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Estrogen Receptors in the Male 

R. B. DICKSON AND C. R. CLARK 

Estrogens in the male are secreted by the testes and derived extragonadally from the aroma- 
tization of certain androgens. In some brain regions critical for the control of gonadotropin 
secretion and behavior, androgens may be aromatized to estrogens within the cells that are 
regulated. Estrogen may have other physiological roles on the testes to control testosterone 
secretion and on accessory sex glands to promote both fibromuscular growth and secretion. 
High doses of estrogen given for treatment of prostatic cancer or modulation of reproductive 
function not only reduce testosterone secretion but also interact with the liver, changing the 
secretion of various plasma proteins and causing several undesirable side effects. The hypo- 
thalamus, pituitary, testes, accessory sex glands, and liver all contain an apparently identical 
protein, the estrogen receptor, which may mediate the actions of estrogen. 

Key Words: Estrogen; Receptors; Male; Aromatase; Feminization; Steroidogenesis. 

INTRODUCTION 

The study of male sexuality has traditionally centered on androgens. In recent years, 
however, it has become apparent that estrogens also play a crucial role in the devel- 
opment, physiology, and behavior of the male. Estrogens in the male have actions on 
the sex organs, central nervous system, adrenals, liver, and other organs [19, 44, 51, 
711. 

To determine if a tissue is a direct target of estrogen, one criterion which must be 
satisfied is the identification of macromolecules with “receptorlike” properties which 
can mediate the effect(s) of estrogen on that tissue. The following five criteria are 
frequently used to establish whether an estrogen binding site can be termed a receptor 
[31]. First, the binding should be reversible and of high affinity; the levels of estrogen 
are low and responses may be transient. Second, since there should be a limited number 
of receptors per cell, binding should be saturable. Third, binding should be specific for 
the hormone and related hormone analogues. Fourth, binding should be confined to 
those organs that show a response to the hormone. Finally, hormone binding should 
be in some way functionally linked to the initiation of a response. Of all the criteria, 
assigning a functional role to a receptorlike macromolecule has proven to be notoriously 
difficult. Therefore, the term “receptor” is used rather loosely to label those macro- 
molecules which satisfy the first three of the above hormone binding criteria. 
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MECHANISM OF ACTION OF ESTROGENS 

The uterus of the female rat has been used extensively as a model target tissue in 
the study of the mechanism of estrogen action. The uterus has been a useful model 
system for other estrogen target tissues, including those in the male. A model for the 
mechanism of action of estrogens in the male is proposed (Fig. 1). Cells of estrogen- 
responsive tissues are exposed to estrogen principally through the circulatory system, 
although in tissues where estrogen is derived from the local aromatization of testos- 
terone, estrogen may be formed locally. Estrogens circulate in two states: bound to 
plasma "transport proteins" and unbound [30]. Transport proteins (i.e., sex hormone- 
binding globulin, a,-acid glycoprotein, and albumin) are synthesized in the liver, and 
this synthesis is under partial estrogenic control [a]. Bound estrogen is in equilibrium 
with the much smaller pool of unbound, the portion which is immediately available for 
tissue interactions. Estrogen enters all cells by a process that is currently not under- 
stood. 

Target tissues contain receptors, enzymes of estrogen metabolism, and nonreceptor 
binding proteins that modulate estrogen-receptor complex formation [ 15, 16, 19, 301. 
Within estrogen target cells, estrogen is specifically bound with a high affinity to a 
cytoplasmic receptor protein. A change in conformation of the estrogen-receptor com- 
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FIGURE 1. Mechanism of action of estrogens in the male: a model. Plasma estradiol (E2) and 
testosterone (T) circulate either bound to plasma proteins (PBP) or unbound. Unbound steroids 
enter all cells to a certain extent by a process that is not currently understood. T may be converted 
to E2 if the aromatizing enzyme complex aromatase is present. Estrogen may be further metabolized, 
bound to nonreceptor binders (NRB) or bound to cytoplasmic receptor proteins (R) exclusively 
within estrogen target cells. Estrogen receptor complex (E2R) formation triggers a process which 
results in an activated complex with a high affinity for chromatin. The activated E2R is translocated 
to the nucleus with a resultant regulation of gene expression. 
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plex occurs, triggering a process that results in an activated complex with a high affinity 
for chromatin. The activated estrogen-receptor complex is “translocated” into the 
nucleus [30]. Where on the chromatin the estrogen-receptor complexes bind and how 
they modulate cell function is currently under intensive investigation. Steroids may 
modulate gene expression in a manner similar to enzyme induction in bacteria. Steroid 
receptors may bind to tissue-specific promoter (or repressor) control sites in the chro- 
matin and facilitate the transcription of RNA. Estrogen-stimulated messenger RNA is 
translated and processed to yield specific steroid-induced protein(s) [57]. 

SOURCES OF ESTROGENS IN THE MALE 

In the male, the free estrogens, estrone and estradiol, enter the blood both as a result 
of direct secretion from the testis and extragonadal conversion from androgenic pre- 
cursors (Fig. 2). In the testes of men, testosterone is converted to estradiol and an- 
drostenedione to estrone [391, releasing estradiol (97.2-892.0 pg/ml) and estrone 
(30.0-234.8 pg/ml) into spermatic venous blood [401. The conversion of androstenedione 
to estrone is the main source of estrone entering the body [38]. Extragonadal conversion 
or aromatization of androgen provides the other source of estrogen (25%-50% [23,35]) 
in the male. The major site of androgen secretion is the testis, although the adrenal 
cortex also secretes smaller amounts of C,, steroids-dehydroepiandrosterone, 
androstenedione, and 1 1 /?-hydroxyandrosterone [7]. In many species, aromatase activ- 
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FIGURE 2. Physiologic sources of estrogen in the male. Gonadal androgens are converted by the 
enzyme complex aromatase to estrogens. Both androgens and estrogens are released into the general 
circulation. Androgens may, in addition, be aromatized to estrogens in extragonadal tissues. These 
estrogens may have local actions prior to their release into the general circulation. The adrenals 
normally contribute relatively minor amounts of androgens and estrogens to the circulatory pools. 
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ity has been detected in nonneural and neural tissues, specifically in the hypothalamus 
and limbic system [lo, 541 (Fig. 2). In most areas of the brain, the extent of in vitro 
aromatization is low-in the range of 1% or less of substrate metabolized. However, 
the potency of estrogen for biological actions is very high-often 10-100-fold higher 
than that of the parent androgen. Some actions of androgen on the brain may be carried 
out via conversion to estrogen at the cellular level 1531. 

Superphysiologic elevations in the level of plasma estrogens, for example as a con- 
sequence of pharmacologic administration in the treatment of prostatic cancer, or re- 
sulting from abnormal biosynthesis by a testicular or adrenal tumor, can lead to marked 
changes in male physiology. Environmental influences can also result in increased levels 
of estrogens in the blood. A variety of chemicals including certain carcinogens, e.g., 
DMBA [49] and polychlorinated biphenyls 163, appear to be estrogenic. Some plants, 
notably marijuana 1551, contain estrogenic or antiandrogenic substances, and various 
herbicides and insecticides, e.g., DDT 161 and Kepone [8], are estrogenic or influence 
the hepatic metabolism of estrogens. Each of these modes of estrogenization can lead 
to some degree of feminization of men and other mammalian males. A spectrum of 
changes can occur: reduction in testosterone synthesis, impotence, regression of testes 
and secondary sex organs, loss of pubic and axillary hair, changes in the levels of 
various hepatic enzymes and plasma proteins, thromboembolism, and gynecomastia. 
Tumors of the pituitary gland and many other target organs for estrogen have also been 
reported. Whether some of these diverse changes are the result of direct or indirect 
(i.e.. by reduction in the levels of testosterone) effects of estrogens remains to be 
determined [19, 21, 24, 44, 51,  711. 

CENTRAL NERVOUS SYSTEM 

The strongest evidence for a physiologic role of estrogens in the male is in the central 
nervous system. Estrogens are critical during development and maturation of the brain 
and in adulthood to allow normal expression of sexual and aggressive behaviors and 
to regulate gonadotropin secretion (Fig. 3). Implantation, lesion, and morphological 
studies implicate the hypothalamus, amygdala, and pituitary as important sites of action 
of estrogen in the central nervous system (CNS). 

Estrogen Receptors 

Most of the actions of estradiol on the developing and adult male CNS appear to be 
the result of an interaction of estradiol with specific intracellular proteins that translocate 
hormone into the nuclear compartment of the cell and alter genomic activity. Although 
receptors have been identified within the brain and pituitary €or the other major classes 
of steroid hormone, i.e., androgens, progestins, glucocorticoids, and mineralocorticoids 
[42]. the estrogen receptors have the most extensively studied role in behavior and 
neuroendocrine function. 

The ability of the male pituitary and hypothalamus-preoptic area to retain and con- 
centrate estradiol was demonstrated using systemically injected 3H-estradi61 1201. Pre- 
treatment with unlabelled estradiol diminished the uptake of 3H-estradiol, and the 
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FIGURE 3. Proposed role of estrogen in the male. A. Physiologic estrogen (E2) derived from 
testosterone (T) may play a critical role during development both in the differentiation of the central 
nervous system and the genital primordia. In adulthood, E2 has important actions in modulating 
behavior and regulating the secretion of gonadotropins and testosterone. Effects may be observed 
in sex-accessory glands, testes, and on other E,-receptor-containing tissues. B. Exposure of the 
adult male to pharmacologic levels of estrogen can result in an abolition or severe reduction in 
testosterone secretion with widespread physiologic consequences. Pharmacologic estrogen may also 
have undesirable direct effects on liver and other tissues. Under certain circumstances the formation 
of tumors can occur in some receptor-containing tissues. 
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radioactivity in the tissues was identified as being primarily unchanged 3H-estradio!. 
Autoradiographic studies of the distribution of radioactivity among cells in the male 
and female rat brain following injection of 3H-estradiol have revealed no sex differences 
in neurons which concentrate estradiol [%I. The highest labeling of cells in the male 
and female rat and other vertebrate species is to be found in the preoptic area, pre- 
piriform cortex, olfactory tubercle, septum, cingulate gyrus, amygdala, and ventro- 
medial hypothalamus. 

Binding of 3H-estradiol to soluble receptors from male rat pituitary and various brain 
regions has been described by a number of laboratories. Like those in the uterus, neural 
estrogen receptors have a sedimentation coefficient in low ionic strength sucrose density 
gradients of approximately 8s; they have a high affinity (KA of 1O’O M), and they are 
highly specific for estrogens [56]. There are up to 30-fold more receptors in the pituitary 
than in the hypothalamus. Sex differences in the physicochemical properties of estrogen 
receptors within the pituitary and brain have not been found [33]. That the 8s cyto- 
plasmic molecules are precursors for 6 s  nuclear binding sites may be inferred from 
studies in which injected estradiol increases nuclear binding sites for several hours and 
reduces the cytosol binding sites for up to 15 hr. Receptor depletion is followed by 
replenishment of cytosol receptor levels, which is only partially sensitive to cyclo- 
heximide, an inhibitor of protein synthesis 130, 311. 

Role of Estrogen Receptors in the Male Central Nervous System 

Sexual Differentiation 
In rodents, estradiol formed by aromatization of testosterone is the principal active 

steroid involved in sexual differentiation of the brain (Fig. 3) [45]. Increases in the 
levels of the estrogen receptor coincide with the critical period of neural development 
[4]. These receptors appear to be at least partially occupied in neonatal male but not 
female rats by endogenous hormone [70]. Endogenous estrogen in the female is pre- 
vented from reaching the fetal CNS by the presence of high levels of a serum estrogen- 
binding protein, a-fetoprotein [2]. This molecule has a stereospecific, high affinity for 
estradiol and is present, in progressively diminishing concentrations in the rat, from 
late gestation through the first 4 weeks of postnatal life [59]. The neonatal male brain 
has the ability to aromatize androgen to estrogen, and the masculinizing effects of 
testosterone are attenuated both by aromatase inhibitors and antiestrogens. The mas- 
culinizing effects of testosterone given to castrated newborn hamsters are blocked [ 131 
by pentobarbitol and SKF 525A, inhibitors of microsomal oxidation that decrease the 
conversion of testosterone to estradiol. “Defeminization” of lordosis in response to 
neonatal testosterone propionate may be blocked with CI-628, a potent nonsteroidal 
estrogen antagonist [47]. In addition, the administration of estradiol during the critical 
neonatal period mimics the effect of androgen in blocking ovulation in the adult female 
and masculinizing neural differentiation in the neonatally castrated male. Moreover, 
neonatal treatment of female rats with the nonaromatizabie androgen 5a-dihydrotes- 
tosterone is ineffective in altering the normal female pattern of neural development [261. 

Sexual differentiation of neuroendocrine and behavioral function in species other 
than rodents, men in particular, is poorly understood. It is not known how widely the 
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situation in rodents can be generalized to other species [40]. One of the most informative 
disorders involving the process of sexual differentiation is the androgen insensitivity 
syndrome in humans, mice, and rats. In primates and rodents the primary defect re- 
sponsible for this syndrome is the virtual absence of androgen receptors. Hence there 
is a complete failure of masculine development of the Wolffian ducts, urogenital sinus, 
and external genitalia [46]. With respect to neuroendocrine and behavioral function, 
the brains of androgen-insensitive rats are essentially masculine in character, suggesting 
the importance of aromatization of testosterone to estradiol in this species [63]. How- 
ever, in humans there is no evidence for masculine tendencies in gender role behavior 
PI. 

Gonadotropin Secretion 
Gonadotropin secretion in the male is partially modulated through negative feedback 

inhibition by circulating androgens (Fig. 3). Castration elevates plasma gonadotropins, 
whereas the exogenous administration of testosterone results in their suppression. In 
the male rat, testosterone or one of its 5a-reduced metabolites is the active steroid in 
the regulation of gonadotropin secretion. Hence, exogenously administered Sa-dihy- 
drotestosterone and other 5a-reduced androgens suppress lueteinizing hormone (LH) 
and follicle stimulating hormone (FSH) in castrated rats in a time course similar to 
testosterone. Estrogen also suppresses gonadotropin secretion but at a much faster rate 
than testosterone [691. 

The obligatory role of testosterone and/or one of its Sa-reduced metabolites in the 
regulation of LH release is suggested by the elevated levels of LH and FSH that follow 
administration of the nonsteroidal antiandrogen Sch-16423 [ 121, or its parent compound, 
flutamide [65]. That the action of testosterone on gonadotropin secretion does not 
require its aromatization to estradiol is suggested by the inability of the aromatase 
inhibitor 1,4,6-androstatriene-3,17-dione to block testosterone-mediated suppression of 
LH secretion in castrated rats [37]. Estrogen, both in vivo [29] and in vitro [60], can 
also directly interfere with Leydig cell function, inhibiting biosynthesis of testosterone 
(Fig. 3). 

In man, in contrast to the male rat, estrogen appears to play a crucial role in the 
regulation of gonadotropin secretion. A recent study [41] employed men in whom a 
daily dose of testosterone (1 mg) or estradiol (45 pg) was infused for 7 days. Plasma 
LH was measured in these individuals every 20 min for 8 hr before and on the 4th day 
of infusion. This infusion rate of testosterone suppressed LH by 39%, whereas estradiol 
suppressed plasma LH by 22%. Estradiol administration reduced the amplitude of LH 
secretory spikes, whereas testosterone reduced their frequency [61]. Treatment of 
normal and androgen insensitive men with the antiestrogen clomiphene citrate elevated 
LH [34]. A pure androgen effect on LH secretion has also been established. Treatment 
of men with the nonaromatizable androgens 5a-dihydrotestosterone or fluoxymesterone 
(a synthetic androgen) suppressed LH secretion [62]. Androgen-insensitive men have 
elevated levels of LH, possibly the result of impaired negative feedback of androgens 
[22]. Both estrogen and androgen play separate yet important roles in the regulation 
of gonadotropin secretion in the human male. 
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STEROIDOGENIC TISSUES: TESTES AND ADRENALS 

Administration of estrogen to men and other species of mammalian males rapidly 
reduces the synthesis of testosterone by the testes [43,44,51,71] (Fig. 3). This probably 
occurs by a blockade of the 17-20 desmolase reaction [29, 601, either as a direct effect 
on the testes or as an indirect effect on pituitary LH levels [ 111. In hypophysectomized 
rats, as little as 0.01 pg of diethylstilbestrol given in vivo partially blocked the ability 
of testicular tissue to respond in vitro to gonadotropin stimulation; 0.2 pg of diethyl- 
stilbestrol given in vivo to hypophysectomized rats lowered basal production of tes- 
tosterone by testicular tissue in vitro [27]. Estrogen implanted near the epididymis of 
one testicle caused the local testicle to atrophy but had no effect on the contralateral 
testicle, on plasma levels of FSH or testosterone, or on fertility in rats [36]. Direct 
estrogen-testes interaction can lead to impaired testicular function. 

3H-estrogen is concentrated in the testes of adult rats or men, suggesting the presence 
of a receptor [43]. A cytosol receptor for estrogen appears at puberty in rat Leydig 
cells and is capable of rapid translocation from cytoplasm to nucleus after in vivo 
estrogen administration [ I ,  14. 50,681. Nuclear receptors for estrogen in the testes have 
been very difficult to study in the rat because of the very high levels of nonspecific 
binding of estrogen [14]. Only low levels of nuclear estrogen receptors have been 
reported in human testes, possibly as a result of the lack of studies using purified Leydig 
cells [52]. Following stimulation of rats with gonadotropin, the cytoplasmic estrogen 
receptor in the testes is rapidly depleted as enhanced estrogen biosynthesis occurs 1481. 
Thus, the receptor system may be able to interact with locally produced estrogens. 
The testicular receptor for estrogens may be part of a “short loop” feedback system 
that could mediate an estrogenic control over androgen (and estrogen) synthesis [27]. 

Estrogen receptors are also found in the adrenal glands of rats [9, 20, 671 and it is 
possible that steroidogenesis could also be regulated by estrogen in this tissue. Estrogen 
treatment of men and rodents increases 17a-hydroxylase [28] and adrenal steroid output 
[64]. Prolonged exposure of rodents to estrogen can lead to estrogen-dependent testic- 
ular interstitial cell tumors (usually classed as benign), and estrogen treatment of humans 
and rodents is sometimes associated with adrenal hyperplasia or tumors [21, 241. 

ACCESSORY SEX ORGANS 

Estrogen administration has marked, castrationlike effects on accessory sex organs 
in man and other mammalian species; prostate, seminal vesicle, and other secondary 
sex structures regress (Fig. 3). This potent effect of estrogens may be attributed to a 
reduction in testosterone synthesis as described above. In contrast, when low doses 
of estrogen are given to the castrated rodent, a number of growth-promoting effects 
are seen. The fibromuscular portions of the anterior prostate, seminal vesicle, and 
coagulating gland grow after in vivo estrogenization, and the prostate gland shows 
fibromuscular hyperplasia after in vitro estrogenization [43, 441. There may be a phys- 
iological role of estrogen in the normal growth and maintenance of these smooth mus- 
cles. Low doses of estrogen synergize with androgen in promotion of secretion by sex 
accessory organs; thus, estrogen may also have a physiological role in the epithelia. 
Pharmacologic doses of estrogen in men and other mammalian males can block andro- 
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gen-stimulated secretion by seminal vesicle and prostate and also induce squamous 
metaplasia or hyperplasia. The periurethral region and the ducts of the anterior region 
of the human prostate appear to be the most sensitive to estrogen. Estrogens can also 
potentiate the action of androgens in promotion of secretion by bull seminal vesicle, 
on fructose concentration in mouse seminal vesicle, and on the weight of rat seminal 
vesicle and anterior prostate. Estrogen effects on secondary sex structures are complex; 
synergism with and antagonism of androgen action occur, with estrogen sensitivity 
being dependent on organ tissue type and region [43, 44, 521. 

Benign prostatic hyperplasia and prostatic cancer are usually associated with old 
age, a time when plasma estrogen levels have increased relative to plasma androgen 
levels. Chronic elevations in the level of plasma estrogens may contribute to the de- 
velopment of benign prostatic hyperplasia in the periurethral portion and prostatic 
cancer in the peripheral portion [43, 44, 521. 

In rodents, high levels of estrogen receptors exist in the fibromuscular portion of the 
prostate and seminal vesicle and lower levels occur in the epithelia of these organs and 
in the epididymis and the ductus deferens. Their properties appear to be similar to 
those of the estrogen receptors found in the CNS and other tissues. Prolonged tissue 
and nuclear retention of 3H-estradiol after injection indicates that nuclear translocation 
of the receptors can occur [5 ,  43, 52, 681. In men, nuclear and cytoplasmic estrogen 
receptors occur in the epididymis, seminal vesicle, and the peripheral portion of the 
prostate-lower levels were also observed in the periurethral prostate. The synthetic 
estrogen 3H-R2858 was used to detect estrogen receptors in the presence of contami- 
nating plasma SHBG [52]. 

The levitor ani, a striated sex accessory muscle, is also estrogen sensitive and contains 
translocatable estrogen receptors, at least in rodents [ 171. Estrogens and aromatizable 
androgens increase the activity of glucose-6-phosphate dehydrogenase and stimulate 
growth [32]. The effect on enzyme induction is blocked by antiestrogens but not an- 
tiandrogens, suggesting that androgens are locally converted to estrogens for their effect 
on muscle metabolism. This mode of action of aromatizable androgens and estrogens 
is probably not a general one on all skeletal muscles since estrogen cannot mimic the 
general androgen myotropic response of myoblast cells in vitro [32]. 

Autoradiography following 3H-diethylstilbestro1 injections in pregnant mice has lo- 
calized estrogen receptors in the urogenital primordia of the fetal male. The nuclear 
concentration of 3H-estrogen in the mesenchyme surrounding the genital tracts, uro- 
genital sinus, and rectum and in the gubernaculum testes suggests the possibility of a 
role for estrogen in the sex differentiation of these primordia [67]. As in the neonatal 
brain, testosterone may be converted locally to estradiol for developmental effects. 

LIVER 

The liver is a likely mediator in the development of some side effects of estrogen 
administered to modulate reproductive function. The liver is the primary site of met- 
abolic transformation and degradation of estrogens, but in addition estrogens influence 
liver function (Fig. 3). Among the estrogen-sensitive, liver synthesized plasma com- 
ponents are the steroid and thyroid hormone-binding globulins, clotting factors and 
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inhibitors, prebetalipoproteins, triglycerides, haptoglobin, and renin substrate. The bile 
flow rate and cholesterol to bile acid ratio are also estrogen sensitive [19, 44, 51, 661. 
Changes in the levels of these liver synthesized components may contribute to the 
development of disease states. In men given estrogens for prostatic cancer, throm- 
boembolism and heart disease are side effects [19]. Some of the pathological conse- 
quences of estrogen administration in women for contraception are increases in throm- 
bosis, atherosclerosis, hypertension, heart attacks, gall bladder disease, and benign 
hepatomas [19, 21, 51,  661. 

Demonstration of the classical estrogen receptor in the rat liver has been more difficult 
than for most tissues. In rats, high levels of the estrogen receptor can be measured, 
but only after puberty, coincident with development of the capacity for renin substrate 
induction. Unlike many other target tissues for estrogen, the maintenance of the hepatic 
receptor in adult male or female rats requires an intact pituitary gland [19]. A hepatic 
estrogen receptor also exists in humans [18]. 

The estrogen receptor, partially purified from liver cytosol of male and female rats, 
appears to be identical to the classical estrogen receptors in rat uterus and brain. Adult 
male rat liver has an additional, unusual binding protein for androgens and estrogens 
and some of their metabolites [191. The high rate of hepatic metabolism of estrogen 
limits its intraceliular concentrations and necessitates high estrogen doses before trans- 
location of receptors and the changes in liver function occur [19]. Hepatic metabolism 
is more efficient in deactivating estradiol than 17a-ethinyl estradiol, and this allows 
increased receptor interactions and changes in liver function with the synthetic estrogen 
115, 161. The identity of hepatic nuclear-bound estrogen has been determined after 
exposure of isolated rat liver cells to radioactive estradiol or 17a-ethinyl estradiol. In 
addition to nuclear-bound parent estrogens, their 2-hydroxylated metabolites have also 
been identified [ 15, 19). Since these metabolites are chemically reactive, potentially 
toxic compounds, their production may be related to the development of some of the 
hepatic side effects of estrogen, for example, hepatoma or reduced bile flow [19]. 

Acknowledgments: The authors would like to thank Dr. N. J .  MacLusky for helpful discussion and 
Professor F. Naftolin for providing facilities in the Department of Obstetrics and Gynecology, Yale University 
School of Medicine for CRC. 

RBD was supported by American Cancer Society Postdoctoral Fellowship # PF 1762. CRC was supported 
by Public Health Service International Fellowship # IF05 Two 2802-01, 

REFERENCES 

1 .  Abne) TO (1976): A cytoplasmic estradiol re- 
ceptor in rat testicular tissue. Endocrinology 
99:555-566 

2. Andrews WW. Ojeda SR (1977): On the feedback 
action of estrogen on gonadotropin and prolactin 
release in infantile female rats. Endocrinology 
101 : 1517-1.523 

3 .  Baker SW (1980): Psychosexual differentiation 
in the human. Biol Reprod 22:61-72 

4. Barley J .  Ginsburg M. Greenstein BD, Mac- 
Lusky NJ, Thomas PJ (1974): A receptor me- 

diating sexual differentiation. Nature (London) 

5 .  Belis JA. Blume CD, Mawhinney MG (1977): 
Androgen and estrogen binding in male guinea 
pig accessory sex organs. Endocrinology 

6.  Bitrnan J .  Cecil HC (1970): Estrogenic activity 
of DDT analogs and polychlorinated biphenyls. 
J Agr Food Chem 18: 1108-1 112 

7 .  Brooks RV (1979): Biosynthesis and metabolism 
of adrenocortical steroids. In: The Adrenal Cor- 

252:259-260 

101 :726-740 



Estrogen Receptors 215 

tex, James VHT (Ed). New York: Raven Press, 

8. Bulger WH, Muccitelli RM, Kupfer D (1979): 
Studies on the estrogenic activity of chlordecone 
(Kepone) in the rat: effects on uterine estrogen 
receptor. Mol Pharmacol 15515-524 

9. Calandra RS, Nuess 0, Purvis K, Attramadal A, 
Djoseland 0, Hansson V (1978): Oestrogen re- 
ceptors in the rat adrenal gland. J Steroid 
Biochem 9:957-962 

10. Callard GV, Petro Z, Ryan KJ (1978): Conver- 
sion of androgen to estrogen and other steroids 
in the vertebrate brain. Am Zoo1 18:511-523 

11. Chowdhury M, Tcholakian RK, Steinberger E 
(1980): Reevaluation of effects of estradiol ben- 
zoate on the production of testosterone and lu- 
teinizing hormone in the rat. Endocrinology 

12. Clark CR, Merry B, Nowell NW (1981): Effect 
of a,a,a-trifluoro-2-methyl-4’-nitro-rn-lactotolui- 
dide (Sch 16423) on serum testosterone and LH 
in rats. J Reprod Fertil 61:189-191 

13. Clemens LG (1974): Neurohormonal control of 
male sexual behavior. In: Reproductive Behav- 
ior, Montagna M, Sadler SA (Eds). New York: 
Plenum Press, pp 23-53 

14. DeBoer W, DeVries J,  Mulder E, Van Der 
Moulden HJ (1977): Comparative study of nu- 
clear binding sites for estradiol in rat testicular 
and uterine tissue. Biochem J 162:331-339 

15. Dickson RB, Aten RF, Eisenfeld AJ (1980): Re- 
ceptor-bound estrogens and their metanometa- 
bolites in the nucleus of the isolated rat liver 
parenchymal cell. Mol Pharmacol 18:215-223 

16. Dickson RB, Eisenfeld AJ (1981): 17a-ethinyl 
estradiol is more potent than estradiol in receptor 
interactions with isolated hepatic parenchymal 
cells. Endocrinology 108:1511-1518 

17. Dione FT, Lesage RL, Dube JY, Tremblay PL 
(1979): Estrogen binding proteins in rat skeletal 
and perineal muscles: in vitro and in vivo studies. 
J Steroid Biochem 11:1073-1080 

18. Duffy MJ, Duffy GJ (1978): Estradiol receptor 
in human liver. J Steroid Biochem 9:233-235 

19. Eisenfeld AJ, Aten RF, Dickson RB (1980): Es- 
trogen receptor in the mammalian liver. In: Es- 
trogens in the Environment, McLachlan JA (Ed). 
Amsterdam: Elsevier/North Holland, pp 69-96 

20. Eisenfeld AJ, Axelrod J (1966): Effect of steroid 
hormones, ovariectomy, estrogen pretreatment, 
sex and immaturity on the distribution of ’H-es- 
tradiol. Endocrinology 79:38-42 

21. El Etreby MF (1980): Influence of contraceptive 
steroids on tumor development in experimental 

pp 67-92 

106: 13 1 1 - 13 16 

animals and man: a short review. In: Pharma- 
cologic Modulation of Steroid Action, Genazzani 
E, DiCarlo F, Mainwaring WIP (Eds). New 
York: Raven Press, pp 239-260 

22. Faiman C, Winter JSD (1974): The control of 
gonadotropin secretion in complete testicular 
feminization. J Clin Endocrinol Metab 

23. Franz C, Longcope C (1979): Androgen and es- 
trogen metabolism in male rhesus monkeys. En- 
docrinology 1052369-874 

24. Gardner WU (1953): Hormonal aspects of ex- 
perimental tumorigenesis. Adv Cancer Res 
1 : 173-230 

25. Goy RW, McEwen BS (Eds) (1980): Sexual Dif- 
ferentiation of the Brain. Cambridge: MIT Press 

26. Harlan RE, Gordon JH, Gorski RA (1978): Sex- 
ual differentiation of the brain: implications for 
neuroscience. In: Reviews of Neuroscience, 
Schneider DM (Ed). New York: Raven Press, 

27. Hseuh AJW, Dufau ML, Catt KJ (1978): Direct 
inhibitory effect of estrogen on Leydig cell func- 
tion of hypophysectomized rats. Endocrinology 

28. Johnson DC (1979): Steroid 170-hydroxylase of 
the rat adrenal. J Steroid Biochem 10:397-400 

29. Kalla NR, Nisula BC, Menard R, Loriaux DL 
(1980): The effect of estradiol on testicular tes- 
tosterone synthesis. Endocrinology 106:35-39 

30. King RJB, Mainwaring WIP (1974): Steroid Cell 
Interactions. Baltimore: University Park Press, 

31. King RJB, Mainwaring WIP (1974): Steroid Cell 
Interactions. Baltimore: University Park Press, 

32. Knudsen JF, Max SR (1980): Aromatization of 
androgens to estrogens mediates increased ac- 
tivity of glucose-6-phosphate dehydrogenase in 
rat levator ani muscle. Endocrinology 

33. Korach KS, Muldoon TG (1974): Studies on the 
nature of the hypothalamic estradiol concentrat- 
ing mechanism in the male and female rat. En- 
docrinology 94:785-793 

34. Lacroix A, McKenna TJ, Rabinowitz 0 (1979): 
Sex steroid modulation of gonadotropins in nor- 
mal men and in androgen insensitivity syndrome. 
J Clin Endocrinol Metab 48:235-240 

35. Leach RB, Maddock WO, Tokuyama I, Paulsen 
CA, Nelson WO (1956): Clinical studies of tes- 
ticular hormone production. Rec Prog Horm Res 
12:377-403 

36. Liaccio LA, Joseph AA, Kinel FA (1978): Direct 

39~63 1-638 

V O ~  4, pp 31-71 

103:1096-l102 

pp 190-260 

pp 288-373 

106:440-443 



216 R. B. Dickson and C. I?. Clark 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47 

48 

inhibition of testicular function i n  rats by estriol 
and progesterone. J Steroid Biochem 9:1257- 
1259 
Lieberburg I ,  McEwen BS (1978): Steroid hor- 
mone receptors in the central nervous system. 
In: Biochemical Actions of Hormones, Litwack 
G (Ed). New York: Academic Press, Vol VI, pp 
415-459 
Lipsett MB (1974): Steroid secretion by the testis 
in man. In: The Endocrine Function of Human 
Testis, James VHT, Serio M. Martini L (Eds). 
New York: Academic Press, pp 1-11 
Longcope C. Kato T. Horton R (1969): Conver- 
sion of blood and androgens to estrogens in nor- 
mal adult men and women. J Clin Invest 

Longcope C. Widrich W, Savin CT (1972): The 
secretion of estrone and estradiol 17p by human 
testis. Steroids 20:439-448 
Loriaux DLL. Vigersky RA. Marynick SP, Jan- 
ick J J .  Sherins RJ (1977): Androgen and estrogen 
effects in the regulation of LH in man. In: The 
Testis in Normal and Infertile Men. Troen P, 
Nankin HR (Eds). New York: Raven Press, pp 
2 1 3 - 2 3  
MacLusky NJ, Clark CR (1980): Hormone re- 
ceptors in  the central nervous system. In: Pro- 
teins of the Nervous System, Bradshaw RA, 
Schneider DM (Eds). New York: Raven Press 

Mawhinney MG, Belis JA (1976): Androgens and 
estrogens in prostatic neoplasia. In: Cellular 
Mechanisms Modulating Gonadal Hormone Ac- 
tion, Advances in Sex Hormone Research, Vol. 
2 ,  Singhal RL, Thomas JA (Eds). Baltimore: 
University Park Press, pp 141-209 
Mawhinney MG, Neubauer BL (1979): Actions 
of estrogen in the male. Invest Urol 16:409-420 
McEwen BS (1978): Sexual maturation and dif- 
ferentiation: The role of the gonadal steroids. 
Prog Brain Res 48:281-307 
McEwen BS (1980): Gonadal influences on the 
developing brain. In: Handbook of Biological 
Psychiatry, Van Praag HM, Lader MH, Rafael- 
sen OJ. Sachar EJ (Eds). New York: Marcel 
Dekker. 
McEwen BS, Lieberburg I. Chaptal C, Krey LC 
( 1978): Aromatization: important for sexual dif- 
ferentiation of the neonatal rat brain. Horm Be- 
hav 9249-263 
Moger WH (1980): Temporal changes in testic- 
uiar estradiol and testosterone concentrations, 
cytoplasmic estradiol binding and desensitization 
after human chorionic gonadotropin adminis- 

48:2 19 1-2201 

pp 33 1-383 

tration to the immature rat. Endocrinology 

49. Morreal CE, Schneider SL, Sinha DK, Bronstein 
RE (1979): Estrogenic properties of 3,9-dihy- 
droxy-7,12-dimethylbenz[a]anthracene in rats. 
J Natl Cancer Inst 62: 1585-1588 

SO. Mulder EM, Peters WMO, Van Beurden L ,  Gol- 
dier FF, Rommerts G ,  Janszen FFG, Van Der 
Moulden HJ (1976): Androgen receptors in iso- 
lated cell preparations obtained from rat testic- 
ular tissue. J Endocrinol 70:331-332 

5 I .  Murad F, Haynes RC (1980): Estrogens and Pro- 
gestins. In: The Pharmacological Basis of Ther- 
apeutics, Gilman AG. Goodman LS, Gilman A 
(Eds). New York: Macmillan, pp 1421-1447 

52. Murphy JB, Emmot RC, Hicks LC, Walsh PC 
(1980): Estrogen receptors in the human prostate 
seminal vesicle, epididymis, testes, and genital 
skin: a marker for estrogen-responsive tissues? 
J Clin Endocrinol Metab 50:938-948 

53. Naftolin F, Ryan KJ, Davies LJ, Reddy VV, 
Flores F, Petro Z, Kuhn M, White RJ, Takaoka 
Y. Wolin L (1975): The formation of estrogens 
by central neuroendocrine tissues. Rec Prog 
Horm Res 31:295-319 

54. Naftolin F. Ryan KJ, Petro Z (1971): Aromati- 
zation of androstenedione by the diencephalon. 
J Clin Endocrinol Metab 33:368-370 

55. Nahas GG. Paton WDM (1978): Marihuana Bi- 
ological Effects. New York: Pergamon Press, pp 

56. Notides AC (1970): Binding affinity and specific- 
ity of the estrogen receptor of the rat uterus and 
anterior pituitary. Endocrinology 87:987-992 

57. O’Malley BW, Shrader WT (1976): The receptors 
for steroid hormones. Scient Am 234:37-43 

58. Pfaff DW (1968): Autoradiographic localization 
of radioactivity in rat brain after injection of tri- 
tiated sex hormones. Science 161:1355-1356 

59. Raynaud JP (1973): Influence of rat estradiol 
binding plasma protein (EBP) on  uterotrophic 
activity. Steroids 21:249-258 

60. Samuels LT, Short JG, Huseby RA I 1964): The 
effect of diethylstilbestrol on testicular 17a-hy- 
droxylase and 17-desmolase activities in BALB/c 
mice. Acta Endocrinol (kbh) 45:487-493 

61. Santen RJ (1975): Is aromatization of testoster- 
one to estradiol required for inhibition of lutein- 
izing hormone secretion in men? J Clin Invest 

62. Sawin CT, Ryan RJ. Longcope C ,  Fisher L 
(1978): Effect of chronic administration of estro- 
gen, androgen or both on serum levels of gonad- 

106:496-503 

395-5 18 

56:1555-1563 



Estrogen Receptors 21 7 

otropins in adult men. J Clin Endocrinol Metab 

63. Shapiro BH, Goldman AS, Gustafsson JA (1975): 
Masculine-like hypothalamic-pituitary axis in 
the androgen-insensitive genetically male rat 
pseudohermaphrodite. Endocrinology 97:487-492 

64. Sobrino LG, Case NG, Grunt JA (1971): Changes 
in adrenocortical function of patients with gon- 
adal dysgenesis after treatment with estrogen. J 
Clin Endocrinol33:110-114 

65. Sodersten P, Gray G, Damassa DA, Smith ER, 
Davidson JM (1975): Effect of a nonsteroidal an- 
tiandrogen on sexual behavior and 
pituitary-gonadal function in the male rat. En- 
docrinology 97: 1468- 1475 

66. Song CS, Rifkind AB, Gillette PN, Kappas A 
(1969): Hormones and the liver. Am J Obstet 
G ynecol 105:8 13-847 

67. Stumpf WE, Narbaitz R, Sar M (1980): Estrogen 
receptors in the fetal mouse. J Steroid Biochem 

46~911-915 

12:55-64 

68. Stumpf WE, Sar M (1976): Autoradiographic lo- 
calization of estrogen, androgen, progestin and 
glucocorticosteroid in ‘target tissues’ and ‘non- 
target tissues.’ In: Receptors and the Mechanism 
of Action of Steroid Hormones, Part 1, Pas- 
qualini JR (Ed). New York: Marcel Dekker, pp 

69. Swerdloff RS, Walsh PC, Ode11 MD (1972): Con- 
trol of LH and FSH secretion in the male: evi- 
dence that aromatization of androgens is not re- 
quired for inhibition of gonadotropin secretion. 
J Clin Endocrinol Metab 20: 13-22 

70. Westley BR, Salaman DF (1976): Role of oes- 
trogen receptor in androgen-induced sexual dif- 
ferentiation of the brain. Nature 262:407-408 

71. Wilson JD (1975): Metabolism of testicular an- 
drogens. In: Handbook of Physiology, Endocri- 
nology V, Greep RO, Astwood EB (Eds). Wash- 
ington, DC: American Physiological Society, pp 

41-84 

491-508 


