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The Aromatase Knock-Out Mouse Provides New Evidence That
Estradiol Is Required during Development in the Female for the
Expression of Sociosexual Behaviors in Adulthood
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We used estrogen-deficient aromatase knock-out (ArKO) mice
to determine whether estrogens contribute to the development
of the brain and behavior in females. Female mice of three
different genotypes [i.e., wild type (WT), heterozygous (HET),
and homozygous (ArKO)] were ovariectomized in adulthood
and subsequently tested for odor preferences (choice: intact
male vs estrous female) in a Y-maze. When treated with testos-
terone, ArKO females spent significantly less time sniffing odors
(both volatile and nonvolatile) from either male or female stimuli
compared with WT and HET females. When given direct access
to anesthetized stimulus animals or when given a choice be-
tween odor and visual cues from both stimulus animals, ArKO
females continued to spend less time investigating the stimuli
compared with WT and HET females. These defects in olfactory
investigation of ArKO females were partially corrected with
estradiol treatment in adulthood. Estradiol-treated ArKO fe-

males no longer differed from WT and HET females in the time
spent investigating either nonvolatile odors or the anogenital
region of anesthetized animals. However, ArKO females still
investigated volatile odors and/or visual cues less than WT and
HET females. Sexual receptivity was severely impaired in ArKO
females after treatments with estradiol and progesterone that
successfully induced receptivity in WT and HET females. Fur-
thermore, ArKO females showed diminished levels of male
sexual behaviors, whereas WT and HET females readily
mounted an estrous female. Together, these findings demon-
strate that estrogen is required for normal female development.
The concept that the female brain develops in the absence of
any hormonal stimulation should therefore be reconsidered.
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The early anatomical and physiological work of Jost (for review,
see Jost, 1985) showed that fetal gonadectomy of male and female
rabbit fetuses results in both sexes developing female internal and
external genitalia. It was concluded that the female phenotype
develops in the absence of any hormonal secretion from the
ovaries, whereas the male phenotype results from the secretion of
testosterone and antimiillerian hormone, both secreted by the
fetal testes. Additional experiments (Phoenix et al., 1959) dem-
onstrated that the sexual differentiation of the brain follows a
similar pattern; i.e., testosterone secreted by the testes causes
masculinization (enhancement of male-typical sexual responses)
and defeminization (suppression of female-typical sexual re-
sponses) of the neural substrates mediating sexual behavior. For
instance, female guinea pigs treated with testosterone propionate
in utero showed elevated levels of male sexual responses (i.c.,
mounting behavior) and reduced levels of female sexual re-
sponses (i.e., lordosis) in adulthood (Phoenix et al., 1959). The
absence of testosterone produced opposite effects (i.e., demascu-
linization and feminization of the brain): females and neonatally
castrated male rats (Feder and Whalen, 1965; Grady et al., 1965)
show diminished levels of male sexual behaviors after adult
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testosterone treatment and high levels of lordosis behavior after
adult treatment with estradiol and progesterone. Thus, the female
brain seems to develop in the absence of any hormonal secretion.
In contrast to the sexual differentiation of the genitalia, many of
the masculinizing and defeminizing effects of perinatal testoster-
one on the brain are mediated by estradiol derived from local
aromatization of testosterone (Naftolin et al., 1975; McEwen et
al., 1977; Baum, 1979; MacLusky and Naftolin, 1981).

The concept of female differentiation proceeding in the ab-
sence of any hormonal secretion, however, is challenged by sev-
eral observations. First, Toran-Allerand (1976) demonstrated
that hypothalamic neurons of newborn mice of both sexes develop
neurite processes in vitro only when estradiol is added to the
culture medium. Second, Dohler et al. (1984) found that postnatal
treatment of female rats with tamoxifen, an estrogen receptor
antagonist, defeminized both gonadotropin regulation and fe-
male sexual behavior, whereas concurrent administration of low
doses of estradiol prevented these effects of tamoxifen. Finally,
Mack et al. (1993) found that estrogen action is required in
females for a normal, female-like development of the corpus
callosum, a cortical structure that is larger in male than in female
rats. Ovariectomy of female rats as late as day 16 after birth
increased the cross-sectional area of the adult corpus callosum
(i.e., made it more male-like), whereas treatment with estradiol in
a low dose starting at day 25 after birth inhibited this effect (Fitch
and Denenberg, 1998). Together, these findings suggest that es-
trogens are required during development to feminize the brain.
In the present study, we tested this concept by determining
whether sociosexual behaviors are disrupted in female mice that
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have been depleted of estrogens during the critical period of
development by targeted disruption of the aromatase (Cypl9)
gene [aromatase knock-out (ArKO) mice] (Honda et al., 1998).

MATERIALS AND METHODS
Subjects and general procedures

ArKO mice were generated by targeted disruption of exons 1 and 2 of the
Cyp19 gene (Honda et al., 1998). Heterozygous (HET) males and fe-
males of the C57BL/6 strain were bred to generate wild-type (WT),
HET, and homozygous-null (ArKO) offspring. Mice were genotyped by
PCR analysis of tail DNA (Bakker et al., 2002). All breeding and
genotyping were performed at the School of Veterinary Medicine of the
University of Liege. During behavioral testing, all experimental mice
were housed alone under reversed light/dark cycle (12 light/dark, lights
off at 9:00 A.M.). Food and water were always available ad libitum. All
experiments were conducted in accordance with the guidelines set forth
by the National Institutes of Health Guiding Principles for the Care and
Use of Research Animals and were approved by the Ethical Committee for
Animal Use of the University of Liege.

At the age of ~20 weeks, 24 females (eight of each genotype: WT,
HET, and ArKO) were ovariectomized under general anesthesia with a
mixture of ketamine (173 pg/gm per mouse) and xylazine (6 pg/gm per
mouse). At the time of ovariectomy, a 5-mm-long Silastic capsule (inner
diameter, 1.57 mm; outer diameter, 2.41 mm) filled with crystalline
testosterone was implanted subcutaneously in the neck. Stimulus animals
(males and females) were derived from a different breeding colony of the
Naval Medical Research Institute strain at the University of Licge.
Stimulus males were left gonadally intact. All stimulus females were
ovariectomized and injected subcutaneously 48 and 24 hr before testing
with estradiol benzoate (1.25 mg/kg mouse; dissolved in sesame oil)
followed by progesterone (1 mg per mouse; dissolved in sesame oil) 3 hr
before testing.

All behavioral tests were conducted between 1:00 and 6:00 P.M. during
the dark phase of the light/dark cycle. Furthermore, no behavioral testing
was conducted during the 24 hr after the subjects’ cages were cleaned.

Odor-preference tests

Description Y-maze. All preference tests were conducted in an enclosed,
Plexiglas Y-maze (adapted for mice according to Petrulis and Johnston,
1999). The Y-maze consisted of the stem of the Y (55 cm long) and two
arms (65 cm long) that diverged at a 60° angle from the stem. All parts
of the maze were 9 cm high and 9 cm wide. A removable perforated
Plexiglas door at the distal end of the each arm separated the goal box
from the rest of the maze. We used either an opaque (to prevent visual
cues) or a clear (to allow visual cues) Plexiglas door. A perforated
Plexiglas door was placed at the other side of the goal box. The start box
with a removable perforated Plexiglas door was located at the base of the
stem. An electric fan was placed behind the start box, from which it was
separated by a wire screen. The perforated doors and the fan made it
possible to pull air over odor stimuli placed in the distal goal boxes
through the entire maze into the start box.

Test procedure. All subjects were housed alone starting at the time of
ovariectomy. Their cages were placed at random in a climate-controlled
(light, temperature, and ventilation) animal housing unit (Iffa-Credo,
Arbresle, France). Stimulus males and females were always housed in a
different animal housing unit, so subjects were never exposed to any
male- or estrous female-derived odors except when they were tested. For
each test, cages were taken randomly out of the housing unit to avoid the
possibility that the same animals would always be tested first or last. At
the beginning of each test, the subject was placed in the start box with the
door closed to adapt for 1 min. The test began when the door was
removed and the subject could move around freely in the Y-maze. All
female subjects were tested three times (5 min each) in the Y-maze
without any stimulus animals in the goal boxes to adapt to the testing
apparatus and to determine whether they would develop any side
preferences.

Experimental procedures

Experiment 1: contribution of the aromatase gene to the
development of odor preferences

Approximately 5 weeks after ovariectomy and implantation of a Silastic
capsule containing testosterone, female mice of each genotype (WT,
HET, and ArKO) were subjected to a series of odor-preference tests
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using different stimuli (see description below). Subsequently, after 4
weeks of testing, the testosterone capsule was replaced by a 5-mm-long
SILASTIC capsule (inner diameter, 1.57 mm; outer diameter, 2.41 mm)
containing crystalline 17g-estradiol (diluted 1:1 with cholesterol) under
ketamine/xylazine anesthesia. The capsules were approximately the
same size as those used by Wersinger et al. (1999), which resulted in
levels of estradiol slightly lower (80 pg/ml) than the levels observed
during estrus (150 pg/ml). The inner and outer diameters of our capsules,
however, were slightly larger than those used by Wersinger et al. (inner
diameter, 1.02 mm; outer diameter, 2.16 mm), resulting in a decreased
thickness (outside minus inside diameter = (.78 mm here vs 1.14 mm)
and increased surface (7 X outside diameter X length = 37.85 mm? here
vs 33.92 mm?). Because the amount of steroid released from a Silastic
implant is directly proportional to the surface of the capsule and in-
versely related to its thickness (Smith et al., 1977), it can be roughly
estimated that our capsules produced circulating levels of estradiol of
~130 pg/ml [i.e., 1.63 times higher, (1.14/0.78) X (37.85/33.92), than in
Wersinger et al. (1999)]. These levels are in the range of values observed
during estrus in mice (Wersinger et al., 1999). After 3 weeks of estradiol
treatment, behavioral testing was resumed, and female mice were sub-
jected to the same series of odor-preference tests (which lasted ~3
weeks) in the same order as had been used while they were on testos-
terone. To facilitate comparisons, the data obtained while subjects were
treated with testosterone are presented in Results side by side with those
obtained while the subjects were treated with estradiol.

Volatile olfactory cues. First, female mice were subjected to two con-
secutive tests (5 min each) in which they were offered a choice between
volatile odors of an estrous female versus those of a gonad-intact male.
The Plexiglas doors separating the goal boxes from the rest of the maze
were opaque to prevent the subjects from seeing the stimulus animals. In
addition, stimulus animals were anesthetized with ketamine/xylazine to
prevent them from producing sounds that could be detected by the test
animal. The level of anesthesia was checked and adjusted between each
trial. Stimulus animals were regularly placed on a heating pad to prevent
hypothermia. The position of the stimulus animals was switched between
tests. The time the subject spent sniffing the male and female odors
(poking its nose through the holes of the door and actively sniffing the
door of the goal box) was recorded with a stopwatch. In addition, the
number of entries into each arm was scored. The maze was cleaned with
70% alcohol between trials.

Soiled bedding. Second, female mice were subjected to one 5 min test
in which they were given a choice between soiled bedding from gonad-
intact males versus soiled bedding from estrous females. Stimulus fe-
males (n = 3) injected twice with estradiol benzoate subcutaneously (48
and 24 hr before bedding was collected) and subsequently with proges-
terone were placed in a cage containing fresh sawdust. Bedding was
collected 10 hr after the progesterone injection. Likewise, gonad-intact
males (n = 3) were placed in a cage containing fresh sawdust. Bedding
was collected 10 hr later. All bedding was stored in plastic freezer bags at
—70°C until used in the experiment. Bowls containing soiled bedding
were placed at the end of each arm of the Y-maze. The doors separating
the goal boxes from the rest of the maze were removed. The time the
mice spent sniffing the bedding was recorded for each subject. The maze
was cleaned with 70% alcohol between trials.

Direct access to stimulus animals. Third, female mice were given one 5
min test in which they had direct access to a gonad-intact male and an
estrous female. Stimulus animals were anesthetized to eliminate any
interference of the behavioral interaction between the subjects and the
stimulus animals. The doors separating the goal boxes from the rest of
the maze were removed. The time each subject spent sniffing the stimulus
animal, including its anogenital region and flank, was recorded with a
stopwatch. The maze was cleaned with 70% alcohol between each trial.
As in Experiment 1, the level of anesthesia was checked regularly and
adjusted between each trial if necessary. Furthermore, stimulus animals
were regularly placed on a heating pad to prevent hypothermia.

Odor and visual cues. Finally, female subjects were given one 5 min test
in which they could choose between an awake gonad-intact male and an
awake estrous female. Stimulus animals were placed behind a clear
Plexiglas door. Subjects could thus see, smell, and hear but not physically
interact with the stimulus animals. The time the subject spent sniffing the
male and female odors (poking its nose through the holes of the door and
actively sniffing the door of the goal box) was recorded with a stopwatch.
The maze was cleaned with 70% alcohol between each trial.
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Experiment 2: contribution of the aromatase gene to the
development of lordosis behavior

At the end of preference testing, female subjects were tested once a week
during 5 weeks for lordosis behavior with a sexually active male. Females
were ~35 weeks of age and had received estradiol treatment for >6
weeks. All female subjects continued to receive estradiol treatment and
in addition were injected subcutaneously with 1 mg of progesterone 3 hr
before each lordosis test. All lordosis tests were conducted in a Plexiglas
aquarium (35 cm long X 25 cm high X 19 cm wide) whose floor was
covered with fresh sawdust. At the beginning of each test, a sexually
active male was placed alone in the aquarium and allowed to adapt for 15
min. Subsequently, an experimental female was placed in the aquarium,
and the lordosis responses of the female to the mounts of the stimulus
male were recorded. The receptivity of each female to the males’ mounts
was also scored on an ordinal 4 point scale as follows: 1, female ran away
and/or responded aggressively; 2, female did not run away but rejected
the mount; 3, female accepted the mount but did not respond by showing
lordosis; and 4, female responded by showing lordosis. The test lasted
until the female had received 10 mounts or 10 min had elapsed.

Experiment 3: olfaction test

Two “hidden cookie” tests were conducted to check for gross malfunc-
tion of the main olfactory system in female ArKO mice. All female mice
were food-deprived overnight (~24 hr). A small piece of a chocolate chip
cookie was buried (~1 cm deep) at a random location in a clean Plexiglas
aquarium (35 cm long X 25 cm high X 19 cm wide) containing fresh
sawdust. The time it took each mouse to find the cookie was recorded.
The test lasted until the mouse had located the cookie or 15 min if the
cookie was not found. Mice were tested twice 4 d apart. At the time of
these tests, which were performed 1 week after completion of the lordosis
tests, mice still had their Silastic capsules containing estradiol.

Experiment 4: open-field test

All female subjects were tested for general locomotor activity in an open
field (clean Plexiglas cage; 51 cm long X 18 cm high X 30 cm wide). The
cage was divided into nine rectangles (17 X 10 cm). At the beginning of
the test, the subject was placed in the middle of the cage. The number of
crossings (from one rectangle to another) was recorded. We considered
the line crossed when all four legs were over the line. The time spent in
each square was also recorded. Females were tested once for 5 min. At
the time of this test (1 week after completion of the olfaction tests), mice
still had their Silastic capsules containing estradiol.

Experiment 5: contribution of the aromatase gene to the
development of male sexual behavior

Previous work on another strain of ArKO mice has indicated that these
mice are exposed to increased plasma levels of testosterone during
adulthood (Fisher et al., 1998). These increased levels of androgens could
result from the interruption of the steroid feedback on gonadotropin
secretion, which is known to be mediated in part by estrogens, as
suggested by the increased levels of circulating luteinizing hormone and
follicle-stimulating hormone in these mice. Alternatively, the increase in
plasma testosterone could be caused, at least in part, by the accumulation
of the androgenic substrate, which can no longer be transformed into an
estrogen by the ovaries because of the disruption of the aromatase gene.
Because the fetal and neonatal ovaries are not (very) active (Weniger,
1993; Weniger et al., 1993), it is unlikely that this increase in androgen
levels actually takes place before puberty, but no data are available to
evaluate this question, and it could therefore be speculated that increased
levels of androgens contribute to the development of the behavioral
phenotype in ArKO mice. To determine whether the absence of lordosis
behavior in ArKO females did not result from masculinization and
defeminization of their brains by excessive androgen action during
development, a different set of female ArKO mice was tested for male-
typical sexual behavior with an estrous female. At the age of ~12 weeks,
female mice of three different genotypes (10 WT, 7 HET, and 9 ArKO)
were ovariectomized in adulthood under general anesthesia. At the same
time, a 5-mm-long Silastic capsule (inner diameter, 1.57 mm; outer
diameter, 2.41 mm) filled with crystalline testosterone was implanted
subcutaneously in the neck. After 7 weeks of testosterone treatment,
females were tested once for male-typical sexual behavior. To determine
whether the absence of male sexual behavior in ArKO females was a
result of a lack of circulating estradiol, females were tested once more for
male-typical sexual behavior after receiving daily injections of estradiol
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benzoate (5 ug per mouse) for 2 weeks while remaining on testosterone.
All coital behavior tests were conducted in a Plexiglas aquarium (35 cm
long X 25 cm high X 19 cm wide) whose floor was covered with fresh
sawdust. At the beginning of each test, the female subject was placed
alone in the aquarium to adapt for 15 min. Subsequently, an estrous
female was introduced, and the number of mounts and intromission-like
behaviors displayed by the female subject were scored for 30 min. In
addition, latencies to mounts and intromission-like behaviors were re-
corded. The female subject was never mounted by the stimulus female.
Furthermore, ejaculation-like behavior of the female subjects was never
observed.

Statistical analysis

For experiments 1-4, three WT females that did not survive the second
round of anesthesia when the testosterone capsule was replaced by one
capsule containing estradiol and two ArKO females (one died and one
ceased to explore the Y-maze in the course of behavioral testing) were
excluded from statistical analysis. All data were analyzed using repeated-
measures ANOVA with various independent and repeated factors. First,
all data obtained while subjects were treated with testosterone were
directly compared with those obtained while subjects were treated with
estradiol in one large multifactor ANOVA. Subsequently, the data were
analyzed separately for each hormone treatment to simplify the presen-
tation of the results. Therefore, in each section of Results, the data
obtained while subjects were treated with testosterone are presented first,
followed by those obtained while subjects were treated with estradiol, and
finally, the two different hormone treatments are compared. All male
coital data (experiment 5) were analyzed in one ANOVA. When appro-
priate, all ANOVAs were followed by Tukey highly significant difference
post hoc comparisons adapted for repeated-measures ANOVA. Only
significant (p < 0.05) effects detected by the ANOVA are mentioned in
detail in Results.

RESULTS

Experiment 1: contribution of the aromatase gene to
the development of odor preferences

Clean Y-maze

No side preferences were detected when subjects were tested
without any stimulus animals placed in the goal boxes of the
Y-maze. A three-way ANOVA of the time spent in each arm of
the maze with genotypes as the independent factor and tests and
side of the Y-maze (left vs right) as repeated factors showed a
significant effect only of repeated testing (F, 3,y = 7.29; p =
0.0025), but neither an effect of genotype (F, ;5 = 0.96; p = 0.40)
nor an effect of side of the Y-maze (F(, 15, = 1.89; p = 0.19) nor
any significant interactions. Post hoc analysis of the test effect
showed that all subjects spent more time in the arms of the
Y-maze in the second than the first test (mean = SEM for all
three genotypes; 55.5 £ 3.6 vs 69.2 = 4.3 sec for test 1 vs test 2,
respectively). The number of arm entries did not differ signifi-
cantly between genotypes, although there was a trend toward a
decrease in ArKO females (mean = SEM: WT, 4.7 = 0.4; HET,
4.9 = 0.3; ArKO, 3.2 £ 0.2; F5 16, = 2.77; p = 0.09).

Volatile olfactory cues

Testosterone treatment. WT females clearly preferred to sniff vol-
atile odors from an estrous female over those from a sexually
active male. This preference for female odors was less evident in
HET and ArKO females (Fig. 14). A three-way ANOVA of the
time spent sniffing volatile odors with genotype as the indepen-
dent factor and tests and odor stimulus (male vs female) as
repeated factors revealed a significant effect of genotype (F (5 ;¢
= 22.70; p = 0.0001), a significant effect of odor stimulus (F, ;¢
= 12.99; p = 0.0024), a significant odor stimulus by genotype
interaction (F, ;5 = 6.41; p = 0.009), and a significant test by
odor stimulus interaction (F ;4 = 19.80; p = 0.0004). Because
we found neither a significant effect of repeated testing (F(; 16, =
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Figure 1. A, C, Mean amount of time that female WT, HET, and ArKO
mice spent investigating volatile olfactory cues when given a choice
between intact male odors and estrous female odors in a Y-maze. B, D,
Total amount of time spent sniffing volatile odors. 4, B, Results when
subjects were treated with testosterone. C, D, Results when the same
subjects were treated with estradiol. Means with different letters above
them are significantly different from each other by post hoc comparisons.
Data shown are the mean * SEM of two successive behavior tests.

0.73; p = 0.41) nor a significant test by genotype interaction
(Fai6y = 0.05; p = 0.95), data of two preference tests were
combined (Fig. 14,B). Post hoc analysis of the genotype effect
showed that female ArKO mice spent less time sniffing volatile
odors (either male or female) than WT and HET mice (Fig. 1B).
Furthermore, post hoc analysis of the odor stimulus by genotype
interaction showed that WT and ArKO females spent signifi-
cantly more time sniffing female odors than male odors, whereas
HET females spent equal time sniffing both odors. Finally, post hoc
analysis of the significant test by odor stimulus interaction showed
that all female groups spent less time sniffing male odors and more
time sniffing female odors in the second than the first test.

Three-way ANOVA on the number of entries into each arm of
the Y-maze with genotype as the independent factor and tests
and odor stimuli (male vs female) as repeated factors showed a
significant effect only of genotype (F, 5y = 8.56; p = 0.003).
ArKO females made fewer arm entries than WT and HET
females (mean = SEM: 5.4 + 0.3 for ArKO females vs 10.7 = 1.3
for WT females and 11.6 = 1.2 for HET females).

Estradiol treatment. WT females continued to show a prefer-
ence for sniffing volatile odors from an estrous female. This
preference to investigate female odors was less pronounced in
HET females, whereas ArKO females showed no significant
preference (Fig. 1C). Three-way ANOVA of time spent sniffing
volatile odors with genotype as the independent factor and tests
and odor stimulus (male vs female) as repeated factors showed a
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significant effect of genotype (F(5,5 = 20.85; p = 0.0001), a
significant effect of odor stimulus (F(; ;) = 33.46; p = 0.0001), a
significant odor stimulus by genotype interaction (F, ;5 = 5.64;
p = 0.014), a significant test by stimulus interaction (F(; 14, =
9.00; p = 0.009), and a significant test by stimulus by genotype
interaction (F,, 14, = 3.81; p = 0.04). Because we found neither an
effect of repeated testing (F(; ;) = 0.01; p = 0.91) nor a signifi-
cant test by genotype interaction (F(, s, = 0.02; p = 0.98), we
combined data for two tests (Fig. 1C,D). Post hoc analysis of the
genotype effect showed that the total time spent sniffing volatile
odors (either male or female) was again reduced in ArKO fe-
males compared with WT and HET females (Fig. 1D). Further-
more, post hoc analysis of the odor stimulus by genotype inter-
action revealed that WT females spent more time sniffing female
odors compared with HET females, which, in turn, spent more
time sniffing female odors compared with ArKO females. In
addition, WT and HET females spent more time sniffing male
odors compared with ArKO females (Fig. 1C). Finally, post hoc
analysis of the test by stimulus and the test by stimulus by
genotype interactions revealed that HET females (but not WT
and ArKO females) spent more time sniffing male odors and less
time sniffing female odors in the second than the first preference
test (data not shown).

Three-way ANOVA on the number of arm entries with
genotype as the independent factor and tests and odor stimulus
as repeated factors showed a significant effect of genotype
(F216) = 5-80; p = 0.013), a significant effect of repeated
testing (F(y 14y = 21.82; p = 0.0003), a significant effect of odor
stimulus (F(; ;6 = 9.64; p = 0.007), an almost significant
stimulus by genotype interaction (F, 4 = 3.12; p = 0.07), and
an almost significant test by stimulus interaction (F, 6, = 4.25;
p = 0.06). Again, ArKO females made fewer arm entries than
WT and HET females (mean = SEM: 5.6 = 1.0 for ArKO
females vs 12.2 = 1.3 for WT females and 12.2 = 1.6 for HET
females). Furthermore, all female groups made fewer arm entries
in the second than the first test (no significant test by genotype
interaction: F, ;4 = 0.21; p = 0.82).

Testosterone versus estradiol treatment. In comparing the effects
of hormone treatment on time spent sniffing volatile odors, four-
way ANOVA with genotype as the independent factor and hor-
mone treatment, odor stimulus, and tests as repeated factors
showed a significant effect of hormone treatment (F(; 14, = 5.74;
p = 0.029). Post hoc analysis of the hormone effect showed that all
females, but particularly HET females (almost significant hor-
mone by genotype interaction: F, ;5 = 2.91; p = 0.08), spent less
time sniffing volatile odors when treated with estradiol.

Soiled bedding
Testosterone treatment. All female subjects preferred to investi-
gate soiled bedding from estrous females over bedding from intact
males (Fig. 24). Two-way ANOVA with genotype as the inde-
pendent factor and odor stimulus (male vs female bedding) as the
repeated factor showed a significant effect of genotype (F, 1) =
8.29; p = 0.0034) and a significant effect of odor stimulus (F(; ¢, =
14.93; p = 0.0014). Post hoc analysis of the genotype effect
showed that ArKO females spent less time sniffing soiled bedding,
either male or female, than WT females (Fig. 2B). Furthermore,
all three genotypes spent more time sniffing female bedding than
male bedding (because there was no significant odor stimulus by
genotype interaction: F, 14, = 0.96; p = 0.40).

Estradiol treatment. The preference to investigate female bed-
ding over male bedding disappeared when female subjects were
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Figure 2. A, C, Mean amount of time that female WT, HET, and ArKO
mice spent sniffing nonvolatile olfactory cues when given a choice be-
tween soiled bedding from intact males and that from estrous females in
a Y-maze. B, D, Total amount of time spent sniffing nonvolatile odors. A4,
B, Results when subjects were treated with testosterone. C, D, Results
when the same subjects were treated with estradiol. Means with different
letters above them are significantly different from each other by post hoc
comparisons.

treated with estradiol (Fig. 2, C vs A). In addition, all female
groups, particularly ArKO, spent more time sniffing soiled bed-
ding when treated with estradiol than when treated with testos-
terone (Fig. 2, D vs B). As a result, ArKO females no longer
differed from WT and HET females in total time spent sniffing
soiled bedding. This was confirmed by two-way ANOVA with
genotype as the independent factor and odor stimulus as the
repeated factor, showing neither an effect of genotype (F, 16, =
0.79; p = 0.47) nor an effect of odor stimulus (F(, ;5, = 0.165; p =
0.69).

Testosterone versus estradiol treatment. In comparing the effects
of the two hormone treatments, three-way ANOVA with geno-
type as the independent factor and hormone treatment (testos-
terone vs estradiol) and odor stimulus as repeated factors re-
vealed a significant effect of hormone treatment (F, ;4, = 35.41;
p = 0.0001). Post hoc analysis showed that WT and HET females
increased their time sniffing male bedding while on estradiol,
whereas ArKO females spent more time investigating both types
of bedding after treatment with estradiol (Fig. 2, B vs D).

Direct access to stimulus animals

Testosterone treatment. No clear preference could be discerned
when female subjects were given direct access to an intact male
and an estrous female, with both stimulus animals being anesthe-
tized (Fig. 34). Two-way ANOVA with genotype as the indepen-
dent factor and odor stimulus as the repeated factor showed a
significant effect only of genotype (F(, ;) = 4.91; p = 0.02). Post
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Figure 3. A, C, Mean amount of time that female WT, HET, and ArKO
mice spent sniffing the anogenital region and flanks when given a choice
between an anesthetized intact male and an anesthetized estrous female
in a Y-maze. B, D, Total amount of time spent sniffing the anogenital
region and flanks. A, B, Results when subjects were treated with testos-
terone. C, D, Results when the same subjects were treated with estradiol.
Means with different letters above them are significantly different from
each other by post hoc comparisons.

hoc analysis revealed that ArKO females spent less time investi-
gating the anogenital regions and flanks of the stimulus animals
compared with WT and HET females (Fig. 3B).

Estradiol treatment. Again, females of all three genotypes
showed no clear preference for either stimulus animal (Fig. 3C).
As was observed with the soiled bedding in experiment 1, ArKO
females no longer differed from WT and HET females in total
time spent investigating the stimulus animals (Fig. 3D). Accord-
ingly, two-way ANOVA with genotype as the independent factor
and odor stimulus as the repeated factor no longer showed a
significant effect of genotype (F(2 6, = 0.537; p = 0.59).

Testosterone versus estradiol treatment. In comparing the effects
of hormone treatment on time spent sniffing the stimulus animals,
three-way ANOVA with genotype as the independent factor and
hormone treatment and odor stimulus as repeated factors re-
vealed a significant effect of hormone treatment (F(, 14, = 4.66;
p = 0.05). Post hoc analysis showed that all females, but particu-
larly WT and HET females, decreased their time spent sniffing
the stimulus animals when treated with estradiol. Thus, in con-
trast to the findings with the soiled bedding in experiment 1, in
which ArKO females increased their time spent sniffing soiled
bedding after treatment with estradiol, WT and HET females
decreased their time sniffing the anesthetized stimulus animals
after treatment with estradiol, and consequently genotype differ-
ences disappeared.
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Figure 4. A, C, Mean amount of time that female WT, HET, and ArKO
mice spent investigating odor and visual cues when given a choice be-
tween an awake intact male and an awake estrous female in a Y-maze. B,
D, Total amount of time investigating odor and visual cues. A, B, Results
when subjects were treated with testosterone. C, D, Results when the same
subjects were treated with estradiol. Means with different letters above
them are significantly different from each other by post hoc comparisons.

Odor and visual cues

Testosterone treatment. All female groups showed a weak prefer-
ence for the estrous female when given a choice between an
awake intact male and an awake estrous female placed behind a
clear Plexiglas door (Fig. 44). Two-way ANOVA with genotype
as the independent factor and odor stimulus as the repeated
factor revealed a significant effect of genotype (F, 1) = 8.72;p =
0.0027) and an almost significant effect of odor stimulus (F, ¢, =
3.36; p = 0.085). Post hoc analysis of the genotype effect showed
that ArKO females spent less time investigating odor and visual
cues of either males or females compared with WT females (Fig.
4B). Post hoc analysis of the effect of odor stimulus showed that
subjects of all three genotypes showed a preference, albeit small,
to investigate the estrous female instead of the intact male.
Estradiol treatment. HET females preferred to investigate odor
and visual cues from an intact male over those from an estrous
female, whereas WT and ArKO females showed no preference
(Fig. 4C). Two-way ANOVA with genotype as the independent
factor and odor stimulus as the repeated factor showed a signif-
icant effect of genotype (F(5 6, = 13.46; p = 0.0004), an almost
significant effect of odor stimulus (F; ;4, = 3.25; p = 0.09), and an
almost significant stimulus by genotype interaction (F(; ;5 =
2.86; p = 0.087). Post hoc analysis of the genotype effect showed
that ArKO females spent less time investigating odor and visual
cues than WT and HET females (Fig. 4D). Furthermore, HET
females spent more time investigating the intact male than the
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Figure 5.  Female sexual behavior with a stud male of female WT, HET,
and ArKO mice. 4, Lordosis quotients; B, receptivity index. *p < 0.05
compared with WT and HET females.

estrous female, whereas WT and ArKO females spent similar
amounts of time investigating both stimulus animals.

Testosterone versus estradiol treatment. In comparing the effects
of hormone treatment on time spent investigating odor and visual
cues, three-way ANOVA with genotype as the independent factor
and hormone treatment and odor stimulus as repeated factors
showed a significant effect of hormone treatment (F(, 15, = 15.59;
p = 0.0012) and a significant hormone treatment by stimulus
interaction (F(, 15, = 8.34; p = 0.011). Post hoc analysis of the
hormone effect and the interaction showed that all females spent
less time investigating odor and visual cues from the estrous
female after estradiol treatment (Fig. 4, A vs C).

Experiment 2: contribution of the aromatase gene to
the development of lordosis behavior
The display of lordosis in response to the mounting of a stud male
was clearly impaired in ArKO females that were treated with
estradiol and progesterone (Fig. 54). The same hormone treat-
ment was effective, however, in inducing lordosis behavior in WT
and HET females. Two-way ANOVA with genotype as the inde-
pendent factor and tests as the repeated factor revealed a signif-
icant effect of genotype (F5;5 = 19.45; p = 0.0001) and a
significant effect of repeated testing (F (49, = 4.57; p = 0.0027).
Post hoc analysis showed that lordosis quotients were lower in
ArKO females than WT and HET females. Furthermore, lordo-
sis quotients increased in the same way in all female groups over
tests, because there was no significant test by genotype interaction
(Fs.60y = 0.74; p = 0.65). The number of mounts received from
the stud male did not differ between groups (mean = SEM: WT,
9.9 = 04; HET, 9.8 = 0.2; ArKO, 9.7 = 0.2; F(, 15, = 0.36; p =
0.70).

In addition, ArKO females rejected the stud male more fre-
quently, as indicated by their lower receptivity scores, than WT



9110 J. Neurosci., October 15, 2002, 22(20):9104-9112

and HET females (Fig. 5B). Two-way ANOVA with genotype as
the independent factor and tests as the repeated factor indicated
a significant effect of genotype (F, 15, = 36.0; p = 0.0001) and a
significant effect of testing (F(4 69y = 6.59; p = 0.0002). Post hoc
analysis showed that receptivity scores were significantly lower in
ArKO females than WT and HET females and increased simi-
larly in all female groups over the course of testing, because there
was no significant test by genotype interaction (Fg 9, = 1.35;p =
0.23) (Fig. 5B).

Experiment 3: olfaction test

Overall, there was no significant difference between females of
each genotype in the time it took to find the hidden cookie
(mean = SEM: WT, 89 = 5 sec; HET, 189 = 15 sec; ArKO,
181 * 21 sec). Two-way ANOVA with genotype as the indepen-
dent factor and tests as the repeated factor revealed a significant
effect of tests (F(; 15y = 6.24; p = 0.02) but no significant effect of
genotype (F ;5 = 1.70; p = 0.22) nor a significant test by
genotype interaction (F, 5, = 2.44; p = 0.12). The longer aver-
age time to find the cookie in the HET and ArKO groups reflects
the poor performance of two ArKO females and one HET female
but did not appear to be a characteristic of the genotype. Overall,
all females found the cookie faster in the second test (mean =
SEM: WT, 137 = 28 vs 42 = 5 sec; HET, 325 = 75 vs 53 *= 19 sec;
ArKO, 189 = 48 vs 174 £ 101 sec for test 1 vs 2, respectively).
This effect of repeated testing appears to be less pronounced in
ArKO females, but there was no significant test by genotype
interaction (F, ;5 = 2.44; p = 0.12).

Experiment 4: open-field test

Overall, no differences could be detected in general locomotor
activity among female groups when subjects were tested in an
open field. One-way ANOVA on the number of crossings did not
show any genotype differences (mean = SEM: WT, 66.6 = 9.5;
HET, 55.2 = 8.0; ArKO, 56.2 % 9.7, F5 14y = 0.47; p = 0.64).
Furthermore, one-way ANOVA on the maximum amount of time
spent immobile also did not show any genotype differences
(mean = SEM: WT, 38 = 7 sec; HET, 62 = 14 sec; ArKO, 62 *
14 sec; F, 14y = 1.04; p = 0.38).

Experiment 5: contribution of the aromatase gene to
the development of male sexual behaviors

When treated with testosterone alone, female ArKO mice
showed no male-typical sexual behaviors with an estrous female,
whereas WT and, to a lesser extent, HET females readily dis-
played mounting and intromission-like behaviors. The addition of
estradiol to the testosterone treatment stimulated a little mount-
ing and intromission-like behavior in ArKO females, but not up
to the levels shown by WT and HET females (Fig. 6). A two-way
ANOVA on the number of mounts revealed a significant effect of
genotype (F(, »3y = 7.06; p = 0.0041) and a significant hormone by
genotype interaction (F(, 3y = 6.14; p = 0.0073). Post hoc anal-
ysis on the genotype effect showed that ArKO females displayed
fewer mounts than WT and HET females. Furthermore, post hoc
analysis on the hormone by genotype interaction revealed that
ArKO females mounted the estrous female more frequently when
treated with testosterone and estradiol, whereas the total number
of mounts remained the same in WT and HET females. Two-way
ANOVA on the number of intromission-like behaviors revealed a
significant effect of genotype (F .3, = 23.84; p = 0.0001), a
significant effect of hormone treatment (F, »3, = 5.36; p = 0.03),
and a significant hormone by genotype interaction (F 5 3, = 5.90;
p = 0.0085). Post hoc analysis of the genotype effect showed that
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Figure 6. A, C, Mean number of mounts and intromission-like behaviors
displayed by female WT, HET, and ArKO mice when paired with an
estrous female. B, D, Total number of mounts and intromissions together.
A, B, Results when subjects were treated with testosterone. C, D, Results
when the same subjects also received daily injections with estradiol while
remaining on testosterone. Means with different letters above them are
significantly different from each other by post hoc comparisons.

ArKO females displayed fewer intromission-like behaviors com-
pared with WT and HET females, with the latter displaying fewer
intromissions than WT females. Post hoc analysis of the hormone
by genotype effect showed that ArKO females displayed more
intromission-like behaviors when treated with testosterone and
estradiol, whereas the number of intromissions decreased in sim-
ilarly treated WT and HET females.

DISCUSSION

The present study indicates that estradiol is required both during
development and in adulthood for a normal expression of socio-
sexual behaviors in the female mouse. Female ArKO mice that
are depleted of estradiol because of a targeted mutation of the
aromatase gene showed aberrant sociosexual behaviors in adult-
hood. When treated with testosterone, ArKO females showed
little motivation to investigate olfactory (both volatile and non-
volatile) and visual cues from either an estrous female or an intact
male. Even when physical contact was allowed, ArKO females
investigated the stimulus animals significantly less than WT sub-
jects. These behavioral differences could have reflected differ-
ences in activation of olfactory investigation by estradiol, because
testosterone treatment presumably generated higher levels of
estradiol in WT than in ArKO females. To distinguish between
activational and organizational effects of estradiol on olfactory
investigation, the same female subjects were tested again for odor
preferences after they had received estradiol treatment for sev-
eral weeks in adulthood. The defects in olfactory investigation
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could, in part, be corrected with adult estradiol treatment. The
motivation to investigate soiled bedding was restored in estradiol-
treated ArKO females. In contrast, adult estradiol treatment did
not restore the motivation of ArKO females to investigate volatile
odors from either stimulus animal. Furthermore, ArKO females
showed little or no lordosis behavior when treated with doses of
estradiol and progesterone that were behaviorally effective in WT
females. These results suggest that estradiol has both organiza-
tional and activational effects on the display of olfactory investi-
gation and sexual receptivity in female mice.

Organizational effects of estrogens in female mice
Sexual receptivity and olfactory investigations were severely im-
paired in female ArKO mice even after prolonged (>6 weeks)
treatment with estradiol in adulthood. Many rodent species, in-
cluding mice, rely on olfactory cues to distinguish the sex and
reproductive status of conspecifics (Brown, 1979). It is possible
that ArKO females simply did not recognize the stud male as
being male on the basis of his odors and as a result did not
become sexually receptive. Interestingly, the lordosis impairment
decreased toward the end of the tests, possibly as a result of
repeated mounting and stimulation of the flanks and back of the
female. The deficits in sexual receptivity might thus be caused by
an impairment in olfactory recognition.

The deficit in lordosis behavior was unexpected, because male
rats neonatally deprived of estradiol showed female-typical levels
of sexual receptivity after treatment with estradiol and proges-
terone in adulthood (McEwen et al., 1977; Vreeburg et al., 1979;
Fadem and Barfield, 1981; Bakker et al., 1993). These data led to
the concept that the female brain develops in the absence of
ovarian hormones, whereas the development of the male brain
requires the presence of both testosterone and estradiol. Several
studies have challenged this concept and suggested an active role
for estradiol in the development of the brain in females (Toran-
Allerand, 1976; Dohler et al., 1984; Mack et al., 1993). The
present work provides new evidence that estradiol may be re-
quired for a normal female development and thus a normal
expression of sociosexual behaviors in adulthood.

It seems unlikely that the deficit in lordosis behavior can be
attributed to excessive androgen action during development lead-
ing to a masculinization and defeminization of the brain. Fisher
et al. (1998) reported that testosterone levels are elevated in adult
ArKO females. This elevation is probably a result of the absence
of a negative feedback by estradiol on the hypothalamus, as
evidenced by increased levels of luteinizing hormone. However,
whether testosterone levels are also elevated during development
remains questionable. Basal estrogen secretion (and presumably
testosterone production) by the ovaries has been shown to be
undetectable during fetal stages and before day 5 after birth
(Weniger, 1993; Weniger et al., 1993). However, even if testos-
terone levels are elevated perinatally in ArKO females, the stron-
gest evidence against this hypothesis is that ArKO females dis-
played very little mounting behavior after treatment with
testosterone and estradiol in adulthood, whereas similarly treated
WT and HET females vigorously mounted stimulus females.
Likewise, it seems unlikely that the brains of ArKO females were
defeminized by excessive androgen action during development,
because many studies (Naftolin et al., 1975; McEwen et al., 1977,
Baum, 1979; Vreeburg et al., 1979; Fadem and Barfield, 1981;
MacLusky and Naftolin, 1981; Bakker et al., 1993) have shown
that estradiol and not testosterone is the hormone implicated in
defeminizing the brain. For instance, male rats treated neonatally
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with an aromatase inhibitor but left gonadally intact (and thus
exposed to testosterone) showed levels of lordosis behavior sim-
ilar to those of normal females (Bakker et al., 1993). Likewise,
male mice and rats carrying a mutation in the androgen receptor
(tfm) did not show any lordosis behavior after treatment with
estradiol and progesterone in adulthood, suggesting that their
lordotic potential was lost as a result of estrogen action during
development (for review, see Olsen, 1992).

Alternatively, the impairment of lordosis behavior in ArKO
females could result from their hypersensitivity to small amounts
of estrogens coming from their HET mother leading to a defemi-
nization of their adult lordotic potential. However, concentra-
tions of free maternal estradiol in the fetuses should be very low
because of the presence of high levels of estradiol-binding
a-fetoproteins in the blood. These a-fetoproteins are thought to
protect the developing female brain from being masculinized and
defeminized by estradiol, and there is no reason why
a-fetoproteins would play this role differentially in WT and in
ArKO subjects.

Finally, phytoestrogens potentially present in the food could
freely enter the fetal brain, because they presumably do not bind
to a-fetoproteins and thus could be a significant source of estro-
gen action in ArKO females. Limited developmental effects of
phytoestrogens on sexual behavior and neuroendocrine function
have been reported in rats, although most significant effects were
seen in males (Whitten et al., 1995). However, our mice were fed
a mouse chow (UAR, Epinay sur Orge, France) that does not
appear to contain biologically active estrogens, as revealed by its
lack of effect on uterine growth and on the growth of estrogen-
dependent cell lines (M. Huard, UAR, personal communication).
Exposure of our ArKO mice to phytoestrogens was thus negligi-
ble. In conclusion, the present results are best explained by
assigning an active role for estradiol in females in the develop-
ment of the neural substrates that are involved, in later life, in
olfactory recognition and sexual receptivity.

Sexual differentiation of odor preferences in mice

In contrast to rats (Bakker et al., 1996), odor preferences do not
seem to be sexually differentiated in mice. Like male WT mice
(Bakker et al., 2002), female WT mice, especially when treated
with estradiol in adulthood, showed a clear preference to sniff
volatile odors from an estrous female over those from an intact
male. Furthermore, WT females showed high levels of male
sexual behavior when paired with an estrous female, suggesting
that female mice are normally masculinized. HET females dis-
played male sexual behaviors and odor preferences at levels that
were intermediate between WT and ArKO subjects. Correspond-
ingly, brain aromatase activity was found to be intermediate in
HET females, whereas it was undetectable in ArKO females
(Baillien et al., 2002). These results suggest that a female-directed
odor preference and the expression of male sexual behavior are
organized by aromatized metabolites of testosterone in a dose-
dependent manner.

Main versus accessory olfactory system

In most mammalian species, a main olfactory system and an
accessory olfactory system can be distinguished neuroanatomi-
cally. In rodents, pheromones that are generally composed of
nonvolatile molecules are presumably processed by the accessory
olfactory system (Meredith and O’Connell, 1979), whereas non-
reproductively relevant olfactory cues composed mostly of vola-
tile molecules are processed primarily through the main olfactory
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system (O’Connell and Meredith, 1984). The present study shows
that estradiol differentially affected the functioning of these two
systems. Estradiol appears to be required for the development of
the main olfactory system, because the deficiencies in olfactory
investigation of volatile odors by ArKO females could not be
corrected by prolonged estradiol treatment in adulthood. ArKO
females were not anosmic, however, and could find a hidden food
item by its smell as rapidly as WT and HET subjects. In contrast,
estradiol is apparently not required for the development of the
accessory olfactory system but is needed for its normal function-
ing in adulthood: treatment with estradiol of ArKO females
corrected the previously observed defects in olfactory investiga-
tion of soiled bedding. Thus, estradiol has organizational effects
on the main olfactory system and activational effects on the
accessory olfactory system.

In conclusion, the present study using estradiol-deficient ArKO
mice indicates that estradiol is required during development for
the expression of sociosexual behaviors in adult female mice. The
old concept that female differentiation proceeds in the absence of
any hormonal influence therefore requires re-examination. The
present data do not identify the developmental stage(s) (i.e.,
embryonic, early postnatal, and/or prepubertal and postpubertal)
at which exposure to estradiol is required for a normal develop-
ment of the female brain, but this question can be answered using
the ArKO mouse model, because its genetic deficiency can be
bypassed by administration of exogenous estradiol at specific
stages of the life cycle.
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