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Hormones associated with pregnancy and parturition have been implicated in facilitating the onset of mater-
nal behavior via reductions in neophobia, anxiety, and stress responsiveness. To determine whether the onset
of paternal behavior has similar associations in biparental male California mice (Peromyscus californicus), we
compared paternal responsiveness, neophobia (novel-object test), and anxiety-like behavior (elevated plus
maze, EPM) in isolated virgins (housed alone), paired virgins (housed with another male), expectant fathers
(housed with pregnant pairmate), and new fathers (housed with pairmate and pups). Corticotropin-
releasing hormone (CRH) and Fos immunoreactivity (IR) were quantified in brain tissues following exposure
to a predator-odor stressor or under baseline conditions. New fathers showed lower anxiety-like behavior
than expectant fathers and isolated virgins in EPM tests. In all housing conditions, stress elevated Fos-IR in
the hypothalamic paraventricular nucleus (PVN). Social isolation reduced overall (baseline and stress-
induced) Fos- and colocalized Fos/CRH-IR, and increased overall CRH-IR, in the PVN. In the central nucleus
of the amygdala, social isolation increased stress-induced CRH-IR and decreased stress-induced activation
of CRH neurons. Across all housing conditions, paternally behaving males displayed more anxiety-related be-
havior than nonpaternal males in the EPM, but showed no differences in CRH- or Fos-IR. Finally, the latency to
engage in paternal behavior was positively correlated with the latency to approach a novel object. These re-
sults suggest that being a new father does not reduce anxiety, neophobia, or neural stress responsiveness.
Low levels of neophobia, however, were associated with, but not necessary for paternal responsiveness.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Maternal behavior in lactating rats is associated with reduced
fearfulness, anxiety, and stress responsiveness [1–7]. In contrast to
lactating dams, virgin female rats avoid and are fearful of unfamiliar
pups due to the aversive properties of the infants' odors and vocaliza-
tions [1,8,9]. As would be expected, inhibiting the neural circuitry
mediating fear and avoidance, as well as the neural pathways pro-
cessing olfactory stimuli, facilitates the onset of maternal behavior
in virgin female rats [8,10–12]. Under natural conditions, inhibition
of the fear/avoidance circuitry is most likely mediated by the high
; PVN, paraventricular nucleus
inalis; CeA, central nucleus of
munoreactiv(e)(ity); Fos-IR, Fos
H immunoreactiv(e)(ity); ACTH,
levated plus maze.
ogram, 3391 Spieth Hall, Uni-
USA. Tel.: +1 951 827 5929;

egensburg, 93053 Regensburg,

rights reserved.
estrogen:progesterone ratio and the elevated central concentrations
of prolactin and oxytocin found during the peripartum and postpar-
tum periods [9,12–14].

Maternal hormones also serve to downregulate stress reactivity in
postpartum females. In several species, the hormonal and neuronal
changes occurring at parturition and lactation are accompanied by
profoundly reduced behavioral and neural responses to stress. Com-
pared to virgin females, for example, lactating female rats show a
blunted stress-induced activation of the hypothalamo-pituitary-
adrenal (HPA) axis, manifest in reduced synthesis and release of
corticotropin-releasing hormone (CRH) from the paraventricular nu-
cleus of the hypothalamus, adrenocorticotropic hormone (ACTH)
from the anterior pituitary, and glucocorticoids from the adrenal
glands [6,15–21]. These changes are accompanied by attenuated
levels of anxiety and fear in comparison to virgin females [1–6,22].
The function of lactational stress hyporesponsiveness is unknown.
However, as anxiety and neophobia are associated with pup-
avoidance behaviors in virgin females [1,9,11,23], it is likely that
lactational hyporesponsiveness facilitates the onset of maternal
behavior.

Spontaneous paternal behavior by males occurs in approximately
6% of mammalian species, including humans [9,24]. Little is known
about the neuronal or endocrine mechanisms underlying the onset
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and maintenance of paternal behavior, or its associations with stress
responsiveness. The recent literature on the mechanistic basis of pa-
ternal behavior has implicated the bed nucleus of the stria terminalis
(BnST), lateral habenula, medial amygdala, nucleus accumbens, and,
most prominently, the medial preoptic area (mPOA) [25–29]. These
findings correspond, in part, to findings in female rats, which showed
that the BnST, mPOA, and nucleus accumbens are important for the
expression of maternal behavior [12] in response to visual, auditory,
and olfactory cues from pups. Similarly, several of the hormones
and neuropeptides that influence the expression of maternal behavior
have also been implicated in activating (estrogen, prolactin, oxytocin)
or inhibiting (progesterone) paternal behavior [30–34].

It is unknown whether these similarities in the neural and hor-
monal mechanisms controlling maternal and paternal behavior ex-
tend to the relationship between reduced stress responsiveness and
the onset of parental behavior. In females, the onset of maternal be-
havior requires the suppression of fear and avoidance responses
when exposed to pup sounds and odors [12]. Once the females are
attracted to pup stimuli, maternal responses are initiated. Similar
mechanisms could be employed in males. Initial studies of the mo-
nogamous, biparental California mouse (Peromyscus californicus) sug-
gest that paternal experience is associated with changes in anxiety-
related behavior [35] and behavioral responses to acute stress [36],
but does not markedly affect the corticosterone response to acute
stress [36]; however, no studies have attempted to elucidate the
role that anxiety and stress responsiveness may play in the onset
and maintenance of paternal behavior, and it is unknown whether
engaging in paternal behavior is either a consequence or a cause of re-
duced behavioral and neural stress responses.

We therefore tested two hypotheses, which are not mutually
exclusive:

1) Parental status influences stress responsiveness and emotionality
in males. Specifically, fatherhood reduces neophobia, anxiety-like
behavior, and neural responses to stress.

2) Individual differences in stress responsiveness and/or emotionality
are associated with individual differences in paternal responsive-
ness. Specifically, males that show spontaneous paternal behavior
toward a foster pup exhibit less neophobia, less anxiety-related be-
havior, and smaller neural responses to stress, as compared tomales
that do not behave paternally.

To test these hypotheses, we characterized behavioral responses
to a foster pup, neophobia, anxiety-like behavior, and neural stress re-
sponsiveness in males that were housed (1) with a pregnant/lactating
pairmate and pups, (2) with a female pairmate that was pregnant for
the first time, (3) with a same-sex pairmate, or (4) individually. This
design allowed us to disentangle effects of fatherhood from potential
effects of copulatory experience and cues from a pregnant female, as
well as effects of social housing in general, on behavioral and neural
stress responsiveness. We performed paternal-behavior, novel-
object, and elevated-plus-maze tests to characterize paternal respon-
siveness, neophobia, and anxiety, respectively, and predator-urine
exposure was used as an ethologically relevant stressor to character-
ize behavioral and neural (CRH, Fos) responses to stress.

2. Methods

2.1. Animals

We used 70 male and 36 female California mice, descendants of
males and females that were purchased as adults from the Peromyscus
Genetic Stock Center (University of South Carolina, Columbia, SC, USA).
Mice were housed in 44×24×20 cm polycarbonate cages containing
aspen shavings for bedding and cotton wool for nesting material, with
food (Purina Rodent Chow 5001) and water available ad libitum. Light-
ing was on a 14:10 cycle, with lights on from 0500 h to 1900 h, room
temperature at 18–26 °C, and humidity at 60–70%. At 27–33 days of
age, prior to the birth of the next litter of siblings, animals were ear-
punched for identification, removed from their parents' cage, and
housed in groups of four same-sex, age-matched cagemates until the
start of the study. Animals were inspected daily, and cages and water
bottles were changed once per week. Beginning at the time of pair for-
mation or isolation (see Section 2.2), mice were weighed twice per
week to monitor health and pregnancies and to habituate the animals
to handling. At least 2 days elapsed between cage-changing and any ex-
perimental procedures. All procedures were conducted in accordance
with the Guide for the Care and Use of Laboratory Animals and were
reviewed and approved by the University of California, Riverside
(UCR) Institutional Animal Care and Use Committee. UCR is fully
accredited by the Association for Assessment and Accreditation of Lab-
oratory Animal Care.
2.2. Experimental design

At 105.4±2.1 (mean±SE) days of age, male California mice were
randomly assigned to four housing conditions. New fathers (N=18)
were housed with a female pairmate and underwent data collection
following the birth of their first litter; expectant fathers (N=18)
were housed with a female pairmate and underwent data collection
when the female was pregnant with their first litter; paired virgins
(N=16) were housed with an unrelated male; and isolated virgins
(N=18) were housed alone for the duration of the study. Each
experimental animal underwent a series of behavioral tests (see
Sections 2.3–2.5 below) at intervals of 24–48 h. First, each male was
exposed to a foster pup in a paternal-behavior test, followed
29–31 h later by exposure to a novel object, and subsequently,
24–26 h later by an elevated-plus-maze (EPM) test. Approximately
19 h following EPM tests, animals were perfused transcardially and
brains were collected (see Section 2.6 below for details). Within
each housing condition, approximately half of the males were eutha-
nized following exposure to an acute stressor, and the other half were
left undisturbed prior to perfusion.

Mice underwent the experimental procedures in cohorts consisting
of age-matchedmales in the new father, expectant father, paired virgin,
and isolated virgin conditions. Female pairmates of males in the new
father group gave birth to litters of 1–3 pups 41.6±2.2 (mean±SE)
days following pair formation (litter size for this species typically ranges
from1 to 4 pups [37]).Wedid not attempt to standardize the number of
pups remaining in each litter, due to the small range of litter sizes. New
fathers underwent their first behavioral test, the paternal-behavior test,
2–3 days following the birth of their first litter of pups. The start of be-
havioral testing for all other groups was based on the number of days
from pair formation to the onset of testing in the new father group
(44.3±2.1 days). Animals were weighed twice per week beginning
3.3±2.0 days following pair formation (new fathers, expectant fathers,
and paired virgins) or isolation (isolated virgins). Neither mean age at
the time of the paternal-behavior test (146.5±2.2 days) nor duration
of the period of biweekly weighing (38.5±1.9 days) differed among
the four housing conditions (age at paternal test: F [3,69]=2.039,
P=0.117; duration of weighing period: F [3,69]=0.731, P=0.537).

Female pairmates of new fathers and expectant fathers were eu-
thanized after the males were removed from their cages for perfu-
sion; their uterine horns were dissected out, and wet weights were
obtained. Females were classified as pregnant following visual identi-
fication of embryos within uterine embryo sacs. Pregnant females had
uterine horns weighing a total of 2.4±0.6 g, compared to a previous-
ly identified nonpregnant weight of 0.001±0.0 g (t [22]=2.141,
P=0.044) typically found in virgin females (unpub data). The specific
stage of pregnancy, however, was not determined. Males in the ex-
pectant father condition whose mates were not confirmed as preg-
nant were omitted from data analysis.
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2.3. Paternal-behavior tests

Paternal-behavior tests were carried out as described previously
[26,27]. Briefly, the tests were performed between 1000 h and
1200 h, during the light phase, in which California mice typically en-
gage in a high degree of paternal behavior [38]. Each male was re-
moved from its home cage and placed in a clean cage containing
bedding and cotton nesting material. The mouse, in its cage, was
then carried to a separate room and allowed to habituate for
10 min. An unrelated pup, age 1–4 days, was placed in the corner of
the cage furthest from the male. Mice were videotaped for the dura-
tion of the 10-min test, after which the male and pup were immedi-
ately returned to their respective home cages. In five tests (N=3
isolated virgin males, 2 paired virgin males), experimental males
attacked stimulus pups. These tests were terminated immediately fol-
lowing initiation of the attacks, and the pups were euthanized with
pentobarbital (ca. 200–300 mg/kg ip; Fatal-Plus, Vortech Pharmaceu-
ticals, Dearborn, MI, USA).

For paternal-behavior tests as well as all other behavioral tests,
behavioral measures were scored from videotapes by an observer
blind to the housing condition, using the event-recorder program
JWatcher [39]. For paternal-behavior tests, latencies to approach the
foster pup, huddle the foster pup, and engage in paternal behavior
(i.e., lick, huddle, or mouth-carry the foster pup), and duration of
time spent mouth-carrying, sniffing, licking, huddling the pup, in ky-
phosis and nest-building were scored as previously described [26,27].

2.4. Novel-object tests

Novel-object tests took place in the colony room between 1630 h
and 1830 h, nearing the start of the dark phase, when the mice
begin to increase their physical activity (unpub data). Each male's
cagemate(s) were removed from the home cage, and 5 min later a
stainless steel, wire-mesh tea-ball (diameter: 8 cm) was placed in
the corner of the cage furthest from the mouse. Behavioral responses
to the novel object were recorded on videotape for the duration of the
5-min test. Immediately following testing, the male was reunited
with its cagemate(s) in the home cage. Behavioral parameters scored
included latency to approach to within 2 cm of the novel object, as
well as duration of time spent sniffing and touching the novel object,
and duration of rearing behavior.

2.5. Elevated-plus-maze (EPM) tests

EPM tests were conducted between 1630 h and 1830 h in an unfa-
miliar room. The EPM apparatus was constructed from dark, opaque
polycarbonate material and consisted of two open arms (51×9 cm)
and two closed arms (51×9×20 cm), raised 1 m above the floor. A
lamp containing a 60 W bulb was placed directly above the center
of the apparatus to provide even illumination to all arms. Each exper-
imental male was removed from its home cage in the colony room,
carried in a small container to the unfamiliar room, and then placed
in the center of the maze, facing an open arm as per the protocol of
Walf and Frye [40]. Mice were videotaped in the EPM for 5 min,
after which they were reunited with their cagemates. Behaviors
scored in JWatcher included number and duration of open-arm,
closed-arm and EPM center entries; duration of time spent immobile;
and number of fecal boli expelled and head dips over the edges of the
open arms. It should be noted that the EPM test has not been validat-
ed as a measure of anxiety-like behavior in California mice; therefore,
results must be interpreted with caution.

2.6. Predator-urine exposure

At 1000–1100 h, animals assigned to the stress condition, alongwith
their cagemate(s), were carried in their home cage to an unfamiliar
room and allowed to habituate for 2 h. A plastic cup containing a cotton
ball soaked with 1 mL coyote urine (PredatorPee.com, Lexington Out-
doors, Robbinston, ME, USA) was placed in a corner of the cage for
5 min and then removed; this procedure elicits rapid andmarked eleva-
tions in plasma corticosterone concentrations in California mice [36].
Animals in the undisturbed condition were left undisturbed in their
home cage in the colony room. One hour following the end of
predator-odor exposure for stressed mice, or between 1200 h and
1300 h for undisturbed mice, males were deeply anesthetized with
pentobarbital (ca. 200–300 mg/kg, ip), followed by transcardial perfu-
sion with 0.1 M phosphate-buffered saline and later, 4% paraformalde-
hyde. This time point was utilized as Fos, CRH, and Fos/CRH
expression are regularly assessed 1–2 h following stress exposure
[41–44]. Brainswere processed for immunohistochemistry as described
below (Section 2.7).

2.7. Fos and CRH immunohistochemistry

Immunohistochemistry was performed as described previously
[26,27]. Briefly, brains were sliced into 30 μm coronal sections on a
cryostat and collected in five series. Brain slices in one series were
double-stained for Fos and CRH. All slices from the series were incu-
bated overnight with rabbit-anti-Fos antibody (sc-253, 1:5000,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed by
donkey-anti-rabbit second antibody (1:1500; Jackson Immuno-
Research Laboratories, West Grove, PA, USA), then stained with
3,3′-diaminobenzidine (DAB) and ammonium nickel sulfate in order
to mark Fos-positive cells as blue-black in color. To achieve Fos and
CRH colocalization, the brain slices were later incubated overnight
with goat-anti-CRH (1:500; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA), followed by the donkey-anti-goat second antibody
(1:1500; Jackson ImmunoResearch, West Grove, PA, USA) and stained
with DAB, but without ammonium nickel sulfate. This resulted in a
brown cytoplasmic staining that was distinguishable from the blue-
black nuclear Fos staining. Individual brain sections were then
mounted on gelatin/chrome-alum-coated glass slides, dehydrated,
cleared in ethanol and xylene, embedded in entellan (EMS, Hatfield,
PA, USA), and coverslipped.

2.8. Quantification of immunoreactivity

Due to the absence of a P. californicus brain atlas, the Mouse Brain
in Stereotaxic Coordinates [45] for the neuroanatomically similar
C57BL/J6 mouse was used to locate relevant brain areas [26]. Bregma
levels in the text refer to levels specified in the atlas, and not actual
Bregma levels in P. californicus. For the quantification of Fos-, CRH-
and colocalized Fos/CRH-immunoreactivity (Fos-IR, CRH-IR, and Fos/
CRH-IR, respectively), brain areas were selected based on their
known functions and associations with stress responsiveness and
anxiety [46,47]: the bed nucleus of the stria terminalis (BnST,
mouse Bregma level +0.14), paraventricular nucleus of the hypothal-
amus (PVN, mouse Bregma level −0.82), and central nucleus of the
amygdala (CeA, mouse Bregma level −1.46).

Standardized digital photographs of each brain area, as well as a
millimeter scale, were taken at a magnification of 20× with a digital
camera (Canon EOS-40D) mounted on a microscope (Leica Leitz
DMRB). Using image analysis software (GNU Image Manipulation
Program, Version 2.6, GIMP), a grid of lines equivalent to
0.2×0.2 mm was placed in each photograph so that it contained ei-
ther all or the majority of immunoreactive neurons in the selected
area. Numbers of Fos-positive (but not CRH-positive) neurons as
well as numbers of CRH-positive and Fos/CRH-colocalized neurons
within the square were counted manually by an observer blind to
identity, housing condition, and stress condition of the mice. Data
for Fos- and CRH-positive cells are expressed as counts/200 μm2,
while data for Fos/CRH-colocalized neurons are expressed as the



68 M. Chauke et al. / Physiology & Behavior 107 (2012) 65–75
percentage of Fos-positive CRH neurons out of the total number of
CRH neurons/200 μm2.

The BnST and CeA showed higher densities of CRH-IR than the
PVN, such that the vast majority of neurons counted in these two re-
gions possessed either CRH-IR or Fos/CRH colocalization. Analysis of
colocalization in the PVN was therefore based on the quantification
of Fos-immunoreactive cells within CRH cell bodies, and for the CeA
and BnST, colocalized cells were defined as those in which Fos-
positive cells appeared to be immersed in CRH-rich regions.

2.9. Statistical analyses

The litters of two of the new fathers died before the end of data
collection; in these cases, we used only those data that were collected
prior to the death of the pups. Data from these males were compara-
ble to those from other new fathers. In the expectant father group,
three of the female pairmates gave birth prior to the completion of
behavioral tests and brain collection. For the males in these pairs,
we used only those data that were collected before their pairmates
gave birth. Again, data from these males were comparable to those
from other expectant fathers.

Behavioral and immunohistochemical data were analyzed using
the Statistical Package for the Social Sciences (SPSS) v. 16.0 (IBM Cor-
poration, Armonk, NY, USA). Variables were tested for normality
using Levene's test for homogeneity of variance and the Skewness–
Kurtosis test. Behavioral data were not normally distributed even
after transformation (due to large numbers of zero values) and there-
fore were analyzed using nonparametric tests. Behavioral scores from
paternal-behavior, novel-object, and EPM tests were compared
among males in the four housing conditions using Kruskal–Wallis
tests, and significant (Pb0.0230; see below) effects were followed
by nonparametric post hoc pairwise comparisons [48].

To characterize paternal responsiveness in the paternal-behavior
test, for each male we calculated a composite score of total time
spent engaging in licking, huddling, kyphosis, nest-building, and
mouth-carrying (i.e., full paternal behavior). Each male spent either
b1.0% or >20.0% of the 10-min test engaging in full paternal behavior
(see Results Section 3.1). Therefore, we categorized each male as
being “paternal” or “nonpaternal” based on whether or not it engaged
in full paternal behavior for more than 20% of the paternal-behavior
test. Mann–Whitney tests were used to compare behavior of paternal
and nonpaternal males (pooled across all four housing conditions) in
novel-object and EPM tests.

Numbers of Fos- and CRH-positive cells, and the percentage of
CRH neurons colocalized with Fos (Fos/CRH-positive cells) in the
PVN, BnST and CeA, were transformed as necessary to improve
normality (see Tables 4 and 5 for transformations used). These data
were then compared among animals using 2-way ANOVAs with
either (1) stress (stressed, undisturbed) and housing condition
(new fathers, expectant fathers, paired virgins, isolated virgins) or
(2) stress and paternal responsiveness (paternal, nonpaternal) as fac-
tors. Significant main effects of housing condition were followed by
Tukey's HSD post hoc tests.

Associations between paternal responsiveness, neophobia, and
anxiety were quantified from correlations of paternal-behavior,
novel-object, and EPM test results using Spearman's rho. The rela-
tionship between the neural response to stress and paternal respon-
siveness was examined by correlating stress-induced Fos-IR in the
PVN and colocalized Fos/CRH-IR in the CeA with several measures of
paternal behavior (see Section 3.4.1 below) using Spearman's rho.

Because we performed multiple statistical tests on closely related
data, our Type I error rate for the entire experiment may exceed the
nominal 5% alpha level. Therefore, we performed a positive false dis-
covery rate (pFDR) analysis of our P-values using the QVALUE pack-
age (Version 1.1 [49]) for R (Version 2.8.0; R Core Development
Team, 2008), allowing for 5% false significant results (pFDR=0.05).
Based on this analysis, a more appropriate and conservative alpha
level for significance is α=0.0230.

3. Results

3.1. Paternal-behavior tests

Results of paternal-behavior tests are summarized in Table 1.
Males in the four housing conditions tended to differ in the latency
to huddle the foster pup, as new fathers and expectant fathers tended
to huddle the pup much more quickly than did both isolated and
paired virgins; however, this difference was not significant after we
controlled for multiple comparisons. Latency to approach the foster
pup and latency to engage in paternal behavior (any one of licking,
huddling, or mouth-carrying) did not differ among the four housing
conditions. Furthermore, time spent huddling, licking, or sniffing the
pup did not differ among housing conditions (see Table 1). Kyphosis,
mouth-carrying, and nest-building occurred too infrequently to per-
mit statistical analysis.

A composite score of full paternal behavior, compiled from dura-
tions of licking, huddling, nest-building, kyphosis and mouth-
carrying, did not differ among new fathers, expectant fathers, paired
virgins, and isolated virgins (see Table 1). We did, however, find a
nonsignificant decrease in the proportions of males that were catego-
rized as paternally responsive (i.e., spent ≥20% of the 10-min test en-
gaging in paternal behavior; see Section 2.9) from new fathers (16/
18, 88.9%) to expectant fathers (15/18, 83.3%) to isolated virgins
(13/18, 72.2%) and finally to paired virgins (10/16, 62.5%).

By definition, paternal males (N=54) had significantly higher
composite scores for full paternal behavior than nonpaternal
(N=16) males. Not surprisingly, paternal and nonpaternal males
also showed robust differences in the latency to approach the pup,
huddle the pup, and engage in paternal behavior; and the duration
of time spent sniffing, licking, and huddling the pup (P≤0.001).

3.2. Novel-object tests

New fathers, expectant fathers, paired virgins, and isolated virgins
did not differ in the latency to approach the novel object or time spent
touching or sniffing the novel object (Table 2). Housing condition did,
however, influence the duration of time spent rearing during the
novel-object test (χ2=14.601. df=3, P=0.002), generally consid-
ered to be a measure of exploratory behavior [50]. Post hoc pairwise
comparisons revealed that new fathers showed a nonsignificant ten-
dency to spend more time rearing than isolated virgins (Z=
−1.783, P=0.075), but did not differ from expectant fathers (Z=
−1.189, P=0.234) or paired virgins (Z=0.466, P=0.641). Rearing
behavior did not differ among the remaining housing conditions.

Paternal and nonpaternal animals showed no significant differ-
ences in their behavioral responses to the novel object. Interestingly,
however, paternal males showed a nonsignificant tendency to sniff
the novel object for longer durations than nonpaternal males
(Mann–Whitney test, Z=−1.708, P=0.088; see Table 2).

3.3. Elevated-plus-maze tests

Male California mice tended to fall and/or jump off the open arms
of the EPM, resulting in 14 animals (4 isolated virgins, 2 paired
virgins, 4 expectant fathers, 4 new fathers) being omitted from statis-
tical analyses. A further five animals (1 isolated virgin, 2 expectant fa-
thers, 2 new fathers) remained completely immobile for extended
durations in the center or open arms of the EPM (>40% of testing
time), and were thus eliminated from analyses of EPM data. It should
be noted that two new fathers and one expectant father were not
subjected to EPM tests due to other factors described above (see
Section 2.9), and data from one paired virgin male were omitted



Table 1
Behavioral responses (median, range) to a foster pup among male California mice in four housing conditions.

Isolated virgins
N=18

Paired virgins
N=16

Expectant fathers
N=18

New fathers
N=18

Kruskal–Wallis
P

Paternal behavior—latency (s) 118.2
15.9–600.0

32.7
6.5–600.0

42.2
10.6–600.0

22.7
9.4–600.0

0.082

Approach pup—latency (s) 26.6
4.9–273.6

23.1
2.1–600.0

20.9
1.6–600.0

17.5
2.7–600.0

0.848

Huddle pup—latency (s) 149.7
51.7–600.0

271.3
21.6–600.0

83.3
23.0–600.0

54.6
23.7–600.0

0.029

Sniff pup—duration (s) 23.9
0.0–78.0

15.8
0.0–71.0

27.9
0.0–116.0

7.4
0.0–58.0

0.094

Lick pup—duration (s) 298.6
0.0–510.2

225.5
0.0–575.4

267.7
0.0–525.3

307.6
0.0–527.4

0.951

Huddle pup—duration (s) 45.2
0.0–147.2

16.2
0.0–231.8

55.3
0.0–443.9

88.4
0.0–319.3

0.116

Composite score for paternal behavior—duration (s)a 346.9
0.0–584.1

306.5
0.0–591.6

419.5
0.0–587.8

442.6
0.0–581.2

0.515

a Total time spent engaging in licking the pup, huddling the pup, mouth-carrying the pup, kyphosis, and nest-building.
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due to technical issues with the video recording. The final analyses
used data from 13/18 isolated virgins, 13/16 paired virgins, 11/18 ex-
pectant fathers, and 10/18 new fathers.

New fathers, expectant fathers, paired virgins and isolated virgins
differed in the frequency of open-arm entries (χ2=9.894, P=0.019)
and head dips (χ2=11.514, P=0.009), and in the time spent in the
center of the EPM (χ2=11.243, P=0.010; Table 3). Post hoc pairwise
comparisons showed that new fathers spent significantly more time in
the center of the maze than expectant fathers (Z=−2.464, P=0.014),
paired virgins (Z=2.482, P=0.013), and isolated virgins (Z=−2.727,
P=0.006). Both new fathers and paired virgins performed a greater
number of head dips, considered to be an index of exploratory behavior
[51], as compared to isolated virgins (Z=−2.759, P=0.006; Z=
−2.127, P=0.003, respectively) but not expectant fathers (Z=
−1.656, P=0.098; Z=−1.536, P=0.125, respectively). Finally, new
fathers and paired virgins entered the open arms of the EPM at greater
frequencies than expectant fathers (Z=−2.254, P=0.024; Z=
−2.320, P=0.020, respectively) and isolated virgins (new fathers
only: Z=−2.110, P=0.035).

Paternal (N=35) and nonpaternal (N=12) animals differed in
the number of open-arm entries. Interestingly, nonpaternal males
had a greater number of entries into the open arms of the EPM
(Z=−2.273, P=0.023), and showed a non-significant tendency to
spend more time in the open arms (P=0.045), than paternal males.
Paternal and nonpaternal males did not differ statistically in any
other behavior in the EPM.
Table 2
Comparisons of behavioral responses (median, range) to a novel object among housing cond
mice.

Isolated virgins
N=18

Paired virgins
N=16

Expectant fathers
N=17

Approach object—latency (s) 31.4
2.6–300.0

23.8
2.3–300.0

11.7
2.1–300.0

Sniff object—duration (s) 12.3
0.0–178.0

38.0
0.0–167.6

50.9
0.0–191.2

Touch object—duration (s) 0.1
0.0–171.2

19.0
0.0–186.5

38.9
0.0–232.1

Rear—duration (s) 0.0
0.0–0.9

0.2
0.0–2.6

0.5
0.0–5.2

Bold indicates P-values that are statistically significant following pFDR procedure (see Meth
a P-values from Kruskal–Wallis tests comparing isolated virgins, paired virgins, expectan
b P-values from Mann–Whitney U tests comparing paternal and nonpaternal males.
3.4. Predator-urine stress-induced Fos and CRH expression in stress-
related brain regions

Representative photomicrographs of Fos and CRH staining in the
PVN and CeA are shown in Fig. 1. Results are summarized in
Tables 4 and 5.

3.4.1. Paraventricular nucleus of the hypothalamus (PVN)
As expected, numbers of Fos-IR neurons in the PVN were higher

in stressed mice than in undisturbed mice (main effect of stress: F
[1,48]=18.874, Pb0.001, see Table 4). For the stressed and
undisturbed conditions combined, numbers of Fos-IR neurons in
the PVN differed significantly among males in the four housing con-
ditions (main effect of housing condition: F [3,48]=6.067,
P=0.001): paired virgins, expectant fathers, and new fathers all
had higher numbers of Fos-IR neurons in the PVN compared to iso-
lated virgins (Tukey's HSD test, P=0.002, P=0.002, P=0.0.01, re-
spectively). We did not, however, find a significant interaction
between housing condition and stress. Paternal males showed a non-
significant tendency to exhibit lower Fos-IR in the PVN than
nonpaternal males (F [1,52]=3.158, P=0.081); again, however, no
interaction with stress was found (see Table 5).

Numbers of CRH-IR neurons in the PVN showed a significant main
effect of housing condition (F [3,48]=4.106, P=0.011). Post hoc
tests revealed that expectant fathers and paired virgins had lower
overall CRH-IR for the stressed and undisturbed conditions combined
itions and between paternally responsive and nonpaternally responsive male California

New fathers
N=17

Kruskal–Wallis
Pa

Paternal
N=52

Nonpaternal
N=16

Mann–Whitney
Pb

23.8
6.0–235.6

0.166 23.7
2.1–300.0

31.0
2.6–300.0

0.426

43.6
3.1–147.8

0.239 39.1
0.0–191.2

8.8
0.0–122.5

0.088

56.2
0.0–222.4

0.240 33.7
0.0–232.1

6.9
0.0–154.1

0.243

0.5
0.0–8.0

0.002 0.2
0.0–8.0

0.1
0.0–6.6

0.921

ods).
t fathers, and new fathers.



Table 3
Comparisons of behaviors (median, range) performed in an elevated plus maze among housing conditions and between paternally and nonpaternally responsive male California
mice.

Isolated virgins
N=13

Paired virgins
N=13

Expectant fathers
N=11

New fathers
N=10

Kruskal–
Wallis Pa

Paternal
N=35

Nonpaternal
N=12

Mann–
Whitney Pb

% Time in closed arms 0.510
0.228–0.995

0.303
0.146–0.928

0.455
0.199–0.745

0.387
0.230–0.534

0.060 0.345
0.199–0.995

0.354
0.146–0.622

0.329

% Time in center 0.168
0.004–0.368

0.177
0.070–0.404

0.185
0.121–0.360

0.261
0.192–0.376

0.010 0.192
0.004–0.404

0.176
0.026–0.282

0.232

% Time in open arms 0.320
0–0.713

0.490
0–0.722

0.355
0.096–0.568

0.385
0.096–0.452

0.076 0.378
0–0.713

0.473
0.095–0.722

0.045

% Time immobile 0.048
0–0.346

0.006
0–0.143

0.004
0–0.176

0
0–0.103

0.272 0.004
0–0.196

0.005
0–0.349

0.969

Head–dips (no.) 4
0–14

11
0–44

4
0–32

15.5
0–33

0.009 5
0–33

9.5
0–44

0.346

Entries into closed arms (no.) 14
2–42

16
6–23

15
7–38

17.5
8–24

0.810 15
2–38

17.5
3–42

0.608

Entries into center (no.) 27
1–68

35
6–53

28
16–50

38.5
19–45

0.253 29
1–50

35.5
4–68

0.179

Entries into open arms (no.) 12
0–27

20
0–31

11
5–20

20.5
8–28

0.019 12
0–28

21
2–31

0.023

Fecal pellets (no.) 4
0–11

3
0–13

0
0–8

0.5
0–11

0.204 1
0–13

0.5
0–8

0.369

Total entries (no.) 27
2–69

35
6–53

29
18–49

38
19–45

0.270 31
2–49

36
5–69

0.160

Bold indicates P-values that are statistically significant following pFDR procedure (see Methods).
a P-values from Kruskal-Wallis tests comparing isolated virgins, paired virgins, expectant fathers, and new fathers.
b P-values from Mann-Whitney U tests comparing paternal and nonpaternal males.
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than isolated virgins (P=0.053, P=0.008, respectively). CRH-IR in
the PVN did not differ between stressed and undisturbed animals or
between paternal and nonpaternal animals, and no significant inter-
actions were found between stress and housing condition or stress
and paternal responsiveness (see Tables 4 and 5).

A main effect of housing condition was found in the percentage of
CRH neurons colocalized with Fos in the PVN (F [3,48]=5.431,
P=0.003). New fathers, expectant fathers, and paired virgins showed
greater activation of CRH neurons than isolated virgins (P=0.016,
P=0.019, P=0.003, respectively) for the stressed and undisturbed
Fig. 1. Representative photomicrographs of immunohistochemical staining of Fos and cortic
(A, B) and central nucleus of the amygdala (C, D) of undisturbed (A, C) and stressed (B, D) m
brown (cytoplasmic staining). A, B: Equivalent of mouse Bregma−0.82 mm; C, D: equivalen
taken at 10× magnification. Fos/CRH colocalized cells are circled once, and Fos-only-immun
figure legend, the reader is referred to the web version of this article.)
conditions combined. Again, Fos/CRH-IR in the PVN did not differ be-
tween stressed and undisturbed animals or between paternal and
nonpaternal animals (see Tables 4 and 5).

3.4.2. Central nucleus of the amygdala (CeA)
Numbers of animals expressing Fos-IR (excluding Fos/CRH-

colocalization) in the CeA were too low to permit statistical analysis.
For numbers of CRH- and colocalized Fos/CRH-IR neurons in the CeA,
no main effects of stress or housing condition were observed; how-
ever, significant interactions between stress and housing condition
otropin-releasing hormone (CRH) in the paraventricular nucleus of the hypothalamus
ale California mice. Fos is stained blue-black (nuclear staining); CRH is stained reddish
t of mouse Bregma−1.46 mm. A and B were taken at 2.5× magnification; C and D were
oreactive cells are circled twice in C. (For interpretation of the references to color in this

image of Fig.�1


Table 4
Numbers (mean±SE) of Fos-IR and CRH-IR neurons, and percentage of Fos/CRH-IR neurons, in the hypothalamic paraventricular nucleus (PVN), bed nucleus of the stria terminalis
(BnST), and central nucleus of the amygdala (CeA) of male California mice either following 5-minute exposure to a predator-urine stressor or under undisturbed conditions.

Isolated virgins Paired virgins Expectant fathers New fathers 2-way ANOVA P-values

Undisturbed
(N=10)

Stressed
(N=7–8)

Undisturbed
(N=5)

Stressed
(N=5–7)

Undisturbed
(N=6)

Stressed
(N=6–7)

Undisturbed
(N=7–9)

Stressed
(N=6–7)

Among
groups

Stressed vs.
undisturbed

Group×stress

PVN—Fos-IRa,b 13.2±3.6 20.3±4.3 18.8±5.1 41.0±4.3 22.5±4.7 38.3±4.7 23.1±3.8 31.8±4.7 0.001 b0.001 0.596
PVN—CRH-IRa,b 19.5±2.3 16.9±2.7 10.6±3.2 8.9±2.7 12.0±3.0 10.0±3.0 10.6±2.4 11.7±3.0 0.011 0.409 0.918
PVN—Fos/CRH-IRc 32.0±7.1 38.4±8.4 62.7±10.0 68.0±8.4 57.1±9.1 63.5±9.1 60.9±7.4 56.8±9.1 0.003 0.566 0.907
BnST—Fos-IRa 1.43±0.24 0.96±0.29 1.85±0.34 1.88±0.34 1.47±0.31 2.43±0.29 1.79±0.29 1.51±0.31 0.048 0.784 0.083
BnST—CRH-IRa,b 4.5±1.2 8.3±1.4 4.6±1.7 2.2±1.7 6.0±1.5 4.0±1.4 5.3±1.4 3.5±1.5 0.322 0.620 0.147
BnST—Fos/CRH-IRc,d 75.3±4.8 55.6±5.7 76.6±6.8 79.8±6.8 75.6±6.2 77.1±6.2 75.0±5.7 85.8±6.2 0.079 0.898 0.125
CeA—CRH-IRa,b 5.0±1.7 11.6±1.9 9.6±2.4 4.0±2.4 7.7±2.2 3.7±2.0 10.6±1.9 6.9±2.0 0.350 0.147 0.008
CeA—Fos/CRH-IRc 79.4±5.6 51.7±6.2 64.6±7.9 81.5±7.9 68.5±7.2 84.2±6.7 69.5±6.2 78.7±6.7 0.341 0.474 0.002

Bold indicates P-values that are statistically significant following pFDR procedure (see Methods).
a Total number of immunoreactive neurons in a 0.2×0.2 mm square.
b Square-root transformed prior to analysis (non-transformed data are shown for clarity).
c Percent of Fos-positive CRH-containing neurons in a 0.2×0.2 mm square.
d Transformed by raising to the 2.5 power prior to analysis (non-transformed data are shown for clarity).
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were found (CRH-IR: F [3,48]=4.451, P=0.008; Fos/CRH-IR: F
[3,48]=5.637, P=0.002). One-way ANOVAs revealed that among
isolated virgins, stressed mice exhibited significantly more CRH-IR
cells (F [1,16]=8.312, P=0.011) and a significantly lower percent-
age of colocalized Fos/CRH-IR cells (F [1,16]=10.796, P=0.005) in
the CeA than undisturbed mice. In contrast, new fathers, expectant
fathers, and paired virgins showed the opposite pattern, although
these trends were not statistically significant. Again, no differences
were found between paternal and nonpaternal animals (see
Table 5).

3.4.3. Bed nucleus of the stria terminalis (BnST)
Analyses of numbers of Fos-IR and CRH-IR neurons, and percent-

ages of colocalized Fos/CRH-IR neurons in the BnST, revealed no
significant effects of stress, housing condition, or paternal responsive-
ness (see Tables 4 and 5).

3.5. Correlational analyses

Results of correlational analyses involving male mice from all four
housing conditions are summarized in Table 6. To evaluate associa-
tions between paternal behavior and emotionality, we performed
correlational analyses using the behavioral parameters that we con-
sidered the best measures of neophobia (novel-object test: time
Table 5
Number (mean±SE) of Fos-IR and CRH-IR neurons, and percentage of Fos/CRH-IR neurons,
(BnST), and central nucleus of the amygdala (CeA) of paternally responsive and nonpaterna
urine stressor or under undisturbed conditions.

Paternal Nonpaternal

Undisturbed
(N=23–25)

Stressed
(N=18–20)

Undisturbed
(N=5)

PVN—Fos-IRa,b 18.6±1.9 28.8±3.2 20.8±4.0
PVN—CRH-IRa 13.7±1.5 13.8±2.0 14.6±4.4
PVN—Fos/CRH-IRc 49.7±4.8 51.7±5.9 56.2±10.6
BnST—Fos-IRa 2.8±0.4 4.2±1.1 3.2±0.6
BnST—CRH-IRa,b 5.3±0.8 4.6±1.0 4.0±1.3
BnST—Fos/CRH-IRc,d 74.5±2.8 71.2±6.2 79.9±6.0
CeA—CRH-IRa,b 8.0±1.2 6.3±1.3 7.6±2.2
CeA—Fos/CRH-IRc 73.4±3.3 75.5±4.8 64.6±10.2

Bold indicates P-values that are statistically significant following pFDR procedure (see Meth
a Total number of immunoreactive neurons in a 0.2×0.2 mm square.
b Square-root transformed prior to analysis (non-transformed data are shown for clarity
c Percent of Fos-positive CRH-containing neurons in a 0.2×0.2 mm square.
d Transformed by raising to the 2.5 power prior to analysis (non-transformed data are sh
spent sniffing and latency to approach the novel object), anxiety (EPM
test: total time spent in the open arms) and paternal responsiveness
(paternal-behavior test: latency to engage in paternal behavior, and du-
ration of time spent licking the foster pup and in full paternal behavior).
We found a significant positive relationship between the latency to
engage in paternal behavior and the latency to approach a novel object
for all animals analyzed together (r=0.372, P=0.0018, N=68).When
we performed correlational analyses for each housing condition
individually, we found statistically significant positive correlations
between latency to engage in paternal behavior and latency to approach
a novel object for new fathers (r=0.723, P=0.001, N=17) and for
paired virgins (r=0.590, P=0.016, N=16), but not for expectant
fathers or isolated virgins. No other significant associations between
paternal behavior and neophobia or anxiety were found for all four
housing conditions combined or for any of the housing conditions
analyzed individually.

To evaluate possible associations between paternal behavior and
stress responsiveness, we compared numbers of Fos-IR PVN neurons
and the percentage of colocalized Fos/CRH-IR CeA neurons in re-
sponse to stress with paternal behavior (latency to engage in paternal
behavior, and duration of time spent licking the foster pup and in full
paternal behavior); results are summarized in Table 6. No significant
correlations were found between paternal responsiveness and stress-
induced Fos-IR in the PVN or the percentage of Fos/CRH-colocalized
in the hypothalamic paraventricular nucleus (PVN), bed nucleus of the stria terminalis
lly responsive male California mice either following 5-minute exposure to a predator-

2-Way ANOVA P-values

Stressed
(N=6–8)

Paternal vs.
nonpaternal

Stressed vs.
undisturbed

Paternal×stress
interaction

41.5±6.3 0.081 0.001 0.356
7.8±2.0 0.310 0.181 0.169

67.2±9.2 0.171 0.422 0.573
2.8±1.0 0.879 0.859 0.413
5.0±1.1 0.890 0.770 0.380

68.7±5.0 0.729 0.432 0.176
8.7±1.9 0.608 0.763 0.371

64.6±8.8 0.132 0.875 0.874

ods).

).

own for clarity).



Table 6
Spearman correlation coefficients for comparisons of behavior in paternal-behavior
tests with behavior in novel-object and elevated-plus-maze (EPM) tests, and with
number of Fos-IR neurons in the paraventricular nucleus of the hypothalamus (PVN)
and percentage of colocalized Fos/CRH neurons in the central nucleus of the amygdala
(CeA) per 200 μm2. All analyses used male California mice from all four housing condi-
tions (isolated virgins, paired virgins, expectant fathers, and new fathers). Analyses in-
volving Fos-IR and Fos/CRH-IR utilized only the subset of animals in each housing
condition that were exposed to a predator-urine stressor.

Lick pup—
duration

Full paternal behavior—
duration

Paternal behavior—
latency

Approach object—
latency (N=68)

−0.129 −0.202 0.372a

Sniff object—duration
(N=68)

0.193 0.223 −0.192

In open arms of EPM—

duration (N=47)
−0.191 −0.261 0.070

Fos-IR in PVN (N=26) −0.231 −0.253 0.218
Fos/CRH-IR in CeA
(N=27)

0.148 0.162 −0.191

a P=0.0018.
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neurons in the CeA among stressed animals from all four housing
conditions combined. When analyzed separately, expectant fathers
showed a strong negative correlation between the number of Fos-IR
PVN neurons and duration of time spent performing full paternal
behavior (r=−0.886, P=0.019, N=6). No other significant rela-
tionships were found between measures of stress responsiveness
and paternal behavior for individual treatment groups (results not
shown).

4. Discussion

Reductions in neophobia, anxiety, and stress responsiveness have
been implicated in facilitating the onset of maternal behavior in female
rodents. In this study, we attempted to determine whether levels of
neophobia, anxiety, and stress responsiveness are similarly associated
with the degree of paternal responsiveness or housing condition in
biparental, monogamous, male California mice. We hypothesized that
neophobia, anxiety-like behavior, and neural stress responsiveness
would be (1) lower in new fathers than in nonfathers, and (2) lower
in paternally responsivemales as compared to nonpaternally responsive
males. Overall, we found little evidence in support of either hypothesis,
although we did find evidence that individual differences in latency to
engage in paternal behavior may be associated with individual differ-
ences in generalized neophobia (as indicated by behavioral responses
to a novel object).

4.1. Effects of housing condition

In the current study, no differences were found in several common
measures of paternal behavior among males in the four housing con-
ditions. Latency to engage in paternal behavior and time spent hud-
dling and licking the foster pup were similar in isolated virgin
males, paired virgin males, expectant fathers, and new fathers. In con-
trast, Gubernick and Nelson [33] found that new fathers had shorter
latencies to approach foster pups than both expectant fathers and
paired virgins, a finding that was replicated in a recent study in our
lab [26]. In the present study, however, we did find that the propor-
tion of paternally behaving males decreased non-significantly from
new fathers to expectant fathers to isolated virgins to paired virgins.
Moreover, both new and expectant fathers tended to have shorter la-
tencies to huddle the foster pup than isolated and paired virgins.
Overall, these results are consistent with previous findings that new
fathers behave more paternally than nonfathers, although not as ro-
bustly as previously described [26,52,53]. New fathers may exhibit
parturition-induced behavioral modifications as observed in females
(see [7] for review) that are likely mediated by pheromonal cues
from their pregnant pairmates [54]. It is unknown why fathers and
virgin males express different levels of paternal behavior, at least in
the literature. Some possibilities that have been explored include
the role of the pregnant pairmate in modulating the male's neurobiol-
ogy and behavior [54,55], the role of prior paternal experience
[35,56], and the role of hormones and neuropeptides such as prolac-
tin and oxytocin [33,57]. There is currently no sufficient evidence
supporting any of these hypotheses [58].

Similar to the present findings, Bardi et al. [35] and Lambert et al.
[56] found no differences in paternal responsiveness between new
fathers and virgin males, including virgin males that either had or
had not previously interacted with pups. The high level of paternal
behavior observed in virgins in the current study, along with that ob-
served by Bardi et al. [35] and Lambert et al. [56], contrasts strikingly
with findings by Gubernick and colleagues [52,53], in which more
than half of adult, pair-housed virgin males and expectant fathers ig-
nored or attacked foster pups. The California mice used by Gubernick
and colleagues were likely genetically closer to the wild-type
population than our animals, as their studies were performed on
ninth-generation descendants of wild-caught California mice [57], in
contrast to animals in our colony (and that of Bardi et al. [35] and
Lambert et al. [56]) that are descendants of animals captured be-
tween 1979 and 1987. Another possible contributing factor is the
time of day at which paternal-behavior tests were performed, as
California mice engage in greater durations of paternal behavior dur-
ing the light phase of the cycle than during the dark phase [38]. Nei-
ther Gubernick and colleagues [52,53], nor Bardi et al. [35] and
Lambert et al. [56] specified the time at which paternal-behavior
tests were performed; it is therefore difficult to conclude if this
could provide an explanation for the differences in findings.

Neophobia, as assessed on the basis of behavioral responses to a
novel, wire-mesh tea-ball, did not differ significantly among males
in the four housing conditions. Correspondingly, a prior study in our
lab found that behavioral and neural (Fos) responses to the same
novel wire-mesh ball did not differ across housing conditions (new
fathers, expectant fathers, and paired virgins) in male California
mice unless a foster pup was present inside the ball [26]. Recently,
Bardi et al. [35] found no differences in neophobic responses to a
wooden half-log stimulus in California mice among fathers, pup-
exposed paired virgin males, and pup-naïve paired virgin males.
Taken together, these data suggest that neophobia and fearfulness
in males of this species are not strongly influenced by social housing
conditions or reproductive status. In contrast, avoidance of foster
pups and longer latencies to engage in maternal behavior in virgin fe-
male rats, as compared to lactating females, have been attributed to
virgins' increased fearfulness and neophobia [1,9]. A possible expla-
nation for this difference in findings could lie in the absence of dis-
tinct elevations in centrally acting hormones/neuropeptides, such as
oxytocin and prolactin, in new fathers comparable to those occurring
in lactating dams [14,21,59–65]. While oxytocin and prolactin likely
work in concert to mediate the reductions in fear, anxiety and stress
responsiveness observed in lactating females [21,64,66], it is yet to
be determined whether elevated levels of plasma prolactin found in
California mouse fathers [33] potentially perform a similar central
function. No differences in peripheral oxytocin levels were found in
new fathers compared to nonfathers [57], and effects of fatherhood
on central expression of oxytocin or prolactin have not been de-
scribed (but see [26]).

In EPM tests, paired virgin males and new fathers had greater fre-
quencies of entries into the open arms and performed more head-
dips than isolated virgin males and expectant fathers, indicating
reduced anxiety and increased exploration, respectively, in the
paired virgins and new fathers [40,67,68]. These data are difficult
to interpret: we had expected new fathers and expectant fathers
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to exhibit similar behavioral profiles, as males in both of these
groups had prior sexual experience, engagement in a pair-bond,
and exposure to a pregnant female, whereas paired virgins and iso-
lated virgins had experienced none of these. Rats in the late stages of
pregnancy exhibit higher levels of anxiety-like behavior in the ele-
vated plus maze than lactating and virgin females [69–71]; thus, it
is possible that anxiety levels increase during the prepartum period
in new fathers as well as new mothers in biparental species. The
finding that isolated virgin males showed more anxiety-like behav-
ior in the EPM than paired virgins is consistent with previous
findings that social isolation increases anxiety and enhances behav-
ioral stress responses in rodents [72–74], and suggests that male–
male relationships can have beneficial effects on emotionality in
this monogamous species. In sum, the results of the EPM test sug-
gest that long-term social relationships in general may reduce anx-
iety in male California mice, but that anxiety-like behavior may
increase during the prepartum period. It should be noted that
acute separation from their pups might have increased anxiety in
new fathers, who otherwise may have shown lower anxiety than
nonfathers. This is unlikely as the same procedures have been car-
ried out in rat dams, which still exhibit reduced anxiety compared
to virgin females [3]. It should also be noted, however, that the
EPM has not previously been validated as an anxiety test in Califor-
nia mice, and as this species is considered to be semi-arboreal [75],
it is possible that confinement in an EPM is not a stressful or
anxiogenic experience.

The results from the current study did not support our hypothesis
that fatherhood blunts the neural response to stress. New fathers did
not show significant differences in the Fos, CRH, or colocalized Fos/
CRH response to predator odor in the PVN, BnST or CeA in comparison
to expectant fathers or paired virgins. Virgin males that were individ-
ually housed, however, showed elevated CRH in the CeA and reduced
activation of CRH neurons in the CeA in response to stress, as com-
pared to the other housing conditions. Furthermore, overall numbers
of Fos-positive cells were reduced, numbers of CRH-positive cells in-
creased, and activation of CRH neurons decreased in the PVN of
stressed and undisturbed isolated virgins compared to the other
housing conditions. Typically, stressors such as immobilization and
predator odor elicit increased activation of CRH neurons in the PVN,
as well as increased Fos and CRH mRNA in the PVN, BnST, amygdala,
and hippocampus [43,76–78]. It is likely that prolonged social isola-
tion was a form of chronic stress that caused a dysregulation of the
HPA axis and its central regulatory mechanisms in our isolated virgin
males [79–87]. Together, these findings suggest that social isolation
functions as a chronic stressor in the California mouse, a highly social
species, and that isolation stress increases central expression of CRH
while downregulating neuronal activation. Exposure to acute stress
in the presence of a familiar conspecific, meanwhile, likely preserved
normal functioning of the HPA system in new fathers, expectant fa-
thers, and paired virgins.

4.2. Individual differences in paternal responsiveness

We had anticipated that paternally behaving males, regardless of
housing condition, would show less neophobic behavior (e.g., reduced
latencies to approach the novel object), less anxiety-like behavior
(e.g., increased entries into and increased time spent in the open arms
of the EPM), and reduced stress responsiveness (e.g., less Fos-IR and
Fos/CRH colocalization in the PVN and CeA following exposure to
predator urine), as compared to nonpaternally behaving males. Contrary
to these predictions, we found that individual differences in paternal
responsiveness were not associated with differences in neophobic be-
haviors or in the neural response to stress. These results suggest that re-
ductions in generalized fearfulness and neophobia are not necessary for
the display of paternal responsiveness in California mice. This does not
rule out the possibility that some associations do exist between paternal
responsiveness andneophobia, however, aswe found that, for all animals,
the latency to approach the novel object during novel-object tests
correlated positively with the latency to engage in paternal behavior in
paternal-behavior tests. Correspondingly, maternally experienced female
rats characterized by high novelty-seeking behavior were also found to
have shorter latencies to engage in maternal behavior and longer
durations of maternal behavior towards foster pups (although not
towards their own pups) thanmaternally experienced females character-
ized by less novelty-seeking behavior [88].

Unexpectedly, we found evidence of reduced anxiety-related be-
havior in nonpaternal males compared to paternal males. Compared
to paternally responsive males, nonpaternal males made significantly
more entries into, and tended to spend more time in, the open arms
of the EPM, typically thought to signify low anxiety [40,67]. In con-
trast, lactating female rats (exposed to their own pups) were found
to exhibit reduced anxiety-related behavior in the EPM when com-
pared to virgin females (exposed to no pups; [3,22,89]), although an-
imals in these studies were not compared on the basis of individual
differences in maternal responsiveness. Interestingly, both pup-
sensitized virgins and lactating female rats were found to spend
more time in and perform more entries into the open arms of the
EPM than ovariectomized females [90]. Bardi et al. [35] found reduced
numbers of interrupted grooming sequences, described as indicating
low stress-related behavior, in paternally experienced male California
mice and “adequate parents” (males that behaved paternally) as
compared to both paternally inexperienced animals and “inadequate
parents” (males that attacked pups). These findings from Pereira et al.
[90] and Bardi et al. [35] suggest that animals that behave parentally,
as well as animals that have parental experience, show dampened
behavioral stress responsiveness. This appears to contradict our
findings, which suggested that nonpaternal males exhibited less
anxiety-related behavior in EPM tests. One possible explanation is
that because EPM data from numerous mice were omitted, as these
individuals fell or jumped off the EPM during testing, our behavioral
results might have been skewed in favor of housing conditions or be-
havioral phenotypes in which animals were less likely to fall off the
maze. It is also possible that, as mentioned above, entries into and
time spent in the open arms of the EPM are not appropriate measures
of anxiety in this species. Future studies are needed to further clarify
the relationship between paternal responsiveness and anxiety in
male California mice.

We did not find any significant relationships between paternal
responsiveness and stress-induced neuronal activation in the PVN or
CeA. A recent study in male California mice showed that composite
scores of paternal behavior correlated negatively with Fos immuno-
reactivity in the PVN in response to 10 min of pup-exposure [56],
suggesting that paternal responsiveness may be associated with
reduced neural stress responses to an unfamiliar pup stimulus. It should
be noted, though, that in the Lambert et al. [56] study, more than one
pup-exposure event occurred over a period of several days, and this
could have influenced stress responsiveness in ways that a single
pup-exposure does not. These data point to a relationship between de-
creased paternal responsiveness and increased activation of anxiety-
related brain areas following exposure to a pup. These findings, in
conjunction with the results of the present study, suggest that be-
havioral responses to a foster pup correlate with neural responses to
the same stimulus and are inversely associated with anxiety induced
by the pup, but do not correlate with neural activation or anxiety levels
in response to other, non-pup-related stimuli.

5. Conclusions

We conclude that paternal responsiveness in the biparental
California mouse, unlike maternal responsiveness in female rats, is
not associated with systematic alterations or modifications of the
stress and anxiety systems. Furthermore, anxiety, as assessed on the
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basis of an elevated-plus-maze test, was not lower in paternally re-
sponsive males as compared to nonpaternally responsive males.
Nonetheless, rapidity to approach a novel object was positively corre-
lated with rapidity to engage in paternal behavior, suggesting that at-
traction to novelty, typically indicative of reduced fearfulness, may
play a role in the initiation of paternal behavior. Finally, the findings
in this study point to a lack of homology between the mechanisms
underlying the onset of maternal and paternal behavior in species of
rodents.
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