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Preface

Recent advances in molecular biology have provided new dimensions in
the study of the reproductive system. There has been major progress in
our understanding of the molecular mechanisms of hormone action in the
past few years. The symposium on “Molecular Basis of Reproductive
Endocrinology” was organized to highlight new research findings on the
regulation of the hypothalamic-pituitary-gonadal axis. The emphasis of
the symposium was on physiological questions answered by the molecular
biology approach. Studies on the functional relevance of gonadotropin
releasing hormone and LH and FSH gene expression were presented,
together with research on the molecular biology of ovarian and testicular
steroidogenic enzymes and protein hormones. Also, several novel aspects
of hormone gene expression in placental tissues were reviewed.

The symposium was held July 25 to 26, 1991, immediately prior to the
24th Annual Meeting of the Society for the Study of Reproduction, on
the campus of the University of British Columbia in Vancouver. Serono
Symposia, USA generously financed and coordinated the meeting. We
are indebted to Dr. Bruce K. Burnett and Dr. L. Lisa Kern for their
professional assistance in the organization of the symposium. We would
also like to thank Drs. Victor Gomel, Basil Ho Yuen, and John Challis,
who served as session moderators. Most of all, we truly appreciate the
efforts of all the invited speakers, poster presenters, and discussants in
making this a memorable event as the largest one-day meeting of the
Serono Symposia USA, series.

PeTER C.K. LEUNG

AARON J.W. HsUEH
HENRY G. FRIESEN

vii
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Social Control of Reproduction:
Molecular Studies of GnRH in the
African Cichlid Haplochromis
burtoni

C.T. Bonp, R. FERNALD, R. FraNCIS, N. SHERWOOD, AND
J.P. ADELMAN

Evolution of the GnRH Decapeptide

During 500 million years of evolution, the primary structure of GnRH has
been remarkably conserved. Recently, peptide sequence analysis of
GnRH-like immunoreactive material from lamprey brain has shown that
S of 10 amino acid residues are identical between agnathan and mam-
malian GnRH. In addition, the pyro-glu amino terminal structure and
amidation of the carboxy terminus of the decapeptide are conserved (1).
To date, the amino acid sequence has been determined and bioactivity
demonstrated for 5 separate forms of the GnRH decapeptide (2). Two
GnRH decapeptide sequences have been found in the chicken (3, 4).
Immunologic and chromatographic evidence indicate that there may be 2
decapeptides in other vertebrates, including some species of reptiles and
teleost fish. However, amino acid sequences for these putative second
GnRH forms have not yet been determined (5).

Nonmammalian Model for the Study of GnRH

In the teleost Haplochromis burtoni, an African cichlid species, sexual
development in males is regulated by social interactions (6, 7). A normal
population of H. burtoni includes two distinct male types: those that are
territorial and those that are not. Territorial males are brightly colored
and sexually mature and are called “machos” because of the aggressive
behavior they display in establishing and defending territories for feeding
and breeding. In contrast, nonterritorial males, called “wimps,” are
cryptically colored, sexually immature, and do not reproduce. The social
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FiGure 1.1. Preoptic irGnRH cell soma sizes for control (early maturing) (solid
circles) and experimental (maturation-supressed) (open circles) animals presented
as a function of body weight, illustrating that in control animals the cells are
approximately 50% larger. Testes weights for the same control (solid boxes) and
experimental (open boxes) animals, are shown, also as a function of body weight.
Adapted with permission from Davis and Fernald (8).

dominance of machos over wimps is correlated with the size of forebrain
magnocellular neurons that express GnRH immunoreactivity. Con-
comitant with the emergence of aggressive behavior and establishment of
territory is an increase in the size of those neurons that specifically
express GnRH (8) (Fig. 1.1). The most significant influence on the de-
velopment of reproductive capability in wimp males is the proximity of
larger, threatening conspecifics.

The attainment of territorial dominance, breeding capability, and
enlargement of GnRH neurons are reversible conditions; in the presence
of a larger, more dominant male, a previously macho male loses its bright
coloration, the testes regress, and the GnRH magnocellular neurons
shrink to normal size. This amazing plasticity is probably mediated by
diverse sensory inputs and may be reflected in the level of expression of
the GnRH gene in these neurons. As a first step in understanding the
cellular and molecular basis of this aspect of teleost reproduction, we
have cloned the cDNA encoding H. burtoni preproGnRH (21).
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Results

Pr_ohormone Structural Conservation Between
Teleosts and Mammals

Oligonucleotide pools encompassing all possible coding sequences of the
first 8 amino acids of the known teleost decapeptide sequence (9) were
used as radiolabeled probes on a cDNA library constructed from poly(A)™*
RNA isolated from the brains of macho male H. burtoni. Hybridization
specificity was obtained by washing library screen filters in 3-M tetra-
methylammonium chloride (10). Sequence analysis of the cDNA clone
thus isolated shows remarkable conservation of structure relative to the
mammalian prohormones (11). This structural conservation is like that
seen for other polyprotein precursors that have been characterized from
diverse species (12) (Fig. 1.2).

The teleost preproGnRH contains a signal peptide of 23 amino acids
immediately preceding the decapeptide sequence. A dibasic proteolytic
cleavage site follows the decapeptide and amide-donating glycine, pro-
viding a substrate for maturation of the decapeptide and separation from
the 54-amino acid-associated C-terminal peptide.

No Homology of Teleost GnRH-Associated Peptide to
Mammalian GAP

Despite the conservation of overall structure between these evolutionarily
distant GnRH prohormones, the amino acid sequences differ consider-
ably. There is significant amino acid homology within the signal se-
quences; 8 of 23 residues are identical, and a basic residue—Ilysine in the

Signal Peptide GnRH

CICHLID MEAGSRVIMQVLLLALVVQVTLS QHWSYGWLPG GKR

MOUSE MILKLMAGILLLTVCLEGCSS QHWSYGLRPG GKR

RAT METIPKLMAAVVLLTVCLEGCSS QHWSYGLRPG GKR

HUMAN MKPIQKLLAGLILLTWCVEGCSS QHWSYGLRPG GKR

GAP

CICHLID SVGELEATIRMMGTGGVVSLPDEANAQIQERLRPYNIINDDS SHFDRKKRFPNN
MOUSE NTEHLVESFQEMGKEVDQMAEPQHFECTVHWPRSPLRDLRGALESLIEEEARQKKM
RAT NTEHLVDSFQEMGKEEDQMAEPQNFECTVHWPRSPLRDLRGALERLIEEEAGQKKM
HUMAN DAENLIDSFQEIVKEVGQLAETQRFECTTHQPRSPLRDLKGALESLIEEETGQKKI

Figure 1.2. Comparison of preprohormone sequences of teleost and mammalian
GnRH.
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fish, argenine in the mammal—occupies a conserved position. The
decapeptide and proteolytic processing site sequences are identical except
for the previously known 2-amino acid substitutions. However, the
associated C-terminal peptide of the teleost prohormone has no sig-
nificant homology to mammalian GAP.

Mammalian GAP has been implicated in the control of prolactin release
from pituitary lactotrophs (13). Although the physiological properties
mediated by prolactin in mammals (lactation and parturition) are not
germane in the fish, human GAP has recently been shown to effect
prolactin release from the pituitary of the tilapia Oreochromis mossambicus
(14). Teleosts express two forms of prolactin that are under control of
unknown hypothalamic factors (15, 16), and both forms are thought to
function in osmoregulation (17, 18).

Examination of all possible reading frames encoded by the teleost
GnRH cDNA revealed that a single base insertion 3’ of the decapeptide
encoding sequence would yield an incomplete open reading frame that
contains a significant block of homology to a region of mammalian GAP
that is highly conserved among the three known sequences. In light of the
prolactin study cited above, and in spite of the fact that this possible
island of homology lay within a reading frame that was not contiguous
with that of the decapeptide, it was essential to verify the sequence of the
GnRH coding sequence isolated from the H. burtoni library. To do so,
3 independent reverse transcription reactions were performed on H.
burtoni brain RNA, followed by multiple PCR reactions employing oligo-
nucleotide primers specific for untranslated regions of the H. burtoni
GnRH sequence. Nucleotide sequence analysis of PCR reaction products
verified the reading frame of the original clone, although the analysis
contained occasional transitions from T to C, probably representing PCR
mistakes. This sequence was further verified by the subsequent isolation
of additional cDNA clones from the original library during low-stringency
hybridization experiments described below.

Failure of Low-Stringency Hybridization Studies to
Detect a Second GnRH Coding Sequence

Immunologic and chromatographic studies have found evidence that a
second decapeptide sequence is expressed in some species of teleost (19);
however, exact amino acid sequence data has not been reported. Ex-
pression of a second decapeptide might be the result of an earlier gene
duplication event, in which case, the coding sequence should bear sig-
nificant homology to the characterized teleost cDNA. We examined this
possibility by a series of hybridization experiments employing randomly
primed DNA probes derived from the full-length H. burtoni GnRH
c¢DNA applied to H. burtoni brain library filters, genomic Southern blots
and Northern blots containing poly(A)* and total RNA from H. burtoni
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macho male brains. None of these experiments yielded any evidence of a
related prohormone coding sequence.

The inability to uncover a second GnRH encoding sequence in H.
burtoni by low-stringency hybridization does not eliminate the possibility
that such a gene exists. The alternative GnRH decapeptide might be
encoded in an otherwise unrelated DNA milieu, rendering it undetectable
by this type of hybridization study. If, indeed, a GnRH-like decapeptide
does arise from gene sequences that are completely nonhomologous, it
raises questions about the evolutionary relatedness of the decapeptides.
Perhaps the decapeptide motif found in GnRH has occurred twice coin-
cidentally, with the second decapeptide encoded by a distinct locus and
subserving unrelated functions. There may be circumstantial evidence for
this in the distribution of each decapeptide type in the brains of various
species (20). Resolution of this question awaits the cloning of 2 GnRH-
encoding sequences from a single species.

Multiple GnRH Forms in the Brain of H. burtoni

As discussed above, the exact amino acid sequences of several GnRH
motifs have been determined from a range of vertebrate species. Further,
specific immunological and chromatographic data strongly suggest the
existence of several more GnRHs (5). Within a single species, many
lower vertebrates appear to express more than one GnRH, and 2 forms
have actually been sequenced from chickens (3, 4). Although the striking
reproductive changes in Haplochromis correlate with immunohisto-
chemically defined changes in GnRH-expressing neurons of the tel-
encephalon, we examined whether multiple GnRHs are expressed in
Haplochromis brain. Brain extracts from macho males were initially
characterized by RIA employing a battery of antibodies that distinguish
between the various sequenced forms of GnRH. This analysis indicated
several potential GnRHs present in Haplochromis. Next, brain extracts
were subjected to HPLC, and the elution profiles of immunoreactive
species were compared with control profiles of various forms of GnRH
synthetic peptides (performed as outlined in reference 1). This analysis
demonstrated the presence of 3 distinct forms of GnRH in Haplochromis,
one of which corresponds to the salmon form that we have proven by
molecular cloning. In addition, it is very likely that Haplochromis brain
contains the chicken II form of GnRH. The third GnRH does not conform
to any of the known GnRH motifs and, therefore, may represent a
previously unknown version of the decapeptide.

These results are significant for two reasons. First, the inability to
detect a cDNA encoding an alternate form of GnRH in our Haplochromis
cDNA library may initially have been interpreted as a lack of additional
GnRH forms expressed in this teleost. However, the HPLC and immuno-
logical data strongly support the presence of 2 alternate forms. This
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finding strengthens our prediction that the nucleic acid sequences encoding
the various prohormone forms are very different and calls into question
the relatedness of the prohormones themselves, as well as the evolutionary
relationship between the genes encoding them. Second, these results call
into question the degree to which the form of GnRH that we have
isolated by molecular cloning is actually responsible for the immuno-
logical and physiological changes in Haplochromis as a function of
reproductive status. The roles of ¢cGnRHII and the novel decapeptide
form in Haplochromis remain to be determined. It is imperative that
future experiments discriminate between the effects mediated by the
various GnRHs. Isolation of molecular clones encoding these pro-
hormones will permit the generation of nucleic acid and immunological
probes that wiil be employed to map the distribution of the different
GnRH-expressing neurons and to quantitate changes in the relative RNA
and protein levels of the various forms as a function of reproductive
status.

Changes in GnRH mRNA Levels During
Reproductive Transitions

We have employed the GnRH cDNA described above to examine
changes in the levels of this mRNA as a function of male reproductive
status. In previous experiments, we have determined that RNA from a
single animal can be used to detect the mRNA encoding the GnRH
precursor that corresponds to the form we have isolated. In the present
experiments, we initially isolated RNA from the endpoints of the tran-
sition, macho and wimp, and prepared these samples as a Northern blot.
The transferred RNA was stained with methylene blue, and the 18S and
28S ribosomal RNA bands were quantified by densitometry. The blot was
then probed under high-stringency conditions; autoradiographic signals
were quantified and standardized to the ribosomal bands. The result of
this experiment was that no significant differences in steady state GnRH
mRNA were apparent. Next, RNA was extracted from brains of animals
during the transition from wimp to macho, and vice versa. When these
samples were probed and the signals quantified, 3- to 5-fold differences in
steady state GnRH mRNA levels were detected during a limited window,
2-4 days after induction of the transition. These results are presently
being extended using more detailed time points.

The Northern blot results are important for several reasons. First, they
imply that the mRNA for the GnRH form we have characterized as a
cDNA is at least partially responsible for reproductive regulation in
Haplochromis. Second, they support the hypothesis that one of the under-
lying mechanisms for the changes within GnRH neurons is a change in
the steady state mRNA levels. It is likely that these mRNA changes
reflect changes in peptide levels, and this is presently being experimentally
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determined. Third, these results indicate that the transitional period in-
volves an initial phase in which significant changes in GnRH mRNA
levels are important, while later stages, including maintenance of the
macho or wimp status, do not require elevated (or repressed) levels of
GnRH mRNA.

Discussion

Future Studies Employing H. burtoni as a Model System

The dissimilarity of sequence between mammalian GAP and this teleost
GAP, combined with studies indicating prolactin-related bioactivity of
mammalian GAP in teleost pituitaries, are at present enigmatic. Studies
are currently being initiated to examine the biological role of the teleost
GAP peptide in the fish. Divergence of associated peptides concurrent
with extreme conservation of the principle peptide hormone within a
polyprotein precursor is a common thread in evolution (12). Perhaps this
format allows evolutionary experimentation within the structure and func-
tion of the associated peptides while preserving essential functions
mediated by the principle hormone. In this light, it is interesting to note
that a frame shift at the appropriate location within the teleost GAP
sequence yields a stretch of amino acids with a high degree of homology
to a sequence in mammalian GAP that is highly conserved across the
three cloned species. Perhaps as prolactin came to serve functions more
directly related to reproduction, evolution found a way to tie the regula-
tion of prolactin release to the expression of GnRH.

Haplochromis burtoni, whose reproductive capability is mediated by
social factors, offers an exquisite model for the study of regulation
of GnRH. The interplay of sensory inputs and development and the
combined effect on expression of GnRH can be examined. Also of
interest is the role that GnRH might play in mediating the corresponding
behaviors of the separate male types. Sexual differences in the regulation
of GnRH and subsequent behavioral patterns are also accessible in this
model.
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GnRH and Its Mechanism of Action

TiM D. BRADEN AND P. MicHAEL CONN

Gonadotropin releasing hormone (GnRH) plays a central role in regulating
the reproductive process. Since isolation of this decapeptide and identifi-
cation of its structure almost twenty years ago, our understanding of the
neural control of reproduction and neuroendocrinology as a whole has
experienced tremendous growth. Analogs of GnRH are now being used
clinically to treat precocious puberty in children, endometriosis, polycystic
ovarian disease, and two of the most prevalent steroid-dependent neo-
plasia, prostate cancer and breast cancer. In addition, GnRH and its
analogs have proven useful in enhancing the reproductive efficiency of
animals produced for both food and fiber. Clearly, basic research into the
physiology and pharmacology of GnRH can be regarded as particularly
successful in light of the relatively short time span from basic studies to
practical utility.

In addition to the direct clinical applications of GnRH, the study of
this hormone has contributed to our understanding of the mechanisms
and pattern of hormone release, as well as the mechanisms by which
responsiveness of target glands are regulated. Therefore, studies on
GnRH have spanned physiology, pharmacology, endocrinology, repro-
ductive biology, cellular biology, and molecular biology.

Hypothalamic GnRH is synthesized primarily in the arcuate nucleus
region and transported to and released from the median eminence into
the hypothalamic-hypophyseal portal system. The release of GnRH
occurs in a pulsatile fashion that can be regulated by various external
signals (i.e., steroid hormones). GnRH has its effects at the pituitary
gonadotrope and stimulates the release of the gonadotropins—/uteinizing
hormone (LH) and follicle stimulating hormone (FSH)—into the peri-
pheral circulation. The pulsatile nature of GnRH release results in the
pulsatile release of LH and FSH. In addition to gonadotropin release,

This work was adapted from The Stevenson Lecture and appeared in Can J
Physiol Pharmacol 1991;69:445-58. The work was supported by NIH Grant HD-
19899.
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GnRH evokes several other cellular responses of gonadotropes, such as
desensitization, up- and down-regulation of GnRH receptors, and bio-
synthesis of gonadotropins and GnRH receptors.

Structure, Binding, and Function Relationships of
GnRH and Its Analogs

Structure of the GnRH Gene

The gene encoding for GnRH is a single gene in rat, mouse, and human
and is located on the short arm of chromosome 8 in the human (1).
Information obtained from cloned cDNAs of hypothalamic and placental
origins indicates 4 exons (2, 3). The coding sequence translates for a 92-
amino acid precursor protein for GnRH and a 56-amino acid peptide
termed GAP (GnRH-associated peptide). The first exon consists of a 5'-
untranslated region that differs between cDNAs from hypothalamic and
placental tissues. The second exon codes for the signal peptide, GnRH,
and the first 11-amino acid residues of GAP. The third exon codes for
GAP residues 12 through 43. The fourth exon codes for the 13 terminal
amino acids residues of GAP and the remaining 3'-untranslated mRNA
(reviewed in 4). Identification of the gene for GnRH has led to the
isolation and reversal of a defect in a strain of hypogonadal (hpg) mice
that do not normally progress through puberty. The GnRH gene in hpg
mice was found to have a large deletion that omits the third and fourth
exons. Using transgenic animals carrying a wild-type GnRH gene and
crosses with heterozygous hpg mice, animals that were homozygous for
the hpg mutation and yet carriers of the wild-type GnRH transgene
were produced. These homozygous hpg mice underwent normal puberty
and were fertile (4, 5). Alleviation of the hpg phenotype through gene
incorporation suggests the possibility that similar human deficiencies may
also be corrected through the use of gene therapy.

Amino Acid Structure

Since publication of the amino acid sequence of native mammalian
GnRH (6-8), over 3500 different analogs of GnRH have been syn-
thesized. The linear sequence of natural mammalian GnRH is

pyroGlu'-His>-Trp*-Ser*-Tyr’-GlyS-Leu’-Arg®-Pro®-Gly'%amide

GnRH from virtually all mammals has the same structure. Distinct
variant forms in the primary structure of GnRH have been identified in
the chicken (2 variants [9-11]), salmon (12), and lamprey (13). Generally,
the structure of GnRH has been conserved throughout evolution; how-
ever, significant variations are observed at positions 7 and 8 (reviewed in
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14, 15). Amino acid substitution analysis has led to identification of the
structural requirements for binding to the GnRH receptor and activation
of the target cell (16). The native GnRH molecule can undergo major
conformational changes from a fully extended form to a highly folded
form. The formation of a B-type II turn at Gly®-Leu’ results in a con-
figuration that has a high affinity for GnRH receptors (17). This least
energy configuration is apparently stabilized by the formation of hydrogen
bonds between the pyrrolidone carbonyl residue (position 1) and the
glycinamide group (position 10 [18, 19]). Therefore, the close opposition
of amino acids in positions 1 and 10 is involved in the binding of GnRH
to its receptor (20). Substitution at amino acid 6 with D-amino acids
containing bulky hydrophobic side chains constrains the molecule to the
receptor-preferred conformation and results in a high binding affinity of
both agonists and antagonists with this substitution. A combination of
substitutions at Gly® and substitution of ethylamide for Gly'® further
enhances the affinity of GnRH analogs for the GnRH receptor (21, 22).

Target Cell Activation

Activation of target cells through the binding of ligand to GnRH
receptors is thought to be dependent upon the 3 N-terminal residues of
the ligand. Substitution of the first 3 residues of GnRH analogs with
hydrophobic D-amino acids results in GnRH antagonists (23). This type
of substitution, combined with substitution at position 6 with strong basic
amino acids, yields potent antagonists of GnRH, but the combination of
these two substitutions has been implicated in the release of histamine
(24). Further studies on the requirements for target cell activation using
reduced-size GnRH analogs (hexapeptides) have suggested that relation-
ships between residue side chains at positions 3 and 6 can change the
activity of reduced-size GnRH analogs from agonists to antagonists (25),
with the addition of one methylene group at position 3 changing activity
from agonistic to antagonistic. Additionally, subtle changes in residue
side chains at position 4 can cause steric hindrances involving position 3
to again change the activity of GnRH analogs.

Common Analogs of GnRH

The half-life of GnRH in vivo is relatively short (<10 min in humans [26])
due to initial degradation of the amino terminal half of the peptide (27).
Additionally, GnRH is known to be degraded by a number of enzymes.
A pyroglutamate aminopeptidase (cleaves GnRH at pyroGlu'-His?), a
postproline-cleaving enzyme (cleaves GnRH at Pro’-Gly'°amide), and
a nonchymotrypsin-like endopeptidase (cleaves GnRH preferentially at
Tyr>-Gly®, then at His>-Trp> [28-31]) have all been isolated from the
pituitary gland; however, it is unclear whether these enzymes participate
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in the physiological inactivation of native GnRH (32). Longer half-lives
of GnRH analogs have been achieved with hydrophobic D-amino acid
substitutions at position 6 (33). Based upon substitutions to prolong the
half-life and improve binding activity of GnRH analogs, several highly
potent superagonists of GnRH have become commercially available, such
as D-Ser(tBu®) GnRH ethylamide (Buserelin, Hoechst [34]), D-Leu®-
GnRH ethylamide (Leuprolide, TAP [35]), and 3(2 naphthyl)Ala®-GnRH
(Nafarelin, Syntex [36]). Highly hydrophobic GnRH analogs may have a
prolonged biological half-life due to association with binding proteins in
serum (37).

Receptors for GnRH

Physical and Chemical Characteristics

The primary site of action of GnRH is the gonadotrope in the anterior
pituitary gland; however, binding sites for GnRH have been identified in
other tissues. Receptors for GnRH have been observed in the gonads of
rats (38, 39) and humans (40) but not in ovine, bovine, or porcine ovaries
(41). Additionally, GnRH binding sites have been observed in adrenal
glands (42), some cancer tissues (43, 44), and in the central nervous
system (45-47). Because of the low concentrations of circulating GnRH
and its short half-life, it is unlikely that GnRH released from the hypo-
thalamus occupies a sufficient number of receptors in peripheral tissues to
have physiological effects, but local synthesis of GnRH and paracrine
effects cannot be excluded. It has been suggested that GnRH binding
sites in the hypothalamus may participate in behavioral modification
(48, 49). While there is much interest in extrapituitary binding sites for
GnRH (50), this chapter concentrates on GnRH receptors on pituitary
gonadotropes.

The first step in the mechanism of action of GnRH in stimulating
gonadotropin release is the binding of GnRH to its receptor on gonado-
tropes. Receptors for GnRH are found exclusively in the plasma mem-
brane fraction (51). Receptors for GnRH from rat and bovine pituitary
plasma membranes are glycoproteins (52, 53), as evidenced by a loss
of agonist and antagonist binding after exposure of receptors to
neuraminidase and wheat germ agglutinin. Sialic acid residues on GnRH
receptors appear to be required for activation of the receptor, as well as
for the appearance of receptors on the cell surface (53). Binding of
GnRH to its receptor appears to be dependent upon the presence of both
exterior hydrophilic head groups and fatty acid linked to the B-carbon of
phospholipids (54). Additionally, 2 carboxylic groups and 2 aromatic
amino acids appear to be in the ligand binding portion of the receptor
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and/or influence the binding of GnRH (55, 56). It appears that the GnRH
receptor is linked to a G-protein (57).

Estimates of the size of the GnRH holoreceptor range from 50,000 kd
to 700,000kd depending upon the conditions used to estimate the
size. The zwitterionic detergent CHAPS (3-[-3-cholamidopropyl-
dimethylammonio]-1-propanesulfonic acid) has proven useful for solubi-
lization of GnRH receptors that retain their ability to bind ligands
(58, 59). Solubilization of GnRH receptors with CHAPS followed by
nondenaturing sizing gel exclusion has indicated an apparent molecular
weight of the GnRH receptor to be 60,000-150,000 (60, 61). Using
covalent labeling of the GnRH receptor with a radiolabeled photoaffinity
agonist ('*’I-Tyr’-azidobenzoyl-D-Lys®-GnRH) followed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and auto-
radiography, several laboratories working independently have observed
specific radioactive labeling at the apparent molecular weight of 60,000
(62, 63). Radiation inactivation (target size analysis) of the functional size
of intact GnRH receptors in plasma membranes indicated an apparent
molecular weight of 136,000 for the GnRH holoreceptor (64).

Although the purification of GnRH receptors and generation of poly-
clonal antibodies against this receptor have recently been reported, the
low abundance of receptor and low titer of the antibodies have hampered
further characterization of the GnRH receptor. Therefore, it is unclear
whether the 60-kd component of the GnRH receptor represents the
holoreceptor or simply a ligand binding component. It seems likely that
the 60-kd band identified by photoaffinity labeling and Western blotting
represents a subunit of the GnRH receptor and that the holoreceptor is
made up of this binding subunit and at least one other subunit of similar
size that may or may not bind ligand. GnRH receptors have been reported
to have been purified to homogeneity by chromatography on wheat germ
agglutinin-agarose followed by affinity chromatography using immobilized
avidin coupled to biotinylated D-Lys®-GnRH (65). Analysis of purified
radiolabeled GnRH receptors by SDS-PAGE followed by autoradio-
graphy indicated 2 bands of activity at 57kd and 59kd. Subsequent
production of a low-titer polyclonal antibody to GnRH receptors has
been reported (59); however, further characterization of GnRH receptors
using this antibody has not been published.

Because of the difficulties in purification of GnRH receptors and
generation of useful antibodies against the receptor, the molecular
biology of the gene for GnRH receptors remains largely unknown.
Recently, however, several laboratories have reported expression of
GnRH receptors after injection of pituitary mRNA or mRNA from a
pituitary cell line into Xenopus oocytes (66—68). The specific mRNA
encoding the GnRH receptor has an apparent size of >28S, which
suggests a length of 6-7kb (68). These data were obtained from cells
whose origin was a pituitary tumor of a transgenic mouse. Although the
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cell line expresses GnRH binding sites and produces the a-subunit of
the glycoprotein hormones, it is unknown whether this GnRH receptor
population has the same characteristics as normally expressed GnRH
receptors.

Regulation of Number of GnRH Receptors

Changes in the number of receptors for GnRH in the pituitary glands of a
number of species have been characterized during many physiological
conditions. During the estrous cycle of rats, hamsters, ewes, and cows,
the maximum number of GnRH receptors was observed during the
proestrous period prior to the preovulatory surge of LH (69-74). After
the preovulatory surge of LH, the number of GnRH receptors decreases
and may require several days to achieve proestrous levels. Following
removal of the gonads, significant increases in the number of GnRH
receptors have been observed (72). In contrast, during pregnancy and
lactation, the number of GnRH receptors is fewer than those observed
during the estrous cycle (69, 72). These observations clearly demonstrate
regulation of GnRH receptors in vivo.

Numerous treatments in vitro can alter the number of receptors for
GnRH in pituitary cell cultures. Treatment of pituitary cell cultures with
physiological concentrations of GnRH results in a biphasic response by
the cells with respect to GnRH receptor number (75). Initially, a down-
regulation of receptors is observed (<4h posttreatment) followed by an
increase in the number of GnRH receptors (9h posttreatment). The
initial down-regulation of receptors for GnRH is temporally associated
with the desensitization of gonadotropes to GnRH, although, clearly,
other mechanisms such as uncoupling of receptors from second-messenger
systems contribute to desensitization. Homologous down-regulation of
GnRH receptors appears to be independent of extracellular calcium,
while up-regulation of GnRH receptors is dependent upon extracellular
calcium and requires protein synthesis (75, 76).

Up-regulation of GnRH receptors by homologous hormone can be
mimicked by treatment of pituitary cells with analogs of adenosine 3',5'-
monophosphate, as well as by nonspecific depolarization of pituitary
cells with KCl (76) and A23187 (75, 77). While up-regulation of GnRH
receptors indicates the ability of gonadotropes to respond to various
external signals with an increased number of plasma membrane receptors,
this increased receptor number does not increase the sensitivity of
gonadotropes to GnRH when LH release is measured as the cellular
response (78). Gonadotropes can respond with near-maximal LH release
when only 20% of the available GnRH receptors are occupied in
vitro (79); and when 50% of the receptors are blocked with a GnRH
antagonist, ewes can still respond fully to subsequent GnRH administra-
tion with LH release (80). As mentioned earlier, these data indicate that
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there are “spare” GnRH receptors when LH release is the sole parameter
measured; however, it is unknown if the spare receptor conclusion is valid
for the other functions of gonadotropes in response to GnRH (i.e.,
FSH release, receptor synthesis, up-regulation, down-regulation, and
gonadotropin biosynthesis).

In addition to regulation of GnRH receptor by homologous hormone,
the number of GnRH receptors can be regulated by other hormones,
including steroids and protein products from the gonad. As indicated
earlier, removal of the gonads can increase the number of GnRH
receptors in vivo when hypothalamic-pituitary connections are intact. In
the absence of hypothalamic input, 17B-estradiol can increase the number
of GnRH receptors (81, 82). Using ovine pituitary gonadotrope cell
cultures, Laws et al. (83, 84) have shown that estradiol can increase and
that progesterone can decrease the number of receptors for GnRH.

Protein products of the gonads have also been shown to influence the
number of GnRH receptors. Wang et al. (85) have shown a decreased
number of GnRH receptors when rat pituitary cell cultures were treated
with inhibin. This group subsequently showed that inhibin was able
to block GnRH-stimulated up-regulation of GnRH receptors (86). The
effects of inhibin on the basal number of GnRH receptors were shown to
be independent of biosynthesis of GnRH receptors (87), but the ability of
inhibin to block up-regulation of GnRH receptors was at least partially
due to the ability of inhibin to antagonize GnRH-stimulated synthesis of
GnRH receptors (87). In direct contrast, Laws et al. (83) observed
that treatment of ovine pituitary cell cultures with inhibin significantly
increased the number of GnRH receptors. Given these two distinctly
separate observations regarding the effects of inhibin on GnRH receptor
populations in two different species, it is clear that other species will have
to be examined before defining the general role of inhibin in regulating
the number of pituitary receptors for GnRH.

Fate and Replacement of Occupied GnRH Receptors

The presence of receptors on the cell surface is due to a combination of
processes that either contribute to the plasma membrane population
(synthesis, recycling, and unmasking of receptors) or remove receptors
from the cell surface (internalization, degradation, and inactivation).
After binding of the agonist, GnRH receptors form patches in coated pits
and are internalized. It appears as if GnRH receptors can undergo micro-
aggregation as part of the target cell activation process. When a GnRH
antagonist was allowed to occupy GnRH receptors, no cellular response
was observed. However, when antagonist-occupied GnRH receptors are
dimerized and bound to an antagonist antibody, the antagonist begins
to function as an agonist, indicating that microaggregation of GnRH
receptors may be a mechanism involved in target cell activation (88, 89).
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After aggregation, GnRH receptors are internalized and become asso-
ciated with lysosomes, suggesting a degradation pathway, and/or the
Golgi complex and LH granules, suggesting a recycling pathway (90-93).

Evidence for the recycling of GnRH receptors has been presented by
Schvartz and Hazum (94) after observing the apparent reappearance of
GnRH receptors on the cell surface after internalization. The authors
covalently attached a GnRH agonist to GnRH receptors, allowed the
complex to be internalized, and subsequently evaluated the susceptability
of this complex to extracellular trypsin treatment. After initial internal-
ization of the agonist-receptor complex, trypsin treatment caused the
appearance of a characteristic GnRH receptor fragment indicative of
the return of GnRH receptors to the cell surface. Administration of
lysosomotropic agents (chloroquine and methylamine) and monensin
increased the apparent rate of recycling of GnRH receptors, presumably
by reducing the degradation of the agonist receptor complex in lysosomes.
It should be noted that these studies observed the recycling of covalently
linked agonist-receptor complexes that may or may not be routed similarly
to normal agonist-receptor complexes. Finally, it appears to be likely that
agonist-occupied GnRH receptors are routed through the cell differently
than antagonist-occupied receptors (95).

Receptors for GnRH, therefore, can be replaced in plasma membranes
by recycling and biosynthesis of new GnRH receptors. Using the density-
shift technique, the time required for synthesis of one-half of the popu-
lation of GnRH receptors in rat pituitary cell cultures is 24-28h (96).
Because of the relatively slow basal synthesis rate, GnRH receptors
are likely degraded and new receptors synthesized as part of general
membrane turnover. Treatment of cells with GnRH stimulates the syn-
thesis of GnRH receptors and reduces the half-time of synthesis to 12h
(97). This stimulation by GnRH of receptor synthesis appears to be
independent of extracellular calcium.

Thus, it appears that GnRH receptors follow a common internalization
pathway after agonist binding and that the appearance of receptors on the
cell surface is at least due to the processes of recycling and hormone-
sensitive biosynthesis.

Cellular Mechanisms of GnRH Action

The primary physiological response to GnRH binding by receptors on
gonadotropes is the release of gonadotropins. However, there are other
cellular responses evoked by GnRH, including down- and up-regulation
of GnRH receptors, desensitization of gonadotropes, gonadotropin bio-
synthesis, and GnRH receptor biosynthesis. It appears as if the effects of
GnRH are mediated through G-protein-linked mechanisms (98, 99). As
several pathways exist for information flow within the gonadotrope, it is



20 T.D. Braden and P.M. Conn

likely that one or more second-messenger systems may be utilized by the
gonadotrope to perform these varied functions in response to GnRH.

LH Release

Studies on the stimulation of LH secretion in response to GnRH first
implicated cyclic adenosine 3',5'-monophosphate (cAMP) as the second
messenger (100-102). However, the role of cAMP was questioned as
several studies could not show significant involvement of cAMP in
GnRH-stimulated LH release (103-106). A comprehensive study by
Conn et al. (107) demonstrated that LH release in vitro could be
uncoupled from cAMP. It is well accepted now that cAMP is not a
second messenger in GnRH-stimulated LH release (reviewed in 108-110).

Several lines of evidence indicate that calcium functions as a second
messenger in acute release of LH in response to GnRH. When extra-
cellular calcium is omitted or chelated, GnRH-stimulated LH release
is inhibited (111-117). When calcium is introduced back into media,
the release of LH occurs normally (118). As binding of GnRH to its
membrane receptors is independent of extracellular calcium (119), an
intracellular action of calcium is implicated. Increases in intracellular
calcium of gonadotropes by the administration of ionophores, liposomes
loaded with calcium, or KCl depolarization stimulate the release of LH
with similar efficacy to GnRH (115), and this effect is not mimicked by
other cations (Mg** and Na*). Therefore, agents that are thought to
provoke an increase in intracellular calcium of gonadotropes also cause
LH release.

A second line of evidence for calcium as a second messenger in GnRH-
stimulated LH release is the observation that administration of GnRH
causes a measurable increase in intracellular calcium. Initially, a trans-
membrane flux of calcium in response to GnRH was observed (111, 120).
Subsequent studies have utilized probes that fluoresce in the presence of
calcium, Quin2 and Fura2, to show that GnRH stimulates a transient
increase in intracellular calcium levels (121-123) associated with
gonadotropin release. This increase in intracellular calcium is not provoked
by occupancy of the receptor alone, as the stimulatory actions of GnRH
on intracellular calcium levels are not observed after treatment of pituitary
cells with a GnRH antagonist.

Further supporting evidence indicating a second-messenger role of
calcium in GnRH-stimulated LH release is that modulators of calcium
channel function can alter gonadotropin release. Treatment of pituitary
cells with such calcium channel blocking agents as verapamil and
methoxyverapamil can block stimulated LH release (124). These agents
also block gonadotropin release in vivo (125, 126).

Finally, treatment of pituitary cells with the calcium channel agonist
maitotoxin can stimulate the release of LH (127). Calcium ion channels
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associated with the GnRH receptor appear to be receptor-operated-type
channels, as depolarization of the gonadotrope does not occur after
stimulation by GnRH (128), although depolarization of gonadotropes
with KCl does cause LH release. Based upon studies using calcium
channel antagonists, GnRH-sensitive calcium ion channels also possess
some of the characteristics of voltage-sensitive calcium channels (124,
129). Taken together, these data provide strong evidence that calcium is
the second messenger that mediates the acute release of LH in response
to GnRH.

Two primary biochemical pathways have been identified in transducing
changes in intracellular calcium levels and altered cellular response.
The intracellular “calcium receptors,” calmodulin and protein kinase C
(PKC), have been identified in gonadotropes, and both appear to respond
to activation of gonadotropes by GnRH.

Since its identification, PKC has been implicated in numerous systems
for mediation of agonist-induced cellular responses. This enzyme activity
is dependent upon calcium and phospholipids (reviewed in 130). Several
observations indicate that PKC is involved in GnRH-stimulated functions
of the gonadotrope. First, GnRH and GnRH agonists cause the redis-
tribution of PKC activity from the cytosolic to a particulate fraction of the
pituitary both in vivo and in vitro (131-133). Generation of the activators
of PKC, calcium and phospholipid, is achieved by phosphoinositide
phosphorylation and hydrolysis (reviewed in 134, 135). These phos-
phorylations and subsequent hydrolysis by phospholipase C-type reactions
result in the formation of diacylglycerols (DAG) and inositol 1,4,5-
trisphosphate (IP; [136]). Diacylglycerol can function to activate PKC
directly. IP; causes the release of calcium from intracellular nonmito-
chondrial stores (137) and may regulate plasma membrane calcium
channels as well (138). GnRH stimulates the turnover of the polyphos-
phoinositide cycle (139, 140), suggesting stimulation of the phospholipase
C-type reaction and generation of the activators of PKC. Additionally,
as described above, if intracellular calcium levels are increased in
gonadotropes, LH release is stimulated. Gonadotropes can respond to
administration of synthetic DAG with enhanced LH release (141, 142).
The stimulation of LH release by administration of protein kinase
activators appears independent of extracellular calcium, as evidenced
by chelation of extracellular calcium, antagonism of calcium channels,
or coculture with calmodulin inhibitors (141, 143), and, in fact, is
synergistically enhanced in the presence of calcium ionophores (142).
Finally, administration of phorbol esters (i.e., phorbol myristate acetate
[PMA]) that can directly activate PKC also causes LH release. These data
strongly implicated a role for PKC in GnRH-stimulated LH release.

There are, however, a number of observations that question the in-
volvement of PKC. First, PKC activators do not stimulate LH release to
the same extent as does GnRH (141, 142, 144). Additionally, admin-
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istration of PKC activators (PMA) and GnRH results in an additive
stimulation of LH release, suggesting independent mechanisms of action
(140). The most definitive studies to indicate a dissociation between PKC
activity and GnRH-stimulated LH release have been obtained through
the use of cells that have been depleted of PKC activity. Because of the
lack of useful specific inhibitors of PKC, protocols were developed to
“down-regulate” PKC activity in order to study cellular responses in the
absence of PKC activity. After exposure of pituitary cells to high doses of
PMA (relative to those sufficient to stimulate LH release) for several
hours, PKC was depleted from these cells, as evidenced by (1) no
measurable PKC phosphorylating activity, (2) no PKC activity as mea-
sured by the ability of PMA to stimulate LH release, (3) no demonstrable
binding sites for phorbol esters (PKC is an intracellular “receptor” for
phorbol esters), and (4) the absence of any immunologically detectable
PKC (145). Using cells depleted of PKC activity, McArdle et al. (146)
showed that LH release in response to GnRH or calcium ionophore was
intact. The absolute levels of LH release in PKC-depleted cells were less
than in PKC-intact cells due to PMA treatment for depletion of PKC,
which caused LH release during pretreatment. Consequently, PKC-
depleted cells contained less LH than control cells. When results are
corrected for cellular content of LH, it is clear that the absence of PKC
activity does not affect GnRH-stimulated LH release. These and other
observations (144, 147, 148) provide strong evidence that PKC does not
mediate the effects of GnRH to stimulate acute LH release.

An alternative calcium-sensitive system is the calmodulin pathway.
Calmodulin is a ubiquitous calcium binding protein that upon activation
by calcium can regulate the activity of many regulatory enzymes, such
as adenylate cyclase, phosphorylase kinase, myosine light chain kinase,
calcineurin, and phosphodiesterase (149). Additionally, several cyto-
skeletal proteins, likely involved in the cellular secretion mechanism,
can be regulated by calmodulin (150). Administration of GnRH to
ovariectomized rats causes redistribution of calmodulin, as measured by
radioimmunoassay, from the cytosolic to the plasma membrane fraction
of pituitary tissue (151). Moreover, calmodulin associates with patches of
agonist-occupied GnRH receptors on gonadotropes (152).

In addition to these observations of physical associations of calmodulin
and GnRH receptors, biochemical evidence also supports a role for
calmodulin in the action of GnRH. Administration of agents that inhibit
the activity of calmodulin (e.g., pimozide) inhibits GnRH-stimulated LH
release (153, 154). Notably, these calmodulin inhibitors show similar
actions in gonadotropes, even though they are from different classes of
calmodulin inhibitors. These calmodulin inhibitors can block LH release
stimulated by calcium ionophores (142), suggesting that calmodulin is
required for GnRH- and ionophore-stimulated LH release. Five major
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calmodulin binding components in gonadotropes have been suggested
through utilization of a calmodulin gel overlayer assay that evaluates
calcium-dependent calmodulin binding to cellular products after SDS-
PAGE (155). Subsequent work towards identifying these calmodulin
components has suggested the presence of spectrin, caldesmon, and
calcineurin as three of the calmodulin binding proteins present in the
pituitary gonadotrope (156). These data provide strong evidence for a
role of calmodulin in GnRH-stimulated LH release, and one calmodulin
binding protein, caldesmon, has been implicated in GnRH-stimulated LH
release (157).

Biosynthesis of LH

In addition to stimulating the release of LH, GnRH is also required for
biosynthesis of LH. LH is composed of two subunits, a and B. The a-
subunit is common for LH, FSH, thyroid stimulating hormone (TSH), and
human chorionic gonadotropin (hCG). The B-subunit differs among these
glycoprotein hormones and confers biological specificity (158). With the
complex nature of LH, there are several specific processes related to
biosynthesis that are regulated, including mRNA production for both
subunits, translation, subunit assembly, and glycosylation. GnRH stimu-
lates and is required for normal production of mRNA for the B-subunit of
LH (159-161). In pituitary cell cultures, PKC appears to be required
for GnRH-stimulated f$-subunit mRNA production (159). There are
conflicting reports whether GnRH stimulates translation of the a- and B-
subunits. Starzec et al. (162, 163) have shown that GnRH stimulates
translation of both the a- and B-subunits of LH; however, this was
not observed by others (164, 165). Moreover, Starzec et al. (163) have
suggested that GnRH-stimulated translation of LH can be mimicked by
cAMP analogs and phorbol esters in a nonadditive manner indicative of a
similar mechanism of action. Lastly, glycosylation of LH is regulated by
GnRH (164, 165). Glycosylation of LH can be stimulated by phorbol
esters and DAG (166). Additionally, D600 (a calcium entry blocker)
and pimozide (calmodulin inactivator) can prevent GnRH-stimulated
glycosylation of LH (164). These data indicate the calcium requirement
for LH glycosylation and suggest mediation by calmodulin and/or PKC.

The difficulty in describing a single mechanism for GnRH-stimulated
biosynthesis of LH is clear. However, it appears as if LH biosynthesis, in
part, is regulated in a similar manner to GnRH-stimulated release of
LH as calcium and calmodulin are required for glycosylation; yet the
stimulatory action of GnRH on the production and translation of indi-
vidual subunits and their mRNAs is different from LH release, as PKC
may mediate mRNA production and translation.



24 T.D. Braden and P.M. Conn

Desensitization

Gonadotropes, like many hormone-responsive cell types, can become
refractory to specific hormones. Desensitization is the condition in which
cellular responsiveness to a subsequent stimulation by the same hormone
is decreased (167-170). Desensitization of the pituitary gland to GnRH
and its analogs has been exploited for its clinical value. Long-term
exposure to GnRH analogs can result in virturally the complete cessation
of LH and FSH release as well as subsequent gonadal steroid secretion.
This “chemical castration” has proven useful for treatment of individuals
with steroid-dependent neoplasia, as well as for controlling ovarian
follicular development in patients for in vitro fertilization. The loss of
responsiveness of gonadotropes to GnRH after prior exposure can be
dissociated from the mechanism of LH release. As indicated above,
GnRH-stimulated LH release is dependent upon extracellular calcium.
When extracellular calcium is chelated during exposure to GnRH,
gonadotropes still become desensitized (171, 172).

Additionally, desensitization to GnRH can neither be provoked by
calcium ionophores nor blocked by the addition of calcium channel
antagonists (171). Desensitization of gonadotropes to GnRH can be
achieved after a brief exposure to GnRH (20 min) and lasts for at least
12h after a single exposure (172). Occupancy of the GnRH receptor
alone is insufficient to cause desensitization, as the administration of
antagonists of GnRH does not induce desensitization. Microaggregation
of GnRH receptors, dimerization by antibody-antagonist-receptor com-
plexes, does appear to be sufficient stimulus for desensitization (173);
however, internalization of occupied GnRH receptors is not required
(174). Desensitization of gonadotropes to GnRH is also associated with
a loss of responsiveness to maitotoxin, which activates calcium ion
channels, indicating that loss of activation of calcium ion channels by
GnRH may contribute to desensitization (127, 175). Desensitization of
gonadotropes has also been shown to be affected by changes in mem-
brane fluidity (175, 176).

Finally, desensitization occurs normally in gonadotropes depleted of
PKC and is not induced by activators of PKC, suggesting a lack of
involvement of PKC in mediating desensitization (177). Therefore, it
appears that after binding of GnRH to its receptors, the receptors
undergo microaggregation that stimulates LH release and desensitization.
Subsequent known effects of GnRH (i.e., calcium entry) are required
for LH release, but are not required for desensitization. It has been
suggested that down-regulation of GnRH receptors participates in cellular
desensitization. Clearly, down-regulation of receptors could reduce the
sensitivity of gonadotropes to GnRH in the short term; however, there
also appears to be an uncoupling of the receptor-effector system that
contributes to desensitization.
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Regulation of GnRH Receptor Populations

As indicated above, GnRH can stimulate many alterations in the
numbers of its own receptors, including down- and up-regulation,
unmasking of receptors, and biosynthesis of receptors. Although these
varied effects are all the result of GnRH stimulation, it appears as though
these alterations are independently regulated.

Down-regulation of GnRH receptors occurs within the first 3—-4h of
GnRH treatment. GnRH antagonists do not induce down-regulation,
indicating that this effect is not due simply to occupancy of the GnRH
receptor. Down-regulation appears to be independent of calcium flux
caused by GnRH, as chelation of extracellular calcium does not interfere
with down-regulation of GnRH receptors (75). Moreover, down-regulation
is not evoked by agents that raise intracellular calcium (75). In
gonadotropes exposed to high concentrations of phorbol esters to activate
PKC, there is decreased binding of GnRH agonist, which suggests a
role in down-regulation (177); however, treatment of gonadotropes
that are depleted of PKC activity with GnRH is followed by normal
down-regulation of GnRH receptors (177). These data suggest that down-
regulation of GnRH receptors utilizes a different intracellular second-
messenger system than does GnRH-stimulated release of LH.

Up-regulation of GnRH receptors in response to homologous hormone
occurs several hours after down-regulation. Again, occupancy of the
receptor alone is not responsible for up-regulation, as GnRH antagonists
cannot substitute for GnRH agonists in causing this effect. In direct
contrast to down-regulation, up-regulation of GnRH receptors is de-
pendent upon extracellular calcium and can be stimulated by agents that
elevate intracellular calcium levels (75-77). Additionally, up-regulation
of GnRH receptors requires protein synthesis as well as microtubule
function (77). Depolarization of gonadotropes by KCl administration can
stimulate up-regulation (76), and these effects can be observed after
treatment of gonadotropes with analogs of cAMP (76).

Recent evidence suggests that there are at least two mechanisms that
contribute to up-regulation of GnRH receptors. Treatment of gonad-
otropes with GnRH significantly stimulates the synthesis rate of GnRH
receptors (97). This stimulatory effect of GnRH is found to occur
normally, even when extracellular calcium is chelated and cannot be
caused by the administration of calcium ionophore. Therefore, GnRH-
stimulated synthesis of its own receptors is independent of extracellular
calcium, but up-regulation of GnRH receptors is dependent on extra-
cellular calcium. Presumably, stimulation of the synthesis of GnRH
receptors contributes to up-regulation but is independent of calcium,
suggesting more than one mechanism of up-regulation.

Treatment of cells with phorbol esters can lead to increases in receptor
number; however, this appears to be an unmasking of GnRH receptors
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already present on gonadotropes and requires the simultaneous admin-
istration of the phorbol ester and GnRH agonist (178). As the effect of
phorbol ester to unmask GnRH receptors occurs within 20 min of treat-
ment, the observed effects of phorbol esters are likely not similar to
the up-regulation induced by GnRH. Moreover, these “phorbol ester
unmasked” GnRH receptors appear to be selectively uncoupled to
phosphoinositide metabolism (63) and have a similar rate of synthesis to
GnRH receptors normally present on gonadotropes (96). These obser-
vations indicate that the unmasking of GnRH receptors by phorbol esters
and GnRH-stimulated up-regulation are probably two separate events. It
is clear from the many varied observations involving the up-regulation of
GnRH receptors that up-regulation is a complex process and is likely
mediated, in part, by several intracellular mechanisms that we are just
beginning to identify.

Summary and Conclusions

Hypothalamic GnRH controls the release of gonadotropins from the
pituitary gland. The effect of GnRH to stimulate gonadotropin release
is used to improve reproductive function and efficiency. Long-term
administration of GnRH or its analogs can result in the reduction of LH
and FSH release, with a concomitant decrease in sex steroid production.
This characteristic forms the basis for one of the primary clinical uses of
GnRH analogs: treatment of steroid-dependent neoplasia. In addition to
effects on gonadotropin release, GnRH also regulates gonadotropin
biosynthesis, up- and down-regulation of GnRH receptors, desensitiza-
tion, GnRH receptor biosynthesis, and gonadotropin subunit mRNA
production. These varied effects of GnRH appear to be mediated by
the interaction of different intracellular second-messenger systems. Thus,
GnRH actions illustrate the ability of a single hormone utilizing a single
receptor type to activate several different intracellular mechanisms within
a single cell type.
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Molecular Mechanisms Underlying
Placenta- and Pituitary-Specific
Expression of the Glycoprotein
Hormone a-Subunit Gene

JouN H. NILSON

All vertebrates synthesize three different pituitary glycoprotein hormones:
luteinizing hormone (lutropin, LH), follicle stimulating hormone (folli-
tropin, FSH), and thyroid stimulating hormone (thyrotropin, TSH).
Chorionic gonadotropin (CG) is structurally related to LH, but is syn-
thesized in the placenta of only primates and equids. All these glycoprotein
hormones are heterodimers composed of a noncovalently associated o-
and B-subunit. The a-subunit is encoded by a single gene in all mammals
examined to date. Thus, within a species, all glycoprotein hormones
contain the same a-subunit. In contrast, each glycoprotein hormone
contains a unique B-subunit encoded by a discrete B-subunit gene. The
B-subunit, then, is responsible for the distinctive biological character
of each glycoprotein hormone (reviewed in references 1, 2).

Synthesis of the full spectrum of glycoprotein hormones in primates
and equids demands expression of the single-copy a-subunit gene in both
pituitary and placenta. Recently, the major regulatory elements required
for placenta-specific expression of the a-subunit gene have been identified
and characterized (3-9). Accessory elements that further enhance this
property have also been described (10, 11). In contrast, regulatory
elements responsible for pituitary-specific expression have proven more
difficult to study. Nevertheless, recent experiments with transgenic mice
are beginning to provide intriguing clues regarding both location and
character of the cis-acting elements and trans-acting factors required for
pituitary-specific expression (12, 13, and unpublished data).

The intent of this review is to summarize major findings that have led
my colleagues and me to postulate that distinct combinatorial arrays of
regulatory elements are responsible for expression of the a-subunit gene
in pituitary and placenta. Much of the insight regarding these mechanisms
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FiGURE 3.1. Regulatory elements in the proximal region of the human a-subunit
promoter. The line represents the proximal 1500 bp of 5'-flanking sequence of the
human a-subunit gene. The arrow indicates the transcription initiation site. The
geometric shapes superimposed on the line represent discrete cis-acting elements,
whereas those above the line represent trans-acting factors that bind specifically
to each element. Cooperative interactions are represented by lock and key
configurations. (URE = upstream regulatory element; CRE = cAMP response
element; JRE = junctional response element; CCAAT = CCAAT box element;
TATA = consensus TATA box.) '

has come from comparative analysis of the promoter-regulatory regions
of the human and bovine a-subunit genes. The human promoter-regulatory
region confers both pituitary- and placenta-specific expression, whereas
the bovine promoter-regulatory region is active only in pituitary. Charac-
terization of these two promoter-regulatory regions has entailed the use
of a variety of experimental techniques, including gene transfection
studies (3, 12), DNA-protein binding assays (14, 15), PCR cloning (9),
and transgenic animals (12, 13).

Required Elements for Placenta-Specific Expression of
the Human a-Subunit Gene

At least two DNA sequence elements are required for placenta-specific
expression of the human o-subunit gene (3-8). These elements are
located in the 5'-flanking region between nucleotides —180 and —100
relative to the start site of transcription. The element between —180 and
—146 is referred to as the upstream regulatory element (URE) (Fig. 3.1)
and appears to bind a protein unique to choriocarcinoma cells and,
presumably, placenta (3-5). The URE may be subdivided into at least
two regions, each of which binds a distinct protein (8, 16).

Alone, the URE has no effect on transcription (3, 4). URE activity is
completely dependent on the adjacent sequence element located between
—146 and —110. This 36-bp sequence is composed of two 18-bp direct
repeats containing a conserved palindrome TGACGTCA. Each repeat is
designated as a cAMP response element (CRE) because a single 18-bp
element can confer cAMP responsiveness to either the minimal o-subunit
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promoter (—100 to +44) or a heterologous promoter (3, 4, 6) (Fig. 3.1).
Furthermore, each CRE binds a ubiquitous 43-kd nuclear phosphoprotein
(cAMP response element binding protein [CREB]) (18-20). Changing
virtually any base within the core palindrome disrupts binding of CREB
(14).

Contribution to Promoter Activity in Placenta of
a Complex Array of Tightly Packed Regulatory
Elements Contained in the Human a-Subunit Promoter

In a recent study (11), we used a library of oligodeoxyribonucleotides,
20bp long, to construct 21 “block-replacement” (21) vectors that collec-
tively contain 10-bp transversion mutations at nonoverlapping intervals
throughout approximately 200-bp of 5'-flanking sequence of the human
a-subunit gene. These vectors were analyzed by transfection, while each
discrete region was further characterized by gel mobility shift (22) and
cross competition assays (14), methylation interference analysis (23), and
UV crosslinking studies (24). Such an approach led to identification of
two additional cis-acting elements that bind distinct proteins (Fig. 3.1).
One of the elements contains a canonical CCAAT box that binds a
ubiquitous factor distinct from the previously characterized CCAAT
binding factors CTF/NF1 (25), C/EBP (26), CP1 (27), and NF-Y (28).
We designated this factor a-subunit CCAAT binding factor (a¢CBF) (11)
and suggest that it may contribute to the placenta-specific property of the
human a-subunit gene. The other element is referred to as the junctional
regulatory element (JRE) because of its close juxtaposition between the
CRE and CCAAT box elements (10) (Fig. 3.1). The JRE also binds a
ubiquitous protein, but this protein augments activity of the a-subunit
promoter only in choriocarcinoma cells, suggesting that it may act by
forming a higher-order complex with a placenta-specific factor (10). It
remains to be determined whether either of these elements may interact
synergistically with the CRE to provide maximal transcriptional activity.

Lack of a Functional CRE in the Promoter Proximal
Region of the a-Subunit Gene from Nonprimates

We have used PCR (29, 30) to survey the promoter proximal-regulatory
regions from several different mammals to determine if there is a cor-
relation between the presence of functional CRE and placental expres-
sion of the a-subunit gene. Sequence analysis of primate genes revealed
at least one copy of a perfectly conserved 18-bp CRE (Fig. 3.2). The
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Hu caaac-aaaaatgacctaagggttgaaacaagataagatc aaattgacgtcatggtaa aaattgacgtcatggtaa

Ch aaattgacgtcatggtaa aaattgacgtcatggtaa
Go aaattgacgtcatggtaa aaattgacgtcatggtaa
Ba e aaattgacgtcatggtaa
Rh e aaattgacgtcatggtaa
Ho AaaacAaaaaatgaTctaagAgttgaaacaagataagatc --------——-———————_ aaattgaTgtcatA-taa
Ca éaaacéaaaaatéa!ctaaggggtgaaacaagataagatAv ------------------ aaattgalgtcatggtaa
sh aaattgaTgtcatggtaa
Pi e aaattgaTgtcatggtaa
Rb e aaattgaTgtcatggtaa
Do e aaattgaTgtcatAgtaa
Mo Aaaac-aaaactgaTctGagggttgCaaTGTgataTgatec --------------=- -aattgaTgtcatggtaa
Ra Aaaac-aaaactAacctGagggttgCaaTGTgataagatc ------------—----= aaaCtgaTgtcatggtaa

FIGURE 3.2. Comparative analysis of the proximal regions of mammalian o-
subunit promoters. PCR was used to amplify a discrete segment from the 5'-
flanking region of the o-subunit gene from a number of mammals. This amplified
region is comparable to the region extending between —185 and —111 of the
human o-subunit gene. PCR and sequence analysis were performed as described
in reference 9. Positions of the URE and tandem CRE in the human o-subunit
flanking region are shown by the boxed diagram at the top of the figure. Dotted
lines represent 5'-flanking regions that contain only a single CRE. URE sequence
determination was confined to a limited number of mammals. Nucleotides dif-
ferent from those of the human URE and CRE are capitalized and underlined.
Band 1 and Band 2 refer to the binding sites of two URE-specific trans-acting
factors as described in reference 8. (Hu = human; Ch = chimpanzee; Go =
gorilla; Ba = baboon; Rh = rhesus monkey; Ho = horse; Ca = cattle; Sh =
sheep; Pi = pig; Rb = rabbit; Do = donkey; Mo = mouse; Ra = rat.)

o-subunit genes of humans and higher primates (gorilla and pygmy
chimpanzee) contain tandem CREs. In contrast, a-subunit genes of Old
World monkeys (baboon and rhesus monkey) contain a single CRE.
Since bona fide CG is synthesized in placentas of baboons (31, 32) and
rhesus monkeys (33), these data suggest that a single CRE, acting in
conjunction with a URE, is sufficient to direct placenta-specific expres-
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sion of the a-subunit gene. Furthermore, the presence of a single CRE in
the a-subunit gene of lower primates suggests that acquisition of tandem
CREs was a recent evolutionary event.

All other nonprimates, including horses, contain a CRE-like sequence
with a conserved C-to-T transition at the fourth position of the human
a-TGACGTCA sequence (9, 12, 34, 35) (Fig. 3.2). This transition dis-
rupts the perfect palindrome and renders the bovine and, presumably, the
other nonprimate homologues incapable of binding CREB (12). Thus,
there is a correlation between the presence of a functional CRE and
placenta-specific expression of the a-subunit gene. Furthermore, the
bovine o-subunit promoter is inactive after transfection into human
choriocarcinoma cells. Activity, however, can be rescued through a single
nucleotide change that converts the bovine CRE-like sequence to an
authentic CRE. This underscores the critical role that CREB plays
in conferring placenta-specific expression to the o-subunit promoter.
Moreover, lack of a CREB binding site provides at least one explanation
for inactivity of the a-subunit promoter in placenta of most nonprimates.
Because the CRE-like sequences of nonprimate o-subunit genes cannot
bind CREB and thus confer responsiveness to cAMP in placental trans-
fection systems (12), we refer to the sequence element as TGAT (or T
in Fig. 3.3) rather than CRE. This abbreviation underscores the C/T
transition that differentiates the CRE-like element of nonprimates
(TGATGTCA) from the CRE core primates (TGACGTCA).

Conservation of URE in Mammalian o-Subunit Genes

Earlier studies indicated that the promoter proximal region of the bovine
a-subunit gene contained a functional homologue to the human URE
(9, 12) (Fig. 3.2). Furthermore, URE-binding activity appears to be
conserved in placentas from mammals that fail to express their a-subunit
gene. For example, we have shown recently that a chimeric transgene
containing the human o-subunit promoter-regulatory region expresses in
mouse pituitary as well as in mouse placenta (12). Promoter regions of
the a-subunit genes from horse, rat, and mouse also contain sequence
homologues to the human URE at the appropriate location (immediately
adjacent to the TGAT element; Fig. 3.2). Although there are modest
nucleotide changes, there is no single conserved change as there is with
the C/T transition that distinguishes the primate CRE (TGACGTCA)
from the nonprimate TGAT element (TGATGTCA). This suggests the
possibility that URE homologues in nonprimate a-subunit genes may be
functionally significant (see below).
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FIGURE 3.3. A model of regulatory elements involved in hormonal responsiveness
.and pituitary-specific expression of the human and bovine a-subunit genes. The
diagrammed human or bovine a-subunit promoters direct expression of the CAT
transgene specifically to mouse pituitary gonadotropes, depicted by the ellipse.
Chronic treatment with estradiol suppresses transcription of both transgenes, as
indicated by the (—) symbol. The solid arrows indicate that this effect could occur
by suppressing secretion of gonadotropin releasing hormone (GnRH) from
hypothalamic neurons or at the level of the pituitary. Exogenous administration
of GnRH reverses the suppressive effect of estradiol, as indicated by the (+)
symbol, suggesting that the two hormonal pathways converge at a common site.
The dotted arrows indicate one of several possible sites of convergence—an
estrogen receptor complex may interfere with transduction of the GnRH signal
through the GnRH receptor (GnRH-R) by affecting the binding of a yet-to-be-
described trans-acting factor or a known factor, such as the URE binding protein.
As in Figure 3.1, geometric shapes represent cis-acting elements and their cognate
trans-acting factors. The trans-acting factors with dotted lines represent pituitary
proteins that bind either the URE or T; these proteins appear different from the
placental proteins that bind to these same elements. The presence of a JRE and
a CAAT box have not been confirmed for the bovine promoter; thus, these
elements are depicted without an abbreviation to underscore this fact. (See
Fig. 3.1 key; TRE = thyroid hormone response element.)
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Gonadotrope-Specific Elements Within the Promoter
Proximal-Regulatory Region of Both the Human and
Bovine a-Subunit Gene

We have established lines of transgenic mice containing chimeric con-
structs composed of the chloramphenicol acetyltransferase (CAT) gene
linked to the promoter-regulatory region of either the human (—1500 to
+45) or bovine (—313 to +48) a-subunit gene (12). Both transgenes are
expressed in pituitary but not in heart, lung, liver, kidney, pancreas, and
spleen. The human o-CAT transgene also expresses to a much lower
extent in brain for reasons that remain unexplained. As indicated in
Figure 3.3, the primary difference between these two constructs, besides
the length of their 5’'-flanking region, is that the bovine flanking region
lacks a CREB-binding CRE. Thus, the binding of CREB cannot be
essential for pituitary-specific expression of the bovine a-subunit gene;
presumably, this is true for the human o-subunit transgene as well.
Instead, there must be other regulatory elements located within these
promoter regions that confer this property. For the bovine a-subunit
promoter, this element(s) must reside within the proximal 300bp of 5'-
flanking sequence since this is the extent of 5'-flanking sequence present
in the transgene. While the human a-subunit chimeric transgene contains
a longer 5'-flanking region (1500 bp), we suggest on the basis of nucleo-
tide homology that a pituitary-specific element(s) also resides within the
proximal 300 bp of 5'-flanking sequence.

Additional studies with transgenic mice (13) indicated that activity of
both the human and bovine a-CAT transgenes were suppressed when
castrated female mice were treated chronically with estradiol. As indi-
cated in Figure 3.3, estrogen could be exerting a direct effect by promoting
the binding of estrogen receptor to a high-affinity binding site located
within the promoter proximal regions of the human and bovine a-subunit
genes. Subsequent analysis revealed that the promoter-regulatory regions
contained in both CAT transgenes lacked a high-affinity binding site for
estrogen receptor (13). Thus, if estrogen is acting directly at the level
of the pituitary to suppress transcription of the a-subunit, an indirect
mechanism must be involved. Alternatively, estrogen could act by in-
hibiting the secretion of GnRH from the hypothalamus, which in turn
would lead to reduction in transgene activity. This assumes that the
a-CAT transgenes are expressed in gonadotropes and that their pro-
moter-regulatory regions contain a response element that mediates the
effect of GnRH.

Although the steroid replacement paradigm in transgenic mice cannot
be used to distinguish between direct versus indirect actions of estrogen,
we felt it could be used to address whether flanking regions from either
promoter contained a regulatory element that mediates responsiveness to
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GnRH. Thus, we used the castration-estrogen replacement approach to
suppress endogenous secretion of GnRH and then superimposed pulses
of exogenous GnRH to determine whether the negative effect of estradiol
could be reversed. These studies have recently been completed (manu-
script submitted) and indicate that pulsatile administration of GnRH
(every other hour for 7 continuous days) to ovariectomized mice chroni-
cally treated with estradiol reverses the negative effect of the steroid on
either the human or bovine a-CAT transgene. This response to GnRH
provides clear evidence that the regulatory regions of both transgenes
contain a GnRH response element. Moreover, expression of both trans-
genes must be directed to gonadotropes, as these are the only cell types
in pituitary with receptors for GnRH (1, 2).

Importance of Conservation of CRE/TGAT and
URE Elements as Possible Clues for Understanding
Mechanisms Underlying Pituitary- and
Gonadotrope-Specific Expression of the

a-Subunit Gene

While the GnRH experiments with transgenic mice provide evidence
that the promoter proximal-regulatory regions of the human and bovine
a-subunit genes contain regulatory elements that confer hormonal regu-
lation and gonadotrope-specific expression, the location of this element(s)
and the identity of its cognate DN A-binding protein(s) remain unknown.
There are, however, important clues that emerge through comparative
analysis of the 5'-flanking regions of the a-subunit gene from a number of
diverse mammals. For example, there is a striking conservation of the
URE (Fig. 3.2), even in nonprimates that fail to express their a-subunit
gene in placenta. In addition, the CRE has been strongly conserved in
a-subunit promoter of primates, whereas the TGAT sequence (CRE-
like) has been conserved similarly in nonprimates. The conservation
of these elements suggests that they may be functionally important and
participate in pituitary-specific expression. Participation of the URE in
pituitary-specific expression may seem paradoxical, as this element has
been reported to bind a protein unique to placenta (4). However, pre-
liminary data (not shown) indicate that there is URE-binding activity
in whole-cell extracts prepared from pituitary and that this activity is
different than that detected in placenta. Similarly, although there are no
proteins in human choriocarcinoma cells that bind to the nonprimate
TGAT sequence, there is a strong binding activity present in pituitary.
Interestingly, the protein(s) in pituitary that binds to the nonprimate
TGAT sequence can also bind the primate CRE. Thus, in primates, the
URE and CRE may confer both pituitary- and placenta-specific patterns
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of expression to the o-subunit promoter, but do so by binding different
sets of proteins unique to each tissue. In nonprimates, we envision that
the URE and TGAT elements collaborate to confer pituitary-specific
expression to the a-subunit promoter. Clearly, additional experiments
that incorporate both the transgenic mouse model and in vitro DNA-
protein binding assays will be required to test this hypothesis.
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Role of Inhibins and Activins
in Reproduction

Masao IGarasHI, KAORU MIYAMOTO, YOSHIHISA HASEGAWA,
Masaki Fukubpa, TsutoMU SUZUKI, YUMIKO ABE,

MASAAKI YAMAGUCHI Masaki Doi, SHIN-IcHI ROKUKAWA
AND K1yosHI TSUCHIYA

It is well established that mammalian reproduction is controlled by
hypothalamic, pituitary, and gonadal hormones. Until recent years,
steroid hormones had been considered the only known gonadal hor-
mones. However, recent progress in endocrinology has begun to clarify
the fact that nonsteroidal gonadal factors play an important role in re-
production. Among these nonsteroidal gonadal factors, inhibin and
activin are the most important.

The existence of inhibin, a hormone of the testis, was suggested in
1923, 59 years ago. Mottram and Cramer (1) demonstrated that the
injection of a water-soluble extract of the testis inhibited the appearance
of castration cells in the pituitary. In 1932, McCullagh (2) named this
testicular hormone inhibin. Since then, many endocrinologists and
chemists have attempted to purify and characterize this new testicular
hormone. However, the results have been controversial. For this reason,
some referred to inhibin as a ghost hormone and believed it might be an
artifact. Why has purification of inhibin been so difficult for over 60
years? There might be several reasons, but we think the main reasons
are as follows. Assaying low concentrations of inhibin specifically and
accurately has proven difficult. The second reason relates to the specific
chemical character of inhibin, which exhibits strong interactions with
other proteins and gel supports. After several trials and errors, we
resolved these difficulties and succeeded in purifying porcine ovarian
follicular inhibin in 1984. We presented our data at the Annual Meeting
of The Endocrine Society in Baltimore, Maryland, in 1985 and published
the data in the same year (3).

A few months before our presentation, Robertson et al. (4) published
the results of purification of bovine ovarian inhibin. According to their
results, the molecular weight was 58,000 and the N-terminal amino
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acid sequences were quite different from ours. A few months after our
presentation, Ling and Guillemin of the Salk Institute (5) published
their results in which the molecular weight and N-terminal amino acid
sequences coincided perfectly with our results.

Purification of Inhibin from Porcine and Bovine
Follicular Fluid

As mentioned above, inhibin was first detected in testicular extracts in
1923. But, in 1983, de Jong (6) demonstrated the existence of inhibin in
ovarian follicular fluid. Ovarian follicular fluid is much more suitable for
purification of inhibin than testicular extract because of the higher
content of inhibin and the ease of both collection and purification. Thus,
we began purification of inhibin from =1L of porcine ovarian follicular
fluid aspirated from over 2000 porcine ovaries.

In advance of purification, one of our coworkers, Miyamoto, found
that incubation of follicular fluid in 8 M urea solution induced degener-
ation of most of the contaminating proteins, but induced no change of
inhibin. Therefore, most chromatographies in the present study have
been carried out in the presence of 8 M urea solutions.

Inhibin activity was assayed by suppression of spontaneous FSH release
from the cultured cells of rat anterior pituitary for 3 days. Initially,
batchwise chromatographies on a matrix gel Red A and a phenyl-
Sepharose column have been carried out for the purification of porcine
follicular fluid. On a gel filtration on Sephacryl S 200 in the presence
of 8M urea, after phenyl-Sepharose chromatography, two inhibin-
containing fractions were observed. The smaller inhibin-containing
fractions from 38 to 43 were desalted and further separated on a DEAE-
Sepharose CL6B column in the presence of 8 M urea. Three distinct
peaks (1, 2, and 3) with inhibin activity were observed. Peak 2, eliciting
the highest bioactivity, was further purified by reverse phase high-
pressure liquid chromatography (HPLC). Inhibin activity was found in
a single and well-separated peak. Analytical SDS-PAGE of the final
product from peak 2 under nonreducing conditions gave a single band
corresponding to molecular weight 32,000. Under reducing conditions,
when inhibin was irreversibly inactivated, 2 polypeptide bands of molec-
ular weight 20,000 and 13,000 were observed, indicating that 32,000
inhibin consists of 2 polypeptide chains linked by disulfide bridges.

The purified 32,000 inhibin preparations inhibited spontaneous FSH
release from rat anterior pituitary cells in a dose-dependent manner, but
LH release was not affected (3). After completing purification of porcine
follicular inhibin, we purified bovine follicular inhibin by using proce-
dures exactly the same as those employed in isolation of porcine inhibin
(7). A predominant form of inhibin was 32-kd protein in porcine follicular
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fluid, but major components of inhibin in bovine follicular fluid were
32-kd and 55-kd proteins.

Control Mechanism of Inhibin Secretion from
Granulosa Cells

In order to clarify the control mechanism of inhibin secretion from
ovarian granulosa cells, granulosa cells (GC) were obtained and cultured
from the ovaries of immature female estrogen (diethylstilbestrol [DES])-
primed rats. Inhibin secretion was stimulated in vitro by addition of FSH
(8). The addition of testosterone to the culture system augmented the
stimulatory action of FSH upon inhibin secretion. The addition of LH
was first ineffective, but after a 2-day addition of FSH into cultured GC,
LH became more effective than FSH in stimulation of inhibin secretion.
Besides FSH, insulin and platelet extract are also effective alone and
synergistic with FSH in secretion of inhibin in vitro. The addition of
testosterone also augmented the stimulatory action of insulin and platelet
extract upon inhibin secretion in vitro.

In our GC culture system, hydrocortisone alone had no effect on
inhibin, estradiol, or progesterone secretion. However, the addition of
hydrocortisone made the cells less responsive to FSH stimulation in
regard to secretion of both inhibin and estradiol, but more sensitive with
respect to progesterone production.

Among 3 inhibitors of cytodifferentiation of GC, a potent protein
kinase C activator, TPA, showed the strongest inhibitory effect on inhibin
secretion, both alone and in combination with FSH. EGF and GnRH
agonist suppressed the FSH action on inhibin production, although
administration of EGF or GnRH agonist alone did not induce any change
in inhibin secretion (8).

Mode of Action of Inhibin at the Pituitary Level

In order to clarify the mode of action of inhibin at the pituitary level,
dispersed pituitary cells were prepared by the method described pre-
viously (3). Purified porcine follicular fluid 32-kd inhibin or cycloheximide,
an inhibitor of protein synthesis, was added to each well.

During the first 3 days of incubation, purified inhibin suppressed basal
FSH secretion but did not suppress basal LH secretion (9). At the same
time, the amount of FSH in the cells was also reduced by the inhibin
treatment, whereas the amount of LH in the cells was not affected. It is
evident, therefore, that the total amount of FSH was severely suppressed
by the inhibin treatment. These results indicate that inhibin acts to sup-
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press biosynthesis of FSH. On the other hand, biosynthesis of LH does
not seem to be affected by inhibin. In the next experiment, the effects of
a protein biosynthesis inhibitor, cycloheximide, on the basal gonado-
tropin secretion were tested. Surprisingly, cycloheximide, like inhibin,
suppressed only FSH but not LH regarding the basal secretion and cell
contents. These results indicate that suppression of FSH secretion is a
consequence of reduction of FSH biosynthesis. On the other hand,
neither inhibin nor cycloheximide could affect biosynthesis of LH since
the total amount of LH was not reduced. It is noteworthy that a general
inhibitor of protein biosynthesis selectively suppressed FSH biosynthesis
and secretion.

On the other hand, the LH-RH-stimulated release of both FSH and
LH was suppressed by the treatment with inhibin. This observation
clearly indicates that the suppression of LH-RH-stimulated release of LH
is one of the intrinsic actions of inhibin on the pituitary cells. It should be
emphasized again that cycloheximide also mimicked the inhibin action on
both FSH and LH under LH-RH-stimulated conditions.

TPA could stimulate LH or FSH secretion to the same extent as
LH-RH in our culture system during the 6-h incubation. The addition of
inhibin suppressed the TPA-stimulated release of FSH and LH in a dose-
dependent manner. These results indicate that inhibin exerts the action,
at least in part, by acting on the C-kinase system in the pituitary gonado-
trope (9).

Changes in Serum Inhibin Levels in Mammals

It is well known that LH-RH stimulates both LH and FSH secretion.
However, serum FSH levels are not always parallel to serum LH levels.
Since inhibin suppresses only FSH secretion but not LH secretion, it is
very important and interesting to clarify how inhibin is secreted simul-
taneously with FSH, LH, and estradiol. A coworker (10-13) generated
various polyclonal and monoclonal antibodies against porcine and bovine
follicular 32-kd inhibin. Some antibodies among them showed cross-
reactivity with human follicular fluid inhibin and goat follicular fluid
inhibin. Thus, radioimmunoassay of inhibin using these polyclonal anti-
bodies to inhibin became available.

In the rat estrous cycle (11, 12, 15), there are 2 peaks of serum FSH.
The first FSH peak occurs in the afternoon of the proestrous day, and the
second FSH peak occurs in the morning of the estrous day. We previously
demonstrated that the first FSH peak is induced by a preovulatory LH/
FSH surge that is controlled by hypothalamic LH-RH, but the second
FSH surge, lacking an LH peak, is not dependent on hypothalamic
LH-RH. It was demonstrated that the first LH/FSH surge is accompanied
by a serum inhibin peak, but the second FSH peak occurred at the lowest
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value of serum inhibin. During the estrous cycle of pigs (11, 12, 14), the
first and second FSH peaks were accompanied by low inhibin levels. At
the time of the LH surge, serum inhibin levels were not low. In the
follicular phase during the estrous cycle of the cow (11, 12), FSH levels
increased, and at that time, inhibin levels remained low. At the time of
the LH/FSH surge, inhibin levels were relatively high. In the subsequent
luteal phase, serum inhibin levels were high and serum FSH was low.

During the estrous cycle of the goat (11, 12), serum inhibin and
estradiol levels increased in the follicular phase in accordance with
ovarian follicle maturation. At the time of the LH/FSH surge, serum
inhibin levels showed maximum values. In the luteal phase, serum inhibin
levels were not so high.

During the normal menstrual cycle in women (12, 16), there was an
increase of serum FSH for about 11 days in the follicular phase and an
induced increase of estradiol and inhibin, which inhibited FSH secretion.
Five days later, the estradiol peak induced an LH/FSH surge. On the
same day as the LH/FSH surge, inhibin peaked, then remained at low
levels for 4 days. Thereafter, inhibin showed higher levels during the
luteal phase. We confirmed a higher concentration of inhibin in the
extract of human corpus luteum biopsied during laparotomy. A textbook
of reproductive endocrinology reasons that serum FSH remains low in the
luteal phase due to the combined feedback action of progesterone and
estradiol. However, the true reason is elucidated by these results that
demonstrate secretion of inhibin from the corpus luteum.

In summary, in the follicular phase, FSH stimulates the secretion
of inhibin and estradiol in accordance with follicle development and
maturation. The increase in inhibin blocks the secretion of FSH and the
increase in estradiol induces the LH/FSH surge. At that time, serum
inhibin levels are high. In the luteal phase, serum inhibin, secreted from
the corpus luteum, shows high levels that inhibit secretion of FSH.
Higher levels of inhibin secretion in the luteal phase are observed in
humans and cattle. In human in vitro fertilization (17), serum inhibin
levels seem to be a better monitor for follicle maturation than estradiol.
Moreover, Tsuchiya (17) demonstrated in our laboratory that the serum
inhibin level can be predictive of prognosis for in vitro fertilization, but
the serum estradiol level cannot. The serum inhibin levels in amenorrheic
women were significantly lower in hypoestrogenic hypothalamic or
pituitary amenorrhea but higher in PCO, compared to the levels in the
early follicular phase of normal menstruating women (unpublished
observation). In adult men, serum inhibin showed distinct circadian
rhythm, with higher levels in daytime and lower levels at night. The
highest peak was demonstrated at 9 a.m. (18). During pregnancy (19),
2 peaks of serum inhibin were observed. The first peak of inhibin in the
first trimester was secreted from the corpus luteum, and the second peak
occurred at the end of the pregnancy, secreted from the placenta (19). At
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the time of delivery of the newborn, maternal serum inhibin levels were
about twice as high as the newborn’s. Serum inhibin levels of the male
newborn were significantly higher than those of the female newborn on
day 1, day 6, and day 30 following birth (unpublished observation). In
male puberty, the increase of serum inhibin was earlier than the increase
of testosterone. The highest peak of serum inhibin was observed in men
from 17 to 29 years old, while the peaks of serum testosterone were
observed from 30 to 39 years old (unpublished observation). In the luteal
phase of women, injection of hCG induced an increase in inhibin and
progesterone, but no change in estradiol, and a decrease in serum FSH
and LH (unpublished observation). In men, serum inhibin levels began to
decrease from 30 years and decreased gradually until 70 years, while
serum FSH showed reverse changes against inhibin. On the other hand,
the decrease of serum testosterone levels began from 40 years (18).

History of Research on Activin

In 1986, a dimer of the inhibin B-subunit was discovered simultaneously
in porcine ovarian follicular fluid by two separate groups. Vale et al. (20)
discovered a homodimer BABA and named it FSH releasing protein
(FRP), and Ling et al. (21) discovered a heterodimer BABB and named it
activin. At the Serono Symposium in Tokyo (22), a new nomenclature
was proposed: activin A, activin AB, and activin B. In 1987, independent
of activin studies, Eto et al. (23) isolated a new polypeptide, called
erythroid differentiation factor (EDF), from conditioned medium of
phorbol ester-treated human monocytic leukemia cells. This EDF has the
ability to cause differentiation of mouse Friend erythroleukemia cells into
normal blood cells. Surprisingly, the amino acid sequences of EDF per-
fectly coincided with activin A. The University of Tokyo group (24) and
our group (25) confirmed that EDF stimulates FSH secretion from the
cultured rat pituitary cells in vitro.

Physiologic Action of Activin in Reproduction

In our laboratory (25), the rat pituitary cell culture system demonstrated
that activin increased FSH not only in culture medium but also in cell
content, while it induced no change in LH release and content. These
results clearly indicate that activin stimulates both biosynthesis and
release of FSH from the pituitary, but induces no change of LH. When
activin and inhibin were added into the same culture medium, actions of
activin and inhibin were competitive with each other, and the released
dose of FSH depended on their reciprocal doses. If we compared the
activity of activin and inhibin at the same molal equivalent, the inhibitory
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action of inhibin was more dominant than the stimulatory action of
activin (26).

In our laboratory, Sugino et al. (27) demonstrated the existence of
activin receptor in ovarian GC. TGFp has a similar chemical structure
and biological action to that of activin, but did not bind to this activin
receptor. Inhibin also did not bind to activin receptor. The addition of
FSH in the culture medium induced an increase in the number of activin
receptors. The existence of activin receptors in ovarian GC strongly
suggests an autocrine or paracrine action of activin in these cells. Actually,
we could demonstrate a series of autocrine and paracrine actions of
activin.

First, activin could induce an increase of FSH receptor in the GC (28).
Such action of the activin receptor is very specific because the other
proteins, such as inhibin, TGFp, insulin, and EGF, did not increase FSH
receptor content. Second, the addition of activin to the GC culture
system for 72 h stimulated production of inhibin (29). Third, the addition
of activin to the GC culture system stimulated production of estradiol in
vitro (unpublished observation). Fourth, activin augmented FSH action
to induce LH receptor formation (29). The addition of FSH to the
GC culture system for 60h induced LH receptors. If activin was simul-
taneously added with FSH, the time of induction of LH receptors was
shortened and the number of LH receptors increased. Fifth, activin was
demonstrated to augment maturation of the oocyte (30). It has been
reported that such growth factors as EGF, TGFp, IGF-I, and IGF-II
stimulate germinal vesicle breakdown (GVBD). In 1989, Robertson et al.
reported that inhibin inhibited GVBD, but activin neither inhibited nor
stimulated GVBD. However, our coworker succeeded in demonstrating
the stimulatory action of activin upon GVBD (30).

Research on the in vivo effect of exogeneously administered activin has
been poorly reported. Doi, in our laboratory, demonstrated that a sub-
cutaneous 1-3 day injection of activin A (20 pg twice daily) in immature
female rats induced a significant increase in serum FSH, inhibin, and
estradiol levels and uterine weight. Besides these changes, FSH receptor
content in the ovary was significantly increased by injection of activin A.
Six daily injections of 20-ug activin A increased not only uterine weight
but also ovarian weight. Histological findings of the ovaries revealed that
injection of activin increased the number of developing follicles and the
size of the follicles. In the hypophysectomized rat, injection of activin
alone did not induce any significant change, but simultaneous injection of
PMS and activin induced significant augmentative effects of activin upon
the action of FSH. Significant increases in serum inhibin and estradiol
levels and uterine and ovarian weight were observed in the activin-
combined PMS group, compared to the PMS alone group. From these
results, it is clear that activin induces not only an increase in FSH
secretion from the pituitary, but also has autocrine or paracrine stimu-
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FIGURE 4.1. Mode and site of action of inhibin and activin in reproduction. Black
arrows show sites of action of inhibin or activin. White upward arrows show
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s
estradiol

latory action at the ovarian level. Recently, Woodruff et al. (33) reported
that an intraovarian injection of 1-ug recombinant activin blocked
histological follicular development. It is not clear so far why their results
and ours on the paracrine action of activin are so contradictory. Further
studies are to be required. The physiologic roles of inhibin and activin in
reproduction are illustrated in Figure 4.1.

Site of Production of Inhibin and Activin

In 1986, immunohistochemical localization of inhibin in porcine and
bovine ovaries was published from our laboratory (32). A consistent
staining of inhibin was demonstrated in the GC and follicular fluid, but
not in the theca of the ovaries, using a monoclonal antibody to bovine
32,000 inhibin and polyclonal antiserum to porcine 32,000 inhibin after
acetone fixation followed by celloidin embedding. The mRNA studies
from Vale et al. (33) revealed the a-subunit to be concentrated in the
ovary, testis, pituitary, adrenal, brain, and spinal cord, while the BA
subunit is concentrated in the placenta, ovary, bone marrow, brain, and
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spinal cord. The BB subunit is concentrated in the ovary, pituitary,
adrenal, and brain.

Extragonadal Action of Activin

Many reports, including ours, confirmed that activin stimulates synthesis
and release of FSH from the pituitary (25-28). This activin-mediated
FSH secretion is enhanced by somatostatin (34). In addition to FSH
secretion, it is noteworthy that activin reduces not only GH-RH-mediated
GH release and TRH-mediated PRL release (35), but also release and
biosynthesis of GH in the pituitary (36, 37).

As mentioned earlier, EDF, isolated from the culture medium of
human monocyte leukemia cell line, has the same chemical structure as
activin A. EDF, or activin A, was demonstrated to exist abundantly in
the bone marrow (23). Subsequently, the important role of activin A in
erythrodifferentiation, hemoglobin synthesis, potentiation of the effect
of erythropoietin on stem cells, and so on, was reported. Thereafter,
using EDF, or activin A, it was demonstrated that activin stimulates
both glucose production from cultured rat hepatocytes (38) and insulin
secretion from rat pancreatic islets (39). In in vivo experiments in the
Genentech laboratory (40) and ours (unpublished observation), hypogly-
cemia was demonstrated in the activin-injected rat for 3 days.

In the central nervous system, activin seems to play important phys-
iologic roles. Schubert reported activin to be a nerve cell survival
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Ficure 4.2. Site of action of inhibin and activin in the body. Inhibin acts mainly
in the pituitary and the gonads, while activin acts in such organs as CNS, bone
marrow, pancreas, and liver, as well as pituitary and gonads.
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molecule (41). According to another report by Hashimoto et al. (42),
activin acts as an inhibitor of neural differentiation of P19 cells.

Immunohistochemical studies from Vale’s laboratory (33, 43) showed
the inhibin A subunit was positively stained in the ventrolateral medullary
reticular formation and in the caudal part of the nucleus of the solitary
tract (NTS), of which the most prominent terminal fields are paraven-
tricular (PVN), supraoptic nuclei of the hypothalamus. Vale et al. (43)
already demonstrated that infusion of activin into the PVN of rats elevated
plasma oxytocin levels. In the adrenal, it is reported that recombinant
activin A inhibits proliferation of human fetal adrenal cells in vitro (44).
As illustrated in Figure 4.2, activin seems to play a role in the physiologic
actions of numerous organs and tissues, but the role of inhibin seems to
be concentrated in the pituitary and the gonads.

Conclusions

Inhibins and activin, like growth factors, have various paracrine and
autocrine local actions. Recent progress in their purification and deter-
mination of molecular structure elucidates important roles of inhibin and
activin in reproduction. Still more aspects of their physiologic role might
be clarified in the near future.
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The biosynthesis of gonadal and adrenal steroid hormones requires the
activities of several cytochrome P450 enzymes (Fig. 5.1). These enzymes,
members of a cytochrome P450 multigene family, are heme-containing
proteins that function as terminal oxidases in an electron transport chain.
The initial rate-limiting step in the production of all steroid hormones
is the conversion of the C,; steroid, cholesterol, to the C,; steroid,
pregnenolone, that is catalyzed by the cholesterol side-chain cleavage
(P450,..) enzyme. This enzyme is located in the inner mitochondrial
membrane. The production of Cy steroids from C,; steroids requires the
activities of cytochrome P450;-,, which is associated with the smooth
endoplasmic reticulum. P450,,, catalyzes two reactions, the hydroxylation
of the C,; steroids pregnenolone or progesterone (17o-hydroxylase
activity), followed by cleavage of the 2-carbon side chain (C;;_, lyase
activity), to yield the C,o steroids dehydroepiandrosterone or andro-
stenedione, respectively. P450,,., is the terminal oxidase in the synthesis
of estrone and estradiol from androstenedione and testosterone, respec-
tively. This enzyme is associated with the smooth endoplasmic reticulum
and is found in several tissues, including Leydig cells (1), Sertoli cells (2),
ovarian granulosa cells (3), and placenta and adipose tissue (4). Two
additional P450 enzymes are specific for the biosynthesis of adrenal
steroid hormones: P450,,, which is associated with the smooth endo-
plasmic reticulum, and P450;,3, which is associated with the inner
mitochondrial membrane. The non-P450 enzyme, 38-hydroxysteroid
dehydrogenase/A> — A* isomerase (3BHSD), catalyzes the conversion of
the A’-3B-hydroxysteroids, pregnenolone and dehydroepiandrosterone,
to the A*-3-ketosteroids, progesterone and androstenedione, respectively
(Fig. 5.1). This enzyme is associated with the smooth endoplasmic
reticulum and is essential for the biosynthesis of all steroid hormones.
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FIGURE 5.1. Steroid biosynthetic pathway in gonads and adrenal glands. (P450,.,
= cytochrome P450 cholesterol side-chain cleavage; P450,7,-cytochrome P450,44-
hydroxylase/Cy7_ lyase; 3BHSD-3B-hydroxysteroid dehydrogenase/A> — A*
isomerase; 17KSR-17-ketosteroid reductase; P450,,,m-cytochrome P450 aroma-
tase; 1-cytochrome P450 21-hydroxylase; 2-cytochrome P450 11B-hydroxylase.)

Another non-P450 enzyme involved in the biosynthesis of testosterone
and estradiol, I7-ketosteroid reductase (17KSR), is found in numerous
tissues, including the testis and ovary, but not in adrenal glands (5). This
chapter focuses on the tissue-specific expression in the mouse of P450,,
P450;+,, and 3BHSD, as well as regulation of expression of these enzymes
by cyclic AMP (cAMP) and steroid hormones.

Gene Location

P450,.. and P450,,,,,,

We have identified the chromosomal location in the mouse genome
for the structural genes, Cyplla and Cypl9 that encode P450,. and
P450,,om, respectively (6). Using restriction fragment length variations
(RFLV) and recombinant strains of mice, we established that Cyplla and
Cyp19 are closely linked on mouse chromosome 9. When the strain
distribution patterns of the P450,.. and P450,,,,, genes were compared to
the other markers previously mapped in these recombinant inbred strains
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of mice, it was found that Cyplla and Cypl9 are most closely linked to
another gene encoding a P450 enzyme, P,450, Cypl. The structural genes
for P,450 (CYP1), P450,.. (CYP11A1), and P450,,,, (CYP19) (7) in the
human genome have been mapped to chromosome 15. However, the
distance between the loci for the human P450,.. and other loci has not
been determined. The information presented from our laboratory, along
with other studies, indicates conservation between homologous human and
mouse chromosomal regions and predicts that the human gene that en-
codes P450,.. will be found closely linked to CYP19 on human chromo-
some 15 (6).

P450,,,

A mouse Leydig cell P450,7, cDNA isolated from a mouse Leydig cell
library was used to map the chromosomal location of the structural gene
encoding P450;,,, Cyp17 (7). Using DNA from a mouse intersubspecific

FIGURE 5.2. Autoradiogram of a Southern blot of EcoRI-digested genomic DNA
hybridized with a full-length mouse P450,7, cDNA. The first 3 lanes show the
hybridized fragments of DNA from progenitor strains; the last 3 lanes are rep-
resentative testcross strains showing the presence or absence of the CAST/Ei
allele. Arrows indicate the length of the fragments in kilobases. Reprinted with
permission from Youngblood, Sartorius, Taylor, and Payne (7).
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testcross, Cypl7 has been localized to mouse chromosome 19, distal
to the gene Gotl that encodes glutamate oxaloacetate transaminase-1.
Southern analysis of mouse genomic DNA is consistent with the presence
of a single gene that encodes for P450,;, in the mouse genome (Fig. 5.2)
(7). Another cytochrome P450, P4502¢ (Cyp2c) also is located at the
distal end of chromosome 19. The human homologs, CYP17, CYP2C,
and GOT1 have been mapped to human chromosome 10, with CYP2C
and GOT1 mapped to the distal region. However, the region of chromo-
some 10 where CYP17 is located has not been identified. The data
obtained for the mouse genome predicts that CYP17 will be found in the
homologous region of chromosome 10 close to GOT1 (7).

3BHSD

The mouse gene(s) that encode 3BHSD has been mapped to mouse
chromosome 3. Using RFLVs as genotypic markers for linkage analysis,
the ‘gene(s) for 3BHSD, Hsd3b, was localized to the distal portion of
mouse chromosome 3, near Amyl, the gene that encodes for salivary
amylase (Bain, Taylor, Payne, unpublished data). The human locus for
3BHSD recently has been mapped by in situ hybridization to chromosome
1p13 (8), in a region of human chromosome 1 that exhibits extensive
conservation of gene order and genetic distances with the region of mouse
chromosome 3 that includes Amyl (9,10). The observation of the
close linkage of Hsd3b to Amyl suggests that Hsd3b is included in this
homologous region as well. Multiple restriction fragments are recognized
by two different, nonoverlapping 3BHSD Leydig cell cDNA probes
(Fig. 5.3). The recognition of these multiple bands indicates the presence
of more than one structural gene or pseudogene(s) located on mouse
chromosome 3 (compare Figs. 5.2 and 5.3).

Regulation of Expression of P450,.., P450,,,, and
3BHSD in Leydig Cells

Regulation by cAMP

Our laboratory has used mouse Leydig cell cultures to study the regu-
lation of P450,., P450;;,, and 3BHSD expression. Primary cultures of
mouse Leydig cells are preferable to the more frequently used rat Leydig
cell culture for studying the regulation of the steroidogenic enzymes
and cAMP-stimulated testosterone production since mouse Leydig cell
cultures remain responsive to cAMP stimulation for at least 21 days
(11 and Payne, unpublished).

Anakwe and Payne (11) investigated the rate of de novo synthesis of
P450,.. and P450,4, in mouse Leydig cell cultures maintained for 15 days.



5. Hormonal Regulation and Tissue-Specific Expression 69

FIGURE 5.3. Autoradiogram of Southern blots of genomic DNA from progenitor
and progeny mice used to map 3BHSD to mouse chromosome 3. A: EcoRI-
digested genomic DNA hybridized with a 140-bp Ncol-BamHI fragment from the
5" end of 3BHSD-I, as described in reference 20. This is the same blot as
illustrated in Fig. 5.2 after removal of the P450,;, probe. B: Hindlll digested
genomic DNA of (CAST x MEV)F, mice hybridized with a SacI-Bg/II 906-bp
fragment from the coding region of 3BHSD-I, as described in reference 20.
Arrows indicate the length of the fragments of the variant restriction fragments
representative of the CAST/Ei allele.

Leydig cells were incubated in a synthetic, serum-free medium containing
0.1% bovine serum albumin (BSA) and insulin (500 ug/mL). Cultures
were incubated for 7 days in the absence of cAMP followed by 4 days in
the presence or absence of 50-uM cAMP. Figure 5.4 illustrates that in
the absence of cAMP, the amount of immunoreactive P450;;, protein
decreases to 50% by day 2 of culture and is essentially undetectable from
days 4 through 11. Treatment with cAMP starting on day 7 results in an
increase in the amount of P450;,. In sharp contrast, the amount of
immunoreactive P450.. in untreated cells remains relatively unchanged
during the 11 days of culture. Treatment with cAMP starting on day 7
results only in a slight increase in the amount of P450,.. after 4 days of
treatment. Previous studies by Malaska and Payne (12) demonstrated that
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FiGURE 5.4. Effect of time in culture and treatment with cAMP on the amount of
P450,7, and P450,. protein. Purified mouse Leydig cells were incubated for 7
days in the absence of cAMP, followed by 4 days in the absence or presence of
50-uM 8-Br-cAMP. At the indicated times, total immunoreactive P450,7, and
P450,,. were determined by immunoblotting. Reprinted with permission from
Anakwe and Payne (11).

Ficure 5.5. Effect of cAMP withdrawal and replacement on the rate of de novo
synthesis of P450,7, and P450s... Mouse Leydig cells were maintained in culture
for 7 days without cAMP. From days 7 to 11, cultures were treated with 50-uM
8-Br-cAMP. On day 11, cAMP was removed by washing cells for 2h in media
only. Cells were then incubated in the absence of cAMP from days 11 to 13
followed by incubation in the presence of cAMP from days 13 to 15. At the
indicated time, de novo synthesis was determined by incubating cells for 3h with
[?>S]methionine as described in reference 11. Reprinted with permission from
Anakwe and Payne (11).
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cAMP treatment of mouse Leydig cells is necessary for the induction of
P450,7, enzyme activity. The absolute dependence of P450,7, de novo
synthesis on cAMP stimulation of Leydig cells is shown in Figure 5.5. De
novo synthesis of the P450 enzymes was measured by the incorporation of
[**S]methionine into newly synthesized P450,.. and P450,7,. In the
absence of cCAMP treatment, no incorporation of [**S]methionine into
P450,;, was observed on day 7 of culture, while newly synthesized P450,..
was demonstrable. Treatment with 50-uM cAMP from day 7 to 11
resulted in the detection of newly synthesized P450;7, and in a 2-fold
increase in the rate of synthesis of P450,... The withdrawal of cAMP on
day 11 caused a 50% decrease in the rate of de novo synthesis of P450;4,
by day 12 and complete cessation of P450,7, synthesis by day 13. Re-
placement of cAMP to these same cultures on day 13 for an additional 2
days restored P450,7, synthesis. In contrast to the absolute requirement
for cAMP for the de novo synthesis of P450,7,, cCAMP withdrawal had
little effect on the rate of de novo synthesis of P450,.. (Fig. 5.5).

The role of cAMP for de novo synthesis of the P450 enzymes reflects
the effect of cCAMP on the expression of P450,7, and P450,.. mRNA
levels in Leydig cells. As was observed with enzyme synthesis, P450,.
mRNA is constitutively expressed and increased approximately 2-fold

FIGURE 5.6. Effect of cAMP and androgens on 3pHSD and P450,;, mRNA levels.
Mouse Leydig cells were incubated for 6 days before treatment for 24h with
increasing concentrations of cAMP (cA) in the presence or absence of 0.5-mM
aminoglutethimide (AG) and, where indicated, 2-uM mibolerone (Mib) or 2-uM
testosterone (T). Total cytoplasmic RNA was isolated, and 7 ug were subjected
to Northern analysis and hybridized sequentially with 3BHSD, P450,;,, and
B-actin DNA probes. Reprinted with permission from Payne and Sha (13), © by
The Endocrine Society, 1991.



72 A.H. Payne et al.

after 24 h of treatment with cAMP (12, 13). Studies on the regulation of
P450,7, and 3pHSD mRNA levels demonstrate that in the absence of
cAMP, P450,;, mRNA levels are undetectable, while 3HSD mRNA is
expressed constitutively (Fig. 5.6), similar to the expression of P450..
mRNA. Maximal induction by cAMP of P450,7, and 3HSD mRNA
is observed at a concentration of S0 uM in the presence of aminoglute-
thimide to inhibit endogenous steroid production (Fig. 5.6 and section
below on effects of steroids).

The requirement for newly synthesized proteins in mediating cAMP
induction of P450,;, and 3BHSD mRNA differs from that of P450,..
(Fig. 5.7). Inhibition of protein synthesis for 24h by the addition of
cycloheximide to Leydig cell cultures completely suppressed both con-
stitutive and cAMP-induced expression of 3BHSD mRNA. Cycloheximide
also markedly suppressed the cAMP induction of P450;;, mRNA. In
sharp contrast, cycloheximide did not suppress cAMP induction of
P450,.. mRNA, while constitutive expression was reduced. To examine
in more detail the role of protein synthesis and the time required for

Figure 5.7. Effect of inhibition of protein synthesis on the expression of 3pHSD,
P450,,,, and P450,.. mRNA. Leydig cells were incubated and treated as described
in Fig. 5.6. Cycloheximide (CHX, 10 pg/mL) was added 30 min before addition of
50-uM cAMP (cA) or 100-nM dexamethasone (Dex). CHX was added to
untreated control cultures (Con) at the same time as it was added to the other
cultures. After 24h, total RNA was isolated and subjected to Northern analysis
and hybridized sequentially with 3BHSD, P450,7,, P450,., and B-actin cDNA
probes. Reprinted with permission from Payne and Sha (13), © by The
Endocrine Society, 1991.
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FiGure 5.8. Time course for action of cAMP and cycloheximide on P450,;,
mRNA levels. Leydig cell cultures were incubated for 6, 12, and 24h in the
absence or presence of 50-uM cAMP (cA) and in the absence or presence of
cycloheximide (CHX, 10pg/mL). CHX was added 30 min before the addition of
cA. Total cytoplasmic RNA was isolated, subjected to Northern analysis, and
hybridized sequentially with P450;,, and B-actin cDNA probes. P450,7,, mRNA
and B-actin mRNA were quantitated by laser densitometry, and the amount of
P450,, in each treatment group was corrected for the amount of B-actin in that
treatment group. mRNA levels in cultures not treated with cAMP were
undetectable and, therefore, are not illustrated. All values represent the mean =
range of 2 separate experiments and are expressed relative to the 6-h cA-treated-
in-the-absence-of-cycloheximide (—CXH) sample, which was given the arbitrary
value of 1. Reprinted with permission from Payne and Sha (13), © by The
Endocrine Society, 1991.

maximal cAMP induction of P450,,, and P450,.. mRNA, the effect of
cycloheximide on basal and cAMP-stimulated mRNA levels was deter-
mined at 6, 12, and 24h following treatment of cultures with cAMP.
Inhibition of protein synthesis suppressed the cAMP induction of P450,,
mRNA at all time intervals examined (Fig. 5.8). Inhibition of protein
synthesis for 24 h reduced cAMP-induced P450,,, mRNA levels to 12%
of levels observed in the absence of cycloheximide. cAMP induction of
P450,.. mRNA levels does not appear to be dependent on newly syn-
thesized proteins, while basal expression of P450,,. mRNA requires
newly synthesized proteins for optimal expression. Figure 5.9 illustrates
that cAMP-induced increases in P450,,. mRNA at 12 and 24h are not
prevented by the addition of cycloheximide, while basal expression is
reduced by approximately 50%. During the first 6h of exposure to
cycloheximide, inhibition of protein synthesis had no effect on basal
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FIGURE 5.9. Time course for action of cAMP and cycloheximide on P450,.
mRNA levels. All conditions were identical to those described in Fig. 5.8. Filters
were hybridized with P450,.. and B-actin cDNA probes and quantitated as
described in Fig. 5.8. All values were expressed relative to the 24-h untreated
control, which was given the arbitrary value of 1. The number in each bar is equal
to the number of separate experiments. The value for 3 separate experiments
represents the mean + SE. The value for 2 separate experiments is the mean +
range. Reprinted with permission from Payne and Sha (13), © by The Endocrine
Society, 1991.

expression, but prevented the 40% induced increase in P450,.. mRNA
levels (Fig. 5.7). Although the cAMP-induced increases in P450,.. and
P450;7, mRNA levels were different, the pattern of the cAMP-induced
increases with time were similar. cAMP-induced increases in both P450,,
and P450,.. mRNA levels were most marked between 12 and 24 h. This
slow type of response to cAMP induction of mRNA levels is charac-
teristic of genes whose induction by cAMP is mediated by newly syn-
thesized proteins (14). The results of our studies, however, indicate that
cAMP increases in P450,,, mRNA do not require newly synthesized
proteins, while cAMP-mediated induction of P450,, is highly dependent
on newly synthesized proteins. The data suggest that cAMP-induced
increases in these two P450 mRNAs in normal mouse Leydig cells occur
by a different mechanism(s). The precise mechanism(s) involved requires
further investigation.

To investigate further the cAMP induction of P450,,, expression, we
have isolated the mouse structural gene encoding P450,,,. Two genomic
clones containing the entire coding region and approximately 10kb of 5’
flanking sequences of the P450,,, structural gene were isolated and
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FiGure 5.10. Localization of P450,,, 5’ regulatory regions responsible for cAMP
induction. Plasmids were constructed by subcloning different-size kilobase (kb)
fragments 5’ of the P450,;, coding region into the multiple cloning site of a
promoterless plasmid, pGSVOCAT;,. pGSVOCAT, was constructed by inserting
the chloramphenicol acetyltransferase (CAT) reporter gene into pGem7Zf*. A
terminator fragment (t) containing an SV40 poly(A) addition signal was inserted
into the pGem-CAT upstream of the multiple cloning region. MA-10 Leydig
tumor cells were transfected transiently with the indicated constructs (5-pg DNA)
and treated for 12h with 500-uM 8-Br-cAMP. CAT activity was measured in cell
extracts by measuring the amount of [*H] acetylated chloramphenicol produced
during 2 h. All cultures were cotransfected with 5-pg SV2B-gal, and CAT activity
is expressed relative to B-galactosidase activity (B-gal).

characterized (Youngblood, Payne, unpublished data). To identify
sequences involved in the cAMP regulation of mouse P450,;, and to
investigate further the mechanism by which cAMP induces transcription
of P450,,,, 5'-fragments of the coding region were subcloned into vectors
containing the chloramphenicol acetyl transferase (CAT) reporter gene.
The constructs, containing different lengths of 5’ upstream sequences
were transfected into MA-10 Leydig tumor cells and treated with cAMP.
cAMP response of the constructs was determined by measuring CAT
activity (amount of chloramphenicol acetylated with [°H] acetate in the
cell extracts). Maximal induction of P450,,, expression, as measured
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by CAT activity, occurred at 12h following treatment with 500-uM
8-bromo-cyclic AMP. Data presented in Figure 5.10 demonstrate that
the cAMP-responsive element is located between 0.3 and 1.1 kb upstream
of the P450,,, coding region. Future studies should further delineate the
sequences necessary for cAMP induction of P450,5, and resolve the
mechanism by which cAMP induces transcription of the P450,,, gene.
Identification of the sequences responsible for cAMP-induced increases in
P450,.. mRNA has not been successful to date.

Regulation by Steroid Hormones

Our laboratory has shown that steroid hormones negatively regulate the
expression of P450,.., P450,7,, and 3HSD in normal mouse Leydig cells.
The repression is specific for a particular steroid and for a particular
enzyme. Glucocorticoids repress protein synthesis and steady state levels
of P450,. (12, 13), as well as 3HSD mRNA (13), while endogenously
produced testosterone represses cAMP induction of P450,4, (13, 16, 17)
and constitutive and cAMP-induced 3HSD mRNA (13). In contrast to
the repressive effect of glucocorticoids on P450,.. in normal mouse
Leydig cell cultures, the glucocorticoid dexamethasone stimulates both
de novo protein synthesis and steady state levels of P450,.,. mRNA in
MA-10 tumor Leydig cells (15). This effect of dexamethasone in MA-10
cells is additive to cAMP stimulation of P450,.. synthesis and mRNA
levels. Both the negative and the positive effect of glucocorticoids on
P450.. synthesis and mRNA levels are prevented by the glucocorticoid
antagonist, RU486, and is not observed with either estradiol or testos-
terone (12, 15).

Testosterone produced during cAMP induction of P450,,, has a nega-
tive effect on P450,5, enzyme activities (16, 17) and de novo synthesis
(17). The addition of aminoglutethimide, an inhibitor of cholesterol
metabolism, markedly enhances the effect of cAMP on the induction of
P450,7, enzyme activity and de novo synthesis (16, 17). Hales et al.
demonstrated that the negative effect of testosterone on cAMP induction
of P450,;, can be mimicked by the androgen agonist, mibolerone, and
prevented by the addition of the androgen antagonist, hydroxyflutamide
(17). These results indicate that testosterone produced during cAMP
induction of P450;;, represses this induction by an androgen receptor-
mediated mechanism. More recently, we demonstrated that testosterone
produced during cAMP stimulation of Leydig cells represses cAMP
induction of both P450;;, and 3BHSD mRNA Ilevels (Fig. 5.6). cAMP
induction of 3BHSD mRNA can be demonstrated only when increased
testosterone production is prevented by the addition of aminoglutethimide
to the Leydig cell cultures. The repression of P450,,, and 3HSD mRNA
by testosterone is not a general effect on all steroidogenic enzymes in
Leydig cells. Testosterone does not repress de novo synthesis of P450,.
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FiGure 5.11. Effects of mibolerone, dexamethasone, and estradiol on 3HSD and
P450;7, mRNA levels. Mouse Leydig cells were incubated and treated as
described in Fig. 5.6. Mibolerone (Mib, 2uM), dexamethasone (Dex, 100 nM),
estradiol (E,, 100nM), and (E,*, 1pM) were added to ¢cAMP + amino-
glutethimide (AG)-treated cultures where indicated. Total cytoplasmic RNA
was isolated, and 7pg was subjected to Northern analysis and hybridized, as
described in Fig. 5.6. Reprinted with permission from Payne and Sha (13), © by
The Endocrine Society, 1991.

in Leydig cells (12). Estrogen did not repress P450,;, or 3BHSD expres-
sion (Fig. 5.11) (17). Repression by dexamethasone of constitutive (Fig.
5.7) and cAMP-induced levels (Fig. 5.11) of 3BHSD mRNA, but not of
P450;7;, mRNA, was observed (13). In summary, expression of P450,.,
P450,74, and 3BHSD is differentially regulated by steroid hormones.
Endogenously produced testosterone negatively regulates expression of
cAMP-induced P450,7, and 3BHSD, but not P450,., while glucocor-
ticoids negatively regulate 3pHSD and P450,.., but not P450,7,, in normal
mouse Leydig cells. Although glucocorticoids are not produced in Leydig
cells, glucocorticoid receptors have been demonstrated in interstitial cells
of the rat testis (18). Data from our laboratory demonstrating that the
effect of dexamethasone can be prevented by RU486, a glucocorticoid
antagonist, indicate the presence of glucocorticoid receptors in mouse
Leydig cells (12). Glucocorticoids are mediators of stress. Increased
production of glucocorticoids in such pathologic conditions of the adrenal
cortex as Cushing’s syndrome can be associated with reproductive dys-
function, including decreased circulating testosterone levels (19). Our
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studies suggest that increased circulating concentrations of glucocorticoids
could decrease testicular testosterone production by decreasing the
amount of two of the enzymes, P450,.. and 3BHSD, necessary for the
conversion of cholesterol to testosterone.

Tissue-Specific Expression

Isolation and Characterization of Different Forms
of 3BHSD

Our laboratory has isolated 3 distinct 3HSD cDNA clones, 1 from a
mouse Leydig cell library, 3HSD-I, and 2 from mouse liver libraries,
3BHSD-II and 3BHSD-III (20). A 3BHSD-I cDNA, isolated from a
mouse Leydig cell library, is 1608 bp in length and contains a single 1122
nucleotide open reading frame encoding a protein of 373 amino acids with
a molecular weight of 42,059. Two distinct clones were isolated from
mouse liver libraries. One of these cDNA clones, 3HSD-III, comprises
1553 bp and contains the complete coding region, a large 3’ untranslated
region and 51bp of 5’ untranslated region. The open reading frame is
predicted to encode a protein with a molecular weight of 42,028. The
longest 3BHSD-II clone isolated contains sequences corresponding to
amino acids 109-373 of 3BHSD-1 and 3BHSD-III (Fig. 5.12) and a
complete 3’ untranslated sequence including a poly(A) tail. Figure 5.12
compares the amino acid sequences encoded by the three 3BHSD cDNA
clones. The coding region of 3HSD-I and 3BHSD-III are 89.4% iden-
tical, while the coding region of 3BHSD-II is 90% and 94% identical to
3BHSD-I and 3BHSD-III, respectively. Within the 3’ noncoding region,
3BHSD-I is 62% and 59% identical to 3pHSD-II and 3BHSD-III, re-
spectively (20). Types II and III are 73% identical within this region.
Within the 5’ untranslated region of 3HSD-III, there is an 8-nucleotide
stretch of complete identity with 3BHSD-I immediately 5’ of the coding

region. Further 5’ of this region, no identity between 3BHSD-I and
3BHSD-III is observed.

Expression of 3fHSD mRNAs in Steroidogenic and
Nonsteroidogenic Tissues

Northern analysis using a 906-bp SacI-Bg/Il fragment of the 3BHSD-I
cDNA demonstrates the expression of a 1.7-kb mRNA in the adrenal
gland, ovary, testis, liver, and kidney (Fig. 5.13). No 3BHSD mRNA was
detected in spleen or brain tissue. In addition to the 1.7-kb mRNA, the
kidney expresses a 1.9-kb mRNA that is not observed in the other tissues.
The 1.7-kb mRNA is present at much higher levels in the adrenal gland
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FIGURE 5.13. Northern blot analysis of 3BHSD transcripts in steroidogenic and
nonsteroidogenic tissues. The probe used was a 906-bp Sacl-Bg/II fragment of the
clone 3BHSD-I. All tissues were from male mice except for the ovary. Each lane
contains 20-ug total RNA except for the ovary and adrenal gland lanes, which

contain 2 ug. Reprinted with permission from Bain, Yoo, Clarke, Hammond, and
Payne (20).

and the ovary relative to the testis, liver, and kidney (Fig. 5.13). 3HSD
mRNA from the adrenal gland and the ovary was derived from 1/10 the
amount of total RNA compared to the other tissues (2 pug vs 20 ug).

To further examine the expression of the different types of 3HSD
among murine tissues, a Northern blot of total RNA extracted from
female and male liver, kidney, testis, and ovary was sequentially hy-
bridized with, first, the Sacl-Bgl/ll fragment of 3HSD-I and, second, a
BamHI-Sacl fragment of 3HSD-II. The two probes produced distinct
patterns of hybridization in the different tissues (Fig. 5.14). The Leydig
cell probe hybridized to a single 1.7-kb mRNA in all tissues from both
sexes and also to a 1.9-kb mRNA in kidney (Fig. 5.14 top). Using the
3BHSD-I probe, the strongest signal was observed in total RNA from
the ovary (2-pg ovarian RNA rather than 20 pg from the other tissues).
The signal from testicular RNA is considerably less, but it must be taken
into consideration that Leydig cells, which are the source of the 3BHSD
cDNA in the testis, represent less than 5% of all the cells in the mouse
testis (21). In the kidney lane, the 1.7-kb mRNA is more intense than the
1.9-kb mRNA in both male and female kidneys when hybridized with the
Leydig cell cDNA probe. When 3HSD-II is used as a probe, the pattern
of hybridization is different (Fig. 5.14 bottom). The intensity of the signal
from gonadal RNA is greatly reduced relative to the intensity of the
1.7-kb mRNA in the liver and kidney. Also, the intensity of the 1.9-kb
mRNA in the kidney is increased relative to the 1.7-kb mRNA in all
tissues. Furthermore, the 3BHSD-II probe recognizes a 1.9-kb mRNA in
total liver RNA that was not detected with the 3BHSD-I probe.

To delineate tissue-specific expression of the 3 different types of
3BHSD, ribonuclease protection analysis was carried out with total RNA
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FIGURE 5.14. Expression of different forms and different amounts of 3BHSD
mRNA in steroidogenic and nonsteroidogenic tissues. The Northern blot was first
hybridized with probe 3BHSD-I and, after the removal of the first probe,
hybridized with probe 3BHSD-II. Complete removal of probe 3BHSD-I was
confirmed by autoradiography. Probe 3BHSD-I is a 906-bp Sacl-Bgll fragment of
clone 3BHSD-I that is entirely included within the coding region of the cDNA.
Probe 3BHSD-II is a 1069-bp BamHI-Sacl fragment of the clone 3BHSD-II that
includes a small portion of the pBluescript polylinker at the BamHI (5') end. For
each lane, 20-ug total RNA was applied to the gel except for the ovary and
adrenal gland lanes, in which case, 2 ug was used.

isolated from gonads, liver, kidney, and adrenal glands from adult male
and female mice. Antisense RNA probes from distinct regions of each
3BHSD form demonstrate that the 3BHSD-I specific probe protected
a fragment of 104 nucleotides only in RNA from testes, ovaries, and
adrenal glands (Fig. 5.15). No fragment of 104 nucleotides is protected
by RNA from the liver or kidney of either sex (only 0.1-pug total RNA
was used in the ovary and adrenal gland lanes compared to 10 pg from
the other tissues). Figure 5.15 illustrates that the 3BHSD-II specific probe
gives a 138-nucleotide fragment only with liver and kidney RNA from
both sexes. The amount of 3HSD-II RNA expressed in the kidney is
always greater than in the liver. The 3BHSD-III specific probe generates a
188-nucleotide protected fragment also only with liver and kidney RNA,
but no apparent difference between the amount of 3HSD-III in liver
and kidney was observed (Fig. 5.15). These data demonstrate that the
different 3HSD genes are expressed in a tissue-specific manner: 3HSD-
I is expressed only in steroidogenic tissues in both sexes, whereas 3pHSD-
IT and 3HSD-III are found in liver and kidney of both sexes.
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Ficure 5.15. Ribonuclease protection analysis of RNA from mouse gonads, liver,
kidney, and adrenal glands using probes specific for 3BHSD-I, -II, and -III. The
diagram at the top of the figure is a generalized 3HSD c¢DNA intended to show
the positions and lengths of the 3 probes used in the analysis. The probes are
indicated by black bars, and the number in parentheses is the length, in
nucleotides, of the protected fragment produced by the probe. For the
experiment depicted in this figure, all 3 probes were used simultaneously and
were each added at a concentration of 1.0 x 10° cmp/30 pL hybridization reaction.
Along the left of the figure, the positions of the full-length probes are indicated.
The positions of the specific protected fragments are indicated along the right.
The amount of RNA used in each lane was 10 ug except for the ovary and adrenal
glands of both sexes, where 0.1 pug was used.
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FIGURE 5.16. Immunoblot analysis of 3BHSD protein from various mouse tissues.
For the testis, liver, and kidney lanes, 100-ug total protein was loaded on the gel;
for spleen, 75 ug; and for adrenal gland, 30 ug. The Leydig cell lane contains the
total protein from 5 x 10* Leydig cells. All tissues were from male mice.
Reprinted with permission from Bain, Yoo, Clarke, Hammond, and Payne (20).

Expression of 3HSD Immunoreactive Proteins in
Steroidogenic and Nonsteroidogenic Tissues

Tissue homogenates from male mice were subjected to Western analysis
using an antibody raised against human placental 3HSD (22). Figure
5.16 illustrates that a single protein of 42kd is seen in Leydig cells, testis,
adrenal gland, and kidney. The liver, however, exhibits a single im-
munoreactive protein of 45kd. No immunoreactive protein could be
detected in spleen even after a 96-h exposure. In addition, exposure of
the blot for 96h did not detect an immunoreactive protein of 42kd in
liver, nor a 45-kd protein in any of the other tissues examined. These data
demonstrate that the liver expresses a 3HSD immunoreactive protein of
a different size than the protein expressed in steroidogenic tissues. The
data also suggest that either the 3HSD immunoreactive protein in the
kidney is distinct from the one expressed in the steroidogenic tissues and
the liver or that there is decreased translation or increased degradation of
the protein.

3BHSD Enzymatic Activity

3BHSD enzyme activity was determined in a variety of tissues from male
mice. The activity was determined by measuring the conversion of two
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A°-3B-hydroxysteroids, pregnenolone and dehydroepiandrosterone, to
the respective A*-3-ketosteroids, progesterone and androstenedione, and
by measuring the hydrogenation of the Sa-reduced steroid, dihydrotes-
tosterone, to Sa-androstan-3B,17B-diol. Specific activity in the adrenal
gland was more than 10-fold greater than that observed in the testis,
which was 5-fold greater than the activity observed in the liver (Table
5.1). Specific activity in the kidney was considerably lower than the
activity found in the liver. 3BHSD activity in the spleen was negligible.
When 3BHSD enzyme activity is expressed as total activity per organ, a
very different pattern is observed. Liver exhibits by far the greatest
amount of total 3fHSD enzyme activity for all 3 substrates (Table 5.2).
Total 3BHSD activity was 5-fold greater in the liver compared to the testis
and approximately 10-fold greater than what was observed in adrenal
glands. Total enzyme activity in the kidneys was somewhat less than that
observed in the adrenals. 3BHSD enzyme activity in the spleen was
negligible. Comparison of 3BHSD enzyme activity among the 3 substrates
indicates that activity with the 5a-reduced steroid as the substrate was
5-fold greater than with the A>-3p-hydroxysteroids as the substrate.
Measuring the dehydrogenation of Sa-androstan-3f,178-diol gave simi-
larly higher activity, as was observed with dihydrotestosterone as the

TABLE 5.1. Specific activity of 3HSD in mouse tissues.

Tissue Substrate pregnenolone DHEA DHT
Testis 0.502 + 0.031 0.651 + 0.026 3.940 + 0.390*
Adrenal 8.390 + 0.690 9.090 + 0.510 44.900 + 3.000
Liver 0.097 = 0.015 0.121 £ 0.013 0.666 + 0.070*
Kidney 0.016 + 0.002* 0.030 * 0.001 0.187 £ 0.009
Spleen <0.002 0.007 £ 0.001 0.016 £ 0.001

Note: Enzyme activity is expressed as pmol min~'ug protein~!. Values are the mean of 3
mice £ SE. Asterisks (*) indicate the average of 2 mice * the range.
Source: Data from Bain, Yoo, Clarke, Hammond, and Payne (20).

TABLE 5.2. Total activity of 3BHSD in mouse tissues.

Tissue Substrate pregnenolone DHEA DHT
Testis 9.08 £ 0.29 11.90 + 0.30 68.60 *+ 3.20*
Adrenal 4.68 = 0.68 5.31 £ 0.89 25.80 £ 4.10
Liver 44.80 + 10.00 54.70 £ 9.10 301.00 + 95.00*
Kidney 1.44 £ 0.30* 3.30 £ 0.13 18.10 £ 1.10
Spleen <0.05 0.14 + 0.02 0.36 + 0.06

Note: Enzyme activity is expressed as nmol min~! per total organ mass (paired testis and
adrenal glands). Values are the mean of 3 mice + SE. Asterisks (*) indicate the average of
2 mice * the range.

Source: Data from Bain, Yoo, Clarke, Hammond, and Payne (20).
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substrate (data not shown). From these studies in tissue homogenates, it
cannot be determined whether the dehydrogenation and isomerization of
the A>-3B-hydroxysteroids and the reduction or dehydrogenation of the
Sa-reduced steroids are catalyzed by the same enzyme. In preliminary
studies, the coding region of 3BHSD-I or the coding region of 3pHSD-III
was inserted into a pCMVS expression vector and transfected into COS-1
cells. When enzyme activity was measured with each of the 3 substrates,
proteins expressed from both the 3BHSD-I and 3HSD-III vectors were
able to catalyze the conversion of the A>-3B-hydroxysteroids, as well as
the So-reduced steroids (Payne, Bain, Clarke, Sha, unpublished data).
These preliminary results demonstrate that the enzyme activities deter-
mined in the tissue homogenates are catalyzed by the same protein. The
high capacity of the liver for the conversion of A>-3B-hydroxysteroids to
A*-3-ketosteroids suggests that the liver could play an important role in
overall steroid hormone production.

Identification of Leydig Cell-Specific Sequences for the
Expression of Mouse P450,,.

In a recent study on the analysis of the promoter region of the gene
encoding mouse P450,, it was found that constructs containing 1500-bp
5’ flanking region, when transfected into mouse Y-1 adrenocortical cells,
exhibited high levels of expression of a growth hormone reporter gene
(23). In contrast, the same construct showed very low expression in
mouse MA-10 Leydig cells (23). To examine whether additional se-
quences are necessary for the expression of the P450,.. gene in Leydig
cells, a *?P-labeled probe containing +150 to —1300 of the mouse P450,.
gene (a gift from Dr. Keith Parker) was used to screen an EMBL-3
mouse genomic library. A clone containing ~13,000-bp 5’ flanking
sequences plus 4000 bp of the structural gene was identified by restriction
mapping and partial sequencing. Constructs containing different lengths
of 5’ flanking sequences were subcloned into vectors containing the CAT
reporter gene. To determine if there are sequences further 5’ than
—1300bp that are necessary for Leydig cell expression of the mouse
P450.. gene, reporter constructs containing up to —8000-bp 5’ flanking
sequences were transfected into MA-10 Leydig tumor cells or Y-1
adrenocortical cells. Expression with the different constructs in each cell
type was determined by measuring the CAT activity in the cell extracts.
The results of this study are shown in Figure 5.17. Basal expression of
P450,. in Y-1 adrenocortical cells was greatest in the construct containing
—1200bp. No increase in expression of P450,. was observed in Y-1
adrenocortical cells with constructs up to —5000-bp 5’ flanking se-
quences relative to a minimal promoter containing —198bp. In Leydig
cells, very little expression of the P450,.. gene constructs was observed in
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FIGURE 5.17. Identification of Leydig cell-specific sequences for the expression of
mouse P450,.. Different-size fragments 5' of the P450,.. coding region were
subcloned into the multiple cloning site of a promoterless plasmid (pGSVOCAT)
as described in Fig. 5.10, except that pGSVOCAT does not contain the
terminator fragment. The P450,.. constructs are shown on the left-hand side of
the figure. Ten pg of the indicated plasmid and 5 pg of SV2B-gal were transfected
transiently into MA-10 Leydig tumor cells or Y-1 adrenocortical tumor cells. Cells
were harvested 36h following transfection, and CAT activity was determined in
cell extracts by measuring the amount of [*H] acetylated chloramphenicol
produced during 2h for MA-10 cells or 1h for Y-1 cells. Transfection efficiency
was corrected for B-galactosidase activity. CAT activity is expressed relative to
the promoterless pPGSVOCAT plasmid.

plasmids containing up to —2500bp 5’ of the coding region. As shown in
Figure 5.17, a marked increase in expression was observed in MA-10
Leydig cells with constructs that contained up to 5000bp 5’ of the coding
region. To establish that sequences between —2500 and —5000bp are
essential for Leydig cell expression of P450;.., a plasmid was constructed
in which sequences between —198bp and —2500bp were deleted. The
results demonstrate that sequences between 2.5 and 5.0kb 5’ of the
coding region of the P450,.. gene are essential for expression in Leydig
cells, but not in adrenal cells (Fig. 5.17). Further deletion studies are
under way to localize the Leydig cell-specific sequences more precisely.
Previous studies from this laboratory indicated that P450,.. expression
was regulated differently in Leydig cells and adrenal glands of the mouse
(24). Using inbred strains of mice, we identified 2 strains, RF/J and
SWR/J, whose Leydig cells exhibited a high amount of immunoreactive
P450,.. and 2 strains, DBA/2J and C3H/HeJ, whose Leydig cells ex-
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hibited a low amount of P450.. The pattern of expression of P450;. in
adrenal glands from the same mice was different from that in Leydig
cells. The amount of P450,.. was highest in the adrenal glands of C3H/
HeJ and lowest in SWR/J (14). These findings suggested that tissue-
specific factors in adrenal and/or Leydig cells influence the expression of
this enzyme. In a subsequent study in which we investigated the relation-
ship of the P450,.. structural gene and the amount of P450,.. protein, we
demonstrated that quantitative differences in mouse Leydig cell P450,..
protein are determined either by the structural gene for P450,.. or by a
closely linked locus (25). No evidence could be found that this locus
determined quantitative differences in mouse adrenal P450,. (Nolan,
Payne, unpublished data).

Summary

This chapter reviews the complexity of the regulation of expression of the
enzymes involved in testosterone production in Leydig cells. The three
major enzymes studied, P450,., P450,,,, and 3pHSD, are differentially
regulated. Maximal levels for mRNA of the three enzymes require
cAMP. There is high constitutive expression of both P450,.. and 3HSD
mRNA, while expression of P450;7;, mRNA is absolutely dependent on
chronic stimulation by cAMP. Endogenously produced testosterone
acting via the androgen receptor negatively regulates expression of
cAMP-induced P450,,,, as well as 3BHSD mRNA; while glucocorticoids
acting via the glucocorticoid receptor repress P450,.. and 3HSD mRNA
levels. The mechanism by which cAMP increases expression of the three
enzymes in normal mouse Leydig cells is different. Newly synthesized
proteins are essential for cAMP induction of P450;;, and 3HSD mRNA,
but not for P450,.. mRNA. In the absence of protein synthesis for a 24-h
period, basal levels of 3BHSD mRNA are completely repressed, while
basal levels of P450,.. mRNA are reduced by 50%, indicating that rapidly
turning over proteins are required for basal expression of 3HSD and
P450,.. mRNA.

We present evidence for the presence of specific sequences in the 5’
flanking region of the P450,. structural gene that are required for Leydig
cell expression. These data indicate that there are tissue-specific factors
that are necessary for expression of P450,.. in Leydig cells and adrenal
glands.

The presence of at least 3 distinct mouse cDNAs that encode 3 dif-
ferent isoforms of the enzyme 3BHSD is reviewed. The 3 forms share
significant identity, but differ from each other by 5% —10%. 3pHSD-I was
found to be specific for steroidogenic tissues and is only expressed in
ovaries, testes, and adrenal glands of both sexes. 3HSD-II and 3HSD-
III are only expressed in the liver and kidney of both sexes, but not in
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steroidogenic tissues. 3BHSD-II appears to be expressed preferentially
in the kidney relative to the liver, whereas 3BHSD-III appears to be
expressed to a similar extent in these two tissues. We report that the liver
has a very high capacity for the conversion of the A>-3B-hydroxysteroids,
pregnenolone and dehydroepiandrosterone, to their respective A*-3-
ketosteroids, progesterone and androstenedione. This high capacity of
the liver for the conversion of A>-3B-hydroxysteroids to A*-3-ketosteroids
suggests that the liver could play an important role in overall steroid
hormone production. Furthermore, expression of at least two 3PHSD
gene products in the liver that are distinct from the gonadal and adrenal
gene products may provide an explanation for the clinical manifestations
of 3BHSD enzyme deficiency (26-29). A distinct liver protein that can
convert A’-3B-hydroxysteroids to A*3-ketosteroids, especially dehy-
droepiandrosterone that is produced in large amounts by the adrenal
gland in patients exhibiting adrenal and gonadal 3BHSD deficiency, could
account for the various degrees of virilization observed in these patients.
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Regulation of LH and FSH
Receptor Gene Expression in
the Ovary and Testis

Kimmo K. Viako, PHiLip S. LAPoLT, X140-CHI JiA, AND
AARON J.W. HSUEH

The action of gonadotropins is mediated through binding of these glyco-
protein hormones to specific receptors on gonadal cells. In the testis,
follicle stimulating hormone receptors (FSH-R) are located in Sertoli cells,
while luteinizing hormone receptors (LH-R) are found exclusively in
Leydig cells (reviewed in 1). In the ovary, granulosa cells contain the
receptor for FSH, while granulosa, theca, and luteal cells contain LH-R
(reviewed in 2). The binding of the respective ligand to the specific cell
surface receptor initiates the transduction of the signal from the extra-
cellular space into the cells, with resultant activation of specific genes
(reviewed in 3).

Recent cloning of both LH-R and FSH-R (4-6) has made it possible to
study the regulation of the mRNA coding for these proteins in both
the ovary and the testis. Determination of the molecular structure of
gonadotropin receptors revealed that they belong to the 7-transmem-
brane, G-protein-coupled family of receptors. Based on the published
cDNA sequences, we have amplified specific cDNA fragments of LH-R
and FSH-R by reverse transcriptase-polymerase chain reaction (RT-PCR)
and generated cRNA probes for studies of LH-R and FSH-R mRNA
regulation. In addition, expression of these binding proteins in cells
transfected with receptor cDNAs allows us to study the structure-function
relationships of these proteins.

Analysis of gonadal mRNA has revealed multiple transcripts for these
receptors both in the ovary and testis. In many instances, the regulation
of LH and FSH mRNA transcripts correlates well with the respective
ligand binding capacity. However, several studies also indicate differential
regulation of individual mRNA species by gonadotropins and during
postnatal development. In addition, some transcripts are smaller in size
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than the complete receptor cDNA, suggesting the existence of truncated
forms of these receptors. In this chapter, recent progress in under-
standing the LH-R and FSH-R gene expression in the ovary and testis is
reviewed.

Molecular Cloning of LH-R and FSH-R

The molecular cloning of rat (4) and porcine (5) LH-R was based on the
partial amino acid sequence of the receptor protein and on the use of LH-
R-specific antibodies, respectively. The rat Sertoli cell FSH-R was sub-
sequently cloned based on the assumed homology of this receptor with
LH-R (6). Hydropathic analyses revealed that all gonadotropin receptors
belong to the G-protein-coupled, 7-transmembrane family of receptors,
sometimes referred to as the “magnificent seven.” As do other members
of this family of receptors, the gonadotropin receptor molecules contain 7
hydrophobic transmembrane sequences, together with extracellular and
intracellular domains (reviewed in 7, 8). In contrast to other members of
this gene family, the gonadotropin receptors have a large extracellular
ligand binding domain (4-6). This domain contains repetitive se-
quences showing significant homology to the leucine-rich glycoprotein
family of proteins (9). The extracellular domain and the intracellular
domain of LH-R and FSH-R contain several potential glycosylation
sites, the physiological significance of which is presently unclear. In
addition, the intracellular domain contains potential phosphorylation
sites.

Based on the published rat and porcine LH-R cDNA sequences, it has
been possible to clone the cDNA for the human LH-R using RT-PCR
and cDNA library screening (10). Sequence analysis revealed that at the
nucleotide level, the human receptor shows 89% and 82% homology with
its porcine and rat counterparts, respectively. Comparison with the
recently described human thyroid LH-R (11) revealed, however, signi-
ficant differences. The cDNA cloning was followed with successful ex-
pression of the LH-R protein in a human fetal kidney cell line 293. The
hormone specificity of this receptor was demonstrated by the inability of
purified human FSH or recombinant human FSH to displace the ['*°I]-
hCG binding to human LH-R expressed by 293 cells, while recombinant
human LH and hCG showed dose-dependent displacement (Fig. 6.1).
Interestingly, the expressed receptor showed high species specificity since
equine, rat, and ovine LH, as well as equine CG, did not compete with
[***I)-hCG for binding to the receptor (Fig. 6.1). The high species speci-
ficity of the human LH-R is distinct from the wide species specificity of
the rat LH-R.
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FIGURE 6.1. Interaction of gonadotropins with recombinant human LH-R
expressed by transfected 293 cells. Top: Displacement of ['#I]-hCG binding to
LH-R by hCG, recombinant human LH (RC-LH), and human purified (FSH) and
recombinant FSH (RC-FSH) is shown. Bottom: Displacement of ['?’I]-hCG
binding to human LH-R expressed by transfected 293 cells by hCG, equine LH
(eLH), rat LH (rLH), ovine LH (oLH), equine CG (eCG or PMSG), or FSH
from different species is shown. Displacement is indicated as percentage of
maximal binding at each dose of unlabeled hormone. Reprinted with permission
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Application of RT-PCR for Amplifying Receptor
cDNA Fragments

Based on the published rat gonadotropin receptor cDNA sequences, it
has been possible to generate LH-R and FSH-R cDNA fragments using
RT-PCR. Adult rat testis RNA was first reverse-transcribed to cDNA
that in turn served as a template for oligonucleotide primers specific for
the extracellular portion of the LH-R. Following PCR, the amplified
c¢DNA product was sequenced and shown to be 100% homologous to the
corresponding published LH-R cDNA. These analyses were followed by
subcloning of the cDNA fragment to pGEM4Z plasmid. This construct
has been used for cRNA probe production by using T7 RNA polymerase
(12). A similar approach was used to generate a cDNA probe corre-
sponding to the transmembrane region of the LH-R (13). Likewise, it
was also possible to subclone a cDNA fragment corresponding to the
extracellular portion of the FSH-R using RT-PCR (14). By using these
molecular probes, it has been possible to study gonadotropin receptor
mRNA regulation in the rat testis and ovary under different experimental
conditions.

Regulation of Ovarian LH-R mRNA

By using the specific LH-R cRNA probe corresponding to the extra-
cellular domain, it has been possible to demonstrate 4 mRNA transcripts
with molecular size of 1.8, 2.5, 4.2, and 7.0kb in the rat ovary (12)
(Fig. 6.2). When immature female rats were injected with pregnant mare
serum gonadotropin (PMSG) to induce follicular development, an =10-
fold increase in LH-R mRNA level in the ovary was observed. When
these animals received an ovulatory dose of human chorionic gonado-
tropin (hCG), a rapid decrease in the LH-R mRNA levels was found 24 h
after the injection. These changes in the LH-R mRNA levels were closely
correlated with changes in the respective receptor number. Furthermore,
an increase in LH-R number 3 days after hCG treatment was associated
with increases in LH-R transcripts.

In cultured granulosa cells, treatment with FSH increased the levels
of LH-R mRNAs in a time- and dose-dependent manner (15). The
increased level of LH-R mRNA was maintained by FSH, LH, and
prolactin. In contrast, basic fibroblast growth factor (bFGF) or epidermal
growth factor (EGF) suppressed the FSH induction of LH-R mRNA.
Likewise, GnRH suppressed the FSH-induced LH-R mRNA production
in a dose-dependent manner. The findings indicate that changes of
granulosa cell LH-R content closely correlate with changes of the LH-R
mRNA level.
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FIGURE 6.2. Northern blot analyses of ovarian LH-R mRNA at different time
points following treatment with PMSG or PMSG + hCG. Samples were analyzed
on a denaturing agarose gel, transferred to a nitrocellulose membrane, and
hybridized with the extracellular LH-R ¢cRNA probe. The positions of the 28S
and 18S ribosomal RNAs are indicated. The lower panel shows the ethidium
bromide staining pattern of the 28S rRNA. Reprinted with permission from
LaPolt, Oikawa, Jia, Dargan, and Hsueh (12), © by The Endocrine Society,
1990.

Regulation of Testicular LH-R mRNA

When the extracellular LH-R ¢cRNA probe was utilized, Northern blot
analyses of rat testis RNA revealed 4 mRNA transcripts for LH-R with
molecular size of 1.8, 2.5, 4.2, and 7.0kb. When the transmembrane
probe was used in Northern analyses, only the 7.0 and 2.5kb mRNA
transcripts were observed in the same samples (13) (Fig. 6.3).

In the testis, injection with hCG causes down-regulation of LH-R in
both the adult and neonate rats. However, the LH-R are recovered more
rapidly in the neonate than in the adult rat testis (16). In the adult rat
testis, the decrease in receptor number correlates well with decreased
levels of LH-R mRNA, while, in the neonate, increased LH-R mRNA
levels are observed following injection with hCG (17). In Northern blot
analyses of testicular RNA extracted from adult rat testis at various time
points after injection with hCG, differential regulation of individual LH-
R transcripts was observed (13). The level of the 7.0-, 4.2-, and 2.5-kb
mRNA transcripts decreased following hCG injection, while the 1.8-kb
transcript was maintained (Fig. 6.4). This transcript is of special interest
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FIGURE 6.3. Northern blot analyses of testis LH-R mRNA using the cRNA
probes corresponding to the extracellular (EC) or transmembrane (TM) domains.
Extracted testicular RNA was fractionated on denaturing agarose gels,
transferred to nitrocellulose, and hybridized with the ¢cRNA probes. The
migration position of the 28S and 18S ribosomal RNA is indicated on the right.
Reprinted with permission from Lapolt, Jia, Sincich, and Hsueh (13), © by The
Endocrine Society, 1991.

because it possibly represents a truncated form of the LH-R based on its
smaller molecular size when compared to the full-length ¢cDNA (4). In
addition, it is not detectable in Northern analyses when the transmem-
brane cRNA probe is used (13), suggesting that it does not contain part
of the transmembrane region and may code for a soluble form of the LH-
R. Experiments are presently performed to characterize the molecular
nature of this mRNA transcript.

During postnatal development, the testicular LH-R mRNA transcripts
show an interesting age-dependent pattern (18). In the 5-day-old rat, only
the 1.8- and 4.2-kb LH-R mRNA transcripts were observed. Additional
7.0- and 1.2-kb transcripts appeared at 10 and 15 days, respectively. From
the age of 25 days through adulthood, 2 additional LH-R transcripts
(molecular size 2.5 and 7.8 kb) were observed.

Regulation of FSH-R mRNA Levels

Treatment of immature rats with PMSG to induce follicular development
increased the FSH-R mRNA 24 h after treatment, with a further increase
at 52h, concomitant with increases in FSH-R content (14). Subsequent
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FIGURE 6.4. Northern blot analyses of testicular LH-R mRNA transcripts at
various time points following injection with 10-IU or 200-IU hCG. Total RNA of
individual testes was extracted and fractionated on denaturing agarose gels,
transferred to nitrocellulose membranes, and hybridized with the cRNA probe
corresponding to the extracellular (A) or transmembrane (B) domain of the
LH-R. Reprinted with permission from Lapolt, Jia, Sincich, and Hsueh (13), ©
by The Endocrine Society, 1991.

treatment with an ovulatory dose of hCG decreased ['*’I]-FSH binding
and FSH-R mRNAs by 6h. In luteinized ovaries obtained 3 and 5
days after ovulation induction, FSH-R mRNA increased again, but no
concomitant increase in FSH-R content was observed (14).
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In the testis, Northern blot analyses of fractionated RNA revealed 4
mRNA transcripts with molecular weight of 1.7, 2.3, 4.0, and 7.5kb,
respectively (18). Analyses of RNA from testes of rats at different ages
revealed that all these transcripts were present in testes obtained from
rats from the age of 10 days onwards. High levels of mRNAs were
observed in the adult (70 days) and prepuberal (40 days) rats. In a recent
study (19), high levels of FSH-R mRNA were observed in testes obtained
from animals at ages of 10, 20, and 30 days, while adult rat testis showed
low levels of FSH-R mRNA. Neither of the studies on FSH-R mRNA
levels during postnatal development (18, 19) shows close correlation to
FSH-R number during testis development, suggesting the existence of
posttranslational regulation of FSH-R gene expression during onto-
genesis.

Summary

Based on the published rat LH-R and FSH-R cDNA sequences, it has
been possible to generate cRNA probes for studies of gonadal LH-R and
FSH-R mRNA levels. In addition, based on the published sequence of rat
and porcine receptors, it has been possible to obtain the human LH-R
cDNA sequence, together with successful expression of the human LH-R
protein in vitro for analyses of its structure-function relationships.
Northern blot analyses of LH-R and FSH-R mRNAs in the ovary and the
testis revealed multiple mRNA transcripts with diverse molecular sizes.
Northern blot analyses of LH-R mRNAs obtained from testes of rats at
different ages revealed interesting developmental regulation of specific
transcripts. In adult rats, treatment with hCG results in a significant
decrease in testicular LH-R mRNA levels. However, a 1.8-kb mRNA
transcript, the molecular nature of which is under investigation, was not
down-regulated with hCG. In immature female rats, where follicular
development was induced by PMSG treatment followed by treatment
with a dose of hCG to induce ovulation and luteinization, both the
increases and decreases in LH-R and FSH-R mRNA levels correlated
well with the observed changes in respective receptor number. In cultured
granulosa cells, FSH was able to increase LH-R mRNA levels. This
stimulatory effect could be inhibited by bFGF, EGF, and GnRH, sug-
gesting the existence of paracrine-type regulation. Further molecular
characterization of the LH-R and FSH-R mRNA transcripts will allow
elucidation of the structure and function of individual receptor tran-
scripts. Analysis of the receptor genes will provide understanding about
the mechanisms of regulation of LH-R and FSH-R gene expression by
hormones and during gonadal development.
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Hormonal Control of Gene
Expression During Ovarian
Cell Differentiation

JOANNE S. RicHARDS, JEFFREY W. CLEMENS, JEAN SIROIS,
SusaN L. FitzraTricKk, WINONA L. WONG, AND
RicaArD C. KURTEN

Growth of ovarian follicles, ovulation, and luteinization involve sequen-
tial changes in the response of granulosa cells and theca cells to the
gonadotropins, FSH and LH. Some of the genes that are differentially
regulated by FSH/LH/cAMP as follicles develop are RIIp, the regulatory
subunit of A-kinase type II, aromatase cytochrome P450 (P450,.0m),
cholesterol side-chain cleavage cytochrome P450 (P450,.), LH receptor
(LH-R), and prostaglandin endoperoxide synthase (PGS). Whereas RIIp
(1), P450,;0m (2) and LH-R (3) are induced in growing follicles by low
concentrations of hormone, P450,.. is maximally induced by high con-
centrations of cAMP and under conditions in which the granulosa cells
are stimulated to luteinize (4). In contrast, one isoform of PGS is rapidly
but transiently induced by elevated gonadotropins/cAMP preceding
ovulation (Fig. 7.1). To analyze the different molecular mechanisms by
which FSH/LH/cAMP may be regulating some of these genes, we have
isolated genomic 5’ flanking DNA of the RIIB (5), P450,. (4), and
P450,,0m (6) genes, determined the nucleotide sequences and the tran-
scriptional start sites of each putative promoter-enhancer region, and are
analyzing the ability of these promoters to confer cAMP regulation to
reporter genes in transfected granulosa cells (4-8). Sequences similar to
CAMP regulatory elements (CREs) (Fig. 7.1 solid circles) but not con-
sensus CREs have been identified in cis-acting DNA of the RIIB, P450,..,
and P450,,., genes (4-6). However, promoter regions of each gene do
confer cAMP regulation on the reporter CAT gene and exhibit specific
binding activities in electrophoretic mobility shift assays using granulosa
cell nuclear extract proteins (4-8). The trans-acting factors binding to
these promoter elements remain to be determined. Based on the lack of
sequence homology among these promoters, the frans-acting factors are
likely to be different (Fig. 7.1). Lastly, ion exchange chromatography,
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FiGURE 7.1

immunoblot analyses, and amino acid sequence data indicate that the rat
ovary contains 2 distinct forms of PGS, each of which is selectively
regulated by hormones, localized to specific cell types, and differentially
sensitive to inhibitors of transcription/translation (9, 10). Thus, the form
of PGS induced by FSH/LH in granulosa cells of preovulatory follicles
appears to be a novel product of a distinct gene, different in structure and
expression from that originally cloned (12).

RIIB, Type IIf Regulatory Subunit of A-Kinase

RIIB, the regulatory subunit of type IIf cAMP-dependent protein kinase
A (PKA) is one of a family of mammalian R-subunits, encoded by
a single gene and selectively expressed in neuroendocrine, adipose,
erythroleukemic, and gonadal cells (1, 5). At defined stages of ovarian
cell differentiation, RIIB is a major cellular protein that exists as 3
isoelectric (phospho) variants, each of which can be further phosphory-
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lated by the catalytic (C) subunit of PKA (1, 5). At stages of granulosa
cell function when RIIB is expressed in abundance, it is not only the
major R-subunit found in the endogenous type II holoenzyme (RIIB,Cas,),
but is also present as a free R-subunit (11, 12). RIIB,Ca, tetramers are
also the predominant form of the A-kinase holoenzyme in another
ovarian tissue, the corpus luteum (12), which expresses low levels of RIIf
mRNA and protein (1), but contains both RIa mRNA (1) and high levels
of free Rla protein (11, 12). Thus, in the ovary RIIB appears to be the
dominant holoenzyme phenotype, even in the presence of an abundance
of RI. This situation is similar to that produced experimentally in studies
conducted by McKnight and colleagues (13). The fact that the ovary is
highly dependent on gonadotropins for maintaining its myriad functions,
including growth, differentiation, and steroidogenesis, and that the
gonadotropins mediate their effects primarily by elevating cAMP levels
suggests that there may be specific functional relevance to the hormonally
related expression and regulation of the RIIB gene in this tissue (1). The
preferential expression of RIIP in rat gonadal cells becomes even more
intriguing because this R-subunit is one of several genes regulated by
FSH in granulosa cells of rat ovarian follicles (1-10). In vitro and in vivo
studies have clearly shown that the effects of FSH on RIIP expression in
these gonadal cells can be mimicked by cAMP and are mediated, at least
in part, by increased transcription of the RIIf gene (1, 5).

Comparative observations of FSH/LH regulated genes in the rat ovary
(Fig. 7.1) indicate that some genes, of which RIIB is an example, are
induced in granulosa cells by low concentrations of hormone/cAMP and
are subsequently repressed by elevated amounts of hormone (LH) and
high intracellular levels of cAMP. Another group of genes, of which
P450;. is an example, is induced by the LH surge (1, 4), high levels of
cAMP, or longer exposure to increased cAMP levels (1, 4). The ability of
cAMP to dictate these differential responses in granulosa cells has led us
to propose that specific transcription factors and cis-acting DNA elements
are likely to be involved.

We have previously demonstrated cAMP-inducible expression of a
reporter gene fused to a CRE-containing promoter in granulosa cells
(14), suggesting that CREB or a CREB-like protein is present in granulosa
cells. Pei et al. (15) have recently shown that the o-inhibin gene contains
a CRE element to which CREB can bind and that confers cAMP in-
ducibility in granulosa cells. However, other ovarian genes analyzed to
date do not appear to contain consensus CREs, despite the fact that they
are hormone- and cAMP-regulated (1-7). Similarly, although FSH has
been shown to increase c-fos mRNA in granulosa cells (16), functional
AP-1 sites have not yet been identified in the FSH-induced genes men-
tioned above. In other cells, AP-2 has also been shown to mediate
cAMP-induced transcription (17), either alone or in concert with CRE/
AP-1 elements. Because PKA plays a pivotal role in mediating the
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gonadotropin-induced responses of ovarian cells to cAMP and because
RIIB is itself regulated in a highly specific manner by gonadotropins/
cAMP, we have sought to determine which, if any, of the known tran-
scriptional factors might be implicated in regulating the RIIp gene. Our
results (5) indicate that the RIIP gene belongs to a class of genes with
promoters that are rich in granulosa cells (GC), lack TATA boxes, and
initiate transcription at multiple sites (Fig. 7.1). The RIIp gene also
appears to belong to a subclass of these TATA-less genes that are ex-
pressed selectively in specific tissues and that can be regulated by hor-
mones/cAMP. Band-shifting and DNase 1 footprinting experiments using
400bp of the RIIP promoter detected several related, specific, DNA
protein complexes formed using crude and fractionated nuclear extracts
from rat ovary, brain, adrenal gland, and liver. All binding in these
experiments mapped to a domain (complex binding element [CBE])
(Fig. 7.1) within the same region found to confer cAMP inducibility
to a CAT reporter gene when transfected into primary cultures of rat
granulosa cells. Although putative GC boxes (SP1 binding sites) and
AP-2 elements were present in this functional region, and although
expression vectors containing AP-2 sites conferred cAMP regulation of
the CAT gene in cultured ovarian cells, neither the GC boxes nor the
AP-2 sites were protected by footprint analyses or required for band-shift
activity of nuclear extract protein. However, purified AP-2 does bind the
RIIB promoter sequence containing the AP-2 consensus site. These
known regulatory elements, therefore, may be involved in functional
activity of the RIIB promoter, but additional cis-acting DNA and trans-
acting factors (yet to be characterized) also appear to interact with the
functional promoter of the RIIf gene and regulate the hormone-specific
expression of the A-kinase subunit in ovarian and neuronal cells.

Cholesterol Side-Chain Cleavage Cytochrome
P450 (P450,..)

The entire rat P450,.. gene has been cloned, positions/sequences of the
exon-intron boundaries (I-IX) have been described, and 940bp of 5’
flanking DNA have been sequenced, compared to mouse, bovine, and
human genes, and analyzed by functional assays (4). Primer extension
analysis mapped the transcription start site 42 bp upstream of the initiator
methionine codon (4). To determine the cis-acting DNA sequences in-
volved in cAMP induction of the P450. gene, —898 bp of rat P450,.., 5’
flanking DNA were fused to the bacterial CAT reporter gene and 5’
deletions (—379 CAT, —101 CAT, and —73 CAT) were prepared. These
constructs, when transfected into primary rat granulosa cell cultures,
exhibited forskolin (FSK) (7.5uM) inducibility of CAT activity (7). The
highest basal and FSK-stimulated activities were observed in the —379
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CAT and —101 CAT constructs, suggesting that negative regulatory
elements may reside in the —898 to —379bp region and that deletion to
—~73bp may remove key regulatory elements of the promoter. These
activities reflect activation of the endogenous gene since FSK also in-
duced secretion of progesterone into the media. Promoter regions of
human, bovine, murine, and rat P450,. genes contain 2 highly con-
served regions (4) that in the rat are designated SCC1(—58/—38) and
SCC2(—83/—64). Either 1 or 2 copies of an SCC1 oligonucleotide en-
hanced FSK stimulation of CAT activity when placed upstream of a
thymidine kinase CAT reporter gene (7). Nuclear extracts prepared from
hormonally primed rat granulosa cells demonstrated sequence-specific
binding to —101/+1-, SCC1-, and SCC2-labeled DNA probes using
electrophoretic mobility shift assays. Specific DNA/protein complexes
were not competed by the presence of unlabeled oligonucleotide con-
sensus sequences for CRE, COUP, or the RIIB CBE. Furthermore,
CREB does not bind SCC1 or SCC2. These observations suggest that
some of the cis-acting DNA elements involved in transcriptional activa-
tion of the P450;. gene by cAMP reside in the —101/+1 promoter
region and do not involve consensus CRE regulatory domains or CREB
transactivation. The nature and role of the proteins binding to speci-
fic sequences within these regions of the P450 . gene remain to be
determined.

Aromatase Cytochrome P450 (P450,,0m)

Induction of aromatase by FSH was influenced by the age of the rats from
which the cells were obtained, the addition of specific steroids, and the
presence of serum in the culture media. Under a variety of culture
conditions tested, changes in aromatase mRNA were consistently associ-
ated with parallel changes in aromatase activity, suggesting that activity
reflects enzyme levels (2). These results contrast with those observed
previously in the pregnant rat corpus luteum in which elevated levels of
mRNA and protein were associated with low enzyme activity (18).
Results from in vivo and in vitro studies also document that estrogen
(E) enhances the ability of FSH to increase aromatase mRNA and
activity in rat granulosa cells, but has no effect alone. The time required
for FSH to induce aromatase mRNA is relatively long (24-48h) com-
pared to the initial increase in cAMP (1) and induction of other proteins,
such as c-fos (16). Although the rat aromatase gene contains CRE-like
elements in its 5’ flanking region (Fig. 7.1 solid circles), there is no
consensus CRE sequence in the 500-bp promoter analyzed thus far (6),
and none of the CRE-like sequences exhibit intense binding of CREB
(8). Thus, both the time course of aromatase mRNA induction by FSH
and the known structure of the gene suggest that factors in addition to
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CREB and CREB-like proteins may be involved in the transcriptional
activation of the aromatase gene.

The factors mediating cAMP action in granulosa cells become even
more complex because it is now clear that low amounts of FSH increase
expression of aromatase, whereas high levels of hormone/cAMP acting
on differentiated granulosa cells can cause a rapid loss of steady state
P450,,om mMRNA in vivo (18) or in vitro (2) (Fig. 7.1). Because cyclo-
heximide prevented the rapid LH/cAMP-mediated loss of P450,.,m
mRNA between 42—48h of culture (2), the steady state level of aroma-
tase mRNA appears to be regulated by rapid changes in the synthesis
of a negative regulatory protein, the nature of which remains to be
determined. It is important to note that the decline in aromatase mRNA
in the differentiated granulosa cells was not associated with a corre-
sponding loss of aromatase enzyme activity (2) or enzyme protein (19).
Thus, the half-life of the enzyme is much longer than that of its mRNA.

Notably, E is not the only steroid capable of enhancing the induction of
aromatase mRNA by FSH in cultured granulosa cells. Testosterone (T),
DHT (a nonaromatizable androgen), and Dex were all as effective as E in
their ability to enhance FSH action in the absence or presence of serum.
The greater ability of T compared to E to enhance the actions of FSH and
the ability of DHT to synergize with FSH as effectively as E indicate that
aromatase expression is regulated by androgen- as well as estrogen-
specific pathways (2). During follicular development, theca cell-derived T
would initially be the most physiologically relevant steroid because it
could enhance the actions of FSH and serve as a substrate for the
aromatase enzyme (induced at low levels by FSH alone). Once E is
synthesized by granulosa cells, T and E can further synergize with FSH to
amplify specific responses.

As mentioned above, P450,,,, mRNA was drastically reduced in
differentiated cells by high concentrations of LH in vitro. Because
cycloheximide not only prevented the loss of aromatase mRNA, but also
blocked the increase in progesterone biosynthesis without altering cAMP,
the data suggested that there might be an inverse relationship between
progesterone and aromatase mRNA. This, along with observations of
others that pharmacological doses of progesterone or progestin analogs
decreased E biosynthesis in cultured granulosa cells, led us to hypothesize
that progesterone itself might act to inhibit FSH induction of aromatase
mRNA in a time- and dose-dependent manner. However, neither a low
dose of progesterone (20nM) nor a higher dose (100 nM), when present
for 48 h of culture, altered the effects of FSH. At the highest dose (1 uM;
comparable to that stimulated by the ovulatory doses of LH), proges-
terone enhanced FSH stimulation of cAMP, aromatase mRNA, and
enzyme activity (2). Because granulosa cells of small follicles would never
be exposed to this amount of progesterone, the physiological significance
is unclear. In differentiated cells cultured with FSH plus T, progesterone
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(20, 100, and 1000nM) had no effect on cAMP, aromatase mRNA, or
enzyme activity, perhaps because these cells were capable of synthesizing
significant amounts (20—40ng/mL) of their own progesterone between
24-48h of culture. The differential responses of cultured rat granulosa
cells to progesterone could depend on many factors: the metabolism of
added progesterone, the presence or absence of receptors, or the stage of
granulosa cell differentiation. At the pharmacological doses (3 uM) used
in some previous studies (20), progesterone or a metabolite might bind
the glucocorticoid as well as progesterone receptor or may act via other
pathways. Overall, our data and that of others suggest that progesterone
is unlikely to play a major physiological role in regulating follicular
development and expression of aromatase in rat granulosa cells of small
antral and preovulatory follicles. Lastly, addition of the high dose (1 uM)
of progesterone to approximate that produced during the last 6h of
culture in response to ovulating levels of LH failed to mimic the inhibi-
tory effects of LH or FSK on aromatase mRNA. Thus, increased syn-
thesis of cAMP, rather than elevated amounts of progesterone, appears
to be the primary mediator of the negative regulatory effects on aromatase
mRNA.

Prostaglandin Endoperoxide Synthase (PGS)

Prostaglandins comprise a class of potent regulatory molecules that are
produced by many tissues, are involved in myriad biological processes
(inflammation, vasodilation/constriction, renal function, and implantation
and ovulation), and are implicated in various clinical disorders, such
as endometriosis, arthritis, emphysema, and cancer. The rate-limiting
enzyme for prostaglandin biosynthesis is PGS, which has both cyclooxy-
genase and hydroperoxidase activities, converting arachidonic acid to
prostaglandin H2 (PGH2) (21). Based on the isolation of highly homol-
ogous cDNAs encoding sheep (22, 23), mouse (24), and human (25)
PGS, investigators have strongly believed that only one gene encodes
this enzyme. However, we have recently obtained immunological, bio-
chemical, and functional data that provide the first evidence that the rat
ovary contains 2 immunologically distinct forms and molecular weight
variants of PGS (9, 10). Specifically, 2 affinity purified polyclonal anti-
bodies have been generated (using purified ovine PGS as the antigen)
that differentially recognize 2 molecular weight variants of PGS in the
rat ovary: AntiPGS-2 recognizes PGS mol wt = 72,000 (PGS72), and
antiPGS-3 recognizes PGS mol wt = 69,000 (PGS69). Immunoblot
analyses show that PGS72 (also designated PGS; as seen in Fig. 7.1) is
rapidly induced by LH/hCG in granulosa cells of preovulatory follicles
and is associated with the increased production of prostaglandins (PGE
and PGS,,) obligatory for ovulation (9). PGS72 is low (negligible) in
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other ovarian tissues, including preovulatory follicles, corpora lutea, and
interstitium. In contrast, PGS69 is constitutively present in small antral
and preovulatory follicles (primarily in theca cells), is unaffected by LH,
and is found at higher levels in corpora lutea throughout pregnancy and
in the ovarian interstitium (9). PGS69 (but not PGS72) is also detected by
immunoblots in rat uterus and kidney, as well as in human dermal
fibroblasts (9). Immunofluorescent localization of PGS72 and PGS69 to
ovarian tissue sections confirmed the cell-specific distribution of PGS
observed by immunoblot analyses of cell extracts (9).

Purification of these 2 ovarian forms of PGS using ion exchange
chromatography and a pH step gradient indicates that each form elutes at
a distinct pH: Induced PGS72 eluted at pH ~7.0, and PGS69, at pH ~4.5
(10). Other biochemical properties of rat PGS72 distinguish it from oPGS
and its human/mouse homologues. Specifically, tryptic digests of PGS72
and oPGS are distinctly different based on 1D SDS-PAGE and immuno-
blotting. Furthermore, the N-terminal amino acid sequences of PGS72
(10) differ (60% similarity) from those of the mouse, sheep, and human
enzymes for which cDNAs have been cloned (22-25), but are similar
(90%) to a PGS-like cDNA cloned from RSV-transformed chicken
embryo fibroblasts (26). Peroxidase activity of PGS72 also exhibits a
lower K, for its substrate (H,O;) than does purified ovine PGS (10).
Collectively, these studies provide the first evidence that the rat ovary
contains 2 immunologically distinct forms and molecular weight variants
of PGS, each of which is selectively regulated by hormones, localized to
specific cell types, differentially sensitive to inhibitors of transcription/
translation, and differentially solubilized for immunocytochemical
localization (9, 10).

The rapid and transient induction of PGS72 (PGS; in Fig. 7.1) indicates
that transcriptional controls of this PGS gene and translational control of
mRNA stability may combine to enforce stringent control of the synthesis
and degradation of this key ovarian regulatory molecule.
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Structure and Control of Expression
of the 3BHSD and 17BHSD Genes
in Classical Steroidogenic and
Peripheral Intracrine Tissues

F. LaBrig, J. SIMARD, V. LuU-THE, G. PELLETIER, C. LABRIE,
E. Duront, C. MARTEL, J. CouETt, C. TRUDEL, E. RHEAUME,
N. BRreroN, Y. DE LauNoit, M. DumonT, H.-F. ZHAo0,

AND Y. LACHANCE

It is remarkable that humans, in addition to possessing a highly sophis-
ticated endocrine system, have largely vested sex steroid formation in
peripheral tissues (1). In fact, while the ovaries and testes are the exclusive
sources of androgens and estrogens in the lower mammals, the situation is
very different in higher primates, where active sex steroids are in a large
part or whole synthesized locally, thus providing autonomous control to
target tissues that are thus able to adjust formation and metabolism of sex
steroids to local requirements. The situation of a high secretion rate of
adrenal precursor sex steroids in men and women is thus completely
different from current animal models used in the laboratory; namely rats,
mice, guinea pigs, and all others except monkeys, where the secretion of
sex steroids takes place exclusively in the gonads (1-3). Primates are thus
unique in having adrenals that secrete large amounts of the precursor
steroids dehydroepiandrosterone (DHEA) and especially DHEA-sulfate
(DHEA-S) that are converted into androstenedione (A*-dione) and then
into potent androgens and estrogens in peripheral tissues (2, 4).

While approximately 40% of androgens in adult men are synthesized in
peripheral tissues (2), our best estimate of the intracrine formation of
estrogens in peripheral tissues in women is on the order of 75% before
menopause and close to 100% after menopause. The testes and ovaries
are responsible for gamete formation, but the peripheral tissues them-
selves play a key, and frequently the predominant, role in the formation
of the androgens and estrogens required for specific sex steroid target
tissue function. Such data stress the importance of studying steroido-
genesis, not only in the classical steroidogenic tissues-—namely, the testis,
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ovary, adrenal, and placenta—but also in the peripheral intracrine tissues
that are important sites of biosynthesis of active steroids, especially
androgens and estrogens.

A key enzyme in steroidogenesis is 3f-hydroxysteroid dehydrogenase/
A-A*-isomerase (3BHSD), the enzyme required for the biosynthesis of
all classes of hormonal steroids; namely, progesterone, glucocorticoids,
mineralocorticoids, androgens, and estrogens. The 3BHSD enzymatic
system is present in the adrenals, testes, ovaries, and placenta, as well as
in many peripheral tissues, including the prostate, breast, liver, and skin
(5-7). Congenital deficiency of 3BHSD activity causes severe depletion of
steroid formation by the adrenals and gonads and can be lethal in early
life (8).

Since the structure of 3HSD was not known, we have cloned cDNAs
encoding human, rat, macaque, and bovine 3BHSD, and we have deduced
the amino acid sequences of the corresponding proteins (9—15). We have
also elucidated the structure of 2 human 3BHSD genes (16; Lachance
et al., unpublished data) localized to the p13 band of chromosome 1 (17).
Moreover, we have studied the localization and the ontogeny of 3HSD
in human adrenals, testis, ovary, and placenta, as well as in the same
rodent tissues (18-22; Dupont et al., unpublished data). We have also
performed studies on the control of 3HSD mRNA levels, expression,
and activity in the rat ovary, testis, and adrenal (23-26), as well as during
the estrous cycle in the bovine ovary (27).

Since it is well recognized that sex steroids are synthesized in peripheral
tissues from circulating precursors, it is of major importance to gain
precise information on the enzymatic systems responsible for the for-
mation of these active sex steroids in peripheral target tissues. The
key enzyme that synthesizes androst-5-ene-3f,17p-diol (A°-diol) from
DHEA, testosterone (T) from A*-dione, 17p-estradiol (E,) from estrone
(E1), and dihydrotestosterone (DHT) from A*-dione is 178-hydroxysteroid
dehydrogenase (17BHSD). This enzyme is thus required for the synthesis
of all androgens and all estrogens. We recently reported the molecular
cloning and sequencing of cDNAs encoding human 17BHSD (28). Using
human 178HSD cDNA (clone hpE,DH216) as a probe, we have isolated,
sequenced, and characterized 2 in-tandem 17BHSD genes that reside
within a 13-kpb genomic DNA fragment (29). The availability of this
cDNA offers the opportunity of studying in detail the factors controlling
the expression of this crucial enzyme, not only in gonadal tissue, but also
in several peripheral estrogen target tissues.
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Human 3BHSD Isoenzymes

Structure of Human Types I and 11 3fHSD cDNAs

We first reported characterization of a human 3BHSD cDNA isolated
from a placental library (9) and the corresponding gene (16) located in
the pl1-p13 region of chromosome 1 (17), which encodes a deduced
protein of 372 amino acids. This cDNA has been named human type 1
3pHSD. However, the detection of multiple, unexpected DNA fragments
by Southern blot analysis of human genomic DNA (16) and the hetero-
geneous clinical picture in 3pHSD-deficient patients suggest the presence
of multiple 3HSDs in the human. We have thus screened a human
adrenal Agt22A cDNA library with human placental ¢cDNA clone
hp3BHSD63 (9). This new type of 3BHSD cDNA has been chrono-
logically designated human type 11 3fHSD.

The cDNA sequence of type II 3HSD includes an open reading frame
of 1116 nucleotides, compared to 1119 nucleotides for type I 3HSD
c¢DNA. The nucleotide sequence of human type II 3BHSD cDNA displays
93.6% similarity with that of human type I 3BHSD. The nucleotide
sequence of the expected coding region of human type II 3BHSD shares
95.4%, 81.0%, 77.8%, 77.4%, and 75.4% similarity with that of macaque
(14), bovine (11), and rat types I, II, and III, respectively (12, 13). The
human type II 3HSD cDNA thus predicts a 41,921-d protein having 371
amino acid residues (excluding the first methionine), while human type I,
macaque, bovine, and rat types I, II, and III 3HSD c¢cDNAs all encode a
deduced protein containing 372 amino acids. The deduced amino acid
sequence of type II 3BHSD shares 93.5% similarity with that of human
type I 3BHSD, which differs by only 23 residues. The similarity of the
human type II 3HSD amino acid sequence to that of macaque, bovine,
and rat types I, II, and III is 96.2%, 78%, 72%, 71%, and 66.7%,
respectively (Fig. 8.1).

Enzymatic Characteristics of Expressed Human Types |
and Il 3HSD Isoenzymes

In order to verify that human types I and II 3BHSD cDNAs encode
proteins that effectively catalyze 3B-hydroxysteroid dehydrogenation as
well as A>-A* isomerization and to characterize potential functional dif-
ferences between the two types, plasmids derived from pCMV containing
either type I (pCMV type I h3BHSD) or type II (pCMYV type II h3BHSD)
3BHSD cDNA inserts driven by the CMV promoter were transiently
expressed in HeLa cells. In vitro incubation with homogenate from cells
transfected with pCMV type I h3BHSD or pCMYV type II h3BHSD in the
presence of ImM NAD™ and 3H-labeled substrates shows that the type I
enzyme possesses a 3BHSD/A>-A* isomerase activity higher than type II
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with respective Km values of 0.24 and 1.2 uM for PREG (pregnenolone)
and 0.18 and 1.6 uM for DHEA, while the specific activity (Vpax) of both
types is equivalent when standardized for the estimated amount of cor-
responding translated proteins. We have also observed that following
incubation of cell homogenate in the presence of NADH and *H-labeled
DHT, the 3B-hydroxysteroid oxidoreductase activity, measured by the
formation of Sa-androstane-3f,17f-diol, is higher for type I compared to
the type II 3BHSD protein, with K., values of 0.26uM and 2.7uM,
respectively. The present data also show that the affinity of the human
type I as well as type II 3BHSD proteins is similar for the 3 substrates
tested. In fact, analysis of the kinetic properties of both expressed 3HSD
proteins reveals that the relative enzymatic activity (V./Kq,) of type I is
5.9-, 4.5-, and 2.8-fold higher than that of the type II 3BHSD protein
using PREG, DHEA, and DHT as substrate, respectively (15).

Structure of Human Types I and Il 3HSD Genes

Human placental o-**P-labeled 3BHSD cDNA (hp3BHSD63) was used to
screen a human leucocyte genomic DNA library constructed in the A-
EMBL3 phage vector. As illustrated in Figure 8.2, the human 3HSD
genes corresponding to the human cDNAs types I and II contain 4 exons
and 3 introns included within a total length of 7,8kbp. The first exon of
both genes contains 53 nucleotides in the 5' noncoding region. Exon 2
contains 85 or 89 nucleotides in the 5’ noncoding region of the type I and
type II genes, respectively, the nucleotide sequence of the first 48 amino
acids of type I 3BHSD or of the first 47 residues of type II 3BHSD, and
the first nucleotide of the following Lys codon. Exon 3 contains the last 2
nucleotides of the Lys codon and encodes the 53 following residues
and the first nucleotide of the following Gly codon. In fact, exon 4 contains
the last 2 nucleotides of the following Gly codon, the nucleotides encoding

Typel 36-HSD F— - : ' : I H
Homology (%) 815.9 77':'.4 ‘:js4\:‘91.a sé.a 94S.5 735.9 9f1
Typell 3B-HSD | 5 ,']{I i I E -—_—H
0 1000bp
[I——

Ficure 8.2. Comparison of the exon-intron organization and percentage of
homology of human type I and type II 3BHSD genes. Exons are represented by
boxes and numbered from I to IV. Black box areas correspond to coding regions,
while open box areas indicate noncoding regions. Intron and flanking regions are
represented by solid lines. The scale bar represents 1000 bp.
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the following 269 amino acids, and the stop codon, as well as 414 and 413
nucleotides in the 3’ untranslated region of the type I and type II genes,
respectively. Comparison of the nucleotide sequences of the two genes
indicates that they share 77.4%, 91.8%, 94.5%, 91.0%, 84.0%, 80.3%,
and 73.9% homology in exons 1, 2, 3, and 4, as well as in introns 1, 2,
and 3, respectively. Moreover, it is also of interest to mention that the
1250 nucleotides in the 5’ flanking region share 81.9% homology.

Tissue-Specific Expression of Human Types I and 11
3BHSD mRNA Species

In order to determine the tissue-specific expression of human type I and
type II 3BHSD genes and the relative abundance of the two types of
3BHSD mRNA populations, we performed a ribonuclease protection
assay that offers the opportunity to discriminate accurately a few base
pair mismatches occurring after annealing of the type I or type II cRNA
probe to the type I or type II mRNA species. Somewhat surprisingly,
using specific cRNA probes, it can be seen in Figure 8.3A that the type 11
3BHSD mRNA population is the almost exclusive species detectable in
the human adrenal gland, testis, and ovary, as revealed by the presence
of the expected full-length (220 nucleotides) protected fragment using the
specific type II cRNA probe, as well as by the occurrence of the expected
small fragments (about 98 and 64 nucleotides) when the type I cRNA
probe was used. It was possible, however, to detect the presence of type I
3BHSD protected mRNA fragments after a longer time exposure of testis
and ovary mRNA. With overexposed autoradiographs, it was not possible
to detect human type I 3BHSD mRNA in total RNA from either human
adrenal or human type II 3HSD mRNA in human placenta. It can be
seen in Figures 8.3B and 8.3C that the human type I 3HSD mRNA
population corresponds to the only detectable species in human placenta

>
FiGure 8.3. RNase protection analysis of the distribution of human types I and II
3BHSD mRNAEs in classical steroidogenic as well as peripheral intracrine tissues
in the human. Samples of total RNA from the human adrenal (3pg), ovary
(10 ng), placenta (20 ug), skin (from the breast region) (20 pg) or poly(A)* for the
testis (10 ug) or breast (normal mammary gland) (10 ug) were hybridized to the
type I or type II cRNA probe for 14 h at 37°C and then digested with ribonuclease
A and TI1. The protected fragments were resolved on 6% denaturing
polyacrylamide-7M urea sequencing gels. With either probe (315 nucleotides), the
longest protected fragment (220 nucleotides). which included nucleotides +688 to
+909 for human type I 3BHSD and +685 to +904 for human type II 3BHSD,
corresponds to the homologous RNA species protected by the cRNA probe.
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Protected fragments of 98 and 64 nucleotides correspond to predicted well-
recognized mismatches for RNase A. Lanes corresponding to the adrenal and
placenta were exposed to X-ray film for 14 h, while those from testis, breast, and
ovary were exposed for 7 days, and the skin sample was exposed for 9 days. Lanes
corresponding to adrenal, ovary, and placenta are overexposed in order to further
demonstrate the type I- or II-specific mRNA expression in these tissues.
Reprinted with permission from Rhéaume, Lachance, Zhao, et al. (15), © by
The Endocrine Society, 1991.
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and skin under the experimental conditions used. In addition, ribonuclease
assay analysis of mammary gland RNA showed that the type I 3HSD
mRNA is the predominant species, while some type II 3HSD mRNA
could be detected on the original autoradiograph (Fig. 8.3A). Note that
this study was performed using total RNA from placenta, adrenal, ovary,
and skin while poly(A)™ RNA from testis and breast tissue was required
to detect the hybridization signal. The present data indicate that the
human type I 3BHSD mRNA levels in skin are markedly higher than
those of the human type II 3BHSD mRNA species in the testis.

The present data show that the type II 3BHSD transcripts correspond
to the almost exclusive mRNA species detected by RNase protection in
the human adrenal, ovary, and testis, in contrast to the type I 3HSD
mRNA population that is the almost exclusive mRNA species revealed in
placenta as well as in skin and is the predominant species in mammary
gland tissue.. The existence of two 3BHSD mRNA species offers many
possibilities for the tissue-specific regulation of the activity of these
isoenzymes.

The present elucidation of the structure of human type II 3BHSD,
which represents the almost exclusive isoenzyme expressed in the adrenals
and gonads, should provide the necessary tools for studies on the charac-
terization of the molecular basis of classical as well as nonclasical 3BHSD
deficiencies (8, 30-38). The tissue-specific expression of the two types of
human 3BHSD, especially the specific or predominant expression of type
I 3BHSD in the mammary gland and skin is in agreement with the
evidence for intact peripheral (extraadrenal and extragonadal) 3BHSD
activity in patients with classical congenital adrenal 3BHSD deficiency, as
well as in the late-onset form of the disease (8, 30, 31, 33-35, 38). The
higher Km values of type II 3BHSD mainly expressed in steroidogenic
tissues could be related to the higher levels of endogenous substrates
present in these classical steroidogenic tissues; while the approximately
10-fold higher affinity of type I 3BHSD, which is preferentially expressed
in such peripheral intracrine tissues as the skin, could greatly facilitate
steroid formation from the relatively low concentrations of substrates
usually present in these tissues.

The physiological importance of 3BHSD gene expression in the skin
is supported by the observation that DHEA can stimulate sebaceous
gland secretion in humans (39) following its conversion into the potent
androgens T and DHT (40), thus indicating, in addition, the presence of
17BHSD and Sa-reductase activity in human skin.

The novel 3BHSD isoenzyme has been arbitrarily designated as type II
by reference to our previously characterized human type I 3BHSD
obtained from a placental library (9, 16) without any relationships with
rat type I and type II, which are both expressed in the adrenals and
gonads (13). The finding that the human type II 3BHSD differs from the
3BHSD protein deduced from macaque ovarian cDNA by only 13 residues
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while 23 different residues distinguish the human type II and type I
3BHSD proteins could suggest that human type II 3HSD evolved from
the same duplicated ancestor gene as that of the macaque 3BHSD protein,
while the human type I gene may have evolved from another member of
this gene family that diverged after a duplication took place earlier in
evolution.

Immunocytochemical Localization of 3pHSD
in Human Ovary

Immunocytochemical localization of 3BHSD was achieved using specific
polyclonal antibodies developed against purified human placental 38HSD
(9, 10). In the fetal ovary of 28-34 weeks, specific immunostaining
for 3BHSD was exclusively detected in thecal cells surrounding primary
follicles and in interstitial cells. Immunostaining was first observed at
28 weeks of gestation and persisted throughout the third trimester of
gestation (20). Such results support the suggestion that human fetal
ovaries may be involved in sex steroid synthesis during the last trimester
of gestation knowing that other steroid-synthesizing enzymes, such as
aromatase, are also expressed in fetal ovaries. This finding has to be
interpreted in the light that previous reports have indicated that only
minimal amounts of estrogens can be synthesized by fetal ovaries in
several mammalian species, including humans (41, 42). The high levels of
estrogens found in the fetal circulation are in fact thought to originate
from placenta (41). The development of primordial follicles to the stage
of primary follicles, as well as the expression of 3HSD observed from
the 28th week of gestation, could be related to the increase in fetal
plasma FSH and LH levels that occurs at the end of the second trimester
of gestation (43). HCG, which has been shown to increase 3HSD
mRNA levels in rat ovaries (24) as well as in luteinized porcine granulosa
cells (44), might also be responsible for induction of the expression of the
enzyme during fetal ovarian development.

From birth until puberty, no significant immunostaining for 3pHSD
could be observed in human ovaries, while from puberty to menopause,
staining was detected in theca interna cells as well as in granulosa cells of
growing follicles. The intensity of staining in the theca interna cells was
always much higher than in granulosa cells. Immunostaining was also
found in the cytoplasm of luteinized granulosa and theca interna cells of
the corpus luteum (Fig. 8.4). Interestingly, there was an absence of
immunoreactivity for 3BHSD in one to several layers of theca interna
cells lying just beneath the basement membrane. These negative cells
may correspond to fibroblast-like cells that are devoid of 3BHSD activity.
In menopausal and postmenopausal women, 3BHSD immunoreactivity
was found in dispersed interstitial cells, thus indicating that active
steroidogenesis could occur after menopause (20). These results are in
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agreement with the findings of Aiman et al. (45) who reported the
presence of 17B-estradiol in ovarian venous blood in postmenopausal
women. However, the main steroid secreted by the human ovary after
menopause is androstenedione. In fact, in postmenopausal women, about
30% of circulating androstenedione is of ovarian origin, the remaining
being of adrenal sources (46, 47).

Ontogeny of 3HSD in Human Testis

To correlate possible changes in 3BHSD expression and activity with the
well-known variations in testosterone secretion during development, we
localized this enzyme by immunocytochemistry during fetal and postnatal
periods of development in the human testis (19). In the fetal testis,
3BHSD was detected in Leydig cells during the second and third trimester
of gestation (Fig. 8.5). In 8-month-old and 11-year-old boys, however, no
immunoreactivity could be detected in the testis. In pubertal boys, Leydig
cells appeared well developed and immunopositive. Since the fluctuations
in 3BHSD immunoreactivity are similar to those already observed for
androgen secretion, activation of 3HSD by trophic hormones may play
an important role in androgen production during fetal and postnatal
development. Our findings, which indicate that 3BHSD is present in the
fetal testis during the second and third trimesters of gestation (22, 28,
and 31 weeks), agree with previous data demonstrating that plasma
testosterone levels are high during the second and third trimesters of
gestation and decrease during the last weeks of gestation in the human
fetus (48).

By 2 to 3 months after birth, circulating levels of gonadotropins and sex
steroids reach a peak and then begin to drop to very low levels that
persist until the onset of puberty (49). The current results indicating the
absence of immunoreactive 3BHSD in the testis of an 8-month-old infant
and an 11-year-old boy agree with these observations (19). Moreover, it
has been shown that Leydig cells involuted a few weeks after birth and
almost completely disappeared during the following months (50).

At the onset of puberty, there is an increase in LH and FSH secretion
and a corresponding increase in plasma T and DHT (51). We have
observed that the interstitial cells in the pubertal testis are well developed
and contain 3BHSD, while the seminiferous tubules are considerably
enlarged (19). These morphologic changes are likely to be a consequence
of the increase in gonadotropin secretion.

Immunocytochemical Localization of 3HSD and
17BHSD in Human Placenta

We have studied the localization of the 3pHSD enzyme in the human
placenta and its development during pregnancy. At 7 weeks of pregnancy,



FIGURE 8.5. 1A: Section of human fetal testis at 22 weeks of gestation.
Immunostaining can be observed in the cytoplasm of interstitial cells (arrows).
Tubules (T) are unstained. (Scale bar = 100um.) IB: Section of human fetal
testis at 28 weeks of gestation (I/A). (T = tubules; scale bar = 100pm.) IC:
Section of human fetal testis at 31 weeks of gestation. Heterogeneous intensity of
immunostaining of interstitial cells (arrows) can be observed. (T = tubules; scale
bar = 100pum.) I1D: Control section of human fetal testis adjacent to that shown
in IC. Immunoabsorption with excess of human 3BHSD (10™°mol/L) has
completely prevented labeling. (T = tubules; scale bar = 100 pm.) Reprinted with
permission from Dupont, Luu-The, Labrie, and Pelletier (19), © by J.B.
Lippincott Company.
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immunostaining was observed in the cytoplasm of syncytiotrophoblastic
cells in about half of the villi. The amount of labeled villi increases with
maturation of the placenta such that at 14 weeks of gestation, all the
syncytiotrophoblastic cells contain immunoreactive material. In term
placenta, immunostaining is similarly observed in the cytoplasm of all the
syncytiotrophoblastic cells (data not shown). In conclusion, the present
data show that 3BHSD is present in syncytiotrophoblastic cells, this
enzyme being responsible for a key step in the biosynthesis of all classes
of biologically active steroids. Moreover, the present results suggest that
from 14 weeks of gestation, all the syncytiotrophoblastic cells are involved
in steroid biosynthesis.

In order to obtain information about the age-specific expression of
17BHSD in the human placenta, we have localized this enzyme by
immunocytochemistry at the light microscopic level at different periods
of gestation. In the 7- and 9-week-old placenta, immunostaining was
detected exclusively in the cytoplasm of the syncytiotrophoblast. Between
the 10th and 14th week of gestation, immunolabeling was also observed
in the cytoplasm of the cytotrophoblastic cells, thus suggesting that these
cells could transiently be involved in the biosynthesis of sex steroids.
Interestingly, between the 14th and 25th week of gestation, 17BHSD
immunoreactivity was observed in both the cytoplasm and nucleus of the
syncytiotrophoblast. The reaction product was much more intense in
nuclei than in cytoplasm. During the last trimester of gestation, a strong
immunocytochemical staining was observed in all the nuclei of the syn-
cytiotrophoblast, the cytoplasm being unstained (data not shown). The
meaning of this nuclear staining for 17BHSD is still unclear.

Ontogeny of 3HSD in Human Adrenal Gland

In the fetal adrenal from midgestation (22 weeks), immunostaining was
observed exclusively in the cytoplasm of cells of the outer cortex. Six
weeks later, at the beginning of the third trimester (28 weeks), immuno-
labeling was more widely distributed and extended to all cells of the
neocortex. In term fetal adrenals, on the other hand, strong staining was
observed in the presumptive zona glomerulosa (18).

Contrary to the observation of Murakoshi et al. (52), who localized
3BHSD in the inner zone of the human 20-week fetal adrenal by histo-
chemistry, our data clearly identify 3BHSD exclusively in the outer zone
at this period of fetal life. During early to midgestation, it is generally
thought that 3BHSD activity in fetal adrenal tissue is minimal and that
placental progesterone must be used as a precursor for the synthesis of
cortisol. At midgestation and approaching term, our data indicate an
increase in 3BHSD levels, a finding that could well explain the increase in
circulating cortisol at midgestation (53). Thus, the increase in 3HSD
immunoreactivity in the outer zone of the adrenal cortex could provide
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the basis for increased cortisol secretion by the fetal adrenal independently
from placental transfer of cortisol (54, 55). Such data also suggest that the
fetal adrenal is actively involved in progesterone synthesis.

In 2-month-old adrenals, immunostaining was seen in both the zona
glomerulosa and the zona fasciculata, while no staining could be detected
in the zona reticularis, which is easily identified (18). Similar 3HSD
localization was seen in the 8-month-old adrenals. In 2-year-olds and
adults, on the other hand, immunostaining was observed in the three
layers of the cortex, the medulla being devoid of any reaction. Moreover,
the intensity of staining was similar in the zona reticularis, fasciculata,
and glomerulosa. At the subcellular level, the labeling was exclusively
observed in the cytoplasm (18).

Rat 3HSD Isoenzymes

Since rat is the best-known model for studies of endocrine regulation, the
availability of rat 3BHSD probes would make possible detailed inves-
tigations of the tissue-specific expression and regulation of 3BHSD in
steroidogenic as well as in peripheral intracrine tissues. For this reason,
we have used the human type I 3HSD cDNA to first screen a rat ovary
Agtll cDNA library.

Structure of Rat Types
I and 11 3HSDs

The sequence of type I and type Il cDNAs have an open reading frame of
1119 nucleotides, with only 33 mismatches between the two sequences
(13). The overall nucleotide similarity between the two types of rat
3BHSD cDNAs is 96.5%. The deduced amino acid sequences of rat types
I and II 3BHSD (Fig. 8.1) share 93.8% similarity, with only 23 non-
identical residues.

Enzymatic Characteristics of Expressed Rat Types
I and 11 3HSDs

In view of the existence of two types of rat 3pHSD cDNA clones,
plasmids derived from pCMYV that contained either the type I or the type
IT 3BHSD cDNA inserts driven by the CMV promoter were transiently
expressed in HelL.a human cervical carcinoma cells in order to verify that
both proteins were functional and that they effectively mediated 3p-
hydroxysteroid dehydrogenation as well as A>-A* isomerization (13, 56).
In vitro incubation with homogenates from cells transfected with pCMV
type 1 3BHSD or pCMV type II 3BHSD in the presence of 1 mM NAD™*
and *H-labeled PREG clearly showed that type I had a 3pHSD/A%-A*
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isomerase relative specificity, as reflected by relative V /Ky, ratio, 64-
fold higher than type II with a K, value of 0.74mM compared with
14.3mM for type II (56). The higher relative specificity of rat type I
3BHSD compared to type II 3BHSD was confirmed using DHEA as
labeled substrate with respective K, values of 0.68 and 12.9mM, while
their relative specificities were 147 and 3.2, respectively. These original
data indicate that the lower activity of type II 3BHSD results primarily
from a 95% decreased affinity for both PREG and DHEA (56).

The hydropathy profiles of rat type I and rat type II 3BHSD proteins
are also quite superimposable (13). Since 3BHSD is a membrane-bound
protein, it is of interest to note that computer analysis of the amino acid
sequences of rat types I and II 3BHSD proteins predicts one additional
membrane-spanning segment in the type I protein compared with the
type 1I isoform (13). We have recently demonstrated the crucial role of
the predicted membrane-spanning domain between residues 75 and 91 for
the enzymatic specificity of type I 3BHSD, while the absence of this
putative MSD in type II 3BHSD can explain its much lower activity (56).

Tissue-Specific Expression of Rat Types I and 11 3FHSD
mRNA Species

In view of our finding of two ¢cDNAs encoding rat 3HSD and the
impossibility of distinguishing the corresponding mRNAs by conventional
RNA blot analysis, we proceeded to study the distribution of 3HSD
mRNAs in rat tissues using the sensitive and specific RNase protection
assay. Using the cRNA probes specific for type I and type II 3HSD
mRNAs, we have demonstrated that both types I and II mRNAs are
present in classical steroidogenic tissues, namely, the rat ovary, testis, and
adrenal. We have also examined the distribution of these two mRNA
species in various peripheral tissues of the rat. Both mRNA species were
detected in female rat adipose tissue. On the other hand, only type I
mRNA could be detected in both male and female kidney poly(A)*
RNA (13).

Liver-Specific Member of Rat 3fHSD Family

Following screening of a male rat liver Agtll cDNA library, a third type
of 3BHSD cDNA could be isolated (12). Rat type III 3HSD cDNA has
an open reading frame of 1119 nucleotides that displays 85.7% similarity
with that of rat type I or type II 3BHSD cDNA (13). The predicted rat
type III 3BHSD protein having a calculated molecular mass of 42,080d
also contains 372 amino acids and shares 80% similarity with type I and II
3BHSD proteins (Fig. 8.1). Type III 3BHSD cDNA contains a 736-bp 3’
untranslated region before the poly(A) tail, while the corresponding
region in types I and IT cDNAs contains 355 and 369 bp, respectively (13).
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In agreement with a longer 3’ untranslated region in type III mRNA,
RNA blot analysis using poly(A)* RNA from male rat adrenal, testis,
and liver clearly illustrates liver-specific expression of a 2.1-kb mRNA
species in male liver, while the crosshybridization signal obtained in
adrenal and testis reveals a 1.7-kb mRNA species that corresponds to
type I and II 3HSD mRNA (13). It is noteworthy that no signal was
detected in poly(A)* RNA from intact female liver, while a strong
hybridization signal was detected in total RNA from female liver obtained
from animals hypophysectomized 24 days earlier (12).

We have recently observed after transient expression of type II cDNA
in HeLa cells that this isoform possesses an almost exclusive 3f-keto
steroid reductase activity using DHT and androstanedione as substrates
while PREG, DHEA, A’-diol, and 3B-diol do not act as substrates (de
Launoit, Zhao, Labrie, Simard, unpublished data).

Using the cRNA probes specific for types I, II, or III 3BHSD mRNA,
we have demonstrated that both types I and II mRNAs are expressed in
the rat adrenal and ovary but not in liver, while the type III mRNA
species is detected specifically in the liver (12). The present finding of
an apparently pituitary hormone-induced repression of gene expression
of a liver-specific 3HSD is in agreement with the previously reported
masculinization of rat liver enzyme activity following hypophysectomy in
female rats (57).

The presence of 3BHSD mRNAs in a wide variety of peripheral rat
tissues—such as adipose tissue and kidney—as well as the demonstration
of 3BHSD activity in hormone-sensitive organs—such as the skin, breast,
uterus, ventral prostate, and seminal vesicle (13)—indicate that these
tissues can form active sex steroids from circulating A°-3B-hydroxysteroid
precursors. In fact, we have previously demonstrated that the admin-

>
FIGURE 8.6. Modulation of rat ovary 3BHSD mRNA levels (top) and total ovarian

3BHSD content (bottom) by gonadotropins and PRL. Adult female rats hypo-
physectomized 15 days previously received twice-daily injections of hCG (10 IU),
oFSH (0.5pg), or oPRL (1.0mg), singly or in combination, for 10 days. RNA
was extracted from individual whole ovaries and blotted onto nylon membranes.
Ovarian 3BHSD mRNA levels were measured by dot blot hybridization using the
32P-random primer-labeled full-length rat ovary 3BHSD ¢DNA (ro 3b-HSD 36),
as described in reference 13. The amounts of ovarian 3pHSD mRNA were
calculated relative to those levels observed in hypophysectomized rat ovaries,
using RNA from intact ovaries as standard and expressed in units (fop) or
corrected for ovarian weight and expressed in units/ovary (bottom). Data are
expressed as means = SEM (n = 6-7), and statistically significant variations were
determined by Duncan-Kramer. (* = P < 0.05; ** = P < 0.01 vs hypo-
physectomized control.) Reprinted with permission from Martel, Labrie, Dupont,
et al. (23), © by The Endocrine Society, 1990.
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istration of DHEA to castrated rats caused a marked increase in ventral
prostate weight accompanied by increased prostatic DHT and androgen-
dependent mRNA levels (58, 59). Moreover, considering their relatively
large size, the skin and adipose tissue are likely to be important sites of
extragonadal sex steroid formation.

In summary, the characterization of rat 3HSD c¢cDNAs should greatly
further our understanding of steroidogenesis in both classical steroido-
genic tissues and peripheral intracrine tissues. In fact, the availability of
cDNAs, as well as specific cRNA probes for rat 3pHSD isoenzymes,
should make possible detailed in vivo as well as in vitro studies on the
regulation of the expression of this crucial enzyme. For example, charac-
terization of the gene(s) encoding rat 3HSD(s) should shed light on the
possible existence of tissue-specific promoters.

Regulation of 3HSD Expression in Rat Ovary

As illustrated in Figure 8.6 (top), whereas hCG alone exerted no effect
on the steady state levels of whole ovarian 3BHSD mRNA, oPRL exerted
a potent inhibitory effect (P < 0.01) on the same parameter as compared
to the values found in control hypophysectomized animals. Simultaneous
treatment with hCG partially (P < 0.01) reversed the inhibitory effect of
oPRL, increasing 3HSD mRNA levels from 19% (oPRL alone) to 55%
of the value found in control hypophysectomized animals. Ovine FSH, on
the other hand, had no significant effect when administered alone or in
combination with hCG, oPRL, or hCG + oPRL. Since hCG and oPRL
exerted significant effects on ovarian weight, it is of interest to express
3BHSD mRNA content following correction for relative changes in total
ovarian weight. It can be seen in Figure 8.6 (bottom) that hCG caused a
45% (P < 0.05) increase in total 3HSD mRNA content, whereas oPRL
exerted an 88% inhibition of total ovarian 3HSD mRNA content (P <
0.01) as compared to the values found in control hypophysectomized rat
ovaries. The potent inhibitory effect of oPRL on ovarian 3HSD mRNA
content was also observed on the levels of 3HSD protein and 3HSD
activity (23).

Since measurement of ovarian 3BHSD mRNA by dot blot hybridization
reflects overall changes in ovarian 3pHSD mRNA and does not account
for variations occurring in distinct ovarian cell subpopulations, sections
of fixed ovaries were hybridized with the same cDNA probe (labeled
with 3S) used for the dot blot hybridization assay in order to permit
examination of the cellular distribution and to determine possible cell-
specific changes in ovarian 3HSD mRNA levels. The X-ray autoradio-
graphs pictured in Figure 8.7 are representative of the effects of hCG,
oFSH, and oPRL in hypophysectomized rat ovaries. As shown in the
upper left-hand panel, the corpora lutea found in the ovaries of rats
hypophysectomized 25 days previously still express large quantities of



FiGure 8.7. X-ray autoradiograph illustrating the effects of gonadotropins and
PRL on ovarian 3BHSD mRNA levels evaluated by in situ hybridization. Fixed
sections of ovaries from left to right and top to bottom: Control
hypophysectomized rats (HYPOX) or rats treated with oPRL; oFSH; oFSH +
oPRL; hCG; hCG + oPRL; hCG + oFSH; and hCG + oFSH + oPRL, were
hybridized to the **S-labeled rat ovary 3BHSD cDNA (ro3b-HSD 56) as described
in reference 23. Treatment with hCG also increases the labeling associated with
the interstitial elements. (Magnification: 15X; exposure time: 3 days.) Reprinted
with permission from Martel, Labrie, Dupont, et al. (23), © by The Endocrine
Society, 1990. :
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3BHSD mRNA, as indicated by the intense labeling of all corpora lutea.
It can also be seen on the same tissue section that the interstitial cells
are very weakly labeled. As illustrated in the upper right-hand panel,
treatment with oPRL alone caused a reduction in ovarian volume mainly
related to a decrease in the size of the corpora lutea, which also show
markedly reduced levels of 3BHSD mRNA. It is interesting to observe
that oFSH and hCG alone do not appear to affect the intensity of the
labeling associated with the corpora lutea. However, hCG treatment
increases the size of the interstitial glands and their content in 3HSD
mRNA (see hCG and hCG + FSH). While oPRL can be clearly seen to
inhibit corpora lutea-associated 3BHSD mRNA in hCG- and hCG +
oFSH-treated rats, it appears less effective in blocking the stimulatory
effect of hCG on the ovarian interstitial cells (see hCG + oPRL and hCG
+ oFSH + oPRL). It thus appears that the inhibitory effect of oPRL on
3BHSD mRNA accumulation is exerted principally in luteal cells.

The present demonstration that PRL exerts a potent inhibitory effect
on 3BHSD expression and activity in the ovaries of hypophysectomized
rats confirms and extends previous data concerning the luteolytic effect of
PRL under these circumstances. The PRL-induced decrease in 3HSD
activity translates into a marked inhibition of circulating progesterone
levels, as well as decreased uterine weight, which reflects reduced estrogen
secretion. On the other hand, while hCG reverses the inhibitory effect of
PRL, the same treatment was found to stimulate 3BHSD expression and
activity in interstitial cells. The molecular mechanisms whereby PRL
induces luteolysis and inhibits corpora lutea 3BHSD expression are
unknown. Interestingly, hCG and PRL exert opposite effects on 3HSD
expression, indicating that the 3BHSD gene(s) probably contain(s)
elements responsive to the intracellular mediators of both hormones.

It is of interest to mention that in luteinized porcine granulosa cells,
gonadotropins and agents that increase intracellular cAMP accumula-
tion—cholera toxin, forskolin, and (Bu)2 cAMP —increased 3HSD mRNA
levels (44, 60). Furthermore, it has recently been demonstrated that
activation of the protein kinase C pathway induces cAMP accumulation,
but leads to a marked inhibition of the stimulatory effect of hCG,
LH, forskolin, and cholera toxin on 3BHSD mRNA levels in luteinized
porcine granulosa cells in culture (60).

Since it is well known that PRL exerts inhibitory effects on LH secretion
(61), the present data indicate that PRL, in addition to its inhibitory
effect at the hypothalamo-pituitary level, can also act directly on ovarian
cells to suppress steroidogenic enzyme gene expression, thus providing an
additional explanation for the antifertility effects of hyperprolactinemia in
women (62, 63).

While much progress has been made towards a better understanding of
the regulation of expression of other steroidogenic enzyme genes in the
rat ovary, the recent availability of 3BHSD c¢cDNA probes (9, 11-15)
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permits detailed studies on the control of this crucial enzyme, thus offering
the possibility of obtaining a more complete overall picture of the regu-
lation of ovarian steroidogenesis. The close correlation observed between
3BHSD mRNA, protein content, and activity levels under a wide range of
hormonal conditions—namely, inhibition by PRL and stimulation by
hCG—indicates that the modulation of 3BHSD activity by both hCG and
PRL is largely, if not exclusively, related to parallel changes in 3pHSD
gene expression and/or 3HSD mRNA stability.

Changes in 3HSD Gene Expression and Activity During
the Estrous Cycle in the Bovine Ovary

Understanding of the pattern of ovarian estrogen and progesterone
secretion during the estrous cycle requires precise knowledge of the
mechanisms controlling the expression and activity of each steroidogenic
enzyme involved. Previous studies have described the enzymatic activity
and mRNA levels of two important steroidogenic enzymes, P450,. and
P450,7, (64, 65). Whereas P450,, catalyzes the conversion of cholesterol
into pregnenolone and P450,,, converts pregnenolone and progesterone
into the precursors of androgens and estrogens, no information was avail-
able about 3BHSD, an essential step in the formation of progesterone as
well as of all androgens and estrogens.

We then observed that there is a parallel increase in 3BHSD mRNA,
protein content, and enzymatic activity levels from days 1-3 after estrus
to maximal values at 50% —100% above control on days 8—11 after estrus.
Thereafter, all values decreased progressively until days 1617 before a
dramatic fall to 5% or less than maximal values on days 18—20 after
estrus (Fig. 8.8) (27). Almost superimposable results of enzymatic activity
were obtained with the three substrates—PREG, DHEA, and A’-diol—
thus suggesting a predominant 3BHSD or parallel changes in the activity
of multiple 3BHSDs. The above-described changes observed during the
luteal phase are almost exclusively due to variations taking place -in
corpora lutea. In fact, 3BHSD activity in ovarian follicles was approxi-
mately 10,000 lower than that measured in corpora lutea.

Such changes in 3BHSD mRNA levels, enzyme content, and enzymatic
activity offer an explanation for the marked changes in progesterone
secretion observed during the estrous cycle (66). A large increase in the
secretion of progesterone occurs after ovulation, and maximal levels are
reached 8-10 days after estrus in the bovine species. In parallel, there is a
marked increase in P450,, activity after ovulation (64) from undetectable
levels in bovine ovarian follicles (64). Moreover, the activity of HMGCoA
reductase, a rate-limiting enzyme in cholesterol biosynthesis, is also
greatly elevated in corpora lutea (67), thus providing high levels of
precursor cholesterol; whereas the activity of 170-hydroxylase originally
present in theca interna cells decreases to undetectable levels in the
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Figure 8.8. Relative levels of 3HSD mRNA in bovine corpora lutea during the
luteal phase of the estrous cycle. Total RNA from bovine corpora lutea obtained
from the indicated time periods after estrus was extracted by the guanidinium
isothiocyanate-CsCl method. RNA was blotted onto nylon membranes after serial
2-fold dilutions (from 10-0.078 ug RNA). The *?P-labeled bovine 3pHSD cDNA
or chick B-actin probes were added at a concentration of 3 X 10°cpm/mL in
hybridization buffer, and the incubation was performed for 16h at 42°C. Spot
intensities were measured with an image analyzer, and data are expressed as
meants £ SEM of ratios of 3BHSD and actin hybridization intensities. (* = P <
0.05; ** = P < 0.01; *** = P < 0.001, experimental vs days 1-3 after estrus).
Reprinted with permission from Couet, Martel, Dupont, et al. (27), © by The
Endocrine Society, 1990.

corpus luteum (64), thus blocking androgen and estrogen formation and

providing the precursors required for maximal progesterone secretion
(64).

Structure and Expression of Human 176HSD Gene

The nucleotide sequence of the cDNAs encoding human estradiol 17(-
dehydrogenase (E,DH) predicts a protein of 327 amino acids (28).
Placental E;DH contains the 17- and 20-amino acid sequences of the
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suggested coenzyme binding and catalytic sites, respectively. It also
contains the sequence of the 23-amino acid N-terminus determined
directly by Edman degradation of the purified enzyme (28). The
h17BHSDII gene (29) consists of 6 exons and 5 introns, and its exonic
sequence is identical to the hpE,DH216 cDNA sequence previously
reported (28). We thus determined the complete nucleotide sequence of
the human h17BHSDII and deduced the amino acid sequence of its
coding region (29). Comparison of the nucleotide sequence of h17HSDI
with that of the exons and introns of the h17BHSDII gene shows 89%
homology. In analogy with gene h17BHSDII, gene h17BHSDI could
potentially be transcribed, spliced at the same exon-intron junctions and
translated from the first corresponding in-frame ATG codon position.
However, due to a change from a G to a T, thus creating a TAA stop
codon rather than encoding for the amino acid Gln at position 218, gene
h17BHSDI potentially encodes a protein of 214 amino acids (including
the first Met) (29).

Two major mRNA species have been identified in poly(A)* RNA from
human placenta: a major species of 1.3kb and a minor one of 2.2kb (28,
29). In placenta, S; analysis indicates that the major mRNA starts 9
nucleotides upstream from the starting codon, while the minor mRNA
species contains approximately 971 nucleotides upstream from the same
in-frame ATGe-initiating codon (29). The 2.2-kb mRNA species is pre-
dominant in myometrium and abdominal fat tissues and also has been
detected in all other tissues tested, including placenta, testis, ovary,
prostate, and breast cancer cells (29). The 1.3-kb h17BHSD mRNA, on
the other hand, is very abundant in the placenta and ovary, but present at
a lower level in testicular tissue.

Measurement of estrogenic 17BHSD activity in 15 human tissues is
illustrated in Figure 8.9A. Such data are complementary to those
describing the presence of 17BHSD activity in a series of human tissues
(7, 29, 68-76). It can be seen that estrogenic 17BHSD activity was
detected in all tissues examined. The highest rates of estrogenic 17HSD
activity were found in the placenta, liver, ovary, endometrium, prostate,
testis, and adipose tissue. It can be seen that the differences observed
between the reductive and the oxidative pathways are less important in
human tissues than in rat tissues (77, data not shown). However, the
formation of E; and E, is biased toward, or equal to, the formation of E,
into E; in all tissues except in adipose tissue (78), liver, skin, and testis
(68), where the formation of E, is favored.

Androgenic 17BHSD activity has also been demonstrated in the same
15 human tissues. The rates of testosterone formation (white bars) or A*-
dione formation (dark bars) are illustrated in Figure 8.9B. The highest
level of androgenic 17BHSD activity was found in the placenta and liver,
followed by the testis, endometrium, prostate, adipose tissue, adrenal,
prostate, and skin. In human tissues, contrary to the rat, the oxidative
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FIGURE 8.9. Tissue distribution of 17BHSD enzymatic activity in a series of human
steroidogenic and peripheral intracrine tissues. Estrogenic 17BHSD activity was
measured by the formation of E, from ["“C]-E, or E, from [“*C]-E, (A4), while
androgenic 17BHSD activity was measured by the formation of A*dione from
["*CIT or T from ['*C]A*-dione (B). Incubations were performed at 37° for 1h
with 0.5-uM-labeled substrate and 1 mM of the appropriate cofactors. Data are
presented as means + SEM in pmol of product formed/mg protein/min (log
scale).
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pathway of A*-dione formation is slightly favored only in the liver and
placenta, while all other tissues favor testosterone formation (adipose
tissue, adrenal, myometrium, ovary, prostate, skin, spleen, and ZR75-1)
or show no significant difference (77).

We have also demonstrated the presence of 17BHSD mRNA by the
RNase protection assay performed with poly(A)* RNA obtained from
steroidogenic as well as peripheral human tissues using a cRNA probe
specific for 17BHSD mRNA encoded by human 17BHSDII (29). The
presence of 17BHSD mRNA has been shown in the RNA from placenta,
breast, ovary, endometrium, ZR75-1 cells, LNCaP prostate cancer cells,
adipose tissue, skin and prostate (77).

Estrogenic as well as androgenic 17BHSD activity was observed in all
tissues examined. However, some tissues, especially the rat adrenal,
kidney, liver, ovary and skin, have higher levels of enzymatic activity with
estrogenic compared to androgenic substrates, while other tissues, such as
the testis, are most specific for androgenic substrates. Such characteristics
of specificity for estrogens or androgens suggest the existence of more
than one enzyme having 17BHSD activity. Multiple forms of 17BHSD
have also been suggested by other groups (79, 81). However, it is
also possible that the differences observed could be attributed to con-
formational changes induced by interaction of the enzyme with different
membranes or other specific cell components.

Conclusion

In addition to the classical steroidogenic tissues—namely, the ovaries,
testis, adrenals, and placenta—a large series of human peripheral tissues
possess all the enzymatic systems required for the formation of active
androgens and estrogens from a relatively constant supply of precursor
steroids provided by the adrenals. While, so far, most therapeutical
approaches have been aimed and limited at controlling steroid formation
by the classical steroidogenic tissues, it is clear that most efforts should
now be turned towards intracrinology in order to better understand the
physiological mechanisms controlling local steroid formation. We would
thus be in a position to develop novel therapeutical approaches that take
into account the high proportion of steroids that are made locally and
that are responsible for the growth and function of normal as well
as cancerous tissues. It is important to mention that one-third of all
cancers—breast, prostate, ovarian, and uterine cancers—are hormone
sensitive and are thus prime candidates for approaches based upon
control of intracrine activity. In addition to their therapeutical efficiency,
an advantage of endocrine therapies is their excellent tolerance and the
usual absence of serious side effects. The field of intracrinology should
generate major interest in the pharmaceutical industry in order to
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develop specific inhibitors of enzymatic activity that could increase the
efficacy of more potent and specific antiestrogens and antiandrogens.
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The differentiation and function of gonadal cells are controlled by a
complex array of endocrine, paracrine, and autocrine stimuli (1-4).
These external stimuli are received and elaborated by gonadal cells
through an equally complex array of intracellular second-messenger
pathways (1, 5, 6). A constant flow of information through these path-
ways is necessary to maintain the endocrine and gametogenic functions of
the gonads.

Gonadotropins are among the most important signals controlling
gonadal cell function. These pituitary hormones bind to surface receptors
coupled to a membrane signal transduction system (7, 8) that transfers
the hormone signal inside the cell. With the cloning of complementary
DNA encoding these plasma membrane proteins and deduction of their
primary sequences (9, 10), it has been shown that the FSH and LH/hCG
receptors are members of the family of opsin/adrenergic receptors that
interact with guanine nucleotide binding proteins (11). A major signal
resulting from the activation of the gonadotropin receptor is the guanine
nucleotide stimulatory protein (G,)-mediated activation of adenylate
cyclase (5, 6, 12, 13). This membrane-bound enzyme catalyzes the syn-
thesis of the second-messenger cAMP. While diffusing from the site of
synthesis, cCAMP either binds and activates a protein kinase or is degraded
and inactivated by cyclic nucleotide phosphodiesterases (PDEs) (5, 6, 14,
15). The balance between these two events determines most biological
effects of gonadotropins. While extensive studies have been conducted to
examine the activation of the cAMP-dependent protein kinase, there has
been little attention devoted to understanding how PDEs and cyclic
nucleotide degradation are regulated in gonadal cells. Studies in our
laboratory have focused on the role of these enzymes in the control of
gonadal cell responsiveness.

Although the role of cAMP in mediating gonadotropin action in
somatic cells is well established, little is known about the function of the
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cyclic nucleotide system in the male germ cells. Several laboratories,
including ours, have shown that the enzymes involved in the cAMP-
dependent pathway are expressed in germ cells during their maturation
(16). Haploid germ cells express an adenylate cyclase different from
somatic cells (17-20). This form is recovered in the cytosol of spermato-
genic cells and is membrane bound in spermatozoa. It has been shown
that this adenylate cyclase does not interact with guanine nucleotide
binding proteins since it is insensitive to GTP and its analogs and is more
active in the presence of Mn™ " than Mg*™* (17-20). This indicates that if
this enzyme is under the control of external signals, the mechanisms of
transduction are different from those described in somatic cells. That the
signal transduction machinery is somewhat anomalous in these cells is
further suggested by the observation that an inhibitory guanine nucleotide
binding protein (G;), but not G, can be detected in germ cells (20, 21). It
is possible that adenylate cyclase produces cAMP in a constitutive fashion
and that PDEs play a major role in regulating intracellular cAMP levels
of germ cells. Changes in protein kinase and cyclic nucleotide PDEs have
been described, suggesting that this pathway is modified during germ cell
differentiation (23-26).

That cyclic nucleotide regulation might play a crucial role during
gametogenesis is suggested by the findings in Xenopus laevis (27) and
mammalian oocytes (28-31). It is widely accepted that a drop in oocyte
intracellular cAMP signals the resumption of meiosis. This decrease in
cAMP and the following germinal vesicle breakdown (GVBD) can be
blocked by PDE inhibitors, thus indicating that PDEs play a role in
this cAMP regulation (27-30). Although a blockade of the first meiotic
division is not present during spermatogenesis, cAMP-dependent mech-
anisms similar to what has been observed in oocytes may be active in
male germ cells. It is possible that a number of check points requiring
external stimuli are functioning during the meiotic and postmeiotic stages
of spermatogenesis. If appropriate signals regulating intracellular cAMP
are not applied to maturing germ cells at these transition points,
spermatogenesis may not proceed.

This chapter concentrates on the mechanisms of inactivation of cyclic
nucleotides functioning in gonadal cells. We will summarize our findings
on the structure and regulation of gonadal cell PDEs and discuss the
possible roles of these enzymes in gonadal cell function.

Multiple Genes Encode Different cAMP PDEs

To understand the function of the cAMP degradative pathway of gonadal
cells, the PDE forms expressed in these cells have been separated and
characterized. The two major forms of PDE expressed belong to the
families of Ca/calmodulin-activated PDEs (CaM PDEs) (32) and of
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cAMP-specific PDEs (cAMP PDEs) (33). In addition to CaM PDEs
similar to those expressed in other tissues, a unique 67-kd CaM PDE that
hydrolyzes cAMP and ¢cGMP with similar K, has been isolated from
mouse germ cells (34, 35). Early reports also suggested that a complex
number of cAMP PDEs are present in these cells (23, 24). A clearer
understanding of the cAMP PDE forms expressed in the gonads comes
from molecular cloning data. In Drosophila melanogaster, mutations in a
dunce locus, which encodes a PDE, produce flies with altered central
nervous system function and infertility (36). On the basis of this latter
observation, rat testis complementary DNA (cDNA) libraries were
screened with the dunce PDE cDNA to identify homologous PDE
sequences. At least 4 genes encoding cAMP PDEs homologous to the
dunce PDE are expressed in the rat testis (37, 38). The products of these
genes will be referred to as ratPDEI, ratPDE2, ratPDE3, and ratPDE4.
The cloning of cDNAs that correspond to ratPDE2 and ratPDE4 from rat
brain libraries also indicates that multiple cAMP PDE genes are present
in the rat (39, 40). These cAMP PDE genes encode proteins with
molecular weights of approximately 60,000—70,000, and their structure
has been in part elucidated. In the center of the protein sequence, there is
a region that is highly conserved in all 4 cAMP PDEs (32, 33, 41). This
region shares substantial similarities with the sequence of other PDEs
(33, 41). Using deletion mutations and site-directed mutagenesis, we have
demonstrated that the conserved region contains the catalytic domain of
these enzymes (Jin et al., manuscript submitted). Although sequences
similar to signals for subcellular localization and phosphorylation sites
have been observed (42), the function of the amino and carboxy terminus
of this protein is largely unknown.

cAMP PDE Genes Are Differentially Expressed in
Testicular Cells

Expression of ratPDE1, ratPDE2, ratPDE3, and ratPDE4 is tissue
dependent, and different genes are expressed in different organs (37, 38).
In the testis, transcripts corresponding to all 4 genes are present.
However, several lines of evidence indicate that ratPDE1 and ratPDE2
are preferentially expressed in the germ line, while ratPDE3 and ratPDE4
are expressed in somatic cells of the seminiferous epithelium. In utero
irradiation, a treatment that causes depletion of germ cells in the gonad
of the newborn animal, leads to the disappearance of ratPDE1 and
ratPDE2 transcripts (37). Conversely, the abundance of ratPDE3 and
ratPDE4 transcripts is increased in germ cell-depleted testes (37).
Northern blot analysis of mRNA from testes at different stages of devel-
opment demonstrates that the distribution of ratPDE1 and ratPDE2
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transcripts is consistent with expression in germ cells. RatPDE] transcripts
appear at days 15-20 of development, while ratPDE?2 transcripts become
prominent after 29 days of development, suggesting sequential expression
in meiotic and postmeiotic cells (Welch et al., manuscript submitted).

Studies conducted with isolated germ cells have confirmed conclusively
the hypothesis that ratPDE1 and ratPDE2 are primarily expressed in
these cells. Transcripts corresponding to ratPDE1 and ratPDE2 are
present in RNA isolated from an enriched germ cell preparation (37).
Furthermore, ratPDE1 and ratPDE2 transcripts were present in the RNA
prepared from germ cells at different stages of development isolated using
sedimentation at unit gravity (Welch et al., manuscript submitted).
Conversely, the low level of signal obtained with ratPDE3 and ratPDE4
probes could be entirely attributed either to contamination of somatic
cells in the germ cell preparation or to some crosshybridization of the
probes (Swinnen et al., unpublished observation).

On the other hand, enriched Sertoli cell cultures apparently do not
express ratPDE1 and ratPDE2. Under all culture conditions tested,
only ratPDE3 and ratPDE4 transcripts could be detected. This is also
consistent with cloning data. In fact, only ratPDE3 and ratPDE4 cDNA
clones could be retrieved from a library derived from immature Sertoli
cells in culture (37, 38).

Expression of a cAMP PDE Is Regulated During
Spermatogenesis in the Rat

Several lines of evidence indicate that expression of ratPDE1 and
ratPDE2 is regulated during meiotic and postmeiotic stages of spermato-
genesis. Monn and collaborators were the first to show that a change in
pattern of PDE expression occurs during sexual maturation in the rat
(23). At that time, however, few biochemical tools were available to
distinguish between the different PDE forms. More recently, biochemical
analysis of cAMP PDEs derived from the cytosol fractions of isolated
germ cells confirms and extends this initial observation. In extracts
from pachytene spermatocytes, 2 peaks of cAMP PDE activity can be
separated by HPLC ion exchange chromatography (Welch et al.,
manuscript submitted). They most likely represent the products of
ratPDE1 and ratPDE2 genes. As spermatogenesis proceeds to the
haploid stage of early spermatids, the second peak of activity decreases
and is at the limit of detection in elongating spermatids (Welch et al.,
manuscript submitted). Measurement of ratPDE1 and ratPDE2 mRNA
in meiotic and postmeiotic germ cells is consistent with these biochemical
data. RatPDE] transcripts are present in large amount in pachytene
spermatocytes. They are markedly reduced in early spermatids and absent
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in elongating spermatids. Conversely, ratPDE2 transcripts increase in
relative concentration from pachytene spermatocytes to round spermatids.
In addition to these major changes in overall ratPDE1 and ratPDE2
mRNA levels, it was found that multiple transcripts of different sizes
originate from ratPDE1 and ratPDE2 genes (Welch et al., manuscript
submitted). Differences were observed in the pattern of transcript sizes
both during testis development and in germ cells at different stages of
spermatogenesis. In suminary, these studies suggest that the ratPDE1
gene is actively transcribed only during meiotic prophase, while ratPDE2
transcription occurs mostly during the haploid phase of spermatogenesis.
The biological significance of this regulation is being investigated.

Expression of cAMP PDE:s in the Sertoli Cell Is Under
Hormonal Control '

Stringent regulation of cAMP PDE gene expression is also suggested
by studies in the Sertoli cell. Northern blot analysis of mRNA from
immature Sertoli cells shows that transcripts corresponding to ratPDE3
and ratPDE4 are expressed in this cell under different culture conditions
(38, 42). After 4 days in culture without hormones, no ratPDE3
transcripts could be detected, while ratPDE4 transcripts were present.
Incubation for 24 h with FSH or dibutyryl cAMP led to the appearance
and accumulation of a large amount of ratPDE3 transcripts and to a
smaller increase in ratPDE4 transcripts (38, 42). Thus, ratPDE3 is entirely
FSH- and cAMP-dependent, while ratPDE4 is, to some extent, con-
stitutively expressed. Preliminary evidence from our laboratory indicates
that ratPDE3 is present in the Sertoli cell at the time of plating and
disappears as the cells are maintained in culture, suggesting that con-
tinuous FSH stimulation is required for ratPDE3 expression (Swinnen,
Conti, unpublished results). A similar increase in ratPDE3 mRNA was
observed in vivo after FSH injection in 15-day-old rats (42).

It should be pointed out that ratPDE3 and ratPDE4 regulation is not a
phenomenon unique to the Sertoli cell. Similar stimulation has been
observed in C6 glioma cells (38) and in FRTL-5 cells (43), a rat thyroid
cell line responsive to TSH. In addition, FSH regulates the PDE activity
of cultured granulosa cells (44). These cAMP PDEs are therefore part of
a ubiquitous intracellular feedback mechanism by which cAMP regulates
the expression of its own degrading enzymes.

The increase in cAMP PDE activity is blocked by actinomycin D
treatment of the Sertoli cell (45), suggesting that ongoing RNA synthesis
is required for FSH activation. That cAMP PDE gene transcription is
regulated by FSH has been confirmed by run-on experiments showing
that ratPDE3 gene transcription is increased within 30min of FSH
stimulation (42). Protein synthesis inhibition does not abolish the FSH-
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dependent increase in ratPDE3 and ratPDE4 mRNAs (Swinnen, Conti,
unpublished results). This, together with the finding that FSH can
activate transcription of a reporter gene through cAMP response elements
(CRE) (Hall et al., manuscript in preparation), would indicate that FSH
regulates ratPDE3 transcription in the absence of de novo synthesis of
proteins, possibly via a posttranslational modification of a cAMP response
element binding protein (CREB) (46) or related transacting factors. Com-
parison of the time course of FSH activation of the protooncogene c-fos
and ratPDE3 shows that the FSH-dependent increase in c-fos mRNA
occurs in 15min, while ratPDE transcripts appear with a time lag of
approximately 1h (42). Nuclear run-off experiments show that FSH
increases c-fos and ratPDE3 gene transcription with different time
courses (42). The significance of this is under investigation, but it might
indicate differences in the mechanisms involved in the transcriptional
activation of c-fos and ratPDE3 genes. The increase in PDE mRNA is
followed by increased accumulation of the PDE protein as determined by
immunoblot analysis of Sertoli cell extracts (42). The increase in PDE
protein is consistent with the increase in cAMP PDE activity observed
(45, 47-49). It is, however, possible that posttranslational modifications
of the newly synthesized PDE protein are also necessary to express the
full catalytic capacity of the enzyme.

Although FSH treatment of the Sertoli cell causes an increase in
ratPDE4 mRNA, no significant changes in ratPDE4 transcriptions were
observed under these conditions (42). This is an indication that the
increase in ratPDE4 mRNA observed after FSH stimulation might be the
result of mRNA stabilization.

Hormonal Activation of the cAMP PDE Causes
a Decreased Response of the Target Cell

Studies from several laboratories, including ours, have shown that an
increase in cAMP PDE activity coincides with the onset of the refractori-
ness of the Sertoli cell (47-50). Sertoli cell refractoriness is reversed if
cells are exposed to different PDE inhibitors (50, 51), indicating that the
observed increase in PDE activity has a major role in regulating Sertoli
cell sensitivity to hormones. Thus, FSH stimulation of estrogen accumula-
tion in desensitized cells in the presence of methyl-isobutyl xanthine
(IBMX) or RO-201724 is comparable to fully responsive cells (51).
Furthermore, the cAMP analog dibutyryl cAMP, which is poorly
hydrolyzed by the cAMP PDEs, stimulates steroidogenesis of the desen-
sitized cells to levels comparable to control cells (51). Also, Sertoli cell
responses to heterologous stimuli are dependent on the state of activation
of the cAMP PDE. In fact, the decrease in beta-adrenergic agonist,
forskolin, or cholera toxin stimulation that follows FSH treatment can
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be completely reverted by including PDE inhibitors in the incubation
medium (50, 51).

The loss of responsiveness of the Sertoli cell is the result of several
different desensitizing mechanisms. Exposure of these cells to FSH
produces a rapid decrease in the adenylate cyclase response to FSH
(47, 50), and after approximately 1h, an increase in the PDE activity
(45, 47, 48). At later times, the number of FSH receptors exposed on the
surface of the Sertoli cell decreases (52, 53). These three mechanisms
contribute to the overall decrease in responsiveness of the Sertoli cell
to repeated stimulation. The relative contribution of these three mech-
anisms, which operate at different steps of the cAMP-dependent cascade,
to the overall decrease in response is dependent both on time and on the
concentration of FSH that induces the refractory state (50). Early on,
after exposure to FSH (30-60min), adenylate cyclase desensitization
plays a major role in reducing FSH responsiveness. At later times
(2-24h), the induction of the cAMP PDE is a major factor in limiting
the response. Receptor down-regulation also has delayed effects.
Furthermore, low concentrations of FSH (1-10ng/mL) produce little
desensitization of the adenylate cyclase and receptor down-regulation,
but maximally stimulate the PDE activity (50). This is due to the fact
that PDE induction is a highly amplified phenomenon requiring activation
of many steps in the hormone-dependent cascade, including activation of
gene expression. Conversely, receptor down-regulation and adenylate
cyclase desensitization require activation of few steps of the cAMP-
dependent cascade and are less amplified (33).

The role of an increase in PDE activity in the control of cell re-
sponsiveness to gonadotropins has been recently confirmed in the MA-10
Leydig cell tumor line (54). These cells respond to the gonadotropin
LH/hCG with an increase both in cAMP and in steroid production
(progesterone in this case) (55). The PDE activity present in these cells
can be manipulated by transfection of expression vectors containing the
full-length cDNA encoding a cAMP PDE. Stable transfected clones have
been isolated that display a 2- to 7-fold increase in recombinant cAMP
PDE activity when compared to wild-type cells. When the responsiveness
of these cells containing an elevated PDE activity was tested by
challenging the cells with hCG, it was found that cAMP response to hCG
is decreased up to 95% and progesterone production up to 75%. This
loss of response was present despite the fact that hCG is still able to
fully activate adenylate cyclase in these transfected cells. Furthermore,
the responsiveness to hCG in these clones could be restored either by
incubating the cells with cAMP PDE inhibitors or by stimulating the cells
with cCAMP analogs that are poor substrates for the cAMP PDE. These
latter findings confirm that the increase in PDE activity is the primary
cause of the reduction in MA-10 response. Taken together, the above
findings support the concept that a change in PDE activity has a major
impact on cell responsiveness to gonadotropin. It is worth noting that a
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5-fold increase in MA-10 cell PDE activity is sufficient to reduce cAMP
accumulation by more than 90%. If it is considered that FSH produces
more than a 10-fold increase in PDE activity in the immature Sertoli cells
in culture, it can be concluded that the cAMP PDE induction can be by
itself a major cause of loss of response.

In addition to a role during the acute FSH regulation of response, an
increase in PDE activity might cause the changes in responsiveness of the
Sertoli cell that occur during testicular maturation. It has been shown
that the FSH-dependent cAMP accumulation in the Sertoli cell decreases
progressively during testicular maturation (55). Although a reduction in
adenylate cyclase activation by FSH plays a role (56), the following
findings are consistent with a role of cAMP PDEs. An increase in cAMP
PDE activity occurs in the Sertoli cell during testicular development
(5, 24). Furthermore, the response to FSH can be, at least in part,
restored by PDE inhibitors (5). Therefore, a change in adenylate cyclase
and PDE are probably responsible for this loss in response during
maturation.

Summary

The data reviewed above demonstrate that cyclic nucleotide degradation
in gonadal cells is carried out by a complex array of phosphodiesterases.
This function of second-messenger inactivation is not constitutively
expressed in gonadal cells. The activity of PDE:s is regulated by gonado-
tropins, and their activation plays an important role in regulation of
cell responsiveness to different external stimuli. The observation that
these enzymes are regulated during germ cell development suggests an
important role of these enzymes in the control intracellular cAMP levels
in male germ cells. It is then possible that regulation of intracellular
cAMP plays a regulatory role during spermatogenesis in a manner similar
to what has been shown for oocyte maturation.
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The human placenta and the chorion laeve are derived from the
trophectoderm of the implanting blastocyst (1). During the process of
implantation, the trophoblast cells replicate and invade into the uterine
endometrium, initiating the formation of a hemochorial placenta. The
trophoblast cells differentiate along several different pathways, becoming
extravillous trophoblasts (sometimes called intermediate trophoblasts),
extravillous multinucleated giant cells, columns of cytotrophoblasts that
anchor the conceptus to the uterus, and floating chorionic villi. The
chorionic villi form from avascular buds of cytotrophoblasts that develop
into multilayered ramifications. The villi comprise an outer layer of
syncytiotrophoblast overlying mononucleate cytotrophoblasts that are
connected to each other and the syncytiotrophoblast by desmosomes. The
cytotrophoblasts sit upon a basement membrane that encapsulates the
villus core that contains blood vessels, macrophages, and mesenchymal
elements. Each of the trophoblast phenotypes noted above displays
characteristic functional properties that have been elucidated by immuno-
cytochemical studies, in situ hybridization histochemistry, and analysis of
isolated tissues and cells in vitro.

The endocrine functions of the human placenta are largely, but not
exclusively, carried out by the syncytiotrophoblast of the chorionic villi.
The syncytiotrophoblast is a polarized cell type with a dense microvillous
system on its apical surface. The cytoplasm of the syncytial cells contains
abundant stacks of dilated endoplasmic reticulum tubules, a prominent
Golgi apparatus, lipid droplets, numerous vesicles, and many small
mitochondria. These ultrastructural features are indicative of intense
secretory activity. Indeed, the syncytiotrophoblast elaborates a diverse
repertoire of glycoprotein, protein, and steroidal hormones, including
chorionic gonadotropin (CG), chorionic somatomammotropin (CS),
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variant growth hormone, progesterone, and estrogens (2, 3). An
impressive number of growth factors and cytokines are also produced,
including interleukins, hepatocyte growth factor, insulin growth factors,
and colony stimulatory factor 1. These hormones and growth factors
are produced in different patterns during the course of gestation. The
trophoblast cells (cytotrophoblasts and syncytiotrophoblasts) not only
synthesize hormones, growth factors, cytokines, and extracellular matrix
proteins, they express receptors for a number of these and other hormones
and extracellular matrix proteins (integrins).

The syncytiotrophoblast is a terminally differentiated cell type. It is
formed by the fusion of postmitotic mononucleate cytotrophoblasts (4, 5).
The precursor cytotrophoblasts are the replicating trophoblast cells; they
are believed to multiply under the direction of growth factors derived
from the embryo and possibly from endometrial cells at the implantation
site (6, 7). Cytotrophoblasts have a distinctive structure and pattern
of endocrine activity that differs from that of the syncytiotrophoblast.
Compared to the syncytiotrophoblast, the cytotrophoblast cytoplasm is
relatively simple; it contains large mitochondria, scattered irregular seg-
ments of rough endoplasmic reticulum, and few lipid droplets. Cytotro-
phoblasts produce a variety of hormones, including gonadotropin releasing
hormone, somatostatin, and inhibin/activin subunits. As cytotrophoblasts
differentiate and form syncytiotrophoblasts, their functional properties
change as well as their morphology and ultrastructure. The dynamics of
this process in vivo are intricate and involve interactions between the
trophoblast cells through paracrine and autocrine signaling, interactions
with the extracellular matrix, and paracrine substances elaborated by the
uterus. Given the potential complexity, it is unreasonable to expect that
existing in vitro systems could fully mimic these events. However, in vitro
systems do offer opportunities to examine some of the fundamental
aspects of the differentiation process. This chapter reviews results obtained
from in vitro models that address aspects of structure-function relation-
ships during trophoblast differentiation.

In Vitro Systems for the Study
of Trophoblast Differentiation

Term human placental tissue can be enzymatically dispersed and the
isolated cells fractionated by the use of density gradients and various
immunoselection methods, with the resulting isolation of highly purified
populations of cytotrophoblasts (8). The syncytium is sensitive to
enzymatic treatment and is usually destroyed. Cytotrophoblasts isolated
from term placenta are mostly postmitotic cells; less than 10% of the cells
incorporate *H-thymidine, and mitotic figures are rare (5). By 24h of
culture, there is virtually no DNA synthesis as assessed by *H-thymidine
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incorporation. In contrast, dispersion of placentae obtained in the first
trimester of pregnancy, when the placenta is growing most rapidly, yields
replicating cytotrophoblast that can be passed in culture through several
generations (8).

Cytotrophoblasts isolated from term placentae are particularly useful
for studying the final stages of trophoblast differentiation. They can be
cultured under a variety of conditions, including suspension culture and
standard tissue culture systems on plastic or on extracellular matrix in
serum-supplemented and serum-free medium (8-11).

Cell lines derived from choriocarcinomas are an alternative to the use
of primary trophoblast cell cultures (8). The various choriocarcinoma
lines that have been established are generally cytotrophoblast-like.
Although some cells in some lines will fuse to form syncytia, these cells
are rarely capable of expressing genes characteristic of terminally differ-
entiated syncytiotrophoblast (e.g, CS). Moreover, they oftentimes respond
to stimuli, including cAMP analogs, in ways opposite to what is observed
in primary cultures of trophoblast cells. Thus, choriocarcinoma cell lines
have not proved to be optimal model systems for the exploration of
certain aspects of trophoblast differentiation.

Morphological and Functional Differentiation of
Cytotrophoblasts In Vitro

Cytotrophoblasts freshly isolated from term placental tissue and cultured
in serum-supplemented medium or in serum-free medium on surfaces
coated with extracellular matrix proteins undergo morphological differ-
entiation to form syncytia (5, 10). The mononucleate cells are seen to
move in a random fashion by time-lapse video microscopy in the initial
hours after plating. When the cells make contact, they adhere and may
continue to move, but in a more circumscribed area. The motile cells are
rounded, whereas cells that have made contact with other cells tend to
spread on the culture substrate. With time in culture, cell aggregates
increase in number and size. The extent and kinetics of aggregation are
dependent on plating density. The aggregated cells ultimately fuse to
form multinucleated giant cells that show relatively little motility com-
pared to the freshly isolated cytotrophoblasts. The kinetics of cell fusion
and the size of the syncytia formed are again related to plating density.
The morphological changes in the cultured cells are associated with
significant changes in endocrine function as evidenced by an increase
in CG secretion (Fig. 10.1), CS, and an increase in the level of the
mRNA encoding cytochrome P450;.., the rate-determining enzyme in
steroidogenesis. These biochemical changes seem to reflect those occur-
ring in the chorionic villi as cytotrophoblasts form syncytiotrophoblasts.
In situ CG gene expression and steroidogenic activity are primarily
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FiGure 10.1. Morphological differentiation of human trophoblasts CG secretion.
The stages of morphological differentiation are shown schematically. The
temporal pattern of CG secretion during trophoblast differentiation is also
plotted. Modified with permission from Kliman, Nestler, Sermasi, Sanger, and
Strauss III (5).

localized in the syncytiotrophoblast, with little or no expression of these
genes in cytotrophoblasts (11). The concomitant changes in morphology
and function suggest that the morphological differentiation of cytotro-
phoblasts into syncytiotrophoblasts is coupled to endocrine differentiation.

cAMP and Trophoblast Differentiation

In most endocrine tissues, cCAMP plays a central role as a second
messenger governing hormone production. cAMP also appears to have
a key function in trophoblast differentiation. Cytotrophoblasts possess
adenylate cyclase, G-proteins, and cAMP-dependent protein kinase (12).
Interestingly, adenylate cyclase is localized to the basal membranes of the
syncytiotrophoblast that abut against those of the underlying cytotropho-
blasts (13), suggesting that interactions of these two trophoblast cell types
regulate cAMP production.

Treatment of isolated cytotrophoblasts with agents that activate endog-
enous adenylate cyclase, such as forskolin and cholera toxin, and cAMP
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analogs increases the production of progesterone and CG within 24 h of
exposure (14, 15). Continuous exposure of trophoblast cells to cAMP
analogs appears to be required for maximal responses (16). The aug-
mented CG and progesterone secretion is due to increases in the expres-
sion of the genes encoding the CG subunits and enzymes involved in
progesterone synthesis. This response to cAMP analogs (8-Br-cAMP)
occurs under conditions in which cytotrophoblast aggregation and fusion
are not possible (i.e., culture in serum-free medium in the absence of
extracellular matrix), and cAMP treatment does not promote cell fusion
under any culture condition. However, the cAMP analog does stimulate
cytoplasmic differentiation of the cytotrophoblasts (10) with proliferation
of endoplasmic reticulum and dilation of its tubules and increased
prominence of the Golgi. Thus, cytotrophoblasts isolated from term
placentaec have the capacity to express the endocrine functions of
syncytiotrophoblasts although they remain mononucleated. Hence, gross
morphological differentiation—that is, syncytium formation—can be dis-
sociated from endocrine differentiation. It appears that the cytotropho-
blasts of term placentae have the machinery to respond to cAMP and
await a stimulus to activate the system.

The mRNAs encoding the CG subunit genes and the components
of the cholesterol side-chain cleavage system respond to 8-Br-cAMP in
different temporal patterns and show a different sensitivity to the protein
synthesis inhibitor cycloheximide (15). The «CG mRNA responds most
rapidly, followed by increases in adrenodoxin, the BCG subunit, and
P450,.,. mRNAs. The cAMP-induced increase in «CG mRNA is not
inhibited by cycloheximide, whereas the increase in the other mRNAs is
blocked. The response of trophoblastic cells to cAMP analogs can also be
modulated by other hormones. Glucocorticoids augment the secretion of
both CG and progesterone during the spontaneous differentiation of
trophoblasts in culture and enhance the response to 8-Br-cAMP (17). The
different kinetics of response, the differential sensitivity to protein syn-
thesis inhibitors, and effects of glucocorticoids indicate that a complex
regulatory system governs trophoblast gene expression.

Mechanisms of Cytotrophoblast Aggregation and Fusion

The process of cytotrophoblast aggregation is cell specific in that cytotro-
phoblasts aggregate preferentially with other cytotrophoblasts and not
nontrophoblast cell types. The aggregation is dependent upon trypsin-
sensitive cell-surface molecules and requires calcium (11). The calcium
dependence of the aggregation process suggested the possibility that a
calcium-dependent cell adhesion molecule mediates the aggregation. E-
cadherin, a 120-kd glycoprotein that is the same as or homologous to
uvomorulin, cell CAM 120/80, L-CAM, and Arc-1, was considered to be
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a good candidate for the key cell adhesion molecule since it is localized
on the surface of cytotrophoblasts in chorionic villi in situ (18).

E-cadherin is detected by immunocytochemistry at areas of contact
between trophoblast cells in vitro (19). Moreover, antibodies to the
functional extracellular domain of cadherins block cytotrophoblast fusion
in a dose-dependent manner, whereas antibodies generated against the
cadherin cytoplasmic domain do not. These observations implicate E-
cadherin in cytotrophoblast aggregation and fusion. However, it is likely
that other molecules also participate in this process, including desmosomal
proteins, as desmosomes form at sites of adherence of the aggregated
cells. Analysis of major desmosomal proteins—desmoplakins I and
II—by immunocytochemistry and Western blotting reveals that these
proteins accumulate at sites of cell contact after E-cadherin, suggesting a
sequential establishment of the cell adhesion complexes. The signals
resulting from cell contact that trigger the development of the adhesion
system remain to be elucidated.

The pattern of E-cadherin expression in trophoblast cells is of interest
given recent observations suggesting that a reduced level of E-cadherin is
associated with tumor cell invasion (20). Cytotrophoblasts at the tips of
cell columns that intrude into the uterus do not stain for E-cadherin,
whereas cytotrophoblasts in the interior of the villi do. This pattern of
trophoblast E-cadherin expression is consistent with the reported inverse
relationship between E-cadherin levels and invasive behavior. The loss of
E-cadherin from syncytiotrophoblasts that form in vitro from fusing cyto-
trophoblasts would seem contrary to this notion since the syncytial
structures display reduced motility and invasiveness in in vitro assays.
However, in situ, the syncytiotrophoblast is linked to the underlying layer
of cytotrophoblasts, and E-cadherin is localized at these junctions. Thus,
the syncytiotrophoblast remains firmly anchored by a specialized dis-
tribution of the E-cadherin that is not disclosed in the standard tissue
culture system.

Cytotrophoblast Fusion: Reorganization of the Cell
Adhesion Complex

The aggregation of cytotrophoblasts is followed by cell fusion. The cell
fusion process is cell specific in that cytotrophoblasts only fuse with other
trophoblastic elements. Fusion also appears to be dependent on calcium
in the extracellular medium. Cell fusion can take place between tropho-
blasts isolated from different placentae and between cytotrophoblasts and
JEG-3 cells, a clonal cell line derived from a choriocarcinoma. These
cytotrophoblast-like cells do not normally undergo fusion in culture.
These findings suggest that the specificity of cytotrophoblast interaction
does not extend to major histocompatability antigens and that fusion
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competence can be conferred on cytotrophoblast-like cells that do not
normally fuse by a fusion-competent partner.

In association with cell fusion, there is a dramatic reorganization of the
adhesion complexes that bind aggregated trophoblast cells together (19).
Immunocytochemistry reveals that E-cadherin is lost from the cell surface,
and desmosomal proteins (desmoplakins) are apparently internalized and
subsequently degraded. Western blot analysis documents a decline in
cellular E-cadherin with time in culture as cytotrophoblasts fuse, and
Northern hybridization analysis reveals that E-cadherin mRNA levels
also decline. These findings suggest that the loss of E-cadherin as syncytia
form is due, at least in part, to diminished gene expression, as well
as turnover of preexisting cell adhesion molecules. In contrast, chorio-
carcinoma cell lines, like JEG-3, that do not fuse maintain levels of E-
cadherin protein and mRNA during culture. It is not yet known whether
the dramatic change in the cell adhesion system precedes, is concomitant
with, or.follows cell fusion. Moreover, the mechanisms by which changes
in cell morphology impact on E-cadherin gene expression remain obscure.

A Relationship Between Fusion
and Functional Differentiation

As noted above, when cytotrophoblasts spontaneously differentiate in
vitro, there is a correlation between the formation of syncytial structures
and the increase in CG secretion. Since cAMP has been implicated in the
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Ficure 10.2. Temporal changes of intracellular cAMP and secreted CG levels in
cytotrophoblasts during culture. Trophoblasts were cultured for the indicated
periods of time. Culture media were collected for assay of CG (solid squares),
and cells were terminated for cAMP (open squares) extraction and radioimmuno-
assay. The left panel presents results of an experiment in which cells were plated
at a density of 2 X 10° cells/30-mm culture well. The right panel presents results
of an experiment in which cells were plated at a density of 0.25 x 10 cells/30-mm

culture well. At this plating, density cell aggregation and fusion are markedly
reduced.
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regulation of CG subunit genes, we wondered whether the aggregation
and cell fusion events were associated with an increase in cellular cAMP
levels that in turn might activate expression of the genes encoding
CG subunits. Measurement of cellular cAMP levels revealed a temporal
association between the appearance of multinucleated syncytia and a rise
in cellular cAMP and CG secretion (Fig. 10.2). Moreover, cAMP levels
appeared to rise prior to or concomitant with CG secretion. Since CG
has been reported to activate placental adenylate cyclase (21) and a
correlation existed between cAMP and CG secretion, we also examined
the effects of exogenous CG on cellular cAMP levels. We found no effect
of exogenous CG at concentrations (5000 mIU/mL) that stimulate human
ovarian granulosa cell steroidogenesis. Thus, it seems likely that the rise
in CG does not cause the rise in cAMP trophoblast levels, leaving the
more likely scenario to be that a rise in cAMP promotes CG production.

These findings suggest a possible mechanism whereby trophoblast
structural and functional differentiation can be coordinated: An aggre-
gation or fusion-associated rise in cellular cAMP triggers CG gene
activation. The localization of adenylate cyclase to the basal aspect of
syncytiotrophoblast cells, where they contact cytotrophoblasts, is consis-
tent with a role for intimate contact between these cells and regulation of
cellular cAMP levels. By coupling fusion with cAMP increases, cytotro-
phoblast nuclei, newly recruited into syncytiotrophoblasts, could be activ-
ated so that they would be capable of expressing the same repertoire of
genes as the resident nuclei. It is not yet known whether the rise in cAMP
as cytotrophoblasts differentiate precedes or follows cell fusion. Because
the cell fusion event cannot yet be synchronized in culture, the precise
kinetics and temporal relationships to CG gene expression have not been
defined.

Antibodies that block cytotrophoblast aggregation prevent the sponta-
neous rise in CG secretion during cytotrophoblast differentiation in vitro.
This suggests that paracrine interactions between cells do not trigger
endocrine differentiation and that intimate cell contact is required.
Additional evidence supporting this notion includes the direct relation-
ship between plating density and cellular cAMP levels (Fig. 10.3) and the
absence of a rise in cellular cAMP and CG secretion when cells are plated
at densities that discourage cell interaction (Fig. 10.2). Moreover,
Hochberg et al. (22) recently reported that cocultures of trophoblasts
isolated from normal placentae with choriocarcinoma cells stimulated
trophoblast CG gene expression. Given the potential of the chorio-
carcinoma cells to aggregate and fuse with the placental trophoblasts, the
activation of trophoblast gene expression that these authors observed
could be accounted for by increased cellular interaction and, hence,
increased cAMP formation. Notably, nontrophoblast cell types could not
substitute for choriocarcinoma cells in the latter experiments, confirming
the specificity of the cellular interactions.
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FiGure 10.3. Intracellular cAMP levels in cultured cytotrophoblasts at various
plating densities. Trophoblasts were plated at 3 different densities—0.72 x 10°,
2.16 x 10% and 4.32 x 10° cells per 50-mm culture well—and cultured for 24 h.
Cells were terminated for assay of cAMP.

The relationship between the aggregation-fusion of cytotrophoblasts
and the cAMP increase is reminiscent of the changes in cAMP secretion
associated with the aggregation of the slime mold Dictyostelyium
discoideum (23). As amoeba aggregate, cCAMP is secreted, and cAMP
promotes the differentiation of the aggregated cells into a multicellular
organism. A rise in cellular cAMP is also observed as myoblasts fuse
to form myotubes (24). Thus, the formation of multicellular and multi-
nucleated structures is associated with an increase in cAMP in other
systems.

Cell fusion is associated with other functional changes in the tropho-
blasts, including changes in cell motility. The freshly isolated cytotro-
phoblasts display motility in culture, but the extent of their excursions
declines substantially as they aggregate and fuse to form syncytia. During
differentiation an elaborate cytoskeleton of intermediate filaments and
other components is constructed, and adhesion plaques containing
integrins form (25) that probably anchor the large cells to their substrate.
It is not known if the endocrine differentiation of the trophoblasts is
linked to the alterations in the cytoskeleton and changes in motility or
whether these are independent processes.
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Caveats and Questions

Besides controlling genes involved in endocrine activities, cAMP may
regulate cytotrophoblast replication. Treatment of BEWO choriocarci-
noma cells with forskolin results in a reduction in mitotic index, enlarge-
ment of the nuclei, and expansion of the cytoplasmic volume (26). Similar
changes are observed when cells are exposed to methotrexate. The
common feature of the action of cAMP and methotrexate on choriocar-
cinoma cells appears to be inhibition of cell replication, which is associated
with morphologic and biochemical changes indicative of cellular differ-
entiation. Thus, cAMP may have effects on mitotic activity that sub-
sequently entrain differentiation events.

The data reviewed above should not lead the reader to believe that
cAMP is the only regulator of trophoblast gene expression. Indeed, this
cyclic nucleotide cannot account for the diverse changes in gene expres-
sion that are associated with trophoblast differentiation, including CS
expression. Other second-messenger systems, including protein kinase C,
undoubtedly contribute to the integrated effects on gene expression.
Moreover, it is evident that trophoblast function in different anatomical
sites differs. Thus, syncytial cells in chorionic villi produce hormones in
different patterns than giant wandering cells in extravillous sites. These
differences may be due to modifying influences that include the nature of
the extracellular matrix and the influence of factors produced by other
cells in the vicinity of the trophoblasts, rather than to an intrinsic differ-
entiation program.

Why does spontaneous differentiation of cytotrophoblasts into syn-
cytiotrophoblasts take place in culture, whereas it is suppressed for
various periods of time in situ? The fact that removal of the cytotropho-
blasts from their villous environment in term placentae is associated with
spontaneous differentiation suggests that some factors in the villi hold
this process in check (paracrine factors or extracellular matrix?). This
phenomenon is not unlike the spontaneous differentiation of granulosa
cells in vitro following their removal from preovulatory follicles. Morrish
et al. recently reported that transforming growth factor Bl (TGFpB1)
inhibited the morphological differentiation of cytotrophoblasts in culture
as well as CG and CS secretion (27), whereas these authors found that
EGF enhanced the transformation of cytotrophoblasts into syncytia.
These observations indicate that trophoblast differentiation can be
modified by substances acting in a paracrine mode. Whether TGFB1 or
EGF have such roles in situ remains to be established.

The observations discussed in this review were derived mainly from a
simple in vitro system and do not address the influence of matrix or
paracrine factors produced by other placental or uterine cell types on
trophoblast differentiation and gene expression. Studies using culture
systems in which a differentiating chorionic villous is reconstituted will be
needed to evaluate these interactions.
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Before focusing on selective aspects of current research on placental
lactogens (PLs), it is useful to look at advances in this area from a
historical perspective. Several landmark studies can be recognized that
were instrumental in providing new directions to the field (Table 11.1).
Four major periods, each ushered in by the applications of new technol-
ogies or methods, can readily be identified, underscoring the importance
of technology to scientific advance.

The first period, the classical period, was the time when hormones were
discovered as the result of ablation experiments frequently combined with
the administration of crude extracts from putative endocrine glands
or from serum obtained at a propitious time. The end point was the
induction or maintenance of a biological effect often confirmed by
histological examination. The studies of Astwood and Greep (1) in 1938
on the identification of “A corpus luteum stimulating substance in the rat
placenta” appeared following a number of studies indicating that the
rodent placenta functioned as an endocrine gland. These investigators
showed convincingly that placental tissue extracts around midpregnancy
contained a potent luteotropic principle. This report was followed by
others that demonstrated as well that serum and placental extracts
obtained at day 12 of gestation exerted a mammotropic effect (2).

The next major impetus to the field was the application of a disarmingly
simple immunological procedure: the double-immunodiffusion technique
of Ouchterlony. Antibodies to human growth hormone (GH) crossreacted
with a line of partial identity with crude human placental extracts. This
seminal report by Josimovich and Maclaren (3) ushered in a burst of
research activity on placental lactogens, especially as the initial studies
suggested that human placental lactogen (hPL) might be a useful sub-
stitute for human growth hormone in the treatment of growth hormone-
deficient children.
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TaBLE 11.1. Phases in research on placental lactogens.

1. Classical period Astwood and Greep, 1938

2. Immunological techniques—protein purification  Josimovich and MacLaren, 1962 (hPL)
3. Radioreceptor and Nb2 cell bioassays Shiu, 1973; Tanaka, 1982

4. Molecular biology—cloning Linzer; Duckworth; 198486

The third period was triggered by the introduction of two sensitive
assay techniques that allowed for the detection of a variety of prolactins
and placental lactogens. These assays provided the essential tools for the
identification and, ultimately, the isolation of a rapidly expanding number
of placental lactogens from different species. The two assays were the
prolactin radioreceptor assay (PRL-RRA) (4) and the Nb2 node lymphoma
assay (5) that were able to detect PRL-like activity in serum and placental
tissue extracts of many different species. The list included PLs from
sheep, cow, goats, mice, guinea pig, and so forth (6). In a recent review,
Forsyth (7) reported that PLs had been demonstrated in 10 species of
rodents, 20 ruminants, and 5 primates. As shown below, in several
species multiple forms and types of PLs are synthesized and secreted at
specific stages of pregnancy, making the repertoire of PLs even in one
species astonishingly rich. The first hint of this complexity was provided
by the initial studies using an RRA that identified a second PL peak late
in rat pregnancy (4), whereas the report of Astwood and Greep (1) had
suggested only a single midpregnancy peak. Subsequently, chemical and
immunological studies (8, 9) indicated that there were likely to be sig-
nificant structural differences between the two PLs, a conclusion that
proved entirely accurate when the cDNAs for each were cloned (10, 11).

The fourth period, which takes us to the present, is the era when
molecular and cell biology techniques have been applied to studies on PL.
As in so many fields, the application of these techniques has led to a
major expansion of the number and knowledge of members of the PL
family (12-18). This has been especially true for, but by no means
confined to, members of the rodent PL family. This chapter focuses
particularly on our studies on rat placental lactogens.

The initial application of the PRL-RRA demonstrated two major peaks
of lactogenic activity during pregnancy in the rat. The first peak from
days 8 to 13 was identified as due to the secretion of rat placental lactogen
I (rPL-I), while the second peak, beginning at day 12 to term, was due to
rat placental lactogen Il (rPL-1I) (8, 9). Studies in the mouse showed a
similar pattern. The task of purifying each species of PL from rats or mice
and developing antibodies to each proved a daunting task, particularly
given the small amount of placental tissue available at midpregnancy (19).

With the application of techniques for the isolation and characteriza-
tion of cDNA clones, there has been a veritable explosion in the number
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TabLE 11.2. Comparison of members of the rat PL/GH family.

Amino

PRL-like Appearance mRNA  Protein acid

protein (day) (kb) (kd) Glycosylated sequence Cell type

1. Luteotropin 8-11 Yes ? Decidua

2. rPL-I 8-12 1.0 36-40 Yes 230 (30)* Giant cells

3. rPL-1, 15 to term 1.0 29 and 33 Yes 223(29)  Cytotrophoblast

4. rPL-11 12 to term 1.0 25 No 191 (30)  Giant cell (basal and
labyrinth)

5. rPLP-A 14 to term 1.0 25 and 27 Yes 196 (31)  Cytotrophoblast

6. rPLP-B 8-11 1.2 26 Yes 201 (32)  Cytotrophoblast

14 to term 0.9 Decidua

7. rPLP-C 16 to term 1.0 25 and 29 Yes partial Cytotrophoblast
(spongiotrophoblast)

8. GH-related

protein 15+ ? 25-30 ? partial ?

* Number in parentheses indicates length of signal peptide.

of members of the PL/GH family expressed in the placenta during preg-
nancy. The list in the rat continues to expand. As many as 7 PRL-related
members and 4 GH-related proteins have been identified, as shown in
Table 11.2. The details regarding the GH-related placental proteins
remain sketchy, but undoubtedly these, too, will be more fully charac-
terized in the next several years. As will become apparent, there is a
much greater amount of structural information on each member of the PL
family than knowledge about the factors that regulate the expression and
secretion of each. As well, there is only limited knowledge about the
biological function of each member of the PL family. Although there is a
high degree of homology among several members of the PL gene family
(e.g., rPL-I and mouse PL-I [mPL-I] and rPL-II and mouse PL-II [mPL-
II}), there are also significant differences. In the mouse 2 genes related
to PRL, proliferin and proliferin-related proteins are expressed in the
placenta at midpregnancy (13, 20), but they do not appear to have rat
homologs. Conversely, no counterpart to rat prolactin-like proteins A and
B (rPLP-A and rPLP-B) have been identified in the mouse.

The expression of members of the PL gene family can be divided into 3
gestational periods: days 7—10, days 8—13, and days 12 to term. The first
to appear are two proteins—decidual luteotropin and rPLP-B—that
are synthesized by decidual tissue and are of maternal origin. Decidual
luteotropin (21) and rPLP-B (22) are expressed by the antimesometrial
uterine decidual tissue both in pseudopregnancy and pregnancy. Circum-
stantial evidence, including the temporal and tissue-specific expression of
both decidual luteotropin and rPLP-B, raises the question whether the
two may in fact be identical. The former was identified on the basis of an
RRA using ovarian tissue membrane PRL receptors (23), but so far, no
information is available on the binding of rPLP-B to tissue receptors. As
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growth and maintenance of the deciduoma depends on estrogen and
progesterone, one might speculate that either or both hormones may
regulate the tissue-specific expression of the two decidual hormones. With
the availability of the rPLP-B gene, studies of progesterone response
elements in the 5’ flanking region are planned.

The second period of intense endocrine activity of the placenta occurs
in the interval surrounding midpregnancy. It is during this stage that rPL-I
is synthesized and secreted, beginning as early as day 8 and reaching its
apogee at day 12 (8). There are now several reports on the characteriza-
tion of rPL-I (9, 11). Its mouse counterpart has been purified from
placental extracts and cultured trophoblasts (19, 24, 25), while rPL-I from
serum or placental tissue has only been partially purified. However, a
full-length cDNA has been isolated, permitting the cloning of rPL-I
and the assignment of a number of structural features (11). These are
summarized in an abbreviated fashion in Table 11.2. The nucleotide and
amino acid sequence of rPL-I shows extensive homology (73%) with
mPL-I (11) and shares 41% identity at the amino acid level with rPL-II,
24% with rPLP-A, 26% with rPLP-B, and 31% with rat PRL. Maximal
expression of rPL-I mRNA transcript was observed on days 11 and 12.
However, with in situ hybridization studies, rPL-I mRNA was detected in
a few rapidly dividing cells as early as day 8 of gestation. Subsequently,
the dominant location of rPL-I was in giant cells.

To generate recombinant rPL-I, Chinese hamster ovary cells were
transfected with an expression construct with an rPL-I cDNA insert, and
the transfected cells were selected upon culturing in the appropriate
antibiotic. Resistant colonies were amplified by stepwise increases in
methotrexate, and recombinant rPL-I from the culture medium was
purified using monoclonal antibodies to rPL-I. The recombinant rPL-I in
many respects was similar to placental rPL-I. Of particular interest was
the biological activity of recombinant rPL-I. In the Nb2 lymphoma cell
assay, its potency was substantially greater than that of other lactogens.
The availability of recombinant rPL-I should allow a number of addi-
tional biological studies to be done that previously could not be considered
because of the limited amounts of rPL-I that could be obtained.

The second major lactogen identified by the initial RRA studies was
rPL-II (8). It was the first of the PLs to be cloned in our laboratory (10).
It is the only nonglycosylated PL and is composed of 191 amino acids plus
a 30-amino acid signal peptide. As in the case of rPL-I, there is striking
structural homology between rPL-II and mPL-II. Using in situ hybridiza-
tion, rPL-II mRNA can be detected as early as day 12 in giant cells of the
basal zone (26). As pregnancy continues, there is a progressive increase
in rPL-II expression, particularly in the trophoblast cells of the labyrinth.

During the course of our studies on rPL-II, we isolated and charac-
terized a novel PRL-like cDNA clone from developing rat placenta (15).
Because of its homology with prolactin, the 1-kb transcript that codes for
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a 25- to 27-kd protein was named rPLP-A. It is first expressed at day 14,
2 days later than rPL-II, and then increases and remains elevated until
term. The amino acid sequence deduced from the cDNA suggests that
rPLP-A is a secreted glycoprotein of 196 amino acids with 2 potential
glycosylation signals. Its sequence is 40% homologous to rat and human
prolactin. In the circulation, rPLP-A circulates primarily as a high-
molecular-weight complex (27).

The cDNA for another abundant placental protein, rPLP-B, was
identified because of its homology with members of the PL gene family
(16). The predicted amino acid sequence showed a 44% homology to
rPRL and 40% to rPL-II and rPLP-A. Two rPLP-B mRNA transcripts of
0.9 and 1.2kb are strongly expressed in almost equal amounts from day
14 of pregnancy to term. The difference in transcript size appears to
be due to differences in their 5’ untranslated region. All intron-exon
boundaries of the clone are of the same splice class and occur in the
identical.locations within the coding region as in the rPRL gene.

As mentioned above, rPLP-B is expressed at an early stage of pregnancy
by decidual cells (22). At day 13 of pregnancy, the transcripts for rPLP-B
are detected concurrently both in decidual cells of maternal origin and in
the cytotrophoblasts (spongiotrophoblasts), which are of fetal origin. As
yet, no estimates of the concentration of rPLP-B during pregnancy have
been reported.

During the course of purification of rPLP-A, a major contaminating
protein with similar molecular weight but different isoelectric point was
identified by Deb et al. (28). This major secretory protein of the placenta
in the second half of pregnancy was isolated and characterized and found
to have significant homology to other members of the PL gene family; it
was named rat prolactin-like protein C (rPLP-C). The protein consists of 2
major species with molecular weights of 25,000 and 29,000. It bears
striking similarity with one of the GH-related peptides reported by Ogilvie
et al. (29). Until the complete structure of each species is defined by
molecular cloning, the relationship between rPLP-C and the GH-related
placental proteins cannot be resolved with certainty. The expression of
rPLP-C is confined to spongiotrophoblast cells in the basal zone of the rat
chorioallantoic placenta beginning at day 14, reaching peak concentra-
tions at day 18, but continuing until term.

The last member of the rat PL family to be considered is rat placental
lactogen I variant (rPL-1,). Robertson et al. (30) identified this species
when they unexpectedly observed hybridization upon Northern analysis
of mRNA isolated from day 18 placentas with an rPL-I cDNA probe. The
result was surprising because all previous studies suggested rPL-I was
only expressed until days 12 to 13. When a day-18 placental cDNA library
was probed, positive clones were identified and sequenced. Further
analysis revealed that the cDNA insert had an open reading frame that
coded for a protein of 223.amino acids that was closely related to rPL-I
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(85% homology). Independently, Deb et al. (31) characterized a protein
identified in conditioned medium from late-gestation placental explants.
They noted specific differences between the newly identified protein
rPL-I, and rPL-I in terms of affinity for concanavalin A (major) temporal
expression (late in pregnancy) and biological activity in the Nb2 cell assay
(weak lactogen).

When comparing the cell-specific and temporal pattern of expression,
3 members of the PL family—rPLP-A, rPLP-C, and rPL-I,—show a
pattern that is quite similar. In contrast, rPL-I, rPL-II, and rPLP-B
exhibit a different pattern. The expression of rPL-I is restricted to the
early period postimplantation, while rPL-II expression shifts from the
basal zone trophoblast giant cells to the labyrinth giant cells as pregnancy
advances. The pattern of rPLP-B is unique in that it is the only member
of the PL family that is expressed in both decidual cells and, later,
cytotrophoblast cells. Finally, the nature and distribution of members of
GH-related proteins and their relationship to rPLP-C remain to be
defined.

At present, at least 8 members of the PL/GH gene family have been
isolated and characterized (Table 11.2). The primary structural informa-
tion on most has been reported. Limited studies on the patterns of
secretion during pregnancy have been carried out on rPL-I and rPL-II.
Several studies on factors that influence the secretion of rPL-II have been
carried out. The studies have shown that the pituitary and ovary inhibit,
and fetal factors appear to stimulate, rPL-II secretion (32, 33). It has
been suggested that GH may be at least one of the factors involved (34).
As yet, however, the molecular mechanisms involved are completely
unknown. A promising approach to exploring the cellular factors that
regulate TPL gene expression may be possible using a transplantable
rat choriocarcinoma cell line (35, 36). This cell line is composed of
trophoblast cells that undergo differentiation in culture, which should
allow a search for the nuclear factors that regulate rPL gene expression to
be carried out.

While there has been a remarkable increase in the number of members
of the PL gene family that have been recognized, progress in the under-
standing of the role and biological significance of each in most cases
remains rudimentary. A list of some of the biological effects and possible
functions of the PLs, particularly of rPL-I and rPL-II, are outlined in
Table 11.3. For the other members, our knowledge of functions or effects
is almost nonexistent. However, one can expect that with the ability
to produce recombinant proteins using expression vectors, sufficient
amounts of each of the PLs will be generated in order to explore possible
effects.

In the case of recombinant rPL-I and rPL-I,, we have initiated several
studies and have found in preliminary experiments that rPL-I appears to
be especially potent in stimulating Nb2 cell growth, while rPL-I, is only a
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TaBLE 11.3. Functions of placental lactogen.

Mammary gland Growth

Ovary Luteotropic

Growth 1 IGF-1

Metabolism 1 islet cell growth
1 insulin secretion

Neuroendocrine effects Maternal behavior

Pituitary PRL cycles

weak lactogen. Sorensen et al. (37) reported that PRL stimulates islet
cell proliferation and insulin secretion, and one might anticipate that
recombinant rPL-I will do the same. It is also planned to examine directly
whether recombinant rPL-I can inhibit the. twice-daily PRL surges that
abruptly cease at midpregnancy at a time when rPL-I levels peak (38).
The pituitary hormone PRL has been shown to have a key role in
inducing maternal behavior (39). Given the large amount of PLs in the
circulation, especially as pregnancy advances, it will be of interest to
examine under what conditions and at what locus central administration
of members of the PL family induces maternal behavior.

While many of these potential effects of PLs are similar to known
actions of PRL, an entirely unexpected biological effect of one of the new
members of the mouse PL family has been reported. Proliferin was shown
to inhibit myogenic differentiation (40) and to repress myogenic-specific
transcription by the suppression of an essential serum response factor-
DNA binding activity (41). It seems likely that as more of the novel PL
proteins become available, a host of new, and at times surprising, results
will emerge. For a detailed review of the expanding field of placental
lactogens, interested readers may wish to consult several excellent
reviews (34, 42).
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Human Relaxin Genes in
the Decidua and Placenta

GILLIAN D. BRYANT-GREENWOOD

It is now generally accepted that the endocrine events of human parturi-
tion are different from those in animal models of parturition. The lack of
obvious systemic endocrine changes in late pregnancy in the human led
to the hypothesis that the events involved are predominantly localized
within the uterus (1, 2). The research focused on the prostaglandins that
fulfilled the criteria of local production and action and were clearly
involved in parturition as judged by exogenous administration. Although
of major value in the clinical setting, it became clear that the stimula-
tion of prostaglandin production was not the starting point of human
peripartal changes. Interestingly, a similar conclusion has recently been
reached for another group of locally produced and acting intrauterine
bioactive agents, the cytokines: “The accumulation of bioactive agents
characteristic of the inflammatory response in amniotic fluid during term
and preterm labor is an accompaniment of parturition and not its cause
(3).” This does not mean that these substances have no role in cell:cell
signaling in the early stages of parturition since the end points in each
case have been the macrodetermination of high levels as “overspill” into
amniotic fluid.

Human Relaxin and Parturition

The interest in our laboratory has been the role of relaxin in human
pregnancy and parturition, especially as an autocrine-paracrine hormone
(4). Although the corpus luteum is the major systemic source of relaxin in
pregnancy (5), it is not essential for the maintenance and cessation of
human pregnancy. We have demonstrated extraluteal sources of human
relaxin by molecular techniques (6) and shown that the corpus luteum is
not the sole source of relaxin in human pregnancy (5).

Relaxin has two biological activities in animal models: a rapid effect on
myometrial contractility to cause quiescence and a longer-term effect on
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connective tissues, such as the cervix and interpubic ligament (5). The
evidence that human relaxin is a myometrial inhibitor in the human is
now questionable since it has recently been shown that it has only a
limited effect on the contraction of human myometrium in vitro (7).
However, it does cause the inhibition of contraction of pig myometrium
in vitro (7), but porcine relaxin, while being very active on the homol-
ogous tissue, has no activity on the human myometrium (8). This suggests
that the role of human relaxin in the control of myometrial activity in the
human may be different from that in other species. Its role in cervical
dilatation, however, was demonstrated in the human by topical applica-
tion of porcine relaxin (9, 10) and formed the basis of the current phase
II clinical trials with human relaxin, now taking place in Australia
(Genentech, Inc.). The endogenous relaxin acting on the cervix is likely
to be from a paracrine source and not from the corpus luteum since an
oophorectomized woman in an in vitro fertilization program had a normal
labor despite having no detectable circulating relaxin (11).

Almost a decade ago we proposed that relaxin is a paracrine hormone
involved in localized changes in collagen preceding follicular and fetal
membrane rupture (4). Preliminary work in our laboratory suggested that
a local source of relaxin regulates collagenase production within the
fetal membranes (12). We have not been alone in proposing that the
proteolytic processes that cause local remodeling of the connective tissue
in the fetal membranes are under hormonal control from within the
uterus and that these changes may be part of the same process that occurs
in the cervix (13). These authors independently suggest that the dynamic
interplay of proteases and their inhibitors is important for the structural
integrity of the membranes, and we have obtained preliminary evidence
for this at the mRNA level.

The timing of membrane rupture is of some importance. A recent
multicenter case-control study of risk factors for preterm premature
rupture of the fetal membranes showed that antepartum vaginal bleeding,
history of preterm delivery, and cigarette smoking were related to an
increased risk of preterm premature rupture of membranes (14). This
study did not attempt to explain the action of the risk factors or possible
common denominators; however, infants surviving preterm delivery often
have moderate to severe neurodevelopmental impairment (15).

The amniotic collagen is the thinnest but strongest of the fetal mem-
branes (16) and, therefore, has a major mechanical function, especially in
the last weeks of pregnancy. However, at this time when there is maximal
growth of the uterine contents, there is a significant decrease (20%) in the
amount of collagen in the amnion (17). This is a gradual loss of collagen
that may be important for the membranes to be able to stretch rather
than rupture as they come under increasing tension. This controlled
loss of collagen is probably a result of the production of the enzyme
collagenase, which in itself is under very tight regulation by an array
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of enzymes and inhibitors. The production of the inhibitors is very
important as part of the control process and to prevent the fetus’s expo-
sure to these very active proteases in the amniotic fluid.

In addition, the decidua itself should be considered to be a membrane
(18) since each cell is surrounded by a basket of major basement mem-
brane components (19). The increased awareness of the interaction of
endocrine cells with their surrounding extracellular matrix (20) suggests
that to fully understand the endocrine activities of the decidual cell,
its interaction with its basement membrane is important. The addi-
tional association of decidual cells with resident macrophages and their
“activation,” which takes place peripartum, suggests a microsystem of
decidual cell:macrophage:extracellular matrix (21).

However, we still know relatively little about the expression of the
human relaxin genes, the control of relaxin secretion from the human
decidua, or the expression and control of the relaxin receptor. The
task also involves linking relaxin to the other hormones involved in
the complex system regulating collagenase production within the fetal
membranes.

Transcription of the Human Relaxin Gene(s)

The presence of two relaxin genes, called H1 and H2, in the human
genome appears to be unique to this species (22). It has been suggested
that these two genes evolved by a second gene duplication subsequent to
the separation from the insulin gene (23). The structure of the coding
region of the H1 preprorelaxin gene was obtained from a genomic clone
using porcine relaxin ¢cDNA for its identification (24). Its structure
showed similarities with the insulin gene with a single large intron in
similar position, thereby strengthening the view that these hormones
arose by gene duplication from a common ancestor. During this work
there was some indication of a possible second relaxin gene that was
subsequently successfully identified using RNA from the corpus luteum of
pregnancy and specific probes to exon 1 and 2 of the human relaxin H1
gene. This was called the H2 relaxin gene and differed significantly in
sequence from the H1 structure (25). The evidence to date is that the H2
gene, but not the H1 gene, is expressed in the corpus luteum (26, 27).
The product of this H2 gene appears to be the only systemic relaxin
present in the serum of pregnant women (28). We have focused on
characterizing mRNAs for relaxin in a number of intrauterine tissues as
sources of paracrine rather than endocrine relaxins: the decidua parietalis,
basalis, the chorionic cytotrophoblast of the fetal membranes, and the
placental trophoblast (6). The mRNA isolated from these tissues varied
slightly in size (Table 12.1). When the poly(A)™* tails were removed from
the decidua and trophoblast mRNAs by digestion with RNase H and
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TaBLE 12.1. Species of relaxin mRNA and the human relaxin genes expressed in
the corpus luteum and intrauterine tissues.

Tissue mRNA (kb) Relaxin gene(s) identified
Corpus luteum 2.00 H2

1.05
Decidua parietalis 1.05 HI + H2
Chorion laeve 1.05 Not available
Placental trophoblast 1.00 H1 + H2
Decidua basalis 1.05 Not available

1.00

subjected to Northern analysis, the differences were maintained. Hence,
the truncation of the trophoblast relaxin mRNA is located in the 5’ or 3’
untranslated regions, suggesting different transcription initiation sites or
different polyadenylation sites in the 3’ region.

The detection of mRNA for relaxin in these tissues has been difficult in
the past, reflecting transcription at low copy number. This has been
circumvented by the use of reverse transcription and the polymerase chain
reaction (PCR), followed by selective amplification of the specific cDNA
and its detection on Southern analyses (27). Using this methodology, we
have been able to demonstrate the coexpression of both the H1 and H2
relaxin genes in the decidua and trophoblast (27). The identification of
the gene products was made possible by the use of specific restriction
enzyme analysis since Hpal cuts only the H2 gene product and Hpall cuts
only the H1 gene product. Specific H1 and H2 PCR primers that will
selectively amplify H1 and H2 cDNAs can be made, but it has not yet
been possible to quantitate precisely the relative expressions of the H1
and H2 genes in these tissues.

Translation of the Human Relaxins in
Intrauterine Tissues

Early work suggested that the cyclic human endometrium produces
relaxin (29), detected immunohistochemically with an antibody to porcine
relaxin. Monoclonal antibodies to human relaxin, kindly supplied by
Genentech, Inc., have been used to reevaluate this claim and follow the
reproductive cycle of this tissue into pregnancy. We have found that
relaxin immunostaining predominates in the glandular cells of both
proliferative- and secretory-phase endometria. The predecidual cells
begin to immunostain in the late secretory phase, whereas the decidualized
stromal cells stain heavily in early pregnancy (to be published). There is
no information to date on relaxin gene expression in the human cyclic
endometrium.
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It is not known whether the monoclonal antibodies used for these and
other studies can distinguish between the H1 and H2 relaxin gene pro-
duct, but it seems likely since they were made to a synthetic H2 relaxin
and were screened with this hormone. Differences found in staining
patterns in the placenta and chorionic cytotrophoblast (6) nonetheless
suggest that they detect different conformations of endogenously produced
and/or receptor-bound relaxin. Studies on relaxin gene expression have
confirmed potential extraluteal sites of relaxin synthesis (30), but anti-
bodies specific for the H1 and H2 gene products are clearly needed in
order to show translation of both genes concomitantly in intrauterine
tissues.

Hormone:Receptor Linkage

The human decidua is maternal tissue, whereas the placenta is derived
from the fetal trophoblast. There is an increasing list of hormones being
detected at low levels in tissues other than their primary site of produc-
tion. It is likely that decidual hormones may target the placenta and that
placental hormones target the decidua. However, the decidua and the
fetal membranes are themselves a complex paracrine system, just as the
placental syncytiotrophoblast and cytotrophoblast form another such
system. The placental basal plate, or decidua basalis, is a region of
exceptional complexity where both maternal and fetal cells are mixed. An
understanding of the autocrine-paracrine roles of hormones produced by
these tissues is central to an understanding of the events of human
parturition.

We have used four criteria developed several years ago in our labora-
tory for the study of relaxins as autocrine-paracrine hormones (31). These
are (1) the demonstration of relaxin production in the tissues adjacent to
target sites; (2) the detection of specific receptors for relaxin in the same
tissues; (3) the demonstration of a biological consequence of exogenous
relaxin added to the putative target tissues; and (4) the demonstration of
changes in concentration of relaxin production, receptors, and, hence,
biological effects in pregnancy up to parturition. In order to satisfy the
classification as an autocrine-paracrine hormone, all intrauterine hormones
should be studied using these criteria, and molecular techniques make a
significant contribution.

The synchronization of endocrine events in reproduction involves the
linkage between hormone production and the concentration and affinity
of its receptor. It is evident that the increasing rate of secretion and local
concentration can up-regulate or down-regulate receptor concentrations
on adjacent cells. Similarly, a hormone can up-regulate the receptors for
the next hormone in a cascade; for example, the effect of estrogen upon
the oxytocin receptor (32). However, one hormone may down-regulate its
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own receptor and, at the same time, down-regulate that of another
hormone, an effect shown recently for prolactin on LH receptor con-
centration in the ovary (33). These linkages suggest that a complex
interplay of locally produced hormones may orchestrate key changes both
within and between intrauterine tissues. The advent of molecular tech-
nology applicable to these problems now makes possible the sensitivity
and precision necessary to be able to further define these interactions
both temporally and spatially and to relate the changes to the events of
parturition.
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Molecular Mechanisms Regulating
Oxytocin Gene Expression

HanNs H. ZINGG, STEPHANE RICHARD, AND Di1aNA L. LEFEBVRE

The hypothalamic nonapeptide oxytocin (OT) acts as a circulating
hormone and as a neurotransmitter. Moreover, peripherally produced
OT may function as a paracrine mediator. Despite the manifold sites of
OT secretion and OT action, all its diverse effects are intimately related
to the physiology of reproduction. During parturition, circulating OT
regulates the contraction of uterine smooth muscle and, during lactation,
OT triggers milk ejection by its action on myoepithelial cells of the
mammary gland (1). At the level of the pituitary, OT stimulates prolactin
release (2). In addition, parvicellular OT neurons project to distinct
areas in the brain and the spinal cord, where OT functions as a neuro-
transmitter. In the female rat, OT’s central actions include facilitation
of specific sexual behavior, as well as induction of maternal behavior
(nesting and pup-gathering) (3, 4). Also, in the male specific central
actions have been assigned to OT. These include the strange combination
of penile erection and yawning (5). Whereas the close relationship of
the former phenomenon to reproduction has long been established, the
significance of the latter reflex remains less clear in the present context.
OT-like immunoreactivity has also been demonstrated in the ovary,
testis, placenta, and adrenal. Ovarian OT is thought to act on uterine
prostaglandin production and can thus promote luteal regression (6).
Phylogenetically, OT is derived from more ancient molecules present
in nonmammalian species, where OT-related peptides assume functions
related to salt and water homeostasis. Perhaps as a relic of these more
ancient functions, OT exerts a natriuretic effect also in mammals (7).

Although much is known of the physiology of the OT systems, the
molecular mechanisms involved in cell-specific and hormone-induced
regulation of the OT gene are less well understood. The following section
summarizes available data on the regulation of OT mRNA accumulation,
and the remainder of the chapter describes recent attempts to unveil the
molecular mechanisms involved in OT gene regulation.

189
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Regulation of Oxytocin Messenger RNA Abundance

OT is biosynthetically derived from a 16-kd precursor molecule that
consists of the nonapeptide OT and, in addition, the OT-associated
neurophysin. In humans, cow, rat, and mouse, the structure of the gene
encoding the OT precursor molecule has been determined and shown to
consist of 3 exons, with OT being encoded by the first exon (8-11). The
gene encoding the related peptide vasopressin has a very similar organiza-
tion and shows significant sequence homology with the OT gene, most
notably in exon 2. However, the 5’ promoter regions of the two genes
show very little similarity, suggesting that different mechanisms are
involved in the regulation of each gene. Using Northern blot analysis in
conjunction with an oligonucleotide probe complementary to exon 3, we
have investigated the dynamics of hypothalamic OT mRNA accumulation
during pregnancy and lactation, two periods in which OT plays major
roles. As illustrated in Figure 13.1, we found that, in the rat, pregnancy
induced a gradual rise in hypothalamic OT mRNA accumulation. By day
18, OT mRNA levels exceeded control levels by a factor of 2.5, and
throughout the ensuing lactation period, OT mRNA levels remained
elevated at levels corresponding to 3 times that of control (12). Similar
observations have been made by Van Tol et al. (13). As shown by Caldwell
et al. (14), this rise in mRNA is paralleled by a concomitant increase in
OT-like immunoreactivity in hypothalamic neurons. By contrast, during
this same period, the secretion of OT into the blood stream is not
stimulated, inasmuch as OT serum levels remain unchanged through-
out pregnancy, with the exception of the hours immediately preceding
delivery (15). Therefore, the increased biosynthesis of hypothalamic OT
does not seem to be a direct consequence of increased release. Interest-
ingly, the rise of OT mRNA levels occurs in parallel with an increase in
serum estrogen levels (16). This raises the possibility that estrogens may
be involved in stimulating OT gene transcription (see below). Although
estrogens have a rapid and dramatic effect on OT secretion (17), we were
unable to detect a global change in hypothalamic OT mRNA in response
to systemic estrogen application. The only other stimulus that led to a
dramatic overall rise in hypothalamic OT mRNA was osmotic stimulation
by salt loading (Fig. 13.1).

The effect of estrogen on hypothalamic OT mRNA is more subtle and
could only be demonstrated by in situ hybridization since only a subclass
of OT neurons are affected by this stimulus (18). Van Tol et al. were
able to demonstrate subtle changes in hypothalamic OT mRNA during
the cycle with a maximum at estrus (13). Additional indications that
estrogens are involved in OT gene regulation stem from developmental
studies. We have shown earlier that by Northern blot analysis,
hypothalamic OT mRNA becomes detectable in the rat brain around
birth and rises dramatically in the early postnatal period (19). More
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FiGure 13.1. Oxytocin mRNA accumulation in rat hypothalamus during preg-
nancy and lactation as well as in response to osmotic stimulation. mRNA
levels were estimated by densitometric scanning of Northern blots. The probe
used was a 27-bp oligonucleotide, complementary to a region in the third exon of
the oxytocin gene (12). Each bar corresponds to the mean £ SE of at least 3
independent determinations.

recently, Miller et al. demonstrated that the onset of puberty is associated
with an additional major rise in hypothalamic OT mRNA and that this
rise can be prevented by ovariectomy (20). In a follow-up study, it was
further demonstrated that exogenously added estrogens abolished the
effect of ovariectomy (21). As described in the following section, we
therefore investigated the possibility that estrogens exert their effect on
OT gene expression via a direct action on the OT gene promoter.

Analysis of Molecular Mechanisms Controlling Oxytocin
Gene Promoter Activity

For the study of mechanisms regulating gene expression at a transcrip-
tional level, one takes advantage of the fact that the organization of
most genes is modular in nature. Regions mediating regulation of gene
transcription can function in relative independence from regions encoding
the structure of the gene product. It is thus possible to link regulatory
regions of a given gene to another structural gene that acts as a reporter
gene. Following transfection of such a chimeric gene construct into a host
cell line, the expression of the reporter gene serves as an indicator for the
transcriptional activity of the linked regulatory region.
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FIGure 13.2. Estrogen responsiveness of the OT gene promoter. A: Shown is a
schematic illustration of the chimeric gene used for transfection where 381 bp of
the 5’ flanking region of the human OT gene were linked to the structural gene
for CAT. B: Shown are the CAT activities resulting from transient transfections
of pOT/381CAT in Neuro-2a cells. Lanes 1 and 2 represent pOT-381CAT
cotransfected with carrier DNA, whereas lanes 3 and 4 represent cotransfection
with the expression vector containing the estrogen receptor cDNA (HEQ) as
described in reference 26. As an external control for transfection efficiency, a
plasmid containing the structural gene for B-galactosidase under the control of the
SV40 early promoter was also cotransfected. Cell extracts from either control
(lanes 1 and 3) or 17B-estradiol-treated cultures (1077M, lanes 2 and 4) were
assayed for CAT activity by thin-layer chromatography. C: Shown is the
quantitation of CAT activity (filled bars) and B-galactosidase activity (stippled
bars) in extracts from control (E,”) or estradiol-treated (E,*) cultures transfected
with either carrier DNA (HEO™) or with an estrogen receptor expression vector
(HEO™). Reprinted with permission from Richard and Zingg (23).
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As a first step, we have linked 381 bp of the 5’ flanking region of
the human OT gene to the bacterial reporter gene chloramphenicol
acetyliransferase (CAT) (22) (Fig. 13.2A). In the absence of an
established cell line that highly expresses the OT gene, we have used the
mouse neuroblastoma-derived cell line Neuro-2a, a cell line in which the
transfected OT promoter elements displayed a readily detectable base-
line activity in the absence of external stimulation (Fig. 13.2B). When
these cells were endowed with estrogen receptors by cotransfection with
expression vector containing the estrogen receptor cDNA, addition of
1077 M estradiol elicited a 12-fold increase in expression of the chimeric
gene pOT-381CAT (Fig. 13.2B) (23). This effect was specific since the
expression of a cotransfected plasmid containing the LacZ gene placed
under the control of the SV40 early promoter remained unaffected (Fig.
13.2C). Moreover, this effect was estrogen receptor dependent since
estrogen induction could only be observed in host cells cotransfected with
the estrogen receptor expression plasmid (Fig. 13.2).

In order to delineate more precisely the area necessary for estrogen
responsiveness, we constructed 5 and 3’ deletion mutants and tested
their estrogen inducibility. As a result of these studies, we identified
a near-perfect palindrome situated at —164 that was both necessary
and sufficient for conferring estrogen responsiveness to the OT gene
promoter. As shown in Figure 13.3, this sequence element bears sig-
nificant sequence similarity with other estrogen response elements (EREs).
The OT ERE differs from other EREs by containing a G in position 4
instead of a C. Data from methylation interference analysis suggest that
position 4 in the palindrome is indeed of functional importance since the
G that base-pairs with the C in this position forms a contact site with the
estrogen receptor molecule (24). Thus, the present ERE represents a
novel version of a fully functional ERE that differs at a relevant position
from the consensus palindrome. We have mutated the G in position 4
into a C, thus rendering this sequence element perfectly palindromic.
This nucleotide change induced only a very modest (21%) increase in
estrogen responsiveness of the OT promoter (unpublished results).

=162 -156 =103 -83

| I l
GGTGACCTTGACC- (48bp) -TGACCCACGGCGACCCTCTGTGACCCAAT
» > » —p
>

RARE
ERE <

ERE consensus sequence: GGTCAnNnnTGACC

FIGURE 13.3. Hormone response elements in the 5’ flanking region of the human
OT gene. The ERE consists of an imperfect palindrome. The RARE consists of 4
consecutive repeats of the pentanucleotide sequence TGACC. Note the overlap
of the first 2 TGACC repeats with the ERE.
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When we investigated the response of the OT gene promoter frag-
ment to ligands interacting with other members of the steroid receptor
superfamily, we found that it was unresponsive to glucocorticoids, thyroid
hormone, and vitamin D (unpublished data), even in cells that were
cotransfected with expression plasmids encoding the cognate receptors. In
contrast, we found that the OT promoter fragment was highly responsive
to retinoic acid (RA), another ligand that exerts its effects via interaction
with a specific subclass of nuclear receptors. 5’ and 3’ deletion analysis
revealed that the regions conferring RA responsiveness extended over a
much longer area than the region conferring estrogen responsiveness. By
site-directed mutagenesis, we were able to determine that the presence of
4 pentanucleotide repeats with the sequence TGACC was necessary for
full RA responsiveness. As shown in Figure 13.3, the first 2 TGACC
repeats are contained within the previously characterized ERE. The
third and fourth TGACC repeats, which are both necessary for retinoic
acid inducibility, lay 53 bp downstream. To what extent each of these
pentamer pairs serves as a binding site for a retinoic acid receptor dimer
remains to be investigated. Since our deletion and mutation experiments
indicated that all 4 pentamer repeats are necessary for RA action, the 2
pentamer pairs are likely to act in synergism over the 53-bp distance.

The primary role of RA is generally thought to be linked to its action
as a morphogen during embryogenesis. The presence of retinoic acid
receptors in various adult tissues is, however, an indication that the role
of RA extends beyond the developmental period. Specifically, the high
amounts of retinoic acid receptor a and B expression in adult brain (25)
may suggest hitherto unrecognized roles of RA in brain function. Our
present data demonstrating RA responsiveness of the OT gene promoter
may therefore serve as an additional impetus for widening our current
concepts of RA physiology and point towards a possible role of RA in the
modulation of neuropeptide gene expression and brain function.

We were next interested in determining the sequence element necessary
for maintaining the high baseline expression of the OT gene promoter
observed in Neuro-2a cells. The rationale for these studies was that
elucidation of the mechanisms that induced OT promoter activity in
Neuro-2a cells may help to identify sequence elements and transcription
factors that play a role in mediating the cell-specific expression of the OT
gene in vivo. By 5’ deletion analysis, we determined that a segment from
—49 to +36 was capable of mediating cell-specific promoter activity in
Neuro-2a cells, but was inactive in NIH3T3 fibroblasts or JEG-3 placental
cells. Within this segment, we identified 3 proximal promoter elements
(PPE-1, PPE-2, and PPE-3) that are each required for promoter activity
(Fig. 13.4). Gel mobility shift analysis with 3 different double-stranded
oligonucleotides demonstrated that each proximal promoter element
binds distinct nuclear factors (unpublished data). In each case, only
the homologous oligonucleotide, but neither of the oligonucleotides
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FIGURE 13.4. Schematic diagram of regulatory sequences in the 5’ flanking region
of the human OT gene. Distance from initiation site of transcription is indicated
in bp. (ERE = estrogen response element; RARE = retinoic acid response
element; CAAT = CAAT box; PPE-1, PPE-2, and PPE-3 = proximal promoter
elements 1, 2, and 3; TATA = TATA box.)

corresponding to adjacent elements, was able to act as a competitor.
Thus, a different set of factors appears to bind independently to each
element. Proteins binding to these sites form a mutually synergistic
complex since occupation of all 3 sites is essential for maximal activity,
and deletion or mutation of any of these sites resulted in a dramatic
reduction of promoter activity. Although the factors binding to the 3
sites identified seem to act synergistically to stimulate transcription, it is
unlikely that this synergism results from cooperative binding of these
proteins to DNA since each is capable of binding independently of the
others. Rather, it appears that the synergism is the result of direct inter-
action of these proteins with the transcriptional machinery or via an
indirect interaction involving additional non-DNA binding proteins,
referred to as co-activators. The involvement of multiple proteins binding
to the OT gene proximal promoter region could participate in the genera-
tion of a versatile transcriptional control mechanism required for the
diversity of OT gene expression in different neuronal and nonneuronal
cell types as well as in response to different extracellular stimulators.
The emerging overall picture of the factors interacting with the OT
gene promoter is illustrated in Figure 13.4. A hormone regulatory region
can be distinguished from a region that mediates baseline expression
of the OT gene. The hormone regulatory elements we have identified
comprise an ERE as well as a retinoic acid response element (RARE).
These sequence elements serve, most likely, as a binding site for the
corresponding receptor-ligand complexes. In vitro DNA binding studies
are currently in progress in order to define the precise stoichiometry of
receptor-DNA interactions. Interestingly, the EREs and RAREs overlap
partially. However, the combined application of estrogens and RA to
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cells transfected with both receptor types leads to an additive effect,
indicating that there is no negative interaction between the two receptor
types. Most probably, estrogen and RA receptors are capable of inter-
acting synergistically.

Moreover, the hormone regulatory elements do not act in isolation,
but are, to some extent, dependent on the synergistic interaction with
elements mediating the basal expression of the gene. We have identified 3
of these elements and termed them PPE-1, PPE-2, and PPE-3. The
factors interacting with these elements are currently unknown. In addi-
tion, the OT gene promoter contains a TATA box as well as a CCAAT
box, both binding sites for well-characterized, ubiquitous transcription
factors. Identification and characterization of the factors interacting with
the additional proximal promoter elements will significantly advance our
understanding of the mechanisms involved in cell-specific expression of
the OT gene and, perhaps, other neuropeptide genes.

We have most recently determined that the OT gene is highly expressed
in the pregnant rat uterus (unpublished results). It is conceivable that the
identified hormone response elements play a major role in the regulation
of OT gene expression in the periphery. Especially, since the uterus has
long been known to be a prime target site for estrogen action, the
identified ERE might well be of major importance in mediating OT
expression in the pregnant rat uterus. The significance of the RARE for
the peripheral OT gene expression is currently an unknown territory.
Our finding of a RARE in the OT gene promoter has now prompted
investigations into the possible role of RA in gene expression in the rat
brain and uterus. Whereas, in many instances, molecular biology helps to
explain phenomena observed at a physiological level, there might be
moments where discoveries at a molecular level lead to the definition of
novel physiological mechanisms. Our identification of an ERE in the OT
gene promoter is a paradigm of the former case. Our characterization of a
RARE in the same promoter may emerge as an example of the latter
strategy.
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Structure-Function Relationships
of Multiple Rat Members of

the 33-Hydroxysteroid
Dehydrogenase Family

YvaN DE LauNoir, JACQUES SiMARD, HUI-FEN ZHAO,
PaTrICK COUTURE, AND FERNAND LABRIE

The conversion of 38-hydroxy-5-ene steroids by the membrane-bound en-
zyme 3B-hydroxysteroid dehydrogenase/A’-A*-isomerase, hereafter called
3BHSD, is an essential step in the biosynthesis of all classes of hormonal
steroids. We have recently characterized 3 types of cDNAs encoding rat
3BHSD (1, 2). The predicted rat type I and type II 3BHSD-expressed
proteins share 94% homology (1), while they share only 80% similarity
with the rat type III 3BHSD, which is also a 372-amino acid protein (2)
as observed for the human (3-5), macaque (6), and bovine (7) 3HSD
predicted proteins. Using the highly sensitive RNase protection method,
we have shown that the type I and type II 3BHSD mRNAs are present
in several rat tissues, including the ovary, testis, adrenal, and adipose
tissue (1, 2), whereas the type III was only found in liver (2). In addition,
we have demonstrated by computer analysis that the type I 3HSD and
the type III 3BHSD-encoded proteins possess 2 predicted transmembrane-
spanning domains (MSD) (1, 2, 8), whereas type II 3BHSD is devoid of
one of the 2 MSDs (1, 8). Moreover, transient expression of rat type I
and type II 3BHSD cDNAs in non-steroidogenic cells revealed that these
two 42-kd proteins catalyze both the oxidation and isomerization of A>-
3B-hydroxysteroid precursors into A*-3-ketosteroids, as well as the inter-
conversion of 3B-hydroxy and 3-keto-5a-androstane steroids (1, 8). This
chapter investigates the structure-function relationships of the 3 rat
3BHSD isoenzymes so far isolated.
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Materials and Methods

Construction of Wild-Type and Chimeric Rat 3HSD cDNAs by Site-
Directed Mutagenesis

We used the full-length ¢cDNA inserts corresponding to the rat type I
(ro3B-HSD56) and type II (ro3B-HSD112) 3BHSD clones (1). We have
also constructed the full-length rat liver 3BHSD clone by ligating the
EcoRI1/Saul DNA fragment corresponding to nucleotides —84 to +205 of
clone rl 3B-HSD 20, the Saul/Tagl DNA fragment corresponding to
nucleotides +206 to 720 of clone rl 38-HSD 33 (2), and the Taql/EcoRI
DNA fragment corresponding to nucleotides +721 to +1871 of clone ri
3B-HSD 35 (2). Those full-length rat type I, type II, and type III 3HSD
clones were then cloned into the unique EcoRI site of the pCMV vector,
downstream from the cytomegalovirus (CMV) promoter, to produce the
recombinant plasmids pCMV type I 3HSD, pCMV type II 38HSD, and
pCMYV type III 3BHSD, respectively. Those plasmids were sequenced
in both orientations, amplified, and subsequently purified by 2 cesium
chloride-ethidium bromide density gradient ultracentrifugations. We then
constructed by site-directed mutagenesis 2 chimeric cDNAs in which the 4
codons for Ala®, 11e®5, Val®’, and His® potentially involved in an MSD
predicted between residues 75 and 91 in the type I 38HSD protein using
the SOAP program (9) of the PC/GENE software (release 6.01; Intelli
Genetics, Inc./Genofit SA: Mountain View, CA) were substituted by the
codons Ser®’, Met®, Phe®’, and Arg® present in the type II 3BHSD
protein and vice versa, thus leading to cDNA inserts encoding a type I
3BHSD protein without the potential MSD (I — MSD) or a type II
3BHSD protein containing type I MSD (II 4+ MSD) as represented
schematically in Figure 14.1. Briefly, the full-length cDNA inserts ro3p-
HSDS56 (type I) and ro3p-HSD112 (type II) were excised from the respec-
tive pCMV plasmids by partial EcoRI digestion, and the DNA fragments
released were size-fractionated on a 1.2% low-melting-temperature
agarose gel. The purified full-length cDNA inserts were then digested
with Kpnl, and the generated EcoRI-Kpnl and Kpnl-EcoRI fragments
were purified. The small EcoRI-Kpnl DNA fragment from type I (ro3p-
HSDS56) was ligated with the long Kpnl-EcoRI DNA fragment from type
II (ro3B-HSD112) and then subcloned into pCMYV vector to produce the
pCMV-I — MSD plasmid. Similarly, the small EcoRI-Kpnl DNA frag-
ment from type II (ro3p-HSD112) was ligated with the long Kpnl-EcoRI
DNA fragment from type I (ro38-HSDS56) and then subcloned into the
pCMYV vector to produce the pCMV-II + MSD plasmid. The only dif-
ferences between the deduced protein sequences encoded by the cor-
responding 2 small EcoRI-Kpnl fragments are amino acid positions 83,
85, 87, and 89.
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FIGURE 14.1. Structures of wild-type rat types I and II 3BHSD proteins and
chimeric 3BHSD proteins. A: Shown are a schematic representation and
comparison of the structures of wild-type rat type I and type II 3HSD proteins
encoded by pCMYV type I 3HSD containing the ro33-HSD56 ¢cDNA insert and
pCMYV type II 3BHSD containing the ro3p-HSD112 cDNA insert, respectively.
The 23 nonidentical amino acid residues between the two rat 3BHSD types are
indicated by vertical lines in the schema illustrating the deduced type II 3HSD
protein. The predicted MSDs are represented by black boxes. Only the EcoRI
and Kpnl restriction sites that are of interest for the construction of chimeric
c¢DNAs are illustrated. B: Shown is a schematic representation of the chimeric
3BHSD proteins encoded by site-directed mutated rat 3HSD cDNAs constructed
as described in “Materials and Methods” and “Results” sections in the pPCMV
expression vector. The chimeric protein II + MSD was generated by introducing
a putative MSD, while the chimeric protein I — MSD, on the other hand, was
generated removing the same putative MSD. Reprinted with permission from
Simard, de Launoit, and Labrie (8), © by The American Society for Biochemistry
and Molecular Biology.

Transient Expression of Multiple Rat 3HSD cDNAs

Expression of the plasmids was carried out in the HeLLa human cervical
carcinoma cells by the transfection method previously described (1, 4,
5, 8). Briefly, the plasmids were introduced into HeLa cells by the
calcium phosphate precipitation procedure. Mock transfections were
carried out with the pCMV alone, while transfection efficiency was
monitored by cotransfecting the tested plasmids with the control pXGHS
plasmid that expresses growth hormone. In order to determine 3pHSD



204 Y. de Launoit et al.

activity, cells were incubated for the indicated time periods at 37°C in
the presence of *H-labeled steroid substrates in SO0mM Tris buffer (pH
7.5) containing 1mM of the appropriate cofactor, namely NAD™* for
dehydroepiandrosterone (DHEA, Steraloids), Sa-androstane-38,178-diol
(3B-diol, Steraloids) and pregnenolone (PREG, Steraloids) or NADH
for Sa-dihydrotestosterone (DHT, Steraloids) and Sa-androstane-dione
(A-dione, Steraloids). The enzymatic reaction was stopped by chilling the
incubation mixture in an ice-water slurry and adding 4 volumes of ether/
acetone (9/1, v/v). Cell protein content was measured by the method
of Bradford (1, 8) using bovine serum albumin as standard, while the
relative amounts of translated type I, type II, and type III, as well as
the 2 chimeric 3HSD 42-kd proteins, were evaluated by immunoblot
analysis and quantification with an image analyzer of the integrated
optical intensity of the corresponding 42-kd bands, followed by the cor-
rection of transfection efficiency with GH expression (8). Values of K, as
well as relative V,,, and relative specificity (V,../K, ratio) values were
calculated by the Lineweaver-Burk method, as previously described (8).

Thin-Layer Chromatography and High-Performance Liquid
Chromatography Analyses

The organic phase was then evaporated and separated either on TLC
plates using a 4:1 mixture of benzene and acetone or by HPLC. For
TLC, substrates and formed steroids were identified by comigration on
each TLC plate of the nonlabeled steroid(s). The corresponding area was
cut and transferred to scintillation vials containing 0.1-mL ethanol to
which 10-mL scintillation fluid was added for measurement of radio-
activity (1, 4, 5, 8).

Steroids were also identified by HPLC analysis using a System Gold
(Beckman) unit consisting of a model 126 pump, a 507 automatic injector,
a Radial-Pak NovaPak C;g column (§ mm X 10cm) and a model Beckman
168 photodiode array detector. The mobile phase for A-dione, DHT,
and 3B-diol was H,O/methanol/tetrahydrofuran/acetonitrile (50/35/10/3,
v/viv/v) at 1.5mL/min flow rate over a 30-min period. Radioactivity
was monitored in the eluent using a Beckman 171 HPLC Radioactivity
Monitoring System using Formula 963 (NEN) as a scintillation mixture at
a flow rate of 4.5 mL/min.

Results and Discussion

As mentioned above, the deduced amino acid sequences of rat type I
and type II 3BHSDs display 93.8% similarity with only 23 nonidentical
residues (1). Following transient expression, we have recently observed,
however, that rat type I 3HSD possesses much higher activity than the
type II 3BHSD protein for all substrates tested (1). As predicted by
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computer analysis (9), there is a potential MSD common to the deduced
rat type I, type II, and type III, as well as to human, macaque, and
bovine 3BHSD protein sequences, corresponding to a membrane-
associated alpha helical segment present in all proteins between residues
287 and 303. Furthermore, such analysis of rat 3BHSDs indicates that the
change of residues 83, 85, 87, and 89 observed in the wild-type rat type
IT 3BHSD protein prevents the formation of a second potential MSD
present in the rat type I enzyme between residues 75 and 91 as well as in
human and macaque 3BHSD proteins. In order to characterize the func-
tional significance of MSD 75-91 in type I 3BHSD, we have compared
the catalytic properties of wild-type rat types I and II 3BHSD proteins
with those of a chimeric type I protein lacking this MSD (I — MSD) and
of a chimeric type II protein having gained this putative MSD (II +
MSD) by site-directed mutagenesis. .

As illustrated in Figure 14.2, pCMV type I 3BHSD encodes a protein
having a 3BHSD/A®-A* isomerase relative specificity, as determined by
the relative V,,,/K,, ratio (relative V., values were calculated assuming

FiGURE 14.2. Catalytic properties of the expressed rat type I and type II
isoenzymes of the 3BHSD family, as well as of the chimeric pPCMV I — MSD- and
pCMV II + MSD-encoded proteins. The procedure for transient expression of
wild-type and chimeric cDNAs in HeLa cells and the 3BHSD assay are as
described in ““Materials and Methods.”” Kinetic parameters were determined using
Lineweaver-Burk plot (1/v vs 1/[S]) analysis of the catalytic activity of expressed
proteins. The enzymatic reaction was performed during 30min for expressed type I
3BHSD and II + MSD proteins, while the reaction was stopped after 60 min with
homogenates from cells transfected with pCMV type II 3HSD and pCMV [ —
MSD cDNAs. Relative V. values were calculated assuming the V,,, for the
wild-type type I 3BHSD enzyme equal to 100. The specific activity values for the
type I 3BHSD enzyme using PREG and DHEA as substrates were 5.1 and
4.1nmol/min/mg protein, respectively. Reprinted with permission from Simard,
de Launoit, and Labrie (8), © by The American Society for Biochemistry and
Molecular Biology.
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that the rate for the pCMV type I 3BHSD encoded protein is equal to
100), that is 64 times higher than that of the pCMV type II 3BHSD-
encoded protein with corresponding K, values of 0.74 uM (type I) and
14.3puM (type II), and 100 and 30.8 relative V., values, respectively
(Fig. 14.2). The much higher relative specificity of rat type I 3HSD
compared to type II 3BHSD was confirmed using DHEA as labeled
substrate (Fig. 14.2). The present data thus indicate that the lower activity
and lower relative specificity of type II 3BHSD result primarily from an
approximately 95% decrease in affinity for both substrates, while the
Vmax value differs by only 60% —70%.

As illustrated in Figure 14.2, the chimeric I — MSD protein, which
lacks MSD at position 75-91, shows a markedly reduced affinity for
PREG and DHEA, with K,, values of 11.7 and 11uM, respectively,
compared to 0.74 and 0.68uM, while its relative specificity was
dramatically decreased to 0.35% and 0.47% compared to wild-type type I
when PREG and DHEA were used as substrates, respectively, thus
demonstrating that removal of the putative MSD in the type I 3BHSD
markedly affects the specific activity as well as the affinity of the enzyme
(Fig. 14.2). In an opposite fashion, the chimeric I + MSD protein gained
an affinity for PREG and DHEA comparable to that of the wild-type
type I 3BHSD protein, with K, values of 0.36 and 0.40 uM, respectively.
The present data show that the introduction of a putative MSD in the
type II 3BHSD protein increased the relative specific activity of the type
IT protein to 58% (for PREG) and 73% (for DHEA) compared to the
wild-type I 3BHSD protein. The present data provide strong evidence
supporting the crucial role of the predicted MSD between residues 75 and
91 for the high level of enzymatic specificity of rat type I 3BHSD.

Surprisingly, we have observed that the expressed type I 3PHSD
protein can also convert DHT into its 17B-oxidative form (i.e., A-dione),
thus demonstrating that this enzyme possesses a secondary 17BHSD
activity. In fact, as illustrated in Figure 14.3B, the endogenous 17BHSD
activity in HeLa cells is very low (Fig. 14.3B), whereas homogenates from
cells transfected with pCMV type I 3BHSD convert about 65% of DHT
into A-dione after a 10-h incubation period in the presence of 1mM
NAD™ (Fig. 14.3C). In contrast, type II 3BHSD isoenzyme, as well as
expressed chimeric I — MSD or II + MSD protein did not have such
17BHSD activity (data not shown). The fact that the chimeric II + MSD
3BHSD protein is devoid of 17BHSD activity strongly suggests that lack of
such 17BHSD enzymatic activity of expressed type II 3BHSD protein is
not only due to the absence between residues 75 and 91, but should
rather be due to other specific differences between the type I and type II
isoenzymes. Although dual enzymatic activity has been previously
demonstrated with purified steroid enzymes (10, 11), this represents the
first demonstration of such dual catalytic activity after transient expres-
sion of a specific cDNA.
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FIGURE 14.3. Secondary 17BHSD activity of the rat type I 3BHSD enzyme.
Twenty pg of protein from homogenates of cells transfected with the pCMYV alone
or pCMV type I 3BHSD plasmid were incubated in the presence of 1mM NAD*
and 300nM tritiated DHT for 12h. Steroids were extracted, and the organic
phase was then evaporated and steroids were identified by HPLC, as described in
“Materials and Methods.”” DHT and A-dione were separated with a mobile phase
of H,O-methanol-tetrahydrofuran/acetonitrile (50/35/10/5, v/v/v/v) at a flow rate
1.5mL/min over a 30-min period.

We then made the unexpected observation that the expressed liver-
specific type III isoform of the 3HSD family is unable to catalyze the
oxidation and isomerization of A’-3B-hydroxysteroid precursors, such as
PREG, DHEA, or A’-androstenediol, into their A*3-keto forms nor to
convert 3fB-hydroxysteroids, such as 3f-diol, into their corresponding 3-
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TaBLE 14.1. Lineweaver-Burk plot analyses of the catalytic properties of the
expressed rat type I and liver-specific type I1I isoforms of the 3HSD family using
increasing concentrations of DHT as substrate and the indicated cofactor.

Relative specificity

Expressed protein Kn (kM) Relative V.« (relative V../K)
Rat type I
NADH 4.9 100.0 20.4
NADPH 2.9 47.8 16.5
Rat type III
NADH 5.5 27.3 5.0
NADPH 0.7 15.4 22.0

Incubations were performed for 20 min at 37°C as described in ‘‘Materials and Methods.”

keto-5a-androstane form (data not shown). However, time course studies
with homogenates from cells transfected with pCMV type III 3BHSD
plasmid in the presence of A-dione or DHT supplemented with 1 mM
NADH clearly showed a potent reductase activity, this reductase activity
being shared with type I 3BHSD. As indicated in Table 14.1, Lineweaver-
Burk plot analysis shows that the K, values for DHT using homogenate
from cells transfected with pCMV type I 3BHSD or pCMV type III
3BHSD are in the same range with respective values of 4.9uM and
5.5uM using NADH as cofactor. The type I 3BHSD protein possesses,
however, a relative V,,,, and a relative specificity 3.7- and 4.1-fold higher
than those of expressed type III isoform, respectively (Table 14.1). The
K, value for the type I 3BHSD protein in the presence of DHT supple-
mented with 1 mM NADPH is 2.9 pM, a value that is in the same range
as the value obtained when NADH is used as cofactor. However, the
affinity of the expressed type III isoform for DHT is much higher with
NADPH, with a K, value of 0.69uM compared to 5.51uM with
NADH. Using NADPH as cofactor, the relative V,,,, value is 3.1-fold
higher in type I than in type III, whereas the relative specificity shows
comparable values (16.5 vs 22.0). The present data indicate that NADPH
is the preferred cofactor for the reductase activity of the expressed type
II1 isoform (Table 14.1). Detailed investigation of the structure-function
characteristics of the catalytic sites of the multiple 3BHSD isoenzymes
by site-directed mutagenesis should provide crucial information concern-
ing the molecular basis for their differential enzymatic activity.
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Preovulatory Collagenase Activity in
the Follicle of the Chicken

JANE A. JACKSON AND JANICE M. BAHR

Follicles in the hen ovary are arranged in a hierarchy that allows
identification of a preovulatory follicle (F1) that will ovulate next and a
less-mature follicle (F2) that will ovulate the next day. Prior to ovula-
tion, collagen fibers are dissociated and/or degraded specifically at the
stigma, site of follicular rupture, in both mammals (1, 2) and hens (3).
Collagenase activity in preovulatory ovaries increased in PMSG-primed
rats following hCG treatment (4, 5). However, it is unknown whether
collagenase has a role in ovulation in the hen. Our objective was to
determine active and total (active + latent) collagenase activities in the
granulosa layer and stigma (S) and nonstigma (NS) regions of the theca
layer of F1 and F2 that would have ovulated within ~30min and 26h,
respectively. Collagenase activity was measured using a specific [°H]-
collagen substrate and is expressed as percent collagen digested + SE.
Collagenase activity was undetectable in granulosa. Active collagenase
was greater (P < 0.05) in F1S (18.8 £ 2.1) compared to FINS (8.8 £ 4.5)
and greater (P < 0.01) in the F2S (17.5 £ 4.2) compared to nearly
undetectable levels in the F2NS (3.0 + 2.1). Total activity was greater
(P < 0.05) in the theca layer of the F1S (28.0 + 1.8) compared to FINS
(20.8 £ 1.6) and greater (P < 0.001) in F2S (35.4 = 2.7) compared to
F2NS (14.6 * 2.2). Active and total collagenase activity was completely
inhibited by the metalloprotease inhibitor phenanthroline. This is the first
demonstration of increased active and latent collagenase enzyme activity
specifically in the stigma of the follicle. The preponderance of active
enzyme in the stigma supports a role for collagenase in ovulation in the
chicken and may explain, in part, why follicles rupture only in the stigma
region.
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Methods

Tissue Collection

Ovulation in the hen occurs 5-30min after oviposition. The F1 and
F2 follicles were collected from white Leghorn hens at the time of
oviposition. The S and NS regions of the theca layer were isolated. One
NS and 8 S regions from 8 follicles were used for each sample (~150-mg
tissue).

Extraction of Collagenase

Stigma and NS regions of the theca layer were extracted by the method
of Curry et al. (4) with slight modification. For the Triton extraction,
samples were homogenized with a Brinkman Polytron in 10 vol of buffer
(10mM CacCl,, 0.25% Triton X-100 and 2 mM dithiothreitol to destroy the
putative collagenase inhibitors) and centrifuged. The Triton supernatant
was saved, and the pellet was resuspended in 10 vol of high-calcium Tris
buffer (4) containing 2mM dithiothreitol, heated at 60°C for 6 min,
and centrifuged. The Triton and heat extracts were treated with 5SmM
iodoacetamide and dialyzed into assay buffer (4).

Measurement of Collagenase Activity

Collagenase was measured by the method of Dean and Woessner (6).
Active collagenase was determined by incubation of 20 uL [*H]-collagen
substrate (0.2-ug rat type I; 1 X 10°cpm) with 100 uL of the Triton or
heat (collagen-associated) extracts for 60h at 30°C. To measure total
(active + latent) collagenase activity, Triton and heat extracts were
treated with 0.5mM aminophenylmercuric acetate, diluted 3-fold with
assay buffer, and combined in a 1:1 ratio. A 100-pL aliquot of the
combined Triton and heat extracts was incubated with 20-pL [*H]-
collagen for 36 h at 30°C. Active and total collagenase activity are expressed
as percent collagen digested.

Results

Total collagenase activity was measurable only in the theca layer of the
preovulatory F1 follicle, with nearly undetectable activity in the granulosa
layer (results not shown). There was no difference in active collagenase
activity in the Triton extract (readily extractable) between the S and NS
regions of the F1 or F2 follicles (Figs. 15.1A and 15.1B). However, active
collagenase in the heat extracts (collagen-associated enzyme activity) was
higher (P < 0.05) in the S regions compared to the NS regions of the F1
and F2 follicles (Figs. 15.1C and 15.1D). There was no further increase in
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FiGUure 15.1. Stigma (S) and nonstigma (NS) regions of the theca layer of the
preovulatory (F1) and less-mature (F2) follicles collected 5-30min and 26h
before ovulation, respectively. Active collagenase was measured in the Triton
extract of the F1 (A) and F2 (B) follicles (n = 3) and in the heat extract
(collagen-associated) of the F1 (C) and F2 (D) follicles (n = 4). The Triton and
heat extracts were combined in a 1:1 ratio and treated with aminophenylmercuric
acetate to measure total collagenase (active + latent) in the F1 (E) and F2 (F)
follicles (n = 4). (* = P < 0.05, S vs NS within the same follicle; different lower
case letters = P < 0.05.)
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the amount of active enzyme in the S region of the F1 compared to the F2
follicle. Total (active + latent) collagenase activity was also higher (P <
0.05) in the S regions compared to NS regions of the F1 and F2 follicles
(Figs. 15.1E and 15.1F). The FINS region had increased (P < 0.05) total
collagenase activity compared to the F2NS region. In contrast, the F2S
region had increased (P < 0.001) levels of total collagenase activity
compared to the F1S region. Active and total collagenase activity in
both the Triton and heat extracts were completely inhibited by the
metalloprotease inhibitor phenanthroline (results not shown).

Discussion

We have demonstrated the presence of active and latent collagenase
enzyme activity that is increased in the S compared to NS region of the
theca layer of the hen follicle. The higher amounts of active enzyme
specifically in the S area support a role for collagenase in ovulation in the
hen and may explain, in part, why follicles rupture only in the S region.

There was no further increase in active collagenase, associated with the
collagen matrix, in the S region of the F1 compared to the S region of the
less-mature F2 follicle. This suggests that the regulation of the amount of
active enzyme in the S region in vivo may depend on the activity of
collagenase inhibitor(s). A role for collagenase inhibitors in the regula-
tion of ovulation is suggested by recent studies that demonstrated that
granulosa cells cultured in the presence of LH produced a dose-dependent
increase in metalloproteinase inhibitor activity (7). Moreover, the pre-
ovulatory increase in tissue inhibitor of metalloproteinase (TIMP) mRNA
from PMSG-primed rat ovaries following hCG treatment (7) coincided
with the increase in ovarian collagenase activity (4).

In the present study, total collagenase activity decreased prior to ovula-
tion in the S region of the F1 compared to the S region of the F2, which is
consistent with previous work (4, 8). Collagenase activity at the apex of
human preovulatory follicles decreased prior to ovulation compared to
less-mature follicles (8). Total collagenase activity also declined in rat
preovulatory ovaries 12h after hCG administration (time of ovulation)
compared to high levels of enzyme activity at 8 h after hCG treatment
(4). The collagenase enzyme may be inactivated or degraded by other
proteases immediately before ovulation.

In conclusion, active and total collagenase activities are present
predominantly in the S region of the hen follicle prior to ovulation.
Similar amounts of active collagenase in the S region of the immature F2
and S region of the preovulatory F1 follicle suggest a possible role for
collagenase inhibitor(s) in the ovulatory process.
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Transforming Growth Factor 3,
Stimulation of Progesterone
Production in Cultured Granulosa
Cells from Gonadotropin-Primed
Adult Rats

Hirosui OEMURA, WILLIAM Y. CHANG, MEHMET UzZuMcCU,
SERDAR COSKUN, SHIGEO AKIRA, TSUTOMU ARAKI,
AND Young C. LN

Transforming growth factor f (TGFp) is a homodimeric polypeptide that
enhances the aromatase activity in rat granulosa cells. So far, the effect of
TGFP on granulosa cells has been primarily studied in estrogen-primed
immature rats. Our study is designed to investigate the effect of TGF@,
on steroidogenesis in cultured mature rat granulosa cells. Mature rat
granulosa cells were obtained from ovarian follicles of adult rats that have
demonstrated 3 consecutive 4-day estrous cycles. The rats were treated by
subcutaneous injections of 20-IU pregnant mare serum gonadotropin
(PMSG) at 2000 h on the day of estrus followed by 15-IU PMSG at 0800
and 2000 h the next day. In each experiment, a total of 10 ovaries were
collected for granulosa cell preparation 40h after the last PMSG injec-
tions. The average viability of mature rat granulosa cells was about
80%. The culture wells were precoated with Dulbecco’s Modified Eagle
Medium/Ham’s F-12 nutrient mixture (50:50) (DME/F-12) supplemented
with 10% fetal calf serum (FCS) under 5% CO,, 95% air at 37°C for 24 h,
and the media in the culture wells were removed by washing 3 times
with serum-free DME/F-12. Then, each culture well was seeded with
approximately 15,000 live granulosa cells/mL. The mature rat granulosa
cells were cultured in DME/F-12 supplemented with 1-ug insulin, 1-IU
thrombin and 10-ng low-density lipoprotein per mL (DME/F-12/S) for
48h. After the 48-h incubation period, fresh DME/F-12/S containing
1-ng/mL TGFB; was added to each culture well and incubated for another
48h, at which time, media were collected for progesterone radio-
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immunoassay (RIA). Protein contents of the mature rat granulosa cells
were measured by the dye binding method.

Results showed that 1-ng/ml. TGF; significantly induced higher
progesterone secretion than controls (4.0 £ 0.2 vs 2.2 = 0.1pg/ug
cell protein, mean = SD). Our data suggests that TGFp,; is capable of
inducing progesterone secretion in cultured mature rat granulosa cells
originated from PMSG-primed adult rats. However, this effect of TGFj,
on progesterone secretion appears to be species specific as compared
to cultured porcine granulosa cells (1). It is unknown at this time by what
mechanism TGFp,; acts within granulosa cells to account for this species
difference. Further investigation to elucidate such differential actions of
TGFB is warranted.

In the mammalian ovary, many factors are known to regulate follicular
maturation (2). Many of these factors have different sites and mecha-
nisms of action and regulate the interaction between thecal and granulosa
cells. Thecal and granulosa cells are two somatic cell types within the
ovary. Granulosa cells line the inner layer of the ovarian follicle and will
proliferate and differentiate during follicular development. The granulosa
cells play an important role during follicular development. Therefore, in
order to understand the regulation of follicular maturation, we must also
understand the factors that control granulosa cell functions.

A factor currently under intensive investigation is TGFB. TGFp is a
homodimeric polypeptide which has been shown to modulate functions in
many different tissues (3). TGFp has already been shown to be produced
in thecal (4) and granulosa cells (5) of both immature and mature female
rats. In experiments performed on diethylstilbestrol (DES)-induced
immature rat granulosa cells, TGFf generally stimulates proliferation and
differentiation (6—10).

However, the immature rat granulosa cell cultures used in most experi-
ments do not represent normal cycling ovarian function. We contend that
granulosa cells from mature female rats are a more appropriate model to
study the regulation of granulosa cell function during follicular develop-
ment. The purpose of our study is (1) to evaluate the effect of TGFpB; on
steroidogenesis in cultured mature rat granulosa cells without exposing
the granulosa cells to FSH during the culture period and (2) to establish a
model culture system for granulosa cells from mature rats previously
stimulated with PMSG.

Materials and Methods

All media used contained 100-IU/mL penicillin, 100-pg/mL streptomycin,
and 250-pg/L amphotericin B (all supplements were obtained from Gibco
Laboratories, Grand Island, NY). Granulosa cells were obtained from 60-
to 80-day-old mature female Sprague-Dawley rats. The rats were housed
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in our environmentally controlled animal facility (22°C, 55% humidity)
and allowed free access to food and water. Vaginal smears were taken
every morning to determine their estrous stages. Mature rats demonstrat-
ing 3 consecutive 4-day estrous cycles were treated with subcutaneous
injections of 20-IU PMSG (Sigma Chemical Co., St. Louis, MO) at
2000h on the day of estrus, followed by two 151U PMSG injections at
0800h and 2000h the next day (12 and 24 h later, respectively). In each
experiment, 5 adult female rats were sacrificed by overdosing with ether
(J.T. Baker, Inc., Phillipsburg, NJ) 40h after the last PMSG injection.
Ten ovaries were collected by laparotomies. Ovaries were put into 20-mL
DME/F-12, and follicular fluids were collected in media by puncturing
follicles with a cluster of 10 sterile fine sewing needles. After follicular
fluids were filtered with a 140 micron filter, the fluids were centrifuged 3
times at approximately 150 X g for Smin at 4°C to remove unnecessary
tissues and cells. The average viability of mature rat granulosa cells
was about 80% as determined with trypan blue staining. The culture
wells (#25820 24-well plates: Corning Glass Works, Corning, NY) were
precoated by adding 1.0-mL DME/F-12 supplemented with 10% fetal calf
serum (Hyclone, Logan, UT) to each culture well 12 h prior to granulosa
cell'seeding. The culture wells were then incubated under 5% CO-, 95%
air at 37°C to enhance the granulosa cell attachment. The fetal calf serum
was completely removed by washing 3 times with FCS-free DME/F-12
before granulosa cell seeding. Then, each culture well was seeded with
approximately 15,000 cells/well in 1.0-mL DME/F-12 supplemented
with 1-ug/mL insulin, 1-JU/mL thrombin, and 10-ng/mL low-density
lipoprotein (DME/F-12/S) (all supplements were obtained from Sigma
Chemical Co.). In this culture media, the granulosa cells were incubated
for 48h to allow for cell attachment and growth. After this 48-h incuba-
tion period, culture media were replenished with fresh DME/F-12/S
media containing 1.0-ng/mL of TGFf; (R&D Systems, Minneapolis,
MN) and allowed to incubate for another 48h. Then, the culture media
and granulosa cells were collected and extracted to measure progesterone
and cell protein contents by RIA and dye binding method, respectively.
RIA procedures are described in our previous publication (11). Granulosa
cells were collected after removal of culture media by adding 0.2mL of
0.5N NaOH to each culture well. Then, the cell-containing NaOH solu-
tion was collected from each culture well and mixed with a dye reagent
for the Bio-Rad protein microassay (Bio-Rad Laboratories, Richmond,
CA). The optical densities were measured with a Beckman DU-70
Spectrophotometer using 595-nm visible light.

Statistical Analysis

Statistical analyses were performed with the Student’s t-test. The data are
presented as the mean £ SD. Values of P less than 0.05 are considered
statistically significant.
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FIGURE 16.1. Progesterone production (pg/ug cell protein) by mature rat
granulosa cells after 48-h treatment with 0- and 1.0-ng/mL TGFB; (mean * SD).
Treatment with 1.0-ng/mL TGFp, significantly (P < 0.05) stimulated progesterone
production as compared to control (0ng/mL).

Results

Our results showed that the PMSG-primed mature rat granulosa cell
culture used in this study can produce a significant amount of progesterone
even without FSH stimulation of the cultured granulosa cells. Also, the
PMSG injections are sufficient to consistently produce 75,000 viable
granulosa cells/rat (2 ovaries/rat) from 5 adult rats (10 ovaries, 3.75 x 10°
cells) for each experiment and consistently attain high viability (80%).
We were only able to attain 40,000 live granulosa cells/rat from mature
rats not primed with PMSG.

The results showed that 1-ng/mL TGF; induced significantly higher
progesterone secretion than controls (see Fig. 16.1). These data suggest
that TGFp, is capable of inducing progesterone secretion in cultured
mature rat granulosa cells from PMSG-primed adult rats.

Discussion

It is known that rat granulosa cells (12, 13) and thecal cells (4—6) produce
TGFB-like activity. It is also known that rat granulosa cells respond well
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to TGFp stimulation of differentiation and growth (6—10). In general,
TGFB produces remarkable differentiation and proliferation of rat
granulosa cells, especially in the FSH-induced cell culture system. How-
ever, in almost all the articles, DES-primed immature rats (20—30 days)
were used as sources of granulosa cells.

In the current study, we used PMSG-stimulated mature female rats to
harvest granulosa cells. We expect that mature female rats that have
complete 4-day estrous cycles would be a better physiological representa-
tion of normal reproductive ovarian function than immature female rats.
Therefore, we believe this mature granulosa cell model is more appro-
priate to study the regulation of follicular development and granulosa cell
function. Few studies have been done on mature rat granulosa cells to
date. Recently, one study showed that mature rat granulosa cells pro-
duce TGFp at a level similar to DES-primed and normal immature rat
granulosa cells (12). However, it is not known whether the response of
the mature rat granulosa cells to TGFp treatment will also be similar to
immature rat granulosa cells.

Our results show that 1.0-ng/mL TGFB; stimulates PMSG-primed
mature rat granulosa cells to secrete progesterone. This observation
seems to indicate that mature rat granulosa cells respond similarly to
TGFp,, as do immature rat granulosa cells. Interestingly, this response
differs from that of porcine granulosa cells as reported by our laboratory
previously (1). Perhaps the effect of TGFp, is species specific. More
research is necessary before the mechanism behind this apparent species
difference is understood.

Three injections of PMSG (20, 15, and 151U) were used in the current
study to stimulate follicular growth. PMSG has been reported to stimulate
follicle growth in rats by rescuing atretic follicles and allowing them to
reach ovulation (14). PMSG has FSH-like as well as LH-like activities
(15) and a long biological half-life (54-60h) (16). It has been shown
that a single injection of 10-IU PMSG followed by Auman chorionic
gonadotropin (hCG) does not maximally induce ovulation (17). In our
laboratory, we have successfully superovulated adult female rats using a
regimen of 3 injections of PMSG at 12-h intervals to stimulate follicular
growth followed by 1 dose of hCG to induce ovulation (18). The precise
mechanism of action for the difference in response between single and
multiple injections of PMSG in mature rats is not understood at this time.

We can conclude from our data that (1) 1.0-ng/mL TGFB, significantly
stimulates progesterone secretion in mature rat granulosa cells; (2) our
PMSG-primed mature rat granulosa cell model can produce a fair amount
of progesterone even without FSH-stimulation of the cultured granulosa
cells; and (3) PMSG successfully stimulated granulosa cell growth inside
the ovarian follicles since we were able to consistently acquire 75,000
functional granulosa cells/rat with a relatively high viability (80%), as
compared with porcine granulosa cells (55% —60%) (1).
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Induction of Steroidogenesis in
a Retrovirus-Transformed Rat
Granulosa Cell Line

I.M. Rao, P.J. HOrRNSBY, AND V.B. MAHESH

Ovarian follicular function is determined mainly by granulosa cells whose
primary secretory products are estradiol and progesterone. To study the
molecular mechanisms of the regulation of expression of key enzymes in
the steroidogenic pathway, it would be advantageous to have continuously
proliferating granulosa cell lines that retain steroidogenic function. In this
chapter, we report the development of a granulosa cell line (Rao-gcl-29)
by retrovirus transformation of primary cultures of granulosa cells and
its preliminary characterization. Preantral follicle granulosa cells were
transformed by a virus produced by the y2-SV40-6 cell line that encodes
SV40T antigen and the neo gene. The transformed clones were selected
by G418 resistance and screened for function. One of the clones identified
as Rao-gcl-29 can be induced to secrete progesterone after treatment
with cAMP analogs (1 mM). cAMP analogs do not induce synthesis of
estradiol in this cell line. Treatment with FSH and hCG did not induce
progesterone biosynthesis. This cell line would be invaluable in the study
of the cAMP regulation of P450,.. in ovarian granulosa cells.

Ovarian secretion of estradiol and progesterone during the follicular
phase of the ovarian cycle occurs mainly due to synthesis and release of
these hormones by the granulosa cells (1). Aromatase is the rate-limiting
enzyme in the biosynthesis of estradiol from androstenedione in granulosa
cells, and the activity of this enzyme is regulated by follicle stimulating
hormone (FSH) (2). Cholesterol side-chain cleavage enzyme (P450.)
converts cholesterol to pregnenolone in the granulosa cells that is then con-
verted to progesterone (3). This enzymatic activity is modulated by FSH,
luteinizing hormone (LH) and cyclic adenosine 3'-5'-monophosphate
(cAMP) in vivo and in vitro (2). In human granulosa cells, FSH, hCG,
and cAMP have been shown to stimulate the accumulation of P450
mRNA (4).

Rat granulosa cells have limited growth potential in vitro, but can be
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induced to express differentiated function by such various agents as FSH,
LH, and cAMP (5). It would be advantageous to have continuously
proliferating lines of granulosa cells to study the molecular mechanisms of
regulation of progesterone biosynthesis. Hence, we have attempted to
develop cell lines by retrovirus transformation of preantral rat granulosa
cells. One such cell line was isolated and preliminary characterization of
its function is reported in this chapter.

Methods

Preparation of Retrovirus-Transformed Granulosa Cells

Diethylistilbestrol (DES) treatment for 2 days of immature rats was shown
by our earlier study to yield preantral follicle granulosa cells that secrete
progesterone after stimulation by FSH in culture (6). Therefore, 25-day-
old immature Sprague-Dawley rats were treated with DES, 2 mg/rat s.c.,
for 2 days. They were killed 24 h after a second injection of DES, and the
ovaries were removed and cleaned of fat. Granulosa cells were isolated as
described in Rao et al. (6), and primary cultures were set up in 10-cm
dishes in serum-containing medium (10% FBS, 10% HS, 2% UltroSer G
in DMEM/F-12 1:1 medium). When grown in culture, y2-SV40-6 cells,
which were a gift from C. Cepko (7), release a defective retrovirus
encoding SV40T antigen and the neo gene that confers resistance to the
antibiotic G418. The infective medium was incubated with the granulosa
cells in the presence of polybrene for 48h. The cells were then grown in
the presence of G418, and the resistant clones were isolated, subcultured,
and stored frozen under liquid nitrogen until further characterization.

Cell Culture and Functional Analysis

Clonal lines were plated on fibronectin-coated 35-mm culture dishes in
serum-containing medium. To study the response of these clones to
cAMP analogs, the cells were incubated in the presence of a mixture of 8-
Br-cAMP and N®-monobutyryl cAMP (1:1; 1mM) for 48h in serum-
containing medium and also in defined medium (4 F medium) (5). About
1 x 10° primary granulosa cells, obtained from DES-treated rat ovaries,
were plated in defined medium in parallel experiments. The dishes were
incubated for 48h at 37°C in 5% CO,, 5% O,. Medium was collected
at the end of the incubation periods and stored at —20°C for radio-
immunoassays (RIA). In experiments where the response to FSH and
hCG was studied, the cells were incubated in defined medium for 48h in
the presence of FSH (oFSH-17, 100ng/mL) or cAMP analogs (1 mM).
The medium was collected, and the dishes in each group were then
incubated with hCG (100ng/mL; Sigma) or cAMP analogs (1 mM), as



224 I.M. Rao et al.

FiGUure 17.1. Phase contrast micrograph of Rao-gcl-29 cells grown in granulosa
cell medium.

indicated. At the end, the medium was collected and stored at —20°C
until further analysis.

Progesterone in the medium was assayed by a specific RIA as described
in Rao and Mahesh (8). The results were expressed as pmol progesterone
formed/10° cells/48 h.

Results

Light Microscopy

Among the 35 granulosa cell lines developed, after an initial screening,
one of the clones identified as Rao-gcl-29 was selected due to progesterone
inducibility and studied for function. This cell line shows epithelial
appearance when observed under phase contrast microscope (Fig. 17.1).
The cells grow densely in serum-containing medium.

Response to cAMP

When grown for 48h in the presence of 1 mM cAMP analogs in serum-
containing medium, as well as in defined medium, Rao-gcl-29 cells
responded with an increase in the secretion of progesterone over untreated
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Fi1Gure 17.2. Induction of progesterone biosynthesis in Rao-gcl-29 and in primary
cultures of granulosa cells. Groups 1 and 2 represent Rao-gcl-29 cells grown
in serum-containing medium and in defined medium, respectively. Group 3
represents rat granulosa cells cultured in defined medium. Cells were incubated
for 48h in the presence or absence of 1 mM of cAMP analogs (a mixture of 8-Br-
cAMP and N®-monobutyryl cAMP, 1:1), and the progesterone produced was
assayed by RIA. (*= P < 0.0001 when compared to corresponding control

[n=3])

controls (Fig. 17.2, groups 1 and 2). Progesterone production by the cell
line was comparable to the response of a primary culture of granulosa
cells under similar conditions (Fig. 17.2, group 3). Cyclic AMP analogs
did not induce estradiol synthesis in this cell line.

Response to FSH and hCG

Figure 17.3 shows the response of a primary culture of granulosa cells to
FSH and hCG. Granulosa cells, when incubated in the presence of FSH
(100ng/mL) for 48h secrete progesterone. When the same cells are
incubated with hCG (100ng/mL) for a second 48h, they also respond
with progesterone secretion (Fig. 17.3, group 1). Primary cultures of
granulosa cells also respond to hCG during the second 48-h incubation
after stimulation with cAMP analogs (1mM) in the first 48-h period
(Fig. 17.3, group 2). These cells also respond to cAMP analogs with
progesterone secretion at the end of both time periods (Fig. 17.3, group
3). In contrast, Rao-gcl-29 cells do not respond to FSH (100ng/mL)
during the first 48-h incubation. Also, they do not respond to hCG
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FiGure 17.3. Effect of FSH, hCG, and cAMP on induction of progesterone
biosynthesis in primary cultures of granulosa cells incubated in defined medium.
Each of the 3 separate groups of dishes was treated with FSH (100ng/mL) or
cAMP analogs (1 mM) from 0 to 48h. The medium was collected, and the dishes
were then incubated for an additional 48h with hCG (100ng/mL) or cAMP
analogs (1mM). At the end of each incubation period, the medium was assayed
for progesterone content (n = 2).

(100 ng/mL) during the second 48-h incubation, after treatment in the first
48h, either with FSH (100ng/mL) or with 1mM cAMP analogs (Fig.
17.4, groups 1 and 2). However, they respond to cAMP analogs during
both time periods (Fig. 17.4, group 3).

Discussion

Retrovirus transformation of granulosa cells of rat was achieved in this
study with the development of a granulosa cell line (Rao-gcl-29) that
retained progesterone synthetic ability in response to cAMP analogs.
The results showed that in this cell line, cAMP analogs can induce
progesterone biosynthesis from a low basal level in the uninduced cells.
This would be advantageous, as one can study the molecular events that
follow cAMP induction of P450;.. gene expression in granulosa cells. The
response of this cell line to cAMP compares well with that of primary
cultures of granulosa cells from preantral follicles under similar conditions.
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Figure 17.4. Effect of FSH, hCG, and cAMP on induction of progesterone
biosynthesis in Rao-gcl-29 cells incubated in defined medium. Each of the 3
separate groups of dishes was treated with FSH (100 ng/mL) or cAMP analogs
(ImM) from 0 to 48h. The medium was collected, and the dishes were then
incubated for an additional 48 h with hCG (100 ng/mL) or cAMP analogs (1 mM).
At the end of each incubation period, the medium was assayed for progesterone
content (n = 2).

This is the first report of development of a granulosa cell line by SV40
transformation of primary cells with retention of steroidogenic function.
In previous work, Fitz et al. (9) subcloned a cell line from an SV40-
transformed rat granulosa cell line. It produced very low amounts of
steroids (6.4 pmol of progesterone/10°® cells/48h). Zilberstein et al. (10)
have developed granulosa cell lines, by using a temperature-sensitive
mutant of SV40, that have no detectable steroidogensis. Amsterdam
et al. (11) and Suh and Amsterdam (12) have reported development of
granulosa cells lines by transforming preantral and preovulatory follicle
granulosa cells of rat. When SV40 alone was used, they did not obtain
any steroidogenic clones. However, by cotransfection with Ha-ras and
SV40, they obtained cell lines that could secrete progesterone and 20a-
dihydroprogesterone. Rao-gcl-29 cells compare favorably with the
granulosa cell lines developed by Amsterdam et al. (11) and Suh and
Amsterdam (12) from preantral follicles in progesterone secretion.
Our study suggests that ras may not be required for the retention of
steroidogenic function.

Initial characterization of Rao-gcl-29 shows that it does not respond to
either FSH or hCG in producing progesterone at optimal doses and dura-
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tion of incubation. Similar observations were made for other granulosa
cell lines (11, 12). The lack of response of Rao-gcl-29 cells to hCG in the
second 48-h period is not due to cell death, as the cells continue to
respond to cAMP in that period (Fig. 17.4, group 3). Also, Rao-gcl-29
cells respond to cAMP analogs for 96h in defined medium, and such a
system may be useful in investigating the role of growth factors in the
regulation of the genes for enzymes of the progesterone biosynthetic
pathway.
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Arachidonic Acid as a Second
Messenger for Regulation of
Aromatase Activity in Porcine
Granulosa Cells

F. LEDwITZ-Ri1GBY, M.K. NICKERSON, S.W. LIN, AND
PeTER C.K. LEUNG

Arachidonic acid (AA) and its metabolites have many important roles in
signal transduction in the reproductive system (1-4). While its ability to
stimulate progesterone secretion by rat granulosa cells has been clearly
established (3, 4), a role for AA in regulation of aromatase activity in
granulosa cells has only been previously reported in preliminary form (5).
The present report examines the effects of AA on aromatase activity in
porcine granulosa cells.

Granulosa cells were harvested from 1- to 10-mm antral follicles from
ovaries obtained at local slaughterhouses as previously described (6).
The aromatase assays were performed on freshly collected cells following
determination of live cell number by trypan blue dye exclusion and
hemocytometer counting. Aromatase activity was assessed by the release
of tritiated water from 1B, 2B->H testosterone in the presence or absence
of 5 x 107®M unlabeled testosterone during 3-h incubations (7). There
were 6 replicates per treatment group per experiment, and each observa-
tion was repeated in at least 3 separate experiments. Addition of exoge-
nous AA in the culture media during the 3-h aromatase assay did not
consistently influence aromatase activity. In only 3 out of 12 experiments,
107°M AA significantly (P < 0.05) stimulated aromatase activity 30%—
70% . However, manipulations of the cells to increase their endogenous
AA contents had consistent significant effects on aromatase activity.

The single most potent stimulator of aromatase activity was indo-
methacin. Indomethacin, a cyclooxygenase inhibitor, blocks the metabolism
of arachidonic acid to the prostaglandins and thromboxanes (Fig. 18.1).
Indomethacin stimulated aromatase activity by porcine granulosa cells in
a dose-dependent manner over a range of 5 X 107® to 10™*M and was
more effective at stimulating aromatase activity in immature granulosa

230



18. Arachidonic Acid as a Second Messenger 231
Phospholipids
o

~--(#)--- Melittin

2y esedrjoydsoy

Arachidonic Acid

% Loy, - -indomethac
4;%@4‘(3 5 {pgeo---- -)--<-indomethacin
\'>Q°Q° -{-)-NDGA »QJ, e

Leukotrienes Prostaglandins

&
S,
% "béo
e

Thromboxanes

Outline of Arachidonic Acid Cascade

FiGure 18.1. Arachidonic acid metabolism.

cells from 1- to 3-mm follicles (2.6 % 0.3-fold) than in cells from more
mature follicles (1.5 + 0.3-fold). Addition of Melittin (3 x 107'M),
a stimulator of phospholipase A, (PLA,), or PLA, itself (0.1-1.0U)
to the culture media had small, but significant, effects in stimulating
aromatase activity by porcine granulosa cells. The combined actions of
indomethacin and Melittin or indomethacin and PLA,, however, were
synergistic and stimulated aromatase activity up to 5 times that of control
levels (Fig. 18.2).

The above data suggested that an increase in intracellular AA con-
centrations achieved by simultaneously increasing AA production and
blocking its conversion to prostaglandins and thromboxanes could enhance
aromatase activity in porcine granulosa cells. Arachidonic acid could
achieve its effects on aromatase through many pathways. Blocking the
cyclooxygenase pathway could either remove the production of an
inhibitor of aromatase activity (such as a prostaglandin) or make more
AA available for conversion to leukotrienes via the lipoxygenase pathway
(Fig. 18.1) (8). Alternatively, AA has been shown to influence cell
functions by mobilizing calcium (2) and by stimulating the production of
cyclic guanosine monophosphate (cGMP) (9).

This study examined possible mechanisms by which AA influences
aromatase activity. Nordihydroguaiaretic acid (NDGA), a lipoxygenase
inhibitor, was tested for its ability to reverse the stimulatory effect
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FiGure 18.2. Stimulation of aromatase activity in porcine granulosa cells by
indomethacin and Melittin. (Bars represent X + SE [n = 6]; ** = P < 0.01.)

of indomethacin. The reasoning for these experiments was that
indomethacin’s ability to enhance aromatase activity might be due to its
ability to make more AA available for conversion to a specific leukotriene
that would then influence aromatase. Thus, blockage of the production of
leukotrienes might interfere with indomethacin stimulation of aromatase
activity. NDGA was added to the culture media by itself and in the
presence of 107*M indomethacin. Neither 10~>M nor 10~*M NDGA
had any effect on either basal aromatase or on the stimulatory action of
indomethacin on aromatase activity, suggesting that a leukotriene was not
involved in enhancing aromatase activity.

Involvement of the guanylate cyclase pathway in indomethacin’s
stimulation of aromatase activity was also found to be unlikely. Addition
of 5 x 1076 to 5 X 10™>M dibutyryl cGMP had no effect on aromatase
activity. Dibutyryl ¢cGMP produced a 50% stimulation of aromatase
activity (P < 0.05) at 5 x 107*M, but the need to use such a high con-
centration made us debate the physiological significance of this observa-
tion. Furthermore, the addition of an inhibitor of guanylate cyclase,
LY83583 (107>M), had no effect on basal or indomethacin-stimulated
aromatase activity.
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Whether indomethacin might stimulate aromatase activity by blocking
the production of a prostaglandin inhibitor of aromatase activity was
subjected to preliminary testing. The addition of prostaglandin F,,
(107°M) or prostaglandin E, (107 to 10~* M) had no effect on aromatase
activity. Thus, these well-known inhibitors of progesterone production do
not appear to be involved in short-term regulation of aromatase activity.
There are numerous other products of the cyclooxygenase pathway that
have not been examined that might have an inhibitory role in the regula-
tion of aromatase. Such a mechanism, however, would not explain the
synergistic action of indomethacin and a stimulator of AA production
(Melittin or PLA,).

At this point, we do not know the mechanism for AA stimulation of
aromatase activity in porcine granulosa cells. Arachidonic acid, however,
could play an important role as a second-messenger mediator for the
early effects of endocrine signals on aromatase activity.
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Inhibition of Progesterone
Production in Cultured Porcine
Granulosa Cells by Transforming
Growth Factor [3;

WiLLiaMm Y. CHANG, HIROSHI OHMURA, SERDAR COSKUN, AND
Young C. LN

Transforming growth factor-f (TGFp) affects the functions of a variety
of steroidogenic cells. Porcine thecal cells have been shown to secrete
TGFp in vitro, and it has been proposed that TGFB may function as an
autocrine-paracrine regulator in follicular development (1). The purpose
of this experiment is to evaluate the regulatory effect of TGFpB; on
progesterone (P4) production in cultured porcine granulosa cells pre-
exposed to follicle stimulating hormone (FSH). Porcine ovaries were
obtained from a local slaughterhouse. The porcine granulosa cells used
for the current studies were harvested from medium-sized ovarian follicles
(3-8 mm in diameter). Approximately 2.0 x 10° viable cells/well were
cultured in 1-mL serum-free Dulbecco’s Modified Eagle Medium/Ham’s
F-12 (DME/F-12) supplemented with 1-pg insulin, 1-IU thrombin, and
10-ng low-density lipoprotein (DME/F-12/S). The granulosa cells were
incubated under 5% CO,, 95% air at 37°C. After 2 days of culture, the
wells were washed 3 times with unsupplemented DME/F-12, and fresh
DME/F-12/S containing 100-ng/mL FSH was added. Then, after 2 days of
FSH treatment, new DME/F-12/S containing 0-, 0.001-, 0.01-, 1-, or
10-ng/mL. TGFp; was added to each well and allowed to incubate for
42h. Progesterone (P,) secreted into the culture media by the porcine
granulosa cells was measured by radioimmunoassay, and protein content
of the granulosa cells was measured by dye binding method. The P,
contents (pg/ug cell protein, mean = SEM) for the porcine granulosa
cells treated with 0-, 0.001-, 0.01-, 0.1-, 1-, and 10-ng/mL TGFp, were
28.6 = 3.0,23.4 + 44,246 + 1.0, 16.3 £ 1.8, 189 + 2.4, and 19.1 +
0.7, respectively. TGFp; at 0.001 and 0.01 ng/mL decreased P, produc-
tion by the granulosa cells, but insignificantly. Treatment with 0.1-ng/mL
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TGFB; maximally and significantly (P < 0.05) decreased P, produc-
tion from control. Higher levels of TGFB; (1 and 10ng/mL) did not
further attenuate P, production as compared to 0.1-ng/mL TGFB;. The
steroidogenic effects of TGFB are known to be cell specific, but this
finding suggests that its effects within granulosa cells may also be species
specific. Data from our laboratory by Ohmura. et al. (2) shows that
TGFB, stimulates P, production in cultured granulosa cells from super-
stimulated adult rats. Additional research is needed to elicit the precise
regulatory mechanism of TGFpB on steroidogenesis in granulosa cells
before this species specificity can be understood.

In 1978, Joseph DeLarco and George Todaro discovered that the
retroviral transformation of murine 3T3 fibroblast cells by the Moloney
murine sarcoma virus was associated with a factor they called sarcoma
growth factor (SGF) (3). Today, SGF is known to have 2 active com-
ponents and has been renamed transforming growth factor (TGF) for
its ability to transform normal fibroblast cells in culture (4, 5). The 2
active components, TGFa and TGFp, have been extracted from normal
mammalian tissues and have been shown to exhibit numerous regulatory
actions. TGFp, which is present in nearly all cells of every organ (6), is
produced in rat ovaries by theca-interstitial cells (7, 8), as well as by
granulosa cells (9, 10) in vitro, and seems to stimulate rat granulosa cell
proliferation and differentiation (11-15). In the bovine ovaries, TGFp is
secreted by thecal cells (7) and enhances FSH-induced aromatase activity
and P, synthesis (16). However, in porcine ovaries, TGFp is known to be
secreted by thecal cells (1), but has profound effects on proliferation and
differentiation of granulosa cells (17, 18).

In the mammalian estrous cycle, only a small number of follicles are
growing at one time, and the majority of them undergo atresia. The
selection of only a fraction of the developing follicles to ovulate in any
one cycle suggests a complex regulatory mechanism must exist to locally
control further development or atresia of follicles within an ovary. The
ovarian follicles consist of an outer layer of theca cells and inner layers of
granulosa cells. Inevitably, it is the control of these two cell types that
determines follicular function. It has already been shown that many
factors, such as FSH, luteinizing hormone (LH), epidermal growth factor
(EGF), estrogens, and androgens, act to regulate granulosa cell function
(19). TGFB, a factor produced and secreted by porcine theca cells (1), is
another likely candidate to play a role in the control of porcine granulosa
cell function. TGFp is a polypeptide in a family of structurally related
regulatory peptides that includes inhibins (20). TGFBs are homodimeric
peptides consisting of two 112-amino acid monomers and possessing a
molecular weight of 25,000 (21). Within the TGFf superfamily, there
exist several forms of TGFp. The first form to be discovered, TGFB;, is
used in this study. The current study was designed to determine the role
of TGFp; on steroidogenesis in porcine granulosa cells.
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Materials and Methods

Chemically defined medium was used for the current study. DME/F-12,
insulin, thrombin, and low-density lipoprotein (LDL) were obtained from
Sigma Chemical Company (St. Louis, MO). Fetal calf serum (FCS) was
obtained from Hyclone (Logan, UT). TGFp,; from porcine platelets was
obtained from R&D Systems (Minneapolis, MN). FSH was obtained
from the National Institutes of Health. Antibiotic-antimycotic (100X)
containing penicillin, streptomycin, and amphotericin B was purchased
from Gibco Laboratories (Grand Island, NY). Corning 24-well plates
#25820 were obtained from Corning Glass Works (Corning, NY). The
Bio-Rad protein assay dye reagent concentrate was obtained from Bio-
Rad Laboratories (Richmond, CA).

Granulosa Cell Culture

All media used contained 250-pg/L amphotericin B, 100-IU/mL peni-
cillin, and 100-ug/mL streptomycin. Porcine ovaries obtained from a local
slaughterhouse were soaked in 70% ethanol for approximately 1 min and
then washed 10 times with double-distilled water. Granulosa cells were
obtained by aspirating medium-sized follicles (3—8 mm in diameter) with
a 20-gauge needle. The fluid was centrifuged for 5Smin at approximately
200 x g. The supernatant was removed, and cells were resuspended by
gentle mixing in DME/F-12 and recentrifuged. Removal of supernatant,
resuspension, and centrifugation were repeated again. After removing the
remaining supernatant, the cells were suspended in DME/F-12 supple-
mented with 1-pg/mL insulin, 1-IU/mL thrombin, and 10-ng/mL LDL
(DME/F-12/S). Cells were then seeded into 24-well Corning culture plates
at a density of 2.0 X 10° live cells/well in 10% FCS-coated wells. The
wells were coated by adding 1.0-mL DME/F-12 plus 10% FCS to each
well 18 h prior to seeding. The 10% FCS medium was completely removed
1h before granulosa cell seeding. FCS coating was used to enhance cell
attachment. Each well contained a total volume of 1.0-mL DME/F-12/S.
The cells were allowed to culture for 48 h in 5% CO,, 95% air at 37°C.
The wells were then washed 3 times with DME/F-12, and 1.0-mL DME/
F-12/S containing 100-ng/mL FSH was added to each well. The cells were
allowed to incubate for another 48 h. Media were then removed, and the
cells were treated with 0-, 0.001-, 0.01-, 1-, or 10-ng/mL TGFp; in DME/
F-12/S for 42h. Media and cells were collected for P, radioimmunoassay
(RIA) and protein assay, respectively.

Progesterone RIA and Protein Assay

Concentration of P, was determined by RIA as described by our previous
publication (22). Protein content of the cells was determined by Bio-Rad
microassay techniques. Briefly, 0.8 mL of 0.1IN NaOH in double-distilled
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water was added to each well after removal of media. The NaOH solu-
tion was then removed and mixed with 0.2-mL Bio-Rad protein assay
dye reagent concentrate. The optical densities were measured with a
Beckman DU-70 Spectrophotometer using visible light at a wavelength of
595 nm.

Statistical Analysis

Statistical analyses were performed by one-way analysis of variance
(ANOVA) followed by Bonferroni posttest. The data are presented as
the mean £ SE. Values of P less than 0.05 are considered as statistically
significant.

Results

The P4 content of the media was chosen as an end parameter for indica-
tion of granulosa cell function. Protein content of the cells was used to
approximate the number of granulosa cells that were still attached to the
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FIGURE 19.1. Progesterone production (pg/pg cell protein) by porcine granulosa
cells collected from medium-sized follicles (3-8 mm diameter) after 48-h pre-
treatment with 100-ng/mL FSH followed by 42-h treatment with 0-, 0.001-, 0.01-,
0.1-, 1-, or 10-ng/mL TGFp; (mean *+ SEM). Treatment with 0.1-ng/mL TGFp,
significantly (*) decreased progesterone production as compared to control.
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wells when the media were collected. Variability in cell content will exist
due to variabilities in seeding samples, attachment rates, and proliferation
rates. As shown in Figure 19.1, TGFB, significantly (P < 0.05) attenuated
P, production per unit cell content. Productions of P, (pg/ug protein,
mean + SEM) for cells treated with 0-, 0.001-, 0.01-, 0.1-, 1-, and 10-
ng/mL TGFp, are 28.615 £ 2.98, 23.440 * 4.36, 24.587 = 1.00, 16.302 =
1.82, 18.878 + 2.36, and 19.125 £ 0.70, respectively. TGFp, at 0.001 and
0.01 ng/mL decreased P, production by the porcine granulosa cells, but
insignificantly. Treatment with 0.1-ng/mL TGFp; maximally and sig-
nificantly (P < 0.05) decreased P, production from control. Higher levels
of TGF; (1 and 10ng/mL) did not further attenuate P, production and
were insignificant from control and 0.1-ng/mL TGFf,; treatment.

Discussion

A number of research articles have addressed the effect of TGFp on rat
granulosa cell proliferation and differentiation (8, 11-15). However, few
articles have been published about porcine granulosa cells (1, 17, 18).
Generally, it has been shown that TGFp acts on the rat granulosa cells to
promote growth and differentiation (11-14). On the other hand, one
study on porcine granulosa cells obtained from small follicles (<3 mm
diameter) showed that TGFB inhibited FSH-stimulated P, production
(18). Our finding determined that in pigs, TGF; inhibits P, production
from FSH-pretreated granulosa cells obtained from medium-sized follicles
(3—8 mm diameter).

The porcine ovaries used in this experiment were obtained from a local
slaughterhouse, and medium-sized immature ovarian follicles (3-8 mm in
diameter) were aspirated. With this source of ovaries, the conditions of
the donor are not experimentally controlled. Therefore, correlation of
the estrous cycle stage with the granulosa cells cannot be defined. The
collection of granulosa cells used in this study must be considered a
general representation of granulosa cells from all stages of the estrous
cycle. Previous work from our laboratories has shown the granulosa cells
obtained from the slaughterhouse to be functional and appropriate for
experimentation (23). This conglomerate of granulosa cells, however,
may explain the high variability in P, production seen in the control
(0-ng/mL TGFB,) and at low TGFp,; concentrations (0.001 ng/mL). The
in vitro porcine granulosa cell model used in this study is convenient since
no animal sacrifice is necessary, but standardization of follicle selection
and collection methods is essential.

Our study using cultured porcine granulosa cells grown in a chemically
defined medium shows that after 42-h treatment with TGFp;, P, produc-
tion was maximally suppressed at 0.1-ng/mL TGF,. Different treatment
times may yield different levels of suppression. Adashi et al. (24) showed
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that TGFB augmentation of FSH-supported aromatase activity in murine
granulosa cells required a minimum of 48h. An even greater response
was seen after 72h. Also, Mondschein et al. (18) reported significant
inhibition of FSH-stimulated P, production in porcine granulosa cells
treated for 72h with 0.1 ng/mL and higher concentrations of TGFp;.
The latter study supports our finding that P, production is maximally
suppressed with 0.1-ng/mL TGFpB;. We can only speculate that the sig-
nificance of this concentration may lie within the TGFp receptor function.
Perhaps the receptors are saturated or are down-regulated as TGFp
concentration increases. However, a complex ligand-receptor association
exists with different forms of TGFp and the individual forms of TGFpB
receptors (25), and it is beyond the scope of this chapter.

A significant finding in the study is the contradictory effects of TGFp;
on porcine granulosa cells as compared to adult rat granulosa cells.
In another study performed in our laboratory, TGFB; was found to
stimulate P, production in granulosa cells collected from ovaries of
mature rats treated with pregnant mare serum gonadotropin (2). These
findings suggest that the effect of TGFpB; may be species specific.

The mechanism of action of TGFp in ovarian cells is poorly under-
stood. In general, it is known that TGFp inhibits LH-induced androsterone
accumulation and stimulates P, production in thecal cells (26). In the
granulosa cell, it stimulates FSH-induced estrogen and P, production in
the rat. More specifically, TGFp alone does not alter cAMP generation
in granulosa cells (8, 24) and probably acts at a site distal to cAMP
generation. In the rat, TGFP has been speculated to decrease the 170-
hydroxylase/17-20-lyase enzyme (24, 27).

The mechanism of action in porcine granulosa cells is still unknown;
thus, its profound effects cannot be explained. Perhaps TGFp in porcine
granulosa cells acts through a different mechanism involving an inter-
mediate factor. Mondschein et al. (28) have reported that TGFp; inhibits
insulin-like growth factor binding protein 3 (IGFBP-3) secretion by porcine
granulosa cells. IGFBPs can either enhance or inhibit IGF-dependent cell
function in other in vitro cell systems. Their effects in porcine granulosa
cells are still unknown.

Whatever its mechanism of action, the production and secretion by
porcine thecal cells and the lack of detectable amounts in follicular
fluid suggest that TGFB acts in a autocrine-paracrine fashion (1).
Undoubtedly, TGFB plays an important role in regulating follicular
development. Understanding of its function and of regulation of its pro-
duction are essential for understanding the ovarian cycle. The findings in
this study raise the possibility that TGFp possesses species-specific effects,
which implies a complex mechanism of action.

The difference in effects of this relatively new polypeptide on porcine
and rat granulosa cells is profound and, as of yet, not understood.
Perhaps the effect of TGFp is truly species dependent, which only raises
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the question about the significance of this difference. There are even
conflicting findings within the porcine species about its effects on granulosa
cell proliferation (17, 18). These uncertainties are not surprising consider-
ing the many interactions of gonadotropins and other local factors upon
ovarian function. Further investigation is needed before we can fully
understand all the factors and their interactions involved in the regulation
of granulosa cell function.
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Biological Relevance and Analysis
of c-myc Gene Expression in
Normal Human Ovary

HiroNORI TASHIRO, MANABU FukuMOTO, KOHJI MIYAZAKI, AND
HitosHi OKAMURA

Among oncogenes, the c-myc gene is most frequently activated in a wide
spectrum of tumors (1). Recently, we demonstrated that the c-myc gene
is overexpressed in primary human ovarian cancer tissues, especially in
serous tumors (unpublished observation). The c-myc gene is also known
to be involved in cell proliferation and differentiation other than carcino-
genic process. It has been reported that granulosa cells in rat ovary
express the c-myc transiently after pregnant mare serum gonadotropin
(PMSG) administration, suggesting that the c-myc gene is involved in
steroidogenesis (2). To elucidate the function of the c-myc gene in
normal human ovary, c-myc expression was investigated by Northern
hybridization and immunohistochemistry in 11 independent, normal
ovarian tissues.

Materials and Methods

Materials

Normal ovarian tissues from 10 independent cases that were dissected by
medically warranted oophorectomy and 1 autopsy case were snap frozen
in liquid nitrogen. A summary of cases is shown in Table 20.1. Mature
follicles and a corpus luteum were dissected from other components
before frozen in cases 7 and 8, respectively. The samples were stored at
—80°C for subsequent analysis.

Oncogene Expression

Frozen tissues were homogenized under nitrogen using a magnetic
vibrator (Mikro-Dismembrator II, B. Braun Instruments) and in 4M
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TaBLE 20.1. Age, menstrual status or day of cycle, and c-myc expression in
ovarian tissues.

Case Age (years) Menstrual status or day of cycle c-myc expression (fold)
1 53 Menopause at age 50 7.6
2 47 Menopause at age 46 1.5
3 45 13th day 0.7
4 33 27th day 1.6
52 47 Treated with the pill 1.0 (basal level)
6 39 22nd day 1.1
7° 47 13th day 0.3
8¢ 34 28th day 0.8
9 54 Menopause at age 51 0.8
10 59 Menopause at age 55 1.8
11 13 Premenarche 2.0

*Combined progesterone-estrogen therapy (5-mg norgestrel and 0.05-mg ethynylestradiol)
was used in the form of the pill for 1 month. This c-myc expression was defined as basal
level.

®Mature follicles were dissected.
€A corpus luteum was dissected.

guanidine isothiocyanate. The lysate was layered on a CsCl gradient and
spun in an ultracentrifuge (SW41 rotor, Beckman), and total RNA was
isolated (3). Twenty micrograms of total RNA was subjected to electro-
phoresis in an 0.8% agarose gel containing 2.2M formaldehyde. After
Northern blotting onto a nylon membrane (Biodyne B, Pall Biosupport),
RNA was hybridized to a c-myc probe (exon 3 of HSR-1) (4) labeled with
3p.dCTP by oligolabeling. The value of densitometric determination
(Ultroscan XL laser densitometer, LKB) on autoradiogram was carried
out at the control level of expression. The amount of RNA electrophoresed
was normalized by ethidium bromide profile after electrophoresis.

Immunohistochemical Detection of c-myc Protein

Frozen tissues were sectioned at 6 um thick and fixed in 6% neutral
formalin. Monoclonal mouse antibody against c-myc protein produced in
Escherichia coli, myc-1 (IgG,) (5) was kindly provided by Dr. Shiku
(Nagasaki University, Japan). After application of biotinylated horse
antimouse immunoglobulin, colorization was carried out by Vectorstain
ABC kit (Vector). Nonimmunized mouse IgG, was used as negative
control for staining.

Results

The profile of Northern hybridization to the c-myc probe is shown in
Figure 20.1. The expression of case 5 was defined as the basal level
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FIGURE 20.1. Northern blot analysis of c-myc expression in ovarian tissues.
Each lane number corresponds respectively to the case numbers in Table 20.1.
(PL = placental tissue at full term.)

because hormonal state was thought to be most stable. The expression
normalized against the basal level is shown in Table 20.1.

As measured by tissue mass, c-myc expression in ovarian tissues did not
show significant fluctuation during the menstrual cycle (cases 3, 4, and 6).
However, in dissected tissues of mature follicles (case 7) and corpus
luteum (case 8), the c-myc was expressed less than the basal level. The
expression of premenarchal ovarian tissue from the 13-year-old autopsy
case (case 11) was twice as high as the basal level.

Immunohistochemically, c-myc protein was localized in granulosa cells
of preantral and early antral follicles (less than 1mm in diameter)
(Fig. 20.2). Follicles larger than 1 mm were stained weakly, and mature
follicles and corpus luteum showed negative staining (data not shown).

In case 1, a postmenopausal case that showed the highest expression
of the c-myc gene by Northern hybridization, many inclusion cysts
were characteristically found on histology of serial sections. Immuno-
histochemical detection of c-myc protein in case 1 is shown in Figure 20.3.
Nuclei of lining cells of the inclusion cysts were positively stained for
c-mcy protein. The other postmenopausal ovarian tissues (cases 2, 9,
and 10) did not show high expression of the c-myc gene by Northern
hybridization.
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FIGURE 20.2. Immunohistochemistry of c-myc protein in case 11. Granulosa cells
of preantral follicles and an early antral follicle are positively stained. Top: 100X
bottom: 200x.
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FiGure 20.3. Immunohistochemistry of c-myc protein in case 1. Lining cells of an
inclusion cyst are positively stained. Top: 40X ; bottom: 200X .
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Discussion

The present study has demonstrated that c-myc protein was localized in
granulosa cells of preantral and early antral follicles in a premenarchal
case. However, granulosa cells of mature follicles and luteinized cells
expressed c-myc gene less than the basal level, and these cells were not
stained by anti-c-myc antlbody These data suggest that the c-myc gene
might play an important role in the early stage of development of follicles
that are not affected by endogenous gonadotropin. Recently, studies have
demonstrated that the nerve growth factor (NGF) gene is expressed in the
immature rat ovary (6) and that NGF is necessary for the growth of
follicles during the early stage of development (7, 8). Moreover, NGF is
known to induce c-myc transcription in PC12 cells (9). Thus, the present
study indicates that c-myc activation in early antral granulosa cells might
be induced by NGF, resulting in the initiation of follicle growth during
the early stage.

The c-myc gene was activated in lining cells of inclusion cysts that are
known to be the first stage in the neoplastic process. We have found a
case of low malignant potential of serous tumor with the remarkable
overexpression of the c-myc gene (unpublished observation). These data
coincide with the notion that c-mcy expression may reflect differentiation
or the neoplastic process in tumor lineages (10). In the present study, it is
suggested that c-myc expression has an important role both in the early
stage of follicle development and in the neoplastic process in human
ovary.
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Signal Transduction of PGF,, in Rat
Corpora Lutea

GILLIAN L. STEELE AND PETER C.K. LEUNG

The mechanisms involved in prostaglandin F,, (PGF,,) action in the
corpus luteum remain to be clearly defined. Certainly, this eicosanoid is
implicated in the process of luteolysis—that is, inhibiting the adenylate
cyclase-cyclic AMP system—thereby blocking gonadotropin-induced ste-
roidogenesis in corpora lutea (1, 2). An induction of inositol lipid
metabolism has been observed following binding of PGF,, to its mem-
brane receptor, as well as subsequent mobilization of intracellular free
calcium (3, 4). Furthermore, intracellular unesterified arachidonic acid
(AA) levels are reported to become elevated in response to PGF,,
receptor binding (5, 6). This introduces the potential for a positive feed-
back loop whereby AA would provide the substrate for de novo genera-
tion of eicosanoids, including PGF,,. Such a model is attractive in view
of the rate at which luteolysis occurs. In this chapter, recent studies
are reviewed in order to evaluate the possibility that these intracellular
mechanisms are responsible for the observed physiological effects of
PGFZG'

Signal Transduction via Inositol Lipid Metabolism

Our understanding of the mechanisms by which hormones induce a
cellular response has increased dramatically in the past decade. It is now
evident that in addition to the well-characterized adenylate cyclase-cAMP
pathway, another prominent signaling pathway relies on the metabolism
of membrane phosphoinositides: the stimulation of inositol lipid break-
down. Hormone-specific binding initiates a conformational change in
the receptor that leads to the activation of phospholipase C (PLC).
Phosphatidylinositol 4,5-bisphosphate (PIP,) is hydrolyzed by PLC to
form inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). The
former is released into the cytosol, while the latter remains membrane
bound.
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IP; stimulates the release of calcium from intracellular stores—
specifically, the endoplasmic reticulum—and has also been shown to
facilitate calcium transport across the plasma membrane (7). DAG also
functions as a second messenger, activating protein kinase C (8). This
activation appears to require intracellular free calcium as a cofactor,
which may be involved in the translocation of this protein kinase from
the cytosol to the membrane. Additionally, DAG may be converted to
either phosphatidic acid or monoacylglycerol and AA. The former is
resynthesized into phosphatidylinositol, while AA provides the substrate
for the cyclooxygenase and lipoxygenase pathways. In this respect,
it stimulates the generation of additional second messengers, such as
prostaglandins, leukotrienes, and thromboxane.

PGF,,-Induced Hydrolysis of Membrane
Polyphosphoinositides

In larger domestic animals like the sheep, the source of PGF,, involved in
luteolysis has been shown to be the uterus (9). In the rat ovary however,
PGF,, synthesis in several cell types is maximal close to the time of
luteolysis, suggesting this tissue to be the source (10). Two binding sites
for PGF,, have been identified in rat corpora lutea, one with high and
one with lower affinity for the ligand (11). With regard to the affinity and
binding capacity of this prostaglandin, its binding to the receptor appears
to parallel the luteolytic action that it induces. In rat luteal and granulosa
cells, radiolabeling studies have shown that PGF,, binding decreases
phosphatidylinositol 4-phosphate and PIP, concomitant with rapid and
significant increases in phosphatidylinositol (PI), phosphatidic acid (PA),
and inositol phosphates (IP) (3, 12). These results are consistent with the
notion that hydrolysis of polyphosphoinositides plays a role in the early
signal transduction of PGF,, action. Furthermore, treatment of these
cells with a PLC preparation had a similar effect on IP accumulation (3).

In bovine luteal cells, PGF,, treatment also induced inositol phos-
pholipid turnover as evidenced by increased incorporation of radiolabeled
phosphate into PA and PI (13). The prostaglandin provoked rapid and
sustained increases in IP, IP,, and IP; Furthermore, the isomers were
shown to be formed by the action of a specific calcium/calmodulin-
regulated kinase (IP;-3-kinase) that phosphorylates IP; to form inositol
1,3,4,5-tetrakisphosphate (14). The latter may be implicated in the
mobilization of free calcium due to its apparent ability to aid calcium
influx (15), activate Ca**-dependent K*-currents (16), and regulate the
flow of calcium between intracellular calcium pools (7).

In a temporal study, the stimulation of inositol phospholipid metab-
olism by PGF,, was investigated in rat corpora lutea. Unlike the sig-
nificant stimulation of PLC observed in young (day 2) corpora lutea, the
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prostaglandin was ineffective in mature (day 7) tissue (17). Considering
that the luteolytic effects of PGF,, increase greatly with luteal age, it
seems likely that enhanced inositol phosphate metabolism in itself is
not sufficient to explain the signal transduction mechanism. However,
second messengers generated as a result of this PLC activity may also be
involved.

PGF,,-Induced Increases in Intracellular Free Calcium

The calcium-mobilizing properties of IP; are well recognized, and given
the evidence for PGF,,-stimulated accumulation of this phospholipid, it is
not surprising that intracellular free calcium levels are also enhanced by
this hormone. Using the calcium-sensitive fluorescent dye Fura-2, rat
lutéal cells have been shown to respond to PGF,, with a significant
increase in intracellular free calcium (4). This was a single, transient
response that could be mimicked by perifusion with the hormone, suggest-
ing either that the source of calcium was a limited store or that receptor
desensitization was rapid. In bovine luteal cells, PGF,, appears to
enhance intracellular calcium in a similar rapid fashion (13). However,
the response in bovine cells is reported to be sustained for as long as
10min (13) and may occur only in the large luteal cell population (18).

Despite the attractive hypothesis of an IP;-stimulated release of calcium
from intracellular stores, there remains considerable controversy regard-
ing the actual source of calcium. Some find the observed increase to be
independent of extracellular calcium (13), while others attribute it
to an influx across the plasma membrane (18). These conclusions are
drawn from experiments utilizing specific channel blockers, chelators, and
calcium-free media. Furthermore, the relevance of changes in intra-
cellular free calcium to the luteolytic effect of the hormone is also a point
of contention. Support for such a paradigm comes from studies in which
calcium alone inhibits LH-sensitive adenylate cyclase activity in isolated
luteal membranes (19). Addition of the calcium ionophore A23187 in
calcium-replete media is similarly effective in mimicking PGF,, action.
In the ewe, the luteolytic effects of PGF,, appear to be mediated in the
large cell by the ability of this hormone to produce elevations in cystolic
free calcium (20). However, others claim that the luteolytic action of
PGF,, is not mediated by calcium based on several observations. The
intracellular calcium chelator BAPTA is not effective in inhibiting the
effects of the hormone (21); the calcium ionophore ionomycin increases
intracellular calcium to a similar extent to that of PGF,,, but does not
mimic its action; and a putative inhibitor of intracellular calcium release
or action (TMB-8) also did not abolish PGF,, activity (22).
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PGF,,-Induced Activation of DAG and PKC

In addition to the generation of inositol phosphates, PLC activity results
in the accumulation of DAG. In order to investigate the possible role of
DAG and PKC in the luteolytic action of PGF,,, phorbol esters have
been used to mimic DAG activation of PKC. In one study, treatment
of isolated rat luteal cells with phorbol 12-myristate 13-acetate (PMA)
resulted in a marked inhibition of LH-induced cAMP and progesterone
production (23). This supports the theory of PKC-mediated PGF,,
action in these cells. Furthermore, a PGF,,-induced calcium-dependent
phosphorylation of endogenous proteins has also been identified in luteal
tissue that was presumed to be the result of activated PKC (24). In
contrast, cumulative effects on the inhibition of LH-dependent cAMP
accumulation were observed using PMA in conjunction with PGF,, (25).
In the same study, staurosporine (a PKC inhibitor) was effective in
reversing this inhibition by PMA, but had no effect on PGF,,-induced
inhibition. These results raise questions as to the relevance of PGF,,-
induced DAG and PKC activity with respect to the luteolytic effects of
the hormone. Certainly, our understanding of the intracellular mechanism
of action of PGF,, is far from complete.

cholesterol -» progesterone

Ficure 21.1. A model of a positive feedback loop for PGF,, synthesis in the
corpus luteum. Binding of PGF,, to its membrane receptor (R) stimulates libera-
tion of arachidonic acid (AA) from the membrane phospholipids by the combined
action of phospholipase C (PLC) and diacylglycerol lipase (DG lipase) or by
phospholipase A, (PLA;). As substrate for eicosanoids, AA aids in further
synthesis of PGF,,. The resultant cascade may contribute in part to the sub-
sequent demise of the corpus luteum.
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PGF,,-Induced AA Release

Consistent with the generation of DAG, PGF,, has been reported to
induce a stimulation of AA release in rat corpora lutea cells (5, 6). The
stimulation of the release of both IP and AA was observed in cells of
young (day 1) as well as mature (day 5) luteal tissue. Arachidonic acid
may be generated by the successive actions of PLC and DAG-lipase or,
alternatively, by receptor-stimulated phospholipase A, (PLA,) activity,
an enzyme that liberates AA from membrane phospholipids (26). In the
event of the latter, PGF,, may be acting through a single class of receptor
that is coupled to both PLC and PLA,. As hypothesized in Figure 21.1,
the effect of PGF,, on AA mobilization is an exciting aspect to pursue
considering the potential positive feedback loop that would be created by
the generation of additional eicosanoid substrate.

Summary

As the primary luteolytic agent in the ovary, PGF,, plays a crucial role in
the regulation of normal reproductive cycles. Although the effects of its
action are clear, our understanding of the signal transduction is incomplete.
There is strong evidence for the stimulation of inositol lipid metabolism
by receptor binding, which results from an activation of PLC. The sub-
sequent generation of IP; and mobilization of intracellular free calcium
have been implicated in the luteolytic actions of the hormone. DAG,
another product of PLC activity, may also elicit PGF,, action by the
activation of PKC. Enhanced activity of PLC and/or PLA, by PGF,, may
lead to further generation of AA metabolites. Therefore, there may be
several second messengers that are integrated in the signal transduction of
this important ovarian regulator.
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Protein Changes in the Rat Corpus
Luteum During Luteolysis

Masaaki SAwADA, ULRIKE SESTER, X1U MEI WU, AND
JoHuN C. CARLSON

Ovarian changes in protein synthesis, nucleic acid content, and Na*/K*
ATPase activity were examined during luteolysis in the rat. Rats were
treated with PGF,, 7 days after injection of hCG to induce super-
ovulation, and ovaries were removed at various intervals. PGF,, caused
a significant decrease in plasma progesterone concentration within 1h
(P < 0.05), but there was no change in total messenger RNA (mRNA) or
total DNA content in ovarian extracts for 48h. However, at 48h a
significant decline in ouabain-sensitive Na*/K* ATPase activity in plasma
membrane samples occurred. Alterations in protein synthesis in ovarian
extracts were examined using an EF-la activity assay. Protein synthesis
activity decreased in stages. An initial decline occurred within 60 min of
PGF,, treatment (P < 0.05), and a second reduction, which was around
60% of pretreatment activity, appeared by 48h (P < 0.05). In addition,
injection of actinomycin D, an inhibitor of protein synthesis, into the
ovarian bursa caused a significant reduction in plasma progesterone and
protein synthesis within 1h. Membrane samples from luteinized ovaries
were also examined by SDS-PAGE for protein changes. At 96h after
PGF,, treatment, there was a clear decrease in a 49-kd protein band in
plasma membrane samples. In contrast, in ovarian microsome samples,
there was a prominent increase in a 35-kd protein band. These results
indicate that one of the early luteolytic alterations is a decrease in protein
synthesis activity. This occurs before membrane protein changes that are
detectable by SDS-PAGE.

Corpus Iuteum (CL) regression is characterized by a number of
cellular changes during the loss of steroidogenesis. These include reduc-
tion in gonadotropin binding and generation of cAMP, activation of
phospholipases, membrane perturbation, loss in Na*/K* ATPase ac-
tivity, and increases in free-radical formation and lipid peroxidation.
These alterations are well documented, but it is not known whether
changes in proteins do occur. Posttranslational modification represents
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one of the means by which proteins may be altered during luteolysis. This
is indicated by the recent finding that administration of PGF,, induced
a Ca**-dependent phosphorylation of a 45-kd protein in luteal cells
(1). However, it is uncertain whether the loss of steroidogenesis is also
accompanied by changes in protein synthesis or degradation. The purpose
of the present study was to determine if PGF,, could disrupt protein
synthesis and to examine whether this could result in changes in the
protein profile.

Methods

Sample Preparation

Immature 3.5-week-old rats were superovulated with 50-IU pregnant
mare serum gonadotropin and 50-IU hCG. PGF,, (500 ug) was injected
7 days later to induce regression (2, 3). Ovaries were removed at various
time points after PGF,, treatment, and homogenates of whole ovaries
were prepared or plasma membrane samples were isolated using a modified
dextran-polyethylene glycol system (2, 3). In addition, microsomes
were isolated from ovarian homogenates (4). In order to block protein
synthesis, 2-ug actinomycin D was injected into the ovarian bursa (3).
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FiIGure 22.1. Plasma progesterone concentration in control, PGF,,-, and
actinomycin D-treated rats. A decrease was seen starting 40 min after treatment
with PGF,, (P < 0.02) or administration of actinomycin D (P < 0.05). Each point
represents the mean + SE of 2-3 measurements.
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Protein levels were determined by the method outlined by Bradford (5).
All samples were maintained at 4°C under nitrogen to minimize oxidation
during preparation.

Assays

For mRNA isolation, total RNA was isolated by guanidinium thiocyanate-
phenol-chloroform extraction (6) and passed through an oligo(dt)-cellulose
column to select for mRNA (7). The activity of elongation factor I1a
(EF-1a) was measured to determine protein synthesis (8). DNA levels
were determined as indicated by Kirby (9). The activity of Na*/K™*
ATPase in plasma membrane samples was determined by the method of
Cole and Waddell (10). To examine changes in the protein profile, SDS-
PAGE was performed using a 9% resolving gel with a 4% stacking gel

(11).

Results

Subcutaneous injection of PGF,, caused a significant decrease in plasma
progesterone concentration (Fig. 22.1) within 1h (P < 0.05). Thereafter,
circulating levels remained at low concentrations. In plasma membrane
samples, ouabain-sensitive Na*/K* ATPase activity declined slowly, and
this decline did not appear significant until 48h after PGF,, treatment
(Table 22.1). During this time course, there were no changes in total
mRNA or total DNA content in ovarian extracts (Table 22.1). How-
ever, protein synthesis decreased in stages (Fig. 22.2). An initial decline
occurred within 1h (P < 0.05), and a second reduction, to approximately

TaBLE 22.1. Alterations in Na*/K* ATPase activity (ug phosphate produced/mg
protein/h), and concentrations of mRNA and DNA during luteolysis.

Time after PGF,, Na*/K* ATPase activity mRNA (pg/g) DNA (mg/g)
0 9.0 £ 0.6 16 £ 3 1.7 £ 0.1
S min 8.4 +0.5 ND 1.7+ 0.4

10 min 82+14 21+5 1.9+0.2
20 min 8.1+0.6 18£2 1.7+ 0.1
40 min 7.4+03 16 1 1.5+ 0.1
1h 8.0 £ 0.7 20+ 2 1.8+ 0.1
2h 7.1£0.3 21+ 4 ND
6h ND 16 £ 3 1.5+0.2
12h 6.9 +0.3 18+ 1 1.4+0.1
24h 62+14 14+1 1.1+£0.2
48h 57+0.8 132 1.2+03

A significant decrease in Na*/K* ATPase activity occurred at 48 h. No significant alterations
were found for mRNA or DNA levels with regression. Each point represents the mean *
SE of 2-3 measurements. Time points marked ND were not determined.
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FIGURE 22.2. Alterations in protein synthesis activity in CL of control, PGF,,-,
and actinomycin D-treated rats. The PGF,, treatment resulted in a biphasic
decline starting after 1h (P < 0.05) and after 48h (P < 0.05). Actinomycin D
decreased protein synthesis activity 20 min after injection. Each point represents
the mean * SE of 2—-3 measurements.

60% of pretreatment activity, appeared by 48 h post-PGF,, (P < 0.05).
Within 40 min, administration of actinomycin D, an inhibitor of protein
synthesis, into the ovarian bursa resulted in both a decline in EF-la
activity (P < 0.05) (Fig. 22.2) and a significant reduction in plasma
progesterone concentration (P < 0.05) (Fig. 22.1). Examination of the
protein profile following SDS-PAGE indicated a clear decrease in a
protein band with an apparent molecular weight of 49,000 in plasma
membrane samples removed 96h after PGF,, treatment. In contrast, in
microsome samples, there was an increase in the amount of a protein with
an apparent molecular weight of 35,000 (Fig. 22.3).

Discussion

The activity of EF-1la, a protein that is involved in polypeptide chain
elongation (8), was used as a measure of protein formation. Treatment of
rats with PGF,, caused a rapid decline in plasma progesterone and a
decrease in EF-1a activity within 1h of administration. This indicates that
a decline in protein synthesis activity is an early event associated with
the luteolytic process. It is not known whether this decline is due to
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FiGure 22.3. SDS-PAGE analysis of proteins from microsomes (MS) and plasma
membrane (PM) from control and regressing rat CL 4 days after PGF,, treat-
ment. There was an apparent increase in a 35-kd protein band (arrowhead) in
microsomes after PGF,, treatment (lane 3) as compared to the nonregressing CL
(lane 2). In plasma membrane samples, there was an apparent decrease in a 49-kd
protein band (arrow) after PGF,, treatment (lane 6) as compared to the non-
regressing control (lane 5). Prestained molecular weight marker proteins appear
in lanes 1 and 4, and their corresponding sizes in kilodaltons are shown on the
left.

cytoplasmic or nuclear changes. However, no alterations were observed
in total mRNA or DNA concentration for 48h. Thus, PGF,, may be
interfering with protein synthesis at a posttranscriptional level.

Changes in ouabain-sensitive Na*/K* ATPase activity were also moni-
tored. This enzyme transports Na* and K* across the plasma mem-
brane and is required for maintenance of ionic balance. It consumes
a considerable proportion of total energy produced by the cell (12), and it
could represent a control site for luteolysis. Changes in Na*/K* ATPase
activity, however, were not observed until 48h, which diminishes the
possibility that this enzyme is directly involved in CL regression.

Studies of the luteolytic mechanism indicate that PGF,, works at 2
sites. One involves stimulation of cCAMP by luteinizing hormone, and the
second appears distal to the second messenger (13). Details of the second
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site(s) are unknown. The present study indicates the possibility of disrup-
tion of protein synthesis on the ribosome. Interestingly, inhibition of
EF-la activity by actinomycin D also reduced progesterone secretion
similar to PGF,, treatment. Thus, inhibition of protein synthesis could
be closely coupled to a disruption in progesterone secretion.

The cause for the changes in protein synthesis activity during luteolysis
is unknown. Recent studies indicate that the luteolytic process involves
production of free radicals, lipid peroxidation, and H,O, (2, 3, 14, 15).
These agents are toxic and may interfere with various intracellular events.
Free radicals increase shortly after induction of luteolysis (2) and can
inhibit cAMP production and post-cAMP events (16). Interruption of
progesterone secretion may occur as a result of production of SOR or
H,0O,, which are damaging, or of the more toxic OH™, which is formed
from SOR and H,0, spontaneously or by an iron-catalyzed reaction. The
presence of iron at metabolic steps that regulate progesterone synthesis
may provide the opportunity for site-specific attack (17).

Interestingly, we also detected a decrease in the amount of a 49-kd
protein and an increase in a 32-kd protein in membrane samples of the
regressing CL. These changes in the protein pattern became very clear
after 96 h post-PGF,,; however, they were already apparent after 24 h. It
is not known whether these proteins are directly involved in the luteolytic
process. However, since it is known that specific cytosolic proteins are
required for free-radical generation in human neutrophils (18, 19), it
could well be that the protein changes observed in our study after PGF,,
administration are involved in free-radical formation in luteal cells. In
summary, this study demonstrates that CL regression is associated with a
significant decrease in protein synthesis activity within 1h of PGF,,
treatment and later changes in membrane proteins.
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Detection of Relaxin Secretion and
Gene Expression in Individual
Porcine Luteal Cells

CaroL A. BAGNELL, KATHLEEN OHLETH, CHERYL L. CLARK, AND
MicHAEL J. TAYLOR

Although large luteal cells of pregnancy contain immunoreactive relaxin
(RLX), only about 50% of the cells release RLX in vitro in the reverse
hemolytic plaque assay (RHPA) (1). Whether the heterogeneity in RLX
secretion by subpopulations of luteal cells can be explained by differences
in RLX gene expression is unknown. In situ evidence indicates the RLX
gene is expressed by the corpus luteum of pregnancy, but whether a
specific subset of luteal cells contains RLX transcript was not determined
(2). In this study, RHPA, followed by in situ hybridization histochemistry
(ISHH), was used to study the relationship between RLX secretion and
gene expression, respectively, by the same luteal cell. These techniques
have been used to measure peptide secretion and gene expression in
individual pituitary lactotrophs (3). The objective here was to determine
whether differences exist between RLX secreting and nonsecreting luteal
cells in terms of expression of RLX message.

Methods

Reverse Hemolytic Plaque Assay

Ovaries from pregnant pigs (days 30—35 of gestation; term is day 114 +
2) were collected within 30 min of death at the Meat Laboratory, Iowa
State University. Luteal cell dispersion and RHPA methodology were
as described by Taylor et al. (1). In this procedure, monodispersed luteal
cells (0.25 x 10° large cells/mL) were mixed 1:1 with a 12% suspen-
sion of ovine red blood cells to which protein A had been chemically
attached. This mixture was infused into Cunningham chambers by capillary
action and rinsed 45min later to remove unattached cells. After over-
night incubation, the monolayers were washed again and chambers filled
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with DMEM-0.1% BSA containing 1:80 porcine RLX antiserum and
prostaglandin E, (PGE,) (0.01uM). The monolayers were incubated
with PGE, (a stimulator of RLX secretion) to ensure that maximal
plaque formation was complete in 3h of incubation (4). Chambers were
then filled with guinea pig serum as a source of complement (1:40) and
incubated for 50min to allow plaque formation. Slides were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) at 4°C overnight,
air-dried, rinsed in 0.1 M phosphate buffer, and dried and stored at
—70°C. In this study, a plaque was defined as a minimum of a single,
concentric ring of lysed red blood cells around a luteal cell and served
as an indicator of RLX secretion by the cell. The specificity of the
porcine RLX antibody has been characterized (5). Plaque formation was
abolished by preabsorption of RLX antibody with purified porcine RLX
(10-ug RLX/mL combined with 1:80 RLX antibody) and by omission of
RLX antibody or complement.

In Situ Hybridization

Relaxin gene expression in luteal cells was detected using 48-mer
oligonucleotide probes complementary to 3 different regions of the
porcine prorelaxin molecule and previously used to detect RLX mRNA
in sections of porcine luteal tissue (2). The probes were labeled with [a-
3S]dATP (>1300 Ci/mmol) at the 3’ end using terminal deoxynucleotidyl
transferase. To check the specificity of hybridization, a 48-mer oligomer
to a region of the human prolactin (PRL) molecule was used as a negative
control. Hybridization was detected as described by Bagnell et al. (2)
with modifications (3). Slides from RHPA were thawed, washed twice
in PBS, acetylated to reduce nonspecific hybridization, and dehydrated
in graded alcohols. Slides were incubated with [**S]-labeled probe
(3-5 x 10° dpm/50 uL/section) in hybridization buffer overnight at 37°C.
Following formation of the oligomer-mRNA hybrid, slides were washed
twice (15min each) in a solution containing 0.15M NaCl and 0.015M
sodium citrate (1x SSC) at 40°C followed by two 15—min washes in 0.1X
SSC at 40°C. This was followed by two 30-min washes in 0.1x SSC and
one 10min wash in 1X SSC at room temperature. Slides were dehydrated
in graded alcohols, dipped in NTB-2 emulsion, and exposed for 1-2
weeks. After photographic development, slides were stained with 4%
methyl green. Monolayers were viewed microscopically to determine the
percentage of (1) plaque- (i.e., RLX-releasing) and nonplaque-forming
large luteal cells (LLC) and (2) LLC with autoradiographic grains indicat-
ing hybridization and presence of mRNA. The diameter of the luteal cells
counted was greater than 25 um, corresponding to the size of LLC (6).
Small luteal cells were excluded from cell counts since plaque formation is
restricted to LLC (1). Results are expressed as mean + SEM. Statistical
differences between 2 means were determined by Student’s t-test.



Figure 23.1. In situ localization of RLX mRNA in porcine luteal cell monolayers
using a [*°S]-labeled pRLX probe following RHPA. Top: Bright-field photo-
micrograph of a plaque-forming luteal cell indicating RLX secretion. Note black
grains concentrated over the cell, demonstrating the presence of RLX mRNA.
Bottom: Dark-field view of the same cell shown at top. Hybridization to detect
RLX mRNA is indicated by silver grains that appear as clusters of white grains
over the luteal cell. Note intense labeling of the luteal cell in comparison to
background (450%).
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FiGURre 23.2. Percentages of porcine luteal cell subtypes as identified by the
combined use of the RHPA and ISHH. Following RHPA, monolayers were
incubated with either a [*S]-pRLX (experimental) or hPRL (control) probe.
After a 2-week exposure to emulsion, LLC were counted and scored in terms of
the percentage of LLC (1) that were plaque (P) or nonplaque (NP) formers and
(2) with autoradiographic grains indicating the presence of RLX mRNA. Values
are the mean = SEM of 6 slides/probe tested from a representative experiment.
The percentage of RLX mRNA containing cells in both P and NP cell groups was
significantly lower than total P and NP cells (P < 0.001).

Results

Figure 23.1 illustrates bright- and dark-field views of an RLX-secreting
cell (i.e., plaque-forming cell) following combined RHPA/ISHH. Auto-
radiographic grains that appear black in the bright-field view (Fig. 23.1,
top) and white in the dark-field view (Fig. 23.1, bottom) are an indicator
of hybridization to RLX mRNA. Grains were found in close association
with both plaque- (shown here) and nonplaque-forming LLC. However,
RLX mRNA was not detectable in all LLC. Figure 23.2 shows that
although 43.9% of LLC formed plaques, of the monolayers incubated
with a labeled pRLX probe, only 30.5% =+ 5.0% of the total LL.C both
formed plaques and expressed RLX message. Similarly, whereas 56.1%
of the LLC were non-RLX secreting cells (i.e., nonplaque-forming cells),
only 32.6% =* 4.5% of total LLC were nonplaque-forming cells that also
expressed RLX message. Control monolayers incubated with a labeled
heterologous probe to hPRL showed the expected percentage of plaque-
forming cells (41.7%); however, none of the cells hybridized to the
hPRL probe (Fig. 23.2). When RLX gene expression in the 2 luteal cell
subtypes was compared, the proportion of plaque-forming cells contain-
ing mRNA (62.4 + 3.9) was not significantly different from the proportion
of nonplaque cells containing mRNA (58.3 %+ 4.0). Thus, no correlation
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between RLX secretion by individual cells and the presence or absence of
RLX mRNA was found.

Discussion

Recently, Scarbrough (3) reported use of the RHPA in combination with
in situ hybridization to detect PRL secretion and gene expression in
individual pituitary lactotrophs. In this study, we have applied these
techniques to the luteal cell system to demonstrate RLX secretion and
gene expression by individual cells. Both plaque- and nonplaque-forming
cells expressed RLX mRNA, indicating that in luteal cells RLX gene
expression and hormone secretion are independent events. A similar
phenomenon was reported in pituitary lactotrophs in that no correlation
was found between the amount of PRL secretory activity and level of
PRL gene expression (3).

The basis for this lack of correlation between gene expression and
secretion is unknown. However, Wise and colleagues (3) suggest that
a temporal dissociation between hormone secretion and transcription may
exist if, for example, changes in the rate of secretion occur more rapidly
than levels of mature mRNA. In addition, we have found that although
RLX has been localized in LLC of the pregnant sow by immuno-
histochemistry (7), only 58%—-62% of LL.C express RLX message. The
absence of a transcript in the presence of protein product may be due to a
variety of factors. For example, if a hormone is synthesized then stored in
secretory granules prior to release, as is the case for RLX, the presence
or absence of mRNA in the same cell would depend on the stability of
the transcript. In addition, it is possible that our inability to detect RLX
transcript in all LLC may be due to an insufficiently sensitive detection
system. Since the concentration of RLX transcript may differ markedly
between individual cells, we are planning to address this issue by using
RNA probes that are reported to improve the sensitivity of detection. In
conclusion, we have employed the plaque assay in combination with
ISHH to study RLX secretion and gene expression in individual luteal
cells. These studies indicate that posttranscriptional events are involved in
determining the RLX secretory response of the luteal cell.
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Oxytocin Receptors in Myometrium:
Preliminary Evidence for a Receptor
Switch Mechanism

24

VLADIMIR PLISKA, HILDEGARD KOHLHAUF ALBERTIN, AND
DenNis J. CRANKSHAW

The phasic contractile activity of mammalian uterus is controlled by
several hormones, among them oxytocin. Oxytocin (OT) increases con-
tractile activity in a rapid, concentration-dependent manner. This effect is
of importance under certain physiological circumstances, most obviously
during delivery, and a precise control of the onset and cessation of OT
action is a necessary feature of this regulatory system. How can this
control be achieved?

Two regulatory pathways are feasible. The primary pathway operates
via pituitary secretion, tissue compartmentalization, and inactivation of
the hormone and regulates the OT concentration in the vicinity of its
target tissue receptors. Out of these processes, only pituitary secretion
responds instantaneously to various exteroceptive and interoceptive
stimuli. Therefore, the onset of the response, rather than its cessation, is
efficiently controlled. The secondary pathway exercises control over the
OT response at the level of the interacting cells. Direct or circumstantial
evidence speaks in favor of up- and down-regulation processes in OT
action. The up-regulation may proceed via an increasing number (and/or
affinity) of receptors, most likely controlled by ovarian steroids, notably
during estrous cycles (1) or close to the term (2). On the other hand,
receptors may be readily down-regulated by internalization or by an as
yet unclarified switch-on-and-off mechanism in case of an exaggerated
tissue response; for example, as a consequence of an excess of the
hormone at the receptors. Thus, myometrial contractility via a system
involving OT may be regulated in the long term by control of the sen-
sitivity of the uterus to the hormone (receptor regulation), in the short
term by control of the release of the hormone, and in the very short term
by a receptor switch—or a similar—mechanism. Over the past few
years, we have collected some evidence that a receptor switch operating
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between 2 thermodynamic states of a single receptor may indeed explain
some of the observed phenomena (3). The problem is discussed in this
chapter.

Oxytocin Binding Sites on Myometrial Cells

Steady State Conditions

A high-affinity site with a dissociation constant K4 of about 2 X 10™° mol/L
was identified in the myometrium of various species by early binding
studies (2, 4, 5). More recently, utilization of [*H]Joxytocin with variable
specific radioactivity (isotopic dilution) and introduction of considerably
improved computational techniques in the place of the inadequate—and
misused—Scatchard plot, led to the detection of another saturable,
medium-activity site with K4 between 2 and 5 X 10~"mol/L. The 2
sites were observed on both cultured myometrium cells (6) and on cell
membranes (7) of sheep and rat. The high-affinity site displays the Hill
coefficient of about 2, indicating probably a positively cooperative bind-
ing mechanism. A detailed analysis has shown that magnesium, which
was claimed to enhance OT-receptor binding considerably (4), has a
predominant influence upon the cooperativeness, with less effect on the
K4 and receptor density (both in nonmonotonic manner) of the high-
affinity site (8). The effects of magnesium on the medium-affinity, non-
cooperative site seem to be much less pronounced. In terms of receptor
density, the ratio of high- to medium-activity sites is approximately 1:20.
None of these features in the cultured cells were changed when 1-3 pg/mL
of estradiol acetate was added into the culture media for 3 days preceding
the binding experiment (experimental conditions were described earlier
[6]; Kohlhauf Albertin, Pliska, unpublished results).

Under conditions of steady state binding experiments, the 2 binding
sites appear as separate entities. However, their possible interdependence
cannot be detected in this way.

Time Course of OT Binding

Assuming that the binding of the hormone H on 2 binding sites R, and R,
(see above) follows the canonic scheme

H+R =X,
H+ R, =X,

(X; and X, are corresponding hormone-receptor complexes), the rise of
bound ligand concentration should follow a simple exponential. However,
this is not so in the case of OT binding to myometrial cells in culture.
Figure 24.1 shows that the time-binding curves are triphasic. The binding
is initially rather rapid and reaches a peak within 2—5 min; then follows a
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Ficure 24.1. Time course of OT binding to cultured sheep myometrial cells.
Three techniques were utilized. The first two are (i) filtration of the cell
suspension after incubation with tritium-labeled OT through the Millititer
filtration plates (Millipore), pore size 5um; and (ii) separation of the cells in the
same suspension in a density gradient (1-vol dibutyl phthalate +1.5-vol bis[2-
ethylhexyl] phthalate), which causes a rapid separation of the liquid phase from
the cells. After centrifugation, the cells were collected as a pellet, and their
radioactivity was measured; (iii) incubation was carried out with cell cultures
grown on cover slips placed in Nunc plates without suspending the cells.
Radioactivity of each cover slip was measured after denaturation in 0.1% sodium
dodecylsulphate. All incubations were at 22°C; OT concentration was 1077 M.
Each measurement was repeated 4 times.

rebound phase during which the binding drops significantly; and, finally,
there is a second increase that reaches a plateau after 60 min. Similar time
profiles were obtained in our laboratory with myometrial cell membranes.
In nonoscillating systems, such a concentration overshoot can appear if
and only if a transition from one steady state to another occurs in the
course of the process (9). It is likely that the system follows an alternative
scheme:
k2
H+R=2Xi=X,=R,+H
I<l 21 2

where K, and K, are equilibrium dissociation constants and k;, and ky;
are rate constants of the “receptor switch.” The triphasic time course
suggests that at least 2 rate parameters are mutually independent func-
tions of time, with rather different time constants. One can hypothesize
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that the time changes of these coefficients are due to a feedback regula-
tion and that they are controlled either by the steps R;, R,, X;, and
X, or, equally plausibly, by a futher step of the cellular response.
(Conceivable steps would be, for instance, concentrations of second
messengers; modulators of intracellular response, such as GTP; and the
like.) To consider a particular feedback mechanism would be, at the
present state of knowledge, farfetched. We can only infer from these
profiles that the 2 receptor sites identified in equilibrium experiments are
interdependent and that the basis of this interdependence is probably a
switch from one steady state to another.

Inositol Phosphates Generation in Myometrial Cells:
Effect of OT

It has been recently demonstrated that OT stimulates inositol phos-
pholipid hydrolysis in the myometrial cells (10-12); products of this
process—inositol mono-, di-, and triphosphates (InsP1, InspP2, and
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FIGURE 24.2. Generation of inositol phosphates (abbreviations cf. text) in
cultured sheep myometrial cells (14 days) by OT (22°C). The ordinate is the
concentration of inositol phosphates relative to preincubation values for each
moiety. For assays of individual InsPs, the protocol by Berridge et al. (16) was
followed. Individual measurements were repeated 210 times. The abscissa is the
logarithm of OT concentration (OTC).
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InsP3, respectively)—act as second messengers in the uterotonic response.
The OT concentration that elicits the half-maximal production of the total
inositol phosphates (InsPt) in rat uterine tissue was estimated from the
published data (12) as 5 x 107°M. We have carried out similar experi-
ments with sheep myometrial cells grown on a Nunc plate for 2 weeks.
The concentration range of OT was extended from 107! to 107> M. We
could verify the results mentioned above, even though the production of
inositol phosphates after 1-h incubation was considerably lower in the
cultured cells. The highest percentage increase was registered for InsP2.
This rise, as well as the one of InsPt, was extended over a broad con-
centration range, with a “surge” at about 107®M OT and a second
branch with a half-maximal concentration of about 3 x 107’M (Fig.
24.2). At present, we have no definitive interpretation of this profile. It
is, however, noteworthy that the profile resembles those of the binding
isotherms (see above). The range of greatest production of inositol
phosphates is identical to that of the medium-affinity site.

Response of Uterus to OT

Finally, a role of the 2 receptors was demonstrated pharmacologically.
When an isolated rat uterus is treated stepwise by an irreversible inhibitor
of OT, the uterotonic response displays the Nickerson shift (3, 13), a
phenomenon ascribed, not quite unambiguously, to the so-called spare
receptors: Up to a certain degree, the receptor inactivation causes a shift
of the half-maximal OT concentration from about 10~ mol/L in the non-
inhibited uterus to higher values, but not—or not visibly—the expected
decrease of maximal uterotonic response. Applying the Furchgott-Bursztyn
method (14) based on comparison of equipotent doses on noninhibited
and partially inhibited uteri, K4 values and degrees of inactivation (not
measurable a priori) can be computed. The result is quite astonishing: In
a narrow range of “mild” irreversible receptor blocking, the K4 values
are close to those of the high-affinity binding site, but below this narrow
range, they are close to the medium-affinity site. This latter site is the one
to which structural analogs of OT acting as competitive inhibitors of
uterotonic response to OT are bound (15).

Conclusion

The 2 binding sites for OT found on myometrial cells of various species
seem to be interdependent and parts of a “‘receptor switch.” The function
of such a switch is most likely a down-regulation of uterotonic response,
required in physiological states in which OT action may take an undesired
dominance or in which a rapid cessation of the response is necessary.
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GnRH- and cAMP-Stimulated
Human Chorionic Gonadotropin
Secretion from Perifused
Placental Cells

W. DaviD CURRIE, GILLIAN L. STEELE, BAsiL Ho-YUEN,
AND PEeTER C.K. LEUNG

Gonadotropin releasing hormone (GnRH) stimulates human chorionic
gonadotropin (hCG) secretion in a specific, dose-dependent manner in
vitro (1-8). GnRH in maternal circulation and stimulating hCG secretion
may be primarily of placental origin; GnRH synthesized and secreted by
cytotrophoblast stimulates hCG synthesis and secretion by syncytio-
trophoblast (1, 3, 7-13). A component of basal hCG secretion may be
GnRH independent (9). Cultured placental tissue obtained throughout
gestation responds to GnRH, but may be most responsive at about 10
weeks (13—15). Prior to obtaining data presented, repeated attempts were
made to demonstrate GnRH-stimulated hCG secretion from perifused
placental cells. Initially, trophoblast dissected from placenta in buffer
or culture media on ice were dissociated with collagenase (1h, 37°C).
Hematocytes were removed and cells plated as detailed below. Cell
viability was limited (<65%). Within 2—-5 days, basal hCG secretion was
evident (>10-mIU/mL media/h), and cells responded to 24-h GnRH
(10~° M) exposure in static culture, but not to 5-min GnRH pulses (10" M)
in perifusion. Subsequently, enzyme-free physical dissociation at 21°C has
continuously provided cultures of greater viability (>90%) and allowed
hCG secretion in response to GnRH pulses in perifusion. This study
examined basal, cAMP-, and GnRH-stimulated hCG secretion from term
and first-trimester placental cells cultured for 4-5 days and basal and
GnRH-stimulated hCG secretion from first-trimester placental cells
cultured for 12—14 days.
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Materials and Methods

Cell Preparation

Sterile conditions were maintained throughout. Term placentae were
from elective cesarean section, first-trimester placentae from therapeutic
abortion at 8-12 weeks. Membranes were removed and trophoblast
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FiGure 25.1. hCG concentrations (mean + SE) in perifusate from (a) term
trophoblast (n = 4 chambers) and (b) first-trimester placental cells (n = 4
chambers) treated with GnRH (10"°M) at 2-h intervals. Bars over horizontal
axes indicate GnRH treatment periods.
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dissected from term decidua. Term trophoblast or first-trimester decidua
were dissociated in Media 199 (1% v/v fetal calf serum, 100-U penicillin
G sodium and 100-pg streptomycin/mL, 25 mM NaHCO;, 15mM Hepes;
supplemented M199, Gibco, Burlington, Ontario) through a 150 p-screen
(Sigma, St. Louis, MO). Suspensions were filtered (48 p-mesh, B&SH
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Figure 25.2. hCG concentrations (mean * SE) in perifusate from (4) term
trophoblast and (b) first-trimester placental cells treated with cAMP (107°M; n =
4 chambers each). Bars over horizontal axes indicate GnRH treatment periods.
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Thompson, Montreal, Quebec) and hematocytes removed by centrifuging
(1700 x g for 20 min) the filtrate on 40% Percoll in Hanks’ balanced salt
solution (Gibco). Cell viability exceeded 90%. Cells from 2—-4 term or
first-trimester placentae were mixed and plated on carrier beads (~1 X
10% cells/19-mg beads, Cytodex-3, Sigma) at 37°C in humidified air with
5% CO,.

Perifusion and Sampling

Beads were loaded into chambers (1.5 x 10° cells/1.5-mL chamber,
Endotronics, Minneapolis, MN) in a 36°C water bath 24h pretrial.
Perifusion was with supplemented M199. Beginning 1h before and during
trials, chambers were perifused at 15 mL/h. Between trials, perifusion was
at SmL/h for 6h or more.

Trial 1: 4- to 5-Day Cultures

Control and treatment perifusions were over consecutive 6-h periods.
Four chambers with cells from 4 different term preparations and 4
chambers with cells from 4 different first-trimester preparations were
perifused with cAMP or GnRH (107°M, Sigma) for the first 5min of
each 2-h period during the treatment perifusion. Effluent was collected in
10-min fractions during GnRH (Fig. 25.1) and cAMP treatment (Fig.
25.2).

Trial 2: 4- to 5-Day Cultures

Control and treatment perifusions were over consecutive 3-h periods.
Four chambers with cells from 4 different first-trimester preparations
were perifused with GnRH (10~°M) for the first Smin of each 1 h-period
during treatment perifusion. Effluent was collected in 5-min fractions
(Fig. 25.3).

Trial 3: 4- to 5-Day and 12- to 14-Day Cultures

Control and treatment perifusions were over consecutive 1-h periods.
Fifteen chambers with cells from 5 different first-trimester preparations
cultured for 4-5 days or 12-14 days were perifused with GnRH (10™° M)
for the first S5min of the treatment perifusion. Effluent was collected in 5-
min fractions (Fig. 25.4).

hCG Assay

Standards were assayed in quadruplicate and samples were assayed in
duplicate using diagnostic reagents (Serono, Allentown, PA). Mixed
mouse monoclonal B-hCG antibodies labeled with '*°I and fluorescein
were added (100pL) to 50-ul. samples and incubated (24h, 4°C).
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FiGURE 25.3. hCG concentrations (mean * SE) in perifusate from first-trimester
placental cells treated with GnRH (10"°M) at 1-h intervals (n = 4 chambers).
Bars over horizontal axes indicate GnRH treatment periods.

Sheep anti-fluorescein covalently bound to magnetic particles was added
(75uL), and the assay incubated (24 h, 4°C). Supernatant was decanted
with magnetic racks (Serono). Pellets were washed with Tris buffer (10 mM,
500uL) and counted for 1min (LKB y-counter, Turku, Finland). Con-
centrations of hCG determined by spline function are expressed in terms
of 1st IRP/3rd IS 75/537. Assay sensitivity was 0.5-mIU/mL media (by
Student’s t-test, P < 0.05). Intra- and interassay coefficients of varia-
tion for pregnancy serum diluted in M199 were (1) 7.1% and 9.9%,
7.75mIU/mL; (2) 7.9% and 9.6%, 5.26 mIU/mL; and (3) 12.7% and
13.3%, 3.43mIU/mL, respectively.

Results

Trial 1: (4- to 5-Day Cultures)

Increased hCG concentrations were detected following each of 3 GnRH
or cAMP treatment pulses at 2-h intervals. The peaks of GnRH- and
cAMP-stimulated hCG concentrations were less from term trophoblast
than from first-trimester placental cells (peak minus basal, 0.49 + (.05
and 0.53 = 0.08 mIU/mL [Figs. 25.1a and 25.2a] vs 6.99 + 1.47 and 8.82
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+ 2.05 [Figs. 25.1b and 25.2b], respectively, P < 0.01). Peaks in hCG
concentration from term trophoblast cells in response to consecutive
GnRH treatment pulses were consistent. Peaks in hCG concentration
from first-trimester placental cells were greater following initial, rather
than subsequent, GnRH stimuli (9.5 = 1.3 vs 3.8 = 1.1mIU/mL, P <
0.05) (Fig. 25.1b). Peaks in hCG concentration from term trophoblast
and first-trimester placental cells in response to consecutive cAMP treat-
ment pulses were consistent (Figs. 25.2a and 25.2b). Basal hCG con-
centrations from term trophoblast cells returned to baseline between
GnRH and cAMP pulses (Figs. 25.1a and 25.2a). Basal hCG concentra-
tions from first-trimester cells returned to baseline between cAMP treat-
ment pulses (Fig. 25.2b) but not between GnRH treatment pulses
(Fig. 25.1b).

Trial 2: (4- to 5-Day First-Trimester Cultures)

Increased hCG concentrations were detected only following the first of 3
GnRH treatment pulses at 1-h intervals (Fig. 25.3). The increase in hCG
concentration following the first GnRH treatment pulse was less than that
by first-trimester cells in response to the first GnRH in trial 1, but similar
to that following the second and third GnRH pulses in trial 1 (3.7 £ 1.6
vs 3.8 = 1.1mIU/mL, P < 0.05).

Trial 3: (4- to 5-Day vs 12- to 14-Day First-Trimester Cultures)

Baseline hCG concentrations from first-trimester placental cells cultured
for 4-5 days were less than from cells cultured for 12—14 days (5.1 £ 1.3
vs 150 + 18mIU/mL, P < 0.01) (Figs. 25.4a and 25.4b). Peak hCG
concentrations in response to GnRH pulses were less from 4- to 5-day
than from 12- to 14-day cultures (10.4 * 1.9 vs 220 * 90mIU/mL,
P < 0.01).

Discussion

In this study, cell filtration prior to culturing may have excluded syncytio-
trophoblast. In keeping with the 2-day period required for cytotrophoblast
transformation to syncytiotrophoblast in culture (16), basal and GnRH-
stimulated hCG secretion were detectable within 2—5 days of culture. In
agreement with a study using explants (15), first-trimester placental cells
were more responsive to GnRH than term trophoblast cells. Diminished
or lost hCG response to GnRH stimulation of first-trimester placental
cells at 2-h or 1-h intervals, respectively, suggested reduced GnRH
receptor numbers following initial GnRH stimulation. Consistent hCG
secretory responses to cAMP stimulation of first-trimester placental cells
supported this conclusion and suggested that the reduced response to



25. GnRH- and cAMP-Stimulated hCG 283

15 -
12 4
°
]
(2]
2
FEE
[-%
E
2
E 6
o
Q
£
34
0 L L | T L] L] T e T T T 1 L
0 2 4 6 8 10 12 14- 16 18 20 22 24
400 -
350 -
300
3 1
o
©
L]
2 250
-
[
o
-\E- 200 ~
2
£
= 150 ~
0]
o
L
100 +
[
50 v 7T ¥ L T v T v T v T v T v T v T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24

Fraction (5 min)

FIGURE 25.4. hCG concentrations (mean * SE) in perifusate from first-trimester
placental cells treated with GnRH (10~°M) following (a) 4-5 days or (b) 12-14
days in culture (n = 15 chambers each). Bars over horizontal axes indicate GnRH

treatment periods.

consecutive GnRH stimuli was not due to reduced hCG stores. Placental
GnRH receptors may not be upregulated as quickly as predicted by
studies using pituitary gonadotropes (17). The consistent, but lesser,
response of term trophoblast cells to cAMP suggested that term
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trophoblast cells contained smaller hCG secretory stores than first-
trimester placental cells. The lesser response of term trophoblast to
GnRH likely reflected the lesser hCG secretory stores and may have
reflected lessened efficiency of syncytiotrophoblast development. The
consistent response of term trophoblast to repeated GnRH stimulation
may have reflected lower initial GnRH receptor numbers and relatively
undertaxed receptor recycling mechanisms.

In this study, basal hCG secretion did not depend upon exogenous
GnRH stimulation. Cytotrophoblast cells synthesize and secrete GnRH
(9), which may be responsible for hCG secretion in the absence of GnRH
treatment. Increased basal and GnRH-stimulated hCG secretion from
first-trimester cells cultured for 12—14 days suggested increased hCG
synthesis. The results may have reflected continued syncytiotrophoblast
development, increased GnRH synthesis, and increased GnRH receptor
numbers with time in culture.

In summary, perifusion confirmed cAMP- and GnRH-stimulated hCG
secretion from term trophoblast and first-trimester placental cells. Term
trophoblast cells may have fewer GnRH receptors and lesser hCG stores
than 1st trimester placental cells. Where fresh placental tissues are
obtained, physical dissociation at 21°C may be more optimal than
enzymatic dissociation at temperatures approaching 0°C. Cell plating in
moderate dilution on carrier beads provided cultures that despite active
secretory changes, required no supplementation other than noted for up
to 2 weeks in culture.
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3B-Hydroxysteroid Dehydrogenase
Activity of Human Placental
Cytotrophoblast Following
Differentiation In Vitro

K. RAJIKUMAR AND R. ZHAI

The placenta originates from the trophectoderm of the implanting
blastocyst. The villous cytotrophoblast and syncytiotrophoblast cells of
human placenta are the main sites of hormone production. The cyto-
trophoblast cells mainly elaborate the hypothalamic releasing factors
synthesized by placenta including gonadotropin releasing hormone,
corticotropin releasing factor, somatostatin, and inhibin-like peptides
(1-5). The syncytiotrophoblast cells are the main site for human chorionic
gonadotrophin (hCG), human placental lactogen (hPL), progesterone
(P4), and estrogen synthesis (6—8). Given the different pattern of endo-
crine activities of the mononuclear cytotrophoblast and syncytium, it is
evident that the differentiation of cytotrophoblast to syncytiotrophoblast
entails major changes in expression of genes encoding hormones and in
the machinery needed to synthesize them.

The biosynthesis of steroid hormones from cholesterol requires the
participation of several steroidogenic enzymes. In human placental
trophoblast, 3B-hydroxy-5-ene-steroid dehydrogenase (EC 1.1.1.145) and
steroid 5-4-ene-isomerase (EC 5.3.3.1), hereafter referred to as 3pHSD,
is an enzyme complex found in both microsomes and mitochondria (9-11).
The enzyme 3BHSD is responsible for the conversion of all the A%-3p-
hydroxysteroids into A®*-3-ketosteroids. This enzymatic step is thus
essential for the biosynthesis of all biologically active steroid hormones;
namely, progesterone, glucocorticoids, mineralocorticoids, estrogens,
and androgens (12). In view of the crucial role of 3HSD in placental
steroidogenesis, it is important to evaluate the changes in the activity
of this enzyme as well as the gene expression in human placental cyto-
trophoblast before and following differentiation into syncytiotrophoblast.

Recent studies of Kliman et al. (13) demonstrate that when mono-
nuclear cytotrophoblast culture in serum-supplemented medium, they
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aggregate and ultimately fuse to form large multinucleated syncytial
structures. However, when cells were cultured in serum-free medium, the
cells failed to aggregate and fuse (14). In the present study, we have used
the cell culture model developed by Kliman et al. (13) to investigate the
changes in 3HSD in cytotrophoblast before and following differentiation
into syncytiotrophoblast.

Materials and Methods

Preparation and Culture of Cytotrophoblasts

Normal term placenta were obtained immediately after uncomplicated
cesarean section. The cytotrophoblast cells were isolated as described by
Kliman et al. (13). The cytotrophoblast cells were cultured on Falcon
24-well culture dishes at a density of 2 million cells/mL either in the
presence or absence of 10% fetal bovine serum (FBS) for 4 or 6 days.
The medium and serum were replaced every 48h. Some cultures were
terminated at 96 h, and the media between 48 and 96 h were collected for
the estimation of hCG (Amerlex-M BhCG RIA kit, Amersham), hPL
(Amerlex hPL IRMA kit, Amersham), and progesterone (15). The
remaining cultures were terminated at 144 h, and the media were collected
for hormone estimation. At the termination of the experiment, the cells
were collected for protein estimation (16).

To examine and compare the 3BHSD activity, the mononuclear cyto-
trophoblast cells were cultured in Falcon 24-well culture dishes for 4 days
in DMEM either in the presence or absence of serum. The cells were
then provided with graded doses of exogenous pregnenolone (0.3-
10pg/mL) as substrate. Aminoglutethimide (50puM), was added to
cultures 24h prior to the addition of exogenous substrate to inhibit
endogenous pregnenolone production. The media were collected at
24h following the provision of substrate for progesterone estimation.
Progesterone levels in the media were expressed as pg/mg protein. In
these experiments, media containing different doses of pregnenolone
were also incubated with no cells to determine the blank values that were
subtracted for estimates of the progesterone levels. To determine the
time course effect of serum on changes in 3HSD activity in cyto-
trophoblast, the cells were cultured in the presence or absence of 10%
FBS for 1, 2, 4, and 6 days. At designated time intervals, the 3fHSD
activity was assessed as described above. To determine whether the
continued presence of serum factors is necessary for increased 3pHSD
activity in syncytiotrophoblast, the following experiment was performed.
Cytotrophoblast cells were cultured in the presence of 10% FBS for 4
days to induce differentiation to syncytiotrophoblast. The cultures were
then divided into 2 subgroups. In one subgroup of cultures, serum was
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withdrawn, while the other subgroup was cultured with serum. At 48, 96,
and 144h of serum withdrawal, the 3BHSD activity was assessed as
described above.

Quantification of 3HSD by Immunoblotting

Placental cytotrophoblast cells were cultured in Falcon 24-well culture
dishes for 4 days in DMEM either in the presence or absence of 10%
FBS. The cells were collected from the culture dishes and sonicated in 1-
mL phosphate buffered saline (PBS) containing 1% cholate and 0.1%
SDS. The samples (5 and 10 pg of protein) were applied to nitrocellulose
filters using dot blot apparatus. The blots were then treated with a
wash solution (5% fat-free milk [Carnation} and 0.1% Nonidet P-40 in
PBS) and incubated for 2h at room temperature with a 1:2000 dilution
of rabbit antiserum raised against purified human placental 3HSD
(17). The blots were then extensively washed and further incubated an
additional 2h with *I-labeled antirabbit immunoglobulin (0.4 pCi/mL).
At the end of incubation, the membrane was washed again and processed
by autoradiography. The radioactivity adhering to the protein applied on
the membrane was quantitated with a gamma counter.

RNA Isolation and Blot Analysis

Total cellular RNA from cytotrophoblast cells cultured in the presence
or absence of serum for 4 days and from human placental tissue was
obtained by ultracentrifugation through 5.7M CsCl (18). The RNA was
then extracted with phenol and chloroform, precipitated with ethanol,
resuspended in DEPC-treated water, and quantified by absorbance at
260nM. For RNA Northern blot analysis, placental tissue RNA was
denatured in 50% formamide, 6% formaldehyde, and 1 X MOPS buffer
(0.02 M MOPS, 5mM sodium acetate, 1 mM EDTA [pH 7.0]) at 65°C
and loaded onto 1% horizontal agarose gel and transferred to Hybond
nylon membranes (Amersham, Arlington Heights, IL) by standard
procedures. Membranes were crosslinked in a UV Stratalinker 2400
(Stratagene, La Jolla, CA). For RNA slot blot hybridization, RNA
samples from cultures were denatured as described above, and 0.5 and
Spg of sample was blotted onto nylon membranes using Bio-Rad slot
blot apparatus. The membranes were then crosslinked as described
above. The membranes were hybridized with a probe isolated from
the plasmid hp3B-HSD63 containing the 1.5-kb cDNA clone for the
human placental 3HSD (17). A human y-actin cDNA probe was
used as a control. All cDNA were labeled by random primer synthesis
(19) with [a-*?P]dCTP (3000 Ci/mmol) to a specific activity of 1-4 X
10° dpm/ug/DNA. The membranes were prehybridized at 45°C for 8h in
a buffer containing 50% formamide, 1M NaCl, 10% dextran sulphate,
0.05M Tris (pH 7.5), 1% SDS, and 100-pg salmon sperm DNA. The
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*2P-labeled cDNA probe was heat denatured before hybridization. After
12h of hybridization at 45°C, the blots were washed once with 5x SSC,
3 times with 2X SSC + 0.1% SDS at room temperature, and 3 times with
2x-S8C + 0.1% SDS at 65°C. The blots were then autoradiographed.

Statistical Analysis

The results of this study were subjected to nested analysis of variance
(20). When a significant F-value was present, Fisher’s least-significant
difference test was used for individual comparison of means.

Results

When placental cells were separated on Percoll gradient, 3 distinct bands
were visible. Red blood cells were found at the base of the gradient
(density 1.138g/mL). Connective tissue and small vessels were present
at the top of the gradient (density 1.018g/mL). In the middle of the
gradient (density 1.05-1.07 g/mL), mononuclear cells were located. Light
microscopic examination of the pellets from Percoll gradient-purified
cells revealed that most of the cells were mononuclear, with few larger

FiGURE 26.1. Effect of serum on hCG, hPL, and progesterone production in
vitro. Cytotrophoblast cells were cultured in DMEM either in the presence
(striped column) or absence (open column) of 10% fetal bovine serum. Media
were collected between 48 and 96 h of culture for hormone estimation. Each bar
represents (the mean = SEM) of 5 replicates.
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binucleated cells. Previous studies have characterized these cells as
purified mononuclear cytotrophoblast cells (13). Cytotrophoblast cells
cultured in the absence of serum secreted significant amounts of hCG,
hPL, and progesterone between 48 and 96 h of culture (Fig. 26.1). When
cultures continued for 2 additional days, the secretion of hCG, hPL, and
progesterone was decreased (P < 0.01) (Fig. 26.2). In contrast, when
cytotrophoblast cells were cultured in the presence of serum, hCG and
hPL secretion between 96 and 144h of culture was greater than the
secretion levels between 48 and 96h of culture (P < 0.01) (Figs. 26.1 and
26.2). The secretion of progesterone did not change significantly with
time when cells were cultured in the presence of serum (P > 0.05) (Figs.
26.1 and 26.2). Analysis of variance revealed that the addition of serum
to cytotrophoblast cells in culture significantly increased the secretion
of hCG, hPL, and progesterone (P < 0.01) (Figs. 26.1 and 26.2).
Cytotrophoblast cells following 4 days of culture with serum secreted
hCG, hPL, and progesterone 5.8-, 13.7-, and 5.9-fold more, respectively,
than did serum-free cultures (Fig. 26.2).

Figure 26.3 depicts the ability of cytotrophoblast cells cultured in
the presence or absence of serum for 4 days to convert exogenous

Ficure 26.2. Effect of serum on hCG, hPL, and progesterone production in
vitro. Cytotrophoblast cells were cultured in DMEM either in the presence
(striped column) or absence (open column) of 10% fetal bovine serum. Media
were collected between 96 and 144 h of culture for hormone estimation. Each bar
represents the mean = SEM of 5 replicates.
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FiIGURE 26.3. Effect of serum on 3BHSD activity in placental cells. Cytotro-
phoblast cells were cultured in DMEM either in the presence (solid squares) or
absence (open squares) of 10% fetal bovine serum for 4 days. The ability of cells
to convert graded doses of exogenous pregnenolone to progesterone was deter-
mined as described in ““Materials and Methods.” The mean + SEM of 6 replicates
is presented.

pregnenolone to progesterone. When cells were cultured in the absence
of serum, the provision of 0.3-pg/mL pregnenolone as substrate sig-
nificantly enhanced progesterone secretion (P < 0.01). The secretion of
progesterone further increased (P < 0.01) with an increase in the amount
of substrate to 1pg/mL. However, further increase in the substrate
availability (3 to 30pg/mL) did not further enhance progesterone secre-
tion. Progesterone secretion by cytotrophoblast cells was decreased
(P < 0.01) with 10 and 30pg/mL of pregnenolone as substrate. When
cytotrophoblast cells were cultured in the presence of serum, the provision
of pregnenolone as exogenous substrate had a dose-dependent, stimula-
tory effect on progesterone secretion. The maximal stimulatory effect on
progesterone secretion was observed with 10-pg/mL substrate (Fig.
26.3). When 0.3-pg/mL pregnenolone was provided as substrate, no
significant difference was observed in the ability of cytotrophoblast cells
to convert it to progesterone, whether the cells were cultured with or
without serum. However, when the amount of substrate provided was
increased (1-30pg/mL), cells cultured in the presence of serum had an
increased ability to secrete progesterone (P < 0.01). The maximal secre-



292 K. Rajkumar and R. Zhai

141~

R
.

—
o
!

PROGESTERONE (ug/mg protein)
(o]
!

0 DAY 1 DAY2 DAY4 DAY6
FIGURE 26.4. Time course effect of serum on 3fHSD activity. Cytotrophoblast
cells were cultured in DMEM either in the presence (solid squares and triangles)
or absence (open squares and X’s) of 10% fetal bovine serum. 3BHSD activity
was determined at different time periods of exposure to serum by providing either
3pug/mL (solid and open squares) or 10ug/mL (solid triangles and X’s) of
pregnenolone as substrate. The mean + SEM of 6 replicates is presented.

tion of progesterone was 2.7-fold higher in cells cultured with serum
compared to serum-free cultures.

The time course effect of serum on changes in 3BHSD activity in
cytotrophoblast is depicted in Figure 26.4. When cytotrophoblast cells
were cultured with serum for 1 day, a slight but significant (P < 0.01)
increase in the ability of cells to convert 3 and 10 ug of pregnenolone to
progesterone was observed as compared to serum-free culture. With an
increase in the time of culture with serum, a further increase in the ability
of cells to convert substrate to progesterone was observed (P < 0.01).
Cells cultured for 4 days with serum had the maximal ability to convert
pregnenolone to progesterone. When cells were cultured for 6 days in
serum, a slight decrease (P < 0.01) in the ability of cells to convert
pregnenolone to progesterone was observed. In the experiments done to
examine the effect of serum withdrawal on the ability of differentiated
cells to convert pregnenolone to progesterone, a 30% decrease was
observed within 48h of serum withdrawal (P < 0.01) as compared to the
ability of cells that continued to be cultured with serum. At 96 and 144 h
of serum withdrawal, the ability of cells to convert 10-pug pregnenolone to
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FIGURE 26.5. Northern blot hybridization of RNA from human placenta (column
A). Ten-micrograms total RNA from placenta was separated in agarose-
formaldehyde gels and transferred to nylon membranes. In column B, total RNA
from cytotrophoblast cells cultured in the presence or absence of serum for 4 days
was denatured and applied to nylon membranes at the indicated concentration.
Hybridization to a 3HSD cDNA probe and washes were performed under highly
stringent conditions, as described in “Materials and Methods.” Exposure time
was 8h.

progesterone was decreased by 40% (P < 0.01). However, even after 6
days of serum withdrawal, the cells had a 2-fold increased ability to
convert pregnenolone to progesterone as compared to cells that were
maintained in serum-free media from the day of plating (P < 0.01).

The autoradiograph from 3BHSD protein immunoblot studies indicated
an increase in the quantity of 3BHSD protein in cytotrophoblast cells
cultured in the presence of serum as compared to serum-free cultures.
When 5 and 10 pg of total cellular protein was applied to the nitrocellulose
membrane, the radioactivity associated with the protein following
immunoblot studies was 881 * 57 and 1308 * 58cpm, respectively,
for cytotrophoblast cells cultured with serum. However, when the same
amount of cellular protein was applied from serum-free cultures, the
radioactivity associated with the protein was 440 + 17 and 646 + 27 cpm,
respectively, which was significantly less (P < 0.01) than that of cells
cultured with serum.

Figure 26.5, column A, illustrates that in Northern analysis, an a’?P-
cDNA probe against human placental 3BHSD hybridized to a single
band in placental RNA preparation. The size of the message for which
the cDNA probe was specific was 1.8kb, as determined by DNA size
markers. Figure 26.5, column B, depicts the autoradiograph from slot
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blot hybridization. When cytotrophoblast cells were cultured in the
presence of serum for 4 days, there was an apparent increase in the
3BHSD mRNA as compared to serum-free cultures. When the membrane
was rehybridized with y-actin probe, there was no detectable difference
between the two preparations. The scanning of autoradiograms with an
LKB Ultro-Scan laser densitometer (LKB, Bromma, Sweden) revealed a
5.8-fold increase in the message for 3BHSD in cytotrophoblast cells
cultured with serum.

Discussion

The salient finding of this study is that when human placental cyto-
trophoblasts undergo functional differentiation in vitro, an increase
in 3BHSD mRNA as well as 3BHSD enzyme quantity ensues in the
cells. The physiological consequence of such an effect is the enhanced
capability of cells to convert the A3-3B-hydroxysteroids into A*-3-
ketosteroids. Therefore, an increase in the quantity of 3BHSD in cells
catalyzes the synthesis of progesterone from maternal pregnenolone and
the production of androstenedione from fetal dehydro-epiandrosterone
sulfate (21), which is eventually aromatized to estrogen.

Cytotrophoblast cells, when cultured in the presence of serum,
aggregate and fuse. At 96h after plating, light microscopic examination
demonstrated the presence of multinucleated cells. These changes were
not evident in cells cultured without serum. This corroborates the findings
of Kliman et al. (13). Cytotrophoblast cells cultured in the presence
of serum secreted increased quantities of hCG, hPL, and progesterone
compared to serum-free culture. This implies that the cells cultured in
the presence of serum undergo not only morphological but also func-
tional differentiation. Previously, Kliman et al. (13) demonstrated with
immunoperoxidase staining technique that cytotrophoblast cells cultured
in the presence of serum display a progressive increase in hCG and hPL
with increasing numbers of aggregates and syncytia.

Cytotrophoblast cells cultured in the absence of serum secreted sig-
nificant amounts of hCG and hPL. This indicates that secretion of hCG
and hPL is not specific to syncytial cells. In situ hybridization studies have
shown that hCG is present in both cytotrophoblast and syncytial cells.
Indeed, hCGo mRNA is maximal in the syncytial cells, but is also initially
expressed in the cytotrophoblast (22, 23). Although the synthesis of hPL
has been shown only in the syncytial cells, there is evidence suggesting
that the transcription of hormonal genes is not typical of a single stage of
trophoblast differentiation, but may occur in all cell types, with a more
pronounced expression in a specific cell population (24).

When cytotrophoblast cells undergo functional differentiation, they
acquire an increased capacity to convert pregnenolone to progesterone
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compared to serum-free cultures. When graded amounts of substrate
were provided to cultures, differentiated cells could convert 10 times the
quantity of substrate compared to serum-free cultures. However, when
low amounts of substrate were provided (0.3 pg/mL), the ability of cells
to convert the substrate to progesterone was not different in the two
groups. This indirectly suggests that following functional differentiation,
the 3pHSD enzyme quantity increases, but the rate at which the enzyme
can convert pregnenolone to progesterone may not be altered. The
results of 3HSD immunoblot studies support the hypothesis that func-
tional differentiation leads to an increased quantity of 3BHSD. Further
quantification of 3BHSD mRNA indicates an increase in cells following
functional differentiation. The close correlation observed in the 3HSD
mRNA, protein content, and activity levels suggests that changes of
3BHSD activity in cytotrophoblast following differentiation into syncytio-
trophoblast cells are controlled at the level of 3BHSD gene expression
and/or 3HSD mRNA stability.

Time course studies indicate that there was a slight increase in the
activity of 3BHSD within 24h of culture. The activity progressively
increased with time, reaching maximum by 96 h. When cells were cultured
for an additional 2 days, a decrease in 3BHSD activity was observed. We
believe this decrease is an experimental artifact, as we have not observed
this phenomenon in other experiments when the cells were cultured up to
10 days. The morphological studies of Kliman et al. (13) demonstrate the
presence of few syncytia by 24 h of culture, which progressively increased
at 48- and 72-h serum. A good correlation between the morphological
findings of Kliman et al. (13) and the present time course studies on
3BHSD activity supports the view that the changes in enzyme quantity are
a consequence of cell differentiation. It is well known that serum contains
various growth factors. Insulin and insulin-like growth factor 1 have been
demonstrated to stimulate 3BHSD activity in placental cytotrophoblasts
when the cells were exposed for 1 day (24). The observed increase in
3BHSD activity in functionally differentiated cells may not be entirely due
to the presence of insulin and insulin-like growth factor in the serum, as
in time course studies, a 1-day exposure to serum had a minimal increase
in 3BHSD activity as compared to 4 days of culture. Further, the experi-
ments indicate that even after 6 days of serum withdrawal, the cells had
increased 3BHSD activity compared to serum-free cultures. However, as
serum-withdrawal experiments indicate a partial decrease (40%) in
3BHSD activity in cells where serum is withdrawn as compared to cells
that continue to be cultured with serum, we suggest that serum factors
(insulin and insulin-like growth factors?) may be necessary for an optimal
increase in 3BHSD activity.

In summary, we conclude that placental cytotrophoblast cells, when
cultured with serum, undergo functional differentiation with an increased
ability to secrete hCG, hPL, and progesterone. An increase quantity of
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3BHSD correlates well with functional differentiation. However, serum
factors are necessary for the optimal induction of the enzyme in func-
tionally differentiated cells.
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