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Abstract
In social animals, the presence of an affiliative conspecific alleviates acute stress
responses, and this is called social buffering. We previously reported that social
buffering mitigates the fear responses of male rats to auditory conditioned stimuli that
had been paired with foot shocks. Subsequent studies revealed that signals that are
perceived by the main olfactory epithelium are important for social buffering. Because
olfactory signals are the signal perceived by the main olfactory epithelium, we
hypothesized that we could induce the social buffering of conditioned fear responses by
presenting olfactory signals that were derived from a conspecific. In order to test this
hypothesis, we exposed fear-conditioned subjects to a conditioned stimulus either in a
clean test box or in a test box that was odorized by keeping a conspecific in it as an odor
donor beforehand. When the subjects were tested in the clean test box, they showed
behavioral fear responses and enhanced Fos expression in the paraventricular nucleus.
In contrast, the presence of conspecific olfactory signals blocked these fear responses
and Fos expression. These results suggested that olfactory signals suppress conditioned
fear responses. Fos expression in the posteromedial region of the olfactory peduncle and
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amygdala suggested that this suppression involves the same neural mechanisms as those
of social buffering. Taken together, we concluded that olfactory signals mediate the
social buffering of conditioned fear responses.

Key words: Social buffering, Fear conditioning, Appeasing pheromone, Posterior
complex of the anterior olfactory nucleus, Amygdala

Abbreviations: AOP, posterior complex of the anterior olfactory nucleus; BA, basal
amygdala; BNST, bed nucleus of the stria terminalis; BNSTl, anterior division lateral
group of the bed nucleus of the stria terminalis; BNSTm, anterior division medial group
of the bed nucleus of the stria terminalis; CeA, central amygdala; CS, conditioned
stimulus; LA, lateral amygdala; MOB, main olfactory bulb; mOC, medial olfactory
cortex; MOE, main olfactory epithelium; pmOP, posteromedial region of the olfactory
peduncle; PVN, paraventricular nucleus; TMT, 2,4,5-trimethyl-3-thiazoline; Tu,
olfactory tubercle.
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1. Introduction
In social mammals, signals from conspecific animals influence stress
responses. For example, autonomic [1] and behavioral [2] responses to a novel
environment or startle responses to a loud noise [3] are aggravated in rats by olfactory
signals that are released from stressed conspecifics. These findings indicate the
existence of alarming olfactory signals that have also been reported for several other
species [4-7]. In contrast, signals from conspecifics can mitigate stress responses
because the presence of an affiliative conspecific animal has been shown to alleviate
stress responses in a variety of social species [8-13]. These phenomena are part of what
is called social buffering [14]. However, in contrast to the identification of the
responsible visual signals in the social buffering of behavioral, autonomic, and
endocrine responses to a novel environment in sheep [8], the responsible signal in other
experimental models remains unclear.
We previously reported that the presence of a conspecific animal blocked the
fear responses of a male rat to a contextual and auditory conditioned stimulus (CS) that
had been paired with foot shocks as well as the associated Fos expression in the
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paraventricular nucleus (PVN) of the hypothalamus [15,16]. This social buffering of
conditioned fear responses occurred even when the dyad was separated by 2 wire-mesh
screens that were placed 5 cm apart [17]. In addition to the separation, lesions of the
main olfactory epithelium (MOE) of the subject also blocked social buffering [17],
suggesting that signals perceived at the MOE are important for social buffering.
Because olfactory signals are the signals that are perceived at the MOE, we
hypothesized that we could induce the social buffering of conditioned fear responses by
presenting olfactory signals that were derived from a conspecific.
In addition, we analyzed the neural mechanisms that underlie the social
buffering of conditioned fear responses. After being perceived at the MOE, the signals
responsible for social buffering are transmitted to the main olfactory bulb (MOB)
because anatomical evidence suggests that all of the signals that are detected at the
MOE are sent to the MOB [18]. Subsequently, the signals that are responsible for social
buffering are transmitted to the lateral amygdala (LA) and/or central amygdala (CeA),
which play pivotal roles in the behavioral and endocrine stress responses to auditory CS
[19-21], and suppress their activations [16]. The posteromedial region of the olfactory
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peduncle (pmOP), which comprises the posterior complex of the anterior olfactory
nucleus (AOP), olfactory tubercle (Tu), and medial olfactory cortex (mOC) (Fig. 1),
appears to be a relay point in the transmission from the MOB to the amygdala because
the pmOP is anatomically connected to the MOB and amygdala and because lesions of
the pmOP or disconnections between the pmOP and amygdala block social buffering
[22]. Therefore, if the presentation of olfactory signals induces the social buffering of
conditioned fear responses, it should activate the pmOP and suppress the activation of
the amygdala to the CS.
In order to address these issues, we prepared a clean test box and an identical
test box that was odorized by keeping a male rat that was an odor donor in it for the
preceding 3 h. Then, the fear-conditioned subjects were exposed to the CS while they
were in 1 of the 2 boxes. The effectiveness of the olfactory signals for social buffering
was assessed by observing the behavioral responses and Fos expression in the PVN. We
further observed the Fos expression in the pmOP and amygdala, as well as in the bed
nucleus of the stria terminalis (BNST), in order to assess the underlying neural
mechanisms.
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2. Material and methods
2.1 Animals
All experiments were approved by the Animal Care and Use Committee of
the Faculty of Agriculture of The University of Tokyo and were based on guidelines
that were adapted from the Consensus Recommendations on Effective Institutional
Animal Care and Use Committees by the Scientists Center for Animal Welfare.
Experimentally naïve male Wistar rats (aged 8 weeks) were purchased from
Charles River Laboratories Japan (Kanagawa, Japan). They were housed 3 animals per
cage in an ambient temperature of 24 ± 1°C and a humidity of 45 ± 5% in a controlled
colony room with food and water available ad libitum. The animals were maintained
under a 12-h light/12-h dark cycle (lights switched on at 08:00). Each rat was assigned
to either the subject or the odor-donor group, and cage mates were assigned to the same
group in order to maintain unfamiliarity between the subject and the donor rats. All rats
were housed separately and were handled for 5 min per day from 3 days before the
conditioning day.
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2.2 Fear conditioning
Fear conditioning was performed in an illuminated room between 09:00 and
17:00, as described in our previous studies [16,17,23]. A subject in the paired group was
placed in an acrylic conditioning box (28 ´ 20 ´ 27 cm) for 20 min, and it received 7
repetitions of a 3-s tone (8 kHz, 80 dB) that terminated concurrently with a foot shock
(0.5 s, 0.65 mA). We prepared the unpaired group by presenting the CS and foot shock
separately during a 20-min period. The intertrial interval randomly varied between 30
and 180 s. Each rat was returned to its home cage after the fear conditioning.

2.3 Fear-expression test
A fear-expression test was performed 24 h after the fear conditioning in a dark
room that was illuminated with dim red light [16,17]. Preceding the fear-expression test,
an odor-donor rat was placed and kept in an acrylic test box (24 ´ 44 ´ 18 cm) with
clean bedding for 3 h in a sound-proof chamber (42 ´ 57 ´ 41 cm) in order to odorize
the test box. We prepared the control box by keeping a test box with clean bedding in a
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sound-proof chamber without placing a donor rat in it. Donor rats were acclimatized to
the test box for 1 h on the conditioning day and on a preceding day and were used only
once for the odorization.
After the odorization, the donor rat was removed, and the test box was placed
on an experimental table. The subjects were then placed either in the odorized box (odor
situation, n = 9 in the paired and unpaired group) or control box (control situation, n = 9
in the paired and unpaired group). After a 2-min acclimation period, a CS was presented
5 times for 3 s each at 1-min intervals during the first half of the 10-min experimental
period. We recorded the behavior of the subjects during the acclimation and
experimental periods with a video camera (DCR-TRV18; Sony, Tokyo, Japan) and an
HD-DVD recorder (DVR-77H; Pioneer, Kanagawa, Japan). After the fear-expression
test, the subject was returned to its home cage and kept in a colony room.

2.4 Immunohistochemistry for c-Fos
Each

subject

was

deeply

anesthetized

with

sodium

pentobarbital

(Somnopentyl, Schering-Plough Animal Health, Harefield, UK) and perfused
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intracardially with 0.9% saline, which was followed by 4% paraformaldehyde in 0.1 M
phosphate buffer 48 min after the fear-expression test, that is, 60 min after the beginning
of the acclimation period. The brain was removed, immersed overnight in the same
fixative, and then placed in 30% sucrose/phosphate buffer for cryoprotection. The
avidin-biotin-peroxidase method was used for detection of the immunohistochemistry,
as previously described [16,17]. Briefly, 6 successive 30-µm sections were collected,
and the first and fifth sections were stained with cresyl violet in order to confirm the
location of the nucleus, while the remaining sections were used for free-floating
immunohistochemistry. The sections were incubated with primary antibody to Fos
protein (PC38, Merck, Darmstadt, Germany) for 65 h and anti-rabbit secondary
antibody (PK-6101, VECTASTAIN ABC kit, Vector Laboratories, Burlingame, CA) for
2 h, and the sections were then processed with the ABC kit and developed using a
diaminobenzidine solution with nickel intensification.

2.5 Data analyses and statistical procedures
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The data are expressed as means ± standard error of means, and significance
was set at P < 0.05 for all statistical tests. A researcher who was blind to the
experimental conditions recorded the duration of the behaviors of freezing (immobile
posture, with cessation of skeletal and vibrissae movement except in respiration) and
sniffing (regular movement of vibrissae with exploring) and the frequency of walking
(number of steps taken with the hind paws) by the subjects with Microsoft Excel-based
Visual Basic software that records the duration and number of pressing keys, as was
done in our previous studies [16,17,23]. The behavioral data during the initial
acclimation and experimental period of the subjects were analyzed by two-way
MANOVA, which was followed by Fisher’s PLSD post hoc test.
We analyzed the expression of Fos, as described in our previous studies
[16,24], in the AOP, Tu, mOC, BNST, including the anterior division medial group
(BNSTm) and anterior division lateral group (BNSTl), PVN, LA, CeA, and basal
amygdala (BA), as shown in Figure 1. The regions of interest were confirmed by the
adjacent sections that were stained with Cresyl Violet and were evaluated according to a
brain atlas [25]. We were not able to obtain sections containing the pmOP of 1 animal in
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the unpaired group in the control situation due to technical problems. Four sections of
each region were captured using a microscope equipped with a digital camera
(DP30BW, Olympus, Tokyo, Japan). The numbers of Fos-immunoreactive cells in a
0.5-mm square was counted unilaterally with ImageJ 1.41 software by an experimenter
who was blind to the experimental groups. When the designated area was smaller than
the boundaries of a 0.5-mm square, only the cells in the region of interest were counted.
The mean numbers of cells in the 4 sections in each region were analyzed by two-way
ANOVA, which was followed by Fisher’s PLSD post hoc test.

3. Results
3.1 Conditioned fear response to the CS
The behavioral responses during the acclimation period were significantly
affected by the test situation [F(3,30)=3.39; P<0.05]. However, the effects of the
conditioning procedure and the interaction between the 2 factors were not significant. A
post hoc test revealed that the behavioral responses were not different between the
paired and unpaired group in the same situation (Table 1).
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The behavioral responses during the experimental period were significantly
affected by the test situation [F(3,30)=5.88; P<0.01] and the conditioning procedure
[F(3,30)=6.62; P<0.01]. The interaction between the 2 factors was also significant
[F(3,30)=5.52; P<0.01]. A post hoc test revealed that the paired group showed an
increased duration of freezing (P<0.01), a decreased duration of sniffing (P<0.01), and
a decreased frequency of walking (P<0.01) compared to the unpaired group in the
control situation (Fig. 2A). However, when the fear-expression test was conducted in
the odor situation, no behavioral responses were different between the paired and
unpaired group (Fig. 2A).
In the PVN, the test situation [F(1,32)=17.1; P<0.01] and the conditioning
procedure [F(1,32)=11.4; P<0.01] significantly affected Fos expression. The interaction
between the 2 factors was also significant [F(1,32)=16.3; P<0.01]. A post hoc test revealed
that the paired group showed increased Fos expression compared to the unpaired group
(P<0.01) in the control situation, whereas Fos expression did not differ between the
paired and unpaired group in the odor situation (Fig. 2B).
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3.2 Fos expression in the pmOP, amygdala, and BNST
In the pmOP, we examined the levels of Fos expression in the AOP, Tu, and
mOC in order to determine the area that was responsible for social buffering (Fig. 3A).
The test situation significantly affected the levels of Fos expression in the AOP
[F(1,31)=8.10; P<0.01] and Tu [F(1,31)=11.9; P<0.01]. In addition, the conditioning
procedure affected the levels of Fos expression in the AOP [F(1,31)=8.04; P<0.01]. The
interaction between the 2 factors was not significant in all areas. A post hoc test
revealed that the paired group in the odor situation showed increased levels of Fos
expression in the AOP (P<0.01) compared to the other 3 groups (Fig. 3B, top). In the Tu,
both the paired and unpaired group in the odor situation showed increased levels of Fos
expression compared to both the paired and unpaired group in the control situation
(P<0.05) (Fig. 3B, middle). In contrast, the levels of Fos expression in the mOC did not
differ among the groups (Fig. 3B, bottom).
In the amygdala, the test situation did not affect the levels of Fos expression.
In contrast, the conditioning procedure affected the levels of Fos expression in the LA
[F(1,32)=8.24; P<0.01], CeA [F(1,32)=7.34; P<0.05], and BA [F(1,32)=10.8, P<0.01]. In
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addition, the interaction between the 2 factors was significant in the LA [F(1,32)=9.10,
P<0.01] and BA [F(1,32)=4.88; P<0.05]. A post hoc test revealed that the paired group
showed increased levels of Fos expression in the LA (P<0.01), CeA (P<0.05), and BA
(P<0.01) in the control situation compared to the unpaired group, whereas the levels of
Fos expression did not differ between the paired and unpaired group in the odor
situation (Fig. 3C).
In the BNST, the effects of the test situation, the conditioning procedure, and
the interaction between the 2 factors were not significant for the levels of Fos
expression in the BNSTm and BNSTl (Table 2).

4. Discussion
When fear-conditioned subjects were exposed to the CS in a clean test box,
they showed fear responses, including increased freezing and decreased sniffing and
walking, as well as increased levels of Fos expression in the PVN. Olfactory signals
from a conspecific suppressed these behavioral and neural responses, as was seen in our
previous studies [16,17]. These results suggested that olfactory signals suppress
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conditioned fear responses. We further observed Fos expression in the pmOP and
amygdala. In the pmOP, the levels of Fos expression were increased in the AOP when
the suppression of the conditioned fear response was observed, suggesting that the
pmOP, and especially the AOP, was activated during the suppression of the conditioned
fear responses. In the amygdala, the suppression of the conditioned fear responses was
accompanied by the blockade of Fos expression in the LA, the CeA, and the BA,
suggesting that the suppression was achieved by the blockade of the activation of the
amygdala. These results suggested that olfactory signals suppressed the conditioned fear
responses through the same neural mechanisms that underlie social buffering. Taken
together, we concluded that olfactory signals mediate the social buffering of conditioned
fear responses.
Since, we did not include an additional control group that was presented with
an odor that did not evoke fear, we cannot rule out the possibility that the presence of
any odor can suppress the conditioned fear responses. However, on the basis of our
previous finding that the presence of a heterospecific, a male guinea pig, did not induce
social buffering in male rats [17], we think that this possibility is less likely. Therefore,
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we believe that social buffering is specifically induced by olfactory signals derived from
conspecifics.
According to the criteria, olfactory signals that mediate social buffering can
be classified as appeasing pheromones. Pheromones were first proposed by Karlson and
Luscher [26] as “substances which are secreted to the outside by an individual and
received by a second individual of the same species, in which they release a specific
reaction, for example, a definite behaviour or a developmental process.” In the present
study, we demonstrated that olfactory signals from a conspecific mitigated behavioral
and neural fear responses. In addition, such olfactory signals have also been reported to
mitigate tachycardia in response to a novel environment [27]. Based on these
stress-buffering effects, olfactory signals that are released from a conspecific and that
alleviate stress responses can be classified as appeasing pheromones. Therefore, these
findings suggested that social buffering is a phenomenon in which appeasing
pheromones mitigate stress responses. However, it remains unclear whether the present
olfactory signals fulfill the second criteria that “The principle of minute amounts being
effective holds [26].” In addition, in the present study, we placed the donor and the
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subject in the same test box. Therefore, we cannot rule out the involvement of low
volatile compounds in the odorized box, which is in contrast to previous studies in
which only volatile compounds were transmitted from a donor because the donor and
subject were separated by 2 wire-mesh screens [17]. Future studies are needed to clarify
these points.
Olfactory signals derived from the mammary or facial areas are commercially
used to reduce stress responses in several species [28-31]; this further supports our
notion that olfactory signals can suppress stress responses in animals. These signals
fulfill the first criteria of being classified as pheromones; however, whether these
olfactory signals fit the second criteria for pheromones has not been investigated yet.
Further, the neural mechanisms underlying these stress-buffering effects have not been
investigated. Such investigations would increase our understanding of how olfactory
signals control stress in animals.
Another important finding in this study is that the levels of Fos expression in
the AOP were increased only when social buffering was observed within the pmOP.
Although we have identified the pmOP as a relay point in social buffering based on
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lesion studies, we could not specify the responsible area within the pmOP. Therefore,
we examined Fos expression in the AOP, Tu, and mOC within the pmOP in order to
clarify this point. Among these 3 areas, the AOP was the only area that showed
increased levels of Fos expression during social buffering. In contrast, the levels of Fos
expression in the Tu were increased when the subjects were tested in the odorized test
box, suggesting that the Tu was activated in response to general olfactory signals. The
levels of Fos expression in the mOC were not affected by any of the conditions. These
results suggested that the AOP is the area within the pmOP that is responsible for social
buffering. Because it has not been studied much previously, almost no information is
available regarding the AOP, unlike the well-studied anterior portions of the anterior
olfactory nucleus [32-34]. In this study, olfactory signals alone did not increase the
levels of Fos expression in the AOP, even if olfactory signals appear to be transmitted
to the pmOP [22]. Therefore, it is possible that the activated amygdala in the
fear-conditioned subject affected the response of the AOP to the olfactory signals from
a donor. A previous study showing that rats increased the levels of Fos expression in the
AOP after exposure to cat odors, but not to fox-derived 2,4,5-trimethyl-3-thiazoline
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(TMT) or formaldehyde [35], supports the close relationships between the AOP and the
amygdala. Although both cat odors and TMT induce freezing in rats, freezing in
response to cat odors is amygdala dependent [36,37], whereas the BNST plays a more
important role in the freezing response to TMT [38-40]. It is possible that formaldehyde
does not induce freezing because a similar repugnant odor, butyric acid, also failed to
induce freezing in rats [40-42]. Therefore, the AOP appears to be activated only when
olfactory signals are related to the activity of the amygdala. However, further research is
necessary in order to clarify why the activated AOP suppressed the activation of the
amygdala during social buffering but not in response to cat odors.
In the present study, the CS increased the levels of Fos expression in the
amygdala but not in the BNST. These results were consistent with the prevailing notion
that the BNST is not involved in the freezing to an auditory CS, whereas it participates
in the freezing to a contextual CS or in the potentiation of acoustic startle responses by
the long duration of an auditory CS [20,43,44]. In addition, neither the presentation of
olfactory signals nor social buffering increased the levels of Fos expression in the BNST.
Therefore, the BNST is less likely to be involved in our experimental model.
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5. Conclusion
In conclusion, we showed that olfactory signals from a donor suppressed
conditioned fear responses in male rats. In addition, the levels of Fos expression in the
pmOP and amygdala suggested that the suppression of conditioned fear responses has
the same neural mechanisms as those that underlie social buffering. Fos expression in
the pmOP also suggested that the AOP is the responsible area within the pmOP. Taken
together, we concluded that olfactory signals mediate the social buffering of
conditioned fear responses in male rats. Additional research that builds upon these
results will enable us to further our understanding of how olfactory signals control
amygdala activities.

21

Takahashi et al.

Acknowledgments
This study was supported by JSPS KAKENHI Grant Numbers 21228006 and
23688035.

22

Takahashi et al.

References

[1] Kiyokawa Y, Kikusui T, Takeuchi Y, Mori Y. Modulatory role of testosterone in
alarm pheromone release by male rats. Horm Behav 2004;45:122-7.
[2] Kiyokawa Y, Shimozuru M, Kikusui T, Takeuchi Y, Mori Y. Alarm pheromone
increases defensive and risk assessment behaviors in male rats. Physiol Behav
2006;87:383-7.
[3] Inagaki H, Kiyokawa Y, Kikusui T, Takeuchi Y, Mori Y. Enhancement of the
acoustic startle reflex by an alarm pheromone in male rats. Physiol Behav
2008;93:606-11.
[4] Boissy A, Terlouw C, Le Neindre P. Presence of cues from stressed conspecifics
increases reactivity to aversive events in cattle: evidence for the existence of
alarm substances in urine. Physiol Behav 1998;63:489-95.
[5] Chen D, Haviland-Jones J. Human olfactory communication of emotion. Percept
Mot Skills 2000;91:771-81.
[6] Sprott RL. "Fear communication" via odor in inbred mice. Psychol Rep
1969;25:263-8.

23

Takahashi et al.

[7] Vieuille-Thomas C, Signoret JP. Pheromonal transmission of an aversive experience
in domestic pig. J Chem Ecol 1992;18:1551-7.
[8] da Costa AP, Leigh AE, Man MS, Kendrick KM. Face pictures reduce behavioural,
autonomic, endocrine and neural indices of stress and fear in sheep. Proc Biol
Sci 2004;271:2077-84.
[9] Davitz JR, Mason DJ. Social facilitated reduction of a fear response in rats. J Comp
Physiol Psychol 1955;48:149-56.
[10] Grignard L, Boissy A, Boivin X, Garel JP, Le Neindre P. The social environment
influences the behavioural responses of beef cattle to handling. Appl Anim
Behav Sci 2000;68:1-11.
[11] Guzman YF, Tronson NC, Guedea A, Huh KH, Gao C, Radulovic J. Social
modeling of conditioned fear in mice by non-fearful conspecifics. Behav Brain
Res 2009;201:173-8.
[12] Kirschbaum C, Klauer T, Filipp SH, Hellhammer DH. Sex-specific effects of
social support on cortisol and subjective responses to acute psychological stress.
Psychosom Med 1995;57:23-31.

24

Takahashi et al.

[13] Masuda A, Aou S. Social transmission of avoidance behavior under situational
change in learned and unlearned rats. PLoS One 2009;4:e6794.
[14] Hennessy MB, Kaiser S, Sachser N. Social buffering of the stress response:
diversity, mechanisms, and functions. Front Neuroendocrinol 2009;30:470-82.
[15] Kiyokawa Y, Kikusui T, Takeuchi Y, Mori Y. Partner's stress status influences
social buffering effects in rats. Behav Neurosci 2004;118:798-804.
[16] Kiyokawa Y, Takeuchi Y, Mori Y. Two types of social buffering differentially
mitigate conditioned fear responses. Eur J Neurosci 2007;26:3606-13.
[17] Kiyokawa Y, Takeuchi Y, Nishihara M, Mori Y. Main olfactory system mediates
social buffering of conditioned fear responses in male rats. Eur J Neurosci
2009;29:777-85.
[18] Mombaerts P, Wang F, Dulac C, Chao SK, Nemes A, Mendelsohn M, Edmondson
J, Axel R. Visualizing an olfactory sensory map. Cell 1996;87:675-86.
[19] LeDoux JE. Emotion circuits in the brain. Annu Rev Neurosci 2000;23:155-84.
[20] Sullivan GM, Apergis J, Bush DE, Johnson LR, Hou M, Ledoux JE. Lesions in the
bed nucleus of the stria terminalis disrupt corticosterone and freezing responses

25

Takahashi et al.

elicited by a contextual but not by a specific cue-conditioned fear stimulus.
Neuroscience 2004;128:7-14.
[21] Wilensky AE, Schafe GE, Kristensen MP, LeDoux JE. Rethinking the fear circuit:
the central nucleus of the amygdala is required for the acquisition, consolidation,
and expression of Pavlovian fear conditioning. J Neurosci 2006;26:12387-96.
[22] Kiyokawa Y, Wakabayashi Y, Takeuchi Y, Mori Y. The neural pathway
underlying social buffering of conditioned fear responses in male rats. Eur J
Neurosci in press.
[23] Kodama Y, Kiyokawa Y, Takeuchi Y, Mori Y. Twelve hours is sufficient for
social buffering of conditioned hyperthermia. Physiol Behav 2011;102:188-92.
[24] Kiyokawa Y, Kikusui T, Takeuchi Y, Mori Y. Mapping the neural circuit activated
by alarm pheromone perception by c-Fos immunohistochemistry. Brain
Research 2005;1043:145-54.
[25] Paxinos G, Watson C. The rat brain in stereotaxic coordinates. Sixth ed. Tokyo,
Japan: Elsevier; 2007.

26

Takahashi et al.

[26] Karlson P, Luscher M. Pheromones': a new term for a class of biologically active
substances. Nature 1959;183:55-6.
[27] Kiyokawa Y, Kikusui T, Takeuchi Y, Mori Y. Alarm pheromone that aggravates
stress-induced hyperthermia is soluble in water. Chem Senses 2005;30:513-9.
[28] Falewee C, Gaultier E, Lafont C, Bougrat L, Pageat P. Effect of a synthetic equine
maternal pheromone during a controlled fear-eliciting situation. Appl Anim
Behav Sci 2006;101:144-53.
[29] Frank D, Beauchamp G, Palestrini C. Systematic review of the use of pheromones
for treatment of undesirable behavior in cats and dogs. J Am Vet Med Assoc
2010;236:1308-16.
[30] McGlone JJ, Anderson DL. Synthetic maternal pheromone stimulates feeding
behavior and weight gain in weaned pigs. J Anim Sci 2002;80:3179-83.
[31] Yonezawa T, Koori M, Kikusui T, Mori Y. Appeasing pheromone inhibits cortisol
augmentation and agonistic behaviors during social stress in adult miniature pigs.
Zoolog Sci 2009;26:739-44.

27

Takahashi et al.

[32] Brunjes PC, Illig KR, Meyer EA. A field guide to the anterior olfactory nucleus
(cortex). Brain Res Brain Res Rev 2005;50:305-35.
[33] Luskin MB, Price JL. The topographic organization of associational fibers of the
olfactory system in the rat, including centrifugal fibers to the olfactory bulb. J
Comp Neurol 1983;216:264-91.
[34] Shipley MT, Ennis M. Functional organization of olfactory system. J Neurobiol
1996;30:123-76.
[35] Staples LG, McGregor IS, Apfelbach R, Hunt GE. Cat odor, but not
trimethylthiazoline (fox odor), activates accessory olfactory and defense-related
brain regions in rats. Neuroscience 2008;151:937-47.
[36] Takahashi LK, Hubbard DT, Lee I, Dar Y, Sipes SM. Predator odor-induced
conditioned fear involves the basolateral and medial amygdala. Behav Neurosci
2007;121:100-10.
[37] Vazdarjanova A, Cahill L, McGaugh JL. Disrupting basolateral amygdala function
impairs unconditioned freezing and avoidance in rats. Eur J Neurosci
2001;14:709-18.

28

Takahashi et al.

[38] Fendt M, Endres T, Apfelbach R. Temporary inactivation of the bed nucleus of the
stria terminalis but not of the amygdala blocks freezing induced by
trimethylthiazoline, a component of fox feces. J Neurosci 2003;23:23-8.
[39] Muller M, Fendt M. Temporary inactivation of the medial and basolateral
amygdala differentially affects TMT-induced fear behavior in rats. Behav Brain
Res 2006;167:57-62.
[40] Wallace KJ, Rosen JB. Predator odor as an unconditioned fear stimulus in rats:
elicitation of freezing by trimethylthiazoline, a component of fox feces. Behav
Neurosci 2000;114:912-22.
[41] Endres T, Fendt M. Aversion- vs fear-inducing properties of
2,4,5-trimethyl-3-thiazoline, a component of fox odor, in comparison with those
of butyric acid. J Exp Biol 2009;212:2324-7.
[42] Fendt M, Endres T. 2,3,5-Trimethyl-3-thiazoline (TMT), a component of fox odor just repugnant or really fear-inducing? Neurosci Biobehav Rev
2008;32:1259-66.

29

Takahashi et al.

[43] Davis M, Walker DL, Miles L, Grillon C. Phasic vs sustained fear in rats and
humans: role of the extended amygdala in fear vs anxiety.
Neuropsychopharmacology 2010;35:105-35.
[44] Walker DL, Miles LA, Davis M. Selective participation of the bed nucleus of the
stria terminalis and CRF in sustained anxiety-like versus phasic fear-like
responses. Prog Neuropsychopharmacol Biol Psychiatry 2009;33:1291-308.

30

Takahashi et al.

Table 1.

Behavioral responses during the acclimation period of subjects

Situation

Control

Odor

Group

Unpaired

Paired

Unpaired

Freezing

6.8 ± 3.3

10.1 ± 4.9

0±0

Sniffing

93.3 ± 6.0

90.3 ± 5.3

102 ± 3

105 ± 4

Walking

51.9 ± 4.9

44.6 ± 5.2

58.7 ± 3.3

57.8 ± 7.0

Data are expressed as mean ± SEM.
Nine animals in each group.
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Table 2. Number of Fos-immunoreactive cells/0.5-mm square in the BNST
Situation

Control

Odor

Group

Unpaired

Paired

Unpaired

Paired

Anterior division medial group of the bed

3.8 ± 0.5

5.4 ± 0.7

5.1 ± 0.8

5.9 ± 0.9

7.0 ± 0.9

7.7 ± 1.3

7.5 ± 0.7

8.8 ± 1.4

nucleus

of

the

stria

terminalis

(BNSTm)
Anterior division lateral group of the bed
nucleus

of

the

stria

terminalis

(BNSTl)
Data are expressed as mean ± SEM.
Nine animals in each group.
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Figure legends

Fig. 1. Schematic diagrams showing the location of the brain regions (open square) in
which Fos-immunoreactive cells were counted. Abbreviations: AOP: posterior complex
of the anterior olfactory nucleus; BA: basal amygdala; BNSTl: anterior division lateral
group of the bed nucleus of the stria terminalis; BNSTm: anterior division medial group
of the bed nucleus of the stria terminalis; CeA: central amygdala; LA: Lateral
amygdala; mOC: medial olfactory cortex; PVN: paraventricular nucleus, Tu: olfactory
tubercle.

Fig. 2. Conditioned fear responses to the auditory conditioned stimulus (CS) of the
subjects. Duration of freezing and sniffing and frequency of walking (mean + SEM)
(panel A) and the mean numbers of Fos-immunoreactive cells (mean + SEM) in the
paraventricular nucleus (PVN) (panel B) of the fear-conditioned (paired group) or
nonconditioned (unpaired group) subjects that underwent the fear-expression test either
in an test box odorized by a donor rat (odor situation) or in a clean test box (control
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situation). The letters indicate the significant differences (P<0.05) according to
ANOVA followed by Fisher’s PLSD post hoc test.

Fig. 3. The expression of Fos in the posteromedial region of the olfactory peduncle
(pmOP) and amygdala. Representative photomicrographs of Fos-immunoreactive cells
in the pmOP (panel A), Fos expression in the posterior complex of the anterior olfactory
nucleus (AOP), olfactory tubercle (Tu), and medial olfactory cortex (mOC) within the
pmOP (panel B), and in the lateral amygdala (LA), central amygdala (CeA), and basal
amygdala (BA) within the amygdala (panel C) of the fear-conditioned (paired group)
and nonconditioned (unpaired group) subjects that underwent the fear-expression test
either in a test box that was odorized by a donor rat (odor situation) or in a clean test
box (control situation). The horizontal bar indicates 500 µm. The letters indicate
significant differences (P<0.05) with ANOVA followed by Fisher’s PLSD post hoc test.
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