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Abstract
Environmental and social factors have important effects on aggressive behaviors. We examined the effect of reproductive experience on
aggression in a biparental species of mouse, Peromyscus californicus. Estrogens are important in mediating aggressive behavior so we also
examined estrogen receptor expression and c-fos for insights into possible mechanisms of regulation. Parental males were significantly more
aggressive than virgin males, but no significant differences in estrogen receptor alpha or beta expression were detected. Patterns of c-fos following
aggression tests suggested possible parallels with maternal aggression. Parental males had more c-fos positive cells in the medial amygdala, and
medial preoptic area relative to virgin males. The medial preoptic area is generally considered to be relatively less important for male-male
aggression in rodents, but is known to have increased activity in the context of maternal aggression. We also demonstrated through habituation–
dishabituation tests that parental males show exaggerated investigation responses to chemical cues from a male intruder, suggesting that
heightened sensory responses may contribute to increased parental aggression. These data suggest that, in biparental species, reproductive
experience leads to the onset of paternal aggression that may be analogous to maternal aggression.
© 2007 Elsevier Inc. All rights reserved.
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Introduction
Aggressive behavior is often considered to be a unitary process, but recent studies suggest that different physiological
processes regulate aggression in different contexts (Nelson and
Trainor, 2007). In humans, a distinction has been drawn between
impulsive aggression and instrumental aggression (Vitiello and
Stoff, 1997). Impulsive aggression is considered more spontaneous, and mediated by reduced serotonergic function (Blair,
2004; Manuck et al., 2006). In contrast, instrumental aggression
is thought to be more premeditated and more closely resemble
motivated behaviors (Berkowitz, 1993; Barratt et al., 1999),
suggesting a role for dopaminergic function. In female mammals, reproductive context has substantial effects on aggressive
behavior. In most mammalian species, females are less aggressive than males, but will become very aggressive after giving
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birth (Lonstein and Gammie, 2002). This increased parental
aggression is directed primarily at male intruders that could be
infanticidal. In rodents, this heightened aggression is maintained
with tactile stimulation from pups (Svare et al., 1980; Stern and
Kolunie, 1993). Patterns of neuronal activity (as inferred by
measuring immediate early gene expression) following maternal
aggression tests differ from those observed in resident–intruder
aggression tests in males (Gammie, 2005), suggesting that there
are differences in the neurobiological mechanisms regulating
aggression in these contexts. In a few biparental mammalian
species, males provide high levels of parental care to their
offspring. Whether males of these species display increased
aggression as parents has not been examined in detail.
In rats, estradiol facilitates the onset of maternal aggression
(Gandelman, 1980; Mayer and Rosenblatt, 1987), but in mice
estradiol inhibits the onset of maternal aggression (Ghiraldi
et al., 1993). These species differences parallel findings of
variable effects of estrogens on male aggression. In some
species estrogens increase male aggression, whereas estrogens
inhibit male aggression in other species (Trainor et al., 2006b).
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Estrogens can affect aggression in males because circulating
androgens can be converted to estrogens by aromatase present
in the brain. One possible mechanism for this intraspecies
variability could be differential activation of estrogen receptor
subtypes. Mammals have two estrogen receptor subtypes,
estrogen receptor α (ERα) and estrogen receptor β (ERβ). In
knock-out mouse studies, selective deletion of ERα decreases
male-male aggression (Ogawa et al., 1997; Scordalakes and
Rissman, 2003), whereas deletion of ERβ is usually associated
with increased male-male aggression (Ogawa et al., 1999;
Nomura et al., 2006). Another possible mechanism is that the
environment can regulate the molecular actions of estrogen
receptors. In Peromyscus polionotus, estrogens act rapidly to
increase aggression when males are housed in winter-like short
days (Trainor et al., 2007a), apparently via non-genomic
processes. When males are housed in summer-like long days,
estrogens act over a longer time frame to decrease aggression
(apparently via genomic action).
We examined the effects of reproductive experience on
aggressive behavior in California mice (P. californicus). Field
studies show that individuals of this species form monogamous
pairs (Ribble, 1991) and laboratory studies show that males
provide a high level of parental care to their pups (Gubernick
and Alberts, 1987; Bester-Meredith et al., 1999). We tested
virgin and parental males in resident–intruder aggression tests
to determine the presence of heightened aggression analogous
to maternal aggression in male parents. Because estrogens are
known to facilitate the onset of maternal aggression, we
examined ERα and ERβ immunoreactivity in virgin males and
parents. A previous study reported increased ERα in the MPOA
of maternal rats (Champagne et al., 2003), but no study has
examined whether ERα or ERβ expression changes with
parental experience in a biparental species. We also stained for
c-fos, an indirect marker of neuronal activity, following
aggression tests. To examine whether parents and virgin
males differed in their behavioral responses to intruders
(independent of aggressive behavior), we assessed responsiveness to intruder odors with a habituation–dishabituation test.
Methods
Animals
We used California mice (P. californicus) obtained from Dr. Catherine
Marler (University of Wisconsin, Madison, WI, USA). Males were individuallyhoused and provided with filtered tap water and Harlan Teklad 8640 food
(Madison, WI) ad libitum. All experimental procedures were approved by the
Ohio State University Institutional Animal Care and Use Committee and animals were maintained in accordance with the recommendations of the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

Effect of photoperiod on behavior and physiology
In experiment 1, half of the males were randomly assigned to be paired with a
female (parental, n = 6) and one half of the males remained sexually inexperienced (virgin, n = 7). Virgin males were singly housed through the duration of
the study. Field studies show that male P. californicus defend exclusive territories
(Ribble and Salvioni, 1990), which indicates that to a certain extent, single
housing approximates the social organization of young unpaired males in this
species. One week before behavioral testing, males were anesthetized with
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isoflurane and a blood sample was collected from the retroorbital sinus to measure
testosterone. Total testosterone was measured in plasma with a 125I testosterone
RIA kit (DSL-4100; Diagnostic Systems Laboratories, Webster, TX). The intraassay coefficient of variation was 2.8%. Hormone concentrations were not
normally distributed, and were log transformed for statistical analyses.
Parental males were allowed to breed with females and were not tested in
resident–intruder aggression tests until one litter had been weaned. All parental
males had pups between 5 and 8 days old when aggression tests were conducted.
Ten minutes before tests were conducted, the female and pups were removed
from the parental male's home cage. A sham removal was conducted with virgin
males. Resident–intruder tests were conducted 1 h after lights out (1500 EDT)
under dim red light. A group-housed, sexually inexperienced male intruder was
introduced into each resident's cage for 7 min. Observations were videotaped
and scored offline by an observer blind to treatment assignments. One hour after
aggression tests, residents were anesthetized with isoflurane and rapidly decapitated. This time course was chosen because previous studies have reported that
maximal c-fos expression occurs between 1 and 2 h after stimulation (Kovacs
and Sawchenko, 1996; Hoffman and Lyo, 2002). Brains were quickly removed
and fixed in 5% acrolein overnight at 4 °C. Brains were then transferred to 30%
sucrose for 24 h and frozen on dry ice for immunocytochemistry.
In experiment 2, a different set of parental (n = 6) and virgin males (n = 8)
were tested in habituation–dishabituation tests (Pankevich et al., 2004; Trainor
et al., 2007c). To collect urine from group-housed sexually inexperienced mice,
males were firmly gripped on the scruff of the neck and urine was collected into
centrifuge tubes. Urine was frozen at −20 °C and then individual samples were
thawed and diluted 1 to 10 in distilled water before testing. For the first three
trials (trials 1–3), 10 μL of distilled water was pipetted onto the center of a glass
slide and then transferred into the cage for a 2 min trial. As in experiment 1, all
parental males had raised one litter and were tested 5–7 days after the birth of a
second litter. Ten minutes before tests were conducted, the female and pups were
removed from the parental male's home cage. A sham removal was conducted
with virgin males. During each trial, the amount of time the mouse investigated
the drop was recorded. After the third trial with water, three additional trials
(trials 4–6) were conducted with 10 μL of diluted urine placed on a slide. For
each mouse, a fresh slide was used in every trial and the same diluted urine
sample was used for each of the last three trials.

Immunocytochemistry
Immunocytochemistry for ERα and ERβ was conducted as previously described (Trainor et al., 2007b) with brains from 6 parental males and 6 virgin
males. Briefly, brains were sectioned at 40 μm on a cryostat and free-floating
sections were then incubated in 1% sodium borohydride in 0.1 M phosphate
buffered saline (PBS) for 10 min. Sections were then rinsed in 20% normal goat
serum and 0.3% hydrogen peroxide in PBS for 20 min. Alternate sections were
incubated in either primary ERα antibody (C1355, Upstate Biotechnology,
concentration 1:20K), primary ERβ (D7N, Invitrogen, Carlsbad, CA, concentration 1:400), or primary c-fos (rabbit anti c-fos, Chemicon, Temecula, CA,
1:10K) in 1% normal goat serum in 0.5% PBS + triton X (PBS TX) for 40 h at
4 °C. Sections were rinsed in PBS, and incubated for 2 h with biotinylated goatanti-rabbit antibody (Vector Laboratories, Burlingame, CA, 1:500) in PBS + TX.
The sections were rinsed in PBS and then incubated for 30 min in avidin-biotin
complex (ABC Elite kit, Vector Laboratories). After rinses in PBS, the sections
were developed in hydrogen peroxide and diaminobenzidine for 2 min. Sections
were mounted on gel-coated slides, dehydrated and coversliped. We used a
Nikon E800 microscope to capture representative photomicrographs of each of
the following brain areas using a mouse brain atlas (Paxinos and Franklin, 2002):
ventral lateral septum (LS, bregma 0.26), posterior BNST (bregma 0.02), medial
preoptic area (mPOA, bregma 0.02), ventrolateral ventromedial hypothalamus
(VMH, bregma −1.70), paraventricular nucleus (PVN, bregma − 1.22), posteroventral amygdala (pvMEA, bregma, − 1.82), and posterodorsal amygdala
(pdMEA bregma − 1.82). In these areas, the number of ER and c-fos positive
immunoreactive (-ir) cells was counted using Image J (NIMH, Bethesda, MD) by
an observer unaware of treatment assignments. We counted the number of cells in
a box in the MPOA (l × w, 250 × 400 μm), LS (480 × 330 μm), BNST (350 ×
500 μm), PVN, (480 × 330 μm), pdMEA (450 × 450 μm), and pvMEA (450 ×
450 μm) similar to our previous study quantifying estrogen receptor expression
in P. polionotus and P. maniculatus (Trainor et al., 2007b). In the VMH, the

Author's personal copy

202

B.C. Trainor et al. / Hormones and Behavior 53 (2008) 200–207

Fig. 1. Aggressive behaviors in male virgin and parental California mice tested
in resident–intruder aggression tests. Ten minutes before testing, dams and pups
were removed from cages of parental males and a sham removal was conducted
with virgin males. ⁎p b 0.05, ⁎⁎p b 0.01.

number of ERα and c-fos positive cells in a circle with a radius of 180 μm was
counted. The distributions of estrogen receptors and c-fos were homogenous in
these areas. Our box sizes are similar to those used in previous studies that have
quantified steroid receptors in hypothalamic and limbic brain areas (Lonstein
et al., 2000; Scordalakes et al., 2002; Chung et al., 2006) and immediate early
gene expression in the brain (Kollack-Walker and Newman, 1995; Gammie and
Nelson, 2001).

Statistics
We used independent t-tests to compare biting behavior, testosterone ERα,
ERβ, and c-fos expression. There was heterogeneous variance in attack latency
scores, so we used a Mann–Whitney test to compare virgin and parental mice.
We also used Spearman correlations to examine correlations between aggressive
behaviors and neurobiological data. In experiment 1, the aggressive behavior
data and cell counts from the virgin males in this study are also analyzed (as long
day males) in the accompanying manuscript examining the effect of photoperiod
on aggression and estrogen receptor expression (Trainor et al., 2008-this issue).
For data from habituation–dishabituation tests, we used paired t-tests to make
comparisons within each experimental group and independent t-tests to make
comparisons between experimental groups. Mean differences were considered
statistically significant when p ≤ 0.05.

Results
Parental males bit intruders more frequently than virgin males
(Fig. 1, t10 = 3.33, p b 0.01) and had significantly shorter attack
latencies (Fig. 1, Mann–Whitney U = 45, p b 0.02). There were
no significant differences in ERα expression in the LS, BNST,
PVN, VMH, or pdMEA (Fig. 2, all ps N 0.1). In the MPOA,
parental males had fewer ERα positive cells than virgins but this
difference was not significant (t10 = 1.8, p = 0.1). There were no
significant differences in the number of ERβ positive cells in the
BNST, MPOA, PVN, or pdMEA (Fig. 2, all ps N 0.18). There
was no significant difference (t12 = 1.8, p = 0.1) in baseline plasma testosterone between virgin (mean ± standard error, 0.15 ±
0.04 ng/mL) and parental males (0.27 ± 0.05 ng/mL).

Fig. 2. Counts of cells (per mm2) stained positive for estrogen receptor alpha,
estrogen receptor beta, or c-fos in virgin and parental mice. (A) Lateral septum
(LS), (B) bed nucleus of the stria terminalis (BNST), (C) medial preoptic area
(MPOA), (D) paraventricular nucleus (PVN), (E) posterodorsal amygdala
(pdMEA) n = 6 per group. ⁎⁎p b 0.01 effect of treatment group.
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Parental males had significantly more c-fos positive cells in
the MPOA (Figs. 2C, 3A, B, t10 = 3.29, p b 0.01), pdMEA
(Figs. 2E, 3E, F, t10 = 2.92, p = 0.01), and pvMEA (virgins 124 ±
23, parents 221 ± 34, t10 = 2.40, p b 0.05). There was a nonsignificant trend for parental males expressing more c-fos
positive cells than virgins in the VMH (virgins 101 ± 11, parents
135 ± 13, Fig. 3C, D, t10 = 2.23, p = 0.06). There were no significant differences in c-fos expression in the LS, BNST, PVN,
or AHA.
Group differences in c-fos in the pdMEA and MPOA were
reflected in correlations with behavior. In the pdMEA, c-fos was
positively correlated with number of bites (Fig. 4E, ρ = 0.59,
p b 0.05) and negatively correlated with attack latency (Fig. 4F,
ρ = − 0.58, p b 0.05). Likewise, in the MPOA c-fos was positively
correlated with number of bites (Fig. 4A, ρ = 0.61, p b 0.05) and
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negatively correlated with attack latency (Fig. 4B, ρ = − 0.81,
p b 0.01). Significant correlations between biting (Fig. 4C, ρ =
0.71, p b 0.01) and attack latency (Fig. 4D, ρ = − 0.6, p b 0.01)
were also observed in the VMH. Aggressive behaviors were not
significantly correlated with c-fos, ERα, or ERβ in any other
brain area.
In habituation–dishabituation tests (Fig. 5), both virgin
(trial 3–trial 1, paired t7 = 3.7, p b 0.01) and parental (paired
t5 = 3.1, p b 0.05) males showed habituation responses to presentations of water drops, and both virgin (trial 4–trial 3, paired
t7 = 5.3, p b 0.001) and parental (paired t5 = 4.2, p b 0.01) males
showed a significant increase in investigation time to the first
presentation of urine from an intruder. However, male parents
spent twice as much time as virgin males investigating the
intruder urine in the fourth trial (trial 4, independent t12 = 2.4,

Fig. 3. Photomicrographs of c-fos positive cells in male virgin (A, C, E) and parental California mice (B, D, F) in the medial preoptic area (A, B), ventromedial
hypothalamus (C, D), and posterodorsal amygdala (E, F). Scale bar = 100 μm.
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Fig. 4. Non-parametric correlations between c-fos positive cells per mm2 and aggressive behaviors in resident–intruder aggression tests. Correlations between bites
in resident–intruder tests and c-fos in the (A) MPOA, (C) VMH, and (E) and pdMEA. Correlations between attack latency in resident intruder tests and c-fos in the (B)
MPOA, (D) VMH, and (F) pdMEA.

p b 0.05) and continued to show a stronger response in the fifth
trial (trial 5, independent t12 = 2.4, p b 0.05). Virgin and parental
males did not differ in trial 6.

Fig. 5. Results from habituation–dishabituation tests. In the first three trials,
each mouse was presented with a 10 μL drop of water on a glass slide for 2 min.
Both virgin (n = 8) and parental males (n = 6) habituated to this stimulus by trial 3
(with reduced investigation of the water droplet). In trials 4–6, each mouse was
presented with a 10 μL drop of diluted urine from an unfamiliar group-housed
virgin male. Both virgin and parental males responded with increased investigation in trial 4. Parental males investigated the diluted urine significantly more
than virgin males in trials 4 and 5, indicating a stronger behavioral response to
the chemical stimulus of an intruder. ⁎p b 0.05 parental vs. virgin males.

Discussion
Many studies have demonstrated that female aggression
toward males (maternal aggression) is increased following the
birth of offspring. In biparental California mice, we demonstrated that parental males substantially increased aggressive
behavior compared to virgin males. Increased aggression was
not associated with changes in ERα or ERβ expression in the
brain, suggesting that changes in the nuclear expression of these
receptors in the hypothalamus and limbic system do not mediate
this dramatic behavioral change. Analyses of c-fos expression in
parental males suggest that there may be important parallels
with previously described neural pathways of maternal aggression. Parental males had increased c-fos expression in the
MPOA, VMH, pdMEA, and pvMEA. These brain areas all
express c-fos in the context of maternal aggression (Gammie,
2005). The MEA and VMH are known to be important sensory
integration nuclei and one possible explanation for our results is
that increased c-fos expression in parental males might reflect
stronger sensory responses to intruder stimuli. Indeed, parental
males investigated chemical stimuli of intruders significantly
longer than virgin males. An alternative explanation is that
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increased c-fos expression in parental males is a consequence of
increased aggressive behavior. Further study will be needed to
determine the extents to which responses to intruder stimuli and
aggressive behavior contribute to the expression of c-fos in
parental males. However, these results clearly suggest that
mechanisms of maternal aggression may be functional in males
of biparental species.
In the current study, male parents had increased c-fos expression in the MPOA. Most studies of male–male aggression
have suggested that the role of the MPOA is reduced compared
to other nuclei such as the anterior hypothalamus (Albert et al.,
1992; Newman, 1999; Delville et al., 2000; Trainor et al.,
2006a), and sexually inexperienced female California mice do
not express increased c-fos in the MPOA following aggression
tests (Davis and Marler, 2004). However, very few studies have
examined sexually experienced or parental males. The MPOA
has a critical role in the facilitation of reproductive behaviors
including mating and parental care (Bridges, 1996; Lee and
Brown, 2002; Numan, 2007). Several studies have demonstrated increased c-fos in the MPOA following maternal aggression
tests (Gammie and Nelson, 1999, 2001; Hasen and Gammie,
2005) and in California mice, male aggression is positively
correlated with male parental behavior (Trainor and Marler,
2001). Collectively, these data suggest that aggression-induced
c-fos in the MPOA of parental rodents may reflect communication of information on reproductive status to other brain areas
that mediate aggressive behavior.
Before sensory information is received by the MPOA, it is
processed by the medial amygdala (MEA). The MEA receives
information from the accessory olfactory bulbs and this information is then sent to a several hypothalamic nuclei including
the BNST, anterior hypothalamus, VMH, and MPOA (Simerly
and Swanson, 1986; Coolen and Wood, 1998). Lesions of the
MEA inhibit male–male aggression (Vochteloo and Koolhaas,
1987), presumably by reducing stimulation of brain areas that
promote aggression. Lesions of the MEA facilitate the onset of
maternal behavior in virgin female rats that typically avoid or
even kill pups (Fleming et al., 1980; Numan et al., 1993). The
role of the MEA after the onset of maternal aggression is less
clear. Expression of c-fos is increased in the MEA during
maternal aggression in mice (Gammie and Nelson, 2001;
Popeski and Woodside, 2004; Hasen and Gammie, 2005), and
we also observed increased c-fos in the pvMEA and pdMEA in
parental males compared to virgins. Thus although the MEA has
inhibitory effects on parental behavior, it may also play an
important role in the facilitation of increased aggression in
parents. In experiment 2, we observed that parental males
showed stronger olfactory investigation responses to intruder
odors compared to virgin males. It is unlikely that this response
is due to differences in responses to novelty, because there were
no significant differences between virgin and parental males in
trials 1–3, when mice were first introduced to the glass slides
containing a water droplet. These data suggest that parental
males have a stronger behavioral response to intruder cues that
could contribute to increased c-fos expression in brain areas
such as pdMEA, although further study is needed to test this
hypothesis directly.
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Increased expression of c-fos was also observed in the
ventrolateral VMH. This observation is consistent with previous
studies that reported aggression-induced c-fos primarily in the
lateral, but not medial aspects of the VMH (Kollack-Walker and
Newman, 1995; Delville et al., 2000; Davis and Marler, 2004).
The dorsomedial VMH inhibits the onset of maternal behaviors
(Sheehan et al., 2001; Mann and Babb, 2004), but the role of the
ventrolateral VMH is less clear. It has been hypothesized that
neuronal activity in the VMH and MEA could transiently inhibit
parental behaviors and simultaneously facilitate aggressive
behaviors (Gammie, 2005). Our data suggest that a similar
neural mechanism may be present in male parental California
mice.
We examined the expression of ERα and ERβ because
estrogens are known to regulate aggression in Peromyscus and
selective deletion of the two receptors in Mus affects aggression
(Ogawa et al., 2006). There were no differences in ERα or ERβ
between virgin and parental males, suggesting increased aggression in parental males is not mediated by changes in receptor
expression. This does not, however, preclude changes in how
estrogens regulate aggression. California mice housed in short
days (8L:16D) are more aggressive than males housed in long
days (16L:8D) despite a lack of differences in ERα or ERβ
expression in the brain (Trainor et al., 2008-this issue).
Estrogens decrease aggression in long days (Trainor et al.,
2004) and increase aggression in short days in male California
mice (Trainor et al. 2008-this issue). Similar results have been
reported in beach mice (P. polionotus), and this photoperiodestrogen interaction appears to be mediated by different
pathways that are activated by estrogen receptors (Trainor
et al., 2007a). Further study is needed to determine if estrogens
differentially regulate aggression in parental and virgin males.
One confounding factoring in this study is that virgin males
were individually housed whereas parental males were pairhoused until 10 min before testing. Typically individual housing
in rodents results in increased aggression instead of the lower
aggression we observed in virgin males. Furthermore, aggressive behavior observed in individually housed California mice
is comparable to parents if males are singly housed in short-day
photoperiods (8L:16D, Trainor et al., 2008-this issue). This
suggests that individual housing per se does not inhibit
aggression, although further study will be needed to conclusively settle this question. Field studies suggest that unpaired
males have little social contact with other males (Ribble and
Salvioni, 1990), but cohabitation with a female likely has
important effects on affective states influenced by the
hypothalamic-pituitary-adrenal axis. For example, individually-housed male California mice have increased plasma
corticosterone concentrations compared to males housed with
an ovariectomized female behind a wire barrier (Glasper and
DeVries, 2004). An additional consequence of social contact
with females is the potential for pair bonding. One day after
mating and pair bonding with a female, male prairie voles
exhibit increased aggression toward male intruders (Getz et al.,
1981), a process that is facilitated by changes in vasopressin
(Winslow et al., 1993) and dopamine (Aragona et al., 2006).
Future studies are necessary to dissect the exact contribution of
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mating and pups on aggressive behavior in California mice.
We also did not observe a difference between virgin and
parental males in baseline testosterone. A previous study in
P. californicus also reported no significant difference in
testosterone between virgin and parental males (Trainor et al.,
2003). Although a decrease in male testosterone is associated
with the birth of offspring in many biparental mammals (Brown
et al., 1995; Reburn and Wynne-Edward, 1999; Storey et al.,
2000), this is almost always compared to a relative increase in
testosterone immediately before parturition.
Our data indicate that aggression in male parents shares some
interesting similarities with previous reports on maternal aggression. In particular, increased c-fos expression in the MPOA
of male parents suggests this brain area conveys important
information on reproductive state to other brain areas controlling aggression. We also demonstrated that male parents show
stronger and more extensive behavioral responses to olfactory
cues from intruders, suggesting that the increased aggressive
responses may be mediated in part by stronger sensory responses to odors of male intruders. These data suggest that in
biparental species the reproductive status of males has distinct
physiological effects on aggressive behavior.
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