
 

 

 University of Groningen

Brain aromatase activity and plasma testosterone levels are elevated in aggressive male mice
during early ontogeny
Compaan, J.C.; Hutchison, J.B.; Wozniak, A.; de Ruiter, A.J.H.; Koolhaas, J.M.

Published in:
Developmental Brain Research

DOI:
10.1016/0165-3806(94)90162-7

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1994

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Compaan, J. C., Hutchison, J. B., Wozniak, A., de Ruiter, A. J. H., & Koolhaas, J. M. (1994). Brain
aromatase activity and plasma testosterone levels are elevated in aggressive male mice during early
ontogeny. Developmental Brain Research, 82(1-2), 185-192. https://doi.org/10.1016/0165-3806(94)90162-
7

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1016/0165-3806(94)90162-7
https://research.rug.nl/en/publications/3d3c89c1-a221-4d06-96ef-e4db4961e667
https://doi.org/10.1016/0165-3806(94)90162-7
https://doi.org/10.1016/0165-3806(94)90162-7


DEVELOPMENTAL 
BRAIN 

RESEARCH 
ELSEVIER Developmental Brain Research 82 (1994) 185-192 

Research report 

Brain aromatase activity and plasma testosterone levels are elevated 
in aggressive male mice during early ontogeny 

J.C. Compaan a,,, J.B. Hutchison b, A. Wozniak b, A.J.H. de Ruiter a, J.M. Koolhaas a 
a University of Groningen, Department of Animal Physiology, PO Box 14, 9750 AA Haren, The Netherlands 

b MRC Neuroendocrine Development and Behaviour Group, The Babraham Institute, Babraham, Cambridge, CB2 4.4 T, UK 

Accepted 31 May 1994 

Abstract 

Testosterone (T) and estradiol (E z) are involved in intraspecific aggressive behavior. Both steroids exert their effects on 
behavior via the hypothalamus and the 'amygdala (Am) of the central nervous system (CNS). In these brain areas T is converted 
to E2, by the enzyme aromatase. Both the levels of brain aromatase activity (AA) and the effects of T and E 2 on aggressive 
behavior in adulthood depend on steroidal organization of the CNS during ontogeny. In this study we measured plasma T and in 
vitro brain AA of male fetuses and neonates derived from two strains of wild house mice, which had been genetically selected for 
aggression, based upon attack latency. There were no differences in preoptic area (POA) AA levels between selection lines on 
either embryonic day (E) 17 or 18, or the day after birth (day 1). In the non-aggressive long attack latency (LAL) males the POA 
AA increases with age, i.e. was higher on El8 than on El7, which is correlated with brain weight (BrW). This was in contrast to 
aggressive short attack latency (SAL) fetuses, which only showed a slight, but not significant difference between embryonic days 
or a correlation with BrW. Neonatally, the POA AA of LAL males tended to decrease in contrast to SAL males. However, SAL 
neonates had a higher AA in the amygdala (Am) than LAL neonates, whereas no differences exist in the anterior hypothalamus. 
Thus, a differential brain AA distribution exists in SAL and LAL pups. At day 1 SAL males show higher AA in the Am than in 
the hypothalamus (POA + AH), whereas in the LAL strain the AA did not differ between these brain areas. In the LAL males 
plasma T levels decreased from El7 to day 1, whereas the SAL neonates (day 1) exhibited higher circulating T concentrations 
than LAL neonates. These results suggest a T-independent aromatase induction prenatally in both selection lines, whereas 
neonatally the higher plasma T level in the SAL line coincides with higher AA levels in the Am. Accordingly, a differential 
pattern of E z formation exists in the brains of the two selection lines during ontogeny. The variation in circulating T and 
maximal brain E 2 formation around birth might result in a differential organization of adult CNS sensitivity to sex steroids and 
accordingly differences in aggressive behavior. 
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1. Introduction 

It is generally accepted that the gonadal steroid 
hormone testosterone (T) facilitates intraspecific ag- 
gressive behavior via specific areas of the central ner- 
vous system (CNS) [1,4,23]. Not only T, but also the 
aromatized product, estradiol (E2), facilitates aggres- 
sive behavior in mice [32,39,40], whereas a blockade of 
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neural E 2 receptors reduces the T-elicited fighting 
response [7]. Genetic  differences in the aggression- 
eliciting propert ies of T and E z have been demon- 
strated between CF-1, CD-1, and CFW mice strains 
[40], and between two selection lines of wild house 
mice [10,49]. These wild mice were genetically selected 
for inter-male territorial aggression, based upon attack 
latency [47,48]. In adulthood these selection lines differ 
in several T-related parameters.  Thus, males of the 
aggressive short attack latency (SAL) line have higher 
plasma T levels, higher seminal vesicle weights [49], 
and larger testicular Leydig cell percentages [13], as 
compared to males of the non-aggressive long attack 
latency line (LAL). Although T is reported to induce 
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AA in the adult dove [20-22] and rat brain [35,44], the 
aggressive SAL males show lower levels of aromatase 
activity (AA) in the preoptic area (POA) of the brain, 
despite higher circulating T [8]. Hence, in adult mice T 
is not the only factor determining the brain AA. 

Both adult CNS sensitivity to sex steroids and brain 
AA are known to be dependent on circulating andro- 
gens around birth [15,44]. Androgens and estrogens 
play a crucial role in the sexual differentiation of the 
CNS during ontogeny [28,51]. Higher plasma T levels 
occur in male rats prenatally and immediately after 
birth, as compared to females [11,42,59]. T treatment 
around day 17-18 of gestation sensitizes the CNS to T 
circulating after birth [2,19], whereas high prenatal 
circulating E 2 reduces inter-male aggressiveness [54]. 
Neonatally, both androgens and estrogens enhance the 
aggression-promoting properties of T in adulthood 
[5,9,14,15,53,55]. Together with the elevated plasma T 
level in males, the brain AA increases in the hypotha- 
lamus and limbic structures at birth [16,25,29,45,58]. 

In view of the role of perinatal androgen and its 
metabolites in sexual differentiation, it is possible that 
similar mechanisms are involved in the differentiation 
of aggressive behavior and T related parameters within 
the male sex. Therefore we determined the brain AA 
and plasma T levels of male fetuses and neonates of 
aggressive SAL and non-aggressive LAL mice. 

2. Materials and methods 

2.1. Animals 

Wild mice (Mus musculus domesticus), which were 
genetically selected for territorial aggression based 
upon attack latency, were used [47]. Long attack la- 
tency (LAL) animals were derived from generations 
18-20 and short attack latency (SAL) animals from 
generations 42-43. Parents were housed in standard 
perspex cages (17 × 11 × 13 cm) on a sawdust bedding, 
in animal rooms with a controlled light/dark cycle 
(12:12; lights off at 12.30 h) and temperature (19-21°C). 
Standard lab chow and water was available ad libitum. 
On the day of birth (day 1), blood samples were taken 
from complete litters. 

In order to control the conception date of fetuses, 
male and female mice were housed individually in 
standard cages. The cages of these male-female pairs 
were connected to each other by a perspex tube, 
blocked by a sliding door [12]. The sliding door was 
perforated to allow the animals to see and smell each 
other. Each day vaginal smears were taken; if in oestrus, 
the female was mated with a male mouse of the same 
selection line during the middle of the dark phase 
between 17.00 and 21.00 h by opening the sliding door 
in the tube. The day after mating was considered to be 

day 1 of gestation. The females were weighed until 
pregnancy was established, or mated again if necessary. 
Total length of pregnancy was 19 days. 

2.2. Blood sampling 

To measure the plasma testosterone level, blood 
samples were taken from male fetuses and their moth- 
ers of both selection lines between 14.00 and 17.00 h 
on embryonic days 17 and 18 (El7 and E18). In addi- 
tion, blood samples were taken from new born males 
on the day of birth (day 1) according to Weisz and 
Ward with slight modifications [59]. 

Each pregnant female was mildly anaesthetized by 
ether. Prior to hysterectomy a blood sample was taken 
by cardiac puncture. This sample was kept on melting 
ice in tubes containing heparin (10/zl of 500 IU/ml), 
and centrifuged (2,600 x g, 10 min, 4°C). The uterus 
was then dissected and placed in cold saline to slow 
down metabolism. Fetuses were removed and sexed by 
identifying the gonads. After cutting the neck area, 
trunk blood was collected in heparinized capillary tubes 
(Hawksley & Sons, England; Cat. no. 01603) and cen- 
trifuged (Microhaematocrit centrifuge; 15,000 rpm, 6 
min). Plasma samples of male animals were pooled 
until a volume of at least 100/zl was obtained. Several 
fetuses were necessary to obtain the volume of one 
pooled sample: 10-14 for E17 and 8-11 for El8. Blood 
sampling of neonates (day 1) followed the same proce- 
dure as described for the fetuses, minus placement in 
cold saline. Plasma of 5-8 neonates was required for 
one pooled sample. 

This procedure yielded pooled fetal blood samples 
(n = 5-7) per selection line on each embryonic day, 
pooled neonatal blood samples (n = 4-6) per strain on 
day 1, and blood samples of SAL (n = 26-28) and LAL 
(n = 12-14) mothers on days 17 and 18 of pregnancy. 
All plasma samples were stored at -20°C until as- 
sayed. 

2.3. Brain sampling 

Immediately after blood sampling, the brains were 
removed from the SAL and LAL male fetuses (days 
El7 and E18; n = 9-12), and neonates (day 1[ n = 8 -  
11), immediately frozen on solid CO z, and stored at 
- 80°C .  Coronal brain slices were dissected a ~ r d i n g  
to the method described previously [8,44].~ Neonatal 
preoptic area (POA), anterior hypothalamus (AH), bi- 
lateral amygdala (Am), and parietal corteX (CTX) were 
removed using a modified Palkovitz punch technique 
and stored at -80°C. For fetal brains only POA and 
CTX were obtained. Thereafter the various microp- 
unches were individually homogenized in 100 /zl ice- 
cold TEK buffer (100 mM Tris, 50 mM KCI, 1 mM 
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Na2EDTA; pH 7.4), frozen and stored at -80°C until 
assayed. 

2.4. Testosterone radioimmunoassay 

Plasma concentrations of testosterone (T) were de- 
termined using a standard radioimmunoassay (RIA) kit 
(Medgenix), without extraction of the samples. The 
minimal detectable concentration of T was 0.04 ng/ml 
and the intra- and inter assay variation coefficients 
were 4.7 and 8.1%, respectively. Cross-reactivities (per- 
centages estimated from the concentration yielding 
50% inhibition) with 5a-dihydrotestosterone, androste- 
nedione, 17fl-estradiol, dehydroepi-androsterone, and 
progesterone were 1.0, 1.2, < 0.001, 0.001, 0.053%, 
respectively. This commercial RIA kit revealed plasma 
T concentrations which were similar to those obtained 
by a T RIA after extraction and chromatography of the 
plasma samples according to Pratt et al. [33]. 

2.5. Aromatase assay 

The activity of the T-aromatizing enzyme aromatase 
was measured by an in vitro microassay in each individ- 
ual brain punch homogenate. This assay is based on 
the stereospecific release of 3H20 from [1/3-3H]T as a 
result of aromatization. We used this tritiated water 
assay as previously described and validated [8,43]. Incu- 
bation of the homogenates was carried out for 30 min 
at 37°C in a microplate. Each well contained 30 /~1 
homogenate, 0.2 mM NADPH, and [lfl-3H]T (final 
volume 50 /~1). The substrate [1/3-3H]T was prepared 
from [1/3,2/3-3HIT (NET-187, specific activity: 40-50 
Ci/mMol; New England Nuclear) by overnight hydrol- 
ysis and redissolved in TEK buffer, so that 10/xl would 
yield approximately 3 x 105 cpm, equivalent to 300 nM. 
This is a saturating substrate concentration for the 
mouse brain aromatase [8,62]. Assay controls used ei- 
ther boiled homogenate or homogenate containing 10-4 
M of the non-steroidal-specific aromatase inhibitor 
Fadrozole (CGS 16949A: 4-(5,6,7,8-tetrahydroimidazo- 
[1,5-a]-pyridin-5-yl)-benzonitrile HC1; provided by A.S. 
Bhatnagar) [60,61]. The reaction was stopped by freez- 
ing the microplate in solid CO 2 and adding 150 ~1 
water. The thawed samples were transferred onto mi- 
crocolumns containing 30 mg C-18 sorbent (Bondesil; 
Jones Chromatography, UK) to bind steroids. After a 
further extraction with charcoal [43], the eluates were 
decanted into vials, 2 ml scintillation fluid (Ultima 
Gold, Packard) was added, and the 3H20 product was 
counted in a scintillation counter (Model 3255, 
Packard). Interassay variation (< 10%) was checked by 
including a few aliquots of the same active aromatase 
sample in each assay. The aromatase activity was ex- 
pressed as pmol 3H20 fo rmed /h /mg  protein. 

2.6. Protein assay 

Protein concentration was measured by a sensitive 
modified Coomassie dye binding assay (minimum of 
1-2 /zl homogenate volume needed; >0.1-0.2 /zg 
protein detectable), adapted from Simpson and Sonne 
[41], using bovine serum albumin as a standard. 

2. 7. Statistics 

Plasma testosterone, brain aromatase activity (AA) 
levels, and body and brain weights were normally dis- 
tributed. Brain AA, body and brain weights, and plasma 
T levels of fetuses, their mothers, and neonates were 
evaluated using an analysis of variance (ANOVA) of a 
two (SAIL and LAL selection line)× three (days El7, 
El8, and day 1) factorial design. Significant differences 
between SAL and LAL selection lines in plasma T 
levels and AA in the various brain areas, were ana- 
lyzed by post-hoc Student's t-test. Distribution of AA 
in the various investigated brain areas of neonatal SAL 
and LAL selection lines were evaluated for significance 
using a multivariate analysis with repeated measures 
(Pillais test in SPSS PC + MANOVA [17]). A paired 
t-test was used to clarify the differences in brain AA 
distribution. A Spearman Rank correlation test was 
used to determine significant correlations between body 
weight (BdW), brain weight (BrW) and AA in the 
various brain areas within each selection line. No indi- 
vidual correlation test could be performed between 
brain AA and plasma T level in fetuses and neonates, 
because the T values were derived from pooled plasma 
samples. 

3. Results 

3.1. Brain aromatase activity 

Paired t-test reveals a significant higher POA AA in 
both selection lines, as compared to CTX, on El7, 
El8, and day 1 (P < 0.05; Fig. 1); but no significant 
differences between SAL and LAL males exist in POA 
and CTX AA on these days. The non-aggressive LAL 
line shows a significant increase in POA AA on El8 as 
compared to El7 (t-test: P = 0.02), whereas the POA 
AA of SAL fetuses tends to increase (not significantly). 
After birth the LAL selection line shows a slight, but 
not significant decrease in POA AA, as compared to 
day El8. 

Evaluation of the neonatal brain AA distribution by 
a MANOVA reveals a gignificant selection line effect 
(Fl,16 =5.67; P =  0.03) and an interaction between 
brain area and selection line (/72,32 = 5.01; P = 0.021). 
The males of the aggressive SAL line exhibit signifi- 
cantly higher AA levels in the amygdaloid nuclei than 
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Fig, 1. Mean aromatase activity levels (AA+ SEM) in brain areas of 
male fetal (El7, El8) and neonatal (day 1) mice of the aggressive 
short attack latency (SAL, hatched bars) and non-aggressive long 
attack latency (LAL, solid bars) selection line. POA, preoptic area; 
All, anterior hypothalamus; Am, amygdala, both left and right; 
CTX, parietal cortex. In the LAL line a significant increase in POA 
AA level exists on El8, as compared to El7 (*P < 0.05). A signifi- 
cant difference exists in Am AA between selection lines at day 1 
(*P < 0.01). 

neonatal LAL males (t-test: P <  0.01), whereas no 
significant differences are found in POA and AH AA 
between strains (Fig. 1). Moreover, SAL and LAL 
neonates show a differential distribution of brain AA. 
Male neonates of the SAL selection line show a higher 
AA in the Am, as compared to the averaged P O A / A H  
AA (paired t-test: P < 0.05), whereas the LAL neonates 
show no differences between hypothalamic and Am 
AA (Fig. 2). The mean protein concentration of indi- 
vidual neonatal and fetal brain area homogenates was 
approximately 0.6 mg/ml .  Assay controls show low 
counts per min, near background levels. 

As presented in Table 1, the mean BdW and BrW 
increase during development in both SAL and LAL 
selection lines ( P  < 0.001). No significant difference 
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Fig. 2. Aromatase activity (AA) in the hypothalamus, including the 
preoptic area and anterior hypothalamus (POA+AH), and the 
amygdaloid nuclei (Am) of male neonatal mice (day l) of the 
aggressive SAL (open circles) and non-aggressive LAL strain (closed 
circles). Lines join related samples from the same individual. AA 
distribution differs significantly between strains. LAL: Am = POA + 
AH. SAL: Am > POA+AH (P < 0.05). 

Table 1 
Mean body and brain weights of male fetal (embrTonk days (E) 17, 
18) and neonatal (day 1) mice from the aggressive short attack 
latency (SAL) and non-aggressive long attack latency' (LAL) selection 
lines 

Body weight ~' Brain weighl ~~ 
I rag) (mg) 

SAL El7 589.82 5:17.51 49.73 ± 1.78 
El8 886.78 ± 30.82 65.44 ± 1.66 
day 1 1482.39 ± 34.98 

LAL El7 551.58 +_ 18.73 51.44 ± 1.85 
El8 815.24 + 24.76 61).33 +_2.58 
day 1 1 419.80_+48.71 

Significant developmental effect. 

exists between selection lines in either mean BdW o r  
BrW on any of the investigated days. As presented in 
Fig. 3, Spearman Rank test reveals a positive correla- 
tion between POA AA and BrW (r, = 0.6896; P < 0.05) 
within the LAL fetuses. A signifiCant correlation exists 
between POA AA and BrW of SAL males only on El7  
(r~ = 0.6336; P < 0.05). No significant correlation exists 
between POA AA and BdW of either selection line 
during development. 

3.2. Plasma testosterone 

ANOVA reveals a significant interactive effect be- 
tween selection line and developmental stage (F2,40 = 
3.21; P = 0.05) on plasma T levels. LAL fetuses (El7  
and El8)  tend to have higher plasma T levels than 
SAL fetuses (P  = 0.06; Fig. 4), whereas SA_L neonates 
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Fig. 3: Brain weights of male fetal mice (El7 and 18) of the 
aggressive SAL (o)  and non-aggressive LAL swain (e) vs. their 
corresponding aromatase activities (AA) in the preoptic area of the 
hypothalamus (POA). A significant positive correlation exists within 
the LAL selection line between POA AA and BrW ( r s =  0.6896; 
P < 0.05). For the SAL males a significant correlation only occurred 
between POA AA and BrW on embryonic day 17 (r~ = 0.6336; 
P < 0.05). 
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Fig. 4. Mean (+ S.E.M.) plasma testosterone (T) levels of male fetal 
(El7, El8), and neonatal (day 1) mice of the aggressive short attack 
latency (SAL) (o) and non-aggressive long attack latency (LAL) 
selection line (e). Note difference in plasma T levels between SAL 
and LAL strains prenatally (mean of El7 and El8; P = 0.06) and 
neonatally (day 1; *P < 0.05) and significant decrease of plasma T 
level in the LAL males from El7 until day 1 (§P < 0.05). 

exhibit significantly higher plasma T values than LAL 
males on day 1 (P < 0.05; Fig. 4). In contrast to the 
SAL line, a significant decrease in plasma T concentra- 
tion is shown in the LAL line from El7 until day 1 
(t-test: P = 0.05). 

Plasma T levels of pregnant females do not differ 
between selection lines or between days 17 and 18 of 
pregnancy (pregnancy day 17, SAL 3.00 + 0.25, LAL 
2.64 + 0.36; pregnancy day 18, SAL 2.39 + 0.34, LAL 
2.81 +_ 0.44). 

4. Discussion 

4.1. Distribution of  brain aromatase activity 

The present study reveals a differential pattern of 
brain aromatase activity levels during ontogeny of ag- 
gressive and non-aggressive male house mice. Males of 
both selection lines exhibit high POA AA on embry- 
onic days 17 and 18, and neonatally on day 1, as 
compared to CTX. Around birth, POA AA levels do 
not differ between SAL and LAL selection lines. Pre- 
natally, however, the POA AA levels of LAL fetuses 
show a significant increase from El7 to El8, whereas 
the increase in SAL POA AA levels failed to reach 
significance. In the LAL strain, the increase in POA 
AA correlates positively with brain weight, in contrast 
to SAL males (Fig. 3). Accordingly, brain maturation 
during gestation might be an important factor in deter- 

mining AA. Therefore it is important to emphasize 
that the brain and body weights do not significantly 
differ between SAL and LAL mice on each develop- 
mental day (Table 1). 

Neonatally, the POA AA of LAL males tends to 
decrease in contrast to SAL males. Moreover, SAL 
neonates have higher Am AA levels than LAL 
neonates, whereas no differences exist in the AH. 
Indeed, on the day after birth a completely different 
brain AA distribution exists in SAL and LAL pups. 
Day 1 SAL males show higher AA in the Am than in 
the hypothalamus, whereas in the LAL strain the AA 
does not differ between these brain areas. Overall, this 
developmental pattern of brain AA is in accordance 
with previous studies in rodents. In rat AA increases in 
hypothalamic and limbic structures around 5 days be- 
fore birth, peak levels are reached 3 days later, after 
which the enzyme activity declines rapidly until day 4 
postnatally [16,25,29,45,58]. The developmental pattern 
of aromatase mRNA differs from the enzyme activity 
pattern with respect to reaching peak levels. Aro- 
matase mRNA increases prenatally until a peak is 
reached a few days after birth, whereas the AA starts 
to decrease before birth [18,25]. Postnatally, AA de- 
clines less rapidly, and by 3 weeks after birth its levels 
are comparable to those of the adult [16]. Indeed, in 
the currently investigated mice, the perinatal POA AA 
and neonatal Am APt are approximately 10-times 
higher than adult AA levels in equivalent brain areas 
[81 

4.2. Plasma testosterone and brain aromatase activity 

Prenatally, in particular on day El7, LAL males 
tend to have higher plasma T levels than SAL fetuses. 
A large variation in T level occurred within the LAL 
line. This might be due to a small variation in sampling 
time in relation to the exact appearance of the fast T 
surge at this stage of development. In addition, the 
variation in fetal plasma T level is neither related to 
maternal circulating T level nor to fetal body weights 
(Table 1). 

Although T is reported to induce aromatase in the 
adult dove [20-22] and rat brain [35,44] through a 
receptor-mediated mechanism, [36] the higher circulat- 
ing T levels in the LAL fetuses does not result in 
higher POA AA, as compared to the SAL animals. 
This suggests that induction of the male aromatase is 
not mediated by T prenatally in mice. This is in accor- 
dance with literature on sexual differentiation. Thus 
male rats [59] and mice [52] show higher plasma T 
levels than females before birth; [59] however, no sex 
differences are found in POA AA levels prenatally in 
rat [16,58], ferret [24,57], and monkey [37]. One study 
in rats reported a very small sex difference in AA 
levels in a pooled sample of POA and hypothalamus 
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on day El8 [45]. Treatment of pregnant female ferrets 
with T, 5a-dihydrotestosterone or flutamide does not 
influence fetal brain AA [24,46,57]. Even castration or 
T treatment of fetal rhesus macaques does not affect 
brain AA [37]. 

The study on administering flutamide to block the 
androgen receptors [24], in particular, indicates that 
the prenatal availability of androgenic substrate deter- 
mines sex differences independently of an androgen 
receptor-mediated activation of AA, as occurs in adults 
[36]. In contrast to mammals, in avian species (Japanese 
quail) the hypothalamic AA does increase after a T 
injection into the eggs [38]. Nevertheless, the currently 
investigated mouse strains show differences in endoge- 
nous plasma T levels prenatally, which are not paral- 
leled by changes in POA AA. Hence in mammals, 
prenatal brain AA probably develops independently of 
circulating plasma T. 

Neonatally, however, SAL males have a higher 
plasma T level, which coincides with higher AA in the 
amygdala, as compared to LAL animals of the same 
age. Accordingly, brain AA is probably mediated by 
plasma T at this stage of development at least in the 
amygdala. This is in accordance with studies on sexual 
differentiation. As compared to females, neonatal male 
rats show both higher plasma T levels [11,31] and AA 
levels in the Am, temporal lobe, or AH, whereas no sex 
differences are found in the POA [29,45]. In rabbit a 
sex difference was found in AA levels of limbic struc- 
tures on the day before birth and also in the hypothala- 
mus on day 5 postnatally [34]. In another study of rats, 
on the day before birth the AA in Am and AH is 
higher in males than in females, in contrast to AA in 
the POA, which does not differ [56]. Accordingly, from 
the day before birth until adult age, brain AA can be 
affected by circulating T, whereas at earlier stages AA 
develops independently of T. The increase in T influ- 
ence on aromatase induction might be due to matura- 
tion of the CNS androgen receptor system [27,50]. 

Although the regulation of AA during ontogeny is 
complex and depends upon a variety of non-genomic 
factors [3,6,26,30], the data of the present study are 
consistent with earlier reports about the time relation- 
ship between circulating T and brain AA levels during 
ontogeny. However, a differential t ime-course be- 
tween plasma T and brain AA levels exists in LAL and 
SAL males around birth. Moreover, as a result of the 
aromatization of T, a differential pattern of brain E 2 
formation must occur in these selection lines as well. 
The present results suggest a higher E 2 formation in 
brains of LAL males prenatally, due to more substrate 
availability. Neonatally, E 2 formation is higher in brains 
of SAL pups due to increased circulating T levels and 
higher AA levels in the amygdala. Accordingly, not 
only plasma T levels differ, but also a differential 
pattern of E 2 formation exists in the brains of the two 

selection lines during ontogeny. It is for turther re- 
search to determine to what extent this variation in T 
and E 2 peak occurrence around birth might result in a 
differential organization of adult CNS sensitivity t(~ sex 
steroids in the genetically aggressive and l.)n-aggres- 
sive mice. 

Acknowledgements 

The investigations were supported in part (J.C.C.) 
by the Foundation for Biological Research (BION: 
426.061), which is subsidized by the Netherlands Orga- 
nization for Scientific Research (NWO). The aro- 
matase activity studies were carried out by J.C.C. while 
visiting the A F R C  Babraham Institute at Cambridge, 
UK (supported by N W O / B I O N :  SIR 14-776 (J.C.C.) 
and a MRC grant to J.B.H.). The authors wish to thank 
Mrs. G. Korte and Dr. J. Pratt for performing T RIA  
after extraction and chromatography. 

References 

[1] Albert, D.J., Jonik, R.H. and Walsh, M.L., Hormone-dependent 
aggression in male and female rats: experiential, hormonal and 
neural foundations, Neurosci. Biobehac. Rev., 16 (1992) t77-192. 

[2] Baum, M.J., Erskine, M.S., Kornberg, E. and Weaver, C.E., 
Prenatal and neonatal testosterone exposure interact to affect 
differentiation of sexual behavior and partner preference in 
female ferrets, Behav. Neurosci., 104 (1990) 183-198. 

[3] Baum, W.J., Marcano, M. and Swerdloff, R.S, Nuclear accumu- 
lation of estradiol derived from the aromatization of testos- 
terone is inhibited by hypothalamic beta-receptor stimulation in 
the neonatal female rat, Biol. Reprod., 30 (1984) 388-396. 

[4] Brain, P.F., Pituitary-gonadal influences on social aggression. In 
B.B. Svare, (Ed.), Hormones and Aggressive Behavior, Plenum 
Press, New York, 1983, pp. 3-25. 

[5] Bronson, F.H. and Desjardins, C., Aggression in adult mice: 
modification by neonatal injections of gonadal hormones, Sci- 
ence, 161 (1968) 705-706. 

[6l Canick, J.A., Tobet. S.A.. Baum. M.J., Vaccaro. D.E.. Ryan. 
K.J., Leeman, S.E. and Fox, T.O.. Studies on the role of 
catecholamines in the regulation of the developmental-pattern 
of hypothalamic aromatase, Steroids, 50 (1987) 509-521. 

[7] Clark, C.R. and Nowell, N.W., The effect of the antiestrogen 
CI-628 on androgen-induced aggressive behavior in castrated 
male mice, Horm. Behav.. 12 (1979) 205-210. 

[8] Compaan, J.C., Hutchison, J.B., Wozniak. A., de Ruiter, A.J.H. 
and Koolhaas, J.M.. Aromatase activity in the preoptic area 
differs between aggressive and non-aggressive mate house mice. 
Brain Res. Bull.. 35 (1994) 1-7. 

[9] Compaan, J.C., de Ruiter. A.J.H., Koolhaas, J.M.. van Oort- 
merssen, G.A. and Bohus. B.. Differential effects of neonatal 
testosterone treatment on aggression in two selection lines of 
mice, Physiol. Behat,., 51 (1992) 7-10. 

[10] Compaan, J.C., van Wattum, G.. de Ruiter. A.J.H., van Oort- 
merssen, G.A., Koolhaas. J.M. and Bohus. B. Genetic differ- 
ences in female house mice in aggressive response to sex steroid 
hormone treatment. Physiol. Behav.. 54 (1993)899-902. 

[11] Corbier, P., Kerdelhue, B.. Picon, R. and Roffi, J., Changes in 



J.C. Compaan et al. /Developmental Brain Research 82 (1994) 185-192 191 

testicular weight and serum gonadotropin and testosterone lev- 
els before, during, and after birth in the perinatal rat, En- 
docrinology, 103 (1978) 1985-1991. 

[12] de Ruiter, A.J.H., Feitsma, L.E., Keijser, LN., Koolhaas, J.M., 
van Oortmerssen, G.A. and Bohus, B., Differential perinatal 
testosterone secretory capacity of wild house mice testes is 
related to aggressiveness in adulthood, Horm. Behac., 27 (1993) 
231-239. 

[13] de Ruiter, A.J.H., Koolbaas, J.M., Keijser, J.N., van Oort- 
merssen, G.A. and Bohus, B., Differential testosterone secre- 
tory capacity of the testes of aggressive and non-aggressive 
house mice during ontogeny, Aggr. Behav., 18 (1992) 149-157. 

[14] Edwards, D.A. and Herndon, J., Neonatal estrogen stimulation 
and aggressive behavior in female mice, Physiol. Behav., 5 (1970) 
993-995. 

[15] Gandelman, R., Gonadal hormones and the induction of in- 
traspecific fighting in mice, Neurosci. Biobehav. Rev., 4 (1980) 
133-140. 

[16] George, F.W. and Ojeda, S.R., Changes in aromatase activity in 
the rat brain during embryonic, neonatal, and infantile develop- 
ment, Endocrinology, 111 (1982) 522-529. 

[17] Hand, D.J. and Taylor, C.C., Multivariate Analysis of Variance 
and Repeated Measures: A Practical Approach for Behavioural 
Scientists, Chapman & Hall, London, 1987. 

[18] Harada, N. and Yamada, K., Ontogeny of aromatase messenger 
ribonucleic acid in mouse brain: fluorometrical quantitation by 
polymerase chain reaction, Endocrinology, 131 (1992) 2306- 
2312. 

[19] Hoepfner, B.A. and Ward, I.L., Prenatal and neonatal androgen 
exposure interact to affect sexual differentiation in female rats, 
Behac. Neurosci., 102 (1988) 61-65. 

[20] Hutchison, J.B. and Steimer, T., Formation of behaviorally 
effective 17/3-estradiol in the dove brain: steroid control of 
preoptic aromatase, Endocrinology, 118 (1986) 2180-2187. 

[21] Hutchison, J.B., Steimer, T. and Hutchison, R.E., Formation of 
behaviorally active estrogen in the dove brain: induction of 
preoptic aromatase by intracranial testosterone, Neuroen- 
docrinology, 43 (1986) 416-427. 

[22] Hutchison, J.B., Steimer, T. and Hutchison, R.E., Area-specific 
hormonal regulation of brain aromatase, Brain Res., 550 (1991) 
95-100. 

[23] Koolhaas, J.M., Schuurman, T. and Wiepkema, P.R., The orga- 
nization of intraspecific agonistic behaviour in the rat, Progr. 
Neurobiol., 15 (1980) 247-268. 

[24] Krohmer, R.W. and Baum, M.J., Effect of sex, intrauterine 
position and androgen manipulation on the development of 
brain aromatase activity in fetal ferrets, J. Neuroendocrinol., 1 
(1989) 265-271. 

[25] Lephart, E.D., Simpson, E.R., Mcphaul, M.J., Kilgore, M.W., 
Wilson, J.D. and Ojeda, S.R., Brain aromatase cytochrome 
P-450 messenger RNA Levels and enzyme activity during prena- 
tal and perinatal development in the rat, Mol. Brain Res., 16 
(1992) 187-192. 

[26] Lephart, E.D., Simpson, E.R., Ojeda, S.R. Effects of cyclic 
AMP and androgens on in vitro brain aromatase enzyme activity 
during prenatal development in the rat, J. Neuroendocrinol., 4 
(1992) 29-35. 

[27] Lieberburg, I., MacLusky, N. and McEwen, B.S., Androgen 
receptors in the perinatal rat brain, Brain Res., 196 (1980) 
125-138. 

[28] MacLusky, N.J. and Naftolin, F., Sexual differentiation of the 
central nervous system, Science, 211 (1981) 1294-1303. 

[29] MacLusky, N.J., Philip, A., Hurlburt, C. and Naftolin, F., Estro- 
gen formation in the developing rat brain: sex differences in 
aromatase activity during early post-natal life, Psychoneuroen- 
docrinology, 10 (1985) 355-361. 

[30] Marcana, M., Raum, W. and Swerdloff, R.S., Beta-adrenergic 
inhibition of aromatization in the fetal neonatal rat hypothala- 
mus, Clin. Res., 29 (1981) 84a. 

[31] Motelica-Heino, I., Castanier, M., Corbier, P., Edwards, D.A. 
and Roffi, J., Testosterone levels in plasma and testes of neona- 
tal mice, J. Steroid Biochem. Mol. Biol., 31 (1988) 283-286. 

[32] Nyby, J., Matochik, J.A. and Barfield, R.J., Intracranial andro- 
genic and estrogenic stimulation of male-typical behaviors in 
house mice (Mus domesticus), Horm. Behav., 26 (1992) 24-45. 

[33] Pratt, J.J., Wiegman, T., LapP6hn, R.E. and Woldring, M.G., 
Estimation of plasma testosterone without extraction and chro- 
matography, Clin. Chim. Acta, 59 (1975) 337-346. 

[34] Reddy, V.V.R., Naftolin, F. and Ryan, K.J., Conversion of 
androstenedione to estrone by neural tissues from fetal and 
neonatal rats, Endocrinology, 94 (1974) 117-121. 

[35] Roselli, C.E., Horton, L.E. and Resko, J.A., Distribution and 
regulation of aromatase activity in the rat hypotbalamus and 
limbic system, Endocrinology, 117 (1985) 2471-2477. 

[36] Roselli, C.E. and Resko, J.A., Androgens regulate brain aro- 
matase activity in adult male rats through a receptor mecha- 
nism, Endocrinology, 114 (1984) 2183-2189. 

[37] Roselli, C.E. and Resko, J.A., Effects of gonadectomy and 
androgen treatment on aromatase activity in the fetal monkey 
brain, Biol. Reprod., 35 (1986) 106-112. 

[38] Schumacher, M., Hutchison, R.E. and Hutchison, J.B., On- 
togeny of testosterone-inducible brain aromatase activity, Brain 
Res., 441 (1988) 98-110. 

[39] Simon, N.G. and Masters, D.B., Activation of intermale aggres- 
sion by combined estrogen-androgen treatment, Aggr. Behau., 
14 (1988) 291-295. 

[40] Simon, N.G. and Whalen, R.E., Hormonal regulation of aggres- 
sion: evidence for a relationship among genotype, receptor 
binding, and behavioral sensitivity to androgen and estrogen, 
Aggr. Behau., 12 (1986) 255-266. 

[41] Simpson, 1.A. and Sonne, O., A simple, rapid, and sensitive 
method for measuring protein concentration in subcellular 
membrane fractions prepared by sucose density ultracentrifuga- 
tion, Anal, Biochem., 119 (1982) 424-427. 

[42] Slob, A.K., Ooms, M.P. and Vreeburg, J.T.M., Prenatal and 
early postnatal sex differences in plasma and gonadal testos- 
terone and plasma luteinizing hormone in female and male rats, 
J. Endocrinol., 87 (1980) 81-87. 

[43] Steimer, T. and Hutchison, J.B., Is the androgen-dependent 
increase in preoptic estradiol-17/3 formation due to aromatase 
induction?, Brain Res., 480 (1989) 335-339. 

[44] Steimer, T. and Hutchison, J.B., Is androgen-dependent aro- 
matase activity sexually differentiated in the rat and dove preop- 
tic area? J. Neurobiol., 21 (1990) 787-795. 

[45] Tobet, S.A., Baum, M.J., Tang, H.B., Shim, J.H. and Canick, 
J.A., Aromatase activity in the perinatal rat forebrain: Effects of 
age, sex and intrauterine position, Dev. Brain Res., 23 (1985) 
171-178. 

[46] Tobet, S.A., Shim, J.H., Osiecki, S.T., Baum, M.J. and Canick, 
J.A., Androgen aromatization and 5a-reduction in ferret brain 
during perinatal development: effects of sex and testosterone 
manipulation, Endocrinology, 116 (1985) 1869-1877. 

[47] van Oortmerssen, G.A. and Bakker, T.C.M., Artificial selection 
for short and long attack latencies in wild Mus musculus domes- 
ticus, Behav. Genet., 11 (1981) 115-126. 

[48] van Oortmerssen, G.A., Benus, I. and Dijk, D.J., Studies in wild 
house mice: genotype-environment interactions for attack la- 
tency, Neth. J. Zool., 35 (1985) 155-169. 

[49] van Oortmerssen, G.A,, Dijk, D.J. and Schuurman, T., Studies 
in wild house mice. II. Testosterone and aggression, Horm. 
Behav., 21 (1987) 139-152. 

[50] Vito, C.C. and Fox, T.O., Androgen and estrogen receptors in 



It)2 J.C. Compaan et a l . /  Det,elopmental Brain Research 82 (1994) 185-192 

embryonic and neonatal rat brain, Det,. Brain Res., 2 (1982) 
97-110. 

[51] Vom Saal, F.S., The interaction of circulating oestrogens and 
androgens in regulating mammalian sexual differentiation. In J. 
Balthazart, E. Pr6ve, R. Gilles (Eds.), Hormones and Behariour 
in Higher Vertebrates, Springer, Berlin, 1983, pp. 159-177. 

[52] Vom Saal, F.S. and Bronson, F.H., Sexual characteristics of 
adult female mice are correlated with their blood testosterone 
levels during prenatal development, Science, 208 (1980) 597-599. 

[53] Vom Saal, F.S., Gandelman, R. and Svare, B., Aggression in 
male and female mice: evidence for changed neural sensitivity in 
response to neonatal but not adult androgen exposure, Physiol. 
Behau., 17 (1976) 53-57. 

[54] Vom Saal, F.S., Grant, W.M., MeMullen, C.W. and Laves, K.S., 
High fetal estrogen concentrations:correlation with increased 
adult sexual activity and decreased aggression in male mice, 
Science, 220 (1980) 1306-1309. 

[55] Vom Saal, F.S., Svare, B. and Gandelman, R., Time of neonatal 
androgen exposure influences length of testosterone treatment 
required to induce aggression in adult male and female mice, 
BehaL'. Biol., 17 (1976) 391-397. 

[56] Von Ziegler, N.I. and Lichtensteiger, W., Asymmetry of brain 

aromatase activity: region- and sex-specific devel(~pmental pat- 
terns, Neuroendocrinology, 55 (1992) 512-518. 

[57] Weaver, C.E. and Baum, M.J., Differential regulation of brain 
aromatase by androgen in adult and fetal ferrets, Endocrinology, 
128 (1991) 1247-1254. 

[58] Weisz, J., Brown, B.L. and Ward, I.L., Maternal stress decreases 
steroid aromatase activity in brains of male and female ral 
fetuses, Neuroendocrinology, 35 (1982) 374-379. 

[59] Weisz, J. and Ward, I.L., Plasma testosterone and progesterone 
titers of pregnant rats, their male and female fetuses, and 
neonatal offspring, Endocrinology, 106 (1980) 306-316. 

[60] Wozniak, A., Holman, S.D. and Hutchison, J.B., In vitro po- 
tency and selectivity of the non-steroidal androgen aromatase 
inhibitor CGS-16949A compared to steroidal inhibitors in the 
brain, J. Steroid Biochem. Mol. Biol., 43 (1992) 281.-.287. 

[61] Wozniak, A. and Hutchison, J.B., Action of endogenous steroid 
inhibitors of brain aromatase relative to Fadrozole. J. Steroid 
Biochem. MoL BioL, 44 (1993) 641-645. 

[62] Wozniak, A., Hutchison, R.E. and Hutchison, J.B,, Localisation 
of aromatase activity in androgen target areas of the mouse 
brain, Neurosci. Lett., 146 (1992) 191-194. 


