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Abstract
The effects of aromatase within the brain on sexual
behavior have been studied in a wide variety of species.
Relatively few non-mating behaviors have been consid-
ered, despite evidence that estrogen affects many social
behaviors. Testosterone promotes paternal behavior in
California mouse (Peromyscus californicus) fathers, act-
ing primarily via aromatization to estradiol. Virgin male
California mice rarely exhibit paternal behavior, so we
investigated whether aromatase in the brain changed
with the onset of paternal behavior in California mouse
fathers. In the medial preoptic area (MPOA), a brain area
known to regulate parental behavior in rodents, we
found that fathers had significantly more aromatase
activity than mated males without pups, suggesting that
an increase in estrogen production in this brain area con-
tributes to the onset of paternal behavior. We also found
that progesterone (P4) levels were lower in fathers com-
pared to sexually inexperienced males and that P4 was
negatively correlated with aromatase activity in the
MPOA. These P4 findings agree with a recent study that
found an inhibitory effect of P4 on paternal behavior.

Overall, we found that aromatase activity and P4 levels
change in association with an important life history tran-
sition, and may provide a mechanistic basis for plasticity
in paternal behavior.

Copyright © 2003 S. Karger AG, Basel

Introduction

Aromatase located in the hypothalamus and limbic
system regulates a variety of social behaviors including
courtship [1], aggression [2, 3], and sexual behavior [4, 5].
Investigations of the function and regulation of neural
aromatase in mammals have been conducted in a wide
variety of species including marsupial [6], ovine [7], pri-
mate [8], and rodent [9, 10] model systems. The great
majority of studies on the behavioral effects of aromatase
have focused on mating behaviors in sexually inexper-
ienced males. In both avian [11] and mammalian [12]
species, testosterone promotes the expression of mating
behavior via conversion to estradiol (E2) by aromatase.
The distribution of aromatase in the mammalian brain is
limited primarily to hypothalamic and limbic brain areas
[8, 10, 13], including the medial preoptic area (MPOA),
bed nucleus of the stria terminalis (BNST), ventromedial
hypothalamus (VMH), and medial amygdala (MA). In
particular, the MPOA is a critical site of aromatization for
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the expression of mating behaviors [11, 14]. Aromatase in
other hypothalamic and limbic brain areas may also be
important for mating, as a variety of studies indicate that
estrogen may act at the BNST, MA, and VMH to mediate
mating behaviors in rodents [for reviews see, 15, 16].

Recent correlational studies have revealed that varia-
tion in aromatase is associated with other types of social
behavior. Neonatal house mice from a line selected for
short attack latency in an aggression test had more aroma-
tase enzyme activity within the amygdala than neonatal
mice from a line selected for long attack latency [17]. Also,
male rams that preferred to associate with other males
had lower levels of aromatase activity in the MPOA com-
pared to rams that preferred to associate with females
[18]. These studies suggest that brain aromatase may have
versatile functions outside of regulating sexual behavior.
A hallmark of many neuroendocrine systems is that they
are responsive to social stimuli [19, 20]. However, de-
scriptions of plasticity in neural aromatase have focused
primarily on developmental changes in mammals [21] or
seasonal changes in birds [22, 23]. Recent evidence indi-
cates that the conversion of testosterone to E2 by aroma-
tase is an important neuroendocrine mechanism promot-
ing paternal behavior in the monogamous California
mouse, Peromyscus californicus [24]. Sexually inexpe-
rienced male California mice generally do not exhibit
paternal behavior [25, 26]. This suggests that changes in
neural aromatase may be associated with the onset of
paternal behavior in fathers.

Studies in several mammalian species suggest that tes-
tosterone is involved in the regulation of male parental
behavior in mammals. In two paternal rodents, androgen
levels are elevated before pups are born and drop after
parturition [27, 28]. A previous study found no significant
differences in testosterone levels between fathers and non-
fathers in California mice, although sample sizes may not
have been large enough to detect significant differences
[25]. Studies of paternal callitrichid monkeys found some-
what contrasting results. In the cotton-top tamarin (Sa-
guinus oedipus) male urinary testosterone levels increase
during a partner’s pregnancy and remain elevated after
parturition [29], while in the related black tuft-eared mar-
moset (Callithrix kuhlii), urinary testosterone levels were
negatively correlated with paternal behavior [30]. Hor-
mone manipulations in rodents have also indicated varia-
tion in testosterone function. Castrated Mongolian gerbils
(Meriones unguiculatus) expressed higher rates of pater-
nal behavior than intact males [31], while the effect of cas-
tration in adult male prairie voles (Microtus ochrogaster)
has been inconsistent [32, 33]. However, sexually inexpe-

rienced male prairie voles spontaneously show paternal
behaviors [32], and a recent study showed that testoster-
one acts postnatally to facilitate paternal behavior in adult
males [34]. In the California mouse (P. californicus) males
only exhibit paternal behavior consistently after the birth
of their own pups [25, 26], and testosterone promotes
paternal behavior in fathers [35, 36]. This effect occurs
primarily via aromatization as castrated males treated
with testosterone or E2 express higher levels of paternal
behavior than those treated with dihydrotestosterone
(DHT) or empty implants, and aromatase inhibition
blocks the positive effect of testosterone on paternal
behavior, but not that of E2 [24]. E2 levels in plasma are
undetectable [24], suggesting that the brain is a primary
site of aromatization.

The MPOA has been implicated as an important
brain area that promotes both maternal [37] and pater-
nal behavior [38, 39]. In contrast, the MA and VMH
form a circuit that inhibits maternal behavior [40, 41].
We hypothesized that aromatase levels in some, or all, of
these brain regions would change in association with the
onset of paternal behavior in fathers. In particular, we
expected that aromatase activity would increase in the
MPOA, as E2 has been found to act in this region to pro-
mote parental behaviors in male and female mammals.
We also measured aromatase activity in the hippocam-
pus (HPC) as a control because this region has not been
implicated in the control of parental behaviors. Finally
we examined plasma testosterone, DHT, and progester-
one (P4) levels to observe how these hormones changed
with reproductive experiences, and to see if changes in
these hormones could explain variation in aromatase
activity.

Methods

Subjects
We used male California mice reared in a laboratory colony at the

University of Wisconsin, Madison, Wisc., USA. Subjects were
housed in standard cages and were fed Purina 5001 mouse chow and
water ad libitum. Colony rooms were kept under a 14:10-hour
light:dark cycle with lights on at 05.00 h. Animals were maintained in
accordance with the recommendations of the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. Age-
matched males with no prior sexual experience were randomly
assigned to 1 of 3 experimental groups: sexually inexperienced;
mated, or reproductively experienced (fathers). Mated males were
paired with a female for 2 weeks before brains were collected. Fathers
were paired to a female until 2–3 weeks after a litter was born. Males
assigned to the inexperienced group were never individually housed
and brains were collected at the same time as brains from males in
the other experimental groups. We also compared P4 levels between
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castrated males with testosterone replacement implants (1 mm tes-
tosterone, 0.04 in i.d., 0.085 in o.d.), singly housed males, and group
housed males (equivalent to sexually inexperienced males used in
aromatase activity experiment). Castrated males were singly housed
and blood samples were collected 3 weeks after surgery.

Tissue Collection
All males were lightly anesthetized with isoflurane and decapi-

tated between 08.30 and 10.00 h. Brains were rapidly removed and
dissected on ice using the Palkovitz punch technique. Selected brain
areas were dissected with the use of a brain matrix to generate coro-
nal slices [42]. The MPOA and BNST were collected from a slice
starting at the optic chiasm and ending 2 mm anterior. The MA,
VMH, and HPC were collected from a slice starting at the optic
chiasm and ending 2 mm posterior. Each slice was frozen at –20 °C
on a freezing plate. Bilateral samples of the MPOA and BNST were
collected with a 1,000-Ìm punch and bilateral samples of the MA,
VMH, and HPC were collected with a 750-Ìm punch [13]. Brain
samples were frozen on dry ice and stored at –80°C for aromatase
assays. Trunk blood was collected and centrifuged. Plasma was
removed and stored at –80°C for hormone assays. One blood sample
from a sexually inexperienced male was lost during collection.

Aromatase Activity Assays
To measure aromatase activity we used a tritiated water assay

that quantifies the production of estrogen by measuring the transfer
of tritium at the 1ß position of [1ß-3H]androstenedione (1ß-AE) to
water, which is proportional to the amount of estrogen formed [43].
To confirm that this assay measured the production of estrogen by
aromatase, we also used a product isolation assay that measured the
conversion of [1,2,6,7-3H]androstenedione (3H-AE; NEN, specific
activity 105 Ci/mmol) to [3H]estrone (E1) [44]. We used both meth-
ods to conduct validation assays on homogenate pools made from
California mouse brain tissue punches (MPOA, BNST, MA, and
VMH). Previous comparisons of the tritiated water assay and meth-
ods measuring estrogenic products have shown that these assays can
produce comparable results [43].

Assay conditions were determined using the product isolation
assay. Tissue punch samples from the MPOA, BNST, MA, and VMH
were pooled and homogenized in ice-cold sucrose/phosphate buffer
(SPO4, 250/50 mM, pH 7.15). For a time course, 270-Ìl aliquots of
tissue homogenate were incubated with 250 nM 3H-AE for 30, 60
and 90 min at 37°C. For an aromatase saturation analysis, 180-Ìl
aliquots of tissue homogenate were incubated with 50, 100, 250 and
500 nM 3H-AE for 60 min at 37°C. Aliquots of homogenate were
incubated with 3H-AE in the presence of a NADH-NADPH-generat-
ing system and incubated at 37°C. Control tubes contained substrate
and cofactors but no tissue. Recovery tubes were used to determine
procedural loss by adding approximately 200,000 cpm of 3H-E1 to a
tube of SPO4 buffer without substrate. Incubations were halted by
the snap-freezing method in a methanol/dry ice bath. Radioactive
metabolites were extracted three times with 3 ml of HPLC grade
ethyl ether. The organic ether layer was removed, dried and reconsti-
tuted in MeOH/methylene chloride (1:1). Estrogenic products were
separated from androgens through a phenolic partition using CCl4
and 0.1 N NaOH (1:1). Estrogens were then extracted from the
NaOH three times with 2 ml of ethyl acetate, evaporated in a water
bath, and reconstituted in MeOH/methylene chloride. Radioactive
substrates were chromatographed on TLC plates (Analtech, Inc.,
Newark, Dela., USA) twice in 3:1 ether/hexane. Silica gel corre-

sponding to estrogen products was scraped and eluted in MeOH/H2O
(10:1). A 300-Ìl aliquot of each eluate was added to scintillation vials
containing 5 ml of Scintisafe 30% (FisherScientific, Pittsburgh, Pa.,
USA) for quantification of radioactivity using a Beckman LS 9000
scintillation counter. Recovery of authentic 3H-E1 was calculated to
be 20.3% and was used to correct for procedural losses. Results are
expressed as femtomoles of product per milligram of protein with the
criterion for detectable product formation being 2 times above back-
ground. The authenticity of the 3H-E1 formed in these reactions was
confirmed by recrystallization of the product to constant specific
activity producing a recovery of 89% with a minimal error of 4.7%.

We replicated and extended the time-course study, and per-
formed a dose-response experiment with aromatase antagonists us-
ing the water assay [10, 45]. In all experiments conducted with this
assay, each sample was homogenized in 150 Ìl of SPO4 and was fro-
zen at –80 °C overnight. A 10-Ìl aliquot of each homogenized tissue
sample was assayed for protein content prior to each aromatase assay
so that protein levels could be normalized. For the time-course and
fadrozole dose-response experiments, we used 100-Ìl aliquots of a
homogenate pool comprised of tissue punch samples from the
MPOA, BNST, MA, and VMH. For assays of experimental tissue, we
used 80 Ìl of homogenate for the MPOA, 80 Ìl for the BNST, 100 Ìl
for the MA, 100 Ìl for the VMH, and 100 Ìl for the HPC in aroma-
tase assays. The incubation of homogenates was carried out as pre-
viously described except that 1ß-AE was used as substrate (200 nM,
1 ÌCi/tube), and the reaction was stopped using liquid nitrogen.
After freezing, 0.3 ml of ice-cold water was added to each sample.
Radiolabeled steroids were removed by extraction with 1 ml of chlo-
roform. Phases were separated by brief centrifugation and an aliquot
of the upper aqueous phase was recovered and mixed with 0.6 ml of
charcoal/dextran (5/0.5% wt/vol). After centrifugation to pellet the
charcoal, 1 ml of the aqueous phase was removed and radioactivity
determined in a liquid scintillation counter. For the time course and
dose-response studies, tissue punch samples were pooled together
and homogenized in SPO4. In the time course study aliquots of
homogenate pool were incubated for 30, 60, 90, 120, and 240 min.
We also determined the effects of the competitive aromatase antago-
nist 4-OH-AE [46] at 10 ÌM. Finally, we conducted a dose-response
study using the aromatase antagonist fadrozole at 5 serial dilutions.

The protein content for each tissue aliquot was measured using a
Bradford assay with both the product isolation assay and the water
assay. Aromatase is reported as femtomoles of product per minute
per milligram of protein. All experimental tissue samples were pro-
cessed using the water assay. An aliquot of a frozen California mouse
brain tissue homogenate pool was included in each assay of experi-
mental tissue. The interassay coefficient of variation for this pool was
7.3%.

Hormone Assays
Details of hormone assay procedures and assay validation infor-

mation for the measurement of testosterone [35], DHT [24], and P4
[47] in California mice have been previously described. Briefly, 60-Ìl
plasma samples were extracted in ethyl ether and steroid hormones
were separated using celite chromatography. Testosterone, DHT,
and P4 were measured with enzyme immunoassays. Intra-assay coef-
ficients of variation for testosterone, DHT, and P4 were 4.2, 7.3, and
4.7%. Interassay coefficients of variation were 14.9, 14.9, and
12.8%.
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Data Analysis
We used Q–Q plots to assess normality and checked cell vari-

ances for homogeneity of variance [48]. Based on these analyses we
square root-transformed all aromatase activity data and log-trans-
formed all hormonal data. For analyses of aromatase activity data,
we used age of subject as a covariate in analyses of covariance and
used planned comparisons to compare fathers to inexperienced and
mated males. We analyzed hormonal data with one-way ANOVAs
and used planned comparisons to compare fathers to inexperienced
and mated males. We calculated Pearson correlations between aro-
matase activity and steroid hormones. Results are reported as mean
B SE.

Results

Validation Experiments
The time course experiments using the product isola-

tion method and water assay produced comparable re-
sults, especially considering that different homogenate
pools were used for each assay (fig. 1a). Estrogen produc-
tion increased linearly up to 4 h, and the competitive aro-
matase antagonist 10-OH-AE effectively inhibited aroma-
tase activity. Fadrozole also inhibited aromatase activity
in a dose-dependent manner (fig. 1b). The Ki for fadro-
zole was 7.3 nmol, which is similar to previously pub-
lished values [49]. In the saturation experiment, the Km of
the reaction was determined to be 100.9 nM, and the Vmax

was calculated to be 194.3 fmol/mg/min. Although our
calculated Km was higher than most published values for
aromatase [e.g. 10], it is close to other published values
using similar methodological approaches [50, 51]. Less
than 0.5% of the substrate was converted to product dur-
ing experimental assays (estimated by measuring radioac-
tivity in the water phase), indicating that the substrate
concentration did not limit the rate of the aromatase reac-
tion.

Aromatase Activity and Reproductive Experience
There were significant differences across experimental

groups in aromatase activity in the MPOA (fig. 2; F2,36 =
4.07; p = 0.025). A planned comparison indicated that
fathers had significantly more aromatase activity than
mated males (p ! 0.01) and there was a nonsignificant
trend for fathers to have more aromatase activity in the
MPOA than inexperienced males (p = 0.06). Overall,
there was no effect of reproductive experience on aroma-
tase activity within the BNST (fig. 2; F2,36 = 2.27; p =
0.12). However, a planned comparison indicated a non-
significant trend for fathers to have less aromatase activi-
ty than inexperienced males in the BNST (p = 0.05).
There was no difference in aromatase activity in the

Fig. 1. Validation studies using pools of California mouse brain tis-
sue homogenate. a Time course studies using water assay and prod-
uct isolation methods. o = Product isolation assay; $ = water assay;
[ = water assay +10 ÌM 4-OH-AE. b Water assay, fadrozole dose-
response curve (Ki = 7.3 nM ).

BNST between fathers and mated males. In the VMH,
there was no overall effect of reproductive experience on
aromatase activity (fig. 2; F2,36 = 1.46; p = 0.25). There
were no significant differences in aromatase activity in
the MA (fig. 2; F2,36 = 0.60; p = 0.55) or HPC (fig. 2;
F2,36 = 0.55; p = 0.58).
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Fig. 2. Aromatase activity in microdissected brain areas in male California mice. Aromatase
activity means for the medial preoptic area (MPOA), bed nucleus of the stria terminalis
(BNST), ventromedial hypothalamus (VMH), and hippocampus (HPC) correspond to the left
axis. Aromatase activity means for the medial amygdala (MA) correspond to the right axis.
** p ! 0.01 from fathers; + p = 0.05 from fathers. g = Sexually inexperienced males (n = 14);
W = mated males (n = 11); i = fathers (n = 15). Data are presented as corrected (for age)
means B standard errors.

Fig. 3. Testosterone (a), dihydrotestosterone (b), and progesterone (c) levels for male Califor-
nia mice. *** p = 0.001 from fathers; ** p = 0.01 from fathers. g = Sexually inexperienced
males (n = 13); W = mated males (n = 11); i = fathers (n = 15); * p = 0.045 from fathers.

Steroid Hormones and Reproductive Experience
We found that testosterone levels differed in males

with different reproductive experience (fig. 3a; F2,36 =
6.38, p = 0.004). Fathers had significantly lower testoster-
one levels than mated males (p = 0.001) but did not differ
from inexperienced males (p = 0.32). DHT levels also dif-
fered among groups (fig. 3b; F2,36 = 4.0, p = 0.027).
Fathers had significantly lower DHT levels than mated
males (p = 0.01) and inexperienced males (p = 0.045).
Neither testosterone nor DHT levels were correlated with
aromatase activity in any brain area (fig. 4; all p 1 0.08).

We found that P4 levels differed in males with different
reproductive experience (fig. 3c; F2, 36 = 3.97 p = 0.028).
Fathers had significantly lower P4 levels compared to
inexperienced males (p = 0.01) and there was a nonsignifi-

cant trend for fathers to have lower P4 levels than mated
males (p = 0.078). Across all 3 groups, P4 was negatively
correlated with aromatase activity in the MPOA (fig. 5;
r = –0.33, n = 39, p = 0.045). This correlation was not
solely driven by between-group changes in P4 and aroma-
tase, as this negative correlation was significant when
fathers were considered alone (fig. 5; r = –0.53, n = 15, p =
0.04). Although there was weak evidence that this rela-
tionship may persist in mated males (fig. 5; r = –0.49, n =
11, p = 0.13), there was no evidence that P4 levels are asso-
ciated with aromatase activity in sexually inexperienced
males (fig. 5; r = 0.29, n = 12, p = 0.35).

Finally, P4 levels in singly housed males (n = 18, 1.88
B 0.28 ng/ml) and group housed males (n = 12, 1.93 B
0.35 ng/ml) were not significantly different (t28 = 0.31, p =
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Fig. 4. Aromatase activity in the medial preoptic area (MPOA) plot-
ted against testosterone (a), and dihydrotestosterone (b). ) = Sexual-
ly inexperienced males (n = 13); [ = mated males (n = 11); o =
fathers (n = 15).

Fig. 5. Aromatase activity in the medial preoptic area (MPOA) plot-
ted against progesterone. ) = Sexually inexperienced males (n = 13);
[ = mated males (n = 11); o = fathers (n = 15).

0.75). We also found that castrated males had measurable
amounts circulating P4 (n = 22, 2.78 B 0.57 ng/ml), and
were not significantly different from singly housed males
(t38 = 1.38, p = 0.17) or group housed males (t32 = 0.94, p =
0.35).

Discussion

While many studies have observed that peripheral hor-
mone levels change when males become fathers, less is
known about any accompanying neuroendocrine changes
in the brain. We found that fathers have significantly
more aromatase activity in the MPOA than mated males,
and tend to have more enzyme activity than sexually inex-
perienced males. This finding agrees with previous stud-
ies that found that E2 promotes paternal behavior in male
California mice [24] and that the MPOA is an important
brain area for the expression of parental behaviors [37].
This increase in aromatase activity coincides with the
onset of paternal behavior [25, 26], suggesting that in-
creased aromatase activity in the MPOA may contribute
to the onset of paternal behavior. We also found that P4

levels were reduced in fathers, which to our knowledge,
has not been previously reported in a biparental mam-
mal.

The amount of available E2 in the MPOA can be
altered in several ways including changing substrate con-
centration, cofactors and accessory proteins, nitric oxide
concentrations, and aromatase enzyme concentration
[52]. Consistent with previous reports in paternal rodents
[25, 27, 28], we found no difference in testosterone
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between sexually inexperienced males and fathers. There-
fore, it is unlikely that fathers could increase E2 in the
MPOA via an increase in substrate concentration. In con-
trast, we found that increased aromatase activity in the
MPOA was associated with the onset of paternal behav-
ior. Our previous work showed that E2 promotes paternal
behavior in fathers, but is undetectable in intact male
plasma [24], suggesting that aromatization occurs within
the brain. In gonadectomized male rats treated with E2

and P4 implants, E2 implants in the MPOA increased par-
ental behavior, even though male rats normally do not act
parentally towards pups [38]. While intriguing, the rats in
that study did not have the hormonal milieu typically
found in intact paternal mammals. However, studies in
paternal rodents confirm that the MPOA regulates pater-
nal behavior. Biparental male prairie voles show in-
creased neuronal activity in the MPOA as measured by
c-Fos expression after exposure to pups [53], and electro-
lytic lesions of the MPOA reduce paternal behaviors in
male California mice [39]. The MPOA could also become
more sensitive to E2 via a change in receptor number, as a
study on a paternal strain of domestic mice found more
cells containing estrogen receptors in the MPOA of repro-
ductively experienced males than virgin males [54]. There
is evidence that the ·-estrogen receptor in particular may
be important for parental behavior. Selective deletion of
the ·-estrogen receptor gene in mice resulted in severe
deficits in maternal behavior [55], whereas no deficits in
maternal behavior were reported in mice lacking the ß-
estrogen receptor gene [56].

There was little evidence that changes in aromatase
activity were associated with the previously described
inhibitory circuit of parental behavior [40, 41]. We saw no
differences in aromatase activity within the MA or VMH.
The apparent change in aromatase activity in the BNST
could be associated with changes in aggression. Male
prairie voles became more aggressive after pair bonding
[57] and male hamsters showed increased immediate ear-
ly gene expression in the BNST after aggressive interac-
tions [58, 59]. In the California mouse, aromatase activity
in the BNST is positively correlated with latency to attack
an intruder in a resident-intruder aggression test, and
fadrozole decreases attack latency [Trainor et al., in prep-
aration]. Overall, changes in aromatase activity in male
California mice appear to be more closely associated with
the activation of neural mechanisms that promote pater-
nal behavior, rather than inactivation of inhibitory mech-
anisms.

Previous studies observing hormonal changes associat-
ed with the onset of paternal behavior have focused main-

ly on androgens and prolactin [27–30]. We found that
fathers had lower P4 levels than sexually inexperienced
males. The higher P4 levels of sexually inexperienced
males cannot be attributed to the standard laboratory
practice of housing multiple males together, since P4 lev-
els of group housed males did not differ from singly
housed males. The primary source of P4 in the California
mouse is most likely the adrenal, as P4 levels of castrated
males were not different from intact males, and previous
studies in mammals have found that the adrenal secretes
P4 [60, 61]. However, we cannot exclude the possibility
that the brain contributes to some of the P4 detected in
blood [62]. P4 receptor knock-out mice exhibit reduced
infanticide and increased levels of paternal behavior,
while the P4 antagonist RU486 increased paternal behav-
ior in wild-type C57BL mice [63]. These findings suggest
that decreased P4 may contribute to the onset of paternal
behavior in California mouse fathers. High doses of exog-
enous P4 have been shown to inhibit testosterone-depen-
dent sexual behaviors in male mice [64] and rhesus mon-
keys [65], suggesting that P4 could have a similar inhibito-
ry effect on testosterone-dependent paternal behavior in
California mice. However, treatments using physiological
doses have found that P4 can enhance sexual behaviors in
male rats [66]. Thus, experimental manipulations of P4

will be required to determine the effect of P4 on paternal
behavior in California mice.

We found that P4 was negatively correlated with aro-
matase activity within the MPOA both across groups and
within fathers. Most previous studies have found that
hypothalamic aromatase activity is androgen-dependent
in Sprague-Dawley rats [10], rhesus monkeys [8], and
sheep [7]. However, neither testosterone nor DHT was
correlated with aromatase activity in any of the brain
areas we examined. It is possible that androgen measure-
ments taken at a different time of day would correlate
more closely with aromatase activity, or that the increase
in testosterone observed in mated males increased aroma-
tase via a delayed response. However, there is evidence
for variation in the control of aromatase activity. Castra-
tion did not reduce aromatase activity in the MPOA of
Long-Evans rats [67] or in the BNST of rhesus monkeys
[8], and most studies have found that aromatase activity
in the cortical amygdala is largely androgen-independent
[8, 10]. Further research is needed to determine whether
physiological levels of P4 and testosterone regulate aroma-
tase in male California mice.

Our results show that the onset of paternal behavior is
associated with an increase in MPOA aromatase activity
and a decrease in P4. This increase in aromatase activity
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cannot be explained by an increase in testosterone levels,
and could reflect variation in the steroidal regulation of
aromatase in the brain. P4 inhibits paternal behavior in
domestic mice, and the selective deletion of the P4 recep-
tor leads to an increase in paternal behavior [63]. One
question that is still unknown is whether P4 is involved in
the onset of paternal behavior, maintenance of paternal
behavior, or both. Decreased P4 could trigger the onset of
parental behavior by allowing the initial activation of
estrogen-based mechanisms of paternal behavior, similar
to how estrogen promotes the onset of maternal behavior
[37]. In contrast, decreased P4 could be necessary for the
continued expression of paternal behavior. Further exper-
imentation will be needed to elucidate the role of P4 in
mediating paternal behavior in biparental mammals. In

general, our results indicate that aromatase activity and
steroid hormone levels change in association with an
important life history transition in a biparental mammal.
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