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Role of sex steroids during development — integration

Pierre C. Sizonenko
Geneva, Switzerland

Introduction

Session VI of the Conference was devoted to the role of sex steroids during devel-
opment and growth. It also discussed the role of sex steroids on the programming
of the onset of puberty.

Neural plasticity

The first presentation by F. Naftolin was focused on the general role of estrogens
on neuronal plasticity in the rat. In vitro neuronal models have allowed to study
the role of estrogens and their receptors in the regulation of mitosis and apopto-
sis, which are estrogen-sensitive. Development of neuronal processes during
development (prenatally, after birth, and during the juvenile period) is regulated
by estrogens, but also by others factors such as growth factors, cytokines, and
cell adhesion molecules. During these periods there is continuous neural process
formation, synaptogenesis, with neuronal membrane remodeling. Two processes
are crucial: neuroprotection and neurotrophism. Both a and /3 estrogen receptors
(ER) play a major role in the growth of the neuronal cell line. Differential regula-
tion of cell survival by the ER subtypes will help in understanding the differences
of response to estrogens that may explain different size of the same hypothalamic
nucleus with sex. Neurite outgrowth is also induced by estrogens. At adulthood
it appears that at each ovulatory cycle there is a refined regulation of neuronal
mitosis and apoptosis dependent on estrogens and ER. In addition, there is a
microenvironment consisting of growth factors, cytokines (acting on the micro-
glia), and neural cell adhesion molecules which needs to be studied in more
depth.

Role of oestrogens on growth and pubertal development

The second and third papers concerned specifically the role of estrogens during
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growth, bone maturation, and pubertal development.
Dr K.S. Korach described the phenotypic changes which were observed in

mice whose genes for ERs were knocked out. aER and PER genes were dis-
rupted either separately or simultaneously. The first surprise of these experiments
was that the knocked out animals were alive. In aER knock out (aERKO) ani-
mals, expression of PERs was normal, not dependent from the aER disrupted
gene. aERK0 female mice exhibited a normal onset of puberty, with a phenotype
of hypergonadotropic hypogonadism, high LH, low FSH due to the secretion of
inhibin, high serum levels of estradiol, and hyperhemic ovaries with no apparent
corpora lutea. Male aERK0 animals were infertile with atrophy of the testes
and dysmorphogenesis of seminiferous tubules and inactive sperm. Reduced
bone density was observed, as well as loss of male behaviour functions. Such
changes raise the issue of abnormal fetal and neonatal brain imprinting due to
the absence of estrogens receptors. In PERKO female animals, infertility was
observed in 75% of the animals with arrested folliculogenesis. Conversely, male
PERKO animals were fertile with normal sexual behaviour.

Dr M.M. Grumbach presented the experiments of nature (e.g., the phenotypes
in relation to the genotype) in patients who have mutations of the gene coding
for aER, leading to the inactivation of the aERs and in patients who exhibit
mutations in the CyP19 gene coding for the P450 aromatase (P450arom) activity
leading to the absence of activity of the enzyme both in men and women, and in
prepubertal girls. The lecture focused on the clinical repercussions of the muta-
tions that lead to estrogen insensitivity (like the aERK0 mouse) or estrogen defi-
ciency (similar to the CyP19 aromatase gene knockout mouse). Because of the
absence of estrogens action, the male individuals both in aER gene deficiency
and in the aromatase gene mutation, are tall with eunuchoid proportions at
adulthood. All patients had onset of puberty at a normal age and are well mascu-
linized, however, they showed no pubertal growth spurt. Bone age in these
patients was delayed and severe osteoporosis was observed. Psychosexual orienta-
tion was heterosexual. In the patients with aromatase deficiency but not in the
patients with estrogen insensitivity, administration of estrogens induced a rapid
maturation of the skeleton, an epiphyseal fusion, and a dramatic increase in
bone mineralization. In these men, testosterone levels were normal or increased.
These data suggest that estrogens play an essential role in the pubertal growth
spurt in the male. These suggestions are reinforced by the normal pattern of pu-
bertal growth observed in girls with androgen insensitivity with high levels of tes-
tosterone but normal secretion of estrogens from the testis and the peripheral
aromatization of testosterone into estradiol. In the female affected by the aroma-
tase deficiency, the syndrome is characterised by masculinization of the urogen-
ital sinus and of the external genitalia, inducing a female pseudohermaphrodit-
ism. At puberty severe estrogen deficiency is observed with, as in the male
patient, tall stature, absence of pubertal growth spurt, delayed bone age, osteo-
porosis and virilization with clitoridal enlargement, hypergonadotropic hypogo-
nadism, increased plasma androgens, and low plasma estrogens levels. Polycystic
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ovaries syndrome with insulin resistance is seen during adulthood. Psychosexual
orientation is female.

These data on pubertal development suggest that estrogens secreted in larger
amounts at 10-11 years of age would be responsible for the earlier pubertal
growth spurt in girls compared to boys. In boys, testosterone levels rise after tes-
ticular enlargement and induce at a late stage of male pubertal development
levels of serum estrogens similar to the ones observed at early stages of puberty
in girls. If these observations lead to the role of estrogens in the pubertal growth
spurt, they do not explain why the onset of puberty is delayed in boys compared
to girls.

Early programming of puberty and reproduction

Experimental data would suggest that androgens may affect the timing of sexual
maturation, at least in the sheep as presented by Dr R.I. Wood. In sheep, sex dif-
ferences in pubertal onset reside within brain mechanisms controlling Gonado-
tropin-releasing hormone (GnRH). Males born in spring begin spermatogenesis
(which is a long process) at 10 weeks of age in summer, whereas females remain
anovulatory until 30 weeks of age in autumn. Interestingly such sex difference is
due to the hormonal imprinting of the prenatal brain which affects the neural
secretion of GnRH. Prenatal exposure to testosterone induces in ewes an increase
of high frequency GnRH secretion and an inability to induce a preovulatory
GnRH surge. However, such effects of the prenatal exposure to testosterone can
only be observed during critical periods of the brain development responsible
for the organisation of the GnRH neurosecretory system, and masculinization
of the timing of the pubertal increase in GnRH secretion. Nutrition, growth
and photoperiod history determine the time of onset of puberty. Such history is
used to precisely time the change in the GnRH system and perhaps in the "gona-
dostat" sensitivity, in agreement with the sex-specific programming. Such sex dif-
ference is not unique to the sheep. Young males and females respond to cues
from their internal and external environment in accordance with their steroid
developmental pattern.

The human paradigm of possible early puberty was discussed by Dr L. Ibaliez
using premature adrenarche as a marker of polyendocrinopathy. Premature adre-
narche is represented by moderate hyperandrogenism in young girls aged 7 to 8
years, with slightly elevated androgens from adrenal origin. Corticotrophin-
releasing hormone may be the hormone responsible for the onset of adrenarche.
Long-term follow-up of these girls have shown that the onset of puberty and
menarche occur at a normal age, and they reach a normal adult height. However,
many of them present with anovulatory cycles due to an ovarian hyperandrogen-
ism, which may resemble ovarian polycystic syndrome, insulin resistance, and
lipid imbalance. There is an abnormally high response of the ovarian 17-hydroxy-
progesterone (17-OHP) after stimulation with GnRH agonist. This increased
rise of 17-OHP is attributed to an abnormal cytochrome P450c17 ovarian
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enzyme activity, resulting in an increase of steroidogenesis. Such abnormality has
been attributed to an abnormal regulation of the serine phosphorylation of
human cytochrome P450c17 that leads to an increase activity of the 17,20 lyase
activity and thus, androgen synthesis. In addition, serine phosphorylation of the
insulin receptor p chain is known to cause insulin resistance. It was, therefore,
hypothesized that the combination of hyperandrogenism and insulin resistance
could result from the serine hyperphosphorylation by a single kinase.

Furthermore, it was observed in the study by L. Ibaliez that girls with prema-
ture adrenarche had a lower birth weight than control girls, and the smaller the
birth weight was the higher was the risk for developing later ovarian hyperandro-
genism, as well as insulin resistance. One could speculate how small birth weight
affects the development of such disease in adulthood.

Comments and questions raised by these presentations

It is clear that estrogens are essential for the brain imprinting and programming,
as well as androgens, but how these steroids act directly on the neurons at the
membrane or the nuclear level is still not known. It is now also accepted that
estrogens play a major role on growth, bone maturation and bone density. They
may explain why girls grow earlier than boys during puberty. But one could pro-
pose that there is a different brain programming due to the prenatal and neonatal
sex steroid imprinting.

The exact role of several internal cues and photoperiodic signals should be
more studied, in particular clock genes (Fig. 1). Does memory of a certain num-
ber of critical stimuli (dark phase) play a role in the triggering of puberty? In
the rat, which has a vaginal opening at about 38 days, 38 such stimuli would
obviously be necessary. But in the rat on a 21 h cycle (10.5:10.5 h light:dark
cycle), 38 stimuli could be given in about 33 days (i.e., 21/24 x 38), thus accelerat-
ing puberty [1]. This fact has been demonstrated experimentally: female rats
reared on the 21h cycle have vaginal openings significantly (p < 0.01) earlier
(50% of them at 33 days of age) than animals reared on 24h light-dark cycle
with 12.0h or 14.0h dark period (50% of the animals at 38 [2]).

In addition to developmental genes that have been presented during this 5th
International Conference on the Onset of Puberty, the role of brain upstream
genes, clock genes, and also of some functional genes during critical periods of
development should be investigated. How does nutrition, in particular prenatal
malnutrition causing small birth weight, affect the brain programming, or is
nutrition only an inhibitory or stimulatory factor? What are the roles of growth
factors and cytokines in the hypothalamic nuclei such as the suprachiasmatic
nucleus? We know a lot about the role of hormones from the pituitary and the
gonads, but very little about the brain inhibiting and/or triggering mechanisms
responsible for the onset of the pubertal pattern of the GnRH secretion.
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Fig 1. A hypothetical scheme of the onset of puberty. Upstream genes, acting at the level of the brain,
influence the pubertal hypothalamic secretion of GnRH. Developmental genes act during embryo-
genesis at the level of the hypothalamus and the pituitary gland, as well as nutrition (via leptin, IGFs
and IGFBPs; aminoacids, etc), neurotransmitters, local growth factors and cytokines which influence
the GnRH secretion. The gonads act via the sex steroids (E2 and T), and proteins like inhibin or acti-
vin (not represented in this scheme), through feedback mechanisms.
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