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Summary--Many central actions of testosterone (T) require the transformation of T into 
several metabolites including 5ct-dihydrotestosterone (5ct-DHT) and estradiol (E2). In birds as 
in mammals, 5ct-DHT and E2, alone or in combination, mimic most behavioral effects of T. 
The avian brain is, in addition, able to transform T into 5fl-DHT, a metabolite which seems 
to be devoid of any behavioral or physiological effects, at least in the context of reproduction. 
By in vitro product-formation assays, we have analyzed the distribution, sex differences and 
regulation by steroids of the 3 main T metabolizing enzymes (aromatase, 5ct- and 5fl-re- 
ductases) in the brain of the Japanese quail (Coturnix c. japonica) and the zebra finch 
(Taeniopygia guttata castanotis). In the hypothalamus of quail and finches, aromatase activity 
is higher in males than in females. It is also decreased by castration and increased by T. The 
activity of the 5~-reductase is not sexually differentiated nor controlled by T. The 5fl-reductase 
activity is often higher in females than in males but this difference disappears in gonadecto- 
mized birds and no clear effect of T can be observed at this level. The zebra finch brain also 
contains a number of steroid-sensitive telencephalic nuclei [e.g. hyperstriatum ventrale, pars 
caudale (HVc) and robustus archistriatalis (RA)] which play a key role in the control of 
vocalizations. These nuclei also contain T-metabolizing enzymes but the regulation of their 
activity is substantially different from what has been observed in the hypothalamus. Aromatase 
activity is for example higher in females than in males in HVc and RA and the enzyme in these 
nuclei is not affected by castration nor T treatment. In these nuclei, the 5~t-reductase activity 
is higher in males than in females and the reverse is true for the 5fl-reductase. These sex 
differences in activity are not sensitive to gonadectomy and T treatment and might therefore 
be organized by neonatal steroids. We have been recently able to localize aromatase-immuno- 
reactive (AR-ir) neurons by ICC in the brain of the quail and zebra finch. Positive cells are 
found in the preoptic area, ventromedial and tuberal hypothalamus. AR-ir material is found 
in the perikarya of cells and fills the entire cellular processes including axons. At the electron 
microscope level, immunoreactive material can clearly be observed in the synaptic boutons. 
This observation raises questions concerning the mode of action of estrogens produced by 
central aromatization of T. 

INTRODUCTION 

In males of  most vertebrate species, testosterone 
(T) is one of  the major  steroids which control 
the physiological and behavioral components of  
reproduction. In particular, the activation of 
copulatory behavior in the male critically 
depends on the action of  T in the preoptic area 
(POA). In the brain, as in many other androgen- 
target structures, the activity of  T can be 
modulated by its conversion into active vs inac- 
tive metabolites. In the brain of  both birds and 
mammals,  T can be transformed into several 
metabolites including estradiol-17fl (E2; aroma- 
tization) and 5~-dihydrotestosterone (50t-DHT; 

Proceedings of the Vlllth International Congress on Hormonal 
Steroids, The Hague, The Netherlands, 16-21 September 
1990. 

5~t-reduction). Depending on the species, E 2 and 
50t-DHT, alone or in combination, are able to 
mimic most if not all behavioral effects of  
T [1-3]. The avian brain, in addition, is able to 
transform T into 5fl-dihydrotestosterone (5fl- 
DHT;  5fl-reduction), a metabolite which seems 
devoid of  any biological activity at least in the 
context of  reproduction. The 5fl-reduction of  T 
is usually considered as an inactivation shunt 
for the hormone [1, 4]. The brain metabolism of  
T is therefore of  special interest in birds as the 
modulation of  enzyme activities leading to the 
production of active or inactive metabolites can 
in principle regulate the neural responsiveness 
to the androgen. 

During the last 10 years, research in my 
laboratory has analyzed the contribution of  the 
intracellular T metabolism to the regulation of 
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reproductive behavior in birds. Two avian 
species which are common models in behavioral 
endocrinology have been used in these studies: 
the Japanese quail ( Coturnix coturnix japonica) 
and the zebra finch (Taeniopygia guttata 
castanotis). Two experimental approaches have 
been used to investigate this question. On one 
hand, in vivo experiments using T metabolites, 
antihormones and metabolism inhibitors have 
been performed to establish the behavioral 
action of androgenic and estrogenic steroids. 
These compounds were injected systemically or 
directly implanted in the POA of castrated quail 
and the behavioral responses that were elicited 
were quantified in standardized situations. On 
the other hand, the activity of the major T 
metabolizing enzymes (aromatase, 5~- and 
5fl-reductase) has been quantified by in vitro 
radioenzyme assays (product-formation assays) 
in the brain of birds and correlated with their 
behavior. These assays were done in birds of 
different ages or sex as well as in castrated 
animals submitted to various replacement 
therapies with steroid hormones so that precise 
relationships could be established between the 
activity of brain enzymes and the reproductive 
behavior of the subjects. 

I shall briefly describe here the major results 
demonstrating that androgen metabolism in the 
brain of quail and zebra finches plays a critical 
role in the control of male reproductive 
behavior in these species. The changes in the 
activity of brain enzymes as a function of age, 
sex or hormonal condition will then be reviewed 
and the physiological implications of these 
enzymatic adaptations will be discussed. During 
the last year, we were also able to localize by 
immunocytochemistry the aromatase in the 
avian brain. This new approach has opened a 
new field of investigation in the area of steroid 
metabolism research and the first results 
gathered so far will be considered at the end. 

T METABOLISM AND ACTIVATION OF MALE 
REPRODUCTIVE BEHAVIOR IN QUAIL 

In quail, male copulatory is activated by T 
produced by the gonads. Birds functionally 
castrated by exposure to short days or birds 
surgically castrated are inactive[5,6] and 
treatment with T restores sexual activity within 
one week [6, 7]. In the specific case of copulatory 
behavior, aromatization of T into E2 is 
absolutely required for the activation of the 
behavior. This notion is supported by the 

following facts: aromatizable androgens such as 
T or androstenedione activate the behavior 
while nonaromatizable androgens such as 5~t- 
DHT are not or less active [5]; aromatase inhibi- 
tors such as androstratrienedione (ATD) or 
R76713 inhibit T-induced copulatory behavior 
in functionally or surgically castrated 
males [5, 7, 8]; antiestrogens such as tamoxifen 
or nitromifene citrate (CI-628) block T-induced 
sexual behavior[9, 10]. These compounds are 
active after systemic injection but also when 
implanted directly in minute amounts within the 
POA thereby demonstrating that T aromatiza- 
tion needs to take place within the brain in order 
to activate the behavior [8, 11]. Consistent with 
this implication of aromatization are also the 
facts that the behavior can be activated directly 
by systemic injections or stereotaxic implan- 
tation in the POA of estrogens such as E2 or 
diethylstilbestrol [5, 10-13]. 

The fact that copulatory behavior can be 
activated in castrated quail by estrogens alone 
does, however, not rule out a possible 
contribution of androgens in this process. 
Treatment with 5~-DHT alone or with the 
nonaromatizable androgen R1881 indeed 
weakly stimulates male sexual behavior in 
castrated quail [14-16] (although negative 
results obtained with 5~-DHT have also been 
reported [17, 18]). In addition, a clear synergism 
between 5ct-DHT (or R1881) and estrogens can 
be experimentally demonstrated in the 
activation of this behavior [14, 16, 18] (see [1] for 
review). 

IMPLICATION OF T METABOLISM IN THE 
SEXUAL DIFFERENTIATION OF BEHAVIOR 

IN QUAIL 

Masculine reproductive behavior is sexually 
differentiated in quail. If treated with doses of T 
which activate sexual behavior in castrated 
males, females almost never show copulatory 
behavior when presented to a stimulus 
bird[6, 19]. It is currently accepted that the 
sexual differentiation of copulatory behavior in 
quail follows a pattern in which the male is the 
neutral sex (i.e. which develops in the absence of 
gonadal steroids) and the female phenotype 
results from the early exposure to estrogens [20]. 
This notion is essentially supported by the 
finding that injection of estrogen into male eggs 
during early incubation suppresses the capacity 
of the male to respond when adult to a 
treatment with T by showing copulatory 
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behavior [21, 22]. This "demasculinization" 
would spontaneously take place in females fol- 
lowing exposure to the ovarian estrogens and 
indeed we showed recently that plasma levels of 
E2 are significantly higher in female than in male 
embryos [23]. 

Surprisingly both T and E2 are able to 
demasculinize the behavior of male embryos if 
injected in the egg during the early incu- 
bation [21]. In an extensive series of experiments, 
it could however be demonstrated that the 
demasculinization of copulation by exogenous 
T is mediated by its conversion to estrogen. The 
differentiating effects of T are indeed blocked by 
the simultaneous administration of antiestro- 
gens or of aromatase inhibitors and they are 
mimicked by aromatizable but not by nonarom- 
atizable androgens [24]. It was confirmed re- 
cently that an active aromatase is indeed present 
in the POA-hypothalamus of quail embryos as 
early as day 10 of incubation [25]. At that early 
age, the enzyme is however not inducible by T 
and it is only after day 14 of incubation that this 
control mechanism of the aromatase activity 
becomes established [25, 26]. 

The fact that T is present in substantial 
amounts in the plasma of developing em- 
bryos [23] and that the aromatase in the POA is 
already active on day 10 of incubation suggested 
that in physiological conditions, males could 
actually be partially demasculinized by their 
endogenous androgens acting through aroma- 
tization. This possibility was tested by treating 
male embryos with the aromatase inhibitor 
ATD and quantifying their sexual behavior as 
adults. It could be demonstrated that embryonic 
exposure to ATD slightly increases the level of 
male-typical behavior suggesting that a weak 
demasculinization takes place in normal 
males [27]. This effect is however of a very small 
magnitude probably because embryonic males 
are protected from the demasculinizing effects 
of their androgens by an extremely active 
5fl-reductase which is present in their hypo- 
thalamus [28] and actively transforms T into 
5fl-DHT, a compound which is not aromatiz- 
able and has no effect on the differentiation of 
sexual behavior [22]. 

T METABOLISM IN THE ACTIVATION AND 
DIFFERENTIATION OF MALE REPRODUCTIVE 

BEHAVIOR IN ZEBRA FINCHES 

In zebra finches as in quail, the activation of 
several reproductive behaviors depends on the 

central aromatization of T. In castrated finches, 
aromatizable androgens are more effective than 
nonaromatizable ones in restoring normal levels 
of courtship song [29]. Recent studies also show 
that androstenedione has to be converted into 
estrogenic metabolites in order to exert its 
behavioral effects. If androstenedione-treated 
birds are concurrently exposed to the aromatase 
inhibitor, ATD they exhibit fewer courtship 
behaviors, less aggression and nest building 
activity than males treated with androstene- 
dione alone [30]. Song production and song 
learning is controlled in this species by a discrete 
network of telencephalic and mesencephalic 
nuclei which are steroid-sensitive and sexually 
dimorphic [31, 32]. The sexual differentiation of 
singing (adult males but not adult females sing 
in response to T in this species) and of the brain 
nuclei controlling its production can be modified 
by exposure to exogenous steroids during the 
first days of life. Estrogens and aromatizable 
androgens masculinize these characteristics in 
females [33, 34]. Although sex differences in the 
plasma levels of estrogens have been reported in 
young zebra finches (higher levels in males than 
in females: [35, 36]), these are limited in dur- 
ation and do not completely cover the period 
during which exogenous estrogens are able to 
masculinize the brain and behavior of the birds 
(see [37] for discussion). In addition, castration 
does not lead to a decrease in circulating E2 in 
this species so that the origin of the estrogens 
(adrenal secretion, brain aromatization?) re- 
mains unclear [36]. A role for the central arom- 
atization of androgens in the process of sexual 
differentiation might therefore be considered. 

THE ASSAY OF T-METABOLIZING ENZYMES IN 
THE AVIAN BRAIN 

The data reviewed above has established the 
importance of T metabolism in the activation 
and differentiation of reproductive behavior in 
quail and zebra finches. Until recently, little or 
no evidence was however available concerning 
the distribution of T metabolizing enzymes in 
the brain of these species. Similarly the 
regulation of these enzymatic activities as a 
function of the sex, age or endocrine condition 
of the animals had never been analyzed. Since 
the original demonstration of aromatase in the 
brain by Naftolin et al. [38], this enzyme and the 
steroid reductases have classically been studied 
by product-formation assays. This approach 
has also been used in our studies. 
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The activity of aromatase, 50t- and 5//- 
reductase was measured in brain samples by in 
vitro radioenzyme assays which quantified the 
transformation of radioactive T into the corre- 
sponding metabolites (E2, 5at-DHT, 5fl-DHT). 
These procedures were first adapted and 
validated for the avian brain [39, 40]. Briefly, the 
procedure used in all studies is based on the 
incubation at 41°C of the brain homogenates 
with tritiated T in the presence of a suitable 
concentration of co-factor (NADPH2). The meta- 
bolites are then extracted by organic solvents, 
purified by phenolic partition and thin layer 
chromatography, and quantified by scintillation 
counting. Initial validations demonstrated that 
the amounts of metabolites which are produced 
in the selected conditions are linear as a function 
of time of incubation, and amount of tissue 
present in the sample. The co-factor is also 
present in saturating conditions. 
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Fig. 1. T metabolism in the brain of intact sexually mature 
male and female quail as studied by the Palkovits punch 
technique combined with radioenzyme assay. Data  are 
means + SEM. * = P < 0.05; *** = P < 0.001 compared to 
corresponding male data by the Student t-test. PD: pars 
dorsalis of  POA; Tn: nucleus taeniae; (redrawn from data 

in [46]). 

The original studies were performed on brain 
samples weighing a few milligrams which were 
obtained by a free-hand dissection and corre- 
sponded to more or less defined brain regions 
(e.g. POA vs posterior hypothalamus [40-42]). 
More recently, the radioenzyme assay pro- 
cedure was modified and its sensitivity increased 
in order to permit quantification of enzyme 
activities in smaller samples. The Palkovits 
"punch technique" [43, 44] was then adapted for 
the quail and zebra finch brain so that the 
activity of T-metabolizing enzymes could be 
measured on punched nuclei[37,45-47]. We 
shall concentrate here on these most recent 
anatomically well-defined results. 

ACTIVITY OF T-METABOLIZING ENZYMES 
IN QUAIL 

The distribution of aromatase, 5a- and 5fl-re- 
ductase was first studied in the brain of sexually 
mature intact male and female quail [45, 46]. 

Major results obtained in this study are 
shown in Fig. 1. Both aromatase and 5~-re- 
ductase are heterogeneously distributed in the 
quail brain. The activity of the 5fl-reductase is 
more constant from one nucleus to the other 
although the enzyme seems to be less active in 
the POA-hypothalamus [nuclei POM, lateral 
hypothalamus (LHY), ventro-medial (VMN) 
and tuberal hypothalamus (TU)]. The highest 
levels of aromatase activity (AA) are observed 
in the medial preoptic nucleus (POM), a 
sexually dimorphic [48] T-sensitive [49] structure 
located around the third ventricle in the POA. 
AA in this nucleus and in the POA in general is 
higher in males than in females. No other 
significant sex-related difference in enzymatic 
activities could be observed. 

The hormonal-dependence of T-metabolizing 
enzymes was subsequently investigated in males 
and females by comparing enzyme activities in 
sexually mature intact and gonadectomized 
quail as well as in gonadectomized birds submit- 
ted to a replacement therapy with T. Results of 
these manipulations in males are shown in 
Fig. 2. 

AA in males was significantly decreased by 
castration and increased by T in the POM, the 
entire POA and in the VMN. Similar trends 
were seen in the TU but they did not reach 
statistical significance. The activity of two re- 
ductases was not significantly changed by these 
hormonal treatments. 
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Fig. 2. Effect o f  castration and testosterone treatment on the 
T metabolism in the brain of  male quail. Data are 
means  __ SEM. Significant effects of  treatments (as calcu- 
lated by ANOVA) are indicated by asterisks above the 
columns. * = P < 0 . 0 5 ;  * * = P < 0 . 0 1 ;  * * * = P < 0 . 0 0 1 .  
I = Intact sexually mature birds; Cx =cas t ra ted  males; 
Cx + T = castrated males treated with silastic implants filled 

with T; (redrawn from data in [46]). 

In previous studies [41, 42] based on a free- 
hand dissection of the hypothalamus, a few 
additional modulations of the reductases had 
been reported. It had been shown that the 
activity of the 50t-reductase was higher in males 
than in females in the rostral part of the hypo- 
thalamus while the 5fl-reductase was more ac- 
tive in the POA of females. These differences 
were however only observed in gonadally intact 
birds and disappeared following gonadectomy. 
They were probably the result of a differential 
activation of the enzymatic activities by the 
testicular or ovarian steroids. These sex differ- 
ences were not found in the present studies 
based on the Palkovits "punch technique" 
(overall analysis of variance demonstrate how- 
ever higher 5fl-reductase activity in several 
nuclei of the female brain; see [46] for details) 
presumably because here we studied discrete 

brain nuclei which are only a small fraction of 
the larger samples previously analyzed. The 
exact anatomical localization of the sex differ- 
ences in reductase activities therefore remains to 
be established. 

The sex difference and steroid regulation of 
AA in the POA and more specifically in the 
POM are especially important in the context of 
the control of sexual behavior. In our original 
study [42], a higher AA had been detected in the 
POA of males compared to females. Gonadec- 
tomy decreased the enzyme activity to baseline 
levels in both sexes but T replacement resulted 
in a differential induction of the enzyme in males 
and females so that the preoptic AA was higher 
in T-treated castrated males than in T-treated 
ovariectomized females. Such a sex difference in 
aromatase induction by T has now been 
replicated in several independent exper- 
iments [7, 50, 51] although the magnitude of this 
difference appears to be lower than originally 
thought (males being about 10-25% higher than 
females). 

The sex difference and induction by T of AA 
was shown in the punch studies [46] to be 
essentially confined to the POM (see Figs 1-2). 
This observation is of special relevance for the 
control of reproduction because we showed 
recently that this nucleus is a critical site of 
action for T in the restoration of copulatory 
behavior in castrated male quail. Stereotaxic 
implantation of 27g needles filled with 
crystalline T within POM activated copulation 
in castrated quail but implants positioned 
elsewhere in the POA even a few hundred 
microns lateral to POM were ineffective [52]. In 
addition, electrolytic lesions in the POA 
suppress copulatory behavior in quail only if 
they destroy a significant part of the POM. 
Lesions of similar size in other parts of the POA 
are ineffective [52]. 

The activity of aromatase in the POM varies 
in parallel with copulatory behavior (both are 
decreased by castration and induced by T). The 
sex difference in POM-AA might therefore 
contribute to explain the relative insensitivity of 
females to the activating effects of T on sexual 
behavior (see above): they would not produce 
enough of the active metabolite, E 2. It is clear, 
however, that this is not the only mechanism 
that mediates the behavioral sex difference 
because we know that systemic treatment of 
ovariectomized females with doses of estrogens 
which are sufficient to activate copulation in 
males is still ineffective[12]. If the lower 
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aromatase of females was the only limiting 
factor, it should be by-passed by the direct 
administration of the reaction product of the 
enzyme. 

It must also be noted that, in the punch 
study, we did not find a significant difference in 
POM-AA between gonadectomized T-treated 
males and females although means indicated a 
strong tendency in this direction especially in 
the caudal part of the nucleus. It seems therefore 
that AA might be truly differentiated in subre- 
gions of the POA but the radioassay of punched 
nuclei might not provide enough anatomical 
resolution to permit a meaningful analysis of 
these differences. This problem is currently 
analyzed by immunocytochemical techniques 
(see below) which appear much more appropri- 
ate here. 

In additional experiments, we also analyzed 
the quantitative relations between the induction 
of AA in the POA and the activation of copula- 
tory behavior by T in quail[7, 50]. These 
showed that the induction of AA is dose- and 
time-dependent. AA levels normally seen in 
sexually mature males are restored in castrated 
birds by treatments with 20-40 mm long silastic 
capsules filled with T which produce physiologi- 
cal levels of the steroid. The minimal dose of T 
which reliably restores copulatory behavior 
approximately doubles the AA in POA. 

A significant increase in preoptic AA is 
already observed within 16 h after the implan- 
tation of the T-filled capsules and the induction 
is maximal after 48 h. Activation of the behavior 
follows a similar time-course but with a delay of 
about 24--48 h. These results are thus all consist- 
ent with the idea that the preoptic AA is a 
limiting factor for the activation of copulatory 
behavior. When the activity of the enzyme is 
blocked by an aromatase inhibitor such as ATD 
or R76713, the restoration of sexual behavior is 
suppressed or strongly delayed [7, 8] (see Fig. 3). 

These data clearly implicate in a causal way 
the preoptic aromatase in the control of male 
reproductive behavior in quail. 

ACTIVITY OF T-METABOLIZING ENZYMES IN 
ZEBRA FINCHES 

Similar studies of T-metabolizing enzymes 
were recently carried out on the zebra finch 
brain. In song birds, steroid-sensitive structures 
are found in the telencephalon in addition to the 
limbic structures (for review see[53]). A 
network of interconnected nuclei implicated 
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Fig. 3. Effects of chronic treatment with T (20 mm silastic 
capsules) alone or in combination with the aromatase 
inhibitor, ATD on the activation of sexual behavior (% of 
birds showing mount attempts) and on the AA in the 
POA-hypothalamus. Birds received the hormonal 
treatments for various durations (0-16 days). They were 
then tested for behavior, sacrificed and the metabolism of T 
was quantified in their brain by/n vitro radioenzyme assays 

(redrawn from data in [7]). 

in the acqmsition and expression of vocal 
behavior are clearly visible in Nissl-stained 
sections [32, 54, 55]. They have been shown by 
autoradiography to accumulate T or its metab- 
elites [31, 56]. It was therefore of interest to 
research whether these so-called song control 
nuclei were also able to metabolize T. 

Medium to high levels of aromatase, 5~t- and 
5fl-reductase were found in all these nuclei with 
the possible exception of the area X (X) which 
is interestingly the only nucleus of song system 
that does not appear to be steroid-sensitive [53]. 
In zebra finches like in quail, these enzymes were 
heterogeneously distributed in the brain (see 
Fig. 4). 

The activity of the 5/~-reductase was again 
low in the hypothalamic nuclei compared to 
most parts of the telencephalon. Surprisingly, 
the highest levels of AA were not found in the 
limbic structures but appeared in a dorsal region 
of the telencephalon including the area 
parahippocampalis (APH) which had originally 
been selected as a control structure. 

Statistical analysis of the data revealed 
significant metabolic sex differences in a number 
of brain nuclei. Aromatase was higher in 
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Fig. 4. T metabolism in the brain of  intact sexually mature 
male and female zebra finches as studied by the Palkovits 
punch technique combined with radioenzyme assay. 
Data are means _+ SEM. * = P < 0 . 0 5 ;  * * = P < 0 . 0 1 ;  
*** = P < 0.001 compared to corresponding male data by 
the Student t-test. E: ectostriatum; Rt: nucleus rotundus; 
nSt: nucleus striaterminalis; Tn: nucleus taeniae; (redrawn 

from data in [57]). 

females than in males in the hyperstriatum 
ventrale, pars caudale (HVc), robustus archistri- 
atalis (RA) and APH. In one single nucleus the 
periventricularis magnocellularis (PVM), the 
AA was numerically higher in males than in 
females but this difference did not reach statisti- 
cal significance (P <0.10). The 5~-reductase 
was significantly more active in the nucleus 
magnocellularis of the anterior neostriatum 
(MAN), HVc, RA and nucleus intercollicularis 
(ICo) of males compared to females. A 
difference in the opposite direction was seen in 
the POA. Finally, the production of 5fl-DHT 
was significantly higher in females than in males 
in the area X and in the nucleus RA while in the 
ectostriatum (E) a difference in the opposite 
direction was observed. 

This pattern of T metabolism therefore 
appears to be quite different from the results 

obtained in quail. High levels of aromatase are 
found in the POA-hypothalamus and in the 
limbic system in general (e.g. nucleus taeniae 
which is the avian homologue of the amygdala 
in mammals) but in addition the telencephalic 
nuclei of the song system also show an active 
enzyme. Sex differences in AA are observed in 
parts of the telencephalon but it is usually the 
females which have the more active enzyme 
contrary to what had been observed in the 
POA-hypothalamus of quail. 

The activity of the two reductases was also 
sexually differentiated in a number of nuclei, the 
magnitude of these differences being especially 
large in RA. It might of course be argued that 
these differences are only a consequence of the 
difference in nucleus size between males and 
females. The punches of RA contained for 
example more extraneous tissue in females than 
in males as the punch cannula was the same in 
both sexes and the RA of males is significantly 
larger. If we assume then that the 5~-reductase 
is only present in the steroid-target tissues while 
the 5fl-reductase is located outside these 
structures, the sex difference in reductase 
activity in RA might be due only to the smaller 
size of the nucleus in females. However, this 
reasoning would then not explain the higher 
female aromatase in this nucleus unless we 
assume that this enzyme is also located outside 
the structure which makes little sense based on 
all available data. The detailed comparison of 
all the observed sex differences therefore 
strongly suggests that these are real and that 
they are not simply an artifact of the dissection 
procedure (see [57] for a more detailed discus- 
sion). The punch technique is however not really 
appropriate to analyze this type of difference 
with a high level of anatomical resolution and 
other techniques such as immunocytochemistry 
should be used for this purpose (see below). 

The presence of high levels of AA in the APH 
was an unexpected finding in the previous exper- 
iment and additional assays were then carried 
out to map more precisely the distribution of 
this telencephalic aromatase (see Fig. 5). 

Serial 200 #m thick sections were cut on a 
cryostat and the dorsal parts of these sections 
were then dissected with a scalpel blade as 
indicated in Fig. 5 in order to obtain 8 indepen- 
dent brain samples in the hippocampal and 
APH region (labeled A-H in the figure). This 
demonstrated the presence of high levels of AA 
in the entire region. The enzyme activity was 
however significantly different from one area to 
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Fig. 5. Schematic drawing of the free-hand dissection of the 
dorsal telencephalon that was used to analyze the distri- 
bution of T-metabolizing enzymes in adult male and female 
zebra finches (top) and results of the aromatase assays in 
these fractions (bottom). Each column corresponds to the 
mean + SEM of 3~t experimental points. BC: brachium 
conjectivum; Cb: cerebellum; CoA: commissura anterior; 
Cp: commisura posterior; Hp: hippocampus; OM: tractus 
oecipitomesencephalicus; Tn: nucleus taeniae; (redrawn 

from data in [57]). 

the other and the highest levels were observed in 
the hippocampus (fractions A and D) and in the 
area ventro-medial to HVc (fraction H; HVc 
had been punched out of  these sections before 
they were dissected). There was no statistical 
difference between AA levels in males and 
females in this region although data strongly 
suggested the presence of higher enzyme activity 
in females for some of  the fractions (not statisti- 
cally significant due to the small number of 
samples that were analyzed. 

Like in quail, the control by steroids of  the 
activity of the aromatase and of the two 
reductases was subsequently investigated by 
repeating these assays in gonadectomized birds 
of both sexes which received or not a replace- 
ment therapy with testosterone. This confirmed 
a number of  sex differences in enzyme activity 
and revealed that some but not all these 
differences were controlled by the circulating 
steroids in the adult birds[47]. Selected 
examples of these studies are shown in Fig. 6. 

The analysis of these data by two way analy- 
ses of  variance confirmed the presence of overall 
metabolic sex differences (for aromatase in RA 

and APH; for the 5at-reductase in HVc and RA) 
and demonstrated significant interactions be- 
tween the sex of the birds and their hormonal 
condition (for the 5~t-reductase in POA and 
PVM). In addition, the higher level of  AA in 
males compared to females was seen again in 
PVM even if it did not reach significance. The 
enzymatic activities reacted very differently to 
the gonadectomy and T replacement. In some 
cases, they were decreased in castrated birds and 
induced to normal male levels by treatment with 
T (e.g. aromatase and 5~t-reductase in POA and 
PVM) suggesting that the sex differences 
observed in intact birds were the result of a 
differential activation by testicular or ovarian 
steroids. In the telencephalic nuclei, however, a 
totally different type of  result was obtained and 
in general the hormonal treatment had no effect 
on the activity of these enzymes (see [47] for a 
more detailed presentation of these results). 
Thi~ suggests that the enzymatic sex differences 
which had been obtained (e.g. higher aromatase 
in the RA of females, higher 5ct-reductase in the 
RA of males) might be organizational in nature: 
they could be the consequence of irreversible 
modifications in brain morphology and 
physiology induced by neonatal steroids. 
Experiments manipulating the hormonal 
environment of young zebra finches should now 
be performed to directly test this possibility. 

In conclusion, these experiments have 
revealed a number of major differences between 
the quail and the zebra finch as far as brain 
T-metabolizing enzymes are concerned. Their 
anatomical distribution is substantially different 
and in particular, the presence of high levels of 
AA in the zebra finch telencephalon raises 
questions regarding the role of estrogens pro- 
duced at this level. Sex differences in opposite 
directions are seen in the study of AA in the 
hypothalamus of both species and in the 
telencephalic nuclei of the zebra finch. The 
regulation by steroids of AA is very different in 
the POA-hypothalamus (increased enzyme 
activity in the presence of T) and in the telen- 
cephalon of the zebra finch (apparent absence of 
control). This might suggest that different forms 
of the enzyme are present in the diencephalon 
and in the telencephalon and biochemical exper- 
iments should be carried out to directly test this 
interesting possibility. The presence of major 
sex differences in the activity of the 5~t- and 
58-reductase in several nuclei of the song system 
also suggests that this differential T metabolism 
might be responsible, at least in part, for the sex 
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Fig. 6. Formation of E 2 (aromatization) and of 5ct-DHT (5~t-reduction) by different nuclei of intact (ll), 
gonadectomized (1-1) and T-treated gonadectomized (Ira) adult male and female zebra finches. Each 
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analyses of variance. A = P < 0.05 compared to gonadectomized birds of the same sex, • = P < 0.05 
compared to intact birds of the same sex and * = P < 0.05 compared to males submitted to the same 

hormonal treatment; (redrawn from data in [47]). 

difference in the vocal behavior of  these birds 
(male but not female zebra finches sing in 
response to T). The fact that these differences 
are not controlled by the adult T levels and are 
therefore presumably organizational in nature 
certainly supports this interpretation. 

Finally, it might be interesting to recall here 
a striking point in the zebra finch endocrin- 
ology: the source of  estrogens in males might 
not be the testes as no decrease and even 
increases in the plasma levels of  this steroid have 
been reported following castration[36] (see 
also [58] for similar results in young sparrows). 
It might therefore be significant that in this 

species a large part of  the dorsal telencephalon 
contains an active aromatase. The estrogens 
produced at this level might therefore influence 
the behavior both in the context of  differen- 
tiation and activation Whether this brain 
aromatase is capable of  maintaining high levels 
of  circulating estrogens in the absence of  gonads 
(by aromatization of  adrenal steroids?) remains 
however to be investigated. 

MECHANISMS UNDERLYING THE CHANGES IN 
AROMATASE ACTIVITY 

The aromatase in the POA-hypothalamus 
of  quail and zebra finches and in some 
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telencephalic nuclei of the zebra finch appears to 
be directly related to the activation of sexual 
behavior. The activity of this enzyme is, in 
addition, modulated by many factors. In 
quail, the preoptic AA changes according to the 
age of the birds (higher in sexually mature 
males than in chicks [59]), their sex (higher in 
males than in females [41, 42]) or their endocrine 
condition (higher in sexually mature or T- 
treated males than in castrates[7,42]). In 
zebra finches, changes as a function of age and 
endocrine status have also been de- 
scribed [37, 40]. 

In quail, detailed kinetic experiments have 
demonstrated that these changes in activity 
never implicate modifications of the affinity of 
the enzyme for its substrate (Kin). In each case 
where the maximum velocity (Vmax) of the 
aromatase is increased, its Km remains 
constant [42, 59] (Balthazart, unpublished data). 
This suggests that it is the enzyme concentration 
which changes from one physiological condition 
to the other. These data are however also 
consistent with a change of enzyme activity that 
would be caused by the presence of a noncom- 
petitive inhibitor in birds with a low enzymatic 
activity; this would also decrease the Vma x with- 
out affecting the Kin. In order to discriminate 
between these alternative explanations (changes 
in enzyme concentration vs enzyme inhibitor), 
pools of adult male and female POA homogen- 
ates were incubated either separately or in the 
same tube in the presence of increasing amounts 
of radioactive T. It was predicted that if aroma- 
tase was simply more concentrated in males 
than in females, then the enzymatic velocity in 
an incubation of a mixture of male and female 
POA would be the mean of the velocities ob- 
served in separate incubations. On the contrary, 
if the brain of females contained an enzymatic 
inhibitor, then the reaction rate in the co-incu- 
bation should be less than the mean. It could 
actually be equal to the velocity observed in 
females provided that the inhibitor was not 
present in limiting amounts. Results of such an 
experiment are shown in Fig. 7. 

The affinity of the aromatase for its substrate 
was similar in males, in females and in the 
pooled homogenate (approx. 20 nM; see Fig. 7). 
As expected the maximum velocity of the 
reaction was higher in males (310.90+ 17.41 
fmol/mg protein/15 rain) than in females 
(125.18 + 5.06 fmol/mg protein/15 min). The 
velocity measured in the co-incubation was 
intermediate (202.64 + 12.03 fmol/mg protein/ 
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Fig. 7. Saturation analysis of aromatase activity in the POA 
of sexually mature adult male and female quail. Male and 
female homogenates were incubated with increasing concen- 
trations of tritiated T either alone or after equal amounts of 
both homogenates had been pooled in the same tube 
(M + F/2). The affinity of the enzyme for its substrate was 
similar in the 3 sets of incubations and the maximum 
velocity in the co-incubations was approximately equal to 
the mean of the values observed in males and females'(see 

the text for additional information). 

15 min) and actually very close to the arithmetic 
mean of the male and female data (218). This 
type of experiment therefore argues against the 
presence of an endogenous aromatase inhibitor 
in the POA of female quail and strongly 
suggests that the higher Vma x in males is due to 
a higher concentration of the enzyme. An inde- 
pendent confirmation of this conclusion has 
recently been obtained by immunocytochem- 
istry. 

By contrast, kinetic analyses of the preoptic 
aromatase in zebra finches of different ages 
between hatching and sexual maturity reveal 
significant changes in the enzyme characteristics 
(see Fig. 8). 

It was observed that during the first 80 days 
of postnatal life, the Vmax of the aromatase 
decreases in male and female zebra finches while 
the enzyme affinity increases (K,, decreases [40]). 
The major changes in enzyme affinity actually 
occur between 40 and 80 days of age, that is 
approximately when the birds become sexually 
mature. It might therefore be speculated that 
these changes are caused by the rising levels of 
gonadal steroids although direct experimental 
evidence for this interpretation is not available 
at present. In zebra finches the mechanisms 
underlying the modification of the aromatase 
apparent affinity during ontogeny are still 
unclear. The observed enzyme kinetics are very 
complex and difficult to interpret. They could 
reveal the presence of inhibitors of the enzyme 
or alternatively suggest that during the 
maturation there is a change in its nature. 
Additional biochemical experiments only could 
discriminate between these alternatives. 
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Fig. 8. Double reciprocal plots (Lineweaver-Burke plots) of the production of E2 (aromatization) vs 
substrate concentration in the POA-hypothalamus of male and female zebra finches of different ages 
between 5 and 85 days post-hatch. Data demonstrate variations in both the Km (intercept with the X axis) 

and the Vma x (intercept with the Y axis) of the enzyme. 

THE IMMUNOCYTOCHEMICAL LOCALIZATION 
OF AROMATASE 

The product formation assays were adequate 
for quantifying the activity of T-metabolizing 
enzymes but they did not permit an accurate 
mapping of their distribution. Recently, we have 
been able to obtain a polyclonal antibody which 
specifically recognizes the aromatase of the 
avian brain. It has been used to study by 
immunocytochemistry the distribution and 
regulation of aromatase at a cellular level of 
resolution. 

Aromatase-immunoreactive cells have in this 
way been localized on fresh frozen sections or 
on sections obtained in fixed brains by a 
classical peroxidase-antiperoxidase (PAP) 
immunocytochemical procedure using a poly- 
clonal antibody raised in rabbits against human 
placental aromatase and purified by affinity 
chromatography [60]. Although the final proof 
of specificity cannot be obtained in this 
heterologous technique because quail brain 
aromatase is not available for preabsorption 
controls, it is clear, based on immunocyto- 
chemical controls and on the comparison of 
immunocytochemistry with radioenzyme assay 
results that the procedure identifies the molecule 
which is responsible for the enzymatic activity 
(see [61] for detail). 

Although the immunocytochemical identifi- 
cation of aromatase in the brain has only been 
achieved very recently, several important facts 
have already been established by this technique. 
At the cellular level, it could be seen that the 
immunoreactive product fills the entire cyto- 

plasm of the cells, including long cell processes 
but always leaving a clear nucleus [61, 62]. At 
the electron microscope level, immunoreactive 
aromatase was found in the rough endoplasmic 
reticulum throughout the cytoplasm, including 
the full length of neural processes [63]. There 
were also many synaptic boutons which con- 
tained aromatase-immunoreactive (AR-ir) clear 
synaptic vesicles. These AR-ir positive boutons 
were found forming synapses with AR-ir posi- 
tive and negative neurons. These synapses were 
both axo-somatic and axo-dendritic. This sub- 
cellular localization of aromatase is compatible 
with previous biochemical studies demonstrat- 
ing that this is a microsomal enzyme. In 
addition, the presence of immunoreactive 
material in presynaptic boutons is totally 
consistent with the recent finding that significant 
AA is located in synaptosomal fractions after 
differential centrifugation of quail brain hom- 
ogenates [64]. The presence of immunoreactive 
aromatase in synaptic vesicles certainly indi- 
cates an unorthodox role for this enzyme or its 
estrogenic products in the brain. This could 
include a role in the synaptic zone for locally 
formed E2 or its metabolites including the cate- 
chol estrogens which are potent inhibitors of the 
catechol-o-methyl transferase and could in this 
way alter the metabolism of catecholamines. 

AR-ir perikarya were found in all preoptic, 
hypothalamic and septal areas which had 
previously been shown to contain AA by in vitro 
product formation assays[45,46,61]. In the 
POA, the immunoreactive neurons were 
confined to the POM which is T-sensitive and 
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sexually dimorphic in quail [48, 49]. AR-ir cells 
therefore represent a neurochemical marker for 
this sexually dimorphic nucleus. Their presence 
fits in perfectly well with the previous demon- 
stration of high levels of AA in the nucleus (see 
Figs 1 and 2). 

The aromatase immunocytochemistry has 
also provided new information about the 
mechanisms which mediate the induction by T 
of AA in the POA. The brain of castrated quail 
and of castrates which had been treated with T 
were studied in parallel either for AA (measured 
by radioenzyme assays on the entire POA) or 
for AR-ir neurons[61,65]. After 5 days of 
exposure to physiological levels of T (induced 
by 40 mm long silastic implants), the enzyme 
activity had increased by about 645%. The 
number of immunoreactive cells was then 
counted in 4 consecutive sections located in the 
medial part of the POM. These cells were very 
scarce in castrates but their number was about 
5 times higher in the T-treated birds. This 
strongly suggests that the increase in AA which 
is observed following treatment with T results 
from an increased concentration of the enzyme. 
This represents an independent confirmation of 
a conclusion which had been reached before 
based on kinetic data (see above). 

The number of AR-ir perykarya has also been 
recently quantified in the brain of male and 
female quail. As shown in Fig. 9, positive cells 
are more numerous in the POM of males 
compared to females. However, this difference 
only reached statistical significance in the more 
caudal part of the nucleus around the level of 
the anterior commissure (Balthazart and De 
Clerck, unpublished data). 
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Fig. 9. Distribution of  AR-ir  cells in the POM of adult male 
and female Japanese quail. The number  of  immunoreactive 
cells has been counted in one section every 100/~m. The level 
of  the different sections (1-9) has been standardized by 
reference to the anterior commissure (AC). Ant.: anterior 

part, Post.: posterior part o f  the POM. 

The difference in enzyme activity which had 
been detected by the product formation assays 
(see Fig. 1) therefore only concerns a subregion 
of the POM. Techniques such as immunocyto- 
chemistry appear to be adequate for the analysis 
of differences which have such a discrete 
neuroanatomical localization. As mentioned 
above, a sex difference in the inducibility of the 
AA has also been observed in the POA of quail 
but its exact localization has eluded us so far. 
Based on these recent immunocytochemical 
data, it seems that the differential inducibility 
might also be localized in the caudal part of the 
POM and future studies should quantify the 
AR-ir perikarya in this region in gonadecto- 
mized males and females submitted to a same 
replacement therapy with T. 

C O N C L U S I O N  

Product formation assays carried out on 
microdissected brain regions or more recently 
on nuclei dissected by the Palkovits "punch 
technique" have demonstrated that T-metabo- 
lizing enzymes have a discrete distribution in the 
brain of the Japanese quail and the zebra finch. 
This has been confirmed recently by immuno- 
cytochemistry in the case of aromatase. The 
activity of these enzymes is affected by the age, 
sex and endocrine condition of the birds in a 
manner which is specific for the species, the 
brain region and the enzyme considered. This 
metabolism leads to the production of 
compounds which are either implicated in the 
differentiation or activation of reproductive 
behavior or are devoid of behavioral effects. The 
modulation of the enzyme activities therefore 
permits an amplification or inactivation of the 
effects of T in the brain. In a number of cases, 
it has been shown that the changes in AA 
parallel the changes in sexual behavior and the 
enzyme activity probably represents a limiting 
factor in the activation of behavior by T. It has 
always been assumed that T and its metabolites 
activate sexual behavior by an interaction with 
the classical intracellular steroid receptors. A 
number of recent reports [66] including our 
finding of aromatase immunoreactivity at the 
synapse level suggest, however, that steroids 
might also exert biological effects by an action 
at the membrane or even at the synapse level. 
This possibility should be seriously considered 
for future work in behavioral neuroendocrin- 
ology. 
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