
Testosterone: A Major Determinant 
of Extragenital Sexual Dimorphism 

C. Wayne Bardin and James F. Catterall 

Sexual dimorphism is obvious in most 
mammalian species because of dif- 
ferential development of the internal and 
external genitalia as well as extragenital 
features such as body size, appendages, 
and specific cellular components. The 
term "sexual dimorphism" refers to any 
differences in form regardless of whether 
it is manifest at the morphologic or mo- 
lecular level. In spite of the quantitative 
differences in the gene products of tis- 
sues from males and females, there are 
few imvortant sexual differences in the 
genome, with the exception of the male- 
specific Y chromosome. The major func- 
tion of this chromosome is to determine 
testicular differentiation; in its absence, 
ovaries develop. It is, then, the secretory 
products of the gonads that are respon- 
sible for sexual dimorphism ( I ) .  Al- 
though estrogens secreted by the ovary 
have a major differentiating effect on the 
reproductive tract, fat distribution, and 
certain bones such as the pelvis, they 
have minor effects on other organs. The 
ovary also produces testosterone, but 
the amount secreted in most species is 
too low to have a biologic effect. In con- 
trast, testosterone, produced in large 
quantities by the testes, has a major role 
in the growth and differentiation of many 
tissues in addition to the organs of repro- 
duction. As a consequence of its wide- 
spread action, testosterone is the major 
hormone responsible for the sexual di- 
morphism of nonreproductive tissues. 

The realization that testosterone has 
some action on virtually every tissue 
prompted attempts to classify the effects 
of this hormone. Historically, the re- 
sponses associated with masculinization 
of the reproductive tract were defined as 
"androgenic," whereas those character- 
ized by growth of nonreproductive tis- 
sues, such as bone, muscle, kidney, and 
liver, were referred to as "anabolic" ac- 
tions (2). Much of the interest in distin- 
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guishing between the androgenic and 
anabolic effects of testosterone came 
from the clinical need for development of 
steroids with anabolic, but not andro- 
genic, activity. However, it was soon ob- 
served that a single androgen may not 
have a uniform effect on two closely re- 
lated parts of the male reproductive 
tract, indicating that the effects of these 
hormones are organ-specific rather than 
steroid-specific (3, 4). 

structure of chromatin is modified during 
differentiation so that the androgen re- 
ceptor complex will activate selective 
tissue responses. We have therefore dis- 
carded the term "anabolic," particularly 
as it refers to the selective action of tes- 
tosterone on extragenital tissues, and 
have focused instead on how the actions 
of testosterone on diverse tissues can be 
understood in molecular terms. 

In this article we describe how testos- 
terone produces sexual dimorphism of 
nongenital tissues other than brain. We 
discuss first the early steps of testoster- 
one action that are common to many 
cells, and then the effects of androgen on 
selected tissues. 

Early Steps of Androgen Action 

The metabolism of testosterone. This 
hormone, the major androgen circulating 
in the blood of man and most mammals, 
enters cells by diffusion. Within the cells 

Summary. Sexual dimorphism in selected extragenital tissues is described with 
emphasis on the molecular basis of the differences. Testosterone rather than 5a- 
dihydrotestosterone appears to be the major intracellular androgen in organs other 
than skin and reproductive tract, but other steroid metabolites and their receptors are 
required to produce the diverse tissue differences observed in males and females. 
There is also evidence that multiple hormones from several endocrine glands are 
required to act in concert with androgens to produce and maintain their effects. Al- 
though many of the consequences of sexual dimorphism, such as body size and 
strength, have been evident for centuries, other differences between males and fe- 
males such as disease incidence, response to drugs and toxins, and the metabolism 
and assimilation of dietary constituents have only recently been discovered. 

Even though the ultimate effects of 
testosterone on cellular constituents are 
tissue-specific, the initial steps of andro- 
gen action are common to many organs. 
These steps include (i) the binding of tes- 
tosterone and its metabolites to specific 
cytoplasmic receptors that are trans- 
ferred to the nucleus of the cell; (ii) an 
interaction of the steroid receptor com- 
plex with acceptor sites on chromatin 
that is associated with increased RNA 
polymerase and chromatin template ac- 
tivities; and (iii) an increase in messenger 
RNA (mRNA) and protein synthesis 
and, in some tissues, DNA synthesis (4, 
5). Which mRNA's and proteins are 
stimulated and which cells undergo divi- 
sion in response to testosterone depend 
on the individual tissues. For example, 
in the mouse, androgens stimulate in- 
creases in P-glucuronidase in the kidney 
(6) and epidermal growth factor in the 
submaxillary gland (7), but do not stimu- 
late increases in these substances in the 
other tissues that produce them. These 
and other observations suggest that the 

it may act directly or be metabolized. 
Depending on the tissue, the testoster- 
one may be converted to steroids that 
are more androgenic, estrogenic, or not 
active on the reproductive tract. Since 
some of the organ-specific effects of tes- 
tosterone are brought about by its me- 
tabolites, it follows that the effects of tes- 
tosterone are the sum of its direct actions 
and those of all its metabolites. These 
metabolites and their receptors are 
shown in Fig. 1. 

In one of the more important pathways 
of androgen metabolism, the biopotency 
of testosterone is amplified by Sa-reduc- 
tase (8, 9). This enzyme reduces testos- 
terone to 5a-dihydrotestosterone (Sa- 
DHT), a steroid that is 2.5 times more 
potent than testosterone in several 
bioassay systems (10). The amount of 
Sa-DHT in a given tissue is determined 
by its rate of formation and reversible 
conversion to 5a-androstanediols: 

Testosterone -+ Sa-DHT fs 
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Fig. 1. Testosterone (T) metabolism and receptor binding. The known 
pathways of testosterone metabolism that lead to biological activities 
in various tissues are summarized as though they occurred in a single 
cell. Testosterone leaves the blood and enters the cell by diffusion. In 
the cytoplasm, testosterone can react in the following ways: (a) With- 
out being metabolized, in which case testosterone binds directly to the 
androgen receptor (Ra), and this steroid receptor complex (T.Ra) is 
then transferred to nuclear acceptor sites in chromatin for initiation of 
the steroid-specific responses; (b) testosterone is metabolized by 5a- 
reductase to 5a-dihydrotestosterone (DHT) which then binds to Ra 
and the steroid receptor complex (DHT.Ra) is bound in the nucleus; 
(c) testosterone is aromatized to estradiol (E) which binds to estrogen 
receptor (Re) which is transferred and bound in nuclei as for (a) and 
(b); (d) testosterone is metabolized to 5p metabolites (P) which bind to 
the p steroid receptor (RP) and the steroid receptor complex (P.RP) 
presumably acts in the nucleus; and (e) testosterone or one of its me- 
tabolites (metab.) acts in the nucleus or cytoplasm by mechanisms 
which are independent of known receptors (receptor-independent re- 
sponses). 

Although the androstanediols are also 
potent androgens, their biological activi- 
ties on most tissues depend on their back 
conversion to Sa-DHT, which is the fa- 
vored direction of the reaction in vivo 
(11). In the adult male, the production of 
Sa-reduced androgens from testosterone 
occurs most notably in the reproductive 
tract and skin where these steroids stim- 
ulate cell division. Since skin is one of 
the most accessible organs, much of our 
knowledge about the significance of Sa- 
reductase in humans has been derived 
from studies of testosterone metabolism 
in vitro with the use of tissue slices, ho- 
mogenates, hair follicles, or cultured fi- 
broblasts prepared from this organ (8, 
12). The metabolism of testosterone by 
skin has also been studied in vivo by 
Mauvais-Jarvis and his colleagues (13). 
These workers used a double-labeling 
technique, injecting simultaneously 3H- 
labeled testosterone and 14C-labeled tes- 
tosterone by percutaneous and intra- 
venous routes, respectively. Taken to- 
gether these studies show that the activi- 
ty of Sa-reductase varies with anatomi- 
cal location and hormonal status. Skin 
from the genital tubercle of both sexes 
has high Sa-reductase activity in the fe- 
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tus before the onset of testicular testos- 
terone secretion. The organs derived 
from the genital tubercle in the male re- 
quire Sa-DHT for differentiation. By 
contrast Sa-reductase activity is low in 
the skin and other responsive tissues of 
androgen-nayve animals and increases 
only after exposure to testosterone (14). 
In the adult this androgen-stimulated in- 
crease in testosterone metabolism re- 
sults not only in a larger excretion of Sa- 
androgen metabolites (15), but also in a 
more rapid rate of testosterone clearance 
in men than in women (16). Thus an in- 
creased rate of Sa-DHT formation is a di- 
morphic feature characteristic of the 
male. 

As shown in Fig. 1, both testosterone 
and 5a-DHT bind to and exert their ac- 
tions by way of the androgen receptor. 
Since both steroids use the same recep- 
tor it is not certain how the unique ef- 
fects of Sa-DHT are mediated. For ex- 
ample, decreased Sa-DHT concentra- 
tions in patients with Sa-reductase defi- 
ciency are associated with reduced beard 
growth and lack of acne, even though the 
concentrations of testosterone in the 
blood of these patients are normal (17). 
By contrast, masculine muscular devel- 

opment in these patients apparently does 
not have an obligatory requirement for 
Sa-DHT (17). One possible explanation 
for the effects of Sa-DHT not being mim- 
icked by testosterone is that the Sa-DHT 
receptor complex has a higher affinity for 
acceptor sites in chromatin. Alternative- 
ly, the androgen receptor may be modi- 
fied in a minor way in some organs so 
that it favors Sa-DHT over testosterone. 
This latter possibility has been discussed 
by Baker et al. (18) (Table 1). 

Estradiol is another metabolite of tes- 
tosterone that exerts its effect either in 
the tissue where it is produced or at dis- 
tant sites (Fig. 1). In both instances, the 
hormonal effects are mediated via the es- 
trogen receptor. In men, the importance 
of estradiol for the regulation of some tis- 
sues was only recently established. For 
example, the major actions of androgen 
on the brain (19) and selected muscles 
(20) of some species are mediated by 
estrogens produced from testosterone. 
Those actions of testosterone are 
blocked by antiestrogens and aromatase 
inhibitors (Table 1). By contrast, in femi- 
nized men with increased production of 
estradiol (21). the action of this steroid is . , .  
opposite that of testosterone on the 

Table 1. Receptors for and responses to testosterone and its metabolites. The actions of testosterone may be mediated directly or by any one of 
several metabolites. 

Blocked 

Intracellular 
steroid 

hormones 

Cellular 
receptor 

or mediator 

Response to Blocked by anti- 
intracellular by anti- estrogens 

steroid andro- or 
in Tfm gens aromatase 

inhibitor 

Examples 
in mature 
animals 

Testosterone Androgen receptor Reduced or absent 
Testosterone metabolites 

5a-DHT Androgen receptor* Reduced or absent 
Estradiol Estrogen receptor Normal 
5P-DHT and other 5P 5p steroid receptor 

steroids Normal 
Unknown Cyclic AMP 
Unknown Unknown Normal 

Yes No 

Yes No 
No Yes 

Yes Unknown 
No Unknown 
No Unknown 

Kidneys, submaxillary gland 

Male reproductive tract, skin 
Brain, levator ani muscle 

Bone marrow, liver 
Selected enzymes in prostate 
Total liver protein 

*The androgen receptor in prostate may have a lower affinity for testosterone than that of kidney [see (ZI)]. 
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breast (22) and liver (13). In other tissue, 
such as prostate, estrogens are syner- 
gistic with androgens (19, 23). 

Testosterone has additional actions on 
bone marrow and liver that are not medi- 
ated by either androgen or estrogen re- 
ceptors. Some of these effects are mim- 
icked by 5P-androgen metabolites (24) 
that have no growth-promoting activity 
on the male reproductive tract, and thus 
by definition are not androgens. These 
steroids mediate their effects by way of 
the P-steroid receptor which has a great- 
er affinity for the P metabolites of testos- 
terone and progesterone than their 5a 
epimers (25). Animals that have a geneti- 
cally determined deficiency of the andro- 
gen receptors [and therefore exhibit tes- 
ticular feminization (Tfrn)] respond nor- 
mally to @ steroids (26) but do not re- 
spond, or show reduced responses, to 
testosterone and its 5a metabolites (9) 
(Table 1). 

Several actions of testosterone either 
have not or cannot be explained by 
known metabolites or receptors (Table 1, 
columns 5 and 6). Among these are the 
actions of testosterone on the pentose 
phosphate cycle of the prostate that are 
mediated by adenosine 3',5'-monophos- 
phate (cyclic AMP) (27). These cyclic 
AMP-mediated responses are not inhib- 
ited by antiandrogens, supporting the 
concept that these actions do not require 
the androgen receptor (28). Further- 
more, cyclic AMP cannot mimic the ac- 
tions of testosterone that depend on this 
receptor (29). Another androgen action 
that is not explained by known mecha- 
nisms is the responses of some liver pro- 
teins to testosterone and 5a-DHT in ani- 
mals with Tfrn (30). Thus it is evident 
that a cell can recognize and respond to 
testosterone by a variety of independent 
mechanisms, some of which have yet to 
be defined with regard to metabolite or 
receptor. 

Testicular feminization. Much of our 
understanding about the molecular basis 
of sexual dimorphism stems from studies 
of animals and humans with Tfm. This is 
an X-linked recessive gene defect that is 
transmitted by heterozygous females to 
half of their male offspring. Affected 
individuals are male pseudohermaph- 
rodites characterized by an XY karyo- 
type female phenotype, short vagina, 
inguinal or abdominal testes, and ab- 
sence of the remainder of the repro- 
ductive tract (31, 32). The external gen- 
italia in persons with Tfrn do not become 
masculinized after treatment with methyl 
testosterone because of tissue resistance 
(33). In addition, virtually all androgen- 
responsive organs in these individuals 
are insensitive to testosterone (34). That 
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the genetically determined androgen 
resistance was found to affect many tis- 
sues implied that this defect involves an 
early step in androgen action. A clear un- 
derstanding of the Tfrn mutation in mo- 
lecular terms, however, awaited the 
identification of this disorder in rats (35, 
36) and mice (37). The basis of androgen 
resistance was first studied in Tfrn rats. 
When it was demonstrated that testoster- 
one conversion to 5a-DHT in resistant 
tissue was normal (38) but that Sa-DHT 
binding in nuclei was reduced (39, 40) 
(Fig. 2a), a defect of the androgen recep- 
tor was proposed as the basis for andro- 
gen resistance in this species. Com- 
parable studies were then performed in 
Tfrn mice, and in this species also a re- 
ceptor defect was proposed as the basis 
for androgen resistance (41, 42) (Fig. 
2b). A reduced amount of cyt&$andro- 
gen receptor was subsequently demon- 
strated by sucrose gradient analysis in 
both rats and mice with Tfrn (43) (Fig. 2, 
c and d). It is now accepted that the 
androgen resistance in animals (44-47) 
and many humans (48, 49) with Tfrn is 
due to reduced or undetectable amounts 
of androgen receptor. 

The relation of the receptor defect to 
androgen responsiveness and the Tfrn 
gene is illustrated by comparison of nor- 
mal and Tfrn mice with mice that are het- 
erozygous carriers of the Tfrn gene (46). 

Fig. 2. Androgen receptor de- 
ficiency in animals with testic- 
ular feminization (Tfrn). (a) 
The uptake of 5a-dihydro- 
testosterone in preputial gland 
nuclei of normal male and 
Tfrn rats injected intravenously 
with [3H]testosterone. The 
preputial gland is a skin de- 
rivative with 5a-reductase 
which is equally active in 
normal males and animals with 
Tfm. The reduced uptake of 
dihydrotestosterone in the nu- 
clei of Tfrn rats is due to re- 
duced amounts of androgen 
receptor. [From Bullock and 
Bardin (39)] (b) Similarly, 
the uptake of ['Hltestosterone 
in kidney nuclei of Tfm mice 
is dramatically reduced over 
that of normal males and fe- 
males. The mouse kidney has 
very little 5a-reductase activi- 
ty so no dihydrotestosterone is 
detected. [From Bullock et a l .  
(41)] (c) Binding of [3H]dihy- 
drotestosterone by preputial 
gland cytosols from male, fe- 
male, and Tfm rats, and (d) 
[3H]testosterone by kidney cy- 
tosols from male, female, and 

Normal male and female mice have nor- 
mal X chromosomes and a full com- 
plement of active androgen receptors 
and, in turn, are fully responsive to 
androgens. The androgen-insensitive 
male pseudohermaphrodite carrying the 
Tfrn gene on its X chromosome in all 
cells has little or no functional androgen 
receptor. In contrast, the carrier female 
mouse has two populations of cells as a 
conseauence of random X inactivation. 
In some cells, the active X chromosome 
is normal and in others Tfrn is expressed. 
This correlates with androgen receptor 
activity and androgen responsiveness 
which are intermediate between those of 
Tfrn mice and normal mice (50, 51). 
Analogous results are available from a 
study of cultured human fibroblasts from 
women who transmit the Tfrn gene (52). 
These experiments correlating androgen 
receptor concentration and androgen re- 
sponsiveness with Tfrn genotype suggest 
that Tfrn is either the structural gene for 
the receptor or a regulatory gene that 
controls its activity (9). The function of 
the Tfrn gene is one of the more inter- 
esting unresolved problems of steroid 
hormone action. 

The major difference between Tfrn rats 
and mice is their degree of androgen re- 
sistance. Many of the cellular compo- 
nents of the preputial gland (53), kidney 
(54), and pituitary (55) in Tfrn rats exhibit 
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Tfrn mice. Cytosols were incu- 
bated with 3H-labeled steroids and ananlyzed on sucrose gradients. The androgen receptors in 
normal animals sedimented at  7S to 8S in fractions 10 to 14. No androgen receptor was de- 
tected in Tfrn animals in this study. [From Bullock and Bardin (43)] 
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a dose-dependent response to very large 
doses of testosterone. By contrast, Tfrn 
mice are relatively more resistant in that 
most gene products are not affected by 
androgens while a few show a minimal or 
fractional response (9, 56). These mice 
and rats may thus be phenotypically sim- 
ilar to humans with the complete and in- 
complete forms of Tfm, respectively. 
Rats with Tfrn have approximately 10 
percent of the receptor found in normal 
rats. Mice with Tfrn also have a small 
amount of residual androgen receptor 
(45). Although many of the physical 
properties of this receptor are normal, it 
does have a different pattern of elution 
on DNA cellulose (57). A detailed com- 
parative study of residual receptors in 
Tfrn rats and mice awaits the isolation of 
highly active stable preparations of these 
proteins. It is therefore not possible to 
relate specific defects to the different de- 
grees of androgen resistance in these 
species. 

The variable phenotype in humans 
with androgen insensitivity is believed to 
reflect different degrees of tissue respon- 
siveness which, as noted above, is asso- 
ciated with heterogeneity of androgen re- 
ceptors. These individuals include those 
with no measurable receptor, reduced 
amounts of normal receptor, reduced 
amounts of heat-sensitive receptor, and 
normal amounts of "normal" receptor 
(58). These last patients, termed "recep- 
tor-positive," do not respond to the full 
complement of androgen receptor even 
though it is transferred to the nucleus. 
Patients with each of these receptor vari- 
ants (except receptor-negative) may 
have more than one phenotype, which 
underscores our lack of understanding of 
how receptor concentration and struc- 
ture relate to androgen response. 

In spite of the lack of information 
about the nature of the receptor abnor- 

Fig. 3.  The syn- and anti- 
androgenic actions of cy- 
proterone acetate on kidney P- 
glucuronidase activity of fe- 
male mice. Testosterone treat- 
ment (0.1 mg per day for 6 
days) increased P-glucuroni- 
dase twofold in this study 
(horizontal shaded bar shows 
the mean 2 standard error). 
When this treatment was com- 
bined with various doses of 
cyproterone acetate (0.1 to 10 
mgiday) the response was first 
potentiated and then inhibited 
(solid line). Cyproterone ace- 
tate alone produced no effect 
on P-glucuronidase. The ar- 
row indicates the enzyme ac- 
tivity in untreated animals. 
[From Mowszowicz et a / .  (69)] 

mality in animals with Tfm, the defect 
can be useful in elucidating how testos- 
terone influences sexual dimorphism in 
extragenital tissues. Actions of testoster- 
one and 5a-DHT that are attentuated or 
absent in Tfrn are believed to be mediat- 
ed by androgen receptor. Those that are 
normal in Tfrn are believed to be mediat- 
ed by estrogen receptor, p-steroid recep- 
tor, or some other undefined mechanism. 
Table 1 summarizes the actions of testos- 
terone and its metabolites as they are 
mediated by various steroid receptors. 

Androgen Responses of the Kidney 

Sexual dimorphism of the kidney ex- 
ists in many species, but such dimorph- 
ism has been studied most extensively in 
the mouse. Morphological studies of 
mouse kidney indicate that the cells of 
Bowman's capsule and proximal con- 
voluted tubule are larger in males than 
females (59). Endogenous or exogenous 
androgens produce these differences and 
the effects of these androgens are not 
mimicked by estrogens (2). In male mice 
that have been castrated the size of the 
kidney regresses to the size of that in the 
female; and the kidney in female mice is 
as responsive to androgens as that of the 
male. Taken together, these observa- 
tions suggest that many androgenic re- 
sponses in this organ are not fixed at 
birth as is the case for brain and liver. 
Analysis of mouse kidney before and af- 
ter androgen treatment indicates that 
renal enlargement is secondary to cellu- 
lar hypertrophy rather than hyperplasia 
(2, 60). In this regard, the kidney differs 
from the male reproductive tract where 
androgens produce an increase in cell 
number as well as size. Other experi- 
ments on kidney have provided insights 
into how hormones mimic and modify 

androgen action, how androgens influ- 
ence transcriptional events, and how 
androgens control specific genes. 

Hormones that mimic and modify 
androgen action on kidney. The effects 
of androgens on many responsive tis- 
sues, including kidney, may be blunted 
in hypophysectomized animals, depend- 
ing on the end point examined (61). Re- 
placement with one hormone, or with 
a combination of hormones, including 
growth hormone, prolactin, glucocorti- 
coids, and thyroxin, only partially re- 
stores the full effect of testosterone. 
These observations suggest that an addi- 
tional factor either produced by the pitui- 
tary or under pituitary control may be 
important for the modulation of andro- 
gen action on the kidney. There have 
been relatively few studies on the mech- 
anism by which pituitary hormones syner- 
gize with testosterone; however, pro- 
lactin has been shown to facilitate the 
uptake of testosterone in some tissues 
(62). That these responses are not unique 
to kidney is suggested by the observa- 
tions that pituitary, adrenal, and thyroid 
hormones are required to maintain a full 
androgen response in other tissues such 
as liver (63) and submaxillary gland (64). 
In addition, testosterone-responsive 
cells cultured in serum-free medium re- 
quire multiple hormones and growth fac- 
tors for maintenance of androgen sensi- 
tivity (65). 

Progestins are another class of hor- 
mones that modify the actions of andro- 
gens, and some of them also mimic the 
effects of testosterone. Progestins that 
are either progesterone or nor-testos- 
terone derivatives have minimal and 
marked androgenic effects, respectively, 
when assayed on the male reproductive 
tract (66). By contrast, both types of ster- 
oids masculinize the external genitalia 
(67), preputial gland (9), submaxillary 
gland (68), and kidney (69). Insights into 
how progestational agents can act like 
androgens came from the realization that 
the responses are not observed in mice 
and rats with Tfm. Subsequent studies 
with W-labeled medroxyprogesterone 
acetate ([3H]MPA) demonstrated that 
this androgenic progestin binds to cyto- 
plasmic and nuclear androgen receptors 
(70). The absence of [3H]MPA binding in 
animals with defective androgen recep- 
tors correlates with the absence in these 
animals of a steroid effect on kidney (69) 
and other tissues (9, 68). These observa- 
tions led to the study of progestins that 
modify androgen action. 

The progestins that potentiate the ac- 
tion of testosterone are known as syn- 
androgenic steroids (69). The synandro- 
genic effects of progestins on P-glucu- 
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ronidase activity in mouse kidney have 
been studied most extensively; however, 
such effects are by no means limited to 
this protein (71). Many synandrogenic 
steroids have other biological activities. 
For example, the potent progestin cy- 
proterone acetate has both synandrogen- 
ic and antiandrogenic actions (Fig. 3). 
Although cyproterone acetate has no ef- 
fect on kidney P-glucuronidase activity 
per se, low doses of this and certain oth- 
er progestins potentiate while larger 
doses inhibit the action of testosterone 
(69, 72). Since steroids that mimic or 
modify androgen action bind to the 
androgen receptor, a steric-allosteric 
model of this intracellular binding pro- 
tein was proposed to explain androgen- 
progestin interaction (70). Considerable 
evidence was marshaled to support the 
model as it related to the independent 
androgenic, synandrogenic, and anti- 
androgenic effects of progestins (70, 73), 
but the model did not explain how poten- 
tiation could be followed by inhibition 
(Fig. 3). Therefore, an effort was made to 
understand the metabolism and binding 
of 6a-methyl progesterone (6MP), which 
has both synandrogenic and antiandro- 
genic activities (72, 74). When [3H]6MP 
was injected intravenously into animals, 
both [3H]6MP and its 20a-hydroxy me- 
tabolite were found in kidney cell nuclei 
bu.t not in seminal vesicle nuclei. The 
renal uptake of both steroids was in- 
creased by concomitant administration 
of testosterone, progestins, or glucocor- 
ticoids. This increased uptake of 6MP 
correlates with its ability to potentiate 
androgen action on kidney. Other stud- 
ies with Tfm animals suggest that at least 
one binding site in addition to the andro- 
gen receptor is involved in potentiated 
uptake of 6MP. 

The binding of progestins to the andro- 
gen receptor is believed to be partly re- 
sponsible for the varied effects of these 
steroids. The ability of progestins to 
modulate the activity of specific proteins 
such as P-glucuronidase is, at least in 
part, a reflection of their ability to in- 
crease or decrease the rate of enzyme 
synthesis (4). Progestins can thus be 
used as probes in concert with other ge- 
netic and biochemical approaches to bet- 
ter understand the selective and specific 
actions of testosterone. 

Most of the agents that inhibit andro- 
gen action are steroids or closely related 
compounds. Recent studies indicate that 
long-acting agonists of gonadotropin-re- 
leasing hormone (GnRH) also have anti- 
steroidal activity. In addition to having 
stimulatory action on the pituitary, 
GnRH and its agonists block steroid syn- 
thesis in testis and ovary (75). Several 

GnRH agonists, including the specific 
peptides [ D - T ~ ~ ~ , P ~ O ~ - N E ~ ] - G ~ R H  and 
[(imBzl)~-His6,Prog-NEt]-GnRH, block 
the direct effect of testosterone on a vari- 
ety of androgen-responsive tissues (76) 
and, surprisingly, inhibit the effect of 
estradiol on the vagina and uterus (76). 
Prior to these observations, all steroidal 
and nonsteroidal compounds with anti- 
androgenic or antiestrogenic activity 
were believed to exert their effects by 
interacting with soluble intracellular 
androgen or estrogen receptors (9, 77). 
The classic view was that antiandrogens 
and antiestrogens compete with tes- 
tosterone and estradiol, respectively, 
for their intracellular binding sites. The 
actions of most peptides, however, in- 
cluding those of GnRH and its agonists 
on the pituitary and gonads, are initiated 
via binding to membrane receptors. Al- 
though many peptides and protein hor- 
mones are internalized by endocytosis, it 
is not clear that this process relates to 
their hormonal activity (78). It remains 
to be established whether the anti- 
steroidal activity of GnRH agonists re- 
ported here is mediated by membrane or 
intracellular receptors. Nevertheless, it 
is unlikely that the agent that normally 
interacts with this binding site is the 
same as that which acts on the pituitary, 
because the amount of GnRH in the cir- 
culation is too low to produce effects in 
the reproductive tract. That peptides 
structurally related to GnRH are present 
in the male reproductive tract where 
they presumably modulate the local ef- 
fects of sex steroids has recently been 
shown by Sharpe and Fraser (79). Stud- 
ies on the action of these peptides should 
provide useful insights into how sexual 
dimorphism is modified in extragenital 
tissue. 

Effects of androgens on transcription. 
Numerous experiments have indicated 
that steroid hormones regulate RNA 
synthesis in reproductive tissues. In- 
creases in RNA have been associated 
with changes in the transcriptional pro- 
cess as reflected by enhanced chromatin 
template activity, increase in the number 
of initiation sites on chromatin, and acti- 
vation of DNA-directed RNA polymer- 
ases (80). Studies with mouse kidney in- 
dicate that androgens stimulate these 
transcriptional processes in a similar 
way. A single injection of testosterone 
increases the activities of RNA polymer- 
ases I and I1 in kidney nuclei at the same 
time that these nuclei take up the andro- 
gen receptor complex. These enzyme ac- 
tivities are at a maximum after 1 to 2 
hours and return toward base line by 4 
hours after injection. Both activities in- 
crease again between 4 and 24 hours 

without subsequent hormone treatment. 
In addition, testosterone increases the 
template activity of renal chromatin as 
measured with highly purified renal RNA 
polymerase I1 (81). The changes in 
chromatin template capacity are associ- 
ated with a testosterone-induced in- 
crease in the number of initiation sites on 
kidney chromatin for homologous RNA 
polymerases I and I1 (82). Finally, tes- 
tosterone increases the amount of RNA 
polymerases I1 and I11 isolated by di- 
ethylaminoethyl-Sephadex chromatogra- 
phy (82). These observations indicate 
that some of the earliest effects of andro- 
gens on extragenital tissues are similar to 
those provided by sex steroids on the re- 
productive tract. 

Although the progestin MPA stimu- 
lates early transcriptional events as does 
testosterone, its actions are different 
from testosterone in several respects 
(82). First, MPA does not stimulate a 
secondary increase in RNA polymerase 
I1 activity in isolated nuclei. Second, 
MPA treatment increases extractable 
RNA polymerase I ,  whereas no detect- 
able change in this enzyme is observed 
with testosterone. The fact that neither 
testosterone nor MPA stimulates these 
transcriptional processes in Tfm mice in- 
dicates that an active androgen receptor 
is required for both steroids. One of the 
interesting problems posed by these ob- 
servations is how two steroids that exert 
their action by way of the same receptor 
stimulate different patterns of transcrip- 
tional events. The magnitude of the mea- 
sured changes in polymerase or chroma- 
tin activities does not correlate with sub- 
sequent protein synthesis. For example, 
the early responses in RNA polymerase 
and template activity (between 1 and 4 
hours) are similar for testosterone and 
MPA, whereas kidney proteins such as 
alcohol dehydrogenase (ADH) and P- 
glucuronidase are always increased more 
by testosterone (69, 72). Furthermore, it 
has been observed that cyproterone ace- 
tate stimulates transcription (83) but has 
no effect on P-glucuronidase or ADH ac- 
tivity (69, 72). 

Effects of androgens on specijic kid- 
ney proteins. Testosterone increases the 
activities of many specific enzymes in 
kidney (4, 6). However, electrophoretic 
profiles of soluble renal proteins in ex- 
tracts made before and after androgen 
administration revealed no significant 
differences. By contrast, electropho- 
retograms demonstrated an increase in 
proteins T1 and T2 in the mitochondri- 
al-lysosomal fraction and T3 in the mi- 
crosomal fraction in kidney extracts 
from testosterone-treated mice (84). 
Even though these proteins are highly in- 

20 MARCH 1981 



duced, they still represent only 1 to 3 per- 
cent of total protein, and further experi- 
ments will be required to establish them 
as useful markers of androgen action. 

An alternative approach to identifying 
proteins synthesized in response to 
androgen treatment is to isolate kidney 
mRNA's from testosterone-treated 
mice, translate them in vitro, and ana- 
lyze the translation products. Using this 
method, Toole et al. (85) identified a kid- 
ney androgen-dependent protein (KAP) 
that is highly induced by androgens. The 
activity of KAP mRNA represents 4 to 5 
percent of the total mRNA activity in the 
androgen-treated kidney. Complemen- 
tary DNA hybridization studies showed 
that KAP mRNA is the product of 
a single-copy gene that is expressed 
only in the kidney (85). Although its 
function remains obscure, KAP can be 
used as a marker for androgen effects in 
differential gene expression. 

The most studied and perhaps most 
important androgen-induced protein in 
the kidney is p-glucuronidase. This en- 
zyme is stable, easily assayed, and in- 
creases markedly during testosterone 
treatment. An extensive characterization 
of the genetic locus of p-glucuronidase 
has also been undertaken, and both 
structural and regulatory mutants have 
been identified. The regulatory mutants 
control the extent to which the p-glucu- 
ronidase gene responds to androgen 
stimulation. In spite of the fact that p- 
glucuronidase is less than 1 percent kid- 
ney protein, study of the enzyme has 
greatly increased our understanding of 
hormone action. For this reason we de- 
scribe p-glucuronidase expression in the 
kidney in some detail. 

p-Glucuronidase is a tetrameric pro- 
tein (molecular weight, 280,000) found in 
the lysosomes of most cells. In the kid- 
ney and liver, it is also associated with 
microsomal membranes (86). In kidney 
but not in liver, enzyme activity increas- 
es 20- to 50-fold and enzyme synthesis 
increases 200-fold during testosterone 
treatment. The disparity between the 
two figures is accounted for by a large 
increase in the secretion of the active en- 
zyme into the urine (6). A genetic analy- 
sis of p-glucuronidase activity in several 
strains of mice led to the identification of 
a complex locus designated Gus (87). 
The structural gene, Gus-s, is the source 
of both lysosomal and microsomal glucu- 
ronidase. The gene is near the distal end 
of chromosome 5, and the mutants at this 
locus code for a thermolabile enzyme 
(Gus-sh) and two electrophoretic vari- 
ants of p-glucuronidase (Gus-sa and 
GUS-sb) (88-90). 

Mouse strains generally fall into two 
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Fig. 4. The effect of testosterone and me- 
droxyprogesterone acetate on P-glucuroni- 
dase activity in kidneys of female mice. AIJ 
mice (*,0) are homozygous for the Gus-ra al- 
lele, and C57BLl6J animals (A,A) are homo- 
zygous for the Gus-rb allele. [From Bardin et 
al. (411 

groups according to their responses to 
androgens. In some, the p-glucuronidase 
increases rapidly to a high plateau and, 
in others, the response is slower and 
lower. These different responses are de- 
fined by the regulatory locus, Gus-r, 
within the Gus complex. The A/J and 
C57BLi6J mice are typical of high-induc- 
ing and low-inducing strains, respective- 
ly (89). Strain AiJ is homozygous for al- 
lele Gus-ra and its glucuronidase can be 
induced to a level several times higher 
than C57BLi6J which is homozygous for 
the Gus-rb allele as shown in Fig. 4. The 
regulatory locus acts in a cis manner on 
the structural gene (89) and, on the basis 
of breeding studies, is near or within the 
Gus-s structural gene (91). By analogy 
with bacteria one would expect to find 
transcription regulatory sequences adja- 
cent to the structural gene that they regu- 
late (92). Although several instances of 
nucleotide sequences similar to bacterial 
regulators being adjacent to eukaryotic 
genes have been reported, the only func- 
tionally characterized eukaryotic regula- 
tory sequence is the one controlling tran- 
scription initiation of 5S RNA genes in 
Xenopus oocytes. This regulatory se- 
quence is actually within the 5S RNA 
gene (93). Further studies of Gus-r and 
Gus-s should, therefore, provide insight 
into the structure and function of a hor- 
monally controlled regulatory locus. 

Previous studies showed that Gus-r 
determines the rate of enzyme synthesis 
from Gus-s during androgen treatment 
(89). Recent experiments indicate that 
this is associated with an increase in p- 
glucuronidase mRNA activity (94). By 
analogy with other steroid responsive 
systems, it seems likely that Gus-r regu- 
lates glucuronidase synthesis, in part by 

affecting the synthesis of its mRNA. 
However, the extent to which the ap- 
pearance of new enzyme molecules in re- 
sponse to testosterone treatment reflects 
transcriptional as opposed to posttran- 
scriptional control remains to be estab- 
lished. 

It is not known how genes are activat- 
ed by steroid receptors. Acceptor sites in 
chromatin for androgen receptors are 
difficult to identify and have not been de- 
fined chemically. It is possible, however, 
that Gus-r represents a site of interaction 
between the hormone receptor complex 
and the chromosome. That Gus-r is a cis- 
acting regulator, that it does not affect 
the activity of inducible enzymes other 
than p-glucuronidase, and that it does 
not influence Gus-s in the absence of 
androgen are all compatible with this hy- 
pothesis. Furthermore, if this hypothesis 
is correct, the activity of androgenic pro- 
gestins should be modulated by Gus-r. 
That this is, indeed, the case is shown in 
Fig. 4. Like testosterone, MPA stimu- 
lates Gus-ra strains more than Gus-rb 
The rate of synthesis and maximum con- 
centrations of glucuronidase are lower in 
animals treated with MPA than in andro- 
gen-treated animals commensurate with 
the lower potency of this progestin (4). 
In view of these considerations, if Gus-r 
is a recognition site for androgen recep- 
tor, there must be separate sites in 
chromatin for other androgen-responsive 
genes. 

Androgen Responses of the Liver 

Sexual differences in liver have been 
reported in several species including rat, 
mouse, and man. These differences oc- 
cur in (i) enzymes involved with drug 
and steroid metabolism; (ii) neonatal im- 
printing, that is, effects in the adult de- 
termined by early exposure to hor- 
mones; and (iii) secretory proteins such 
as the major urinary proteins (MUP's) in 
the mouse, and the similar a,,-globulin 
in the rat. Although the androgenic con- 
trol of the liver, as well as kidney, is 
modulated by pituitary, thyroid, and oth- 
er steroid hormones, we discuss here on- 
ly the effects of testosterone and its me- 
tabolites. 

Drug and steroid metabolizing en- 
zymes. The activities of enzymes partici- 
pating in drug and steroid metabolism 
vary according to sex and species. The 
steroid hydroxylases in rat liver are 
androgen-dependent (95). For example, 
the concentrations of the 2p-, 6p-, and 
18-hydroxylases are decreased in castrat- 
ed animals but can be restored by tes- 
tosterone treatment (%). In contrast, 5a- 
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reductase activity is higher in females 
than males and is stimulated by estradiol 
rather than testosterone (97). Thus sex- 
ual dimorphism in the liver is, in part, de- 
termined by estrogens. In addition to 
their effects on steroid metabolism, tes- 
tosterone and estradiol regulate the ac- 
tivities of many microsomal enzymes 
that metabolize drugs. These dimorphic 
effects are highly dependent on the spe- 
cies and end point examined. 

Agents that alter the activities of he- 
patic drug metabolizing enzymes are 
usually divided into three classes de- 
pending on the onset and duration of ac- 
tion, the microsomal components af- 
fected, and the specific reactions in- 
volved (98). One class of agents, which 
includes phenobarbital, enhances almost 
all the enzyme reactions associated with 
cytochrome P-450-dependent systems. 
Another class, which includes the poly- 
cyclic hydrocarbons such as 3-methyl- 
cholanthrene, stimulate only a few spe- 
cific enzyme reactions that are depen- 
dent on a different hemoprotein, cyto- 
chrome P,-450. The third class includes 
the steroids; these agents act specifically 
on certain enzymes although steroids of 
diverse structure may stimulate similar 
reactions in liver. 

It is widely held that an increase in mi- 
crosomal enzyme activity after testoster- 
one administration does not represent a 
true androgenic response comparable to 
that seen in other tissues. However, oth- 
er lines of evidence support the hypothe- 
sis that in liver some of the androgen-re- 
lated effects are mediated by mecha- 
nisms similar to those in prostate: first, 
androgen receptors are present in liver 
(99-101), even though they are difficult 
to measure; second, testosterone does 
not increase drug metabolism in rats and 
mice with Tfm (30, 36, 102); and third, 
the antiandrogen flutamide blocks the 
androgen-induced increase of micro- 
soma1 drug metabolism in normal rats 
and mice (103). The significance of the 
lack of testosterone effect on some en- 
zymes in Tfm animals is shown by the 
normal hepatic responses of these ani- 
mals to estrogens, progestins, phenobar- 
bital, or 3-methylcholanthrene. That 
androgens stimulate an increase in liver 
weight and hepatic microsomal protein 
content in Tfm mice indicates that these 
responses are independent of the andro- 
gen receptor (30). Thus it is evident that 
some of the hepatic effects of testoster- 
one are mediated by the androgen re- 
ceptor as defined by the Tfm gene and 
some are mediated by other undefined 
mechanisms (Table 1). 

Hepatic neonatal imprinting. Some 
steroid metabolizing enzymes in rat liver 

are androgen-dependent but do not de- 
crease in castrated males (104). In such 
instances, the continued presence of tes- 
tosterone is not required to maintain sex- 
ual dimorphism. Studies of animals cas- 
trated at birth indicate that only a brief 
exposure to androgen early in life is re- 
quired to maintain the increased enzyme 
activity in the adult (105). This phenome- 
non has been called imprinting because a 
single dose of hormone at birth affects 
later enzyme development. This re- 
sponse is believed to be analogous to the 
hormonally programmed development in 
the central nervous system (19). In this 
instance a single exposure to testoster- 
one in utero or at birth produces certain 
irreversible effects on the brain that may 
be identified with morphological, behav- 
ioral, or hormonal end points. Imprinting 
in the liver has been studied extensively, 
and the imprintable enzymes can be sub- 
divided according to the amount of 
androgen required to produce the effect 
(106). As in other tissue-specific re- 
sponses to androgens, imprinting is con- 
trolled by a multihormonal mechanism, 
for example, hormones produced in the 
adrenals, thyroid, and particularly the pi- 
tuitary affect the imprinting of metabolic 
enzymes in the liver (106). That imprint- 
ing also influences drug metabolism is 
shown by the fact that the androgen re- 
sponse of ethylmorphine N-demethylase 
is reduced in animals deprived of andro- 
gen during the neonatal period (107). 

Hepatic secretory proteins. The syn- 
thesis of hepatic proteins other than 
those involved in drug or steroid metabo- 
lism is also regulated by androgens. The 
best characterized examples are a,,- 
globulin in the rat and the major MUP's 
of the mouse. Studies of Roy and col- 
leagues (63, 108) indicate that a,,-globu- 
lin is synthesized and secreted by liver 
into blood. It is then rapidly cleared by 
the kidney and is, therefore, a major pro- 
tein in the urine of male rats. The protein 
is absent in immature and female rats 
and appears in males at puberty (109). 
Testosterone treatment of ovariec- 
tomized females induces a,,-globulin 
synthesis to approximately 80 percent of 
that of normal males after 8 days. Castra- 
tion or estrogen treatment of mature 
males greatly reduces the concentration 
of a,,-globulin (110). 

The effects of both androgen and es- 
trogen on a,,-globulin are mediated 
through the control of its a,,-globulin 
mRNA (63, 111). Translation studies in 
vitro show that the mRNA activity paral- 
lels the induction or repression of a,,- 
globulin during treatment with androgen 
or estrogen, respectively. In addition to 
being increased by testosterone, a,,- 

globulin mRNA activity is increased by 
thyroid hormones, glucocorticoids, and 
growth hormone, and all four hormones 
are required for maximum stimulation of 
hypophysectomized animals (112). 

The development of androgen sensi- 
tivity in the rat is an age-dependent phe- 
nomenon. Prepubertal males, like fe- 
males, do not synthesize a2,-globulin. 
However, androgens can induce produc- 
tion of a,,-globulin in female animals 
but not in males until they are approxi- 
mately 40 days of age. It is interesting 
that the senescent rat (> 750 days old) 
loses the ability to synthesize a,,-globu- 
lin which, much as in the prepubertal 
male, cannot be induced even by high 
doses of testosterone (100). The appear- 
ance of a,,-globulin synthesis in the im- 
mature male and its disappearance with 
age is correlated with the presence of a 
3.5s androgen binding protein in cytosol. 
It has been suggested that the develop- 
ment of and structural changes in this 
3.5s receptor are responsible for age-de- 
pendent androgen insensitivity (63). Re- 
gardless of the mechanism responsible 
for a,,-globulin synthesis, the loss of 
this mechanism in old rats is of great im- 
portance. Since the hormonal respon- 
siveness of many tissues diminishes with 
advancing age, studies of a,,-globulin 
synthesis in liver can provide insights in- 
to how these changes occur. 

Adult mice excrete in the urine a group 
of proteins with physical properties simi- 
lar to those of a,,-globulin. Females as 
well as males excrete MUP's, but males 
excrete the largest quantitites. However, 
excretion of MUP's can be increased in 
female mice by androgen treatment. The 
MUP's are a complex of at least three 
proteins of similar or identical molecular 
weights but differing charges (113). The 
protein sequence of each MUP is dif- 
ferent, supporting the idea that each is 
from a distinct gene. Strain variants in 
the MUP complex are thought to be re- 
lated to structural alleles at a genetic 
locus designated MUP,. Recently, two 
components of the MUP phenotype have 
been described and used to analyze the 
genetic basis of androgen induction of 
MUP. The basal levels of MUP vary 
from strain to strain, and this phenotypic 
trait is not necessarily hormone-depen- 
dent. Androgen administration increases 
urinary excretion of MUP's, and it is the 
relative amounts of individual MUP's 
that are regulated by MUP, during hor- 
mone treatment (113). These studies in- 
dicate that the MUP, locus acts as a reg- 
ulator and not as a site for structural al- 
lelism, as previously thought (114). 

When mouse liver mRNA is translated 
in vitro, four related proteins that bind 
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MUP antibody are synthesized. When 
translated in the presence of a membrane 
fraction from dog pancreas, these four 
proteins are reduced in size so that three 
co-migrate with MUP's l , 2 ,  and 3, while 
the fourth represents a molecular weight 
variant (115). These studies suggest that 
MUP's are synthesized as precursor 
molecules that are processed upon secre- 
tion. They are thus similar to most other 
secretory proteins that contain an amino 
terminal signal peptide to facilitate trans- 
port into the endoplasmic reticulum 
(116). 

The synthesis of MUP's is controlled 
by androgen regulation of RNA activity, 
as is the synthesis of other hormonally 
regulated proteins. Hybridization of 
MUP complementary DNA with liver 
RNA and analysis of products translated 
in vitro show that MUP mRNA is sever- 
alfold higher in males than females. In 
castrated males MUP mRNA is reduced 
to a level slightly higher than that of fe- 
males. Whether these effects on mRNA 
activity occur at the level of transcrip- 
tion or translation, or both, remains to be 
established. Studies of the control of 
MUP synthesis are particularly inter- 
esting because the MUP complex con- 
tains multiple genes. Hybridization stud- 
ies indicate that there may be as many as 
25 MUP genes per haploid mouse ge- 
nome (117). These studies suggest that 
the relative amounts of MUP's 1, 2, and 
3 are related to the number of genes pres- 
ent for each individual MUP. Since 
MUP's and a,,-globulin share common 
sequences they probably evolved from a 
common progenitor sequence. During 
evolution a single copy of this gene has 
been maintained in the rat whereas am- 
plification has occurred in the mouse 
(117, 118). It is not known whether dif- 
ferent regulatory mechanisms are neces- 
sary for the control of single as opposed 
to multiple gene systems by androgens. 

Androgen Responses of the Erythron 

Hemoglobin synthesis in the erythron 
can be independently controlled by tes- 
tosterone and erythropoietin (119). The 
secretion of erythropoietin by the kidney 
is increased by androgens and is believed 
to be mediated by way of the androgen 
receptor. In contrast, the direct steroid 
effects on bone marrow are mediated by 
5P-androgen and 5P-progestin metabo- 
lites. Steroids with the 5P structure are 
more potent than their respective 5a epi- 
mers in stimulating hemoglobin syn- 
thesis in the erythroblascs of the chick 
blastoderm (120), and the effects of 5P 
steroids are mediated by a specific 5P 
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steroid receptor in this embryonic blood- 
forming organ (121). Both 5P steroids 
and testosterone stimulate erythro- 
poiesis in mice as measured by iron in- 
corporation into the erythrocytes of 
polycythemic mice (122). Antibodies 
against erythropoietin abolish the effects 
of testosterone but not of the 5P steroids. 
These observations indicated that the 5P 
steroids have a direct effect on erythro- 
poiesis that is independent of erythro- 
poietin (123). A similar observation has 
been made in squirrel monkeys in- 
dicating that 5P steroids are active in a 
wide variety of species ranging from 
birds to primates (124). In many of these 
experiments 5P metabolites of both 
androgens and progestins were capable 
of stimulating hemoglobin synthesis (25). 

The studies of Bullock and Besa (26) 
provide conclusive evidence that stimu- 
lation of erythropoiesis is not mediated 
by way of the classic androgen receptor 
that determines the action of testoster- 
one on the reproductive tract. Twenty 
times more 5a-DHT is required to cause 
maximum iron incorporation into hemo- 
globin than SP-DHT. The effect of both 
steroids is blocked by the antiandrogen 
flutamide, suggesting that this inhibitor 
can influence both the androgen and the 
5P steroid receptors. It i s  significant that 
in Tfm mice the responses to 5a- as well 
as 5P-DHT are the same as in normal an- 
imals. Studies of the ability of these ste- 
roids to stimulate the pluripotential stem 
cell to divide provide similar con- 
clusions: 5P-DHT is more effective than 
5a-DHT, both effects are blocked by 
flutamide, and Tfm mice are as sensitive 
as normal animals. 

Thus, observations in many species in- 
dicate that the pluripotential stem cell of 
bone marrow has evolved a unique re- 
ceptor system that allows it to respond to 
5P-androgen and 5P-progestin metabo- 
lites that have no measurable effect on 
the reproductive tract. That this system 
is not unique to bone marrow was dem- 
onstrated when it was found that 50 ste- 
roid metabolites stimulate porphyrin and 
8-aminolevulinic acid synthetase forma- 
tion in chick embryo liver cells (24), an 
observation that has subsequently been 
extended by other investigators (125). 

Androgen Responses of Muscle 

The major extragenital site of action of 
testosterone is sketetal muscle. Al- 
though the magnitude of androgen effect 
on this tissue is small relative to that on 
other extragenital sites such as kidney, 
part of the difference in body weight be- 
tween men and women can be attributed 

to muscle mass. The ability of androgens 
to stimulate muscle growth correlates 
with their ability to increase the reten- 
tion of dietary nitrogen. This latter re- 
sponse is of historic interest since it is 
used to measure the biological action of 
this class of steroids in humans (2). The 
magnitude of the response produced by 
testosterone varies widely between mus- 
cles and among species (2). In addition, 
cardiac muscle mass and enzyme activi- 
ties are increased with androgen treat- 
ment in parallel with overall skeletal 
muscle growth (126). However, the 
muscle showing the greatest response to 
testosterone is the levator ani (dorsal 
bulbocavernosus) in the pelvic area. 
Treatment with a wide variety of steroids 
suggests that the effects of testosterone 
on the levator ani are greater than would 
be expected from assays with other mus- 
cles (2); such assays also indicate that es- 
trogenic metabolites of testosterone 
have a marked effect on the levator ani 
but not on other muscles. 

Testosterone is not metabolized exten- 
sively in skeletal muscle except in the 
levator ani, which has a limited capacity 
to convert testosterone to Sa-DHT (127) 
and estrogens (20). The levator ani re- 
sponds to estradiol synthesized from tes- 
tosterone with an increase in gluco-6- 
phosphate dehydrogenase (20). This ef- 
fect is not mimicked by the non-aromati- 
zable androgens such as fluoxymester- 
one or Sa-DHT and is blocked both by 
aromatase inhibitors and antiestrogens. 
However, the effects of testosterone on 
thymidine incorporation into cultured 
myogenic cells (128), RNA synthesis in 
skeletal muscle (129), and general 
muscle growth cannot be mimicked by 
estrogens (2). It is the inability of muscle 
to synthesize 5a-DHT that suggests that 
most of these effects are probably medi- 
ated by testosterone per se. 

The molecular basis for the myo- 
trophic actions of androgens on skeletal 
and cardiac muscle has been difficult to 
understand. Early studies with conven- 
tional techniques failed to provide evi- 
dence for androgen receptors in these 
tissues, but subsequent experiments 
showed that nuclei and cytosols pre- 
pared from perineal and skeletal muscles 
from rodents possess androgen receptors 
(127, 130). That testosterone rather than 
Sa-DHT is the dominant receptor-bound 
steroid in these tissues is a result of the 
Sa-DHT that is formed being rapidly me- 
tabolized to androstanediols (127). A 
similar pattern of androgen metabolism 
and receptor binding occurs in a variety 
of other extragenital tissues including 
kidney, submaxillary gland, pituitary, 
brain, and some tumors (131). Radio- 
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autographic studies show that androgen 
receptors are present in atrial and ven- 
trical myocardial cells, suggesting that 
androgens may affect myocardial cells 
directly to increase cardiac weight and 
enzyme activities (132). 

References and Notes 

S. Ohno, in Sex-Determining Genes (Springer- 
Verlag, Berlin, 1979), pp. 3-13; F. P. Haseltine 
and S. Ohno. Science 211. 1272 (1981): J. W. 
Gordon and I?. H. Ruddle, ibid., p: 1265. 
C. D. Kochakian, Pharmacol. Ther. Sect. B 1, 
144 (1475) '-, \.,,d,. 
C. W. Bardin, L. P. Bullock, N. C. Mills, Y.-C. 
Lin. S .  T. Jacob. in Receotors and Hormone 
~ c t i o n ,  B. W. 0 " ~ a l l e ~  and L. Birnbaumer, 
Eds. (Academic Press, New York, 1978), vol. 
2, p. 83. 
C. W. Bardin, T. R. Brown, N.  C. Mills, C. 
Gupta, L. P. Bullock, Bid .  Reprod. 18, 74 
(1071) \ " ' - I .  

W. L.  P. Mainwaring and T. Mann, The 
Mechanism of Action on Androgens (Springer- 
Verlag, New York, 1976), pp. 8-10. 
R. T. Swank, K. Paigen, R. Davey, V. Chap- 
man, C. Labarca, G. Watson, R. Ganschow, 
E.  J .  Brandt, E. Novak, Recent Prog. Horm. 
Res. 34. 401 (1978). 

7. P. L.  arth he,^ L. P. Bullock, I. Mowszowicz, 
C. W. Bardin, D. N. Orth, Endocrinology 95, 
1019 (1974). 

8. J. D. ~ i l s o n  and R. E. Gloyna, Recent Prog. 
Horm. Res. 26, 309 (1970); J. D. Wilson, F. W. 
George, J. E. GrilEn, Science 211, 1278 (1981). 

9. C. W. Bardin, L.  P. Bullock, R. J. Sherins, I .  
Mowszowicz, W. R. Blackburn, ibid. 29, 65 
(14711 \",<,. 

10. C. W. Bardin and J. A. Mahoudeau, Ann. Clin. 
Res. 2, 251 (1970). 

11. L. P. Bullock and C. W. Bardin, Steroids 25, 
107 (1975); P. Robel, I .  Lasnitzki, E.-E. 
Baulieu, Biochimle 53, 81 (1971). 

12. S. Takayasu and K. Adachi, J. Clin Endo- 
crinol. Metab. 34, 1098 (1972); H.  U .  Schwei- 
kert and J .  D. Wilson, ibid. 38, 8 11 (1974); S. 
Mulay, R. Finkelberg, L.  Pinsky, S .  Solomon, 
ibid. 34, 133 (1972). 

13. P. Mauvais-Jarvis, J. P. Bercovici, 0. Crepy, 
F. Gauthier, J. Clin. Invest. 49, 3 1 (1970). 

14. P. Mauvais-Jarvis, in Androgens and Anti- 
androgens, L. Martini and M. Motta, Eds. 
(R?ven, New York, 1977), pp. 229-245; J. D. 
W~lson and J. D. Walker. J .  Clin. Invest. 48. 

. P. Mauvais-Jarvis. H.  
371 (1969). 

15 H. Floch, J.-P. Ber- 
covici, J. Clin. ~ndocrinol.  Metab. 28, 460 
11 91%) 

16. c.. Bardin and M. B. Liosett. J .  Clin. In- 
vest. 46, 891 (1967). 

17. J .  Imperato-McGinley, L. Guerrero, T. Gau- 
tier, R. E. Peterson, Science 186, 1213 (1974); 
R. E. Peterson, J. Imperato-McGinley, T. 
Gautier. E. Sturla.Am. J. Med. 62. 170 (1977). 

18. H. W. G. Baker, D. J. Bailey, P. D. ~ e h ,  L.'S. 
Jefferson, R. J. Santen, C. W. Bardin, Endocri- 
nology 100, 709 (1977). 

19. D. T. Kneger, in The Year in Endocrinology, 
1977, S. H.  Ingbar, Ed. (Plenum, New York, 
10771 

20. S:  ax and J. F .  Knudsen, Mol. Cell. Endo- 
crinol. 17, 111 (1980); J. F. Knudsen and S. R. 
Max, Endocrinology 106, 440 (1980). 

21. P. K. Siiteri and P. C. MacDonald, in Hand- 
book of Physiology R. 0. Creep and E. B. Ast- 
wood, Eds. (American Physiological Society, 
Washington, D.C., 1973), pp. 615-629. 

22. W. Elger and F. Neumann, Proc. Soc. Exp. 
Biol. Med. 123, 637 (1%6). 

23. P. C. Walsh and J. D. Wilson. J. Clin. Invest. 
57, 1093 (1976). 
S. Granick and A. Kappas, Proc. Natl. Acad. 
Sci. U.S.A. 57, 1463 (1%7). 
A. Urabe, S .  Sassa, A. Kappas, J. Exp. Med. 
149, 13 14 (1979). 
L.  P. Bullock and E. C. Besa, in Proceedings 
of the Sixth International Congress on Endo- 
crinology, in press. 
R. L.  Singhal, M; R. Parulekar, R. Vijaya- 
vargiya, G. A. Robison, Blochem. J. 125, 329 
(1971) 

28. k - ~ :  Mangan, A. E. Pegg, W. I.  P. Main- 
waring, Biochem. J .  134, 129 (1973). 

29. S .  Craven, B. Lesser, N. Bruchovsky, Endo- 
crinology 97, 1 177 (1974). 

30. T. R. Brown, F .  E. Greene, L.  P. Bullock, C. 
W. Bardin, ibrd. 103, 1374 (1978). 

31. J. M. Morris,Am. J .  Obstet. Gynecol. 65, 1192 

20 MARCH 1981 

(1953); J. E. Griffin and J. D. Wilson, N .  Engl. 
J. Med. 302, 198 (1980). 
F. Naftolin and H .  L. Judd, in Obstetrics and 
Gynecology Annual, R. Wynn, Ed. (Appleton- 
Century-Crofts, New York, 1973), pp. 25-53. 
L. Wilkins, Diagnosis and Treatment of Endo- 
crine Disorders in Childhood and Adolescence 
(Thomas, Springfield, Ill., 1957), pp. 258-291. 
F .  S .  French, J. J. Van Wyk, B. Baggett, W. E. 
Easterling, L. M. Talbert, F .  R. Johnston, J. 
Clin. Endocrinol. 26, 493 (1%6). 
A. J. Stanley and L. G. Grumbreck, Program 
of the Endocrine Society Meeting (1%4). 
C. W. Bardin, L. Bullock, G. Schneider, J. E. 
Allison, A. J. Stanley, Science 167, 1136 (1970). 
M. F. Lyon and S. G. Hawkes, Nature (Lon- 
don) 227, 1217 (1970). 
L. P. Bullock, G. Schneider, C. W. Bardin, 
Life Sci. 9, 701 (1970). 
L. P. Bullock and C. W. Bardin, J. Clin. Endo- 
crinol. Metab. 31, 113 (1970). 
E. M. Ritzen, S. N. Nayfeh, F. S. French, P. 
A. Aronin, Endocrinology 91, 1 16 (1972). 
L.  P. Bullock, C. W. Bardin, S. Ohno, Bio- 
chem. Biophys. Res. Commun. 44,1537 (1971). 
U. Gehring, G. M. Tomkins, S. Ohno, Nature 
(London) New Biol. 232, 106 (1971). 
L.  P. Bullock and C. W. Bardin, J .  Clin. Endo- 
crinol. Metab. 35, 935 (1972). 
, Endocrinology 94, 746 (1974). 
B. Attardi and S. Ohno, Cell 2, 205 (1974); U. 
Gehring and G. M. Tomkins,ibid. 3 ,59 (1974). 
L. P. Bullock, W. I. P. Mainwaring, C. W. Bar- 
din, Endocrinol. Res. Commun. 2, 25 (1975). 
G. Verhoeven and J. D. Wilson, Endocrinology 
99. 79 (1976). 
B.'s. K'eenk, W. J. Meyer, 111, A. J. Hadjian, 
H.  W. Jones, C. J. Migeon, J .  Clin. Endo- 
crinol. Metab. 38. 1143 (1974). 
B. S. Keenan, w.'J.  eyer, I h ,  A. J. Hadjian, 
C. J. Migeon, Steroids 25, 535 (1975). 
S .  Ohno and M. F. Lvon. Clin. Genet. 1. 121 
(1970). 
U. Tettenborn, R. Dofuku, S. Ohno, Na- 
ture (London) New B id .  234, 37 (1971); M. F. 
Lyon, I .  Hendry, R. V. Short, J. Endocrinol. 
58, 357 (1973). 
W. J. Meyer, 111, B. R. Migeon, C. J. Migeon, 
Proc. Natl. Acad. Sci. U.S.A. 72, 1469(1975). 
R. J. Sherins and C. W. Bardin, Endocrinology 
89, 835 (1971). 
S .  H. Grossman. B. Axelrod. C. W. Bardin. 
Life Sci. 10, 175 (1971). 
R. J. Sherins, L.  Bullock, V. L.  Gay, T. Van- 
haqerttula. C. W. Bardin. Endocrinolo~v 88. 
763 (1971); 0. Naess, E. ~ a u ~ ,  A. ~ t t r amada l ;  
A. Aakvaag, V. Hansson, F. French, ibid. 99, 
1295 (1976). 
I. Schenkein, M. Levy, E. D. Bueker, J. D. 
Wilson, ibid. 94, 840 (1974). 
S. J. Wieland and T. 0 .  Fox, Cell 17, 781 
(1979). 
J. E. Griffin, J .  Clin. Invest. 64, 1624 (1979). 
T. B. Dunn,J.  Natl. Cancerlnst. 9,285 (1949). 
N. C. Mills, T. M. Mills, W. J. Yurkiewicz, C. 
W. Bardin, Int. J. Androl. 2, 371 (1979). 
R. T. Swank, R. Davey, L. Joyce, P. Reid, M. 
R. Macey, Endocrinology 100, 473 (1977); R. 
T. Swank, Mol. Cell. Endocrinol. 12, 139 
(1978). 
H.  W. G. Baker, T. J. Worgul, R. J. Santen, L.  
S .  Jefferson, C. W. Bardin, in The Testis in 
Normal and Infertile Men, B. Troen and H. 
Nankin, Eds. (Raven, New York, 1977), pp. 
379-385; A. Negro-Vilar, in Male Accessory 
Sex Glands (ElsevieriNorth-Holland, Amster- 
dam, in press). 
A. K. Roy, in Biochemical Actions of Hor- 
mones, G. Litwack, Ed. (Academic Press, 
New York, 1979), pp. 481-517. 
K. Hosoi, S. Kobayashi, T. Ueha, S. Ma- 
ruyama, S. Sato, T. Takuma, M. Kumegawa, 
J. Endocrinol. 83, 429 (1979); L. Aloe and R. 
Levi-Montalcini, Exp. Cell Res. 125, 15 (1980). 
J. Mather and G. H .  Sato, Exp. Cell Res. 124, 
215 (1979). 
R. A. Edgren, R. C. Jones, D. L. Peterson, 
Fertil. Steril. 18, 238 (1%7). 
G. K. Suchowsky and K. Junkmann, Endocri- 
nology 68, 341 (1961); C. Revesz, C. I .  Chap- 
pel, K. Gaudry, ibid. 66, 140 (1960). 
L. P. Bullock, P. L. Barthe, I. Mowszowicz, 
D. N. Orth, C. W. Bardin, ibid. 97, 189 (1975). 
I .  Mowszowicz, D. E. Bieber, K. W. Chung, 
L. P. Bullock, C. W. Bardin, ibid. 95, 1589 
(1974). 
L. P. Bullock, C. W. Bardin, M. R. Sherman, 
ibid. 103, 1768 (1978). 
L.  P. Bullock and C. W. Bardin, Ann. N .  Y. 
Acad. Sci. 286, 321 (1977). 
C. Gupta, L. P. Bullock, C. W. Bardin, Endo- 
crinology 102, 736 (1977). 

T. R. Brown, L. P. Bullock, C. W. Bardin, 
[bid. 105, 1281 (1979). 
, in Steroid Hormone Receptor Systems, 
W. W. Leavitt and J .  H .  Clark, Eds. (Plenum, 
New York, 1979), pp. 269-280. 
R. H.  Rippel and E. S. Johnson, Proc. Soc. 
Exp. Bid .  Med. 152, 432 (1976); A. J. W. 
Hseuh and G. F. Erickson, Nature (London) 
281, 66 (1979); Science 204, 854 (1979). 
K. Sundaram, Y.-Q. Cao, C. W. Bardin, Life 
Sci. 28, 83 (1981). 
B. S. Katzenellenboeen. Annu. Rev. Phvsiol. - ,  
42, 17 (1980). 
J. L. Goldstein, R. G. W. Anderson, M. S. 
Brown. Nature (London) 279. 679 (1979). 
R. M. Sharpe and H .  M: Fraser, ibid. 287, 642 

W. 1 . ' ~ .  Mainwaring, ibid. 279, 94 (1979); S. R. 
Glasser, F .  Chytil, T. C. Spelsberg, Biochem. 
J. 130. 947 (1972). 
0 .  Janne, L. P. Bullock, C. W. Bardin, S. T. 
Jacob, Biochim. Biophys. Acta 418,330 (1976). 
Y. C. Lin, L. P. Bullock, C. W. Bardin, S. T. 
Jacob, Biochemistry 17, 4833 (1978). 
, unpublished data. 
N.  C. Mills and C. W. Bardin, Endocrinology 
106, 1182 (1980). 
J. J. Toole. N. D. Hastie. W. A. Held. Cell 17. 
441 (1979). 
R. T. Swank and K. Paigen, J .  Mol. Biol. 81, 
225 (1973). 
K. Paigen, Annu. Rev. Genet. 13, 417 (1979). 
- and W. K. Noell, Nature (London) 190, 
148 (1961). 
R. T. Swank, K. Paigen, R. Ganschow, J. Mol. 
B id .  81. 225 (1973). 
P. A. Lalley ahd T:B. Shows, Science 185,442 
(1974). 
R. T. Swank and D. W. Bailey, ibid. 181, 1249 
(1973). 
D. Pnbnow, Proc. Natl. Acad. Sci. U.S.A. 72, 
784 (1975); W. Gilbert, i n R N A  Polymerase, R. 
Losick and M. Chamberlin, Eds. (Cold Spring 
Harbor Laboratory, Cold Spring Harbor, 
N.Y., l976), pp. 193-205. 
S. Sakonju, D. F .  Brogenhagen, D. D. Brown, 
Cell 19, 13 (1980); D. F .  Brogenhagen, S .  Sa- 
konju, D. D. Brown, ibid., p. 27. 
C. Labarca and K. Paigen, Proc. Natl. Acad. 
Sci. U.S.A. 74,4462 (1977); K. Paigen, C. La- 
barca, G. Watson, Science 203. 554 (1979). 
A. H. Conwav et al.. Ann. N.Y. Acad. Sci. 
123, 98 (1%5).* 
K. Einarsson, J. L.  E. Ericsson, J.-A. Gustafs- 
son, J. Sjovall, E. Zeitz, Biochim. Biophys. 
Acta 369, 278 (1974). 
F. E.  Yates, A. L. Herbst, J. Urquhart, Endo- 
crinoloav 63. 887 (1958). 
A. H .  & m e y ,  ~hd.rmako1. Rev. 19,317 (1%7). 
B. Milin and A. K. Roy, Nature (London) New 
Biol. 242. 248 (1973). 
A.  K. Roy, B.'S. ~ i l i n ,  D. M. McMinn, Bio- 
chim. Biophys. Acta 354, 213 (1974). 
L. P. Bullock and C. W. Bardin. J .  Steroid Bio- 
chem. 4, 139 (1973). 
, T. E. Gram, D. H.  Schroeder, J. R. Gil- 
lette, Endocrinology 88, 1521 (1971). 
T .  R. Brown, F .  E. Greene, C. W. Bardin, En- 
docrinology 99, 1353 (1976). 
J.-A. Gustafsson and A. Stenberg, J. Bid.  
Chem. 249,711 (1974). 
C. Denef and P. DeMoor, Endocrinology 91, 
374 (1972); T. Tabei and W. L. Heinrichs, ibid. 
94. 97 (1974). 
J.-A. dustafsson, A. Mode, G. Norstedt, T. 
Hokfelt, C. Sonnenschein, P. Eneroth, P. 
Skett, in Biochemical Actions of Hormones, 
G. Litwack, Ed. (Academic Press, New York, 
1980), vol. 7. 
L. W. K. Chung, Biochem. Pharmacol. 26, 
1979 (1 977) - ? . . , - . 

108. A. K. R& and 0 .  W. Neuhaus. Biorhirn. -. - 
Biophys. ~ > t a  127, 82 (1966). 

109. , N a t u r e  (London) 214,618 (1967); A. K. 
Rov. Endocrinoloav 92. 957 (1973). 

110. D. T .  Kurtz, A. E: Sippel, R. ~ n s a h - ~ i a d o m ,  
P. Feigelson, J. Biol. Chem. 251, 3594 (1976). 

11 1. D. T. Kurtz and P. Feigelson, Proc. Natl. 
Acad. Sci. U.S.A. 74,4791 (1977). 

112. A. K. Roy, J. Endocrinol. 56, 295 (1973). 
113. P. R. Szoka and K. Paigen, Genetics 90, 597 

(1978). 
114. i). M. Hudson, J. S. Finlawon, M. Potter. 

Genet. Res. 10, 195 (1967). 
115. P. R. Szoka, J. F. Gallagher, W. A. Held, J. 

Bid .  Chem. 255, 1367 (1980). 
116. G. Blobel et al., Symp. Soc. Exp. Biol. 33, 9 

( 1  474) , . , , , , . 
117. N. D. Hastie, W. A. Held, J. J. Toole, Cell 17, 

449 (1979). 
118. P. Feigeison and D. T. Kurtz, Cold Spring 

Harbor Symp. Quant. Biol. 42, 659 (1977). 



119. L. F. Congote and S. Solomon, Proc. Natl. 125. S. Sassa and A. Kappas, J .  B id .  Chem. 252, New Biol. 237, 24 (1972); M. Kries, R. Szalay, 
Acad. Sci. U.S.A.  72, 523 (1975). 2428 (1977); S. Sassa, H. L. Bradlow, A. Kap- K. D. Voigt, J .  Steroid. Biochem. 5,453 (1974); 

120. R 2 D ,  &%ere, A. Pappas, S. Granick, ibid. 58, pas, ibid. 254, 10011 (1979). M .  Krieg, Steroids 28, 261 (1976). 
Y8J (1967). 126. H .  Koenig and A. Goldstone, Trans. Am. Soc. 131. C. W. Bardin, 0. Janne, L. P. Bullock, S. T. 

121. P. M. Spooner and W. I. P. Mainwaring, Acta Neurochem., in press. Jacoh, in Hormonal Regulation of Spermato- 
Endocrinol. 177, 181 (1973). 127. F. T. Dionne, J. Y. Dube, R. L.  Lesage, R. R. genesis, F. S. French et a / .  Eds. (Plenum, 

122. D. Gorshein and F. H. Gardner, Proc. Natl. Tremblav. Acta Endocrinol. 91. 362 (1979). New York. 19751. "a. 277-25; - . . - - . - - - . 
Acad. Sci. U.S.A.  65, 564 (1970). 128. M. L. ~ d w e r s  and J. R. Florini, '~ndocrindlo~y 132. H. C. M C G ~ ,  Jr., V. C. Anselmo, J. M. Bu- 

123. A. S. Gordon, E. D. Zanjani, R. D. Levere, A. 97, 1043 (1975). chanan, P. J. Sheridan, Science 207,775 (1980). 
Kappas, ibid. ,  p. 919. 129. C. B. Breuer and J .  R. Florini, Biochemistry 4, 133. We thank J. Schweis for preparation of this 

124. E. C. Besa, W. D. Gorshein, W. A. Hait, F. H. 1544 (1965). manuscript. A portion of this study was sup- 
Gardner, J .  Clin. Invest. 52, 2278 (1973). 130. I. Jung and E.-E. Baulieu, Nature (London) ported by NIH grant HD-13541. 

Sexual Differentiation of the 
Central Nervous System 
Neil J .  MacLusky and Frederick Naftolin 

In many species marked sex differ- 
ences in the control of endocrine func- 
tion and behavior by the central nervous 
system (CNS) are an integral part of the 
reproductive process, including the rec- 
ognition of a suitable sexual partner, in 
mating, and in the subsequent produc- 
tion and rearing of young. Sex differ- 
ences in central nervous function repre- 

ly after birth whereas castration of genet- 
ic males at birth resulted in the develop- 
ment of characteristically feminine pat- 
terns of gonadotropin release (1). With 
the later demonstration that the func- 
tions of pituitary are regulated by the 
hypothalamus, it became clear that the 
testes must influence the development of 
centers located within the brain (2). 

Summay. Sexual differentiation of reproductive and behavior patterns is largely 
effected by hormones produced by the gonads. In many higher vertebrates, an 
integral part of this process is the induction of permanent and essentially irreversible 
sex differences in central nervous function, in response to gonadal hormones 
secreted early in development. 

sent the outcome of interactions between 
several different factors, among which 
the hormones secreted by the gonads are 
of paramount importance. 

Current concepts of CNS sexual dif- 
ferentiation have their origins in a series 
of experiments, performed almost 50 
years ago by Pfeiffer (I). His experi- 
ments with the laboratory rat showed 
that the expression of masculine patterns 
of pituitary gonadotropin secretion in 
adulthood depended on factors released 
from the testes during early postnatal 
life. Thus, the development of masculine 
patterns of gonadotropin secretion could 
be induced in genetic females by trans- 
plantation of a testis into the neck short- 
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Many other sexually differentiated 
neuroendocrine functions and behaviors 
are also dependent on early gonadal se- 
cretions. A general hypothesis has been 
formulated for the mechanism of CNS 
sexual differentiation which has much in 
common with the model for differenti- 
ation of the peripheral reproductive tract 
(3). The intrinsic pattern of CNS devel- 
opment is assumed to be organized along 
lines that are appropriate for the homo- 
gametic sex. In the heterogametic sex, 
differentiation away from this pattern 
occurs as a result of hormones produced 
by the gonads. Thus, in mammals the 
intrinsic pattern is female, with differen- 
tiation toward masculine patterns of go- 
nadotropin secretion and behavior oc- 
curring in the male as a result of expo- 
sure to testicular hormones during devel- 
opment (4). In birds the homogametic 

sex is male, and differentiation of the 
female CNS phenotype occurs as a result 
of exposure to ovarian hormones (5). 

This simple mechanism is not the sole 
determining factor in sexual differenti- 
ation of the CNS. In many cases, howev- 
er, there is good evidence that early 
hormonal experience makes at least 
some contribution. 

Role of Early Gonadal Hormone 

Secretions 

Although sex differences in CNS func- 
tion exist in a great many vertebrate 
phyla, it is only in birds and mammals 
that these differences can be attributed 
to early gonadal hormone secretions. In 
fishes and amphibia, there are species in 
which early exposure to gonadal steroids 
induces complete sex reversal (6); but 
there is insufficient evidence to ascertain 
whether these effects involve a perma- 
nent developmental change in the CNS, 
or if they reflect primarily hormone-in- 
duced differentiation of peripheral struc- 
tures. 

The effects of early gonadal hormone 
secretions on mammalian and avian CNS 
function are extensive and diverse (Ta- 
ble 1). In addition to reproductively ori- 
ented functions, such as sex behavior 
and the control of gonadotropin secre- 
tion, sex differences in a large number of 
other behavioral and neuroendocrine 
end points to some extent depend on 
early gonadal hormone secretions. 

The diversity in the developmental ef- 
fects of gonadal hormones raises the 
question of whether one or many differ- 
ent hormone-sensitive mechanisms are 
involved in CNS sexual differentiation. 
Although we cannot answer this ques- 
tion definitively, there is increasing evi- 
dence that separation of different devel- 
opmental responses to gonadal hor- 
mones can occur. Species differ in the 
extent to which CNS functions are influ- 
enced by early gonadal hormone expo- 
sure. In rodents, early exposure to an- 
drogens from the developing testes re- 
sults in permanent suppression of the 
capacity to support cyclic feminine pat- 
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