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SUMMARY 

Several testosterone-dependent actions of the mammalian CNS may be mediated by its metabolites. 
Regional distribution, selective retention, and further in uiuo and in uitro metabolism of androgens 
in the pituitary and brain of several species are well known. Male sexual behavior and gonadotropin 
secretion were used as typical neuroendocrine androgen regulated functions. Since testosterone and 
androstenedione can be biotransformed to at least five neutral metabolites besides phenolic derivatives, 
a correlation between androgen metabolism in the CNS and the expression of the activity of the 
enzymatically formed androgen metabohtes was made. It was found that non-aromatizable androgens 
elicited weak, if any, male copulatory behavior, suggesting that estrogens may play an important 
role in this function, although antiestrogens can not prevent the androgen-induced behavior and 
estrogens administered in low dosages per se are ineffective. From another series of experiments 
it was concluded that the expression of male sexual behavior may result either from unmetabolized 
testosterone or by the combined effects of Sr-ring A reduced metabolites [Dihydrotestosterone] and 
estrogens (E,), whereas the gonadotropin inhibition mechanism does not require androgen aromatiza- 
tion at least in the rat. These studies strongly suggest that the androgen mechanism of action of 
the CNS may be the result of simultaneous effect of various metabolites formed either peripherally 
or at brain level. 

INTRODUCrION 

Extensive studies in the past years have demonstrated 

that testicular synthesized androgens are further bio- 
transformed in non-neural tissues to other neutral [l- 

73 and phenolic [8-123 metabolites. Some of the 
resulting compounds not only retain the androgenic 

activity but exhibit a two- or three-fold increase 
[ 13, 141 and in some instances may show different 

biological activities [S, 15, 163. Presence of the enzyme 
systems necessary to modify the molecular structure 

of gonadal androgens in target tissues has been 
demonstrated and the study of the sequence of mole- 

cular processes by which androgens or their metabo- 

lites elicit their effects [17. IS] have led to a better 
understanding of their mode of action. 

The actions of gonadal androgens on several brain 
substrates are well established. Thus testosterone 
administration is known to stimulate male and female 
sexual behavior [ 19,203, regulate pituitary gonado- 
tropin secretion (negative and positive feedback 
mechanism) [21,22], induce anovulatory sterility in 
female animals when given during perinatal days 
(hypothalamic virilization) [23,24] and induce 
changes in mood and aggressiveness [25] to mention 
only some of the best analyzed phenomena. 

Since central nervous system structures are 
androgen target organs, the possibility exists that 
some of the androgen actions in brain are mediated 
through systemic or local conversion of testosterone 

* Supported by a Grant from The Population Council, 
New York, N.Y. 

to other metabolites. Furthermore, the biological acti- 
vity patterns of a given metabolite at brain level may 
differ from that observed in other peripheral organs 
such as sexual accessories or muscle. In this paper 

we attempt to establish a preliminary correlation 

between androgen metabolism in the central nervous 
system and the expression of the biological activity 

of the enzyme-formed androgen metabolites. 

BRAIN METABOLISM OF ANDROGENS 

That mammalian brain is capable of metabolizing 

androgenic substrates under in vitro conditions was 

demonstrated in 1966 by Sholiton rt a!.[261 who 
found formation of more polar and less polar metabo- 

lites following incubations of rat brain with [4-14C]- 

testosterone. Since then, a number of laboratories 
have demonstrated the ability of mammalian brain 
and pituitary to convert testosterone to Sr-dihydro- 
testosterone (DHT), androstenedione (4-ene-A], 5~ 
androstandione (%-A), androstandiols, and estro- 
gens [2741], thus demonstrating the presence of 4- 
ene-5a-3-ketosteroid oxidoreductase, 17fi-ol-dehydro- 
genase, 3~ and 3/?-reductases, and aromatases in 
these tissues. 

Figure 1 shows the in vitro metabolism of testoster- 
one and androstenedione by dog hypothalamus, hip- 
pocampus and pituitary. The pituitary showed the 
greatest enzymatic conversion of both substrates to 
DHT, and 5~A. The hypothalamus gave metabolic 
conversion to a lesser extent than the pituitary but 
higher than those effected by the hippocampus. As 
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Fig. 1. Biotransformation of testosterone and androstenedione by dog pituitary, hypothalamus and 
limbic area (hippocampus). (From: Ptrez-Palacios rt ul.: Bid. Rrprod. 3 (1970) 205). 

shown, 4-ene-A can also be converted to k-reduced 

metabolites by brain tissues. Similar results have been 
obtained in our laboratory by incubating 3H-4-ene-A 

with rat pituitary and brain tissues [42]. 

DHT is the major T metabolite of the pituitary 
and the hypothalamus in most species. Denef et 
a[.[431 have reported that in other rat brain areas 
such as the preoptic region, cerebral cortex, pineal 

gland or cerebellum, the conversion rate of T to 
DHT was found to be very low, suggesting a regional 
differentiated distribution of the Sa-reductase system. 

Several investigators [37,43,44] have reported that 
castration results in a significative increase of DHT 

formation from T by the pituitary, suggesting a feed- 
back regulatory mechanism of the NADPH depen- 
dent-enzyme. Recently we have found that castration 

increases significantly the conversion of 4-ene-A to 
androsterone in male rats. A higher conversion rate 
of T to DHT and androstanediols in males than in 
female animals has also been observed. In contrast 

to the 5-reductase regional distribution, the aromatiz- 
ing activity in several species is probably present ex- 

clusively in limbic tissues. Male animals also showed 

a higher level of aromatization than the females, and 
castration increases the enzymatic activity [45]. 

That testicular androgens are able to pass the 
blood-brain barrier has been well established by the 
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Fig. 2. Regional distribution of isotopically-labeled 
androgens in the brains of castrated male rats. (From: 

Pkrez-Palacios et al.: Viol. Reprod. 8 (1973) 395). 

use of several procedures. Studies of in viuo and in 

vitro [4&51] uptake of testosterone by the mam- 

malian brain and pituitary have been reported, 
demonstrating selective retention of the androgen. We 

have studied the regional distribution of three natural 
androgens (T, DHT and 4-ene-A) in the brain and 

pituitary of castrated male rats 1521. As shown in 
Fig. 2 the highest uptake of radioactivity was 

observed in the pituitary. The pituitary/cerebral cor- 
tex ratio was 13.1 for DHT, 5.6 for T and 2.9 for 
4-ene-A. Only DHT was accumulated significantly by 

some brain areas (hippocampus) although nearly all 
neural structures accumulated more androgens or its 
metabolites than the cerebral cortex. Similar results 

were obtained in castrated male rabbits after injection 
of high specific activity 3H-T (Fig. 3). The highest 
uptake was observed in the seminal vesicles and in 
the pituitary. The seminal vesicles/cortex and pitui- 
tary/cortex ratios were 5.89 and 3.86 respectively 

at 120min. The hypothalamus showed a higher 
although no significant tissue/cortex ratio 120 min 
after T injection. The relatively low and non signifi- 

cant uptake of radioactive-labeled androgens by the 
hypothalamus does not mean that this structure is 
not a target for androgens. Autoradiographic evi- 

dence indicates that only a small proportion of 
hypothalamic neurons retains T in the rat [53]. 
Recently, Sar and Stumpc50] have demonstrated by 

dry autoradiography that, following administration of 
3H-T, the radioactivity is found to be selectively con- 
centrated and retained in specific neurons in the nuc- 

leus arcuatus and ventromedialis of the hypothalamus 
besides the hippocampus and the amygdala. 

Intracellular binding components for testosterone 
or its metabolites at cytoplasmic or nuclear level 
appear to be present in brain and pituitary in order 
to retain testosterone or its metabolites at the cyto- 
plasmic or nuclear level. Samperez et a/.[541 demon- 
strated the presence of a macromolecular association 
of 3H-T in the cytoplasma of anterior pituitary and 
hypothalamus of normal and castrated male rats. 
These soluble androphilic molecules were later char- 
acterized by Jouan et ~1.132, 551. The same investiga- 
tors have recently reported the presence of two mac- 
romolecular associations of T in purified nuclei of 



Androgens and brain 1001 

0 30 MINUTES AFTER INJECTION 

60 MINUTES AFTER INJECTION 

ml.20 MINUTES AFTER INJECTION 

BLOOD 

Fig. 3. In uioo uptake of 3H-testosterone by male rabbit brain, pituitary and seminal vesicles. 

rat pituitary [56]. In addition, Kato and Onouchi[57] 
have demonstrated a specific DHT-binding com- 
ponent in the rat hypothalamus cytosol. Such 
androgen receptor molecule has a sedimentation con- 
stant of 8.6 S with a dissociation constant of 7.4 x 
10-i’ M. The precise role of these so-called “recep- 
tors” for androgens in brain remains to be elucidated. 

ANDROGEN AND MALE SEXUAL BEHAVIOR 

Although a great number of androgens have been 
studied for their peripheral “androgenic” and “anabo- 
lit” potency [SS, 171, very few have been tested for 
stimulation of sexual behavior in the male mammal. 
In 1970 McDonald et ~I.[593 reported that in contrast 
to its important peripheral effects, DHT failed to in- 
itiate sexual behavior in prepuberally castrated male 
rats. This finding which questioned the role of a 5~ 
reduced metabolite of T and suggested that hormone 
effects in the central nervous system may be different 
from that observed in several accessories was con- 
firmed in other laboratories [6&62]. In order to 
establish the characteristics of the androgens required 
to stimulate sexual behavior in the male rat and to 
compare them with those required for inducing devel- 
opment of sexual accessories, we examined the effect- 
iveness of 10 of the most important natural andro- 
gens [64], including compounds with structures 4- 
ene-3-keto, 5-ene-3B-OH, 3-keto-5cr,3cr-5c(,3c(-5P, 
17p-OH, 17-keto and 11/3-OH. Androgens were 
administered (1 mg daily) subcutaneously for 33 days. 
All animals were tested once for sexual behavior the 
control day and every third day post treatment. After 
the last test, the animals were killed and ventral pro- 
state and seminal vesicles were dissected and weighed. 
None of the rats displayed sexual activity during the 
control test. Figure 4 shows the cumulative percent- 
age of rats displaying mounting, intromission and 

ejaculation. The highest proportion of rats that dis- 
played mounting was found in those groups treated 
with T, 4ene-A and androstenediol. In addition ani- 
mals from these three groups responded with mount- 
ing significantly earlier than those of remaining 
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Fig. 4. Effect of several androgens on male sexual behav- 
ior. Results are expressed as the cumulative percentage 
of rats displaying mounting, intromission, and ejaculation. 

(From: Beyer er al.: Horm. B&m. 4 (1973) 99). 
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groups. Furthermore the complete copulatory pattern 
(including intromission and ejaculation) occurred 
only in the same three groups. T appeared to be more 
effective than 4-ene-A and androstenediol although 
this difference was not statistically signifi~nt. On the 
other hand, the study of the sexual accessories in 
the diverse groups revealed that the most effective 
androgens to stimulate growth of the ventral prostate 
and seminal vesicles were: 3a,5a-androstanediol. 
DHT and T. 

The results clearly demons~ated that at the dose 
employed, only T, 4-ene-A and androstenediol stimu- 
lated copulatory behavior in the male rat. The finding 
that some androgens with potent androgenic activity 
at sexual accessories failed to induce sexual behavior 
support the concept that the mechanisms underlying 
the behavioral response to androgens differ from 
those related to growth responses. Since only one 
dose level of the three androgens was employed, the 
lack of group differences observed can not be taken 
as demonstrating that T, 4-ene-A and androstenediol 
are equally potent for eliciting sexual behavior. 
Another study using three dose levels (0.3, 1.0 and 
3,Omg daily) of the three androgens was under- 
taken C6.53. Figure 5, depicts the results obtained in 
each group expressed as cummulative percentage of 
animals responding each test day. T was more active 
in initiating male sexual behavior than 4-ene-A or 
androstenediol. and 4-ene-A was the least potent. This 
result contrasts with that of Whalen and Lutge[62] 
who found 4-ene-A as potent as T in maintaining 
behavior when administered immediately after 
castration to sexually experienced animals, thus sug- 
gesting that the hormonal factors required for main- 
tenance may differ from those required for initiation 
of male sexual behavior. 

The finding that androstenediol at the 3 mg dose 
level was as effective as T, suggests that either andros- 
tenediol can activate sexual behavior per sr or that 
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a highly efficient conversion of androstenediol to T 
occurs either peripherally or in brain substrates. Some 
recent evidences also suggest that androstenediol 
might be more effective than T in hypothalamic virili- 
zation [63]. Preliminary results in our laboratories 
have shown that androstenediol in castrated male 
rats is maintained in blood in its free and conjugated 
forms, long time after injection, thus suggesting that 
they may serveas precursors for T or other metabolites. 

The three androgens which were found to be effec- 
tive in stimulating full copulatory behavior are unsa- 
turated compounds possessing either the 45 or 5-6 
double bond. Hydrogenation of the double bond by 
formation of the 52 (trans A/B ring junction) or the 
50 (cis A/B ring junction) isomers results in com- 
pounds which failed to stimulate male sexual behav- 
ior, although some %-reduced metabolites retain 
strong androgenic activity. 

It is important to mention that 11/Chydroxy- 
androstenedione, while possessing the characteristic 
45 double bond, do not induce sexual behavior. 
However, 11 P-hydroxy-androstenedione shares with 
the 5a and 5fi saturated androgens the inability to 
aromatize due to the presence of an axial hydroxyl 
group at carbon 11 [66]. Therefore it can be con- 
cluded that all androgens effective in terms of behav- 
ioral activity are stereochemicallv able to be aroma- 
tized while the compounds which lack behavioral 
activity are unable to be biologically converted to 
estrogens. 

That conversion of androgens to estrogens plays 
an important role for induction of estrus behav- 
ior was suggested by the findings of Beyer and 
Vidal[67] in the rabbit and Whalen et al.[68] in 
the rat that antiestrogens can block the testosterone- 
induced sexual behavior in the female. This hypo- 
thesis has been extended to the male rat; however the 
fact that large amounts of estrogen are required to 
maintain sexual activity in castrated male rats [69] 

DAYS 

Fig. 5. Comparative effect of testosterone, androstenedione and androstenediol on male sexual behavior 
at three different dose leveis. (From: Morali PI al.: Harm. Behtrv. 5 (1974) 103). 



Androgens and brain I003 

strongly suggests that estrogens alone are not respon- 

sible for the full copulatory behavior but they may 

regulate one or several of the many steps intervening 
between the secretion or injection of an androgen 
and the final behavioral expression. 

If the induction of male sexual behavior requires 
aromatization as an obligatory event, the simul- 
taneous administration of antiestrogenic compounds 
with testosterone should block the behavioral re- 
sponse. We have studied the effects of MER-25 upon 
the T-induced male copulatory behavior. At daily 
doses of 2, 8 and 25 mg of MER-25 simultaneously 
administered with testosterone, the expression of the 
behavioral response not only was unblocked but 

showed a synergistic effect with T. Identical results 
have been obtained in our laboratories by using cis- 
clomiphen at several doses. Cis-clomiphen was used 
because it lacks some of the estrogenic activity of 
the antiestrogens. It can be concluded that the block- 
ade of the estrophilic molecules (receptors) in brain 
by using competitive compounds does not prevent 
the activation of male sexual behavior induced by 

testosterone. 
From a purely endocrine point of view, the results 

observed in these experiments show a large latency 
between T administration and the expression of sex- 
ual behavior in the castrated animals. Since it has 
been reported that castration resulted in a significant 
depletion of the so-called receptors in target tis- 
sues [70], we felt it was of interest to pretreat some 
groups of castrated male animals with two behavior- 
ally ineffective compounds DHT and estradiol prior 
to testosterone administration. The aim of these 
experiments was to see if DHT or estradiol benzoate 
(EB) may build T-receptor molecules in the brain 
which in turn would facilitate the action of T by 

reducing the latency period. Daily pretreatment with 
1 mg of EB or 1 mg of DHT was given for 15 days 
and 1 mg/day of T was administered for 20 additional 
days. The results demonstrated that pretreatment 

with EB does not modify the latency period nor the 
extent of the behavioral response and that DHT pre- 

treated animals showed a shorter although significant 
latency and an increase of sexual behavior activity. 
These findings may be explained by a significant de- 
velopment of sexual accessories during DHT treat- 
ment. 

Larsson et a[.[711 recently reported that the com- 
bined administration of EB and DHT to castrated 
male rats induces full copulatory behavior similar 
to that observed following T treatment. Similar 
results have also been reported recently [72,73]. The 
fact that DHT and EB, two inffective compounds 
per se, have synergistic behavioral effects when com- 
bined, suggest that male sexual behavior may be the 
result of two intracellular metabolites derived from 
T and that estrogens may play some role in the regu- 
lation of mating behavior of the intact male rat or 
that androgens and estrogens may act at two neural 
sites. More recently we have shown that 
administration of MER-25 (8mg daily) to the com- 

bined treatment of DHT (1 mg) and EB (2.5 pg) to 

castrated male rats does not interfere with the induc- 
tion of sexual behavior. These data confirm that the 

pharmacological combination of DHT and EB is 
effective in inducing sexual behavior in the male rat 
and is not impaired by antiestrogen administration, 
demonstrating that estrogens participate in a still un- 
defined manner in stimulating sexual behavior. In 
this connection the findings of Zucker[74] and more 
recently of Whalen and EdwardsL75J are inter- 
esting. They showed that cyproterone acetate, a 
potent antiandrogen, does not lead to an inhibition 
of T-maintained mating behavior in male rats in 
spite of a strong antiandrogenic activity in sexual 
accessories observed in these animals. Since anti- 
estrogens and antiandrogens are unable to inhibit the 
hormonal induced copulatory behavior, it is suggested 
that androgens and/or estrogens do not necessarily 
require the classical intracellular receptors in order to 
induce male behavioral response as occurs for other 
effects at peripheral target organs. 

ANDROGENS AND GONADOTROPINS REGULATION 

The role of testosterone in feedback mechanisms 

regulating pituitary gonadotropin secretion has been 

well established. However, few data were available 
about the role of metabolites derived from T in this 
brain function until recently. Earlier reports suggested 
that DHT was effective as suppressor of gonadotropic 
hormones [76,77]. Beyer et aI.[78] demonstrated that 

DHT at relatively low dosages effectively blocked 
ovarian compensatory hypertrophy in rats, suggesting 
that this SE-reduced derivative of T inhibited gonado- 

tropin secretion. Furthermore in a comparative study 
it was demonstrated that DHT was more effective 
in inhibiting the serum rise of immunoassayable levels 
of LH and FSH observed after castration of female 
rats [79]. Thus daily administration of 100 pg of DHT 

for 14 days to recently ovariectomized rats resulted 
in a total LH suppression whereas the same dose 
of T suppressed LH only partially (SO’/,). Similar data 
using DHT in male rats have been reported by Nafto- 
lin and Feder[80]. In addition these investigators 
demonstrated that DHT in an acute administration 

also shows a suppressive LH effect. The effect of 5a- 
reduced metabolites of T as potent LH inhibitors 
has been also reported by other laboratories [Xl] and 
strongly suggests that aromatization of androgens is 
not required for this androgen activity. Zanissi er 
a@821 have also reported that 3a-5x-androstanediol 
is even more potent than DHT to suppress gonado- 
tropin release. 

Although the sites of androgen-induced negative 
feedback for gonadotropin release under physiologi- 
cal situations are still unclear, there is good exper- 
imental evidence which suggests that hypothala- 
mus [83] and pituitary [84] are the anatomical sub- 
strates. Both T and DHT have been shown to modu- 
late the pituitary response to the exogenous 
administration of LH-RH [SS, 861. In addition to the 
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Fig. 6. Dose dependent positive and negative LH feed 
back mechanisms induced by testosterone propionate in 

long-term castrated adult rats. 

inhibitory activity of gonadotropin release, 
androgens, under certain conditions, may also stimu- 

late gonadotropin release. Rubinstein and Kurland 
reported in 1941 [87] that small doses of T increase 
testicular weight, and very recently, Bloch rt a/.[221 
demonstrated that in castrated adult rats, 
administration of 6 pg of TP/lOOg/day for 10 days 
increased plasma LH concentration while larger doses 
totally suppressed plasma LH levels. We have recently 
demonstrated in long-term castrated adult rats (more 
than 100 weeks) dose-dependent positive and negative 
feedback mechanisms induced by TP. Figure 6 shows 
that the lowest doses of TP (31.2 and 125 pg) elicited 
a statistically significant increase in plasma LH 
whereas the highest dose levels (500 and 1OOO~g) 
clearly suppressed the plasma LH values. Similar 
effects have been observed in the intact female 
rat[88]. In addition it has been reported that 3cc-Sr- 
androstanediol may induce LH secretion in the rat, 
and it is suggested that these compounds may trigger 
the hypothalamic-pituitary axis for the onset of 
puberty [89]. 

In summary, we may conclude that in contrast to 
male sexual behavior, ring A reduced derivatives of 
T are effective for gonadotropin regulation in the 
rat and that aromatization may not be obligatorily 
required. It must be pointed out that while Scc-reduc- 
tion of T results in metabolites with a more potent 
antigonadotropic potency, %-reduction of 4-ene-A 
results in compounds with very little if any antigona- 
dotropic capability. 

OTHER BRAIN ACTIVITIES 

The role of T in the induction of hypothalamic Fig. 7. Role of testosterone and its metabolites on several 
virilization has been well documented [23, 241. T is brain activities. 

believed to inhibit the differentiation of neural cells 
which are later involved in gonadotropin control 
mechanism. Thus administration of T during the “cri- 
tical” perinatal days to female rats results in a male 

type of hypothalamic activity in adulthood. 
Administration of DHT, however, failed to mimic 

the action of T, thus demonstrating that &-reduction 
of T abolishes this activity [9@92]. Furthermore, 
administration of an antiestrogen inhibits the T-in- 

duced hypothalamic virilization [93], suggesting that 
estrogens play an important role in this phenomenon 

in a similar fashion to their role in the induction 
of estrous behavior. Furthermore support for this 
concept can be derived from the observation that 
EB mimics the action of T in inducing anovulatory 
sterility during perinatal days. 

CONCLUDING REMARKS 

Major circulating androgens synthesized by the 
gonads enter into the central nervous system where 
they are regionally distributed and selectively 
retained. They may remain at the neuronal level 
either unchanged as T, 4-ene-A or androstenediol, 
or they may further be converted to %-reduced or 
to phenolic derivatives. These three groups of com- 
pounds may induce the physiological effects tradi- 
tionally attributed to T in the mammalian male brain. 
Our present knowledge can be summarized as 
depicted in Fig. 7. 

I. Gonadotropin secretiorl reyulation. Negative and 
positive feedbacks may result from unchanged T or 
from See-reduced T-metabolites in the rat. Scr-reduc- 
tion in the case of T increases the biological potency 
while in the case of 4-ene-A decreases the activity 
of the derivative. Aromatization may not necessarily 
be required for this activity. 

2. Induction of nullr sexual behavior. Results either 
from unchanged T or from the synergistic effects of 
See-reduced T and estradiol. Both %-reduction and 
aromatization may be required for this activity. It 
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