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Previously, it was shown that the lack of a functional estrogen
receptor (ER) a gene (ERa) greatly affects reproduction-related
behaviors in both female and male mice. However, widespread
expression of a novel second ER gene, ERb, demanded that we
examine the possible participation of ERb in regulation of these
behaviors. In dramatic contrast to our results with ERa knockout
(aERKO) males, bERKO males performed at least as well as wild-
type controls in sexual behavior tests. Moreover, not only did
bERKO males exhibit normal male-typical aggressive behavior,
including offensive attacks, but they also showed higher levels of
aggression than wild-type mice under certain conditions of social
experience. These data revealed a significant interaction between
genotype and social experience with respect to aggressive behav-
ior. Finally, females lacking a functional b isoform of the ER gene
showed normal lordosis and courtship behaviors, extending in
some cases beyond the day of behavioral estrus. These results
highlight the importance of ERa for the normal expression of
natural reproductive behaviors in both sexes and also provide a
background for future studies evaluating ERb gene contributions
to other, nonreproductive behaviors.
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One of the most reliable phenomena in neuroendocrinology
is the facilitation of the female reproductive behavior,

lordosis, by estrogens (1). The neural circuitry for this behavior
has been well defined (2). Estrogen binding to neurons in the
ventromedial nucleus of the hypothalamus (VMH) is the first
neuroendocrine step activating neural circuitry for the behavior
(3). In particular, antiestrogens delivered directly to the VMH
block the behavior, thus revealing the essential nature of this
particular hormone action (4). The neurobiological effects of
estrogen binding in brain were long conceived to depend exclu-
sively on the classical estrogen receptor (ER) (now renamed as
ERa). Indeed, we have demonstrated that the classical ERa
gene is required for normal expression of a number of repro-
duction-related social behaviors in female mice regardless of
their hormonal status (5, 6). ERa-deficient knockout (aERKO)
female mice showed no sign of lordosis behavior, greatly reduced
pup-caring behavior, and elevated levels of infanticide and
aggression. These results suggest that the presence of ERb, a
novel ER, by itself may not be sufficient to compensate for
behavioral changes caused by the lack of the ERa gene. How-
ever, widespread expression of ERb in the central nervous
system (7–9) led us to hypothesize that the presence of ERb also
may be important for normal performance of female reproduc-
tive behaviors. In the present study, we tested this possibility by
the use of ERb gene-specific KO (bERKO) mice (10, 11).

In the male, brain mechanisms underlying the regulation of
reproductive behaviors by gonadal androgenic hormones have
received much attention (reviewed in ref. 12). Notably, it is
known that conversion of testosterone to estradiol, by a process
referred to as aromatization, and eventual activation of brain ER

plays an important role not only in male sexual behavior but also
in male-typical aggressive behavior. Our previous studies dem-
onstrated that the presence of the ERa gene is critically involved
in the regulation of testosterone-dependent male reproductive
behaviors. We have shown that aERKO males are infertile (13)
and do not exhibit a normal profile of masculine sex behaviors
(14, 15), and that these effects of ERa gene disruption are not
simply caused by abnormal levels of circulating hormones (16).
Particularly, aERKO showed reduced levels of intromission and
virtually no ejaculation whereas they showed normal levels of
mounts. Furthermore, testosterone-inducible aggressive behav-
ior of aERKO was greatly reduced (14, 15). These results suggest
that ERa activation is required for normal expression of male
reproductive behavior, and the lack of ERa gene cannot be
completely compensated for by the activation of androgen
receptor or ERb. As discussed above, however, possible contri-
butions of ERb gene expression in supporting the normal
occurrence of these behaviors have not been explored. ERa and
ERb are known to form heterodimers in vitro (17), and ERa and
ERb colocalize in neurons (18) in the preoptic area and amyg-
dala, brain areas known to be responsible for the regulation of
male sexual and aggressive behaviors. Therefore, it is conceiv-
able that the presence of ERb gene is necessary for normal
induction of these behaviors. In the present study, we also tested
open-field activity of male bERKO mice because we found
previously that aERKO male mice had significantly higher levels
of locomotor activity than wild-type (WT) control mice (15).

Materials and Methods
Male Mice. Gonadally intact male bERKO mice (n 5 9) and their
WT (n 5 6) littermates from a mixed background of C57BLy6J
and 129 (11) were used. They were obtained from the breeding
colony maintained at the National Institute of Environmental
Health Sciences. Upon arrival at the Rockefeller University
(bERKO, 32.9 6 1.1 weeks old; WT, 32.3 6 1.5 weeks old), all
mice were individually housed in plastic cages (30 3 20 3 13 cm)
throughout the extent of the studies and maintained on a
12y12-h lightydark cycle (light off at noon) at constant tem-
perature (22°C). Food and water were available ad libitum. They
were tested for sexual and aggressive behaviors as well as
open-field activity as shown in Fig. 1A. All tests were done during
the dark phase of the lightydark cycle starting at 2 h after lights
off. Sexual and aggressive behavioral tests were performed
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under red light and videotaped for further analysis. Open-field
tests were done under white light.

Female Mice. Gonadally intact bERKO (n 5 7) and WT (n 5 7)
littermates from the same breeding colony as males were used.
Starting 7 days before the first behavioral tests, they (bERKO,
16.1 6 1.4 weeks old; WT, 15.4 6 1.2 weeks old) were individ-
ually housed in plastic cages and maintained on a 12y12-h
lightydark cycle (light off at 10 a.m.) at constant temperature

(22°C). Food and water were available ad libitum. Mice were
tested for female sexual and aggressive behavior as shown in Fig.
1B at the National Institute of Environmental Health Sciences.
All tests were done under red light during the dark phase of the
lightydark cycle starting at 2 h after lights off and videotaped for
further analysis.

Male Sexual Behavior Test. Male mice were tested twice (with an
interval of 12 days; see Fig. 1 A) for sexual behavior during a
30-min behavioral test with a Swiss–Webster (SW) female mouse
[(SW)fBR purchased from Taconic Farms] in the male’s home
cage. All females were ovariectomized and s.c. injected with 10
mg estradiol benzoate (48 h before the tests) and 500 mg
progesterone (4–7 h before the tests) to ensure high sexual
receptivity. For each male, the number of attempted mounts
(including head mounts), the number and latency (1,800 sec was
used for mice that did not show the behavior) of mounts,
intromissions, and ejaculations were recorded. Numbers of
thrusts per intromission and ejaculation duration also were
recorded for mice that showed these behaviors. Male sexual
behaviors were defined as described (19).

Male Aggressive Behavior Test. Aggressive behaviors were tested
three times (see Fig. 1 A) in a resident-intruder paradigm. Each
male was tested in his home cage (as a resident) against a
group-housed (4–5 miceycage) olfactory bulbectomized (OBX)
male SW intruder mouse for 15 min. Expression of aggression in
mice is regulated mainly by olfactory cues, and therefore OBX
intruders rarely show aggression. However, because their gonads
are intact, they can elicit aggressive behaviors from resident mice
(20, 21). By testing against OBX intruder mice, the aggressive
behaviors of resident animals, which were not influenced by any
experience of defeat, were measured. An aggressive bout was
defined as a continuous series of behavioral interactions includ-
ing at least one aggressive behavioral act (see below). Three
seconds was the maximum amount of time that could elapse

Fig. 1. Schematic diagrams showing the experimental design. Time scale
indicates the days after mice were singly housed. Sex, sexual behavior tests.
Agg, aggressive behavioral test. OFT, open-field test.

Fig. 2. Photographs (digitized images captured from video recordings)
showing the representative behavioral patterns of male sexual, male aggres-
sive, and female sexual behaviors exhibited by bERKO mice. (A) A bERKO male
mouse (agouti, top) exhibited an intromission to a SW female mouse (albino),
which showed lordosis behavior. (B) A bERKO male mouse ejaculated. (C and
D) Offensive attack exhibited by a bERKO male mouse (agouti) toward OBX
SW male intruder (albino). (E and F) Lordosis responses of a bERKO female
mouse (agouti, bottom) induced by male mounting behavior.

Table 1. Results of male sexual behavior tests

Test Behavior
WT

(N 5 6)
bERKO
(N 5 9)

1 Attempted mounts
No. of mice 5y6* 8y9
Frequency 2.1 6 1.2† 6.2 6 2.5

Mounts
No. of mice 4y6 8y9
Latency 1,245 6 211 1,005 6 154
Frequency 2.3 6 1.4 3.6 6 1.0

Intromissions
No. of mice 1y6 5y9
Latency 1,624 6 176 1,434 6 153
Frequency 0.5 6 0.5 2.6 6 1.4
No. thrustsyI per intromission (2.7)‡ 7.9 6 3.8§

Ejaculation
No. of mice 0y6 0y9

2 Attempted mounts
No. of mice 4y6 7y9
Frequency 1.8 6 0.7 5.8 6 3.0

Mounts
No. of mice 4y6 7y9
Latency 1,215 6 204 960 6 193
Frequency 1.2 6 0.6 4.6 6 2.2

Intromissions
No. of mice 4y6 5y9
Latency 1,380 6 188 1,142 6 213
Frequency 3.8 6 1.8 6.0 6 2.5
No. thrustsyI per intromission 18.3 6 4.5§ 16.7 6 5.5§

Ejaculation
No. of mice 1y6 1y9
Latency (1,238)‡ (1,148)‡

Ejaculation duration (34)‡ (44)‡

*Number of mice that showed behaviorynumber of mice tested.
†Mean 6 SEM.
‡Data of the mice that showed the behavior.
§Mean 6 SEM including only the mice that showed intromissions.
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between aggressive behavioral acts to be considered part of the
same aggressive bout: if intervals between the occurrences of two
aggressive behavioral acts exceeded 3 sec, the two behavioral
acts were scored as two separate aggressive bouts. Chasing,
boxing, tail rattling, biting, and offensive attack (often accom-
panied by biting and wrestling), previously shown to be typical

for intermale (male vs. male) aggression (20, 22), were defined
as aggressive behavior acts. For each experimental male, cumu-
lative duration of aggressive bouts, number of aggressive bouts
with offensive attacks, and cumulative duration of sexual be-
havior by resident mice toward intruder mice (chasing with
attempted mounts), as well as latency to the first aggressive act,

Fig. 3. Effects of ERb gene disruption on (A) cumulative duration of aggression, (B) latency to the first aggressive act, (C) number of attacks, and (D) latency
to the first attack during resident-intruder tests. bERKO male mice showed higher levels of aggression in the first tests compared with WT male mice, whereas
there were no genotype differences in the levels of aggression in the second and third tests (see text for details of statistical analyses). Resident bERKO and WT
male mice also exhibited attempted sexual behaviors toward male intruder mice as demonstrated in E and F. pp, P , 0.01; p, P , 0.05 vs. WT.
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offensive attacks, and sexual behavior (900 sec was given to mice
that did not show the behavior), were recorded.

Open-Field Behavior Tests. Mice were tested for 5 min on 3
consecutive days in an open-field apparatus (40.5 3 40.5 cm,
30-cm high wall), which was illuminated with white light from the
top at the center of the apparatus. At the beginning of the test,
a mouse was placed gently in a corner square with his head facing
the corner. Horizontal activity was monitored automatically with
IR beams, and the data were analyzed and stored by the Digiscan
Analyzer and Digiscan software (Digiscan model RXYZCM,
Accuscan Instruments, Columbus, OH). The total moving dis-
tance, moving time, moving distance in the center area, and time
spent in the center area were recorded for each mouse.

Female Sexual Behavior Test. Sexual behaviors were tested in the
males’ home cages, using single-housed stud WT male mice
(14–17 weeks old) obtained from the breeding colony of
bERKO mice maintained at the National Institute of Environ-
mental Health Sciences. Each female was tested on 4 consecutive
days while its estrus cycle was monitored by taking vaginal
smears. One bERKO mouse and one WT mouse were tested at
the same time against the same two male mice to eliminate
confounds caused by variability of males’ behavior. After the
females were tested with the first male (e.g., bERKO female with
male 1 and WT female with male 2), they then were switched and

tested with a second male (e.g., bERKO female with male 2 and
WT female with male 1). Each test lasted either 12 min or until
both females received 10 mounts or intromissions. Male intro-
missions were terminated by the experimenter after females’
responses were scored (after about 10 thrusts) to avoid unnec-
essary insemination. Female responses to male mounts or in-
tromissions were scored as either (a) totally unreceptive with
kicking, rearing, or fleeing (score 0), (b) proceptiveystill posture
without any extension of legs (score 0.1), (c) proceptiveystill
posture with extension of legs (score 0.5), or (d) receptive
lordosis posture with dorsif lexion of the vertebral column
(scores 1–3 with 0.5 intervals, depending on the degree of
dorsif lexion). Female responses with the score of 1 or higher
were considered as lordosis response for the calculation of
lordosis quotient (number of lordosisynumber of mounts and
intromissions). The percent of proceptiveystill postures (score
0.1 and 0.5) among total numbers of mounts and intromissions
was calculated separately for each female mouse. In addition,
receptivity scores were calculated as the average of 10 lordosis
scores (0–3) for each mouse.

Female Aggressive Behavior Test. Aggressive behaviors were tested
in a resident-intruder paradigm for 10 min against group-housed
ovariectomized female CD-1 mice (Charles River Breeding
Laboratories) as intruders.

Fig. 4. Effects of ERb gene disruption on locomotor activity in the open-field tests in male mice. Locomotor activity in the open-field apparatus was measured
3 consecutive days. There were no overall genotype differences in total activity (A), cumulative moving time (B), center activity (C), and time spent in the center
area (D).
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Statistics. Data were analyzed by a two-way ANOVA for re-
peated measurements for the main effects of genotype and test
day and their interaction, followed by post-hoc one-way ANO-
VAs on each test day if necessary. Data of nonrepeated mea-
surements were analyzed by one-way ANOVAs. Differences in
the percent of animals showing certain behavior were tested with
Fisher’s exact probability or x2 test.

Results
Male Sexual Behavior. bERKO male mice were not different from
WT male mice in any aspects of male sexual behavior (Table 1;
Fig. 2 A and B). We found that bERKO male mice were not
deficient in either frequency or latency of mounts or intromis-
sions. The behavioral pattern of intromission (see Fig. 2 A) and
mean number of thrusts per intromission (Table 1) of bERKO
male mice were not different from those of WT male mice. In
both tests, bERKO male mice tended to show slightly higher
numbers of attempted mounts, mounts, and intromissions with
slightly shorter latencies. Only one mouse of each genotype
ejaculated during the second 30-min behavioral test. Ejaculation
latency and duration were similar between these two mice (Table
1, test 2). We confirmed that some bERKO male mice (at least
six of nine) successfully inseminated C57BLy6J female mice
within 20 days of continuous cohabitation. Female mice deliv-
ered 4–9 pups (7.1 6 0.5, mean 6 SEM) after 22–38 days (27.5 6
1.6) of cohabitation.

Male Aggressive Behavior. ERb gene disruption did not abolish
aggressive behavior in male mice. bERKO male mice exhibited
male-typical offensive attacks toward OBX male intruder mice
(see Fig. 2 C and D). Detailed analyses of male aggressive
behavior revealed that there were no overall genotype differ-
ences in cumulative duration of aggressive behavior (Fig. 3A) or
number of aggressive bouts with offensive attacks (Fig. 3C) and
in latencies to the first aggressive acts (Fig. 3B) or the first
offensive attack (Fig. 3D). However, interactions between ge-
notype and test days were significant in all four measurements
[cumulative duration of aggression, F(2,26) 5 5.05, P , 0.05;
latency to the first aggressive act, F(2,26) 5 14.29, P , 0.001;
number of attacks, F(2,26) 5 4.00, P , 0.05; latency to the first
attack, F(2,26) 5 15.98, P , 0.001]. bERKO male mice showed
similar levels of aggression with similar latencies throughout the
three aggression tests whereas WT male mice became more
aggressive with repetition of aggression tests. Post-hoc ANOVAs
revealed that bERKO male mice were more aggressive than WT
male mice in the first test, but comparable to WT in the second
and third tests. Duration and latency of sexual behavior toward
male intruder mice were not different between genotypes (Fig.
3 E and F).

Male Open-Field Behavior. Total locomotor activity measured as
total moving distance (Fig. 4A) and cumulative duration of
moving time (Fig. 4B) was not different between genotypes.
Activity in the center area (Fig. 4C) and time spent in the center
area (Fig. 4D), indications of fearfulness and emotionality, were
not different between bERKO and WT male mice.

Female Sexual Behavior. One bERKO and one WT female mouse
was inseminated during behavioral tests on the second day and
excluded from the study. Females’ responses to two males on
each test day were highly correlated (lordosis quotient, r 5 0.78,
P , 0.0001; receptivity score, r 5 0.88, P , 0.0001). Therefore,
we analyzed female responses to the first 10 mounts in each day
regardless of which stimulus male mouse was used. Data were
sorted according to the days of the estrous cycle (the day of
behavioral estrus was designated as day 1), regardless of the
calendar day of the tests. Lordosis quotient (Fig. 5A), the percent
of proceptiveystill posture (Fig. 5B), and receptivity score (Fig.

5C) then were averaged for each genotype. There were certain
significant genotype differences in the lordosis quotient
[F(1,36) 5 7.79, P , 0.01] and the receptivity score [F(1,36) 5
9.05, P , 0.01] and marginal differences in the percent of
proceptiveystill posture (P 5 0.079). bERKO showed slightly
higher levels of female sexual behavior compared with WT
female mice. Their receptivity was not significantly different
from WT female mice on the day of estrus. However, bERKO
females showed high sexual receptivity even on the day after
estrus and exhibited a proceptiveystill posture throughout the
cycle, whereas WT females were receptive only on the day of
estrus (interaction between genotype and estrous day of lordosis
quotient, P 5 0.056; percent of proceptiveystill posture, P 5
0.060).

Female Aggressive Behavior. Neither bERKO nor WT female
mice, regardless of the day of estrous cycle, showed aggressive
behavior toward female intruder mice.

Fig. 5. Genotype differences in female sexual behaviors. Female mice were
tested 4 consecutive days, and the data were sorted based on the days of
estrous cycle. Day 1 represents the day of behavioral estrus. Overall, bERKO
female mice showed higher levels of receptivity compared with WT female
mice as demonstrated in the lordosis quotient (A), the percent of procep-
tiveystill posture (B), and the receptivity score (C). They especially showed
higher levels of sexual behavior on the day after behavioral estrus (day 2). *,
P , 0.05 vs. WT.
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Discussion
In sexual and aggressive behavior tests in the present study,
bERKO male and female mice performed at least as well as their
respective WT controls. These results contrast markedly with
our previous findings in aERKO male and female mice and
highlight the importance of the classical ERa gene for the
facilitation of reproductive behaviors. Moreover, the present
findings in bERKO mice suggest that simultaneous activation of
ERb may not be essential for the regulation of reproductive
behaviors by estrogen through ERa-mediated mechanisms.

Unlike aERKO males, which are infertile (13, 16) with
reduced levels of intromissions and absence of ejaculation (15),
bERKO male mice are known to be fertile (10, 11). The present
study provides quantitative behavioral evidence to support the
normal fertility of male bERKO mice. In comparison to WT
male mice, bERKO male mice not only showed no sign of
deficiency in any aspects of male sexual behavioral profile, but
they also tended to show slightly higher levels of intromissions,
particularly in the first test (Table 1). We could not completely
exclude the possibility that bERKO male mice might actually be
more sexually active or aggressive (see below) than WT mice,
through unopposed ERa action. We assume that these behav-
ioral characteristics of bERKO male mice are not simply caused
by compensating mechanisms mediated by androgen receptor
although at present we do not have reportable circulating
testosterone levels from bERKO males. Whether bERKO male
mice actually may show different behavioral sensitivity to an-
drogen, however, needs to be determined in further studies using
gonadectomized and androgen-treated mice.

Male aggressive behavior was not abolished by the lack of the
ERb gene. bERKO male mice exhibited a variety of aggressive
behavioral acts, including offensive attacks (Fig. 2 C and D).
These findings differ dramatically from the almost complete
suppression of male typical offensive attacks in gonadally intact
aERKO male mice (14, 15). In addition, it should be noted that
during the very first tests of aggressive behaviors, bERKO males
had rather higher frequencies and lower latencies of aggression
than WT controls (Fig. 3). With increased fighting experience
(tests 2 and 3), however, these genotype differences disappeared
and were almost reversed in the third test. These data thus reveal
an important interaction between genotype and social experi-
ence with respect to aggressive behavior. Such dependencies
defy simplistic thinking about the relations between genes and

mammalian behaviors and add to the list of complex dependen-
cies in the emerging field of studies on geneybehavior relation-
ships (reviewed in ref. 23).

In the genetic male, estrogen actions in the brain during
development are important for the masculinization of certain
behaviors, even as hormone actions in adulthood more directly
activate these behaviors. The present results suggest that a
functional ERb gene is not essential for such masculinization, at
least as far as mating and aggressive behaviors are concerned. In
addition, there were no effects of ERb gene disruption in any
measurements of open-field activity, which is known to be
influenced by the presence or absence of neonatal brain ER
stimulation and found to be significantly elevated in male
aERKO mice compared with WT control mice.

We found that female bERKO mice showed no reduction of
sexual receptivity in terms of either the lordosis quotient or the
degree of lordosis responses, which was quite the opposite from
the complete abolition of lordosis behavior in gonadally intact
(6) as well as steroid-primed gonadectomized aERKO female
mice (5). In this respect, mating behavior results in the present
study are similar to those in the uterus, where hyperplasia after
estrogen administration is present in bERKO females as in WT
females (11). The normal performance of lordosis behavior in
bERKO females is, likewise, consonant with the neuroanatomi-
cal distribution of ERb, in which very little expression, if any, has
been found in the ventromedial nucleus of the hypothalamus (24,
25) where estrogen binding plays a critical role for the neural
circuit for this behavior (2).

The neuroanatomical distribution of ERb gene expression in
the telencephalon (7–9) favors the notion that this gene could be
involved in hormonal modulation of cognitive processes. It is
noted that the normal performances of a variety of natural
behaviors, including the normal levels of general locomotor
activity observed in the present study, provide a sort of control
to be compared with potential changes in learning or memory by
ERb gene disruption.
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