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Phosphorylation of cAMP response element-
binding protein in the extended amygdala of
male rats is induced by novel environment
and attenuated by estrous female-bedding
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Abstract

OBJECTIVE: We examined whether female pheromone, which would be con-
tained in female-soiled bedding, affected the expression of phosphorylated cAMP
response element-binding protein-like (pCREB) immunoreactive cells in the
extended amygdala.

METHODS: Male rats were exposed to following conditions: maintained in their
home cage (home cage group), or relocated to a cage containing clean bedding
(clean-bedding exposed group), ovariectomized (OVX) rat-soiled bedding (OVX-
bedding exposed group) or estrogen-treated OVX rat-soiled bedding (OVX+E,-
bedding exposed group). Rats were sacrificed 10-20 min after exposure and brain
sections were subject to immunocytochemical processing.

RESULTS: In the medial subdivision of the bed nucleus of the stria terminalis
(BST) and the central amygdala (CeA), the number of pCREB immunoreactive
(pCREB-ir) cells in the clean-bedding exposed group was significantly larger than
in the home cage group, while the number of pCREB-ir cells in the OVX+E,-
bedding exposed group did not differ from that in the home cage group. The bed-
ding soiled by OVX rats was less effective. No significant difference in the number
of pCREB-ir cells was detected in the other regions of the extended amygdala
among all groups.

CONCLUSIONS: The present study suggests that the exposure of clean bedding
to male rats induces the expression of pCREB-ir in the medial BST and the CeA;
exposure to female pheromone attenuates this expression.
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INTRODUCTION

Pheromones induce neuroendocrine responses and
are important for social and sexual communication in
many species, including rodents (Halpern 1987; Kev-
erne 2004), likely via activation of specific brain regions.
Studies using Fos immunoreactivity as a marker have
demonstrated that male rats exposed to bedding soiled
by estrous female rats exhibit a significantly increased
number of Fos immunoreactive neurons in brain areas
related to pheromone responses, including the medial
amygdala, the bed nucleus of the stria terminalis (BST)
and the preoptic area (Bressler & Baum 1996; Kippin et
al. 2003; Nishitani et al. 2004). These results suggested
that female pheromone, which would be present in the
bedding, activated the neuronal system involved in
pheromone response in the male rat brain.

One report, on the other hand, showed that brief
preexposure of males to a female reduced all preda-
tor odor and novelty elicited anxiety, fear and stress
responses (Kavaliers ef al. 2001). This finding suggests
that female pheromone not only stimulates but also
attenuates brain response to certain stimuli. Further-
more, dog-appeasing pheromone has been suggested to
be useful in reducing anxiety and fear in puppies (Shep-
pard & Mills 2003). Also in humans, it has been found
that maternal odors could have a soothing effect on
crying newborn infants (Sullivan & Toubas 1998; Nishi-
tani et al. 2009). Additionally, among human adults,
sex-steroid derived compound, which acts asa GABA
receptor modulator (Kaminski et al. 2006), has been
shown to have parasympathetic effects in men (Bensafi
et al. 2004). Whether female pheromone can attenuate
the activations of the neuronal system involved in the
certain responses is not yet known.

To address this question, we examined the phos-
phorylation of cAMP response element-binding pro-
tein (pCREB) instead of Fos. Because CREB activation/
inactivation occurs via phosphorylation, the average
time course for its activation/inactivation is much faster
than that of c-Fos (Ji & Rupp 1997). In fact, fasting-
induced pCREB expression decreases within 5 minutes
(Mogi et al. 2005). Further, stimulation-induced Fos
expression pattern is sometimes different from pCREB
expression (Chen et al. 1999; Stanciu et al. 2001). We
first identified the brain areas that were activated via
pCREB phosphorylation in response to a simple stimu-
lus and focused on the BST and the amygdala, so called
the extended amygdala (Shammah-Lagnado et al.
2000), because those are related to both the pheromone
responses and the emotion (Winans & Scalia 1970;
Lehman et al. 1980; Walker et al. 1997).

MATERIAL AND METHODS
Animals

Intact male and female Wistar rats (Charles River,
Yokohama, Japan) at 7-8 weeks of age were housed
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under controlled lighting conditions (light, 5:00-19:00)
with food and water available ad libitum. Male rats were
housed individually in plastic cages (25x50x15cm) and
handled 5 min daily for 1 week prior to the experi-
ment. Female rats were ovariectomized (OVX) and two
weeks later, a subset of the OVX rats were subcutane-
ously implanted with a silicon tube (15 mm length, i.d.
1.5 mm, o.d. 3.0 mm, Dow Corning, Midland, Mich.,
USA) containing 20% 17p-estradiol (Sigma Chemical
Co., St. Louis, USA). This estrogen treatment induces
the luteinizing hormone surge and sexual behavior
including the lordosis. The remaining OVX rats were
implanted with a silicon tube containing 100% choles-
terol. The bedding soiled by female rats was stored for
1 week. Rats received implantation of a cannula for an
anesthesia into the jugular vein under ether anesthesia
the day prior to the experiment.

On the morning of the experiment, male rats were
divided into 4 groups and treated as follows. The first
group of male rats were kept in their home cage, and
handled and sacrificed in their home cage (n=5, home
cage group). The second group of male rats were
removed from their home cages and placed in a new cage
containing clean bedding (n=7, clean bedding-exposed
group). The third group of male rats were removed from
their home cages and placed in a cage in which an OVX
rat had stayed for 1 week (n=6, OVX bedding-exposed
group). The final group of male rats were removed from
their home cages and placed in a cage in which an OVX
rat exposed to 17p-estradiol (OVX+E,) had stayed
for 1 week (n=6, OVX+E, bedding-exposed group).
For all groups exposed to new bedding (clean bed-
ding, OVX bedding and OVX+E, bedding), male rats
were sacrificed 10 to 20 min after exposure to the bed-
ding. All rats were sacrificed by intravenous injection
of an overdose of sodium pentobarbital (100 mg/rat)
and subjected to immunocytochemical processing.

All animal housing and surgical procedures were
in accordance with the guidelines of the Institutional
Animal Care and Use Committee of the Yokohama City
University School of Medicine.

Immunocytochemistry

Immunocytochemistry was performed as previously
described (Kudo et al. 2004; Mogi et al. 2005). Briefly,
rats were perfused immediately through the cardiac
ventricle with 2% paraformaldehyde and 4% acrolein
in phosphate buffer (pH7.5) at approximately 4°C.
Thirty pm frozen coronal sections were cut with a
Bright cryostat. The sections were incubated with 1%
sodium borohydrite and H,O, in 20% methanol, and
then incubated overnight with rabbit polyclonal anti-
body to pCREB diluted 1:800 (Cell Signaling Technol-
ogy, Inc, Beverly, USA). Sections were incubated with
biotinylated anti-rabbit IgG diluted 1:200, followed by
streptavidin-biotin-peroxidase complex (Vectastain
Elite ABC Kit, Vectastain Lab, Burlingame, USA).
The sections were then incubated for 30 min in 0.05%
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3,3’-diaminobenzidine (DAB) with H,O,. The control
samples without primary antibodies resulted in absence
of staining as expected. Caution was taken to treat all
sections similarly, including exposure time to DAB, to
ensure reliable results for the quantification of pCREB
immunoreactivity.

Histological analysis

The number of cells positive for pCREB-immunore-
activity in brain regions (Paxinos & Watson 1986) (as
shown in Figure 1) was counted by visual inspection
performed by an investigator blinded to the experimen-
tal groups. The number of pCREB-positive cells in each
30 pum section, i.e., the sum of pCREB-positive cells in
the right and left hemispheres of each section, was first
determined for each area, and then the average number
of cells expressing pCREB per area was calculated by
dividing the sum of all pCREB-positive cells by the
number of sections counted. Sections were carefully
matched across all animals in all experimental groups.

The data were analyzed by one-way ANOVA fol-
lowed by Fisher’s protected LSD post-hoc test; differ-
ences were considered statistically significant at p<0.05.

RESULTS

We first assessed pCREB expression in brain sections of
rats either maintained in their home cages or exposed
to various kinds of beddings. Among all the groups,

pCREB-positive cells (as indicated by blue-black
nuclei) were clearly visible in the BST (Figure 2) and
the amygdaloid nuclei (Figure 3). However, only a small
number of cells expressing pCREB were found in the
paraventricular nucleus, irrespective of groups (data
not shown), suggesting that the experimental condi-
tion used in the present study was not a strong stress
for male rats.

As shown in Figure 2, we detected some expression
of pCREB in both the medial and lateral subdivision
of the BST, and strong expression was detected in rats
exposed to clean bedding. The number of pCREB-
positive cells appeared to increase in the medial
subdivison of the BST (BSTM) upon exposure to clean-
bedding. In contrast, this increase in pCREB-positive
cells in the BSTM was not evident in the OVX+E,-
bedding exposed group (Figure 2a). One-way ANOVA
(F30=4.41, p<0.05) showed that the number of pCREB-
positive cells in the BSTM (Figure 2b) was significantly
greater in the clean-bedding exposed group than in the
home cage group (post-hoc, p<0.05), suggesting that
the process of transferring male rats into a new cage
with a clean bedding induced pCREB expression in the
BSTM. There was no significant difference between the
number of cells expressing pCREB in the OVX-bed-
ding exposed and the clean-bedding exposed groups;
the number of pCREB-positive cells in the OVX+E,-
bedding exposed group was, however, significantly
smaller than that in the clean-bedding exposed and
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Fig. 1. Schematic illustration of a coronal section showing the brain area in which pCREB cells were quantified
(modified from Paxinos and Watson, 1986). ac, anterior commissure; BLA, basolateral nucleus of the
amygdala; BSTL, lateral subdivision of the anterior part of the bed nucleus of the stria terminalis; BSTM,
medial subdivision of the anterior part of the bed nucleus of the stria terminalis; CeA, central nucleus of the
amygdala; ic, internal capsule; LA, lateral nucleus of the amygdala; LV, lateral ventricle; MeA, medial nucleus of
the amygdala; opt, optic tract; ox, optic chiasm; POA, preoptic area; st, stria terminalis; 3V, third ventricle.
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Fig. 2. a) Photographs showing examples of pCREB cells in the BST
of rats kept in the home cage (A and B), or exposed to clean
bedding (C and D), OVX rat-soiled bedding (E and F) or OVX+E,
rat-soiled bedding (G and H). Scale bar=150 um. b) The mean
number of pCREB cells in the BSTL and BSTM sections of rats
exposed to various beddings. * indicates p<0.05. ** indicates
p<0.01.

the OVX-bedding exposed groups (p<0.01), but was
not significantly different from the home cage group
(p>0.5). In contrast, we did not see any statistically sig-
nificant changes in the number of pCREB-positive cells
in the lateral subdivision of the BST (BSTL) among the
four groups (F; 5,=1.365, p>0.2).

The expression of pCREB in the central amygdala
(CeA) of the clean-bedding exposed group was most
evident within amygdaloid nuclei (Figure 3a). One-
way ANOVA (F; »,=3.58, p<0.05) followed by post-hoc
comparison showed that the number of pCREB-positive
cells in the clean-bedding exposed group was signifi-
cantly greater than in the home cage group (Figure 3b,

Fig. 3. a) Photographs showing examples of pCREB cells in the CeA
of rats kept in the home cage (A and B), or exposed to clean
bedding (C and D), OVX rat-soiled bedding (E and F) or OVX+E,
rat-soiled bedding (G and H). Scale bar=150 um. b) The mean
number of pCREB cells in the LA, BLA, MeA and CeA sections
of rats exposed to various beddings. * indicates p<0.05. **
indicates p<0.01.

p<0.05). There was no significant difference between
the number of pCREB-positive cells in the OVX-bed-
ding exposed and the clean-bedding exposed groups.
In contrast, significantly less pCREB-positive cells were
detected in the OVX+E,-bedding exposed group com-
pared to the clean-bedding exposed group (p<0.01);
furthermore, no significant difference was detected in
comparison with the home cage group. There was no
significant difference in the number of pCREB-positive
cells in the lateral amygdala (LA) ((F;,,=1.507, p>0.2)
or the basolateral amygdala (BLA) (F; ,,=1.982, p>0.1)
or the medial amygdala (MeA) (F;,,=0.305, p>0.8)
among the four groups.
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DISCUSSION

The present study showed that the process of remov-
ing male rats from their home cage and relocating to
another cage containing clean bedding induced an
increase of pCREB expression in the BSTM and the
CeA. Notably, this increase in pCREB expression was
not observed if the cage contained bedding from OVX
rats treated with estrogen. These results suggest that
female pheromone, which would be present in the bed-
ding from OVX rats treated with estrogen, interfered
with brain response to the procedure used in this study.

The stimulus and mechanism by which the pro-
cedure induced pCREB expression in the extended
amygdala is not known in the present study. However,
several factors may be involved, such as the new cage
alone or in combination with clean bedding may act as
a novel environment. A previous report showed that
new environmental factors can induce the expression
of c-fos mRNA in the extended amygdala (Day et al.
2001), which is also known to induce Fos in response
to stimuli such as a predatory odor (Dielenberg et al.
2001). Thus, it is conceivable that a novel environment
may induce the activation of a variety of brain areas
including the BST and the amygdala. A fear condition-
ing study showed that mice exposed to the context
only, that might act as a novel environment, exhibited
an increase in the expression of pCREB and Fos in
several regions including the amygdala (Stanciu et al.
2001), though these changes were statistically not sig-
nificant. Furthermore, CREB-deficient mice exhibited
altered behavior in novel environments, suggesting
that CREB is involved in the response to novel environ-
ments (Hebda-Bauer ef al. 2007). It has been suggested
that detection of novelty is associated with an increase
in phosphorylated CREB protein levels in the hip-
pocampus (Winograd & Viola 2004). Together, these
results led us to propose that brain response to a novel
environment could be demonstrated by expression of
PCREB. We thus speculate that the procedure used in
the present study (placing male rats into a cage con-
taining clean bedding) acts as a novel environmental
stimulus to result in an increase in pCREB expression
in the BSTM and CeA.

If this is the case, the absence of pCREB expression
in rats exposed to OVX+E,-soiled bedding suggests
that female pheromone, which would be present in the
bedding soiled by estrogen-treated female rats, expo-
sure in male rats attenuates brain response by a novel
environment. Both the BST (Gray et al. 1993; Walker
et al. 1997; Onaka & Yagi 1998) and the amygdaloid
nuclei (Buijs & Van Eden 2000; Stanciu et al. 2001) are
well known to be involved in many different types of
stress responses in the brain. Recently, it has been sug-
gested that the extended amygdala is involved in the
brain response to fear and anxiety, respectively (Walker
et al. 1997). In addition, cat odor-induced anxiety has
been shown to increase Fos expression in the BSTM

(McGregor et al. 2004). Our results, therefore, are con-
sistent with the results from these studies. In support of
the present study, exposure of male mice to female urine
has been shown to reduce anxiety (Aikey et al. 2002).

The bioactive substances present in female-soiled
bedding that affect the expression of pCREB have yet
to be identified. The identity of the mammalian phero-
mones is not well understood, but production of phero-
mones is often regulated by gonadal steroid hormones
(Dulac & Torello 2003). Indeed, in male rats, the attrac-
tiveness of female rat odor varies with the estrous cycle,
and odors from female rats at proestrus are the most
attractive to male rats (Lucas ef al. 1982). In addition,
sexually active male rats preferred OVX rats with estro-
gen replacement than those without estrogen replace-
ment (Xiao et al. 2004). These reports suggested that
the production of pheromone by female rats depended
on the presence of estrogen. Our findings demonstrat-
ing that OVX+E,-soiled bedding was more effective
than OVX-soiled bedding is in good accord with these
previous reports, and further suggests the presence of
female pheromone in the bedding.
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