movement
is regulated by fibroblast growth factor 9 in the male, and it may be repressed by a gene
encoding a protein known as Sprouty2.° Thus the Y chromosome directs sexual develop-
ment by influencing gene expression via specific regulating and signaling proteins.

The primordial germ cells originate within the primitive ectoderm, but the specific cells of
origin cannot be distinguished.!* The germ cells are first identified at the end of the third
week after fertilization in the primitive endoderm at the caudal end in the dorsal wall of the
adjacent yolk sac, and, soon, they also appear in the splanchnic mesoderm of the hindgut.*> %2
The gonadal ridge is the one and only site where the germ cells can survive. By displace-
ment because of growth of the embryo and also by active ameboid movement along the
dorsal mesentery of the hindgut toward the genital ridges, the germ cells “migrate” from the
yolk sac around the hindgut to their gonadal sites between weeks 4 and 6 of gestation.tt 4

The factors that initiate and guide the migration of the germ cells are not known, although
chemotactic and adhesive peptides, such as fibronectin and laminin, are involved. In rodents,
germ cell proliferation and migration involve stem cell factor (kit ligand) and the expres-
sion of its receptor (c-Kit), a transmembrane tyrosine kinase receptor encoded by the c-kit
oncogene.’ In gonads obtained from individuals with intersex disorders that have a high
risk of testicular tumors, the expression of kit protein was detected at a later gestational
age than in normal controls, consistent with both later germ cell migration and a change in
the oncogene expression.t® The kit gene is located on chromosome 4, and mutations in this
gene have not been discovered in women with premature ovarian failure.'’

The germ cells begin their proliferation during their migration.® The germ cells are the
direct precursors of sperm and ova, and by the sixth gestational week, on completion of the
indifferent state, these primordial germ cells have multiplied by mitosis to a total of 10,000.
By the sixth week of gestation, the indifferent gonads contain the germ cells and supporting
cells derived from the coelomic epithelium and the mesenchyme of the gonadal ridge.

Male or female differentiation of the gonad is directed by the sex chromosomes. But the
decision to be male or female must be communicated to the cells of the indifferent gonad.*®
This communication, too, is genetic in origin, involving signaling proteins and their recep-
tors, programmed by the fundamental impact that depends on whether a 'Y chromosome is
present. A genetic program involving hundreds of genes is initiated in the indifferent gonad
at the urogenital ridge that leads to differentiation into a testis or an ovary.*

The Stage of Differentiation

If the indifferent gonad is destined to become a testis, differentiation along this line will take
place at 6-9 gestational weeks. The absence of testicular evolution (formation of medul-
lary primary sex cords, primitive tubules, and incorporation of germ cells) gives implicit
evidence of the existence of a primitive, albeit momentarily quiescent, ovary. In contrast
to the male, female internal and external genitalia differentiation precedes gonadal matura-
tion. These events are related to the genetic constitution and the territorial receptivity of the
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mesenchyme. If either factor is deficient or defective, improper development occurs. As has
been noted, primitive germ cells are unable to survive in locations other than the gonadal
ridge. If partial or imperfect gonadal tissue is formed, the resulting abnormal nonsteroidal
and steroidal events have wide ranging morphologic, reproductive, and behavioral effects.

The Testes

The factor that determines whether the indifferent gonad will become a testis is called,
appropriately, the testes-determining factor (TDF), a product of a single gene located on
the Y chromosome.? 2 The testicular-determining factor gene is located within a region
named SRY, the sex-determining region on the Y chromosome.? The protein product of
the SRY gene contains a DNA-binding domain to activate gene transcription that diverts the
development of gonadal somatic cells from the pathway to follicle cells to Sertoli cells.®
Rare cases have been reported of phenotypic, infertile males with a 46,XX karyotype, the
male differentiation is due to a translocation of a Y chromosome fragment containing SRY
to an autosome or an X chromosome.

Normal testis development requires not only the presence of the SRY gene but its interac-
tion with autosomal genes.?* % Genes similar to SRY have been named SOX genes (the simi-
larity is with the SRY box region that contains the DNA-binding sequence).?® SRY expres-
sion precedes SOX expression; indeed, SRY cooperatively with steroidogenic factor-1, SF1,
and Fgf9, a member of the fibroblast growth factor family, upregulates the SOX9 gene.?
Thus, SRY along with partner proteins targets male-specific genes that are essential for
testicular development. This process is discussed in detail in Chapter 9. In mice, the devel-
opmental consequences of activating and inactivating mutations in Sox9 resemble those of
similar mutations in Sry, implying not only that Sox9 is required for testis differentiation,
but also that Sy activation of Sox9 may be all that is necessary to activate other genes
important to testis development, such as Fgf9 (fibroblast growth factor 9), and to repress
genes that induce ovary development, such as Wht4 (a member of the wingless family of
genes), Rspol (R-spondin 1), Dax1 (dosage-sensitive sex reversal, adrenal hypoplasia criti-
cal region, on chromosome X, gene 1), and FoxI2 (forkhead box L2).%

Both testis and ovary differentiation require dominantly acting genes, with SRY inducing testis
development via up-regulation of SOX9, and with other genes, primarily WNT4 and RSPOL1,
teaming to promote ovary development via repression of SOX9. This concept views the fate
of the bipotential gonad as balanced between opposing forces and SRY as the key factor. In
XY gonads, SRY induces SOX9 and tips differentiation toward testis development, and in XX
gonads lacking SRY, other genes combine to repress SOX9 and promote ovary development.?

The expression of the SRY gene is confined to the genital ridge during fetal life, but the gene
is also active in the germ cells of the adult, perhaps playing a role in spermatogenesis.?’ The
traditional view assigns active gene control and expression for testicular differentiation and
a passive, “default” mode of development for the ovary. However, recent evidence has chal-
lenged that concept, revealing that ovarian development requires the actions of genes such
as WNT4, RSPO1, and DAX1, which team to repress the expression of genes in the testis
pathway (e.g. SOX9), and other genes that promote ovarian development.?® 2° “Passive”
is not an accurate description because even before the gonad differentiates into an ovary,
robust gene activity associated with the female genotype occurs in the urogenital ridge.*

When the Y chromosome containing SRY is present, the gonads develop into testes. The
male phenotype is dependent on the products (antimillerian hormone and testosterone)
of the fetal testes, whereas the female phenotype is the result of an absence of these fetal
gonadal products.® Antimillerian hormone (AMH), which inhibits the formation of the
mdillerian ducts, is secreted at the time of Sertoli cell differentiation, beginning at 7 weeks.
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AMH expression is altered only by mutations in the AMH gene, located on chromosome
19p13.3.3 Regression of the millerian ducts is dependent on the presence of an adequate
number of Sertoli cells, and the regulation of AMH receptor.®? Mutations in the AMH
receptor gene results in the presence of the uterus, fallopian tubes, and the upper vagina in
46,XY men with normal external virilization.

After involution of the mllerian system, AMH continues to be secreted, but there is no known
function. However, evidence in the mouse suggests a role in early germ cell transformation
during spermatogenesis.® In the ovary, very small amounts of AMH mRNA are present early
in life, and although there may be no role in female development, its production later in life
by the granulosa cells leads to autocrine and paracrine actions in oocyte maturation and folli-
cular development.® Serum AMH levels in adult women correlate with the number of ovarian
follicles present and predict the response to stimulation with ovulation-inducing therapy.®

The testis begins its differentiation in week 6—7 of gestation by the appearance of Sertoli
cells that aggregate to form the testicular cords. The primordial germ cells are embedded in
the testicular cords that will form the Sertoli cells and spermatogonia. The mature Sertoli
cells are the site of production of ABP (androgen-binding protein, important in maintaining
the high local androgen environment necessary for spermatogenesis) and inhibin.

The Leydig cells differentiate (beginning week 8) from mesenchymal cells of the inter-
stitial component surrounding the testicular cords. Thus, secretion of AMH precedes ste-
roidogenesis in Leydig cells. Shortly after the appearance of the Leydig cells, secretion of
testosterone begins. Androgen secretion increases in conjunction with increasing Leydig
cell numbers until a peak is reached at 15-18 weeks. At this time, Leydig cell regression
begins, and at birth only a few Leydig cells are present.

The cycle of fetal Leydig cells follows the rise and decline of fetal human chorionic gonado-
tropin (hCG) levels during pregnancy. This relationship and the presence of hCG receptors in
the fetal testes indicate a regulatory role for hCG.* The pattern of hCG in the fetus parallels
that of the mother, peaking at about 10 weeks and declining to a nadir at 20 weeks of gestation,
but the concentrations are only 5% of maternal concentrations. Human chorionic gonadotro-
pin stimulation produces Leydig cell hypertrophy, and peak fetal testosterone levels are seen
at 15-18 weeks.*® However, normal masculine differentiation occurs in mouse models lacking
LH receptors, and molecular evidence indicates that fetal Leydig cells (but not adult cells)
respond to adrenocorticotropic hormone (ACTH) as well as hCG. * A primary role for ACTH
is supported by the report of a male with an inactivating mutation of the gene for the hCG/LH
receptor who developed female genitalia along with a vas deferens and epididymis.®

Testosterone synthesis in human fetal testes begins at the 8th week of gestation, reaches
a peak between 15-18 weeks, and then declines. Testicular function in the fetus can be
correlated with the fetal hormonal patterns. Although the initial testosterone production
and sexual differentiation are in response to the fetal levels of ACTH and hCG, further
testosterone production and masculine differentiation are maintained by the fetal pituitary
gonadotropins. Decreased testosterone levels in late gestation probably reflect the decrease
in gonadotropin levels. The fetal Leydig cells, by an unknown mechanism, avoid down-
regulation and respond to high levels of hCG and LH by increased steroidogenesis and
cell multiplication. This generation of cells is replaced by the adult generation of Leydig
cells that becomes functional at puberty and responds to high levels of hCG and LH with
down-regulation and decreased steroidogenesis. Leydig cells, therefore, are composed of
two distinct populations, one active during fetal life and one active during adult life.

The fetal spermatogonia, derived from the primordial germ cells, are in the testicular cords,

surrounded by the Sertoli cells. In contrast to the female, male germ cells do not start mei-
otic division before puberty.
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The differentiation of the wolffian system begins with the increase in testicular
testosterone production. The classic experiments by Jost indicate that this effect of tes-
tosterone is due to local action, explaining why male internal genitalia in true hermaph-
rodites are only on the side of the testis.*® Not all androgen-sensitive tissues require the
prior conversion of testosterone to dihydrotestosterone (DHT). In the process of mas-
culine differentiation, the development of the wolffian duct structures (epididymis, the
vas deferens, and the seminal vesicle) is dependent on testosterone as the intracellular
mediator, whereas development of the urogenital sinus and urogenital tubercle into the
male external genitalia, urethra, and prostate requires the conversion of testosterone to
DHT.* In the female, the loss of the wolffian system is due to the lack of locally pro-
duced testosterone.
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The Stage of Oogonal Multiplication
and Oocyte Formation

Just as testicular development requires SRY and SOX9 expression, specific molecular signaling
pathways are necessary for ovarian differentiation and oocyte survival. In the developing
ovary, the most important genes are WNT4 and RSPOL. Both activate the beta-catenin signal-
ing pathway in somatic cells, which results in the loss of cell-cell adhesion between female
germ cells that is required for their entry into meiosis.** WNT4 and RSPO1 also combine to
suppress somatic cell SOX9 expression. Thus, ovarian differentiation is dependent on essen-
tial genetic molecular signaling that is active in the absence of SRY. Evidence suggests that
RSPO1 also may act directly to suppress male differentiation, even in the absence of SRY.*
The ultimate fate of the gonad depends on which molecular signaling pathway dominates.*?

At 6-8 weeks, the first signs of ovarian differentiation are reflected in the rapid mitotic multi-
plication of germ cells, reaching 67 million cogonia by 1620 weeks.*>“® This represents the
maximal oogonal content of the gonad. From this point in time, germ cell content will irre-
trievably decrease until, some 50 years later, the store of oocytes will be finally exhausted.

By mitosis, the germ cells give rise during week 9 to the oogonia. The oogonia are trans-
formed to oocytes as they enter the first meiotic division and arrest in prophase. This pro-
cess begins at 11-12 weeks, perhaps in response to a factor or factors produced by the rete
ovarii,* that may act directly on the germ cells, or indirectly via actions on the somatic
cells. Studies in mice suggest that retinoic acid derived from the mesonephros may act as a
functional meiosis-inducing factor in the female germ cells.* Progression of meiosis to the
diplotene stage is accomplished throughout the rest of pregnancy and completed by birth.
Arrest of meiosis at the end of the first stage is probably maintained by inhibiting sub-
stances produced by granulosa cells. A single ovum is formed from the two meiotic divi-
sions of the oocyte, one just before ovulation and the second (forming the haploid ovum) at
the time of sperm penetration. The excess genetic material is extruded as one polar body at
each meiotic division. Gonadotropins and various growth factors (but not sex steroids) can
induce resumption of meiosis in vitro, but only in oocytes enclosed by cumulus-granulosa
cells. A family of sterols is present in follicular fluid, presumably secreted by the cumulus
cells in response to gonadotropins, that activates oocyte meiosis and oocyte maturation.* 47
Follicle-stimulating hormone (FSH) induces the resumption of meiosis, a reaction that
requires the presence of the gap junction network that allows communication between the
cumulus cells and the oocyte.
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Loss of germ cells takes place throughout all of these events: during mitosis of germ cells,
during the various stages of meiosis, and finally, after follicle formation. The massive loss
of oocytes during the second half of pregnancy is the consequence of several mechanisms.
Besides follicular growth and atresia, substantial numbers of oocytes regress during meio-
sis, and those oogonia that fail to be enveloped by granulosa cells undergo degeneration.
This process is influenced by genes that actively repress germ cell death.”® In addition,
germ cells (in the cortical area) migrate to the surface of the gonad and become incorpo-
rated into the surface epithelium or are eliminated into the peritoneal cavity.** In contrast,
once all oocytes are encased in follicles (shortly after birth), the loss of ococytes will be only
through the process of follicular growth and atresia.

Chromosomal anomalies can accelerate germ cell loss. Individuals with Turner syndrome
(45,X) experience normal migration and mitosis of germ cells, but the oogonia do not
undergo meiosis, and rapid loss of oocytes leaves the gonad without follicles early in life,
and it appears as a fibrous streak. The rate of loss varies, and 10-20% experience spontane-
ous menstruation; rare pregnancies have been reported in those who have had spontane-
ous menstruation.st 52 However, the presence of menstrual function and reproduction in a
patient with Turner phenotype may be due to an undetected mosaic complement, such as a
46,XX line in addition to 45,X.

The Stage of Follicle Formation

At 18-20 weeks, the highly cellular cortex is gradually perforated by vascular channels
originating in the deeper medullary areas, and this marks the beginning of follicle forma-
tion.>® As the finger-like vascular projections enter the cortex, it takes on the appearance
of secondary sex cords. As blood vessels invade and penetrate, they divide the previously
solid cortical cell mass into smaller and smaller segments. Drawn in with the blood ves-
sels are perivascular cells that originate in the mesonephros or in the coelomic epithelium.
Some believe that the coelomic epithelium is the origin of all ovarian somatic cells; others
favor a mesenchymal or dual origin.> ! These cells give rise to the pregranulosa cells that
surround the oocytes, which have completed the first stage of meiosis. The resulting unit
is the primordial follicle—an oocyte arrested in prophase of meiosis, enveloped by a
singlelayer of spindle-shaped pregranulosa cells, surrounded by a basement membrane.
Eventually all oocytes are covered in this fashion. Residual mesenchyme not utilized in pri-
mordial follicle formation is noted in the interstices between follicles, forming the primi-
tive ovarian stroma. This process of primordial follicular development continues until all
oocytes in the diplotene stage can be found in follicles, some time shortly after birth.

As soon as the oocyte is surrounded by the rosette of pregranulosa cells, the entire follicle
can undergo variable degrees of maturation before arresting and becoming atretic. The
formation of a primary follicle is marked by a change of the pregranulosa layer to a cuboi-
dal layer of granulosa cells. This change is associated with proliferation. In the human it
is estimated that about 13 pregranulosa cells surround the oocyte and with the change to
a primary follicle, the number increases to about 76 granulosa cells.>* A later and perhaps
more accurate study concluded that the primary follicle contains about 105 granulosa cells,
associated with an increase in average diameter from 40 to 54 pm.%

Further differentiation into a preantral follicle is marked by more complete granulosa
proliferation. Call-Exner body formation (coalescence to form an antrum) and occasion-
ally a minor theca layer system that differentiates from surrounding mesenchymal cells
can be seen. Preantral follicles can be found in the sixth month of gestation, and antral
follicles (the graafian follicle, characterized by a fluid-filled space) are present by the end
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of pregnancy, but not in large numbers. It is only during the last third of gestation that theca
cells can be found surrounding follicles.*?

Even in fetal life, the cycle of follicle formation, variable ripening, and atresia occurs.
Although these steps are precisely those typical of adult reproductive life, full maturity,
as expressed in ovulation, does not occur. Estrogen production does not occur until late in
pregnancy when follicular development takes place, and even then steroidogenesis is not
significant. Unlike the male, gonadal steroid production is not required for development of
a normal phenotype. The development of the millerian duct into the fallopian tubes, the
uterus, and the upper third of the vagina is totally independent of the ovary.

The ovary at birth and in the first year of life can contain cystic follicles of varying size,
undoubtedly stimulated by the reactive gonadotropin surge accompanying the withdrawal
of the neonatal hypothalamus and pituitary from the negative feedback of fetoplacental
steroids.* Ovarian cysts can also be occasionally detected in fetuses by ultrasonography.

The anterior pituitary begins development between 4 and 5 weeks of fetal life. The median
eminence is apparent by week 9 of gestation, and the hypothalamic-pituitary portal circulation
is functional by the 12th week. Pituitary levels of follicle-stimulating hormone (FSH) peak at
20-23 weeks, and circulating levels peak at 28 weeks.®” Levels are higher in female fetuses
than in males until the last 6 weeks of gestation. Ovaries in anencephalic fetuses, which lack
gonadotropin-releasing hormone (GnRH) and gonadotropin secretion, lack antral follicles
and are smaller at term, but progression through meiosis and development of primordial fol-
licles occurs, obviously not dependent on gonadotropins.* The ovary develops receptors for
gonadotropins only in the second half of pregnancy. Thus, the loss of oocytes during fetal
life cannot be solely explained by the decline in gonadotropins. The follicular growth and
development observed in the second half of pregnancy, however, is gonadotropin dependent.®®
Hypophysectomy of a fetal monkey is followed by an increase in oocyte loss by atresia.*

The Neonatal Ovary

The total cortical content of germ cells falls to 500,000-2 million by birth as a result of
prenatal oocyte depletion.®-¢2 This huge depletion of germ cell mass (close to 4-5 million)
has occurred over as short a time as 20 weeks. No similar rate of depletion will be seen
again. Because of the fixed initial endowment of germ cells, the newborn female enters life,
still far from reproductive potential, having lost 80% of her oocytes.

The ovary is approximately 1 cm in diameter and weighs about 250-350 mg at birth,
although sizable cystic follicles can enlarge the total dimensions. Intriguingly, the gonad on
the right side of the body in both males and females is larger, heavier, and greater in protein
and DNA content than the gonad on the left side.®®* Compartmentalization of the gonad into
cortex and a small residual medulla has been achieved. In the cortex, almost all the oocytes
are involved in primordial follicle units. Each ovary contains a similar total number of
follicles.® Varying degrees of maturation in some units can be seen as in the fetal state.

There is a sex difference in fetal gonadotropin levels. There are higher pituitary and circu-
lating FSH and pituitary LH levels in female fetuses. The lower male levels are undoubtedly
due to testicular testosterone and inhibin production. In infancy, the postnatal FSH rise is
more marked and more sustained in females, whereas LH values are not as high. The FSH
levels are greater than the levels reached during a normal adult menstrual cycle, decreasing
to low levels usually by 1 year of age, but sometimes later.®® LH levels are in the range of
lower adult levels. This early activity is accompanied by inhibin levels comparable to the
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low range observed during the follicular phase of the menstrual cycle. Follicular response
to the antral stage is relatively common in the first 6 months of life in response to these
elevated gonadotropin levels. The most common cause of abdominal masses in fetuses and
newborns is ovarian cysts, a consequence of gonadotropin stimulation.

Interference with the postnatal rise in gonadotropins in monkeys is associated with distur-
bances in normal hypothalamic-pituitary function at puberty.®” Indeed, in male monkeys, the
administration of a GnRH analogue in the neonatal period has an adverse impact on sub-
sequent immunologic and behavioral functions as well as normal reproduction.®” After the
postnatal rise, gonadotropin levels reach a nadir during early childhood (by about 6 months of
age in males and 1-2 years in females) and then rise slightly between ages 4 and 10 years.

The Ovary in Childhood

The childhood period is characterized by low levels of gonadotropins in the pituitary and
in the blood, little response of the pituitary to GnRH, and maximal hypothalamic suppres-
sion. The ovary, however, is not quiescent during childhood. Follicles begin to grow at
all times and frequently reach the antral stage. Ultrasonography can commonly demon-
strate ovarian follicular cysts during childhood, ranging in size from 2 to 15 mm.% These
small unilocular ovarian cysts are not clinically significant.®® The process of atresia with an
increasing contribution of follicular remnants to the stromal compartment yields progres-
sive ovarian enlargement during childhood, about a 10-fold increase in weight.”® Of course,
the lack of gonadotropin support prevents full follicular development and function. There
is no evidence that ovarian function is necessary until puberty. However, the oocytes dur-
ing this time period are active, synthesizing messenger RNAs and protein. Furthermore,
ovariectomy in prepubertal monkeys indicates that the prepubertal suppression of GnRH
and gonadotropins is partially dependent on the presence of ovaries, suggesting some func-

tional activity of the ovary in childhood.™
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The Adult Ovary

At the onset of puberty, the germ cell mass has been reduced to 300,000 to 500,000 units.2 2
During the next 35-40 years of reproductive life, 400 to 500 will be selected to ovulate,
and the primary follicles will eventually be depleted to a point at menopause when only
a few hundred to a thousand remain.”™ 7 A gradually increasing rate of follicular deple-
tion occurs throughout life accounting for a progressively declining number of follicles.
In the last 10-15 years before menopause, follicular depletion correlates with a subtle
but real increase in FSH and decrease in inhibin-B as well as insulin-like growth factor-I
(IGF-1).76-% Fewer follicles grow per cycle as a woman ages, and cycles are at first shorter
because follicular growth begins sooner during the late luteal phase, a consequence of
a greater rise in FSH between cycles, and then longer as anovulation becomes more
common.®-® These changes, including the increase in FSH (which is probably due to the
decrease in inhibin-B), may partly reflect the reduced quality and capability of aging fol-
licles. Beginning in their late 30s, women have smaller oocytes and smaller follicles, per-
haps of lesser quality.® However, the rise in FSH due to a decrease in inhibin-B is also
believed to be the consequence of a decreasing number of follicles in each cohort of active
follicles.

The acceleration of follicular loss in the later reproductive years has been questioned by a
mathematical analysis of normal human ovaries.®” This model indicates a constantly accel-
erating loss of follicles from birth to menopause. The rise in FSH and decrease in inhibin-B
in the late 30s could still reflect both lesser quality in the remaining follicles and fewer fol-
licles participating in each menstrual cycle.

This classic concept that the mammalian ovary cannot produce new oocytes (and follicles)
after fetal life may need revision. Experimental work that is not without controversy identi-
fied stem cells in blood and bone marrow, which after transplantation to a chemically- or
genetically-sterile recipient could generate oocytes within follicles.® This raises the intriguing
possibility of a new approach to treatment for men and women with infertility or reproductive
diseases.® Putative stem cells have even been isolated from the ovarian surface endothelium,
obtained from postmenopausal women and women with premature ovarian failure. Is it
possible that the spontaneous resumption of ovarian function occasionally experienced by
women with premature ovarian failure is due to stem cell-generated postnatal oogenesis?
This is work in progress, including new studies that support the conventional wisdom that
each female mammal is born with a finite number of oocytes that were formed in fetal life.*

The loss of oocytes (and follicles) through atresia is a response to changes in many factors.
Certainly gonadotropin stimulation and withdrawal are important, but ovarian steroids and
autocrine and paracrine factors are also involved. The consequence of these unfavorable
changes, atresia, is a process called apoptosis, programmed cell death. This process is her-
alded by alterations in mMRNAs required for cell proteins that maintain follicle integrity.*
Indeed, the process is a consequence of an orderly expression of key gene products that
either promote or repress the apoptotic events.

Human ovaries and nonhuman primate ovaries are innervated by sympathetic and sensory
neurons.® This neuronal network innervates the ovarian vasculature, interstitial tissue, and
developing follicles. The neurons are connected synaptically to the paraventricular nucleus
of the hypothalamus.* These neuronal cells produce catecholamines and nerve growth fac-
tor. The precise function of this unique ovarian nervous system is not known. Vasoactive
intestinal peptide derived from these nerve fibers suppresses follicular atresia (apoptosis) in
a mechanism that also involves IGF-1.% It has been suggested that sympathetic innervation
of the ovary continues to develop at puberty, and that neurotransmitters are involved in the
process in which follicles acquire FSH receptors and respond to FSH.% %7
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During the reproductive years, the typical cycle of follicle maturation, including ovulation
and corpus luteum formation, is realized. This results from the complex but well-defined
sequence of hypothalamic-pituitary-gonadal interactions in which follicle and corpus
luteum steroid hormones, pituitary gonadotropins, and autocrine and paracrine factors are
integrated to yield ovulation. These important events are described in detail in Chapters 5
and 6. For the moment, our attention is exclusively directed to a description of the events
as the gonad is driven inexorably to final and complete exhaustion of its germ cell supply.
The major feature of this reproductive period in the ovary’s existence is the full matura-
tional expression of some follicle units in ovulation and corpus luteum formation and the
accompaniment of varying steroid output of estradiol and progesterone. For every follicle
that ovulates, close to 1,000 will pursue abortive growth periods of variable length.

Follicular Growth

In the adult ovary, the stages of follicle development observed even in the prenatal period are
repeated but to a more complete degree. Initially, the oocyte enlarges and the granulosa cells
proliferate markedly. A solid sphere of cells encasing the oocyte is formed. At this point, the
theca interna is noted in initial stages of formation. The zona pellucida begins to form.

The time that elapses in progressing from a primary follicle to ovulation is approximately
85 days.®® *° The majority of this time passes in development that is independent of gonado-
tropins, achieving a state of readiness that will yield further growth in response to FSH
stimulation. If gonadotropin increments are available, as can be seen early in a menstrual
cycle, a further FSH-dependent stage of follicle maturation is seen. The number of follicles
that mature is dependent on the amount of FSH available to the gonad and the sensitivity of
the follicles to the gonadotropins. FSH receptor expression is greatest in granulosa cells, but
significant expression can be detected in ovarian surface epithelium and fallopian tube epithe-
lium, where the function is uncertain, but a role in epithelium-derived tumors is possible.®

The antrum first appears as a coalescence of numerous intragranulosa cavities called Call-
Exner bodies, which were described by Emma Call and Siegmund Exner in Vienna, in
1875. Emma Call was one of the first woman physicians in the United States.’* After
receiving her medical degree from the University of Michigan in 1873, she went to Vienna
as Exner’s postgraduate student. She returned to Boston and practiced as an obstetrician for
more than 40 years. Emma Call was the first woman elected to the Massachusetts Medical
Society (in 1884). Her description of the Call-Exner bodies was her only publication.

Whether Call-Exner bodies represent liquefaction or granulosa cell secretion is uncertain.
At first, the cavity is filled with a coagulum of cellular debris. Soon a liquor accumulates,
which is essentially a transudation of blood filtered through the avascular granulosa from
the theca vessels. With antral formation, the theca interna develops more fully, expressed
by increased cell mass, increased vascularity, and the formation of lipid-rich cytoplasmic
vacuoles within the theca cells. As the follicle expands, the surrounding stroma is com-
pressed and is called the theca externa.

The granulosa cells that surround the oocyte are avascular and separated from the surround-
ing stroma by a basement membrane. Deprived of a vascular supply until after ovulation, the
granulosa cells depend on specialized gap junctions that connect cells and communicate with
the oocyte for the purpose of metabolic exchange and the transport of signaling molecules. It
is this structure that allows repression and stimulation for the correct timing of meiosis. The
granulosa cells differ in function and activity; e.g., LH receptor concentrations are highest in
those cells closest to the basement membrane and lowest in those that surround the oocyte.1%

At any point in this development, individual follicles become arrested and eventu-
ally regress in the apoptotic process known as atresia. At first the granulosa component
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begins to disrupt. The antral cavity constituents are resorbed, and the cavity collapses and
obliterates. The oocyte degenerates in situ. Finally, a ribbon-like scarred streak surrounded
by theca is seen. Eventually this theca mass loses its lipid and becomes indistinguishable
from the growing mass of stroma. Thus, the process of apoptosis is extensive in the granu-
losa, and the theca layer is largely spared to be incorporated into the interstitial tissue. Prior
to regression, cystic follicles can be retained in the cortex for variable periods of time.

Ovulation

If gonadotropin stimulation is adequate, one of the several follicle units propelled to varying
degrees of maturity will advance to ovulation. Morphologically, these events include dis-
tention of the antrum by increments of antral fluid and compression of the granulosa against
the limiting membrane separating the avascular granulosa and the luteinized, vascularized
theca interna. In addition, the antral fluid increment gradually pinches off the cumulus
oophorous, the mound of granulosa enveloping the oocyte. The mechanisms of the thinning
of the theca over the surface of the now protruding, distended follicle, the creation of an
avascular area weakening the ovarian capsule, and the final acute distention of the antrum
with rupture and extrusion of the oocyte in its cumulus are multiple and complex (dis-
cussed in Chapter 6). Repeated evaluation of intrafollicular pressures has failed to indict an
explosive factor in this crucial event.
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As demonstrated in a variety of animal experiments, the physical expulsion of the oocyte
is dependent on a preovulatory surge in prostaglandin synthesis within the follicle. Inhibi-
tion of this prostaglandin synthesis produces a corpus luteum with an entrapped oocyte.
Both prostaglandins and the midcycle surge of gonadotropins are thought to increase the
concentration and activity of local proteases, such as plasminogen conversion to plasmin.
As a result of generalized tissue weakening (loss of intercellular gap junction integrity and
disruption of elastic fibers), there is swift accumulation of antral fluid followed by rupture
of the weakened tissue envelope surrounding the follicle.

Corpus Luteum

Shortly after ovulation, profound alterations in cellular organization occur in the ruptured
follicle that go well beyond simple repair. After tissue integrity and continuity are retrieved,
the granulosa cells hypertrophy markedly, gradually filling in the cystic, sometimes hem-
orrhagic, cavity of the early corpus luteum. In addition, for the first time, the granulosa
becomes markedly luteinized by incorporation of lipid-rich vacuoles within its cytoplasm.
Both these properties had been the exclusive features of the theca prior to ovulation. For its
part, the theca of the corpus luteum becomes less prominent, vestiges being noted eventu-
ally only in the interstices of the typical scalloping of the mature corpus luteum. As a result,
a new yellow body is formed, now dominated by the enlarged, lipid-rich, fully vascularized
granulosa. In the 14 days of its life, dependent on the low but important quantities of LH
available in the luteal phase, this unit produces estradiol and progesterone. Unless rescued
by rising levels of human chorionic gonadotropin (hCG) from a successful implantation,
the corpus luteum rapidly ages. Its vascularity and lipid content wane, and the sequence of
scarification (albicantia) ensues.

Modulators of Function

The complex events that yield an ovum for fertilization and ovarian structures that provide
hormonal secretion are the products of essentially every regulating mechanism in human
biology. This includes classic endocrine signals, autocrine and paracrine/intracrine regula-
tion, neuronal input, and immune system contributions. Representatives of the white blood
cell series constitute a major component of the ovarian stromal (interstitial) compartment.
Macrophages present in permanent, noncyclic numbers may influence ovarian function
through the secretion of regulatory cytokines.!® During the adult ovarian cycle, there is an
infiltration of white blood cells in a pattern characterized by increasing numbers of mast
cells culminating in degranulation and release of histamine that is associated with hyper-
emia at ovulation.’®* The corpus luteum attracts eosinophils and T lymphocytes, which sig-
nal and activate monocytes and macrophages involved in luteolysis. However, this immune
mechanism should be viewed not just as a healing and resolving response, but also as an
important regulatory system (involving the secretion of cytokines and growth factors) for
ovarian function.®®

All references are available online at: http://www.clinicalgynendoandinfertility.com
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The Uterus

l \ natomic knowledge of the uterus was slow to accumulate.> 2 Papyrus writings
from 2500 B.C. indicate that the ancient Egyptians made a distinction between the vagina
and uterus. Because the dead had to be embalmed, dissection was precluded, but prolapse
was recoghized because it was important to return the uterus into its proper place prior to
mummification. Next to the Egyptian papyri in antiquity were Hindu writings in which
descriptions of the uterus, tubes, and vagina indicate knowledge gained from dissections.
Thiswas probably the earliest description of the fallopian tubes.

Thereis little information in Greek writings about female anatomy; however, Herophilus
(fourth century B.C.), the great anatomist in Alexandria and the originator of scholarly dis-
section, recorded the different positions of the uterus. Soranus of Ephesus (98-138 A.D.)
accurately described the uterus (probably the first to do so), obviously from multiple dis-
sections of cadavers. He recognized that the uterus is not essential for life, acknowledged
the presence of leilomyomas, and treated prolapse with pessaries.

Herophilus and Soranus were uncertain about the function of the fallopian tubes, but Galen,
Rufus, and Aetisu correctly guessed their function. Galen promoted the practice of bleeding
for thetreatment of amost every disorder. In hisargument that nature prevented disease by dis-
charging excess blood, Galen maintained that women were healthier because their superfluous
blood was eliminated by menstruation.® The writings of Galen (130-200 A.D.) represented the
knowledge of medicine for over 1,000 years until the end of the medieval Dark Ages. Galen's
description of the uterus and tubes indicates that he had only seen the horned uteri of animals.

In the 16th century, Berengarius, Vesalius, Eustachius, and Fallopius made significant con-
tributionsto the anatomic study of the femal e genitalia. Berengarius (Giacomo Berengario da
Carpi) was the first anatomist to work with an artist. His anatomic text, published in 1514,
depicted dissected subjects asif they were till alive.
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Gabriele Fallopio (or Fallopius) published hiswork, Observationes Anatomicae, in Venice
in 1561, 1 year before his death from pleurisy at age 40. He provided the first descriptions
of the clitoris and the hymen and the first exact descriptions of the ovaries and the tubes.
He named the vagina and the placenta and called the tubes the uteri tuba (the trumpet of
the uterus), but soon they were known universally as the fallopian tubes. It was his profes-
sor and mentor at the University of Padua, however, Andreas Vesalius, who was thefirst to
accurately reveal the presence of the endometrial cavity.

Development of the Miillerian System

The wolffian (mesonephric) and miillerian (paramesonephric) ducts are discrete primordia
that temporarily coexist in all embryos during the ambisexual period of development (up
to 8 weeks). Thereafter, one type of duct system persists normally and gives rise to special
ducts and glands, whereas the other disappears during the third fetal month, except for
nonfunctiona vestiges.

Hormona control of mammalian somatic sex differentiation was established by the classic
experiments of Alfred Jost.* In Jost's landmark studies, the active role of male-determining
factors, as opposed to the congtitutive nature of female differentiation, was defined as the
directing feature of sex differentiation. This principle applies not only to theinternal ducts but
to the gonad, externa genitalia, and even the brain. The critical factorsin determining which
of the duct structures stabilize or regress are the secretions from the testes: AMH (antimil-
lerian hormone, also known as millerian-inhibiting substance or miillerian-inhibiting factor)
and testosterone.

AMH is amember of the transforming growth factor-p family of glycoprotein differentia-
tion factors that include inhibin and activin. The gene for AMH has been mapped to chro-
mosome 19. AMH is synthesized by Sertoli cells soon after testicular differentiation andis
responsiblefor theipsilateral regression of the miillerian ducts by 8 weeks. Despite its pres-
encein serum up to puberty, lack of regression of the uterus and tubes is the only consistent
expression of AMH gene mutations. In the absence of AMH, thefetuswill develop fallopian
tubes, uterus, and upper vagina from the paramesonephric ducts (the millerian ducts). This
development requires the prior appearance of the mesonephric ducts, and for this reason,
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abnormalities in development of the tubes, uterus, and upper vagina are associated with
abnormalitiesin the renal system.

Theinternal genitalia possesstheintrinsic tendency to feminize. In the absenceof aY chro-
mosome and a functional testis, the lack of AMH allows retention of the muillerian system
and development of fallopian tubes, uterus, and upper vagina. In the absence of testoster-
one, the wolffian system regresses. In the presence of anormal ovary or the absence of any
gonad, millerian duct development takes place. This process is discussed in greater detail
in Chapter 9.

The paramesonephric ducts come into contact in the midline to form a Y-shaped structure,
the primordium for the uterus, tubes, and the upper one-third of the vagina.® The falopian
tubes, uterus, and the upper portion of the vagina are created by the fusion of the mullerian
ducts by the tenth week of gestation. Canalization to create the uterine cavity, the cervical
canal, and the vagina is complete by the 22nd week of gestation. Under the epithelium lies
mesenchymal tissue that will be the origin of the uterine stromaand smooth muscle cells. By
the 20th week of pregnancy, the uterine mucosaisfully differentiated into the endometrium.

The endometrium, derived from the mucosal lining of the fused mullerian ducts, is essen-
tial for reproduction and may be one of the most complex tissues in the human body. It
is always changing, responding to the cyclic patterns of estrogen and progesterone of
the ovarian menstrual cycle and to a complex interplay among its own autocrine and
paracrine factors.

The Histologic Changes in Endometrium
During an Ovulatory Cycle

The sequence of endometrial changes associated with an ovulatory cycle has been carefully
studied by Noyes in the human and Bartlemez and Markee in the subhuman primate.”*!
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From these data a description of menstrual physiology has been developed based on
specific anatomic and functional changes within glandular, vascular, and stroma compo-
nents of the endometrium.’2* These changes will be discussed in five phases: (1) the men-
strual endometrium, (2) the proliferative phase, (3) the secretory phase, (4) preparation for
implantation, and finaly, (5) the phase of endometria breakdown. Although these distinc-
tions are not entirely arbitrary, it must be recalled that the entire process is an integrated
evolutionary cycle of endometria growth and regression, which isrepeated some 400 times
during the adult life of the human female.

The endometrium can be divided morphologically into an upper two-thirds “functionalis’
layer and alower one-third “basalis’ layer. The purpose of the functionalis layer isto pre-
parefor theimplantation of the blastocyst; therefore, it isthe site of proliferation, secretion,
and degeneration. The purpose of the basalis layer isto provide the regenerative endome-
trium following menstrual loss of the functionalis.®
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The Uterine Vasculature

The two uterine arteries that supply the uterus are branches of the internal iliac arteries.
At the lower part of the uterus, the uterine artery separates into the vaginal artery and an
ascending branch that divides into the arcuate arteries. The arcuate arteries run parallel
to the uterine cavity and anastomose with each other, forming a vascular ring around
the cavity. Small centrifugal branches (the radial arteries) leave the arcuate vessels, per-
pendicular to the endometrial cavity, to supply the myometrium. When these arteries
enter the endometrium, small branches (the basal arteries) extend laterally to supply the
basalis layer. These basal arteries do not demonstrate a response to hormonal changes.
The radial arteries continue in the direction of the endometrial surface, now assuming
a corkscrew appearance (and now called the spiral arteries), to supply the functionalis
layer of the endometrium. It isthe spiral artery (an end artery) segment that is very sensi-
tive to hormonal changes. One reason that the functionalis layer is more vulnerable to
vascular ischemia is that there are no anastomoses among the spiral arteries. The endo-
metrial glands and the stromal tissue are supplied by capillaries that emerge from the
spiral arteries at all levels of the endometrium. The capillaries drain into avenous plexus
and eventually into the myometrial arcuate veins and into the uterine veins. This unique
vascular architecture isimportant in allowing arepeated sequence of endometrial growth
and desgquamation.

The Menstrual Endometrium

The menstrual endometrium is a relatively thin but dense tissue. It is composed of the
stable, nonfunctioning basalis component and a variable, but small, anount of residual
stratum spongiosum. At menstruation, this latter tissue displays a variety of functional
statesincluding disarray and breakage of glands, fragmentation of vessels and stromawith
persisting evidence of necrosis, white cell infiltration, and red cell interstitial diapedesis.
Even as the remnants of menstrual shedding dominate the overall appearance of this tis-
sue, evidence of repair in al tissue components can be detected. Endometrial regenera-
tion originates in epithelial and stromal stem cells.’® Endometrial epithelial stem cells are
located in the base of the endometria glands and stromal stem cells around blood vessels
in the basalis layer.

The menstrual endometrium isatransitional state bridging the more dramatic prolifera-
tive and exfoliative phases of the cycle. Its density implies that the shortness of height
is not entirely due to desquamation. Collapse of the supporting matrix also contributes
significantly to the shallowness. Reticular stains in Rhesus endometrium confirm this
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“deflated” state. Nevertheless, as much as two-thirds of the functioning endometrium
is lost during menstruation. The more rapid the tissue loss, the shorter the duration
of flow. Delayed or incomplete shedding is associated with heavier flow and greater
blood loss.

DNA synthesisisoccurring in those areas of the basalisthat have been compl etely denuded
by day 2-3 of the menstrual cycle (the endometrium in the isthmic area, the narrow area
between the cervix and the corpus, and the endometrium in the cornual recesses at the
ostia of the tubes remain intact). The new surface epithelium emanates from the flanks of
stumps of glands in the basalis layer left standing after menstrual desquamation.?” Rapid
re-epithelialization followsthe proliferation of the cellsin the basalis|ayer and the surface
epithelium in theisthmic and tubal ostial endometrium. This epithelial repair is supported
by underlying fibroblasts. The stromal fibroblast layer forms a compact mass over which
the resurfacing epithelium can “migrate.” In addition, it is likely that the stromal layer
contributes important autocrine and paracrine factors for growth and migration. Because
hormone levels are at their nadir during this repair phase, the response may be due to
injury rather than hormone mediated. However, the basalis layer isrich in its content of
estrogen receptors. This“repair” isfast; by day 4 of the cycle, more than two-thirds of the
cavity is covered with new epithelium.” By day 5-6, the entire cavity isre-epithelialized,
and stromal growth begins.

The Proliferative Phase

The proliferative phase is associated with ovarian follicle growth and increased estrogen
secretion. Undoubtedly asaresult of this steroidal action, reconstruction and growth of the
endometrium are achieved. The glands are most notable in this response. At first they are
narrow and tubular, lined by low columnar epithelium cells. Mitoses become prominent
and pseudostratification is observed. Asaresult, the glandular epithelium extends peripher-
aly and links one gland segment with itsimmediate neighbor. A continuous epithelial lin-
ing facing the endometrial cavity isformed. The stromal component evolvesfrom its dense
cellular menstrual condition through a brief period of edemato afinal 1oose syncytial-like
status. Coursing through the stroma, spiral vessels extend (unbranched and uncoiled in
the early proliferative phase) to a point immediately below the epithelial binding mem-
brane. Here they form a loose capillary network. All of the tissue components (glands,
stromal cells, and endothelial cells) demonstrate proliferation, which peaks on days 8-10
of the cycle, reflecting rising estradiol levelsin the circulation and maximal estrogen recep-
tor concentration in the endometrium.®® This proliferation is marked by increased mitotic
activity and increased nuclear DNA and cytoplasmic RNA synthesis, which is most intense
in the functionalis layer in the upper two-thirds of the uterus, the usual site of blastocyst
implantation.

During proliferation, the endometrium grows from approximately 0.5 mm to 3.5-5.0 mm in
height of a singular layer. Restoration of tissue congtituents has been achieved by estrogen-
induced new growth as well as incorporation of ions, water, and amino acids. The stromal
ground substance has re-expanded from its menstrual collapse. Although truetissue growth has
occurred, amajor element in achievement of endometrial height is“reinflation” of the stroma

Animportant feature of this estrogen-dominant phase of endometrial growth istheincrease
in ciliated and microvillous cells. Ciliogenesis begins on days 7-8 of the cycle.r” This
response to estrogen is exaggerated in hyperplastic endometrium that is the result of hyper-
estrogenism. The concentration of these ciliated cellsaround gland openings and the ciliary
beat pattern influence the mobilization and distribution of endometrial secretions during
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At all times, alarge number of cellsderived from bone marrow are present in the endome-
trium. These include lymphocytes and macrophages, diffusely distributed in the stroma.
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Early Secretory

The Secretory Phase

After ovulation, the endometrium now demonstrates a combined reaction to estrogen and
progesterone activity. Most impressive is that total endometrial height is fixed at roughly
its preovulatory extent (5-6 mm) despite continued availability of estrogen. Epithelial
proliferation ceases 3 days after ovulation.’® This restraint or inhibition is believed to be
induced by progesterone. This limitation of growth is associated with a decline in mitosis
and DNA synthesis, significantly due to progesterone interference with estrogen receptor
expression and progesterone stimulation of 173-hydroxysteroid dehydrogenase and sulfo-
transferase, which convert estradiol to estrone sulfate (which is rapidly excreted from the
cell).? 21 |n addition, estrogen stimul ates many oncogenes that probably mediate estrogen-
induced growth. Progesterone antagonizesthis action by suppressing the estrogen-mediated
transcription of oncogene mRNA .2

Individual components of the tissue continue to display growth, but confinement in afixed
structure leadsto progressive tortuosity of glandsand intensified coiling of the spiral vessels.
The secretory events within the glandular cells, with progression of vacuoles from intracel-
lular to intraluminal appearance, are well known and take place over a 7-day postovulatory
interval. At the conclusion of these events, the glands appear exhausted, the tortuous lumina
variably distended, and individual cell surfacesfragmented in asawtooth appearance. Stroma
isincreasingly edematous, and spiral vessels are prominent and densely coiled.

The first histologic sign that ovulation has occurred is the appearance of subnuclear intra-
cytoplasmic glycogen vacuoles in the glandular epithelium on cycle days 17-18. Giant
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Late Secretory

mitochondria and the “ nucleolar channel system” appear in the gland cells. The nucleolar
channel system has a unique appearance due to progesterone, an infolding of the nuclear
membranes. Individual components of the tissue continue to display growth, but confine-
ment in a fixed structure leads to progressive tortuosity of glands and intensified coiling
of the spiral vessels. These structural alterations are soon followed by active secretion of
glycoproteins and peptides into the endometrial cavity. Transudation of plasma also con-
tributes to the endometrial secretions. Important immunoglobulins are obtained from the
circulation and delivered to the endometrial cavity by binding proteins produced by the
epithelia cells. The peak secretory level isreached 7 days after the midcycle gonadotropin
surge, coinciding with the time of blastocyst implantation.

The Implantation Phase

Significant changes occur within theendometrium from the 7th to the 13th day postovulation
(days 21-27 of the cycle). At the onset of this period, the distended tortuous secretory
glands have been most prominent with little intervening stroma. By 13 days postovula-
tion, the endometrium has differentiated into three distinct zones. Something less than
one-fourth of the tissue is the unchanged basalis fed by its straight vessels and surrounded
by indifferent spindle-shaped stroma. The midportion of the endometrium (approximately
50% of the total) is the lace-like stratum spongiosum, composed of loose edematous
stroma with tightly coiled but ubiquitous spiral vessels and exhausted dilated glandular
ribbons. Overlying the spongiosum is the superficial layer of the endometrium (about 25%
of the height) called the stratum compactum. Here the prominent histologic feature is the
stromal cell, which has become large and polyhedral. In its cytoplasmic expansion one
cell abuts the other, forming a compact, structurally sturdy layer. The necks of the glands
traversing this segment are compressed and less prominent. The subepithelial capillaries
and spiral vessels are engorged.
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At the time of implantation, on days 21-22 of the cycle, the predominant morphologic
feature is edema of the endometrial stroma. This change may be secondary to the estrogen-
and progesterone-mediated increase in prostaglandin and vascular endothelial growth
factor (VEGF) production by the endometrium that cause an increase in capillary perme-
ability. Receptors for the sex steroids are present in the muscular walls of the endometrial
blood vessels, and the enzyme system for prostaglandin synthesis is present in both the
muscular walls and the endothelium of the endometrial arterioles. Mitoses arefirst seenin
endothelia cells on cycle day 22. Vascular proliferation leads to the coiling of the spiral
vessels, aresponse to the sex steroids, the prostaglandins, and the autocrine and paracrine
factors produced in response to estrogen and progesterone.

During the secretory phase, so-called K (Kornchenzellen) cells appear, reaching a peak
concentration in the first trimester of pregnancy. These are granulocytes that have an
immunoprotective role in implantation and placentation. They are located perivascularly
and are believed to be derived from the blood. By day 26-27, the endometrial stromais
infiltrated by extravasated polymorphonuclear leukocytes. The majority of the leukocytes
are killer cells and macrophages, believed to be involved in the process of endometrial
breakdown and menstruation. The appearance and function of these cells are regulated by
the complex array of peptides and cytokines in the endometrium in response to hormonal
signaling.

The gene expression pattern in the endometrium throughout the menstrual cycle is being
established, with a focus on the implantation window.?>® As expected, microarray analy-
ses reveal a changing pattern of gene expression that correlates with each hormonal and
morphological stage in the endometrial menstrual cycle.?® Ultimately thiswill yield acom-
prehensive picture, with the gene signature of each event in the estrogen and progesterone
regulation of the endometrium. The regulating growth factors, cytokines, and peptide hor-
mones that are essential for implantation will be identified.

The stromal cells of the endometrium respond to hormonal signals, synthesize prostaglan-
dins, and, when transformed into decidual cells, produce an impressive array of substances,
some of which are prolactin, relaxin, renin, insulin-like growth factors (IGFs), and insulin-
like growth factor binding proteins (IGFBPs). The endometrial stromal cells, the progeni-
tors of decidual cells, were originally believed to be derived from the bone marrow (from
cells invading the endometrium), but they are now considered to emanate from the primi-
tive uterine mesenchymal stem cells.?”

The decidualization process begins in the luteal phase under the influence of progesterone
and mediated by autocrine and paracrine factors. On cycle days 22-23, predecidual cells
can beidentified, initially surrounding blood vessels, characterized by cytonuclear enlarge-
ment, increased mitotic activity, and the formation of a basement membrane. The decidua,
derived from stromal cells, becomes an important structural and biochemical tissue of
pregnancy. Decidual cells control the invasive nature of the trophoblast, and the products
of the decidua play important autocrine and paracrine rolesin fetal and maternal tissues.

Lockwood and his colleagues assign a key role to decidua cells in both the process of
endometria bleeding (menstruation) and the process of endometrial hemostasis (implanta-
tion and placentation).?- |mplantation requires endometrial hemostasis and the maternal
uterus requires resistance to invasion. Inhibition of endometrial hemorrhage can be attrib-
uted, to a significant degree, to appropriate changes in critical factors as a consequence
of decidualization; e.g., lower plasminogen activator levels, reduced expression of the
enzymes that degrade the stromal extracellular matrix (such as the metalloproteinases),
and increased levels of plasminogen activator inhibitor-1. Withdrawal of estrogen and pro-
gesterone support, however, leads to changes in the opposite directions, consistent with
endometria breakdown.
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The Phase of Endometrial Breakdown

Predecidual transformation has formed the “compacta’ layer in the upper part of the
functionalis layer by day 25 (3 days before menstruation). In the absence of fertilization,
implantation, and the consequent lack of sustaining quantities of human chorionic gonado-
tropin from the trophoblast, the otherwise fixed lifespan of the corpus luteum is completed,
and estrogen and progesterone levels wane.

The withdrawal of estrogen and progesterone initiates important endometrial events: vaso-
motor reactions, the process of apoptosis, tissue loss, and, finally, menstruation. The most
prominent immediate effect of this hormone withdrawal isamodest shrinking of the tissue
height and remarkable spiral arteriole vasomotor responses. The classic concept of the
vascular sequence was constructed from direct observations of Rhesus endometrium trans-
planted to the anterior chamber of the eye.”® With shrinkage of height, blood flow within
the spiral vessels diminished, venous drainage was decreased, and vasodilation ensued.
Thereafter, the spiral arterioles underwent rhythmic vasoconstriction and relaxation. Each
successive spasm was more prolonged and profound, leading eventually to endometrial
blanching. Thusthese reactions were proposed to lead to menstruation because of endome-
trial ischemia and stasis caused by vasoconstriction of the spiral arterioles. A new model
of menstruation, as discussed in Chapter 15, emphasizes enzymatic autodigestion of the
functional layer of the endometrium and its capillary plexus.

In the first half of the secretory phase, acid phosphatase and potent lytic enzymes are
confined to lysosomes. Their release is inhibited by progesterone stabilization of the lyso-
soma membranes. With the waning of estrogen and progesterone levels, the lysosomal
membranes are not maintained, and the enzymes are released into the cytoplasm of epithe-
lial, stromal, and endothelial cells and eventually into the intercellular space. These active
enzymes will digest their cellular constraints, leading to the release of prostaglandins,
extravasation of red blood cells, tissue necrosis, and vascular thrombosis. This processis
one of apoptosis, (programmed cell death, characterized by a specific morphologic pattern
that involves cell shrinkage and chromatin condensation culminating in cell fragmentation)
mediated by cytokines.® An important step in this breakdown is the dissolution of cell-to-
cell adhesion by key proteins. Binding of endometrial epithelial cells utilizes transmem-
brane proteins, cadherins, that link intercellularly with each other and intracellularly with
catenins that are bound to actin filaments.*

Menstruation
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Endometrial tissuebreakdown a soinvolvesafamily of enzymes, matrix metall oproteinases,
that degrade components (including collagens, gelatins, fibronectin, and laminin) of the
extracellular matrix and basement membrane.®* % The metalloproteinases include collage-
nases that degrade interstitial and basement membrane collagens; gelatinases that further
degrade collagens; and stromelysins that degrade fibronectin, laminin, and glycoproteins.
The expression of metalloproteinases in human endometrial stromal cells follows a pat-
tern correlated with the menstrual cycle, indicating a sex steroid response as part of the
growth and remodeling of the endometrium with a marked increase in late secretory and
early menstrual endometrium.® Progesterone withdrawal from endometrial cells increases
VEGF production and induces matrix metalloproteinase secretion, probably from both
endometria stromal cells and leukocytes, which isfollowed by the irreversible breakdown
of cellular membranes and the dissolution of extracellular matrix.®-2 Appropriately, this
enzyme expression increases in the decidualized endometrium of the late secretory phase,
during the time of declining progesterone levels. With the continuing progesterone secre-
tion of early pregnancy, the decidua is maintained and metalloproteinase expression is
suppressed, in a mechanism mediated by transforming growth factor-beta (TGF-$).*° In a
nonpregnant cycle, metalloproteinase expression is suppressed after menses, presumably
by increasing estrogen levels.

Metalloproteinase activity is restrained by specific tissue inhibitors designated as TIMP4
The balance of metalloproteinase and TIMP activity is an important event in successful
implantation. Thus, progesterone withdrawal can lead to endometrial breakdown through a
mechanism that isindependent of vascular events (specifically ischemia), amechanism that
involves cytokines.® During bleeding, both normal and abnormal, there is evidence indi-
cating that specific genes are activated in the endometrium; one such gene has the structural
features of the TGF-3 family.*

There is considerable evidence to support a major role for a cytokine, tumor necro-
sis factor-a (TNF-a), in menstruation.®* TNF-a is a transmembrane protein whose
receptor belongs to the nerve growth factor/TNF family for inducing apoptotic signals.
The key change is an increase in secretion because TNF-a secretion by endometrial
cells reaches a peak at menstruation, but there is no cycle change in receptor content.
TNF-a inhibits endometrial proliferation and induces apoptosis; this cytokine causes a
loss of adhesion proteins (the cadherin-catenin-actin complex) and induces cell-to-cell
dissolution. In addition to endometrial cells, TNF-o also causes damage to vascular
endothelium.

Progesterone withdrawal is also associated with an increase in vascular endothelial growth
factor receptor concentrations in the stromal cells of the layers of endometrium destined to
be sloughed.*? Although the vascular endothelial growth factor system is usualy involved
with angiogenesis, in this case these factors are involved in the preparation for menstrual
bleeding, perhaps influencing the expression of matrix metall oproteinases (MM Ps). Endo-
metrial genes without classic steroid response elements can respond to the sex steroids by
utilizing a family of proteins (the Sp family) that mediate steroid activity at the level of
transcription (acting in afashion similar to the steroid receptors). These proteins, induced
by progesterone in stromal (decidual) and epithelial cells, can activate tissue factor, plas-
minogen activator inhibitor-1, IGF binding protein-1, uteroglobin, and uteroferrin. Tissue
factor isinvolved in the clotting mechanism to sustain hemostasis. Uteroglobin is a small
protein expressed in endometrial epithelial cells.®® The physiologic function of uteroglobin
isuncertain. Uteroglobin, with high affinity, binds progestins and may play aroleinimmu-
nosuppression. Uteroglobin gene expression is stimulated by estrogen, and this response
is enhanced by progesterone. Human endometrium can secrete 3-endorphin, yet another
candidate for involvement in endometrial immunologic events, and its release is inhibited
by both estrogens and glucocorticoids.*
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Eventually, considerable leakage occurs as a result of diapedesis, and finaly, interstitial
hemorrhage occurs due to breaks in superficial arterioles and capillaries. White cells
migrate through capillary walls, at first remaining adjacent to vessels but then extending

throughout the stroma. The leukocytes add important regulatory cytokines, chemokines,
and enzymes that are involved in the degradation of the extracellular matrix. During arte-
riolar vasomotor changes, red blood cells escape into the interstitial space. Thrombin-
platelet plugs also appear in superficial vessels. The prostaglandin content (PGF,, and
PGE,) in the secretory endometrium reaches its highest levels at the time of menstruation.
The vasoconstriction and myometrial contractions associated with the menstrual events
are believed to be significantly mediated by prostaglandins from perivascular cells and the
potent vasoconstrictor endothelin-1, derived from stromal decidual cells.

As ischemia and weakening progress, the continuous binding membrane is fragmented,
and intercellular blood is extruded into the endometrial cavity. New thrombin-platelet
plugs form intravascularly upstream at the shedding surface, limiting blood loss. Increased
blood loss is a consequence of reduced platelet numbers and inadegquate hemostatic plug
formation. Menstrual bleeding is influenced by activation of clotting and fibrinolysis.
Fibrinolysisis principally the consequence of the potent enzyme plasmin, formed from its
inactive precursor plasminogen. Endometrial stromal cell tissue factor (TF) and plasmino-
gen activators and inhibitors are involved in achieving a balance in this process. TF stimu-
lates coagulation, initially binding to factor VII. TF and plasminogen activator inhibitor-1
(PAI-1) expression accompanies decidualization, and the level s of these factors may govern
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the amount of bleeding.®* % PAI-1, in particular, exerts an important restraining action on
fibrinolysis and proteolytic activity.* Blood loss is aso controlled by constriction of the
spiral arteries, mediated by the perivascular cells, myofibroblasts that surround the spiral
arteries.*” These cells respond to progesterone withdrawal by expressing prostaglandins,
cytokines, and MMPs, causing not only cycling vasoconstriction and vasodilation but also
modulating leukocyte entry (an important additional source of metalloproteinases) into the
endometrium. Disordered growth and function of the perivascular cellsare likely contribut-
ing factorsin menstrual bleeding problems.

High Progesterone L evels Progesterone Withdrawal
2 A
Perivascular Growth Prostaglandin, Cytokine,
and Decidualization and VEGF Expression
2 A
Suppression of Vasoconstriction, Vasodilation,
Prostaglandin, L eukocyte Infiltration, and
Cytokine, and MM P Increasein MM Ps
Expression

With progressive enzymatic degradation of the endometrium, the subsurface capillary
and venous vascular system is disrupted, causing hemorrhage and escape of blood into
the endometrial cavity. Additional ischemic breakdown ensues with necrosis of cells
and defects in vessels adding to the menstrual effluvium. Degeneration extends to the
deepest extent of the functional layer where rupture of the basal arterioles contributes
to bleeding. A natural cleavage point exists between basalis and spongiosum, and, once
breached, the loose, vascular, edematous stroma of the spongiosum desquamates and
collapses. The process is initiated in the fundus and inexorably extends throughout the
uterus. In the end, the typical deflated, shallow, dense, menstrual endometrium results.
Within 13 hours, the endometrial height shrinks from 4 to 1.25 mm.®® Menstrual flow
stops as aresult of the combined effects of prolonged vasoconstriction of theradial arter-
ies and the spiral arteries in the basalis, tissue collapse, vascular stasis, and estrogen-
induced “healing.” In contrast to postpartum bleeding, myometrial contractions are not
important for control of menstrual bleeding. Thrombin generation in the basal endo-
metrium in response to extravasation of blood is essential for hemostasis. Thrombin
promotes the generation of fibrin, the activation of platelets and clotting cofactors, and
angiogenesis.

The basalis endometrium remains during menses, and repair takes place from this layer.
This endometrium is protected from the lytic enzymes in the menstrual fluid by a muci-
nous layer of carbohydrate products that are discharged from the glandular and stromal
cells.*®

Normal Menses

Approximately 50% of the menstrual detritusis expelled in the first 24 hours of menstrual
flow. The menstrual fluid is composed of the autolysed functionalis, inflammatory exudate,
red blood cells, and proteolytic enzymes (at least one of which, plasmin, lyses fibrin clots
as they form). The high fibrinolytic activity advances emptying of the uterus by liquefac-
tion of tissue and fibrin. If the rate of flow is great, clotting can and does occur.
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Most women (90%) have menstrual cycleswith aninterval of 24 to 35 days (Chapter 6).43°
Menarche is followed by approximately 5-7 years of increasing regularity as cycles
shorten to reach the usual reproductive-age pattern. In the 40s, cycles begin to lengthen
again. The usual duration of flow is 4-6 days, but many women flow as little as 2 days
and as much as 8 days. The normal volume of menstrual blood lossis 30 mL; greater than
80 mL isabnormal. Normal and abnormal characteristics and definitions of menstrual flow
are discussed in detail in Chapter 15.

A Teleologic Theory of
Endometrial-Menstrual Events

Menstruation is a very recent phenomenon in the evolutionary time line. It occurs in very
few species, even among viviparous animals. An unabashedly teleologic view of menstrual
events was offered many years ago by Rock et a ! The basic premise of thisthesisis that
every endometria cycle has, asits only goal, nourishing support of an early embryo. Fail-
ure to accomplish this objective is followed by orderly elimination of unutilized tissue and
prompt renewal to achieve a more successful cycle.

The ovum must be fertilized within 12-24 hours of ovulation. Over the next 4 days, it
remains unattached within the tubal lumen utilizing tubal fluids and residual cumulus
cells to sustain nutrition and energy for early cellular cleavage. After this stay, the solid
ball of cells (morula), which is the embryo, leaves the tube and enters the uterine cavity.
Here the embryo undergoes another 2—3 days of unattached but active existence. Fortu-
nately, by this time endometrial gland secretions have filled the cavity and they bathe the
embryo in nutrients. This is the first of many neatly synchronized events that mark the
conceptus-endometrial relationship. By 6 daysafter ovulation, the embryo (now ablastocyst)
isready to attach and implant. At thistime, it finds an endometrial lining of sufficient depth,
vascularity, and nutritional richness to sustain the important events of early placentation to
follow. Just below the epithelial lining, arich capillary plexus has been formed and is avail-
able for creation of the trophoblast-maternal blood interface. Later, the surrounding zona
compactum, occupying more and more of the endometrium, will provide a sturdy splint to
retain endometrial architecture despite the invasive inroads of the burgeoning trophoblast.

Failure of the appearance of human chorionic gonadotropin, despite otherwise appropri-
ate tissue reactions, leads to the vasomotor changes associated with estrogen-progesterone
withdrawal and menstrual desquamation. However, not all the tissue is lost, and, in any
event, aresidual basalisis always available, making resumption of growth with estrogen a
relatively rapid process. Indeed, even as menses persists, early regeneration can be seen. As
soon asfollicle maturation occurs (in as short atime as 10 days), the endometrium is ready
once again to perform its reproductive function.

The Uterus Is an Endocrine Organ

The uterus is dynamic. It not only responds and changes in a sensitive fashion to classic
hormonal signals (the endocrine events of the menstrual cycle) but it is also composed of
complex tissues, with important autocrine and paracrine functions that serve not only the
uterus but also the contiguous tissues of the fetoplacental unit during pregnancy. The most
dynamic component of the uterus is the endometrium.
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Endometrial Products

The endometrium secretes many substances, the functions of which (and their
interrelationships) represent a major investigative challenge.> In addition to producing a
nourishing, supportive environment for the early embryo, the endometrium plays an impor-
tant role in suppressing the immune response within the pregnant uterus. The mechanisms
controlling the immune response in decidual cells are not understood, but hormonal influ-
ence is undoubtedly important.

The presence of the cytokine family, involved in inflammation and immune responses, is
not surprising in atissue that undergoes cyclic degeneration. The interleukins stimulate the
production of prostaglandins as well as other cytokines.5® Colony-stimulating factor-1isa
cytokinethat influencescellular proliferation and the presence of macrophages. Interferon-y
is produced by activated T lymphocytes and inhibits endometrial epithelial proliferation.
Leukemia-inhibiting factor (LIF) is expressed in response to a variety of other cytokines

A Partial List of Endometrial Regulating Molecules

Lipids Cytokines Peptides
Prostaglandins  Interleukin-1a Prolactin
Thromboxanes  Interleukin-1p Relaxin
Leukotrienes Interleukin-6 Prorenin and Renin
Interferon-y Endorphin

Colony-stimulating factor-1 Endothelin-1

Tumor necrosis factor-o Corticotropin-releasing hormone
Leukemia-inhibiting factor Fibronectin

Uteroglobin

Lipocortin-1

Parathyroid hormone-like protein

Integrins

Epidermal growth factor family
EGF
Heparin-binding EGF
TGF-a

Insulin-like growth factor family
IGF-I
IGF-II
IGFBPs 1-6

Transforming growth factor- family

Activins
Inhibins

Follistatin

Platelet-derived growth factor

Fibroblast growth factor

Vascular endothelial growth factor

Gonadotropin-releasing hormone (GnRH)
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and growth factors. Like the interleukins, LIF is most abundant during the progesterone-
dominated secretory phase and early decidua and may have a role in embryo implanta-
tion.>* % Tumor necrosis factor-o. (TNF-o) gene expression is present in endometrium,
and its activity isincreased during the proliferative phase, decreased early in the secretory
phase, and increased again in the midsecretory phase.® TNF-a exerts multiple influences
on cellular growth.

Growth factors are peptides that bind to specific cell membrane receptors and initiate intra-
cellular signaling pathways. Because the growth factors are potent mitogens, it is aso not
surprising that the follicular phase of the cycle, associated with proliferative activity of the
endometrium, is marked by dramatic alterationsin growth factors. Estrogen stimulates gene
expression for epidermal growth factor (EGF) (and its receptor) and insulin-like growth
factor (IGF) production. In turn, EGF dlicits estrogen-like actions by interacting with the
estrogen receptor mechanism.s” EGF, a potent mitogen, is present in endometrial stromal
and epithelia cells during the follicular phase of the cycle and in the stromal cells dur-
ing the luteal phase.® Transforming growth factor-o. (TGF-a) and EGF work through the
same receptor and areimportant mediators of estrogen-induced growth of the endometrium.
TGF-a levels peak at midcycle, in contrast to EGF levels, which are relatively stable and
noncyclic.>*%! Platelet-derived growth factor is a potent mitogen localized to stromal cells.
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The insulin-like growth factors promote cellular mitosis and differentiation. They are
expressed in a pattern controlled by estrogen and progesterone. |GF-I is predominant in
proliferative and early secretory endometrium, and |GF-I1 appears in the mid to late secre-
tory phase and persists in early pregnancy decidua.®? Endometrial IGF-1 expression is
correlated with the circulating estrogen levels during the menstrual cycle.® This suggests
that IGF-1 synthesisis regulated by estrogen and mediates estrogen-induced growth of the
endometrium, and IGF-I1 is involved in differentiation in response to progesterone. Evi-
dence in the monkey indicates that IGF-1 is the primary regulator of myometrial growth in
response to estrogen as well as to estrogen plus progesterone.®

As elsawhere in the body, the myometria IGF activity is modulated by the IGF binding
proteins, which respond to the sex steroidsin adifferential manner; IGFBP-2 parallels IGF-
response, whereas | GFBP-3 is decreased in muscle but increased in vascular endothelium by
estrogen.® IGFBP-4 and IGFBP-5 respond to estrogen but are unaffected by the addition of
progesterone. IGFBP-1, as discussed later, isamajor product of decidualized endometrium.

Gonadotropin-releasing hormone (GnRH) is present in endometrium and in increased
amountsin secretory endometrium and decidua.® In human decidual cells, GnRH increases
the expression of matrix metalloproteinases, suggesting arole for GnRH in the regulation
of the enzymes involved in implantation.®” Like al of these molecules, GnRH isinvolved
in signaling pathways associated with cell proliferation and breakdown, interacting with
adhesion factors such as integrins, enzymes, and angiogenic substances.®®

Human myometrial smooth muscle and endometrial stromal cells express mRNA for para-
thyroid hormone-like protein, the function of which is unknown.®® Transforming growth
factor-B (TGF-B) stimulates the production of the parathyroid hormone-like protein.
TGF-B production is greatest in the secretory phase and may inhibit cellular proliferation
by increasing IGFBP-3 synthesis.

Prostaglandins are produced by both epithelia and stromal cells, and the prostaglandin con-
tent in the endometrium reaches apeak level in late secretory endometrium. The predominant
prostaglandin produced by endometrium is prostaglandin F, , a potent stimulus for myo-
metria contractions.” Endometria prostaglandin production decreases dramatically after
implantation, suggesting the presence of an active mechanism for suppression.”™ The produc-
tion of prostaglandins requires estrogen support, but the increased production by secretory
endometrium indicates progesterone enhancement, and acute withdrawal of progesterone
promotes afurther increase.”® Endometrial stromal cells produce prostacyclin and thrombox-
anein response to estrogen, aresponse that can be blocked by progestins.” The myometrium
principally produces prostacyclin, utilizing precursors derived from the endometrium. How-
ever, receptorsfor all members of the prostaglandin family are present on human myometrial
cells, and contraction of the myometrium isamajor consequence of prostaglandin F,, ."

Thromboxane is synthesized by uterine tissues. Gene expression for the thromboxane syn-
thase and for the thromboxane receptor can be identified in endometrial glands, stromal
cells, myometrial smooth muscle, and uterine blood vessels.™ Thromboxane A, is a potent
vasoconstrictor and stimulator of smooth muscle cells. Because of its rapid metabolism, it
islimited to autocrine and paracrine activity.

Women with excessive menstrual bleeding have aterations in the normal rates of prosta-
glandin production. For this reason, effective reductions in menstrual blood loss can be
achieved with treatment utilizing one of the nonsteroidal anti-inflammatory agents that
inhibit prostaglandin synthesis. These agents are a so effective treatment for prostaglandin-
mediated dysmenorrhea.

Fibronectin and laminin are extracellular matrix substances that are secreted by stromal
cells of the endometrium in response to progesterone.” These proteins are important
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adhesion molecules during implantation. Integrins are a family of glycoproteins that
function as receptors for proteins such as collagen, fibronectin, and laminin. The integrins
are highly expressed in endometrium and are important for cell-to-cell and cell-to-matrix
interactions.” The expression of integrinsisregulated by cytokines and growth factors, not
estrogen and progesterone.”

Endothelins are potent vasoconstrictors produced in the vascular endothelia cells. The
vasoconstrictor activity of endothelin-1, present in the endometrium, is balanced by
the fact that it promotes the synthesis of the vasodilators nitric oxide and prostacyclin.
Endothelin-1 is synthesized in endometrial stromal cells and the glandular epithelium,
stimulated by both TGF-3 and interleukin-1o..” Endothelin-1 is at least one agent respon-
siblefor the vasoconstriction that shuts off menstrual bleeding. It isalso a potent stimul ator
of myometrial contractions and can contribute to dysmenorrhea. Finally, endothelin-1 is
a mitogen and can promote the healing re-epithelialization of the endometrium. Human
decidual cells aso synthesize and secrete endothelin-1, from where it may be transported
into the amniotic fluid.”™

Angiogenesis, the formation of new blood vessels, is an essential process in tissue growth
and development. Angiogenesis is necessary for tumor growth, and, in normal tissues, it is
usually kept in check by regulating factors. The female reproductive tissues (specificaly
ovarian fallicles, the trophoblast, and the endometrium), however, must experience periodic
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and rapid growth and regression. In these tissues, angiogenesisis part of normal events. The
endometrium isamajor source for angiogenic factors during the menstrua cycle and during
pregnancy.® Vascular endothelial growth factors (V EGFs), acollection of specific mitogens
for endothelial cells, are abundantly expressed in human endometrium, reaching apeak that
correlates with the maximal angiogenesis reached during the secretory phase.®-# The VEGF
family contains six growth factors and utilizes three different receptors. During the prolif-
erative phase, estrogen stimulates VEGF synthesis. VEGF expression is aso stimulated
by hypoxia, specifically the hypoxia associated with endometrial breakdown, and the new
blood vessel growth aswell asthe re-epithelialization of the endometrium in the new prolif-
erative phase are dependent on these growth factors in response to estrogen. 8

Angiogenesisisalso influenced by many other growth factors and other substances such as
fibronectin and prostaglandins. The fibroblast growth factor family, in particular, is highly
mitogenic for endothelia cells and endometrial stromal cells. Angiopoietins sustain the
endometrium by preventing apoptosis and stabilizing blood vessels. The endometrium also
produces inhibitory proteins, and the final growth of blood vessels reflects the balance
between the inhibitory and stimulatory factors.

In al types of endometrial and myometrial cells, estrogen receptor expression reaches a
maximum in the late proligerative phase.® & The concentration is greatest in the glandu-
lar epithelium. During the early secretory phase, estrogen receptor expression declines,
followed by an increase in the mid and late secretory phases. These changes reflect the
cyclic changesin estradiol (which increases estrogen receptor expression) and progesterone
(which decreases estrogen receptor expression). Although estrogen receptor-betais present
in human endometrium, it is less prominent than estrogen receptor-al pha and exhibits less
change during the cycle, except when it becomes the predominant estrogen receptor in the
endometrial vasculature in the late secretory period.®” Estrogen stimulation of proliferation
islargely, if not totally, mediated by estrogen receptor-a pha.

Progesterone receptor expression in endometrial glandular epithelium reaches a maximum
in the late proliferative and early secretory phases (reflecting induction of progesterone
receptor by estrogen) and then declines to nearly undetectable levels by the midpoint of
the secretory phase. Stromal cells in the endometrium show only minor fluctuations in
progesterone receptors during the menstrual cycle. Decidualizing stromal cells exhibit
strong progesterone receptor expression, athough progesterone receptors are absent from
decidua epithelial cells. Smooth muscle cells of the uterus demonstrate strong proges-
terone receptor expression throughout the menstrual cycle. Many of the events in uterine
growth and function are regulated by the interplay between estrogen and progesterone. In
general, progesterone antagonizes estrogen stimulation of proliferation and metabolism.
This antagonism can be explained by the effects of progestins on the estrogen receptor
(adecrease in levels), on the enzymes that lead to excretion of estrogen from cells, and by
progesterone suppression of estrogen-mediated transcription of oncogenes.

Androgen receptor is present in endometrium at all stages of the menstrual cycle, in post-
menopausal endometrium, and in the decidua of pregnancy.® Surprisingly, the androgen
receptor concentration is constant throughout the cycle. Androgens suppress the prolifera-
tive effects of estrogen on the endometrium, and experimental evidence suggests that the
suppressive effects on the endometrium induced by antiprogestational agents are mediated
by the androgen receptor.®®

The complexity of the endometrium can be appreciated by viewing the results of
complementary DNA microarray studies. In one effort directed just to the endometrial
breakdown associated with menstruation, 571 transcripts were identified that were involved
in 131 biochemical pathways, including thyroid hormone synthesis and metabolism!*®
Gene expression studies are just beginning to profile the patterns associated with specific
hormones and pharmacol ogic agents.®
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The Decidua

The decidua is the specialized endometrium of pregnancy. The biochemical dialogue
between the fetoplacental unit and the mother must pass back and forth through the
decidua. The classic view of the decidua conformed to its designation as athin linein ana-
tomic diagrams, a minor, inactive structural component. We now know that the deciduais
avigorous, active tissue.

Decidual cellsare derived from the stromal cells of the endometrium, under the stimulation
of progesterone. This transformation is regulated by members of the transforming growth
factor beta family, including activin A.°* % |n addition, ghrelin acting via the growth hor-
mone receptor isinvolved in this process.*

Decidua cells appear during the secretory phase and continue to proliferate during early
pregnancy, eventually lining the entire uterus including the implantation site. The decid-
ual cell is characterized by the accumulation of glycogen and lipid droplets and the new
expression of a host of substances, including prolactin, relaxin, renin, insulin-like growth
factors (IGFs), and insulin-like growth factor binding proteins (IGFBPs). Thereis no evi-
dence that these proteins are secreted into the circul ation; therefore, they serve as autocrine
and paracrine agents.® %

Riddick was the first to detect prolactin in the decidualizing endometrium of the late luteal
phase.®” The amino acid sequence and the chemical and biologic properties of decidual
prolactin are identical to those of pituitary prolactin. Decidua prolactin synthesis and
release are controlled by the placenta, fetal membranes, and decidual factors. Dopamine,
bromocriptine, and thyrotropin-releasing hormone (TRH), in contrast to their action in the
pituitary, have no effect on decidual synthesis and release of prolactin. A protein named
decidual prolactin-releasing factor has been purified from the placenta, and an inhibiting
protein, which blocks the stimulatory activity of the releasing factor, has been purified from
decidua.®® IGF-1, relaxin, and insulin all stimulate decidual prolactin synthesis and release,
each through its own receptor. The same decidual cells produce both prolactin and relaxin.
Prolactin exerts an overall inhibitory effect on the process of decidualization, perhaps an
autocrine mechanism to limit the extent of decidualization.®

Lipocortin-1 is a calcium- and phospholipid-binding protein, present in the placenta and
decidua, that inhibits phospholipase A, and responds to glucocorticoids. Lipocortin-1
inhibits decidual prolactin release but in amechanism independent of phospholipase action
and independent of glucocorticoids. The prostaglandin system is not involved in decidual
prolactin production, and corticosteroids do not affect decidual prolactin release.®

There is good reason to believe that amniotic fluid prolactin is derived from the decidua.
In vitro experiments indicate that the passage of prolactin across the fetal membranesisin
the direction of the amniotic cavity. The amniotic fluid concentration correlates with the
decidual content, not with maternal circulating levels. Amniotic fluid prolactin reaches
peak levels in the first half of gestation (about 4,000 ng/mL) when maternal plasma lev-
els are approximately 50 ng/mL and fetal levels about 10 ng/mL. Maternal circulating
prolactin reaches maximal levels near term. Finally, amniotic fluid prolactin is unaffected
by bromocriptine treatment (which reduces both fetal and maternal circulating levels to
baseline levels).

It is believed that decidual prolactin regulates amniotic fluid volume and electrolyte con-
centrations. Prolactin regulates water and ion transport in lower animals, and prolactin
binds to amniotic membranes. Disorders in human pregnancy associated with abnormal
amniotic fluid volumes may be explained by this mechanism, especially idiopathic polyhy-
dramnios, which is associated with a decrease in the number of prolactin receptors in the
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membranes. Prolactin may be involved in the regulation of surfactant synthesisin thefetus,
and prolactin may inhibit uterine muscle contractility. Prolactin suppresses the immune
response and helps to prevent immunologic rejection of the conceptus. Prolactin can also
function as an autocrine and paracrine growth factor in the uterus.*®

Fibroblast growth factor, derived from decidua, stimulates blood vessel growth in early
pregnancy. Another factor, endothelial-cell-stimulating angiogenesis factor (a nonprotein
mitogen), is aso derived from deciduaand contributes to the vascul arization of the decidua
during thefirst trimester of pregnancy.'® The expression of corticotropin-releasing hormone
(CRH) has been demonstrated in human decidua, and many actions for decidual CRH are
possible: activation of prostaglandins, stimulation of myometrial contractions, and a con-
tribution to both maternal and fetal stress responses during pregnancy and labor.1%

Prorenin (theinactive precursor of renin) isproduced in deciduain responseto IGF-1, insu-
lin, endothelin, and relaxin.1®-1% A uterine role for renin has not been determined.

The insulin-like growth factor-binding proteins, IGFBP-1, -2, -3, and -4, are produced
by endometrial stromal cells.’® Large amounts of IGFBP-1 are present in amniotic fluid.
The IGFBPs appear to be regulated by insulin, the IGFs, and relaxin.’” Relaxin is related
structurally to insulin and the IGFs, and it stimulates IGFBP-1 production in endometrial
stromal cells.’® IGFBP-1 is considered to be amarker for decidualization. Becauseit binds
growth-promoting |GFs, the appearance of IGFBP-1 contributes to differentiation rather
than proliferation of the endometria stromal cells.

| GFBP-1 beginsto appear in midsecretory phase endometrium and reaches alevel of major
production in decidua by late in the first trimester of pregnancy. IGFBP-1, when first iden-
tified, was known as placental protein 12 and then as pregnancy-associated o.-globulin.
By the second trimester of pregnancy, high levels of IGFBP-1 are present in the amniotic
fluid and the circulation, and then fall significantly during the third trimester. The decidual
production of IGFBP-1 is correlated with the morphologic and histologic changes induced
by progesterone and regulated by progesterone, relaxin, insulin, IGF-I, and IGF-I1. In fact,
IGFBP-1 is a mediator of progesterone-induced decidualization of endometrial stromal
cells® Binding of the insulin-like growth factors to the IGFBPs would limit further mito-
genic activity in the endometrium in the secretory phase and during pregnancy. In addition,
decidual IGFBP-1 may contribute to the limitation of trophoblast invasion.

The continuous stimulation of IGFBP-1 production by human endometrium can be main-
tained in women as long as they retain an intrauterine device that releases a progestin into
the endometrial cavity.!*® In endometrial samples from these women, areas of endometrial
atrophy correlate with intense staining for IGFBP-1. This makes a strong argument for
the importance of insulin-like growth factors for endometrial growth and the potential for
prevention of endometrial growth by providing IGFBP-1.

The glycoprotein o subunit, common to follicle-stimulating hormone (FSH), luteinizing
hormone (LH), thyroid-stimulating hormone (TSH), and hCG, is secreted into the circula-
tion by the pituitary and placenta. A specific role for the o, subunit has not been apparent;
however, gonadotropin receptors are present in the endometrium, and o subunit acts syn-
ergistically with progesterone to induce decidualization of endometrial cellsin vitro.'t In
addition, the o subunit stimulates decidual prolactin secretion.™?

The chorion laeve, villous trophoblast, and decidua are all sites of TGF-p production.*®
TGF-B can signal its own production; thus, TGF-3 can be a messenger from fetal tissues
to decidua. TGF-$ isalso believed to play arolein limiting trophoblastic invasion.!* This
may be accomplished by stimulating the production of plasminogen activator inhibitor and
the factor that causes tissue inhibition of metalloproteinases.!*®
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SUMMARY: The Uterus|san Endocrine Organ

One cannot dispute the fact that the uterus is an endocrine organ, but the vast array
of active substanceswith their complicated names can be bewildering and overwhelm-
ing. Itishelpful to keep in mind a fundamental and relatively simple description: the
endometrium is necessary for reproduction, and the synchronous, complex cycle of
events is dependent on the endocrine guidance of estradiol and progesterone, modu-
lated and mediated by the plethora of locally produced biochemical agents. Each and
every signaling substance utilizes one of the pathways discussed in Chapter 2 and
makes a contribution to the dynamic sequence of morphological and biochemical
events repeatedly dedicated to nourishing and supporting an early embryo.

Anatomical Abnormalities of the Uterus

Congenital abnormalities of the miillerian ducts are relatively common, occurring in 7% to
10% of all women, and contributing to the problems of infertility, recurrent pregnancy 10ss,
and poor pregnancy outcomes that occur in approximately 25% of women with uterine
anomalies.!*12 Mgjor anomalies are about 3 times more common in women with recur-
rent miscarriages.?? The problems encountered in pregnancy include preterm labor, breech
presentations, and complications that lead to interventions and greater perinatal mortality.
Cervical cerclageis often indicated for prevention of preterm labor due to these anomalies.
In addition, these abnormalities can produce the symptoms of dysmenorrhea and dyspare-
uniaand even amenorrhea. Endometriosis in young women, especially adolescents, should
raise clinical suspicion of genital tract malformations. Because the embryologic origin
of the ovaries is separate and distinct from that of the millerian structures, patients with
mullerian anomalies have normal ovaries and ovarian function. Conception and implanta-
tion are not prevented. Surgical correction is recommended for pain, endometriosis due to
obstruction, and poor obstetrical outcomes.

Incidence of Millerian Defects

Fertile and infertile women 3-4%"'%
Women with recurrent miscarriages 5-10%"°
Women with late miscarriages and preterm deliveries >25%!1°

Anomalies can result from the failure of the millerian ducts to fuse in the midline, to
connect with the urogenital sinus, or to create the appropriate lumen in the upper vagina
and uterus by resorption of the central vagina cells and the septum between the fused
mdllerian ducts. Because fusion begins in the midline and extends caudally and cephalad,
abnormal results can exist at either end. Formation of the uterine cavity begins at the lower
pole and extends cephal ad with dissolution of midline tissue; hence, incomplete resorption
of tissue commonly yields persistence of the midline uterine wall intruding into the cav-
ity. The molecular pathophysiology of these abnormalities has been insufficiently studied;
however, the association with other somatic anomalies and occasiona reports of familial
transmission suggest genetic linkages.

Vaginal outflow tract obstruction can be minimal with a transverse septum or complete
dueto agenesis. A septum istheresult of adefect in the connection of the fused miillerian
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Classification of Miillerian Anomalies'24

Hypoplasia/agenesis
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Vaginal ﬂ Cervical

Fundal Tubal Combined

Unicornuate
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No cavity No horn
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Classification of Mullerian Anomalies>

Bicornuate
Complete Partial
Septate
Complete Partial
Arcuate
DES related

ab
a5

ducts to the urogenital sinus or a failure of canalization of the vagina. The location of
the septum varies, although it is usually in the upper or middle third of the vagina. Vagi-
nal agenesis is the result of a complete failure in canalization; these patients present
with amenorrhea or pain due to accumulated menstrual effluvium. Surgical correction
is frequently necessary to relieve the relative constriction (and obstruction) of the vagi-
nal canal. An absent vagina is usually accompanied by an absent uterus and tubes, the
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classic millerian agenesis of the Mayer-Rokitansky-Kuster-Hauser syndrome (discussed

in Chapter 11).
Distribution of Specific Anomalies'®®
Septate uterus 35%
Bicornuate uterus 26%
Arcuate uterus 18%
Unicornuate uterus 10%
Uterus didelphys 8%

Uterine anomalies can be organized into the following categories.*** Each of these can be
associated with obstructions that present during adolescence with amenorrhea and cyclic
pain.1z

Uterus Didelphus (Double Uterus)

Lack of fusion of the two muillerian ducts results in duplication of corpus and cervix. These
patients usually have no difficulties with menstruation and coitus, except when thereisalso
amidline longitudinal vaginal septum. Occasionally, one side is obstructed and symptom-
atic. In addition, adouble uterusis occasionally associated with an obstructed hemivagina
(often with ipsilateral renal agenesis); early diagnosis and excision of the obstructing vagi-
nal septum will preserve fertility. Pregnancy is associated with an increased risk of miscar-
riage, malpresentations, and premature labor, although many patients will have no repro-
ductive difficulties.'? 126127 Unification of the two endometrial cavities by metroplasty is
indicated in patients with repeated poor obstetrical outcomes.

Unicornuate Uterus

An abnormality that is unilateral obviously is due to afailure of development in one mdil-
lerian duct (probably a failure of one duct to migrate to the proper location). The altered
uterine configuration is associated with an increase in endometriosis and in obstetrical
complications (early spontaneous miscarriage, ectopic pregnancy, abnormal presentations,
intrauterine growth retardation, and premature labor).*?¢ 2613 There may be a rudimentary
horn present, and implantation in this horn is followed by a very high rate of pregnancy
wastage or tubal pregnancies. A rudimentary horn can also be a cause of chronic pain,
and surgical excision is worthwhile. However, most rudimentary horns are asymptomatic
because they are noncommunicating, and the endometrium is not functional. Because of
the potential for problems, prophylactic removal of the rudimentary horn is recommended
when it is encountered during a surgical procedure. Approximately 40% of patients with
a unicornuate uterus will have a urinary tract anomaly (usually of the kidney).**? Surgical
reconstructive procedures do not improve obstetrical outcomes; however, cervical cerclage
may be beneficial when indicated.

The Bicornuate Uterus

Partial lack of fusion of the two mullerian ducts produces a single cervix with a varying
degree of separation in the two uterine horns. This anomaly is relatively common, and
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pregnancy outcome has usually been reported to be near normal. Some, however, find a
high rate of early miscarriage, preterm labor, and breech presentations.!'* 126 With a history
of repeated poor pregnancy outcome, surgical metroplasty isworth consideration.

The Septate Uterus and the Arcuate Uterus

Partial lack of resorption of the midline septum between the two miillerian ducts resultsin
fibromuscular defects that range from a slight midline septum (the arcuate, heart-shaped
cavity) to asignificant midline division of the endometrial cavity. A total failure in resorp-
tion can leave alongitudinal vaginal septum (adouble vagina). This defect is not a cause of
infertility, but once pregnant, thegreater the septum the greater therisk of recurrent spontane-
ous miscarriage, especially inthe second trimester. The compl ete septate uterusisassociated
with a high risk of spontaneous miscarriage, preterm labor, intrauterine growth retardation,
and breech presentation.® 13313 Even a small septum is associated with these poor obstet-
rical outcomes.™*> Outcomes are excellent with treatment by hysteroscopy.123 134 136140 post
treatment miscarriage rates are approximately 10% in contrast to the 90% pretreatment
rates with a complete septum. A longitudinal vagina septum usually does not have to
be excised (unless dyspareunia is a problem). In some reports, the arcuate uterus has no
adverse impact on reproductive outcome.'? Prophylactic surgery is considered appropriate
for a septate uterus in older women and in women being treated with in vitro fertilization.
A surgical procedureis not indicated for the arcuate uterus.

Very Rare Anomalies

I solated agenesis of the cervix or the endometrium isincredibly rare. Absence of the cervix
can lead to so much pain and obstruction that hysterectomy is the best solution. Attempts
to preserve fertility by creating a fistulous communication between uterus and vagina have
achieved some success, but repeat surgery dueto reappearance of obstruction iscommon.#%%42 |n
asymptomatic patients, consideration should be given to preservation of structures for the
possibility of pregnancy that can be achieved by means of one of the techniques of assisted
reproduction (Chapter 32).

The Diethylstilbestrol-Associated Anomaly

Mothers who were treated in 1938 to 1975 with high doses of estrogen early in their preg-
nancies had children who developed a variety of anomalies, ranging from the hypoplastic
T-shaped uterus to irregular cavities with adhesions.** Women with uterine abnormalities
usually also have cervical defects. In these individuas, the chance of term pregnancy is
decreased because of higher risks of ectopic pregnancy, spontaneous miscarriage, and prema-
ture labor.*** An incompetent cervix is common. Poor outcome is correlated with an abnor-
mal uterus on hysterosal pingography. No treatment is available beyond cervical cerclage.

Accurate Diagnosis of Anomalies

In the past, full diagnosis required surgical intervention, first laparotomy and then, more
recently, laparoscopy. Today, vaginal ultrasonography, especially three-dimensiona ultra-
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sound, sonohysterography, and magnetic resonance imaging are highly accurate, and sur-
gica intervention is usually not necessary.}*>14" Hysterosalpingography aone can yield
inaccurate results due to a failure to perfuse both uterine horns on either side of a midline
division, and cannot reliably distinguish bicornuate and septate uteri. Decisions should not
be based on hysterosal pingography alone. Congenital anomalies of the millerian ducts are
frequently accompanied by abnormalitiesin the urinary tract, such as ahorseshoe or pelvic
kidney. Rena agenesis can be present on the same side as amillerian defect.

Pedro Acién at the San Juan University Hospital in Alicante, Spain, is an acknowledged
expert on the many and varied malformations of the female genital tract. He advocates
a more complete classification, that includes millerian anomalies with anomalies of the
urogenital ridge, the mesonephric structures, and the cloaca.’*® The embryologic origins
of the various anomalies and an understanding of unusual cases can be obtained through
Acién’s publications.> 14

Leiomyomas (Uterine Fibroids)

Uterine leiomyomas are benign neoplasmsthat arise from uterine smooth muscle and cause
abnormal uterine bleeding and symptoms secondary to a large pelvic mass. It is hypoth-
esized that |eiomyomas originate from somatic mutations in myometrial cells, resulting in
progressiveloss of growth regulation.#**° The tumor grows as genetically abnormal clones
of cells derived from a single progenitor cell (in which the original mutation took place).
Studies indicate that |eiomyomas are monoclonal .*! Different rates of growth can reflect
the different chromosomal abnormalities present in individual tumors. Multiple myomas
within the same uterus are not clonally related; each myoma arises independently.

The presence of multiple myomas (which have a higher recurrence rate than single myo-
mas) argues in favor of a genetic predisposition for myoma formation. There is about a
2.5-fold increased risk of developing myomasin first-degree relatives of women with these
tumors.*? Hereditary leiomyomatosis and renal cell carcinoma is an autosomal dominant
syndrome with both cutaneous and uterine leiomyomas. The risk of renal cell carcinoma
and that of leiomyosarcoma are increased in this syndrome.*** > The gene involved is
fumarate hydratase, coding for an enzyme involved in the Kreb's cycle. A family history
of cutaneous leilomyomata should trigger screening for this gene mutation. Renal cell can-
cer occurs in 10-16% of women with this syndrome. Studies of DNA polymorphisms will
undoubtedly yield patterns identifying women at high risk for uterine leilomyomata, and
perhaps risk for recurrence following ablation treatments and for malignant progression
to lelomyosarcoma. Thus far, chromosomal abnormalities have been described in about
40% of myomas.**® Another approach isto identify the microRNA pattern associated with
leilomyoma size, growth rates, and ethnic prevalence.**

It is not certain whether |eiomyosarcomas arise independently or from leiomyomas. How-
ever, the incidence of lelomyosarcomasin patients with [eilomyomasis very low (less than
1%).55" Gene profiling has not discovered shared abnormalities or a common molecular
pathway comparing myomas with |eiomyosarcomas.*>

If surgical specimens are serially sectioned, about 77% of women who come to hyster-
ectomy will have myomas, many of which are occult.**® By the age of menopause, ultra-
sound can identify myomas in about 80% of black American women and 70% of white
American women.'® |n the United States, about 40% of abdominal hysterectomies and
17% of vaginal hysterectomies are performed for leiomyomas.*®* The peak incidence for
myomas requiring surgery occurs around age 45, approximately 8 cases per 1,000 women
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each year.®? |n the United States, approximately 10-15% of women require hysterectomy
for myomas. For unknown reasons, uterine lelomyomas are 2—-3 times more prevalent in
black women compared with white, Hispanic, and Asian women and account for 75% of
hysterectomies among black women,160. 163. 164

Myomas are present (diagnosed by ultrasonography) in about 30% of women, and in about
1-2% of pregnancies.'®s1% Therisk of myomais decreased with increasing parity and with
increasing age at last term birth.1%- 167 \Women with at least two full-term pregnancies have
half the risk for myomas. Smoking decreases the risk (presumably by decreasing estrogen
levels), and obesity increasesthe risk (presumably by increasing estrogen levels). Although
alower risk for myomas is associated with factors that decrease estrogen levels, including
leanness, smoking, and exercise, the use of oral contraceptives is not associated with an
increased risk of uterine myomas, although the Nurses' Health Study reported a slightly
increased risk when oral contraceptives were first used in early teenage years.167-16°

The hormone sensitivity of leilomyomasisfurther indicated by the following clinical obser-
vations. Leiomyomasdevel op during thereproductive (hormonally active) yearsand regress
after menopause. Occasionally, leilomyomas grow during pregnancy, and the hypogonadal
state induced by treatment with gonadotropin-releasing hormone (GnRH) agonists often
causes shrinkage of myomas.

The environment within the leilomyoma is hyperestrogenic. The estradiol concentration is
increased, and leiomyomas contain more estrogen and progesterone receptors.t®1”® Aro-
matase gene and enzyme expression are present in significant levels in leiomyomas.t
Indeed, leiomyomatissueishypersensitive to estrogen and appearsto have lost aregulatory
influence that limits estrogen response.r® Endometrial hyperplasia can be observed at the
margins of submucosal myomas.’® In the myometrium and in leiomyomas, peak mitotic
activity occurs during the luteal phase, and mitotic activity is increased by the administra-
tion of high doses of progestational agents.r” 1® These facts indicate that progesterone
stimulates mitotic activity inleiomyomas, although animal studiesindicate both stimulation
and inhibition of myometria growth. Similarly, clinicians have reported both regression
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and growth with progestational treatment. Nevertheless, most of the evidence supports a
growth-promoting role for progestins. The association with estrogen can be explained by
the estrogen enhancement of progesterone receptor expression.t’ ¥ Treatment with mife-
pristone, the progesterone antagonist, or with asoprisnil, a selective progesterone receptor
agonist/antagonist, is associated with areduction in leiomyoma size. '8! 18

At least one pathway for the growth-promoting effect of progestins is the induction of
BCL2 gene expression increasing the production of the Bcl-2 protein that inhibits apoptosis
and promotes cell replication.® Bcl-2 protein expression is increased in leiomyoma cells
and markedly increasesin response to progesterone.’® In contrast, normal myometrial cells
do not respond to estradiol or progesterone with Bcl-2 protein expression, and there is no
cyclic change throughout the menstrual cycle.

Asinthenormal uterus, the effects of estrogen and progestins on leiomyomas are mediated
by growth factors.*®® EGF is overexpressed in myomas, EGF receptors are present in leio-
myomas, and GnRH agonist treatment (and hypogonadism) decreases EGF concentration
in myomas (but not in normal myometrium). 187 |GF-| and |GF-11 and their receptors are
abundant in myometrium and actively overexpressed in leiomyomas.i® ¥ | eiomyomas
express more |GF-11 and less IGFBP-3 than myometrium, a situation that would enhance
growth factor availability and activity in the tumor.X* Leiomyoma cells express more para-
thyroid hormone-related protein (another growth factor) than normal myometrium.**! Like
the endometrium and myometrium, leiomyomas secrete prolactin, and prolactin functions
in the uterus as a growth factor.® Even hematopoiesis is possible in aleiomyoma.1®?

One of the consequences of altered growth factor expression in myomas is an abnormal
vasculature, characterized by a dilated venous plexus.** This morphologic feature may be
the result of specific vascular regulators of angiogenesis, such as fibroblast growth factor
and vascular endothelial growth factor. These changes probably contribute to the heavy
menstrua bleeding associated with submucosal myomas.

Uterine growth and signaling molecules are highly expressed in leiomyomas.*** As with
all tumors, these pathways in leilomyomas may one day be targeted by gene therapy. For
example, specific adenoviruses can deliver atered genesto myoma cells that can interfere
with the gene expression required for tumor growth and cellular functions.

Reproductive Function and Leiomyomas

Leiomyomas are an infrequent cause of infertility, either by mechanical obstruction or distor-
tion (and interference with implantation).X® 1% \When a mechanical obstruction of fallopian
tubes, cervical canal, or endometrial cavity ispresent and no other cause of infertility or recur-
rent miscarriage can be identified, myomectomy is usually followed by a prompt achieve-
ment of pregnancy in ahigh percentage of patients (usudly within thefirst year).1% 1% Small
submucosal myomeas are best treated by hysteroscopic resection. Preoperative visuaization
isimportant, and mapping of myomas by sonohysterography or magnetic resonance imaging
(MRI) issuperior to standard ultrasonography (which isrelatively inaccurate). X It isdifficult
to distinguish between submucosal myomas and endometrial polyps with ultrasonography.*®
Very large myomas (greater than 4-5 cm) and myomas that do not have greater than 50%
protrusion into the cavity are not good candidates for hysteroscopic removal.

The 5-year recurrence rate after abdominal myomectomy for asingle myomais about 10%,
and 25% with multiple myomas, with subsegquent hysterectomy necessary in one-third of
patients with recurrence.?® In a series with long-term follow-up, the recurrence rate over
10 years after single myomectomy reached 27%.2*@ Women who gave birth after
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myomectomy had a recurrence rate (over 10 years) of 16%, compared to arate of 28% in
those who did not give birth. In an Italian study of recurrence, the rate at 5 years reached
55% in those who did give birth after surgery and 42% in those with no childbirth.2? These
differences may reflect the diligence and sensitivity of the ultrasonographic assessments.

Anincreased incidence of spontaneous miscarriage because of myomas has not been defin-
itively documented in the literature. Myomectomy for infertility or recurrent miscarriage
requires a deliberate and careful decision after all factors have been considered. Intracavi-
tary myomas, however, usually require surgery. Submucosal myomas are associated with
general cavitary aterations in the expression of proteins involved with implantation, not
just an effect confined to the endometrium over the myoma.?®® Intramural myomas that do
not affect the endometrial cavity do not affect implantation or increase the risk of miscar-
riage.* 2% Because of the rapid regrowth of myomas following cessation of GnRH agonist
therapy, medical therapy for infertility is not recommended.

Most myomas do not grow during pregnancy.2®® When they do, most of the growth isin the
first trimester, and most myomas regress in size after the pregnancy. The size of a myoma
will not predict its course; large myomas will not necessarily grow more than small ones.
Most pregnancies, in the presence of myomas, will, therefore, be uncomplicated (although
a higher incidence of cesarean section has been observed).!%> 27 Nevertheless, the risks of
mal presentations, preterm delivery, and spontaneous miscarriage are increased.?® So-called
red degeneration of myomas is occasionally observed during late pregnancy, a condition due
to central hemorrhagic infarction of the myoma. Pain isthe hallmark of this condition, occa-
sionally associated with rebound tenderness, mild fever, leukocytosis, nausea, and vomiting.
Usualy painisthe only symptom and resol ution follows rest and analgesi ¢ treatment.?® Sur-
gery should be alast resort. The larger the myoma, the greater the risk of premature labor.?0

Medical Therapy of Leiomyomas

The goals of medical therapy for lelomyomas are to temporarily reduce symptoms and to
reduce myoma size, and the therapy of choice is treatment with a GnRH agonist.?* Any
treatment that | owers endogenous estrogen level s should be effective, and therefore, the use
of aromatase inhibitorsis another option.?*? Prolonged medical regimens are expensive and
complicated. With few exceptions, surgical treatment is preferred for symptomatic uterine
leilomyomas. Medical therapy is provided preoperatively to improve anemia and reduce
surgical complexity and recovery times.?®

The short half-life of GnRH is due to rapid cleavage of the bonds between amino acids
5-6, 6-7, and 9-10. By altering amino acids at these positions, analogues of GnRH can
be synthesized with different properties. Substitution of amino acids at the 6 position or
replacement of the C-terminal glycine-amide (inhibiting degradation) produces agonists.
Aninitial agonistic action (the so-called flare effect) is associated with an increase in the
circulating levels of follicle-stimulating hormone (FSH) and luteinizing hormone (LH).
Thisresponseis greatest in the early follicular phase when GnRH and estradiol have com-
bined to create a large reserve pool of gonadotropins. After 1-3 weeks, desensitization
and down-regulation of the pituitary produce a hypogonadotropic, hypogonadal state. The
initial response is due to desensitization, the uncoupling of the receptor from its effector
system, whereas the sustained response is due to aloss of receptors by down-regulation and
internalization. Furthermore, postreceptor mechanisms lead to secretion of biologically
inactive gonadotropins, which, however, can till be detected by immunoassay.

The GnRH anal ogues cannot escape destruction if administered orally. Higher dosesadmin-
istered subcutaneoudy can achieve nearly equal effects as those observed with intravenous
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treatment; however, the smaller blood peaks are slower to develop and take longer to return
to baseline. Other forms of administration include nasal spray, sustained-rel ease implants,
and intramuscul ar injections of biodegradable microspheres.

Treatment with GnRH Agonists

Summarizing the experience with GnRH agonist treatment of |eilomyomas, the mean uter-
ine size decreases 30-64% after 3-6 months of treatment.?** Maximal response is usually
achieved by 3months. Thereductionin size correlateswith the estradiol level and with body
weight. Menorrhagia, anemia, pelvic pressure, and urinary frequency all respond favorably
to GnRH agonist treatment.? 215 A decrease in operative blood |oss can be achieved when
the pretreatment uterusis aslarge as a 16-week pregnancy or larger. However, some studies
find no benefit in terms of surgical blood loss or length of hospital stay, and surgical dissec-
tion may be more difficult because of softening of the myoma.

Why isthereavariation in response?\When one considersthe many factorsinvolved in myoma
growth (estrogen, progesterone, growth factors, and receptors), it makes sense that not every
myomais the same. After cessation of GnRH agonist therapy, menses return in 4—10 weeks,
and myoma and uterine size return to pretreatment levelsin 3-4 months. The rapid regrowth
is consistent with the fact that reduction in size is not due to a cytotoxic effect.

Preoperative GnRH agonist therapy offers several advantages for hysteroscopic removal
of submucosal tumors. In addition to a decrease in myoma size, endometrial atrophy will
improve visualization, and decreased vascularity will reduce blood loss.

Leiomyomatosis Peritonealis Disseminata is a condition in which multiple small nodules
of benign smooth muscle are found throughout the abdominal cavity and occasionaly in
the pulmonary cavity. This condition appearsto be sensitive to estrogen becauseit has been
aggravated by postmenopausal estrogen treatment, and regression has been achieved with
GnRH agonist treatment.?6

Adenomyosis is the ectopic presence of endometrial glands within the myometrium. This
diagnosis can be made by magnetic resonance imaging, and successful treatment with a
GnRH agonist has been reported.?*”: 218

Side Effectswith GnRH Agonists

Hot flushes are experienced by more than 75% of patients, usually in 3-4 weeks after
beginning treatment. Approximately 5-15% of patients will complain of headache, mood
changes, vaginal dryness, joint and muscle stiffness, and depression. About 30% of patients
will continue to have irregular (although light) vaginal bleeding. It is useful to measure the
circulating estradiol level. If the level is greater than 30 pg/mL, suppression isinadequate.
A small number (10%) of patientswill experience alocalized allergic reaction at the site of
injection of depot forms of GNRH analogues. More serious reaction israre, but immediate
and delayed anaphylaxis can occur, requiring intense support and management.?°

Bone loss occurs with GnRH therapy, but not in everyone, and it is reversible (although
itisnot certain if it istotally reversible in al patients). A significant vaginal hemorrhage
5-10 weeks after beginning treatment is encountered in about 2% of treated women, dueto
degeneration and necrosis of submucosal myomas.?® A disadvantage of agonist treatment
isadelay in diagnosis of aleiomyosarcoma. Keep in mind that amost al leiomyosarcomas
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present as the largest or only uterine mass. Close monitoring is necessary and surgery
has been the usual recommendation when either enlargement or no shrinkage of myomas
occurs during GnRH agonist treatment.??! The use of Doppler ultrasonography or magnetic
resonance imaging offers greater accuracy of evaluation. However, the incidence of leio-
myosarcoma, even in patients with “rapidly growing leiomyomas,” is very low (less than
0.5%) and amost unheard of in premenopausal women.*" In premenopausal women, a
conservative approach is warranted.

Escape of suppression can result in an unexpected pregnancy. No adverse effects of fetal
exposure to GnRH agonists have been reported, even when exposure has persisted through-
out the early weeks of pregnancy.??

GnRH Agonists and Steroid Add-Back

Treatment with a GnRH agonist with steroid add-back has been explored to permit long-
term therapy without bone loss.?** Two strategies have been employed: simultaneous ago-
nist and steroid add-back treatment or a sequentia regimen in which the agonist is used
alone for 3 months, followed by the combination of the agonist and steroid add-back. This
long-term treatment is attractive for women who are perimenopausal, perhaps avoiding
surgery. In addition, long-term treatment would be useful for women with coagulopathies,
and in women with medical problems who need to postpone surgery.

Simultaneous treatment with agonist and medroxyprogesterone acetate (20 mg daily) or
norethindrone (10 mg daily) effectively reduced hot flushing but was less effective (consis-
tent with a major supportive role for progestins in myomas) in reducing uterine volume. 2% 222
A sequentia program, adding atraditional postmenopausa hormone regimen (0.625 mg con-
jugated estrogens on days 1-25 and 10 mg medroxyprogesterone acetate on days 16-25) effec-
tively reduced uterine volume and maintained the reduced volumefor 2 years (and avoided any
loss in bone density)?* A daily 2.5 mg dose of tibolone also prevents bone loss and inhibits
vasomotor symptoms without reducing the therapeutic efficacy of GnRH agonist treatment.?
The addition of raloxifeneto GnRH agonist treatment appeared to produce agreater reduction
in lelomyoma size,? but the effect was not sufficiently different to be of clinical significance.
Ral oxifenetreatment by itself, evenin alarge dose, failed to reduce leélomyomasizein premeno-
pausal women, although in postmenopausal women, raloxifene produced a 30% to 40% reduc-
tionin size after 1 year.?? 2" Treatment with ra oxifene, alendronate, or tibolone prevents the
bone | oss associated with agonist therapy, but only tibolone also prevents hot flushing.224 226-2%

We recommend 1 month of GnRH agonist treatment followed by agonist treatment com-
bined with a daily, continuous add-back of estrogen and progestin using one of the avail-
able postmenopausal daily regimens. In view of the sensitivity of lelomyoma tissue to
progestational agents, it makes sense to keep the dose of progestin relatively low. Preop-
erative GnRH agonist treatment is not indicated in every patient with uterine leiomyomas.
The best candidates for treatment are women with bleeding and anemiato alow timefor a
response to iron supplementation and when the surgeon’s clinical judgment suggests that
a reduction in size may influence the choice of technique (e.g., laparoscopic or vagina
hysterectomy instead of |aparotomy).

Treatment with a GnRH Antagonist

GnRH antagonist treatment can suppress pituitary-gonadal function without the initial
stimulatory (flare) response observed with GnRH agonists. Results with depot Cetrorelix
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preoperative treatment of uterinefibroidsare similar to those with GnRH agonist treatment;
however, the response is faster (a maximal reduction in size within 14 days), probably
because thereis no initial flare response. ! 232

Treatment with Mifepristone

Mifepristone, the progestin antagonist, effectively reduces the size of uterine leilomyo-
mas and produces amenorrheain most patients. The initial study was relatively short-term
(12 weeks), and fibroid shrinkage was observed with doses of 25 and 50 mg daily.*®* A
lower dosage is effective without the high rate of hot flushing observed at higher doses.
In a 6-month study, a dose of 5 mg mifepristone daily was associated with a 48% reduc-
tion in uterine volume, a decrease in pressure and pain, an increase in hemoglobin levels,
and a nonsignificant increase in hot flushing.?® A similar reduction in uterine volume was
observed in a3-month study with the 5 mg dose, also with improvementsin pain and bleed-
ing.?* However, long-term mifepristone treatment can result in endometrial hyperplasia, a
consequence of the antiprogestin action of the drug. This endometrial effect makes mife-
pristone an unacceptable choice for on-going treatment of leiomyomas until large clinical
trialsare performed to establish its safety. Short-term treatment prior to surgery isappropri-
ate. Asoprisnil, a progesterone receptor modulator, has also successfully reduced uterine
volume and bleeding.’® It is necessary to be cautious regarding the use of progesterone
receptor modulators, as with progesterone antagonists, until endometrial safety is estab-
lished.

Treatment with the L evonorgestrel-releasing I ntrauterine System

When uterine enlargement because of lelomyomas is no greater than the size of a 12-week
pregnancy, the insertion of a levonorgestrel-releasing intrauterine system is followed by a
decrease in uterine size in many but not all patients and a dramatic reduction in menstrual
blood loss, with 40% of patients achieving amenorrhea.z>2¥" The contraceptive efficacy is
not diminished, but expulsion ratesare higher. Thismethod of treatment isnot recommended
when distortion of the uterine cavity is evident on examination with ultrasonography. The
beneficia effect of locally applied levonorgestrel is unexplained, contrasting with the stud-
ies that indicate growth promotion of myomas by progestins.

Treatment with Uterine Artery Embolization

Uterine artery embolization effectively reduces bleeding, pain, and fibroid size.?2 |n a
procedure under local anesthesia that takes about one hour, a catheter is advanced from
the femoral artery to the uterine arteries to allow direct injection of polyvinyl particles or
gelatin microspheres that occlude the blood flow. Myomas undergo necrosis in response to
the transient ischemia, but normal tissue generatesfibrinolysis and survives. The procedure
isnot recommended for large fibroids. After 5 years, recurrence of symptomsis about 10%
to 25%. Most patients experience pain, hausea, and low-grade fever with avery high white
blood count for 1 to 2 days following the procedure. In addition, serious complications
occur, including complication-related hysterectomy, amenorrhea, premature menopause,
septicemia from uterine infection, bowel obstruction, and pulmonary embolus. Several
deaths have been reported, giving a rate comparable to that with hysterectomy. A signifi-
cant number of patients with larger myomas acquire intra-abdominal adhesions after the
procedure.?*> The general recommendation is that embolization should not be performed
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in women who desire to retain their fertility. However, a substantial number of completed
pregnancies have been reported after the procedure? 24, nevertheless, the fertility rates
and the complication rates after pregnancy is achieved are not known with certainty.
A randomized comparison with myomectomy indicated a higher rate of infertility and
miscarriages after embolization.*®

I Treatment with Ultrasound

A magnetic resonance mapping system for heat can be used to visualize myomas and
direct high-energy ultrasound to destroy myomas.?* 24" The temperature achieved produces
instant necrosis within alimited volume of tissue, and, therefore, the method requires mul-
tiple treatments over several hours. Thermal injury to skin and normal tissues are potential
side effects. Overall safety and long-term efficacy remain to be established; the early preg-
nancy experience in 51 women documented a 41% live birth rate and a 28% miscarriage
rate.2®

Transient uterine ischemia can be produced by placing vaginal clamps in the vaginal for-
nices, guided by ultrasonography, to compress the uterine arteries against the cervix for
about 6 hours. Short-term studies have demonstrated efficacy comparable to embolization,
but long-term follow-up data are not yet available.?*

All references are available online at: http://www.clinicalgynendoandinfertility.com
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Neuroendocrinology

I here are two major sites of action within the brain that are important in the regulation
of reproductive function—the hypothalamus and the pituitary gland. In the past, the pitu-
itary gland was viewed as the master gland. Then a new concept emerged in which the
pituitary was relegated to a subordinate role as part of an orchestra, with the hypothalamus
as the conductor, responding to both peripheral and central nervous system messages and
exerting its influence by means of neurotransmitters transported to the pituitary by a portal
vessel network. Regardless of which site was dominant, the conventional thesis was that
the central nervous system-pituitary complex determined and directed the chronology of
developmental events within a responsive ovary. However, there is now a new concept—
the complex sequence of events known as the menstrual cycle is controlled by the sex ste-
roids and peptides produced within the very follicle destined to ovulate. The hypothalamus
and its direction, and the pituitary, are essential for the operation of the entire mechanism,
but the endocrine function that leads to ovulation is brought about by endocrine feedback
on the anterior pituitary.

A full understanding of this feature of reproductive biology will benefit the clinician who
faces problems in gynecologic endocrinology. With this understanding, the clinician can
comprehend the hitherto mysterious but significant effects of stress, diet, exercise, and
other diverse influences on the pituitary-gonadal axis. Furthermore, we will be prepared to
make advantageous use of the numerous neuropharmacologic agents that are the dividends
of neuroendocrine research. To these ends, this chapter offers a clinically oriented review
of the current status of reproductive neuroendocrinology.
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Hypothalamic-Hypophyseal Portal Circulation

The hypothalamus is at the base of the brain just above the junction of the optic nerves.
In order to influence the anterior pituitary gland, the brain requires a means of transmis-
sion or connection. A direct nervous connection does not exist. The blood supply of the
anterior pituitary, however, originates in the capillaries that richly lace the median emi-
nence area of the hypothalamus. The superior hypophyseal arteries form a dense network
of capillaries within the median eminence, which then drain into the portal vessels that
descend along the pituitary stalk to the anterior pituitary. The direction of the blood flow in
this hypophyseal portal circulation is from the brain to the pituitary. Section of the neural
stalk, which interrupts this portal circulation, leads to inactivity and atrophy of the gonads,
along with a decrease in adrenal and thyroid activity to basal levels. With regeneration
of the portal vessels, anterior pituitary function is restored. Thus, the anterior pituitary
gland is under the influence of the hypothalamus by means of neurohormones released
into this portal circulation. There also exists retrograde flow so that pituitary hormones
can be delivered directly to the hypothalamus, creating the opportunity for pituitary feed-
back on the hypothalamus. An additional blood supply is provided by short vessels that
originate in the posterior pituitary that in turn receives its arterial supply from the inferior
hypophyseal arteries.

Hypothalamic
nerve tract Neurohormones
released

Nerve endings Portal system

Anterior
pituitary

The Neurohormone Concept

The influence of the pituitary by the hypothalamus is achieved by materials secreted in
the cells of the hypothalamus and transported to the pituitary by the portal vessel system.
Indeed, pituitary cell proliferation and gene expression are controlled by hypothalamic pep-
tides and their receptors. In addition to the stalk section experiments cited previously, trans-
plantation of the pituitary to ectopic sites (e.g., under the kidney capsule) results in failure
of gonadal function. With retransplantation to an anatomic site under the median eminence,
followed by regeneration of the portal system, normal pituitary function is regained. This
retrieval of gonadotropic function is not accomplished if the pituitary is transplanted to
other sites in the brain. Hence, there is something very special about the blood draining the
basal hypothalamus. An exception to this overall pattern of positive influence is the control
of prolactin secretion. Stalk secretion and transplantation cause release of prolactin from
the anterior pituitary, implying a negative, inhibitory hypothalamic control. Furthermore,
cultures of anterior pituitary tissue release prolactin in the absence of hypothalamic tissue
or extracts.
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Gonadotropin releasing hormone—
a decapeptide

Neuroendocrine agents originating in the hypothalamus have positive stimulatory effects
on growth hormone, thyroid-stimulating hormone (TSH), adrenocorticotropic hormone
(ACTH), as well as the gonadotropins, and represent the individual neurohormones of the
hypothalamus. The neurohormone that controls gonadotropins is called gonadotropin-re-
leasing hormone (GnRH). The neurohormone that controls prolactin is called prolactin-
inhibiting hormone and is dopamine. Human corticotropin-releasing hormone (CRH) is
a 41 amino acid peptide that is the principal regulator of ACTH secretion, and that also
activates the sympathetic nervous system. As we shall see, CRH can suppress gonadotropin
secretion, an action partly mediated by endorphin inhibition of GnRH.

In addition to their effects on the pituitary, behavioral effects within the brain have been
demonstrated for several of the releasing hormones. Thyrotropin-releasing hormone (TRH)
antagonizes the sedative action of a number of drugs and also has a direct antidepressant
effect in humans. GnRH evokes mating behavior in male and female animals.*

Initially, it was believed that there were two separate releasing hormones, one for follicle-
stimulating hormone (FSH) and another for luteinizing hormone (LH). It is now accepted that
there is a single neurohormone (GnRH) for both gonadotropins. GnRH is a small peptide with
10 amino acids with some variation in the amino acid sequence among various mammals.
Purified or synthesized GnRH stimulates both FSH and LH secretion. The divergent patterns
of FSH and LH in response to a single GnRH are due to the modulating influences of the endo-
crine environment, specifically the feedback effects of steroids on the anterior pituitary gland.

The classic neurotransmitters are secreted at the nerve terminal. Brain peptides require gene
transcription, translation, and posttranslational processing, all within the neuronal cell body. The
final product is transported down the axon to the terminal for secretion. Small neuroendocrine
peptides share common large precursor polypeptides, called polyproteins or polyfunctional
peptides. These proteins can serve as precursors for more than one biologically active peptide.

The gene that encodes for the 92 amino acid precursor protein for GnRH, pro-GnRH, is
located on the short arm of chromosome 8.2 The precursor protein for GhnRH contains (in
the following order) a 23 amino acid signal sequence, the GnRH decapeptide, a 3 amino
acid proteolytic processing site, and a 56 amino acid sequence called GAP (GnRH-asso-
ciated peptide).® GAP is a potent inhibitor of prolactin secretion as well as a stimulator of
gonadotropins; however, a physiologic role for GAP has not been established.* Its primary
role may be to provide appropriate conformational support for GnRH.

It is now apparent that GnRH has autocrine-paracrine functions throughout the body. It is
present in both neural and nonneural tissues, and receptors are present in many extrapi-
tuitary tissues (e.g., the ovarian follicle and the placenta). Although GnRH is identical in
all mammals, other nonmammalian forms exist, indicating that the GnRH molecule has
existed for at least 500 million years.>® The central sequence, Tyr-Gly-Leu-Arg, is the
nonconserved segment of GnRH, the segment with the most variability in other species.
Accordingly, substitutions in this segment are well tolerated.

A second form of GnRH, known as GnRH-11, has been known to exist in many other
species. GNRH-11 consists of the following sequence: pGln-His-Trp-Ser-His-Gly-Trp
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-Tyr-Pro-Gly. Prompted by its existence in other species, a search for its presence in
humans was ultimately successful. A gene encoding GnRH-I1 is located on the human
chromosome 20p13, obviously distinct from the GnRH-1 gene on 8p11.2-p21.” Both
genes produce a peptide with a signal sequence, a GnRH decapeptide, a proteolytic
site, and a GAP. Human GnRH-I1I expression is highest outside the brain. An analysis
of the evolution of GnRH indicates three major forms: GnRH localized to the hypo-
thalamus (GnRH-1), forms in midbrain nuclei and outside the brain (GnRH-II), and
forms in several fish species (GnRH-III), thus indicating appearance of the various
forms before the emergence of vertebrates.” A total of 24 forms of GnRH have been
identified in multiple species, but GnRH-1 and GnRH-II are the primary GnRHSs in
mammals.® GnRH-1 is the main form found in the brain, whereas GnRH-I1 is widely
distributed in other organs.

A hypothalamic 12-amino acid peptide that inhibits pituitary secretion of gonadotropins
was isolated from the brain of the Japanese quail.® This peptide was identified in mammals
as well and labeled gonadotropin-inhibitory hormone (GnlH), but its presence and possible
role in primate reproduction remain to be determined.*°

Perhaps the notion that the pituitary is a master gland should not be discarded. Although
it is highly regulated by input from other sites, its function is essential for sustaining life.
The hormones from the pituitary gland regulate puberty, growth, reproduction, metabo-
lism, osmotic balance, and responses to stress. Pituitary development and activity are
under the control of the hypothalamus (with input from other central nervous system
sites), and pituitary response is finely tuned by hormonal messages from tissues that are
the targets of the pituitary trophic hormones. In addition, the pituitary has its own auto-
crine-paracrine system for enhancement and suppression of growth and function. But the
pituitary gland is the focus for all of this activity, and this central, coordinating role is
critical for normal life.
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Prolactin Secretion

Prolactin gene expression occurs in the lactotropes of the anterior pituitary gland, in
decidualized endometrium, and in the myometrium. The prolactin secreted in these vari-
ous sites is identical, but there are differences in mRNA indicating differences in prolactin
gene regulation.

Transcription of the prolactin gene is regulated by a transcription factor (a protein named
Pit-1) that binds to the 5' promoter region and that is also necessary for growth hormone
and TSH secretion.!* 12 The expression of Pit-1 is in turn regulated by a transcription factor,
Propl (Prophet of Pit-1); mutations in the Propl binding site in the Pit-1 gene result in defi-
ciencies in multiple pituitary hormones.'> ¥ These mutations account for the majority of
inherited cases of combined pituitary hormone deficiency. The remainder arise from muta-
tions involving other transcription factors, specifically HESX1, LHX3, LHX4, TBX19,
SOX2, AND SOX3.14

Prolactin gene transcription is regulated by the interaction of estrogen and glucocorticoid
receptors with 5' flanking sequences. Mutations in the sequences of these flanking regions
or in the gene for the Pit-1 protein can result in the failure to secrete prolactin. The Pit-1
gene is also involved in differentiation and growth of anterior pituitary cells; therefore,
mutations in this gene can lead not only to absent secretion of growth hormone, prolactin,
and TSH but also to an absence of their trophic cells in the pituitary—the result is sig-
nificant hypopituitarism.®> Molecular studies indicate that Pit-1 participates in mediating
both stimulatory and inhibitory hormone signals for prolactin gene transcription. However,
alterations in Pit-1 gene expression are not involved in pituitary tumor formation.'¢

The main function of prolactin in mammals is lactogenesis, whereas, in fish, prolactin
is important for osmoregulation. The prolactin gene from the Chinook salmon contains
coding sequences that are similar to those in mammals, and it is regulated similarly in the
pituitary.'” Pit-1, the pituitary specific transcription factor, therefore, appears to be highly
conserved among species. Sexual arousal and orgasm in men and women produce marked
elevations of circulating levels of prolactin that persist for at least 1 hour, perhaps contrib-
uting to the suppression of sexuality immediately after arousal and orgasm.*8 1°

Prolactin gene expression is further regulated by other species-specific factors. Prolactin
gene transcription is stimulated by estrogen and mediated by estrogen receptor binding to
estrogen-responsive elements. This activation by estrogen requires interaction with Pit-1,
in a manner not yet determined. Proximal promoter sequences are also activated by peptide
hormones binding to cell surface receptors, e.g., TRH and growth factors. In addition, vari-
ous agents that control cyclic AMP and calcium channels can stimulate or inhibit prolactin
promoter activity.

Pituitary secretion of prolactin is chiefly, if not totally, under the inhibitory control of hypo-
thalamic dopamine released into the portal circulation, a tonic inhibition that requires a
high output of dopamine.?’ The action of dopamine in the pituitary is mediated by recep-
tors that are coupled to the inhibition of adenylate cyclase activity. There are 5 forms of
the dopamine receptor divided into 2 functional groups, D, and D,, encoded by a single
gene on chromosome 5 near the growth hormone receptor gene." ? The D, type is the
predominant receptor in the anterior pituitary gland. The structure and function of the dop-
amine receptors are of the G protein system described in Chapter 2. Binding of dopamine
to the receptor leads to suppression of adenylate cyclase and cyclic AMP maintenance of
prolactin gene transcription and prolactin secretion. Other mechanisms are also activated,
including suppression of intracellular calcium levels. Pit-1 binding sites are involved in this

161



SectioN | Reproductive Physiology

dopamine response. In addition to direct inhibition of prolactin gene expression, dopamine
binding to the D, receptor also inhibits lactotroph development and growth. These multiple
effects of dopamine explain the ability of dopamine agonists to suppress prolactin secre-
tion and the growth of prolactin-secreting pituitary adenomas. No activating or inactivating
mutations of the dopamine receptors have been reported.

Several factors exert a stimulatory effect on prolactin secretion (prolactin-releasing
factors), especially TRH, vasoactive intestinal peptide (VIP), epidermal growth factor,
and perhaps GnRH. These factors interact with each other, affecting the overall lactotroph
responsiveness; however, the only important clinical manifestation is the association of
hyperprolactinemia with the elevation in TRH secretion that occurs with hypothyroid-
ism. Prolactin homeostasis is regulated mainly by prolactin itself, feeding back on the
dopamine-releasing neurons.

This dopaminergic mechanism is highly influenced by estrogen, either directly or through
other neurotransmitters. Prolactin secretion can be understood by viewing dopamine
received through the portal system as responsible for tonic inhibition. The dopaminergic
system is stimulated by prolactin (decreasing secretion) and inhibited by estrogen (increas-
ing secretion). Modulating influences include the inhibitory activity of endogenous opioids
on dopamine release and stimulation by many substances, including serotonin and neuro-
peptide Y. Prolactin levels are highest during sleep.

Drugs used to treat psychological disorders are dopamine receptor antagonists. The inhibi-
tory activity of dopamine on pituitary secretion of prolactin is blocked by these drugs, and
prolactin levels increase in the circulation. Some of the newer drugs in this class do not
affect prolactin secretion; these include clozapine, olanzapine, quetiapine, aripiprazole, and
ziprasidone. Risperidone and amisulpride, however, act like the older drugs and increase
prolactin secretion. The differences reflect the ability of each drug to cross the blood-brain
barrier and the variations in affinity for the dopamine receptor.

The Hypothalamus and GnRH Secretion

The hypothalamus is the part of the diencephalon at the base of the brain that forms the
floor of the third ventricle and part of its lateral walls. Within the hypothalamus are pepti-
dergic neural cells that secrete the releasing and inhibiting hormones. These cells share the
characteristics of both neurons and endocrine gland cells. They respond to signals in the
bloodstream, as well as to neurotransmitters within the brain in a process known as neu-
rosecretion. In neurosecretion, a neurohormone or neurotransmitter is synthesized on the
ribosomes in the cytoplasm of the neuron, packaged into a granule in the Golgi apparatus,
and then transported by active axonal flow to the neuronal terminal for secretion into a
blood vessel or across a synapse.

The cells that produce GnRH originate from the olfactory area. By migration during embryo-
genesis, the cells move along cranial nerves connecting the nose and the forebrain to their
primary location, where eventually 1,000-3,000 GnRH-producing cells can be found in
the arcuate nucleus of the hypothalamus extending their axons to the median eminence.?
The GnRH neurons appear in the medial olfactory placode (a thickened plate of ectoderm
from which a sense organ develops) and enter the brain with the nervus terminalis, a cranial
nerve that projects from the nose to the septal-preoptic nuclei in the brain.?* This amazing
journey accounts for Kallmann’s syndrome, an association between an absence of GnRH
and a defect in smell (a failure of both olfactory axonal and GnRH neuronal migration from
the olfactory placode). Three modes of transmission have been documented: X-linked,
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autosomal-dominant, and autosomal-recessive.®® The 5-7-fold increased frequency in
males indicates that X-linked transmission is the most common. The mutations responsible
for this syndrome result in the failure to produce proteins with functions that are necessary
for neuronal migration, anosmin-1 in X-linked forms, a protein that is homologous to mem-
bers of the fibronectin family and responsible for cell adhesion and protease inhibition, and
the receptors for fibroblast growth factor and prokineticin in the autosomal forms.?-2 Nor-
mal GnRH neuron development and migration also depend on receptors that are tyrosine
kinases, and abnormalites in these receptors might explain some clinical cases of GnRH
deficiency.? Like olfactory epithelial cells in the nasal cavity, GhnRH neurons have cilia.®
The olfactory origin and the structural similarity of GnRH neurons and nasal epithelial cells
suggest an evolution from reproduction controlled by pheromones.

Pheromones are airborne chemicals released by one individual that can affect other mem-
bers of the same species. Odorless compounds obtained from the axillae of women in the
late follicular phase of their cycles accelerated the LH surge and shortened the cycles of
recipient women, and compounds from the luteal phase had the opposite effects.®* This
may be one mechanism by which women who are together much of the time have been
reported to exhibit a synchrony in menstrual cycle timing.®>-*® However, the work on men-
strual synchrony has been criticized, emphasizing that methodological problems have led
to incorrect conclusions.®

Inprimates, GnRH cellbodiesare primarily located withinthe medial basal hypothalamus. 384
Most of these cell bodies can be seen within the arcuate nucleus where GnRH is synthe-
sized in GnRH neurons. The GnRH neurons exist in a complex network and are connected
to each other and to many other neurons. This physical arrangement allows multiple inter-
actions with neurotransmitters, hormones, and growth factors to modulate GnRH release.
The delivery of GnRH to the portal circulation is via an axonal pathway, the GnRH tubero-
infundibular tract.

Fibers, identified with immunocytochemical techniques using antibodies to GnRH, can
also be visualized in the posterior hypothalamus, descending into the posterior pituitary,
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and in the anterior hypothalamic area projecting to sites within the limbic system. Using
hybridization techniques, messenger RNA for GnRH has been localized to the same sites
previously identified by immunoreactivity. However, lesions that interrupt GnRH neurons
projecting to regions other than the median eminence do not affect gonadotropin release.
Only lesions of the arcuate nucleus in the monkey lead to gonadal atrophy and amenor-
rhea.** Therefore, the arcuate nucleus can be viewed with the median eminence as a unit,
the key locus within the hypothalamus for GnRH secretion into the portal circulation. The
other GnRH neurons may be important for a variety of behavioral responses.

GnRH Secretion

The half-life of GnRH is only 2—4 minutes. Because of this rapid degradation, combined
with the enormous dilution on entry into the peripheral circulation, biologically effective
amounts of GnRH do not escape the portal system. Therefore, control of the reproduc-
tive cycle depends on constant release of GnRH. This function, in turn, depends on the
complex and coordinated interrelationships among this releasing hormone, other neurohor-
mones, the pituitary gonadotropins, and the gonadal steroids. The interplay among these
substances is governed by feedback effects, both positive stimulatory and negative inhibi-
tory. The long feedback loop refers to the feedback effects of circulating levels of target
gland hormones, and this occurs both in the hypothalamus and the pituitary. The short
feedback loop indicates a negative feedback of pituitary hormones on their own secretion,
presumably via inhibitory effects on releasing hormones in the hypothalamus. Ultrashort
feedback refers to inhibition by the releasing hormone on its own synthesis. These signals
as well as signals from higher centers in the central nervous system may modify GnRH
secretion through an array of neurotransmitters, primarily dopamine, norepinephrine, and
endorphin but also serotonin and melatonin. Dopamine and norepinephrine are synthesized
in the nerve terminals by decarboxylation of dihydroxyphenylalanine (DOPA), which in
turn is synthesized by hydroxylation of tyrosine. Dopamine is the immediate precursor of
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A most useful concept is to view the arcuate nucleus as the central site of action, releas-
ing GnRH into the portal circulation in pulsatile fashion. In a classic series of experi-
ments, it was demonstrated that normal gonadotropin secretion requires pulsatile GnRH
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discharge within a critical range in frequency and amplitude.*? Even pituitary hormone
gene transcription is sensitive to the pulsatile nature of GnRH release.*®

Experimental manipulations have indicated that the critical range of GnRH pulsatile
secretion is rather narrow. The administration (to monkeys) of 1 ung GnRH per minute for
6 minutes every hour (one pulse per hour) produces a portal blood concentration about
equal to the peak concentration of GnRH in human portal blood, about 2 ng/mL. Increas-
ing the frequency to 2 and 5 pulses per hour extinguishes gonadotropin secretion. A similar
decline in gonadotropin secretion is obtained by increasing the dose of GnRH. Decreasing
the pulse frequency decreases LH secretion but increases FSH secretion.

Like GnRH, gonadotropins are also secreted in pulsatile fashion, and, indeed, the pulsatile
pattern of gonadotropin release reflects the pulsatile GnRH pattern.* 4 GnRH and gonado-
tropin secretion are always pulsatile in nature, but an augmentation of the pulsatile pat-
tern of gonadotropin secretion occurs just before puberty with nighttime increases in LH.
After puberty, enhanced pulsatile secretion is maintained throughout the 24-hour period,
but it varies in both amplitude and frequency. In puberty, arcuate activity begins with a
low frequency of GnRH release and proceeds through a cycle of acceleration of frequency,
characterized by passage from relative inactivity, to nocturnal activation, to the full adult
pattern. The progressive changes in FSH and LH reflect this activation of GnRH pulsatile
secretion. Ovarian steroid release is also pulsatile, coordinated with LH pulses, the major
stimulator of ovarian steroidogenesis.®® In the absence of ovarian regulation, the GnRH
pulse frequency is approximately one pulse per hour.*

Timing of GnRH Pulses

The measurement of LH pulses is used as an indication of GnRH pulsatile secretion (the
long half-life of FSH precludes its use for this purpose).* The characteristics of LH pulses
(and presumably of GnRH pulses) during the menstrual cycle are as follows:: 4% %

LH Pulse Mean Amplitude:

Early follicular phase 6.5 IU/L.
Midfollicular phase 5.0 IU/L.
Late follicular phase 7.2 1U/L.
Early luteal phase 15.0 IU/L.
Midluteal phase 12.2 IU/L.
Late luteal phase 8.0 IU/L.
LH Pulse Mean Frequency:
Early follicular phase 90 minutes.
Late follicular phase 60-70 minutes.
Early luteal phase 100 minutes.
Late luteal phase 200 minutes

Pulsatile secretion is more frequent but lower in amplitude during the follicular phase com-
pared with the luteal phase. The slowing of GnRH pulse frequencies in the late luteal phase
is an important change, favoring FSH synthesis and secretion; therefore, allowing the rise
in FSH essential for the next cycle.* An increase in frequency and amplitude in mid-cycle
GnRH pulsatile secretion favors the surge of LH necessary for ovulation and the beginning
of the luteal phase.

It should be emphasized that these numbers are not inviolate. There is considerable vari-
ability between and within individuals, and a wide normal range exists.5? Despite the
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handicap of the long half-life, it has been ascertained that FSH secretion is correlated with
LH secretion. The changes in amplitude are relatively small; therefore, increasing and
decreasing circulating levels of the gonadotropins are affected mostly by changes in pulse
frequency. During the luteal-follicular transition, pulse frequency increases approximately
4.5-fold.*® In rodents, the frequency of GnRH pulses determines which gonadotropin sub-
unit gene will be preferentially expressed.>

The anterior pituitary gland and GnRH neurons have an intrinsic pulsatile pattern. Although
pulses of significant amplitude are linked to GnRH, small-amplitude pulses of high fre-
quency represent spontaneous secretion from the anterior pituitary (at least as demonstrated
in isolated pituitary glands in vitro).>* It is not known whether this has any importance
physiologically, and, at the present time, the pituitary secretory pattern is thought to reflect
GnRH. The pulsatile secretion of GnRH correlates with episodic GhRH-1 gene expression
in the hypothalamus.® A promoter site in the GnRH-I gene is responsible for the pulsatile
nature of the secretions, regulated by the usual array of transcription factors.

Control of GnRH Pulses

Normal menstrual cycles require the maintenance of the pulsatile release of GnRH within a
critical range of frequency and amplitude. Pulsatile, rhythmic activity is an intrinsic prop-
erty of GnRH neurons, and the effect of various hormones and neurotransmitters must be
viewed as modulating actions.®

I The Dopamine Tract

Cell bodies for dopamine synthesis can be found in the arcuate and periventricular nuclei.
The dopamine tuberoinfundibular tract arises within the medial basal hypothalamus and its
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The administration of dopamine by intravenous infusion to men and women is associated
with a suppression of circulating prolactin and gonadotropin levels.>” Dopamine does not
exert a direct effect on gonadotropin secretion by the anterior pituitary; thus, this effect is
mediated through GnRH release in the hypothalamus. Dopamine is directly secreted into
the portal blood, thus behaving like a neurohormone. Therefore, dopamine may directly
suppress arcuate GnRH activity and also be transported via the portal system to directly
and specifically suppress pituitary prolactin secretion. The hypothalamic tuberoinfundib-
ular dopamine pathway is not the only dopamine pathway in the CNS, and it is only one
of two major dopamine pathways in the hypothalamus. But it is this pathway that directly
participates in the regulation of prolactin secretion. In addition, prolactin delivered to the
intermediate lobe of the pituitary suppresses melanocyte-stimulating hormone release.

The Norepinephrine Tract

Most of the cell bodies that synthesize norepinephrine are located in the mesencephalon
and lower brainstem. These cells also synthesize serotonin. Axons for amine transport
ascend into the medial forebrain bundle to terminate in various brain structures including
the hypothalamus.

The biogenic catecholamines modulate GnRH pulsatile release.%® Norepinephrine is thought
to exert stimulatory effects on GnRH, whereas dopamine and serotonin exert inhibitory
effects. For an understanding of clinical problems, it is best to view dopamine as an inhibi-
tor of both GnRH and prolactin. Little is known, however, about the role of serotonin. The
probable mode of action of catecholamines is to influence the frequency (and perhaps the
amplitude) of GnRH discharge. Thus, pharmacologic or psychologic factors that affect
pituitary function probably do so by altering catecholamine synthesis or metabolism and,
thus, the pulsatile release of GnRH.
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INeuropeptideY

Neuropeptide Y is an important peptide in the mechanism by which leptin and insulin
inform the hypothalamus about the nutritional state of an individual. The secretion and
gene expression of neuropeptide Y in hypothalamic neurons are regulated by gonadal
steroids.® Neuropeptide Y stimulates appetite and the pulsatile release of GnRH; in the
pituitary it potentiates gonadotropin response to GnRH.% It, thus, may facilitate pulsatile
secretion of GnRH and gonadotropins. In the absence of estrogen, neuropeptide Y inhibits
gonadotropin secretion. Because undernutrition is associated with an increase in neuropep-
tide Y (see Chapter 19) and increased amounts have been measured in cerebrospinal fluid
of women with anorexia and bulimia nervosa, neuropeptide Y is viewed as at least one link
between nutrition and reproductive function.®: 62 The level of the neuroendocrine activity
involved in reproduction is sensitive to an individual’s energy state, or more simply, to the
availability of sufficient body fuel to support reproduction.
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I Kisspeptins

Kisspeptins are peptides encoded by the gene Kissl that is expressed in the hypothalamus.
Kisspeptin and its G-protein receptor, GPR54, are essential for the normal development of
puberty.® This signaling pathway is involved in the activation of GnRH neurons and GnRH
secretion.5 % The kisspeptin neurons contain estrogen and progesterone receptors, and are
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involved not only in puberty but in the changes associated with ovulatory cycles, in at least
one pathway by which the sex steroids affect GnRH secretion.

Pituitary Gonadotropin Secretion

The gene for the a subunit of the gonadotropins is expressed in both the pituitary and
placenta. The B subunit for human chorionic gonadotropin (hCG) is expressed in the pla-
centa but only minimally (and with alterations in structure) in the pituitary, whereas the LH
B subunit, as expected, is expressed in the pituitary but not significantly in the placenta.®® ¢
Studies of gonadotropin gene expression confirm the relationships established by earlier
studies. The sex steroids decrease and castration increases the rate of gonadotropin gene
transcription as reflected by the levels of specific messenger RNAs. In addition, the sex ste-
roids can act at the membrane level, affecting the interaction of GnRH with its receptor.

Both LH and FSH are secreted by the same cell, the gonadotrope, localized primarily in the
lateral portions of the pituitary gland and responsive to the pulsatile stimulation by GnRH.
GnRH is calcium dependent in its mechanism of action and utilizes inositol 1,4,5-triphosphate
(IP,) and 1,2-diacylglycerol (1,2-DG) as second messengers to stimulate protein kinase and
cyclic AMP activity (Chapter 2).%° These responses require a G protein receptor and are asso-
ciated with cyclical release of calcium ions from intracellular stores and the opening of cell
membrane channels to allow entry of extracellular calcium. Thus, calmodulin, protein kinase,
and cyclic AMP are mediators of GnRH action. Gonadotrope gene transcription is mediated
by several transcription factors, providing a mechanism by which the various subunits of
FSH and LH can be synthesized and secreted by the same cell.” The rate-limiting step for the
secretion of FSH and LH is the synthesis of the beta-subunits of each gonadotropin.

The GnRH type | receptor, a member of the G protein family, is encoded by a gene on chro-
mosome 14q13.1-g21.1. 72 The location of the type Il receptor is uncertain; in the marmo-
set, it is on chromosome 1q.7 The exact roles of the two GnRHs and GnRH receptors in the
human are yet to be determined. GnRH receptors are regulated by many agents, including
GnRH itself, inhibin, activin, and the sex steroids.” The number of GnRH receptors available
is significantly regulated by the frequency of GnRH pulses. The signaling pathways include
the induction and modification of stimulatory and inhibitory transcription factor proteins. No
mutations in the GnRH gene have been described in patients with hypogonadotropic hypog-
onadism; however, multiple mutations in the GnRH receptor gene have been reported.

Synthesis of gonadotropins takes place on the rough endoplasmic reticulum. The hormones
are packaged into secretory granules by the Golgi cisternae of the Golgi apparatus and then
stored as secretory granules. Secretion requires migration (activation) of the mature secre-
tory granules to the cell membrane where an alteration in membrane permeability results in
extrusion of the secretory granules in response to GnRH. The rate-limiting step in gonado-
tropin synthesis is the GnRH-dependent availability of the beta subunits.

Binding of GnRH to its receptor in the pituitary activates multiple messengers and responses.
The immediate event is a secretory release of gonadotropins, whereas delayed responses
prepare for the next secretory release. One of these delayed responses is the self-priming
action of GnRH that leads to even greater responses to subsequent GnRH pulses due to
a complex series of biochemical and biophysical intracellular events. This self-priming
action is important to achieve the large surge in secretion at midcycle; it requires estrogen
exposure, and it can be augmented by progesterone. This important action of progesterone
depends on estrogen exposure (for an increase in progesterone receptors) and activation
of the progesterone receptor by GnRH-stimulated phosphorylation. This latter action is an
example of cross-talk between peptide and steroid hormone receptors.
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Five different types of secretory cells coexist within the anterior pituitary gland: gonad-
otropes, lactotropes, thyrotropes, somatotropes, and corticotropes. Autocrine and para-
crine interactions combine to make anterior pituitary secretion subject to more compli-
cated control than simply reaction to hypothalamic-releasing factors and modulation by
feedback signals. Substantial experimental evidence exists to indicate stimulatory and
inhibitory influences of various substances on the pituitary secretory cells. Although
the GnRH system is a primary mechanism, other hypothalamic peptides can influence
GnRH secretion. Peptides can interact with GnRH at the pituitary; peptides can be
transported to the pituitary gland where they can directly affect the gonadotropes (e.g.,
oxytocin, CRH, and neuropeptide Y) or indirectly have an effect on FSH and LH secre-
tion by stimulating the release of active substances within the pituitary (e.g., glalanin,
interleukins). Autocrine-paracrine activities involve peptides synthesized by pituitary
cells.

The Intrapituitary Autocrine-Paracrine System

Intrapituitary cytokines and growth factors provide an autocrine-paracrine system for regu-
lating pituitary cell development and replication as well as pituitary hormone synthesis
and secretion. The pituitary contains the familiar cast of substances encountered in organs
throughout the body, including the interleukins, epidermal growth factor, fibroblast growth
factors, the insulin-like growth factors, nerve growth factor, activin, inhibin, endothelin, and
many others.”>77 As in most tissues, the interaction among these substances is a complex
story, but the activin-inhibin mechanism deserves emphasis.
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Activin, Inhibin, and Follistatin

Activin and inhibin are peptide members of the transforming growth factor-B family.”
Inhibin consists of two dissimilar peptides (known as alpha and beta subunits) linked by
disulfide bonds. Two forms of inhibin (inhibin-A and inhibin-B) have been purified, each
containing an identical alpha subunit and distinct but related beta subunits. Thus, there are
three subunits for inhibins: alpha, beta-A, and beta-B. Each subunit is a product of different
messenger RNA; therefore, each is derived from its own large precursor molecule.

Inhibin is secreted by granulosa cells, but messenger RNA for the alpha and beta chains
has also been found in pituitary gonadotropes.™ Inhibin selectively inhibits FSH but not LH
secretion. Indeed, while suppressing FSH synthesis, inhibin may enhance LH activity.® &
Cells actively synthesizing LH respond to inhibin by increasing GnRH receptor number;
FSH dominant cells are suppressed by inhibin.® Inhibin has little or no effect on growth
hormone, ACTH, and prolactin production. The mechanism of FSH inhibition may be
secondary to inhibin competing with activin for the activin receptor.

Activin, also derived from granulosa cells, but present as well in the pituitary gonadotro-
pes, contains two subunits that are identical to the beta subunits of inhibins A and B. In
addition, activins have been identified with variants of the beta subunits, designated as
beta-C, beta-D, and beta-E.® The activin beta-C and beta-E genes have been demonstrated
to be nonessential in mouse knockout models.® Activin augments the secretion of FSH
and inhibits prolactin, ACTH, and growth hormone responses.&. -8 Activin increases pitu-
itary response to GnRH by enhancing GnRH receptor formation.’ # The effects of activin
are blocked by inhibin and follistatin.t8 The roles for inhibin and activin in regulating the
events of the menstrual cycle are discussed in Chapter 6. In contrast to inhibin’s major role
in suppressing FSH secretion, activin has a broad range of activities, involving bone, neu-
rons, wound healing, and autocrine-paracrine functions in many organs.

The Formsof Inhibin
Inhibin-A: Alpha-BetaA
Inhibin-B: Alpha-BetaB

The Formsof Activin
Activin-A: BetaA-BetaA
Activin-AB: BetaA-BetaB
Activin-B: BetaB-BetaB
Activin-C: Beta, Beta,
Activin-AC:  Beta,-Beta,
Activin-E: Beta_-Beta,

Follistatin is a peptide secreted by a variety of pituitary cells, including the gonadotropes.
This peptide has also been called FSH-suppressing protein because of its main action:
inhibition of FSH synthesis and secretion and the FSH response to GnRH, by binding to
activin and in that fashion decreasing the activity of activin.®® ° Activin stimulates follista-
tin production, and inhibin prevents this response.

In summary, GnRH stimulates gonadotropin synthesis and secretion, as well as activin,
inhibin, and follistatin. Activin enhances and follistatin suppresses GnRH activity.
Evidence in vivo and in vitro indicates that gonadotropin response to GnRH requires
activin activity, and gonadotropin response can be blocked by follistatin.®>=* This
relationship contributes to the down-regulation of pituitary gonadotropin secretion by
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prolonged GnRH stimulation. Increasing GnRH pulsatile frequency first increases FSH
production, and, then with high frequency or continuous GnRH stimulation, follistatin
production is increased.®? Selective synthesis and secretion of FSH can be explained by
the decrease in the inhibiting factors, inhibin and follistatin, allowing activin to enhance
the actions of GNRH, involving the transcription factors that promote FSH beta subunit
expression.®® LH secretion is primarily regulated by GnRH, without involvement of the
inhibin-activin-follistatin system.
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The Endogenous Opiates

The most fascinating peptide group is the endogenous opioid peptide family.® B-Lipotropin
is a 91 amino acid molecule that was first isolated from the pituitary in 1964. Its function
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remained a mystery for more than 10 years until receptors for opioid compounds were
identified, and, by virtue of their existence, it was postulated that endogenous opioid com-
pounds must exist and serve important physiologic roles. Endorphin was a word coined to
denote morphine-like action and endogenous origin in the brain.

Opiate production is regulated by gene transcription and the synthesis of precursor peptides
and at a posttranslational level where the precursors are processed into the various bioac-
tive smaller peptides.®” All opiates derive from one of three precursor peptides.

Proopiomelanaocortin (POM C)—the source of endorphins.
Proenkephalin A and B—the source of several enkephalins.
Prodynor phin—yields dynorphins.

POMC was the first precursor peptide to be identified. It is made in the anterior and
intermediate lobes of the pituitary; in the hypothalamus and other areas of the brain; in
the sympathetic nervous system; and in other tissues including the gonads, the placenta,
the gastrointestinal tract, and the lungs. The highest concentration is in the pituitary
gland.

Proopiomelanocortin is split into two fragments, an ACTH intermediate fragment
and B-lipotropin. B-Lipotropin has no opioid activity but is broken down in a series
of steps to B-melanocyte-stimulating hormone (3-MSH), enkephalin; and a-, y-, and
B-endorphins. Melanocyte-stimulating hormone acts in lower animals to stimulate mel-
anin granules within cells, causing darkening of the skin. In humans, there is no known
function.

Enkephalin and the a- and y-endorphins are as active as morphine on a molar basis,
whereas B-endorphin is 5-10 times more potent. In the adult pituitary gland, the major
products are ACTH and B-lipotropin, with only small amounts of endorphin. Thus, ACTH
and B-lipotropin blood levels show similar courses, and they are major secretion prod-
ucts of the anterior pituitary in response to stress. In the intermediate lobe of the pituitary
(which is prominent only during fetal life), ACTH is cleaved to CLIP (corticotropin-like
intermediate lobe peptide) and B-MSH. In the placenta and adrenal medulla, POMC pro-
cessing yields a-MSH-like and B-endorphin peptides. B-Endorphin has also been detected
in the ovaries and in the testes.

In the brain, the major products are the opiates, with little ACTH. In the hypothalamus
the major products are -endorphin and a-MSH in the region of the arcuate nucleus and
the ventromedial nucleus. The pituitary opiate system is a system for secretion into the
circulation whereas the hypothalamic opiate system allows for distribution via axons to
regulate other brain regions and the pituitary gland.

B-Endorphin is appropriately considered a neurotransmitter, a neurohormone, and a neu-
romodulator. B-Endorphin influences a variety of hypothalamic functions, including regu-
lation of reproduction, temperature, and cardiovascular and respiratory function, as well
as extrahypothalamic functions such as pain perception and mood. POMC gene expres-
sion in the anterior pituitary is controlled mainly by corticotropin-releasing hormone and
influenced by the feedback effects of glucocorticoids. In the hypothalamus, regulation of
POMC gene expression is via the sex steroids.® In the absence of sex steroids, little, if any,
secretion occurs.

Proenkephalin A is produced in the adrenal medulla, the brain, the posterior pituitary,
the spinal cord, and the gastrointestinal tract. It yields several enkephalins: methionine-
enkephalin, leucine-enkephalin, and other variants. The enkephalins are the most widely
distributed endogenous opioid peptides in the brain and are probably mainly involved
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as inhibitory neurotransmitters in the modulation of the autonomic nervous system.
Prodynorphin, found in the brain (concentrated in the hypothalamus) and the gastrointes-
tinal tract, yields dynorphin, an opioid peptide with high analgesic potency and behavioral
effects, as well as a-neoendorphin, B-neoendorphin, and leumorphin. The last 13 amino
acids of leumorphin constitute another opioid peptide, rimorphin. The prodynorphin prod-
ucts probably function in a fashion similar to endorphin.

It is simpler to say that there are three classes of opiates: enkephalin, endorphin, and
dynorphin.

Opioid peptides are able to act through different receptors, although specific opiates bind
predominantly to one of the various receptor types. Naloxone, used in most human studies,
does not bind exclusively to any one receptor type, and, thus, results with this antagonist
are not totally specific. Localization of opioid receptors explains many of the pharmaco-
logic actions of the opiates. Opioid receptors are found in the nerve endings of sensory
neurons, in the limbic system (site of euphoric emotions), in brainstem centers for reflexes
such as respiration, and widely distributed in the brain and the spinal cord.

I Opioid Peptides and the Menstrual Cycle

The opioid tone is an important part of menstrual function and cyclicity.® Although estra-
diol alone increases endorphin secretion, the highest levels of endorphin occur with sequen-
tial therapy of both estradiol and progesterone (in ovariectomized monkeys). Endogenous
endorphin levels, therefore, increase throughout the cycle from nadir levels during menses
to highest levels during the luteal phase. Normal cyclicity, thus, requires sequential periods
of high (luteal phase) and low (during menses) hypothalamic opioid activity.
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A reduction in LH pulse frequency is linked to increased endorphin release.® Naloxone
increases both the frequency and the amplitude of LH pulses. Thus, the endogenous opi-
ates inhibit gonadotropin secretion by suppressing the hypothalamic release of GnRH.
Opiates have no effect on the pituitary response to GnRH. The gonadal steroids mod-
ify endogenous opioid activity, and the negative feedback of steroids on gonadotropins
appears to be mediated by endogenous opiates. Because the fluctuating levels of endog-
enous opiates in the menstrual cycle are related to the changing levels of estradiol and
progesterone, it is attractive to speculate that the sex steroids directly stimulate endog-
enous opioid receptor activity. There is an absence of opioid effect on postmenopausal and
oophorectomized levels of gonadotropins, and the response to opiates is restored with the
administration of estrogen, progesterone, or both.°* Both estrogen and progesterone alone
increase endogenous opiates, but estrogen enhances the action of progesterone, which
could explain the maximal suppression of GnRH and gonadotropin pulse frequency during
the luteal phase.X21% In pubertal boys and girls, however, naloxone could not prevent the
suppression of LH by estradiol administration, indicating that in this circumstance estra-
diol may directly inhibit GnRH secretion.'%+1% Nevertheless, the evidence overall indicates
that endogenous opiates exert an inhibiting influence over GnRH secretion.'% The negative
feedback of progesterone on GnRH secretion (the major mechanism for the inhibition of
ovulation associated with progestin contraception) is definitely partly mediated by endog-
enous opiates but also by other neural mechanisms not yet determined.X

The inhibiting tone of endogenous opiates is reduced at the time of the ovulatory surge,
allowing a release from suppression.i® This is probably a response to estrogen, specifically
an estrogen-induced decrease in opioid receptor binding and opioid release.1%: 11

Experiments with naloxone administration suggest that the suppression of gonadotropins
during pregnancy and the recovery during the postpartum period reflect steroid-induced
opioid inhibition, followed by a release from central opioid suppression.

The principal endogenous opiates affecting GnRH release are B-endorphin and dynorphin,
and it is probable that the major effect is modulation of the catecholamine pathway, prin-
cipally norepinephrine. The action does not involve dopamine receptors, acetylcholine
receptors, or alpha-adrenergic receptors. On the other hand, endorphin may affect GnRH
release directly, without the involvement of any intermediary neuroamine.

Because a-MSH counteracts the effects of B-endorphin, posttranslational processing of
POMC can affect hypothalamic-pituitary function by altering the amounts of a-MSH
and B-endorphin.t** This introduces another potential site for neuroendocrine regula-
tion of reproductive function. Gonadal hormones likely have multiple sites for feedback
signals.

Clinical Implications
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A change in opioid inhibitory tone is not important in the changes of puberty because
the responsiveness to naloxone does not develop until after puberty. A change in opioid
tone does seem to mediate the hypogonadotropic state seen with elevated prolactin levels,
exercise, and other conditions of hypothalamic amenorrhea, whereas endogenous opioid
inhibition does not seem to play a causal role in delayed puberty or hereditary problems
such as Kallmann’s syndrome.''2 1* Treatment of patients with hypothalamic amenorrhea
(suppressed GnRH pulsatile secretion) with a drug (naltrexone) that blocks opioid recep-
tors restores normal function (ovulation and pregnancy).'** Thus, the reduced GnRH secre-
tion associated with hypothalamic amenorrhea is mediated by an increase in endogenous
opioid inhibitory tone.
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Experimental evidence indicates that corticotropin-releasing hormone (CRH) inhibits
hypothalamic GnRH secretion, both directly and by augmenting endogenous opioid
secretion. Women with hypothalamic amenorrhea demonstrate hypercortisolism, sug-
gesting that this is the pathway by which stress interrupts reproductive function.'** Math-
ematical analysis of the associations among FSH, LH, B-endorphin and cortisol pulses
support the existence of significant functional coupling between the neuroregulatory
systems that control the gonadal and adrenal axes.!** The CRH gene contains two seg-
ments that are similar to estrogen response elements, allowing estrogen enhancement
of CRH activity, perhaps explaining the greater vulnerability of the reproductive axis to
stress in females.''” Besides the CRH-induced inhibition of GnRH release, the increase
in cortisol generated by CRH stimulation of pituitary ACTH secretion also contributes
to the suppression of reproduction; cortisol directly inhibits pituitary responsiveness to
GnRH.1®

Cumming concluded that most studies indicate an exercise-induced increase in endog-
enous opiates, but a significant impact on mood remains to be substantiated.’* He noted
that runners’ high is more common in California than in Canada (euphoria is hard to come
by when running in below freezing temperatures!).

Administration of morphine, enkephalin analogs, and B-endorphin causes release of pro-
lactin. The effect is mediated by inhibition of dopamine secretion in the tuberoinfundibular
neurons in the median eminence. Most studies have reported no effect of naloxone on
basal, stress-induced, or pregnant levels of prolactin nor on secretion by prolactinomas.
Thus, a physiologic role for endogenous opioid regulation of prolactin does not appear to
exist in men and women. However, suppression of GnRH secretion associated with hyper-
prolactinemia does appear to be mediated by endogenous opiates.?

Every pituitary hormone appears to be modulated by opiates. Physiologic effects are
important with ACTH, gonadotropins, and possibly vasopressin. Opioid compounds
have no direct action on the pituitary nor do they alter the action of releasing hormones
on the pituitary.

POMC-like mRNA is present in the ovary and the placenta.' Expression is regulated by
gonadotropins in the ovary but not in the placenta. Reasons for endorphin presence in these
tissues are not yet apparent. High concentrations of all of the members of the POMC family
are found in human ovarian follicular fluid, but only B-endorphin shows significant changes
during the menstrual cycle, reaching highest levels just before ovulation.?

Catecholestrogens

The enzyme that converts estrogens to catecholestrogens (2-hydroxylase) is richly con-
centrated in the hypothalamus; hence there are higher concentrations of catecholestrogens
than estrone and estradiol in the hypothalamus and pituitary gland. Catecholestrogens have
two faces, a catechol side and an estrogen side. Because catecholestrogens have two faces,
they have the potential for interacting with both catecholamine and estrogen-mediated sys-
tems.!?® To be specific, catecholestrogens can inhibit tyrosine hydroxylase (which would
decrease catecholamines) and compete for catechol-o-methyltransferase (which would
increase catecholamines). Because GnRH, estrogens, and catecholestrogens are located
in similar sites, it is possible that catecholestrogens may serve to interact between cat-
echolamines and GnRH secretion. However, these functions remain speculative because a
definite role for catecholsteroids has not been established.
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SUMMARY: Control of GhRH Pulses

The key concept is that normal menstrual function requires GnRH pulsatile secretionin a
critical range of frequency and amplitude.**“¢:12¢ The normal physiology and pathophys-
iology of the menstrual cycle, at least in terms of central control, can be explained
by mechanisms that affect the pulsatile secretion of GnRH. The pulses of GnRH are
directly under the influence of a dual catecholaminergic system: norepinephrine facili-
tatory and dopamine inhibitory. In turn, the catecholamine system can be influenced by
endogenous opioid activity. The feedback effects of steroids can be mediated through
this system via catecholsteroid messengers or directly by influencing the various neu-
rotransmitters.
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GnRH Agonists and Antagonists

The short half-life of GnRH is due to rapid cleavage of the bonds between amino acids
5-6, 67, and 9-10. By altering amino acids at these positions, analogues of GnRH can
be synthesized with different properties. Substitution of amino acids at the 6 position or
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replacement of the C-terminal glycine-amide (inhibiting degradation) produces agonists.
The GnRH agonists are administered either intramuscularly or subcutaneously or by intra-
nasal absorption. An initial agonistic action (the so-called flare effect) is associated with
an increase in the circulating levels of FSH and LH. This response is greatest in the early
follicular phase when GnRH and estradiol have combined to create a large reserve pool of
gonadotropins. After 1-3 weeks, desensitization and down-regulation of the pituitary pro-
duce a hypogonadotropic, hypogonad state. The initial response is due to desensitization,
whereas the sustained response is due to loss of receptors and the uncoupling of the receptor
from its effector system. Furthermore, postreceptor mechanisms lead to secretion of bio-
logically inactive gonadotropins, which, however, can still be detected by immunoassay.

Suppression of pituitary secretion of gonadotropins by a GnRH agonist can be used for the
treatment of endometriosis, uterine leiomyomas, precocious puberty, or the prevention of
menstrual bleeding in special clinical situations (e.g., in thrombocytopenic patients).

GnRH antagonists are synthesized with multiple amino acid substitutions. GnRH antago-
nists bind to the GnRH receptor and provide competitive inhibition of the naturally occur-
ring GnRH. Thus, GnRH antagonists produce an immediate decline in gonadotropin levels
with an immediate therapeutic effect within 24-72 hours. The early products either lacked
potency or were associated with undesirable side effects due to histamine release. Products
are now available for use in the treatment of endometriosis, prostate cancer, precocious
puberty, and female infertility.

Gonadotropin releasing
hormone

TT T conr,

Endopeptidase Carboxyamide

peptidase
GnRH agonists @ @

The GnRH analogues cannot escape destruction if administered orally. Higher doses
administered subcutaneously can achieve nearly equal effects as observed with intrave-
nous and intramuscular treatment; however, the smaller blood peaks are slower to develop
and take longer to return to baseline. Other forms of administration include nasal spray,
sustained-release implants, and injections of biodegradable microspheres. With the nasal
route, absorption enhancers have to be added to increase bioavailability; these agents pro-
duce considerable nasal irritation. The depot formulations of GnRH agonists are adminis-
tered intramuscularly and monthly.
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GnRH Agonists and Antagonists in Clinical Use

Position 1 2 3 4 5 6 7 8 9 10
Native GnRH-I  pGlu  His Trp Ser Tyr Gly Leu Arg Pro Gly-NH,
Native GnRH-Il  pGlu  His Trp Ser His Gly Trp  Tyr Pro Gly-NH,
Leuprolide D-Leu NH-Ethylamide
Buserelin D-Ser (tertiary butanol) NH-Ethylamide
Nafarelin D-Naphthylalanine (2)
Histrelin D-His (tertiary benzyl) NH-Ethylamide
Goserelin D-Ser (tertiary butanol) Aza-Gly
Deslorelin D-Trp NH-Ethylamide
Triptorelin D-Trp
Abarelix D-Ala  D-Phe D-Ala D-Asp Lys-(iPr) D-Ala
Cetrorelix D-Nal D-Phe D-Pal D-Cit D-Ala
Ganirelix D-Nal D-Phe D-Pal D-hArg hArg D-Ala
Tanycytes

A significant pathway for hypothalamic influence may be via the cerebrospinal fluid (CSF).
Tanycytes are specialized ependymal cells whose ciliated cell bodies line the third ventricle
over the median eminence. The cells terminate on portal vessels, and they can transport
materials from ventricular CSF to the portal system, e.g., substances from the pineal gland,
or vasopressin, or oxytocin. Tanycytes change morphologically in response to steroids and
exhibit morphologic changes during the ovarian cycle.

Tanycyte

/\ﬁ pituitary pathway

Posterior

A\

Systemic
venous system

2N
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The Posterior Pituitary Pathway

The posterior pituitary is a direct prolongation of the hypothalamus via the pituitary stalk,
whereas the anterior pituitary arises from pharyngeal epithelium that migrates into posi-
tion with the posterior pituitary. Separate neurosecretory cells in both the supraoptic and
paraventricular nuclei make vasopressin and oxytocin as parts of large precursor molecules
that also contain the transport peptide, neurophysin.!? Both oxytocin and vasopressin con-
sist of nine amino acid residues, two of which are half cystines forming a bridge between
positions 1 and 6. In the human, vasopressin contains arginine, unlike animals that have
lysine vasopressin. The neurophysins are polypeptides with a molecular weight of about
10,000. There are two distinct neurophysins, estrogen-stimulated neurophysin known as
neurophysin | and nicotine-stimulated neurophysin, known as neurophysin 11.

The genes for oxytocin and vasopressin are closely linked on chromosome 20, derived
from a common ancestor about 400 million years ago.!?® The transcriptional activity of
these genes is regulated by endocrine factors, such as the sex steroids and thyroid hormone,
through hormone-response elements located upstream. The neurons secrete two large pro-
tein molecules, a precursor called pro-pressophysin, which contains vasopressin and its
neurophysin, and a precursor called pro-oxyphysin, which contains oxytocin and its neu-
rophysin.t? Neurophysin I is specifically related to oxytocin, and neurophysin Il accompa-
nies vasopressin. Because of this unique packaging, the hormones and their neurophysins
are stored together and released at the same time into the circulation. The neurophysins are
cleaved from their associated neurohormones during axonal transport from the neuronal
cell bodies in the supraoptic and paraventricular nuclei to the posterior pituitary. The only
known function for the neurophysins is axonal transport for oxytocin and vasopressin.
Mutations in the gene encoding the precursor prohormone protein produce an alteration in
the neurophysin, preventing the conformational shape necessary for transport of vasopres-
sin to the pituitary gland and resulting in diabetes insipidus.t?" 128

1

Oxytocin Arginine-Vasopressin
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The posterior pathway is complex and not limited to the transmission of vasopressin and
oxytocin to the posterior pituitary. The transportation of vasopressin and oxytocin to the
posterior pituitary occurs via nerve tracts that emanate from the supraoptic and paraventric-
ular nuclei and descend through the median eminence to terminate in the posterior pituitary.
However, these hormones are also secreted into the cerebrospinal fluid and directly into the
portal system. Therefore, vasopressin and oxytocin can reach the anterior pituitary and
influence ACTH secretion (in the case of vasopressin), and gonadotropin secretion (in the
case of oxytoxin). Vasopressin cooperates with corticotropin-releasing hormone to cause
an increased yield of ACTH. Vasopressin and oxytocin-like materials are also found in the
ovary, the oviduct, the testis, and the adrenal gland, suggesting that these neurohypophy-
seal peptides have roles as paracrine or autocrine hormones.!?® The concentrations of these
substances in the cerebrospinal fluid exhibit a circadian rhythm (with peak levels occur-
ring during the day), suggesting a different mechanism for CSF secretion compared with
posterior pituitary release.*

Neurophysin Il is called nicotine neurophysin because the administration of nicotine
or hemorrhage increases the circulating levels. Neurophysin | is called estrogen neuro-
physin because estrogen administration increases the levels in the peripheral blood, and
peak levels of both neurophysin | and oxytocin are found at the time of the LH surge.™
Oxytocin neurons and vasopressin neurons have been demonstrated in the rat to contain
the estrogen receptor-f3.1*2 The rise in estrogen neurophysin begins 10 hours after the rise
in estrogen and precedes that of the LH surge, and the elevation of neurophysin lasts longer
than the LH surge. Because GnRH and oxytocin are competing substrates for hypotha-
lamic degradation enzymes, it has been hypothesized that oxytocin in the portal blood at
the midcycle can inhibit the metabolism of GnRH, thus increasing the amount of GnRH
available. Furthermore, oxytocin may have direct actions on the pituitary, ovary, uterus,
and fallopian tube during ovulation.

Neurophysin-containing pathways have been traced from the hypothalamic nuclei to vari-
ous centers in the brainstem and the spinal cord. In addition, behavioral studies suggest a
role for vasopressin in learning and memory. Administration of vasopressin has been asso-
ciated with improvement in memory in brain-damaged human subjects and enhanced cog-
nitive responses (learning and memory) in both young, normal individuals and depressed
patients.

Both oxytocin and vasopressin circulate as the free peptides with a rapid half-life (initial
component less than 1 minute, second component of 2-3 minutes). Three major stimuli
for vasopressin secretion are changes in osmolality of the blood, alterations in blood vol-
ume, and psychogenic stimuli such as pain and fear. The osmoreceptors are located in the
hypothalamus; the volume receptors are in the left atrium, aortic arch, and carotid sinus.
Angiotensin Il also produces a release of vasopressin, suggesting another mechanism for
the link between fluid balance and vasopressin. Cortisol may modify the osmotic threshold
for the release of vasopressin.

The major functions of vasopressin mainly involve the regulation of osmolality and blood
volume, but also the release of insulin and ACTH, and influences on behavioral responses
such as memory.!* Vasopressin is a powerful vasoconstrictor and antidiuretic hormone.
Vasopressin release increases when plasma osmolality rises and is inhibited by water
loading (resulting in diuresis). Diabetes insipidus is a condition marked by loss of water
because of a lack of vasopressin action in the tubules of the kidney, secondary to a defect
in synthesis or secretion of vasopressin. The opposite condition is the continuous and
autonomous secretion of vasopressin, the syndrome of inappropriate ADH (antidiuretic
hormone) secretion. This syndrome, with its resultant retention of water, is associated with
a variety of brain disorders and with the production of vasopressin and its precursor by
malignant tumors.
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Oxytocin stimulates muscular contractions in the uterus and myoepithelial contractions in
the breast. Thus, it is involved in parturition and the letdown of milk. The release of oxyto-
cin is so episodic that it is described as spurts. Ordinarily, there are about three spurts every
10 minutes. Oxytocin is released during coitus, probably by the Ferguson reflex (vaginal
and cervical stimulation) but also by olfactory, visual, and auditory pathways. Perhaps
oxytocin has some role in muscle contractions during orgasm.** In the male, release of
oxytocin during coitus may contribute to sperm transport during ejaculation. Oxytocin
is also released in specific areas of the brain, especially the ventromedial hypothalamus
where it can act to inhibit appetite and stimulate sexual behavior.**

Using sensitive assays, an increase in maternal levels of oxytocin can be detected prior
to parturition, occurring at first only at night.*** 37 Once labor has begun, oxytocin levels
rise significantly, especially during the second stage. Thus, oxytocin may be important
for developing the more intense uterine contractions. Extremely high concentrations of
oxytocin can be measured in the cord blood at delivery, and release of oxytocin from the
fetal pituitary may also be involved in labor. However, this is controversial, and studies
in monkeys fail to indicate a role for fetal oxytocin in parturition.*® Part of the contri-
bution of oxytocin to parturition is the stimulation of prostaglandin synthesis in decidua
and myometrium.®*® Cervical dilation appears to be dependent on oxytocin stimulation
of prostaglandin production, probably in the decidua. The greater frequency of labor and
delivery at night may be due to greater nocturnal oxytocin secretion.*® In addition, oxyto-
cin is synthesized in the amnion, chorion, and, significantly, in the decidua.**® This locally
produced oxytocin may be a significant stimulus for myometrial and membrane production
of prostaglandins.

It is likely that oxytocin action during the initial stages of labor depends on myometrial
sensitivity to oxytocin in addition to the levels of oxytocin in the blood. The concentration
of oxytocin receptors in the myometrium is low in the nonpregnant state and increases
steadily throughout gestation (an 80-fold increase), and, during labor, the concentration
doubles. This receptor concentration correlates with the uterine sensitivity to oxytocin.**
The mechanism for the increase is unknown, but it likely is due to a change in the prosta-
glandin and hormonal milieu of the uterus. The local production and effects of oxytocin,
estrogen, and progesterone combine in a complicated process of autocrine, paracrine, and
endocrine actions to result in parturition.

Oxytocin is released in response to suckling, mediated through impulses generated at the
nipple and transmitted via the third, fourth, and fifth thoracic nerves to the spinal cord
and to the hypothalamus. In addition to causing milk ejection, the reflex is responsible for
the uterine contractions associated with breastfeeding. Opioid peptides inhibit oxytocin
release, and this may be the means by which stress, fear, and anger inhibit milk output in
lactating women. Oxytocin is also expressed in many tissues where it exerts autocrine-
paracrine actions.

The Brain and Ovulation

Classic studies in a variety of rodents indicated the presence of feedback centers in the
hypothalamus that responded to steroids with the release of GnRH. The release of GnRH
was the result of the complex, but coordinated, relationships among the neurohormones,
the pituitary gonadotropins, and the gonadal steroids designated by the time-honored terms
positive and negative feedback.
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FSH levels were thought to be largely regulated by a negative inhibitory feedback relation-
ship with estradiol. For LH, both a negative inhibitory feedback relationship with estradiol
and a positive stimulatory feedback with high levels of estradiol were demonstrated. The
feedback centers were located in the hypothalamus and were called the tonic and cyclic
centers. The tonic center controlled the day-to-day basal level of gonadotropins and was
responsive to the negative feedback effects of sex steroids. The cyclic center in the female
brain was responsible for the midcycle surge of gonadotropins, a response mediated by
the positive feedback of estrogen. Specifically, the midcycle surge of gonadotropins was
thought to be due to an outpouring of GnRH in response to the positive feedback action of
estradiol on the cyclic center of the hypothalamus.

This classic concept was not inaccurate. The problem was that the concept accurately
described events in the rodent, but the mechanism is different in the primate. Neuroen-
docrine genetic expression studies based on rodents duplicate the earlier studies, and once
again support a hypothalamic “center” as the primary locus for sex steroid actions, but the
primate operates differently.

In the primate, the “center” for the midcycle surge of gonadotropins moved from the hypo-
thalamus to the pituitary. Experiments in the monkey demonstrated that GnRH, originating
in the hypothalamus, plays a permissive and supportive role. Its pulsatile secretion is an
important prerequisite for normal pituitary function,'? but the feedback responses regulat-
ing gonadotropin levels are controlled by ovarian steroid feedback on the anterior pituitary
cells.

The present concept is derived from experiments in which the medial basal hypothalamus
was either destroyed* or the hypothalamus was surgically separated from the pituitary.*4
In a typical (and now classic) experiment, lesion of the medial basal hypothalamus by
radiofrequency waves was followed by loss of LH levels as the source of GnRH was elimi-
nated.”* Administration of GnRH in a pulsatile fashion by an intravenous pump restored
LH secretion. The administration of estradiol was then able to produce both negative and
positive feedback responses, actions that certainly must be directly on the anterior pituitary
because the hypothalamus was absent and GnRH was being administered in a steady and
unchanging frequency and dose.

Negative Positive
feedback feedback

MBH lesion

Ovariectomy

l- GnRH pulse 6 min./hr.

Estradiol

Administration of GnRH intravenously as a bolus produces an increase in blood levels of LH
and FSH within 5 minutes, reaching a peak in about 20—-25 minutes for LH and 45 minutes for
FSH. Levels return to pretreatment values after several hours. When administered by constant
infusion at submaximal doses, there is first a rapid rise with a peak at 30 minutes, followed by
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a plateau or fall between 45 and 90 minutes, and then a second and sustained increase at 225
240 minutes. This biphasic response suggests the presence of two functional pools of pitu-
itary gonadotropins.* The readily releasable pool (secretion) produces the initial response,
and the later response is dependent on a second, reserve pool of stored gonadotropins.
There are three principal positive actions of GnRH on gonadotropin elaboration:

1. Synthesis and storage (the reserve pool) of gonadotropins.

2. Activation—movement of gonadotropins from the reserve pool to a pool ready
for direct secretion, a self-priming action.

3. Immediate release (direct secretion) of gonadotropins.

Activation

Secretion, synthesis, and storage change during the cycle. At the beginning of the cycle,
when estrogen levels are low, both secretion and storage levels are low. With increasing
levels of estradiol, a greater increase occurs in storage, with little change in secretion. Thus,
in the early follicular phase, estrogen has a positive effect on the synthesis and storage
response, building up a supply of gonadotropins to meet the requirements of the midcycle
surge. Premature release of gonadotropins is prevented by a negative (inhibitory) action of
estradiol on the pituitary secretory response to GnRH.
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As the midcycle approaches, subsequent responses to GnRH are greater than initial
responses, indicating that each response not only induces release of gonadotropins but
also activates the storage pool for the next response. This sensitizing or priming action of
GnRH also involves an increase in the number of its own receptors and requires the pres-
ence of estrogen.#2 142 Estrogen itself is capable of increasing the number of GnRH recep-
tors.8% 44 The rise in estrogen at midcycle prepares the gonadotrope to further respond to
GnRH.

Because the midcycle surge of LH can be produced in the experimental monkey in the
absence of a hypothalamus and in the face of unchanging GnRH, the ovulatory surge
of LH is believed to be a response to positive feedback action of estradiol on the ante-
rior pituitary. When the estradiol level in the circulation reaches a critical concentration
and this concentration is maintained for a critical time period, the inhibitory action on
LH secretion changes to a stimulatory action. The mechanism of this steroid action is
not known with certainty, but experimental evidence suggests that the positive feedback
action involves many mechanisms, including an increase in GnRH receptor concentration
and an increase in pituitary sensitivity to GnRH. This action of estrogen is classically
referred to as positive feedback, but it can also be viewed as an acute decrease in inhibi-
tory influences.

The negative feedback of estrogen operates through different systems; at the pituitary level,
estrogen inhibition of FSH secretion is associated with decreasing pituitary expression of
activin.}#>148 |n addition, estradiol directly inhibits the FSH beta subunit gene by influencing
corepressor proteins (adapter proteins) to bind to the gene and suppress transcription.#

What a logical mechanism! The midcycle surge must occur at the right time of the cycle to
ovulate a ready and waiting mature follicle. What better way to achieve this extreme degree
of coordination and timing than by the follicle itself, through the feedback effects of the sex
steroids originating in the follicle destined to ovulate.

The presence of GnRH is certainly essential; the administration of a GnRH antagonist to
women at midcycle prevents the LH surge.’®® GnRH is increased in the peripheral blood
of women and the portal blood of monkeys at midcycle.’ Although this increase may not
be absolutely necessary (as demonstrated in the monkey experiments), studies do indicate
that increased activity is occurring in both the hypothalamus and the pituitary.146: 152-154
Therefore, although the system can operate with only an unwavering, permissive action of
GnRH, fine-tuning probably takes place by means of simultaneous effects on GnRH pul-
satile secretion and pituitary response to GnRH. This is supported by gonadotropin gene
expression studies, indicating steroid effects at both the hypothalamus and the pituitary.*%®
The upstream region of the LH B-subunit gene binds the estrogen receptor, providing a
means for direct steroid hormone modulation in the pituitary.®

The effect of estrogen on the hypothalamic release of GnRH was confusing at first because
initial studies failed to detect the presence of estrogen receptors in GnRH neurons. 1%
Later studies identified the more recently discovered estrogen receptor-, and experiments
in knockout mice indicated that estrogen receptor-f mediates estrogen effects on GnRH
neurons.*®-162 Finally, more sophisticated methods and the knockout model demonstrated
that both alpha and beta estrogen receptors are present in GnRH neurons and are involved
in cyclic changes in GnRH release.’®*1% The human GnRH gene contains a hormone-
responsive element that binds estrogen and its receptor.?®® In molecular studies, estrogen
decreased messenger RNA for GnRH-II but increased messenger RNA for GnRH-1.2¢7 In
vivo studies in the sheep have demonstrated that estradiol has both negative and positive
feedback effects on hypothalamic GnRH secretion and that a GnRH surge is involved in
the preovulatory LH surge.’®®-1° In monkeys, estrogen treatment decreases GnRH gene
expression.t™ There no longer is any question that estrogen can regulate the activity of the
hypothalamic GnRH neurons.!"
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Influencing the hypothalamic frequency of GnRH secretion can in turn influence pituitary
response to GnRH. Faster or slower frequencies of GnRH pulses result in lower GnRH
receptor numbers in the pituitary.t”® Thus, a critical peak frequency is necessary for peak
numbers of GnRH receptors and the peak midcycle response. Here is a method for the
fine-tuning at both the hypothalamus (pulse frequency) and the pituitary (receptor number).
Indeed, turning off the surge may involve down-regulation because of excessive GnRH.
Studies in sheep indicate that a surge of GnRH at the time of the LH surge is associated
with a switch from episodic secretion to continuous secretion into the portal circulation,
producing the high exposure known to result in down-regulation.™

The differential response of FSH and LH, arising from the same pituitary cell, to the fre-
quency of GnRH pulses is a consequence of the interplay among the regulating factors:
the classic endocrine effects of estrogen, progesterone, and inhibin and the autocrine/para-
crine actions of activin and follistatin.”® The biphasic response of FSH, in particular, is
modulated by the balance of activin and follistatin, created by the effects of estrogen and
inhibin.

Another aspect of gonadotropin secretion is clinically important. A disparity exists
between the quantity of gonadotropins measured during the midcycle surge as deter-
mined by immunoassay and bioassay. More FSH and LH are secreted at midcycle in a
molecular form with greater biologic activity.}”® 17 There is a well-established relation-
ship between the activity and half-life of glycoprotein hormones and molecular composi-
tion (see Chapter 2, under “Heterogeneity” of tropic hormones). The estrogen influence
on gonadotropin synthesis is an additional method for maximizing the biologic effects
of the midcycle surge. The bioactivity is also very dependent on pulsatile stimulation
by GnRH. In addition to the change at midcycle that favors gonadotropin activity at the
ovarian follicle, FSH isoforms with greater biologic activity also increase during the late
luteal phase, a change that is appropriately geared toward propelling new ovarian follicle
growth for the next cycle.!™®

The midcycle surge of FSH has an important clinical purpose. A normal corpus luteum
requires the induction of an adequate number of LH receptors on granulosa cells, a specific
action of FSH. In addition, FSH accomplishes important intrafollicular changes neces-
sary for the physical expulsion of the ovum. The midcycle surge of FSH, therefore, plays
a critical role in ensuring ovulation and a normal corpus luteum. Emerging progesterone
secretion, just prior to ovulation, is the key.

Progesterone, at low levels and in the presence of estrogen, augments the pituitary secre-
tion of LH and is responsible for the FSH surge in response to GnRH.17*-%82 As the rising
levels of LH produce the morphologic change of luteinization in the ovulating follicle,
the granulosa layer begins to secrete progesterone directly into the bloodstream. The pro-
cess of luteinization is inhibited by the presence of the oocyte; therefore, progesterone
secretion is relatively suppressed, ensuring that only low levels of progesterone reach the
brain.

After ovulation, rapid and full luteinization is accompanied by a marked increase in pro-
gesterone levels, which, in the presence of estrogen, exercise a profound negative feed-
back action to suppress gonadotropin secretion. This action of progesterone takes place
in two locations, the hypothalamus and the pituitary.’®3% There definitely is a central
action to decrease GnRH.* An important role for progesterone is to mediate the slow-
ing of GNRH pulses in the late luteal phase, favoring the rise in FSH necessary to initiate
the next cycle.® Progesterone fails to block estradiol-induced gonadotropin discharges in
monkeys with hypothalamic lesions if pulsatile GnRH replacement is provided. There-
fore, high levels of progesterone inhibit ovulation at the hypothalamic level. In contrast,
the facilitatory action of low levels of progesterone is exerted only at the pituitary on the
response to GnRH.
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Pulsatile GnRH secretion must be within a critical range for frequency and
concentration (amplitude). This is absolutely necessary for normal reproduc-
tive function.

GnRH has only positive actions on the anterior pituitary: synthesis and storage,
activation, and secretion of gonadotropins. The gonadotropins are secreted in
a pulsatile fashion in response to the similar pulsatile release of GnRH.

Lower GnRH pulse frequencies favor FSH secretion, and higher GnRH pulse
frequencies favor LH secretion.

Low levels of estrogen enhance FSH and LH synthesis and storage, have little
effect on LH secretion, and inhibit FSH secretion.
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5. High levels of estrogen induce the LH surge at midcycle, and high steady
levels of estrogen lead to sustained elevated LH secretion.

6. Low levels of progesterone acting at the level of the pituitary gland enhance
the LH response to GnRH and are responsible for the FSH surge at midcycle.

7. High levels of progesterone inhibit pituitary secretion of gonadotropins by
inhibiting GnRH pulses at the level of the hypothalamus. In addition, high
levels of progesterone can antagonize pituitary response to GnRH by interfer-
ing with estrogen action.

The Pineal Gland

Although no physiologic role has been firmly established in the human, the reproductive
functions of the hypothalamus may also be under inhibitory control of the brain via the
pineal gland. The pineal arises as an outgrowth of the roof of the third ventricle, but soon
after birth it loses all afferent and efferent neural connections with the brain. Instead, the
parenchymal cells receive a new and unusual sympathetic innervation that allows the pineal
gland to be an active neuroendocrine organ that responds to photic and hormonal stimuli
and exhibits circadian rhythms,187-1¢°

The neural pathway begins in the retina and passes through the suprachiasmatic and para-
ventricular nuclei in the hypothalamus to the inferior accessory optic tracts and the medial
forebrain bundle to the upper spinal cord. Preganglionic fibers terminate at the superior
cervical ganglion, and postganglionic sympathetic nerves terminate directly on pineal
cells. Interruption of this pathway gives the same effect as darkness, which is an increase
in pineal biosynthetic activity.

Hydroxyindole-o-methyltransferase (HIOMT), an enzyme essential for melatonin synthe-
sis, is found mainly in pineal parenchymal cells, and its products are essentially unique
to the pineal. Norepinephrine stimulates tryptophan entry into the pineal cell and also
adenylate cyclase activity in the membrane. The resulting increase in cyclic AMP leads
to N-acetyltransferase activity, the rate-limiting step in melatonin synthesis. Tryptophan
is converted by the combined action of N-acetyltransferase and HIOMT into melatonin
(N-acetyl-5-methoxytryptamine). Thus, melatonin synthesis is controlled by norepineph-
rine stimulation of adenylate cyclase, and the norepinephrine is liberated by sympathetic
stimulation due to the absence of light. HIOMT is also found in the retina where melatonin
may serve to regulate the pigment in retinal cells and in the intestine. However, pinealec-
tomy completely eliminates detectable levels of melatonin in the circulation. Calcification
of the pineal gland is common. It is frequently present in young children, and almost all
elderly people have pineal calcification.

The association of hyperplastic pineal tumors with decreased gonadal function and destruc-
tive tumors with precocious puberty suggested that the pineal is the source of gonadal inhib-
iting substances. However, pineal mechanisms cannot be absolutely essential for gonadal
function. Normal reproductive function returns to the pinealectomized rat several weeks
after pinealectomy; blind women have normal fertility, and pinealectomy in a primate did
not affect pubertal development.t®
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DARKNESS— INCREASED MELATONIN - DECREASED GnRH

A rat in constant light develops a small pineal with decreased HIOMT and melatonin,
while the ovarian weight increases. A rat in constant dark has the opposite result, increased
pineal size, HIOMT, and melatonin, with decreased ovarian weight and pituitary function.
A rhythm is established in pineal HIOMT activity by the presence or absence of light. Short
days and long nights with increased melatonin secretion result in gonadal atrophy, and this
is the major mechanism governing seasonal breeding.*** 2 In humans, melatonin secretion
increases after darkness peaks in the middle of the night, and then decreases. This rhythm is
endogenous, originating in the suprachiasmatic nucleus. Light does not cause the rhythm,
but influences its timing.

Possible roles in humans may be to give circadian rhythmicity to other functions such
as temperature and sleep. In all vertebrates tested so far, there is a daily and seasonal
rhythm in melatonin secretion: high values during the dark and low during light, greater
secretion in the winter compared with the summer. Desynchronization with travel across
time zones may contribute to the symptom complex known as jet lag. Melatonin ingestion
improves both the duration and quality of sleep, but the optimal timing of administration
is unknown. 8. 198

The pineal, therefore, serves as an interface between the environment and
hypothalamic-pituitary function. In order to correctly interpret day length, animals require
a daily rhythm in melatonin secretion. This coordination of temporal, environmental infor-
mation is especially important in seasonal breeders. This pineal rhythm appears to require
the suprachiasmatic nucleus, perhaps the site at which pineal function and light changes
are coordinated.

Melatonin is synthesized and secreted by the pineal gland and circulates in the blood like a
classical hormone. It affects distant target organs, especially the neuroendocrine centers of
the central nervous system. Whether melatonin is secreted primarily into the CSF or blood
is still debated, but most evidence favors blood. Melatonin may reach the hypothalamus
from the CSF by way of tanycyte transport.

The gonadal changes associated with melatonin are mediated via the hypothalamus and
suggest a general suppressive effect on GnRH pulsatile secretion and reproductive func-
tion.?** In humans, melatonin blood levels are highest in the first year of life (with highest
levels at night), and then decrease with age, eventually releasing, some claim, the suppres-
sion of GnRH prior to puberty.*! This hypothesis is challenged by the association of blind-
ness in human females with an age of menarche that is earlier than normal.** Furthermore,
pinealectomy in monkeys does not affect puberty.’*®® Others have failed to find a decrease
in melatonin levels with aging.1%

Pineal activity can be viewed as the net balance between hormone- and neuron-mediated
influences. The pineal contains receptors for the active sex hormones, estradiol, tes-
tosterone, dihydrotestosterone, progesterone, and prolactin. Furthermore, the pineal
converts testosterone and progesterone to the active 5a-reduced metabolites, and
androgens are aromatized to estrogens. The pineal also appears to be unique in that
a catecholamine neurotransmitter (norepinephrine), interacting with cell membrane
receptors, stimulates cellular synthesis of estrogen and androgen receptors. In general,
however, the sympathetic activity producing the circadian rhythm takes precedence
over hormonal effects.

Despite a variety of suggestive leads, there is no definitive evidence for a role of the pineal
in humans. Nevertheless the important relationship between light exposure and circadian
rhythms continues to focus attention on the pineal gland as a coordinator.®” There is a
seasonal distribution in human conception in northern countries with a decrease in ovarian
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activity and conception rates during the dark winter months.*8 1% In addition, the pineal
can disrupt normal gonadal function. A male with delayed puberty due to hypogonado-
tropism has been described, who had an enlarged, hyperfunctional pineal gland.?®® Over
time, his melatonin levels spontaneously decreased, and normal pituitary-gonadal func-
tion developed. Elevated nocturnal levels of melatonin have been reported in patients with
hypothalamic amenorrhea and in women with anorexia nervosa, but this increase is prob-
ably a consequence of low estrogen levels, and not etiologic.194 2%

A possible influence of the pineal gland may be the synchronization of menstrual cycles
noted among women who spend time together. A significant increase in synchronization of
cycles was first reported in 1971 among roommates and among closest friends in the first
4 months of residency in a dormitory of a women’s college.®> A similar increase in syn-
chrony has been observed in women coworkers in occupations characterized by levels of
interdependency that were equal to or greater than the levels of encountered job stress and
in Bedouin families in which women live together for many years.® % However, efforts to
replicate these results have not always been successful.**22 There is some evidence that the
timing of ovulation can be affected by axillary human pheromones.3 202

Melatonin is available in 1- and 5-mg doses that produce blood levels that are 10 to
100 times higher than normal nighttime peaks.'® 1% The effects include increased sleepi-
ness and decreased alertness. No data are available regarding long-term consequences on
reproductive function.

A number of other indoles (also derivatives of tryptophan) have been identified in the
pineal gland. Biologic roles for these indoles remain elusive, but one in particular has been
extensively investigated. Arginine vasotocin differs from oxytocin by a single amino acid
in position 8 and from vasopressin by a single amino acid in position 3. In general, arginine
vasotocin has an inhibitory action on the gonads and pituitary secretion of prolactin and
LH. Nevertheless a precise role continues to be evasive.

Gonadotropin Secretion Through Fetal Life,
Childhood, and Puberty

We have often considered the endocrine events during puberty as an awakening, a beginning.
However, endocrinologically, puberty is not a beginning but just another stage in a devel-
opment that began at conception. The development of the anterior pituitary in the human
starts between the fourth and fifth weeks of fetal life, and by the 12th week of gestation
the vascular connection between the hypothalamus and the pituitary is functional. Gonado-
tropin production has been documented throughout fetal life, during childhood, and into
adult life.?* Remarkable levels of FSH and LH, similar to postmenopausal levels, can be
measured in the fetus. GnRH is detectable in the hypothalamus by 10 weeks of gestation,
and by 10-13 weeks when the vascular connection is complete, FSH and LH are produced
in the pituitary. The peak pituitary concentrations of FSH and LH occur at about 20-23
weeks of intrauterine life, and peak circulating levels occur at 28 weeks.

The increasing production rate of gonadotropins until midgestation reflects the growing
ability of the hypothalamic-pituitary axis to perform at full capacity. Beginning at midges-
tation, there is an increasing sensitivity to inhibition by steroids and a resultant decrease in
gonadotropin secretion. Full sensitivity to steroids is not reached until late in infancy. The
rise in gonadotropins after birth reflects loss of the high levels of placental steroids. Thus,
in the first year of life there is considerable follicular activity in the ovaries in contrast to
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later in childhood when gonadotropin secretion is suppressed. Furthermore, the postnatal
rise in gonadotropins is even greater in infants born prematurely.

Testicular function in the fetus can be correlated with the fetal hormone patterns. Initial
testosterone production and sexual differentiation are in response to the fetal levels of hCG,
whereas further testosterone production and masculine differentiation are maintained by
the fetal pituitary gonadotropins. Decreased testosterone levels in late gestation reflect
the decrease in gonadotropin levels. The fetal generation of Leydig cells somehow avoids
down-regulation and responds to high levels of hCG and LH by increased steroidogenesis
and cell multiplication. This generation of cells is replaced by the adult generation that
becomes functional at puberty and responds to high levels of hCG and LH with down-
regulation and decreased steroidogenesis.

There is a sex difference in fetal gonadotropin levels. There are higher pituitary and cir-
culating FSH and LH levels in female fetuses. The lower male levels are due to testicular
testosterone and inhibin production. In infancy, the postnatal FSH rise is more marked and
more sustained in females, whereas LH values are not as high. This early activity is accom-
panied by inhibin levels comparable to the low range observed during the follicular phase
of the menstrual cycle.? After the postnatal rise, gonadotropin levels reach a nadir during
early childhood (by about 6 months of age in males and 1-2 years in females) and then rise
slightly between 4 and 10 years. The difference between males and females is notable; in
the female the suppression of gonadotropins begins later in childhood, is less intense than
in the male, and the duration of suppression is shorter in females. The difference is believed
to reflect the presence of testosterone in males.

This childhood period is characterized by low levels of gonadotropins in the pituitary and
in the blood, little response of the pituitary to GnRH, and maximal hypothalamic suppres-
sion. This low level of activity is not maintained by the ovaries or testes because gonadal
removal results in little change. Children without gonads experience this same low level of
activity.?®® A central inhibitory force must be operating within the brain, awaiting a signal
to initiate puberty.

The central inhibitory force restrains GnRH pulsatile secretion. The mechanism involves
several neurotransmitters: GABA (y-amino butyric acid), neuropeptide Y, and kisspeptin.
GABA release in the hypothalamus declines as GnRH secretion increases at the onset of
puberty, and blockade of GABA synthesis or activity can initiate puberty in monkeys.2". 208
Neuropeptide Y is recognized as an inhibitory neurotransmitter on GnRH pulsatility.?®
Kisspeptins is a newly appreciated neuroendocrine regulator of reproduction.?® Mutations
of the G-protein receptor for Kisspeptins results in hypogonadotropic hypogonadism and
a failure to enter puberty; these patients respond to either exogenous gonadotropins or
GnRH. Kisspeptin expression is found in the arcuate nucleus of the hypothalamus and
increases just prior to the resurgence of GnRH pulsatile secretion at puberty.?!! These are
some of the signals involved, but the precise trigger that senses maturation and initiates the
events of puberty remains elusive.

In girls, the first steroids to rise in the blood are dehydroepiandrosterone (DHEA) and its
sulfate (DHEAS) beginning at 6-8 years of age, shortly before FSH begins to increase.
Estrogen levels, as well as LH, do not begin to rise until 9-12 years of age. If the onset of
puberty is triggered by the first hormone to increase in the circulation, then a role for adre-
nal steroids must be considered. However, there is no evidence to suggest that the adrenal
steroids are necessary for the proper timing of puberty, and adrenarche is independent; it
is not controlled by the same mechanism that turns on the gonads.?? Indeed, a longitudi-
nal study concluded that increasing adrenal steroid activity reflects gradually increasing
maturation with aging, without a sudden change associated with puberty.?*® Neither is there
a definite relationship demonstrated between melatonin secretion and puberty. Because
the studies have focused on the amount of melatonin secreted rather than the rhythm of

194



CHarTER 5 Neuroendocrinology

secretion, this question remains open. Nutritional status influences reproductive function,
and the leptin system of communication probably contributes to the onset of puberty, but it
is unlikely that it is the primary signal (discussed in Chapter 19). Leptin circulating levels
can indicate readiness for puberty, in this case, an indication of an adequate amount of fat
tissue in the body to support the metabolic requirements of reproduction.?** Indeed, a more
logical concept is to view puberty as the coming together of multiple systems and influ-
ences, including genetic, metabolic, and hormonal factors.
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Prior to puberty, gonadotropin levels are low but still associated with pulses (although quite
irregular).?® This prepubertal restraint involves brain peptides, especially y-aminobutyric
acid (GABA) and neuropeptide Y.%° 216 The clinical onset of puberty is preceded by an
increase in pulse frequency, amplitude, and regularity, especially during the night.% 217-220
At the time of appearance of secondary sex characteristics, the mean LH levels are 2 to
4 times higher during sleep than during wakefulness. This pattern is not present before or
after puberty and is an early sign of changes taking place in the hypothalamus, where there
is increasing coordination of GnRH neurons with increasing GnRH pulsatile secretion.
This pattern can be detected in individuals who develop increasing and decreasing degrees
of hypothalamic suppression (e.g., in individuals with worsening and improving anorexia
nervosa). FSH levels plateau by midpuberty, whereas LH and estradiol levels continue to
rise until late puberty. Biologically active LH has been found to rise proportionately more
than immunoreactive LH with the onset of puberty.

The rise of gonadotropins at puberty must be independent of the gonads because the same
response can be observed in patients with gonadal dysgenesis (who lack functional steroid-
producing gonadal tissue). Adolescent girls with Turner syndrome (45,X) also demonstrate
augmented gonadotropin secretion during sleep.??* Thus, maturation at puberty must involve
changes in the hypothalamus that are independent of ovarian steroids.

The maturational change in the hypothalamus is followed by an orderly and predictable
sequence of events. Increased GnRH secretion leads to increased pituitary responsiveness
to GnRH (a combination of steroid influence on the pituitary and a frequency effect of
GnRH pulses on GnRH receptor numbers), leading to increasing production and secretion
of gonadotropins. Increased gonadotropins are responsible for follicular growth and devel-
opment in the ovary and increased sex steroid levels. The rising estrogen contributes to
achieving an adult pattern of pulsatile GnRH secretion, finally leading to cyclic menstrual
patterns.

The trend toward lowering of the menarcheal age and the period of acceleration of
growth has slowed, but continued. In a 10-year prospective study of middle class
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American girls in the 1970s, the mean age of menarche was 12.83.222 Studies analyzing
data from the National Health and Nutrition Examination Survey (NHANES) have
observed a 2.3 month decrease in the average age of menarche between surveys for the
years 1988-1994 (12.53 years) and 1999-2002 (12.34 years), and an overall 4.9 month
decrease since 1960.22° The decrease in age of menarche has been observed in all ethnic
groups, declining from 12.57 to 12.52 years in non-Hispanic white girls, from 12.09 to
12.06 years for non-Hispanic black girls, and from 12.24 to 12.09 for Hispanic Ameri-

can girls.0
Ethnic Group Mean Age of Menarche
Black girls 12.06 years
Mexican-American girls 12.09 years
White girls 12.52 years

The age of onset of puberty is variable and influenced by genetic factors, socioeconomic
conditions, and general health. The earlier menarche today compared with the past is
undoubtedly due to improved nutrition and better health. It has been suggested that initia-
tion of growth and menarche occur at a particular body weight (48 kg) and percent of body
fat (17%).22* It is thought that this relationship reflects a required stage of metabolism.
Although this hypothesis of a critical weight is a helpful concept, the extreme variability
in onset of menarche indicates that there is no particular age or size at which an individual
girl should be expected to experience menarche.

In the female, the typical sequence of events is growth initiation, thelarche, pubarche, and
finally menarche. This generally begins sometime between 8 and 14 years of age. The
length of time involved in this evolution is usually 2—4 years. During this time span, puberty
is said to occur. Individual variation in the order of appearance of this sequence is great. For
example, growth of pubic hair and breast development are not always correlated.

Puberty is due to the reactivation of the hypothalamic-pituitary axis, once fully active
during fetal life but suppressed during childhood. If the systems are potentially respon-
sive, what holds function in check until puberty? The hypothalamic-pituitary-gonadal
system is operative prior to puberty but is extremely sensitive to sex steroids and, there-
fore, suppressed. However, the typical “diphasic” pattern of gonadotropin secretion from
infancy to puberty results primarily from changing levels of central inhibition of pulsatile
GnRH secretion, and to a lesser extent, from a high sensitivity to low levels of gonadal
steroid feedback. Negative feedback of steroids cannot be the sole explanation for the
low gonadotropin levels in children because agonadal children show the same decline in
gonadotropins from age 2 to 6 as do normal children.??® This indicates an intrinsic CNS
inhibitory mechanism independent of gonadal steroids. Therefore, the restraint of puberty
can be viewed as the result of two forces:

1. A CNS inhibitory force, a mechanism suppressing GnRH pulsatile secretion.

2. A very sensitive negative feedback of gonadal steroids (6—15 times more sensi-
tive before puberty).

Because agonadal children show a rise in gonadotropins at pubertal age following suppres-
sion to a nadir during childhood, the dominant mechanism must be a CNS inhibitory force.
The initial maturational change in the hypothalamus would then be a decrease in this inhib-
itory influence. A search for this mechanism continues. Some have argued that, rather than
a chronic state of inhibition prior to puberty, the GnRH neurons exist in an unrestrained but
uncoordinated pattern of activity that prevents adequate secretion.
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The pubertal changes result in increasing GnRH pulsatile secretion, leading to increasing
gonadotropin production and ovarian stimulation, and finally to increasing estrogen levels.
The reason that FSH is the first gonadotropin to rise at puberty is that arcuate activity begins
with a low frequency of GnRH pulses. This is associated with a rise in FSH and little change
in LH. With acceleration of frequency, FSH and LH reach adult levels. In addition, there is a
qualitative change as a greater increase occurs in the bioactive forms of the gonadotropins.

The development of the positive feedback response to estrogen occurs later. This explains
the well-known finding of anovulation in the first months (as long as 18 months) of men-
struation. There are frequent exceptions, however, and ovulation can occur even at the time
of menarche.

Don’t think of puberty as being turned on by a controlling center in the brain but rather as
a functional confluence of all factors. This is more a concept than an actual locus of action.
The overall result of this change in the hypothalamus is the development of secondary sex
characteristics, attainment of adult set-point levels, and the ability to reproduce. Neoplas-
tic and vascular disorders that alter hypothalamic sensitivity can reverse the prepubertal
threshold restraint and lead to precocious puberty.

All references are available online at: http://www.clinicalgynendoandinfertility.com
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Regulation of the Menstrual

Cycle

3

M any superstitious beliefs have surrounded menstruation throughout recorded

history. Indeed, attitudes and ideas about this aspect of female physiology have changed
slowly. Hopefully, the scientific progress of the last few decades, which has revealed the
dynamic relationships between the pituitary and gonadal hormones and the cyclic nature of
the normal reproductive process, will yield a better understanding. The hormone changes,
correlated with the morphologic and autocrine-paracrine events in the ovary, make the
coordination of this system one of the most remarkable events in biology.

The diagnosis and management of abnormal menstrual function must be based on an
understanding of the physiologic mechanisms involved in the regulation of the normal
cycle. To understand the normal menstrual cycle, it is helpful to divide the cycle into three
phases: the follicular phase, ovulation, and the luteal phase. We will examine each of these
phases, concentrating on the changes in ovarian and pituitary hormones, what governs the
pattern of hormone changes, and the effects of these hormones on the ovary, pituitary, and
hypothalamus in regulating the menstrual cycle.

The Follicular Phase

During the follicular phase an orderly sequence of events takes place that ensures the
proper number of follicles is ready for ovulation. In the human ovary the end result of
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thisfollicular development is (usually) one surviving mature follicle. This process, which
occurs over the space of 10-14 days, features a series of sequential actions of hormones
and autocrine-paracrine peptides on the follicle, leading the follicle destined to ovulate
through a period of initial growth from a primordial follicle through the stages of the pre-
antral, antral, and preovulatory follicle.

The Primordial Follicle

The primordia germ cells originate in the endoderm of the yolk sac, allantois, and hindgut
of the embryo, and by 5-6 weeks of gestation, they have migrated to the genital ridge.
A rapid mitotic multiplication of germ cellsbeginsat 6-8 weeks of pregnancy, and by 16-20
weeks, the maximum number of oocytesis reached: atotal of 67 million in both ovaries.
The primordial follicle is non-growing and consists of an oocyte, arrested in the diplotene
stage of meiotic prophase, surrounded by a single layer of spindle-shaped granulosa cells.

Until their numbers are exhausted, follicles begin to grow and undergo atresia under all
physiologic circumstances. Growth and atresia are not interrupted by pregnancy, ovulation,
or periods of anovulation. This dynamic process continues at all ages, including infancy
and around the menopause. From the maximum number at 16-20 weeks of pregnancy,
the number of oocytes will irretrievably decrease. The rate of decrease is proportional to
the total number present; thus, the most rapid decrease occurs before birth, resulting in a
decline from 6—7 million to 2 million at birth and to 300,000 at puberty. From this large
reservoir, about 400 follicles will ovulate during awoman's reproductive years.

The mechanism for determining which folliclesand how many will start growing during any one
cycleis unknown. The number of follicles that starts growing each cycle appesars to be depen-
dent upon the size of the residua pool of inactive primordia follicles® Reducing the size of
the pool (e.g., unilateral oophorectomy) causes the remaining follicles to redistribute their
availability over time. It is possible that the follicle which is singled out to play the leading
rolein aparticular cycleisthe beneficiary of atimely match of follicle “readiness’ (perhaps
prepared by autocrine-paracrine actions in its microenvironment) and appropriate tropic
hormone stimulation. The first follicle able to respond to stimulation may achieve an early
lead that it never relinquishes. Nevertheless, each cohort of follicles that begins growth is
engaged in a serious competition that ends with only one follicle succeeding.

Rescue From Atresia (Apoptosis)

The follicle destined to ovulate is recruited in the first few days of the cycle.* The early
growth of follicles occurs over the time span of several menstrual cycles, but the ovulatory
follicleis one of acohort recruited at the time of the luteal-follicular transition.5 ® The total
duration of time to achieve preovulatory status is approximately 85 days. The majority of
this time (until a late stage) involves responses that are independent of hormonal regula-
tion.” Eventually, this cohort of follicles reaches a stage where, unless recruited (rescued)
by follicle-stimulating hormone (FSH), the next step is atresia. Thus, follicles are continu-
oudly available (2-5 mm in size) for aresponse to FSH. An increasein FSH is the critical
feature in rescuing a cohort of follicles from atresia, the usual fate of most follicles, even-
tually alowing a dominant follicle to emerge and pursue a path to ovulation. In addition,
maintenance of thisincreasein FSH for acritical duration of timeis essential .2 Without the
appearance and persistence of anincreasein thecirculating FSH level, the cohort is doomed
to the process of apoptosis, programmed physiologic cell death to eliminate superfluous
cells® “Apoptosis’ is derived from Greek and means falling off, like leaves from atree.
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“Recruitment” has been traditionally used to describe the continuing growth of antral
folliclesin response to FSH. A more useful concept is that the cohort of follicles respond-
ing to FSH at the beginning of a cycleis rescued from apoptosis. Remember that the very
early development of follicles begins continuously and independently from gonadotropin
influence. The fate of amost al of these follicles is apoptosis; only those exposed to an
increase in FSH stimulation because of the juxtaposition of their readiness to respond and
theincrease in FSH during the luteal-follicular transition have the good fortune to compete
for selection as adominant follicle.

Thefirst visible signs of follicular development are an increase in the size of the oocyte and
the granulosa cells becoming cuboidal rather than sgquamous in shape. These changes are
better viewed as a process of maturation rather than growth. At this same time, small gap
junctions develop between the granulosa cells and the oocyte. Gap junctions are channels
that when open permit the exchange of nutrients, ions, and regulatory molecules. Thus,
the gap junctions serve as the pathway for nutritional, metabolite, and signal interchange
between the granulosa cells and the oocyte. In one direction, inhibition of the final matura-
tion of the oocyte (until the LH surge) is maintained by factors derived from the granulosa
cells. In the other direction, the process of follicular growth is influenced by regulatory
factorsthat originate in the oocyte.

The molecular events that regulate primordia follicle formation involve a variety of fac-
tors, al locally produced and regulated, including members of the transforming growth
factor B (TGF-B) superfamily of proteins and another family of trophic factors called
neurotrophins. Activins, inhibins, antimdillerian hormone (AMH) and bone morphoge-
netic proteins (BMPs) are members of the TGF-$ family of proteins. Activins promote
and inhibinsretard primordial follicle development, and their relative local concentrations
in the fetal ovary during the time of follicle assembly may determine the size of the ovar-
ian follicular pool.*® AMH is an important inhibitor of primordia follicle growth, and
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BMPs exert the opposite effect.’® Neurotrophins and their receptors are essential for the
differentiation and survival of various neurona populations in the central and peripheral
nervous systems, but their presencein the devel oping ovary suggeststhey also play arolein
ovarian development. Four mammalian neurotrophins have been identified, including nerve
growth factor (NGF), brain-derived neurotropic factor (BDNF), neurotrophin-3 (NT-3),
and neurotrophin 4/5 (NT-4/5), al of which exert their actions via binding to high-affinity
trans-membrane tyrosine kinase receptors encoded by members of the trk proto-oncogene
family (NGF to TrkA, BDNF and NT-4/5 to TrkB, and NT-3 to TrkC).* Observations in
NGF- and TrkA-null mice indicate that NGF stimulates the proliferation of ovarian mesen-
chymal cellsduring the early stages of follicular assembly and promotes differentiation and
synthesis of FSH receptors in granulosa cells. Similar experiments with TrkB-null mice
suggest that TrkB signaling is required for oocyte surviva after follicular assembly and
for preantral follicular development.i* The specific signaling mechanisms that mediate the
effects of activins, inhibins, BMPs and neurotrophins remain to be established.

Other paracrine factors mediate a bi-directional communication between oocytes and their
surrounding granulosa cells. Oocytes are linked to their investment of granulosa cells via
gap junctions which allow passage of small molecules such asions (e.g., calcium), metabo-
lites (e.g., pyruvate, nucleic acids, inositol), amino acids (e.g., L-alanine), cholesterol, and
intracellular signaling molecules (e.g., cyclic adenosine monophosphate, CAMP) between
granulosa cells and oocytes. In mice, targeted deletions of gap junction proteins (known as
connexins), disrupt follicular and oocyte devel opment.*2 Oocytes are unable to use glucose
asan energy source to support meiotic maturation, cannot transport certain amino acids, and
lack both the enzymes necessary for cholesterol synthesis and the receptors for its uptake
from carrier-borne sources. Conseguently, oocytes are dependent on adjacent granulosa
cellsto metabolize glucose into ausable energy substrate, such as pyruvate, for transport of
essential amino acids, such as L-alanine, and for synthesis and transfer of cholesterol.** To
meet their needs, oocytes stimulate glycolysis, amino acid transport, and cholesterol syn-
thesis in granulosa cells via paracrine and juxtacrine signals that promote expression
of transcriptsinvolved in these metabolic processes, at least in some species.®* Candidate
signaling molecules include closely related members of the TGF-f family, growth differ-
entiation factor 9 (GDF9) and BMP15; both are expressed robustly in oocytes and appear
crucial for normal ovarian follicle development in mammalian species.*

Mice that are genetically deficient in growth differentiation factor-9 (GDF-9), a peptide
synthesized only in the oocyte after the primordial follicle becomes a preantral follicle,
areinfertile because follicular development cannot proceed beyond the primordia follicle
stage.’® 1 Mutations in GDF-9 are rare causes of ovarian failure, but confirmed BMP-15
mutations have not been reported.t”- 18

Mutationsin FOXL2, agene encoding atranscription factor, cause blepharophimosis/ptosis/
epicanthusinversus syndromethat isadisorder affecting the eyelid and producing premature
ovarian failure.®2 Thistranscription factor has been demonstrated to be essential for granu-
losa cell differentiation; indeed, mutations are associated with an absence of the very first
sign of follicular development, the change to a cuboidal shape by the granulosa cells.?

The gap junction is composed of channels formed by an arrangement of proteins known
as connexins, and more recently as GJAs. The connexin gap junctions are essentia for
growth and multiplication of the granulosa cells, and for the nutrition and regulation of
oocyte development.?? Connexin expression in ovarian folliclesis up-regulated by FSH and
down-regulated by LH.2 In addition, FSH maintains an open channel in the gap junctions,
apathway that is closed by LH.?* After ovulation, the gap junctions are important again in
the corpus luteum, when their function is regulated by locally produced oxytocin.?

With multiplication of the cuboidal granulosa cells (to approximately 15 cells), the primor-
dial follicle becomes a primary follicle. The granulosa layer is separated from the stromal
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cells by a basement membrane called the basal lamina. The surrounding stromal cells
differentiate into concentric layers designated the thecainterna (closest to the basal lamina)
and the theca externa (the outer portion). The thecalayers appear when granulosaprolifera-
tion produces 3-6 layers of granulosa cells.®

The belief that the initiation of follicular growth is independent of gonadotropin stimula-
tion is supported by the persistence of thisinitia growth in gonadotropin-deficient mutant
mice and in anencephalic fetuses.?® % In the vast mgjority of instances this growth is lim-
ited and rapidly followed by atresia. In studies of human ovarian follicles, expression of
the gene for the FSH receptor could not be detected until after primordial follicles began
to grow.® Furthermore, in awoman with an inactivating mutation in the beta subunit FSH
gene, antral follicular activity was present, athough successful growth and ovulation were
impossible.® Treatment of FSH-deficient women with exogenous FSH resultsin follicular
growth, ovulation, and pregnancy, demonstrating that oocytes and growth of follicules until
the appearance of FSH are normal 2% %0

The general pattern of limited growth and quick atresia is interrupted at the beginning of
themenstrual cycle when agroup of follicles (after approximately 70 days of development)
respondsto ahormonal change and is propelled to grow. In young women, this cohort num-
bers 3-11 per ovary.®! The decline in luteal phase steroidogenesis and inhibin-A secretion
allowsarisein FSH, beginning afew days before menses.®2* The timing of thisimportant
event was based on data derived from the immunoassay of FSH. Using a sensitive measure-
ment of FSH bioactivity, it has been suggested that increasing bioactivity of FSH beginsin
the mid- to late luteal phase.®

The Preantral Follicle

Once growth is accelerated, the follicle progresses to the preantral stage as the oocyte
enlarges and is surrounded by amembrane, the zona pellucida. The granul osa cellsundergo
a multilayer proliferation as the theca layer continues to organize from the surrounding
stroma. This growth is dependent upon gonadotropins and is correlated with increasing
production of estrogen. Molecular studies indicate that all of the granulosa cells in mature
follicles are derived from as few as three precursor cells.*

The granulosa cells of the preantral follicle have the ability to synthesize all three classes
of steroids; however, significantly more estrogens than either androgens or progestins are
produced. An aromatase enzyme system acts to convert androgens to estrogens and is a
factor limiting ovarian estrogen production. Aromatization is induced or activated through
the action of FSH. The binding of FSH to its receptor and activation of the adenylate
cyclase-mediated signal isfollowed by expression of multiple mMRNAS, which encode pro-
teins responsible for cell proliferation, differentiation, and function. Thus, FSH both initi-
ates steroidogenesis (estrogen production) in granulosa cells and stimulates granul osa cell
growth.®

Specific receptors for FSH are not detected on granulosa cells until the preantral stage,?®
and the preantral follicle requires the presence of FSH in order to aromatize androgens and
generate its own estrogenic microenvironment.” Estrogen production is, therefore, limited
by FSH receptor content. The administration of FSH will raise and lower the concentra-
tion of its own receptor on granulosa cells (up- and down-regulation) both in vivo and in
vitro.® This action of FSH is modulated by growth factors.*® FSH receptors quickly reach
a concentration of approximately 1,500 receptors per granulosa cell.*

FSH operatesthroughthe G protein, adenylate cyclasesystem (described in Chapter 2), whichis
subject to down-regul ation and modul ation by many factors, including acal cium-calmodulin
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intermediary. Although steroidogenesis in the ovarian follicle is mainly regulated by the
gonadotropins, multiple signaling pathways are involved that respond to many factors
besides the gonadotropins. Besides the adenylate cyclase enzyme system, these pathways
include ion gate channels, tyrosine kinase receptors, and the phospholipase system of sec-
ond messengers. These pathways are regulated by a multitude of factors, including growth
factors, nitric oxide, prostaglandins, and peptides such as gonadotropin-rel easing hormone
(GnRH), angiotensin 11, tissue necrosis factor-o,, and vasoactive intestina peptide. The
binding of luteinizing hormone (LH) to its receptor in the ovary isalso followed by activa-
tion of the adenylate cyclase-cyclic AMP pathway viathe G protein mechanism.

FSH combines synergistically with estrogen to exert (at least in the nonprimate) a mito-
genic action on granulosa cells to stimulate their proliferation. Together, FSH and estro-
gen promote a rapid accumulation of FSH receptors, reflecting in part the increase in the
number of granulosa cells. The early appearance of estrogen within the follicle allows the
follicle to respond to relatively low concentrations of FSH, an autocrine function for estro-
gen within the follicle. As growth proceeds, the granulosa cells differentiate into several
subgroups of different cell populations. This appears to be determined by the position of
the cellsrelative to the oocyte.

Thereis a system of communication that exists within follicles. Not every cell has to con-
tain receptors for the gonadotropins. Cells with receptors can transfer a signal (by gap
junctions), which causes protein kinase activation in cells that lack receptors.”t Thus,
hormone-initiated action can be transmitted throughout the follicle despite the fact that
only a subpopulation of cells binds the hormone. This system of communication promotes
a coordinated and synchronous performance throughout the follicle, a system that contin-
ues to operate in the corpus luteum.

Theroleof androgensin early follicular development is complex. Specific androgen receptorsare
present in the granulosa cells* The androgens serve not only as subsirate for FSH-induced aro-
matization but, in low concentrations, can further enhance aromatase activity. When exposed
to an androgen-rich environment, preantral granulosacells favor the conversion of androgens
to more potent So.-reduced androgens rather than to estrogens.*® These androgens cannot be
converted to estrogen and, in fact, inhibit aromatase activity.* They aso inhibit FSH induc-
tion of LH receptor formation, another essential step in follicular development.®

Aromatization

\

1 Estrogens

©

Inhibitory -

5a reduction

The fate of the preantral follicle isin delicate balance. At low concentrations, androgens
enhance their own aromatization and contribute to estrogen production. At higher levels,
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the limited capacity of aromatization is overwhelmed, and the follicle becomes androgenic
and ultimately atretic.® Follicles will progress in development only if emerging when FSH
is elevated and LH is low. Those follicles arising at the end of the luteal phase or early in
the subsequent cycle would be favored by an environment in which aromatization in the
granulosa cell can prevail. The success of a follicle depends upon its ability to convert an
androgen-dominated microenvironment to an estrogen-dominated microenvironment.*” 48

Summary of Eventsin the Preantral Follicle

1.

2.

Initial follicular development occurs independently of hormone influence.
FSH stimulation propelsfollicles to the preantral stage.

FSH-induced aromatization of androgen in the granulosa results in the pro-
duction of estrogen.

Together, FSH and estrogen increase the FSH receptor content of the follicle.

The Antral Follicle

Under the synergistic influence of estrogen and FSH there is an increase in the production
of follicular fluid that accumulates in the intercellular spaces of the granulosa, eventually
coalescing to form a cavity, as the follicle makes its gradual transition to the antral stage.
The accumulation of follicular fluid provides a means whereby the oocyte and surrounding
granulosa cells can be nurtured in aspecific endocrine environment. The granulosacells sur-
rounding the oocyte are now designated the cumulus oophor us. The differentiation of the
cumuluscellsisbelieved to be aresponseto signals originating in the oocyte.* Thefollicular
fluid, rich in hormones, growth factors, and cytokines, provides the milieu that is required
for the orderly maturation and development of the oocyte and its surrounding cells.

In the presence of FSH, estrogen becomes the dominant substance in the follicular fluid.
Conversely, in the absence of FSH, androgens predominate.® 5! LH is not normally present
in follicular fluid until the midcycle. If LH is prematurely elevated in plasma and antral
fluid, mitotic activity in the granul osa decreases, degenerative changes ensue, and intrafol -
licular androgen levelsrise. Therefore, the dominance of estrogen and FSH is essential for
sustained accumulation of granulosa cells and continued follicular growth. Antral follicles
with the greatest rates of granulosa proliferation contain the highest estrogen concentra-
tions and the lowest androgen/estrogen ratios, and are the most likely to house a healthy
oocyte.®? An androgenic milieu antagonizes estrogen-induced granulosa proliferation and,
if sustained, promotes degenerative changes in the oocyte.

The steroids present in follicular fluid can be found in concentrations several orders of
magnitude higher than those in plasma and reflect the functional capacity of the surround-
ing granulosa and theca cells. The synthesis of steroid hormones is functionally compart-
mentalized within the follicle: the two-cell system. 04651 53,54

The Two-Cell, Two-Gonadotropin System

The aromatase activity of the granulosa far exceeds that observed in the theca. In human
preantral and antral follicles, LH receptors are present only on the theca cells and FSH
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receptors only on the granulosa cells.® % Theca interdtitial cells, located in the theca
interna, have approximately 20,000 LH receptors in their cell membranes. In response to
LH, theca tissue is stimulated to produce androgens that can then be converted, through
FSH-induced aromatization, to estrogens in the granulosa cells.

The interaction between the granul osa and theca compartments, with resulting accelerated
estrogen production, is not fully functional until later in antral development. Like prean-
tral granulosa cells, the granulosa of small antral follicles exhibits an in vitro tendency
to convert significant amounts of androgen to the more potent 5a-reduced form. In con-
trast, granulosa cells isolated from large antral follicles readily and preferentially metabo-
lize androgens to estrogens. The conversion from an androgen microenvironment to an
estrogen microenvironment (a conversion essential for further growth and development) is
dependent upon a growing sensitivity to FSH brought about by the action of FSH and the
enhancing influence of estrogen.

Asthefollicle develops, theca cells begin to express the genes for LH receptors, P450scc,
and 3B-hydroxysteroid dehydrogenase.” The separately regulated (by LH) entry of

Theca cell

| I<CAMP

Granulosa cell

Estrone Estradiol

' I CCAMP —— Aromatization
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cholesterol into mitochondria, utilizing internalization of LDL-cholesterol, is essential
for steroidogenesis. Therefore, ovarian steroidogenesis is LH-dependent to a significant
degree. Human ovarian granulosa cells, after luteinization and vascularization that occur
following ovulation, can use HDL -cholesterol in asystem that differsfrom the LDL-choles-
terol pathway. The HDL lipoproteins are not internalized, but rather, the cholesteryl esters
are extracted from the lipoproteins at the cell surface and then transferred into the cell %

As the follicle emerges, the theca cells are characterized by their expression of P450c17,
the enzyme step which is rate-limiting for the conversion of 21-carbon substrate to andro-
gens.>® Granulosa cells do not express this enzyme and thus are dependent upon andro-
gens from the theca in order to make estrogen. Increasing expression of the aromatization
system (P450arom) is a marker of increasing maturity of granulosa cells. The presence of
P450c17 only in theca cells and P450arom only in granulosa cells is impressive evidence
confirming the two-cell, two-gonadotropin explanation for estrogen production.®

The importance of the two-cell, two-gonadotropin system in the primate is supported by
the response of women with a deficiency in gonadotropins to treatment with recombinant
(pure) FSH.®-% Follicles devel oped in these women (confirming the essential role of FSH,
and the lesser role for LH, in recruitment and initial growth), but estradiol production was
limited. Some aromatization occurred, perhaps using androgens originating in the adrenal
glands, producing early follicular phase estradiol levels, but the usual robust steroidogen-
esis was impossible without the presence of LH to provide theca production of androgen
substrate. This same response has been observed in experiments that use a GnRH antago-
nist to produce LH-deficient monkeys, followed by the administration of recombinant,
pure human FSH.5 % These results indicate that only FSH is required for folliculogen-
esis, and that in the primate, autocrine-paracrine peptides have assumed the important
intraovarian role of modulating gonadotropin response. However, the final stages of
maturation are optimized by LH, increasing the amount of androgen substrate for estro-
gen production and promoting the growth of the dominant follicle while simultaneously
hastening the regression of smaller follicles.%®

Selection of the Dominant Follicle

The successful conversion to an estrogen dominant follicle marksthe “selection” of afolli-
cle destined to ovulate, the process whereby, with rare exception, only asinglefollicle suc-
ceeds.®” This selection processis to a significant degree the result of two estrogen actions:
(1) alocal interaction between estrogen and FSH within the follicle, and (2) the effect
of estrogen on pituitary secretion of FSH. While estrogen exerts a positive influence on
FSH action within the maturing follicle, its negative feedback relationship with FSH at the
hypothalamic-pituitary level serves to withdraw gonadotropin support from the other less
developed follicles. The fall in FSH leads to a decline in FSH-dependent aromatase activ-
ity, limiting estrogen production in the less mature follicles. Even if alesser follicle suc-
ceedsin achieving an estrogen microenvironment, decreasing FSH support would interrupt
granulosa proliferation and function, promote a conversion to an androgenic microenviron-
ment, and thereby induce irreversible atretic change. Indeed, the first event in the process
of atresiais areduction in FSH receptors in the granulosa layer.

The loss of oocytes (and follicles) through atresia is a response to changes in many fac-
tors. Certainly gonadotropin stimulation and withdrawal are important, but ovarian steroids
and autocrine-paracrine factors are aso involved. The consequence of these unfavorable
changes, atresia, in the process called apoptosis, programmed cell death, is heralded by
alterationsin mRNAs required for cell proteinsthat maintain follicle integrity.% Thistype of
“natural death” is a physiologic process, in contrast to the pathologic cell death of necrosis.
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Once cells have entered the process of apoptosis, their response to FSH is modulated by
local growth factors. Tumor necrosisfactor (TNF), produced in the granulosacells, inhibits
FSH stimulation of estradiol secretion, except in the dominant follicle®® An inverse rela-
tionship exists between TNF expression and gonadotropin stimulation of granulosa cells.
Thus, asthe successful follicle increases its response to gonadotropins, its TNF production
decreases. Those follicles with afailing response to gonadotropins increase their TNF pro-
duction, hastening their demise.

Although the principal function of anti-Mdllerian hormone (AMH) is to cause Millerian
duct regression during male sexua differentiation, it is detected in the granulosa cells of
early primordial follicles and reaches peak concentrations in small antral follicles.™ Its
secretion appears to be regulated by the mature oocyte, and AMH decreases when FSH-
stimulated follicular growth and estrogen production occur.”™ "2 Studies with knock-out
model mice have indicated that AMH inhibits the recruitment of primordial follicles.”™
The paracrine activity of AMH inhibits FSH-stimulated follicle growth, thus suppressing
the growth of lesser follicles and allowing the dominant follicle to emerge. Because of these
activities, the circulating level of AMH reflects the number of growing follicles, and the
blood concentration of AMH can be ameasure of ovarian aging and prognosisfor fertility.™
Because AMH levels are not affected by gonadotropins or the sex steroids, measurement of
AMH isreliable on any day in an individual’s menstrual cycle, even in women on steroid
contraception.™

An asymmetry in ovarian estrogen production, an expression of the emerging dominant
follicle, can be detected in ovarian venous effluent on day 5 of the cycle, corresponding
with the gradual fall of FSH levels observed at the midfollicular phase and preceding the
increase in diameter that marks the physical emergence of the dominant follicle.” Thisis
acrucia time in the cycle. Exogenous estrogen, administered even after selection of the
dominant follicle, disrupts preovulatory development and induces atresia by reducing FSH
levels below the sustaining level. Because the lesser follicles have entered the process of
atresia, loss of the dominant follicle during this period of time requires beginning over,
with recruitment of another set of preantral follicles.”

The negative feedback of estrogen on FSH serves to inhibit the development of all but
the dominant follicle. The selected follicle remains dependent upon FSH and must com-
plete its preovulatory development in the face of declining plasma levels of FSH. The
dominant follicle, therefore, must escape the consequences of FSH suppression induced
by its own accelerating estrogen production. The dominant follicle has two significant
advantages, a greater content of FSH receptors acquired because of a rate of granu-
losa proliferation that surpasses that of its cohorts and enhancement of FSH action
because of its high intrafollicular estrogen concentration, a consequence of local
autocrine-paracrine molecules. Thus, the dominant follicle is more sensitive to FSH,
and as long as a critical duration of FSH exposure was initialy present, the dominant
follicle continues to develop.® As aresult, the stimulus for aromatization, FSH, can be
maintained, while at the same time it is being withdrawn from among the | ess devel oped
follicles. A wave of atresia among the lesser follicles, therefore, is seen to paralel the
rise in estrogen.

The accumulation of agreater mass of granulosa cellsis accompanied by advanced devel-
opment of the theca vasculature. By day 9, theca vascularity in the dominant follicle is
twice that of other antral follicles.” This allows a preferential delivery of gonadotropins
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