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Abstract

The phenomenon in which a certain smell evokes a specific memory is known as the Proust phenomenon. Odor-
evoked autobiographic memories are more emotional than those elicited by other sensory stimuli. The results of our
previous study indicated that odor-evoked autobiographic memory accompanied by positive emotions has
remarkable effects on various psychological and physiological activities, including the secretion of cytokines, which
are immune-signaling molecules that modulate systemic inflammation. In this study, we aimed to clarify the neural
substrates associated with the interaction between odor-evoked autobiographic memory and peripheral circulating
cytokines. We recruited healthy male and female volunteers and investigated the association between brain
responses and the concentration of several cytokines in the plasma by using positron emission tomography (PET)
recordings when an autographic memory was evoked in participants by asking them to smell an odor that was
nostalgic to them. Participants experienced positive emotions and autobiographic memories when nostalgic odors
were presented to them. The levels of peripheral proinflammatory cytokines, such as the tumor necrosis factor-α
(TNF-α) and interferon-γ (IFN-γ), were significantly reduced after experiencing odor-evoked autobiographic memory.
Subtraction analysis of PET images indicated that the medial orbitofrontal cortex (mOFC) and precuneus/posterior
cingulate cortex (PCC) were significantly activated during experiences of odor-evoked autobiographic memory.
Furthermore, a correlation analysis indicated that activities of the mOFC and precuneus/PCC were negatively
correlated with IFN-γ concentration. These results indicate that the neural networks including the precuneus/PCC
and mOFC might regulate the secretion of peripheral proinflammatory cytokines during the experience of odor-
evoked autobiographic memories accompanied with positive emotions.

Citation: Matsunaga M, Bai Y, Yamakawa K, Toyama A, Kashiwagi M, et al. (2013) Brain–Immune Interaction Accompanying Odor-Evoked
Autobiographic Memory. PLoS ONE 8(8): e72523. doi:10.1371/journal.pone.0072523

Editor: Oscar Arias-Carrion, Hospital General Dr. Manuel Gea González, Mexico

Received May 21, 2013; Accepted July 16, 2013; Published August 20, 2013

Copyright: © 2013 Matsunaga et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported in part by a Grant-in-Aid for Scientific Research from the Japan Society for the Promotion of Science (22700683 to
MM). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. No additional external
funding was received for this study.

Competing interests: We have the following interests to declare: Co-authors Mitsuyoshi Kashiwagi, Kazuyuki Fukuda, Akiko Oshida and Kazue Sanada
are employed by Kao Corporation. This does not alter our adherence to all the PLOS ONE policies on sharing data and materials.

* E-mail: matsunag@aichi-med-u.ac.jp

Introduction

The phenomenon in which a certain smell evokes a specific
memory—for example, the smell of a madeleine biscuit dipped
in linden tea triggering intense joy and the memory of childhood
[1]—is known as the “Proust phenomenon.” Previous studies
have characterized odor-evoked autobiographic memories as
being more emotional than those elicited by other sensory
stimuli [2–5]. The mechanism underlying the observation that
odor-evoked autobiographic memories are quite emotional
might be the direct neural communication between the olfactory

system and the amygdala–hippocampal complex of the limbic
system, which is directly involved in basic-level emotion and
memory processing [6,7]. In fact, a previous neuroimaging
study has indicated that the amygdala is strongly activated
when autobiographic memories are evoked by olfactory cues
than by other sensory cues, such as visual ones [5].

Recent studies have shown that emotional experiences can
induce various psychological and peripheral physiological
responses involving the autonomic nervous, endocrine, and
immune systems [8–14]. Thus, experiencing odor-evoked
autobiographic memories may also induce several
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psychological and physiological responses. We have recently
shown that odor-evoked autobiographic memories
accompanied by positive emotions have an inhibitory effect on
the secretion of peripheral cytokines, which are immune-
signaling molecules that modulate systemic inflammation [10].
After infection with some pathogens, systemic inflammation is
usually induced via the active secretion (from immune cells) of
proinflammatory cytokines, such as the tumor necrosis factor-α
(TNF-α) and interferon-γ (IFN-γ), which can induce depressive
symptoms [15]. Recent studies in psychoneuroimmunology
have shown that emotional experiences can modulate the
secretion of proinflammatory cytokines from immune cells, and
that psychological stressors, such as anxiety, can induce the
active secretion of proinflammatory cytokines [14]. In contrast,
other studies have shown that pleasurable experiences, such
as the evocation of happy feelings, play a role in suppressing
the secretion of proinflammatory cytokines and have various
beneficial effects on health and well-being [9]. Therefore,
pleasurable experiences induced by odor-evoked
autobiographic memory might also have remarkable beneficial
effects on human health and well-being via the inhibition of
systemic inflammation.

The neural underpinnings of the association between odor-
evoked autobiographic memory accompanied by positive
emotions and peripheral circulating cytokines remain obscure.
Our previous neuroimaging studies, which focused on the
brain–immune interaction, have shown that the prefrontal brain
regions, such as the ventromedial prefrontal cortex (vmPFC)
and the orbitofrontal cortex (OFC), regulate peripheral immune
activities, such as the proportion of natural killer cells (which
are a subgroup of lymphocytes that play an essential role in the
cellular immune defense against virus-infected cells, bacteria,
or tumor cells) among peripheral circulating lymphocytes
[12,13]. The medial part of the prefrontal cortex, including the
medial OFC (mOFC), vmPFC, and anterior cingulate cortex
(ACC), has extensive outputs onto brain regions that regulate
the secretion of peripheral hormones and cytokines via
autonomic nervous functions, such as those of the
hypothalamus, periaqueductal gray, amygdala, and thalamus
[16,17]. Furthermore, previous studies have shown that
connections between the olfactory bulb, primary olfactory
cortex, and olfactory-related areas of the orbital cortex [18] and
the mOFC may contribute to the hedonic experience
associated with the processing of highly valued rewards [19],
thereby suggesting that the mOFC represents the positive
affective aspects of olfactory stimuli. Therefore, odor-evoked
autobiographic memory accompanied by positive emotions
might activate the mOFC and modulate peripheral circulating
cytokine levels via the function of the mOFC; however, this
phenomenon has not yet been demonstrated.

On the basis of these previous observations, in this study,
we attempted to identify an association between brain activity
and peripheral immune parameters (interleukin-2 [IL-2],
interleukin-4 [IL-4], interleukin-6 [IL-6], interleukin-10 [IL-10],
TNF-α, and IFN-γ levels) by simultaneously recording brain
activity and plasma levels of cytokines by using positron
emission tomography (PET) when the participants experienced
an odor-evoked autobiographic memory.

Materials and Methods

Participants
The participants were recruited at the Nagoya University

after the study had been approved by the local Ethics
Committee (protocol number: 301). Because previous studies
has suggested that the prevalence rate of olfactory evoked
autobiographical memories is low (about 16%) [20,21], it was
necessary to pre-select individuals for the PET study. Using the
questionnaire, which asked the autobiographical odor
episodes, we recruited participants who were able to retrieve
clearly autobiographical odor episodes, which could be located
with relatively exact space and time references. On the basis of
their answers to the questionnaire, we selected 10 healthy
volunteers (3 men and 7 women) for inclusion in this study. The
age range of the participants was 20–35 years, and they all
provided written informed consent in accordance with the
Declaration of Helsinki. The participants received no
medication during the experimental period. Women were
examined during the late luteal and first follicular phases of
their menstrual cycle, when the secretion of female sex
hormones is low, thus minimizing the influence of these
hormones on the endocrine and immune systems.

Test Stimuli
A day before the experiment, the participants themselves

selected the odor that evoked an autobiographic memory.
These odors were referred to as nostalgic stimuli and included
Givenchy Insense Ultramarine, Emanuel Ungaro Apparition
Sky, Very Irresistible Givenchy Summer Cocktail, Angel Heart,
Burberry Brit Eau De Parfum, and Angel Heart Lion Heart. The
control stimuli were generic unmarketed perfumes (obtained
from Kao Corporation) and were the same for all participants,
as described previously [10]. We used 2 distinct odors as
control stimuli; pretesting using 54 healthy volunteers
established that these control odors did not evoke a sense of
nostalgia nor an autobiographic memory.

Experimental Procedures
Participants were instructed not to eat 2 h before the

experiment, but they were allowed to consume nonalcoholic
and caffeine-free fluids. Each participant lay down on the PET
examining table, after which a heparinized catheter was
inserted into his/her right forearm vein, for blood collection. A
heparinized catheter that was used to administer the PET
tracer was also inserted in the antecubital fossa vein in the left
forearm. The participant was given instructions prior to the
commencement of the experiment. After a 10-min transmission
scan was completed, the experiment was started. A 4-min rest
period was followed by the presentation of either the control
odor (Control condition), the nostalgic odor that would evoke an
autobiographic memory (Proust condition), or an air-only odor
(Low-Level Control [LLC] condition) to the participant for 2 min
by using an olfactometer consisting of 6 identical channels that
were adjusted to deliver a constant flow rate of 1.3 L/min of
odorized air from a diaphragm compressor (Aromageur;
MIRAPRO Co., Ltd., Japan). A PET scan (duration, 60 s) was
performed during this odor-smelling period. After the participant
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experienced the smell, his/her blood sample was collected, and
the mood state and arousal level were assessed within 2 min.
Assessments of test stimuli were also conducted. This was
followed by an 11-min rest period, after which the next odor-
smelling session started. These 3 conditions were presented
twice to each participant. Therefore, all participants underwent
6 PET scans. The order of presentation of the 3 conditions was
counterbalanced across participants.

Assessments of Test Stimuli, Mood State, and Arousal
Level

The perceived intensity of the test stimuli and evocations of a
sense of nostalgia and autobiographic memory were evaluated
by rating them on the visual analog scale (VAS), as follows.
Intensity: completely scentless, 0% and extremely high
intensity, 100%; nostalgia: no nostalgia, 0% and extremely high
nostalgia, 100%; and memory: no memory evocation, 0% and
extremely high memory evocation, 100%. Furthermore, to
evaluate the mood state and arousal level of the participants,
they were asked to evaluate subjectively their present pleasant
mood and arousal level by rating it on the VAS, as follows.
Mood state: extremely negative, 0%; neither positive nor
negative, 50%; extremely positive, 100%; and arousal:
extremely sleepy, 0%; neither sleepy nor aroused, 50%;
extremely high arousal, 100%. In addition, we checked the
content of the retrieved episodes cued by odors, and confirmed
that the participants could retrieve autobiographic episodes,
which could be located with relatively exact space and time
references, by the nostalgic odors.

Measurements of Cytokine Concentrations
The blood samples that were taken to measure plasma

cytokine levels were anticoagulated with
ethylenediaminetetraacetate, chilled, and centrifuged. The
plasma was then removed and frozen at −80°C until analysis.
Plasma cytokines (IL-2, IL-4, IL-6, IL-10, TNF-α, and IFN-γ)
were determined using a BD cytometric bead array (Human
Th1/Th2 Cytokine Kit II; BD Biosciences, San Diego, CA, USA)
according to the manufacturer’s instructions. The intraassay
coefficient of variation was less than 6%, and the interassay
variation was less than 9% for the measurement of these
cytokines.

Image Acquisition by PET
During each block, the distribution of regional cerebral blood

flow (rCBF) was measured on a General Electric, Advance NXi
PET scanner (GE Healthcare Life Sciences, Little Chalfont,
England) operated in a high-sensitivity three-dimensional
mode. A venous catheter (for administering the tracer) was
inserted into the antecubital fossa vein of the left forearm. After
the subject’s head was positioned in the inflatable plastic head
holder to prevent possible head movements, a 10-min
transmission scan using a rotating 68Ge pin source was
completed. In each block, after a 370-MBq bolus injection of
H2

15O over 30 s, scanning was started and continued for 60 s.
Bolus injection was started 60 s after the initiation of the block.
The integrated radioactivity accumulated during the 60 s of
scanning was used as the index of rCBF. Six scans were

acquired per subject, and the interval between successive
scans was 15 min, to allow for radioactive levels to return to
baseline. A Hanning filter was used to reconstruct images into
35 planes with a thickness of 4.5 mm and a resolution of 2 × 2
mm (full width at half maximum).

Image Processing and Analysis
We used SPM8 revision 3684 (The Wellcome Trust Centre

for Neuroimaging; http://www.fil.ion.ucl.ac.uk/spm) in MATLAB
2010a (MathWorks Inc., Natick, MA, USA) to analyze functional
images. Images were initially realigned using sinc interpolation
to remove artifacts before being transformed into a standard
stereotactic space. Images were corrected for whole-brain
global blood flow by proportional scaling and were smoothed
using a Gaussian kernel to a final in-plane resolution of 8 mm
at full width at half maximum. To identify significant regional
changes in the Proust condition, differences between the 3
conditions (Proust, Control, and LLC) were analyzed by
subtracting the images of the control and LLC conditions from
the images of the Proust condition. The effects at each voxel
were estimated using a general linear model. Voxel values for
each contrast yielded a statistical parametric map of the t
statistic (SPM t), which was subsequently transformed to a unit
normal distribution (SPM z). The peak voxel value significance
thresholds were set at p < 0.001 (uncorrected), and the cluster
significance thresholds were set at p < 0.05 (uncorrected).

Statistical Analyses of Psychological and Physiological
Data

Results are expressed as the mean ± standard error of mean
(SEM). The control and nostalgic stimuli were compared using
paired t tests. Furthermore, Pearson correlation coefficients
were computed between the beta values of significant brain
regions and physiological indices, to examine the relationships
among brain and physiological activities.

Ethics Statement
This study was approved by the Ethics Committees of

Nagoya University, Kizawa Memorial Hospital, and Kao
Corporation. The participants of this study all provided written
informed consent in accordance with the Declaration of
Helsinki.

Results

Psychological Data
To assess whether the test stimuli evoked an autobiographic

memory, the participants were requested to evaluate the
perceived intensity of test stimuli and evocations of sense of
nostalgia and autobiographic memory by using the VAS.
Although there were no significant differences in the rating
score for perceived intensity, the scores for the sense of
nostalgia (df = 9, t = -8.12, p < 0.01) and autobiographic
memory (df = 9, t = -8.36, p < 0.01) were significantly greater in
the Proust condition than in the control condition (Figure 1A).
Mood states were also evaluated using the VAS. The paired t
test revealed that the rating scores for mood state
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(pleasantness) (df = 9, t = -2.16, p < 0.05) and arousal level (df
= 9, t = -2.50, p < 0.05) obtained after smelling the stimuli that

induced the Proust condition were significantly higher than
those obtained after smelling the control odor (Figure 1A).

Figure 1.  Psychological and plasma cytokine data.  (A) Differences in the rating scores for the characteristics of control and
nostalgic odors. **p < 0.01 and *p < 0.05 vs. control, paired t test. (B) Differences in the plasma concentration of cytokines (IL-2,
IL-4, IL-6, IL-10, TNF-α, and IFN-γ) between control and nostalgic odors. **p < 0.01 and *p < 0.05 vs. control, paired t test.
doi: 10.1371/journal.pone.0072523.g001
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Effects of Odor-evoked Autobiographic Memory on
Plasma Cytokines

To examine whether odor-evoked autobiographic memory
influenced the levels of peripheral circulating cytokines, we
measured the plasma concentrations of IL-2, IL-4, IL-6, IL-10,
TNF-α, and IFN-γ after the smelling sessions (Figure 1B). The
statistical analyses using paired t tests indicated that the
plasma levels of TNF-α (df = 9, t = 3.52, p < 0.01) and IFN-γ (df
= 9, t = 3.75, p < 0.01) were significantly lower after smelling
the test stimulus that evoked the Proust condition than after the
control condition (Figure 1B).

Neuroimaging Data
Subtraction of the control and LLC conditions from the Proust

condition revealed significant increases in the rCBF of the
mOFC (x, y, z = −12, 34, −26) and precuneus/PCC (x, y, z = 8,
−68, 28) (Figure 2). We then analyzed the correlation between
peripheral cytokine levels and rCBF. The correlation analyses
using the beta values of the cluster within the mOFC and
precuneus/PCC and plasma concentrations of TNF-α and IFN-
γ indicated positive correlations between the mOFC response
and the precuneus/PCC response (r(10) = 0.86, p < 0.01;
Figure 3A). Furthermore, the plasma concentration of IFN-γ in
the Proust condition was negatively correlated with the
precuneus/PCC response (r(10) = −0.85, p < 0.01; Figure 3B)
and with the mOFC response (r(10) = −0.89, p < 0.01; Figure
3C); however, no correlation between cytokine levels and
responses of the precuneus/PCC and mOFC was observed in
the control condition.

Discussion

In the present study, we attempted to identify the neural
underpinnings of the association between odor-evoked
autobiographic memory accompanied by positive emotions and
peripheral circulating cytokine levels by simultaneously
recording brain activities and peripheral cytokine levels by
using PET when the participants experienced an odor-evoked
autobiographic memory. Participants experienced positive
emotions and autobiographic memories when nostalgic odors
were presented to them (Figure 1A). Peripheral
proinflammatory cytokine levels, such as those of TNF-α and
IFN-γ, were significantly reduced after the participants
experienced odor-evoked autobiographic memories (Figure
1B). Subtraction analysis of PET images indicated that the
mOFC and precuneus/PCC were significantly activated when
the participants experienced odor-evoked autobiographic
memories (Figure 2). Furthermore, a correlation analysis
indicated the presence of a positive correlation between the
activities of the mOFC and precuneus/PCC and IFN-γ
concentration (Figure 3). Because the correlation between
brain activity related to odor control stimuli and cytokines was
not observed, the obtained relationship may not be driven by
odor stimulation alone. These results suggest that the mOFC
and precuneus/PCC play a role in regulating the secretion of
peripheral proinflammatory cytokines when the participants
experience an odor-evoked autobiographic memory
accompanied by positive emotions.

Previous neuroimaging studies have indicated that the
precuneus/PCC plays an important role in successful memory
retrieval [22], and that odor-evoked autobiographic memory
retrieval activates the precuneus/PCC [23]. Therefore, the
precuneus/PCC activation shown in the present study might
represent the retrieval of autobiographic memory. Furthermore,
the mOFC represents the positive affective aspects of olfactory
stimuli [18], and there is a neural connection between the PCC
and mOFC [24]; therefore, the positive correlation between the
PCC and mOFC shown in this study may represent the
association between autobiographic memory retrieval and
reward processing. Previous neuroimaging studies have shown
that the mOFC regulates peripheral endocrine and immune
functions [12,13]. These previous observations suggest that the
neural networks involving the precuneus/PCC and mOFC
might regulate the secretion of peripheral proinflammatory
cytokines when a participant experiences odor-evoked
autobiographic memory accompanied by positive emotions.

Herz and colleagues recently characterized odor-evoked
autobiographic memories as being more emotional than those
elicited by other sensory stimuli, as assessed using self-
reporting and physiological responses [2–5]. Those authors
used functional magnetic resonance imaging (fMRI) to
demonstrate that the amygdala is strongly activated when
autobiographic memories are evoked by olfactory cues than by
other sensory cues, such as visual ones [5]. The amygdala is
critical for the expression of emotion [6,7], and heightened
activity of the amygdala represents an intense emotional
experience. However, the present study did not show activation
of the amygdala during the odor-evoked memory retrieval. The
response speed of the amygdala may explain this absence of
activation. The amygdala is quickly activated when an
emotional stimulus is presented, and this activation then
decreases quickly [25]. Because a relatively long scanning time
is necessary for PET (60 s) acquisition than for fMRI, the quick
response of the amygdala might not have been observed in the
present study. In addition, our previous study indicated that the
levels of the immunomodulatory cytokine IL-2 decreased after
smelling a nostalgic odor compared with a control odor [10].
However, in this study, a decrease in IL-2 levels was not
observed in the Proust condition; instead, we showed a
decrease in the levels of proinflammatory cytokines, such as
TNF-α and IFN-γ, in the Proust condition. What is the
explanation for the difference observed between the present
and previous studies? The PET conditions may be stressful
compared with normal experimental conditions; therefore, it is
possible that baseline systemic inflammation was increased by
stress. IL-2, TNF-α, and IFN-γ are involved in immune-system
signaling and systemic inflammation; however, recent studies
have demonstrated that IL-2 is also essential for the
downregulation of immune responses via the enhancement of
anti-inflammatory cytokine secretion [26]. Thus, it is possible
that IL-2 is actively produced in the stressful PET conditions to
reduce systemic inflammation, and this would explain why we
did not observe a difference in IL-2 concentration between the
control and Proust conditions.

The mediators of the association between the neural network
that includes the mOFC and precuneus/PCC and
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Figure 2.  Neuroimaging analysis.  Statistical parametric map showing a cluster that was activated significantly in the Proust
condition compared with the control and LLC conditions. The statistical thresholds for the analysis were set at an uncorrected p <
0.001 at the voxel level, and at an uncorrected p < 0.05 at the cluster level.
doi: 10.1371/journal.pone.0072523.g002
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Figure 3.  Correlation between peripheral cytokine levels and neuroimaging findings.  (A) Scatter plot showing the correlation
between the beta value of the mOFC cluster in the Proust condition and the beta value of the precuneus/PCC cluster in the Proust
condition. (B) Scatter plot showing the correlation between the beta value of the precuneus/PCC cluster in the Proust condition and
IFN-γ concentration after smelling a nostalgic odor that evoked an autobiographic memory. (C) Scatter plot showing the correlation
between the beta value of the mOFC cluster in the Proust condition and IFN-γ concentration after smelling a nostalgic odor that
evoked an autobiographic memory.
doi: 10.1371/journal.pone.0072523.g003
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proinflammatory cytokines remain unclear. Previous studies
have indicated that the activation of the cannabinoid receptor 2
(CB2) by a CB2-selective agonist seems to have anti-
inflammatory properties via TNF-α and IFN-γ inhibition [27,28].
Furthermore, a previous study indicated that the
endocannabinoid system is associated with positive emotion
evocation [29,30]. Thus, stimulation of the endocannabinoid
system by odor-evoked positive emotions may have
suppressed proinflammatory cytokine secretion. To test this
hypothesis, we will have to measure changes in peripheral
endocannabinoid levels after a participant experiences the
odor-evoked autobiographic memory accompanied by positive
emotions in a future study.

This study has certain limitations. First, the relatively short
experimental time (odor-smelling session, 2 min) was
insufficient to determine the effects of the olfactory stimulation
on the endocrine and immune systems, even though previous
studies have reported significant changes in endocrine and
immune parameters over a short time [8,11,31]. In previous
studies, changes in peripheral cytokine levels were observed at
least 30 min after the presentation of experimental stimuli; thus,
the changes in peripheral cytokine levels shown in this study
may have been too fast. However, previous studies have
shown that peripheral circulating lymphocytes that secrete
several cytokines can be rapidly redistributed after emotional
arousal (about 1–2 min). Thus, the distribution of lymphocytes
that secrete proinflammatory cytokines in the blood may be
possibly changed after autobiographic memory evocation. The
generalizability of the present findings must be tested further by
using a longer experimental time and lymphocyte-distribution
analyses. Second, some reports have noted sex differences
regarding physiological reactivity [32]; however, we did not
investigate interaction effects with sex. In addition, interaction
effects with the order in which the 2 types of odors were
presented may exist. In a future study, we will attempt to
investigate the interaction effects with stimulus-presentation
order and sex. Third, the obtained relationships between
cytokine levels and brain activities may be driven by

pleasantness rather than by retrieval of autobiographical odor
information, because our previous study has indicated the
relationship between positive emotions and cytokine levels [9].
Further, the nostalgic odor, rather than the control odors, might
be familiar to the participants. A previous study has indicated
that novel odors affect the gene expression of cytokines in the
rat brain [33]. Thus, odor familiarity may have had confounding
effects on the obtained findings. In a future study, we will
attempt to investigate the effects of pleasantness and
familiarity on the obtained relationships between cytokine
levels and brain activities by using a full factorial design.

The results of the present study suggest the presence of a
brain–immune interaction during the experience of an odor-
evoked autobiographic memory accompanied by positive
emotions. The neural networks that include the mOFC and
precuneus/PCC might play a key role in regulating the
secretion of peripheral proinflammatory cytokines during the
experience of an odor-evoked autobiographic memory
accompanied by positive emotions. Odor-evoked
autobiographic memories may have beneficial effects on
human health and well-being via the inhibition of systemic
inflammation.

Acknowledgements

We thank Profs. Masashi Yoneda and Kunio Kasugai (Division
of Gastroenterology, Department of Internal Medicine, School
of Medicine, Aichi Medical University, Japan) for their
suggestions and encouragement throughout this study.

Author Contributions

Conceived and designed the experiments: MM MK KF AO KS
HO. Performed the experiments: MM YB KY AT SF. Analyzed
the data: MM. Contributed reagents/materials/analysis tools:
MK KF AO KS. Wrote the manuscript: MM. Supervised the
project: NS JS JY.

References

1. Proust M (1919) Du coté de chez Swann. Paris: Gaillimard.
2. Herz RS, Cupchik GC (1995) The emotional distinctiveness of odor-

evoked memories. Chem Sens 20: 517-528. doi:10.1093/chemse/
20.5.517. PubMed: 8564426.

3. Herz RS (1998) Are odors the best cues to memory? A cross-modal
comparison of associative memory stimuli. Ann N Y Acad Sci 855:
670-674. doi:10.1111/j.1749-6632.1998.tb10643.x. PubMed: 9929669.

4. Herz RS, Schooler JW (2002) A naturalistic study of autobiographical
memories evoked by olfactory and visual cues: testing the Proustian
hypothesis. Am J Psychol 115: 21-32. doi:10.2307/1423672. PubMed:
11868193.

5. Herz RS, Eliassen J, Beland S, Souza T (2004) Neuroimaging
evidence for the emotional potency of odor-evoked memory.
Neuropsychologia 42: 371-378. doi:10.1016/j.neuropsychologia.
2003.08.009. PubMed: 14670575.

6. Aggleton J, Mishkin M (1986) The amygdala: sensory gateway to the
emotions. In: R PlutchikH Kellerman. Emotion: theory, research and
experience. Orlando, FL: Academic Press. pp. 281-299.

7. LeDoux JE (2000) Emotion circuits in the brain. Annu Rev Neurosci 23:
155-184. doi:10.1146/annurev.neuro.23.1.155. PubMed: 10845062.

8. Matsunaga M, Isowa T, Kimura K, Miyakoshi M, Kanayama N et al.
(2008) Associations among central nervous, endocrine, and immune
activities when positive emotions are elicited by looking at a favorite

person. Brain Behav Immun 22: 408-417. doi:10.1016/j.bbi.
2007.09.008. PubMed: 17977695.

9. Matsunaga M, Isowa T, Yamakawa K, Tsuboi H, Kawanishi Y et al.
(2011) Association between perceived happiness levels and peripheral
circulating pro-inflammatory cytokine levels in middle-aged adults in
Japan. Neuro Endocrinol Lett 32: 458-463. PubMed: 21876513.

10. Matsunaga M, Isowa T, Yamakawa K, Kawanishi Y, Tsuboi H et al.
(2011) Psychological and physiological responses to odor-evoked
autobiographic memory. Neuro Endocrinol Lett 32: 774-780. PubMed:
22286798.

11. Ohira H, Nomura M, Ichikawa N, Isowa T, Iidaka T et al. (2006)
Association of neural and physiological responses during voluntary
emotion suppression. NeuroImage 29: 721-733. doi:10.1016/
j.neuroimage.2005.08.047. PubMed: 16249100.

12. Ohira H, Isowa T, Nomura M, Ichikawa N, Kimura K et al. (2008)
Imaging brain and immune association accompanying cognitive
appraisal of an acute stressor. Neuroimage 39: 500-514. doi:10.1016/
j.neuroimage.2007.08.017. PubMed: 17913515.

13. Ohira H, Fukuyama S, Kimura K, Nomura M, Isowa T et al. (2009)
Regulation of natural killer cell redistribution by prefrontal cortex during
stochastic learning. Neuroimage 47: 897-907. doi:10.1016/
j.neuroimage.2009.04.088. PubMed: 19427910.

14. Yamakawa K, Matsunaga M, Isowa T, Kimura K, Kasugai K et al.
(2009) Transient responses of inflammatory cytokines in acute stress.

Brain-Immune Interaction in Odor-evoked Memory

PLOS ONE | www.plosone.org 8 August 2013 | Volume 8 | Issue 8 | e72523

http://dx.doi.org/10.1093/chemse/20.5.517
http://dx.doi.org/10.1093/chemse/20.5.517
http://www.ncbi.nlm.nih.gov/pubmed/8564426
http://dx.doi.org/10.1111/j.1749-6632.1998.tb10643.x
http://www.ncbi.nlm.nih.gov/pubmed/9929669
http://dx.doi.org/10.2307/1423672
http://www.ncbi.nlm.nih.gov/pubmed/11868193
http://dx.doi.org/10.1016/j.neuropsychologia.2003.08.009
http://dx.doi.org/10.1016/j.neuropsychologia.2003.08.009
http://www.ncbi.nlm.nih.gov/pubmed/14670575
http://dx.doi.org/10.1146/annurev.neuro.23.1.155
http://www.ncbi.nlm.nih.gov/pubmed/10845062
http://dx.doi.org/10.1016/j.bbi.2007.09.008
http://dx.doi.org/10.1016/j.bbi.2007.09.008
http://www.ncbi.nlm.nih.gov/pubmed/17977695
http://www.ncbi.nlm.nih.gov/pubmed/21876513
http://www.ncbi.nlm.nih.gov/pubmed/22286798
http://dx.doi.org/10.1016/j.neuroimage.2005.08.047
http://dx.doi.org/10.1016/j.neuroimage.2005.08.047
http://www.ncbi.nlm.nih.gov/pubmed/16249100
http://dx.doi.org/10.1016/j.neuroimage.2007.08.017
http://dx.doi.org/10.1016/j.neuroimage.2007.08.017
http://www.ncbi.nlm.nih.gov/pubmed/17913515
http://dx.doi.org/10.1016/j.neuroimage.2009.04.088
http://dx.doi.org/10.1016/j.neuroimage.2009.04.088
http://www.ncbi.nlm.nih.gov/pubmed/19427910


Biol Psychol 82: 25-32. doi:10.1016/j.biopsycho.2009.05.001. PubMed:
19446599.

15. Maes M, Kubera M, Obuchowiczwa E, Goehler L, Brzeszcz J (2011)
Depression’s multiple comorbidities explained by (neuro)inflammatory
and oxidative & nitrosative stress pathways. Neuro Endocrinol Lett 32:
7-24. PubMed: 21407167.

16. Bandler R, Keay KA, Floyd N, Price J (2000) Central circuits mediating
patterned autonomic activity during active vs. passive emotional
coping. Brain Res Bull 53: 95-104. doi:10.1016/
S0361-9230(00)00313-0.

17. Price JL (2005) Free will versus survival: brain systems that underlie
intrinsic constraints on behavior. J Comp Neurol 493: 132-139. doi:
10.1002/cne.20750. PubMed: 16255003.

18. Gottfried JA, Zald DH (2005) On the scent of human olfactory
orbitofrontal cortex: meta-analysis and comparison to non-human
primates. Brain Res Brain Res Rev 50: 287-304. doi:10.1016/
j.brainresrev.2005.08.004. PubMed: 16213593.

19. Diekhof EK, Kaps L, Falkai P, Gruber O (2012) The role of the human
ventral striatum and the medial orbitofrontal cortex in the representation
of reward magnitude—an activation likelihood estimation meta-analysis
of neuroimaging studies of passive reward expectancy and outcome
processing. Neuropsychologia 50: 1252-1266. doi:10.1016/
j.neuropsychologia.2012.02.007. PubMed: 22366111.

20. Willander J, Larsson M (2006) Smell your way back to childhood:
Autobiographical odor memory. Psychon Bull Rev 13: 240-244. doi:
10.3758/BF03193837. PubMed: 16892988.

21. Willander J, Larsson M (2007) Olfaction and emotion: The case of
autobiographical memory. Mem Cogn 35: 1659-1663. doi:10.3758/
BF03193499. PubMed: 18062543.

22. Buckner RL, Carroll DC (2007) Self-projection and the brain. Trends
Cogn Sci 11: 49-57. doi:10.1016/j.tics.2006.11.004. PubMed:
17188554.

23. Arshamian A, Iannilli E, Gerber JC, Willander J, Persson J et al. (2013)
The functional neuroanatomy of odor-evoked autobiographical
memories cued by odors and words. Neuropsychologia 51: 123-131.
doi:10.1016/j.neuropsychologia.2012.10.023. PubMed: 23147501.

24. Pandya DN, Hoesen GW, Mesulam MM (1981) Efferent connections of
the cingulate gyrus in the rhesus monkey. Exp Brain Res 42: 319-330.
PubMed: 6165607.

25. Schuyler BS, Kral TR, Jacquart J, Burghy CA, Weng HY et al. (2012)
Temporal dynamics of emotional responding: amygdala recovery
predicts emotional traits. Soc Cogn Affect Neurosci (. (2012)) PubMed:
23160815.

26. Furtado GC, Curotto de Lafaille MA, Kutchukhidze N, Lafaille JJ (2002)
Interleukin 2 signaling is required for CD4(+) regulatory T cell function.
J Exp Med 196: 851-857. doi:10.1084/jem.20020190. PubMed:
12235217.

27. Raduner S, Majewska A, Chen JZ, Xie XQ, Hamon J et al. (2006)
Alkylamides from Echinacea are a new class of cannabinomimetics.
Cannabinoid type 2 receptor-dependent and -independent
immunomodulatory effects. J Biol Chem 281: 14192-14206. doi:
10.1074/jbc.M601074200. PubMed: 16547349.

28. Xu H, Cheng CL, Chen M, Manivannan A, Cabay L et al. (2007) Anti-
inflammatory property of the cannabinoid receptor-2-selective agonist
JWH-133 in a rodent model of autoimmune uveoretinitis. J Leukoc Biol
82: 532-541. doi:10.1189/jlb.0307159. PubMed: 17537989.

29. Chakrabarti B, Kent L, Suckling J, Bullmore E, Baron-Cohen S (2006)
Variations in the human cannabinoid receptor (CNR1) gene modulate
striatal responses to happy faces. Eur J Neurosci 23: 1944-1948. doi:
10.1111/j.1460-9568.2006.04697.x. PubMed: 16623851.

30. Matsunaga M, Kaneko H, Tsuboi H, Kawanishi Y (2011)
Psychosomatic approach to health from the perspective of positive
psychology. Jpn J Psychosom Res 51: 135-140 (in Japanese)

31. Kimura K, Ohira H, Isowa T, Matsunaga M, Murashima S (2007)
Regulation of lymphocytes redistribution via autonomic nervous activity
during stochastic learning. Brain Behav Immun 21: 921-934. doi:
10.1016/j.bbi.2007.03.004. PubMed: 17493785.

32. Bosch JA, Berntson GG, Cacioppo JT, Marucha PT (2005) Differential
mobilization of functionally distinct natural killer subsets during acute
psychologic stress. Psychosom Med 67: 366-375. doi:10.1097/01.psy.
0000160469.00312.8e. PubMed: 15911898.

33. Irwin LN, Byers DM (2012) Novel odors affect gene expression for
cytokines and proteinases in the rat amygdala and hippocampus. Brain
Res 1489: 1-7. doi:10.1016/j.brainres.2012.10.034. PubMed:
23103411.

Brain-Immune Interaction in Odor-evoked Memory

PLOS ONE | www.plosone.org 9 August 2013 | Volume 8 | Issue 8 | e72523

http://dx.doi.org/10.1016/j.biopsycho.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19446599
http://www.ncbi.nlm.nih.gov/pubmed/21407167
http://dx.doi.org/10.1016/S0361-9230(00)00313-0
http://dx.doi.org/10.1016/S0361-9230(00)00313-0
http://dx.doi.org/10.1002/cne.20750
http://www.ncbi.nlm.nih.gov/pubmed/16255003
http://dx.doi.org/10.1016/j.brainresrev.2005.08.004
http://dx.doi.org/10.1016/j.brainresrev.2005.08.004
http://www.ncbi.nlm.nih.gov/pubmed/16213593
http://dx.doi.org/10.1016/j.neuropsychologia.2012.02.007
http://dx.doi.org/10.1016/j.neuropsychologia.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22366111
http://dx.doi.org/10.3758/BF03193837
http://www.ncbi.nlm.nih.gov/pubmed/16892988
http://dx.doi.org/10.3758/BF03193499
http://dx.doi.org/10.3758/BF03193499
http://www.ncbi.nlm.nih.gov/pubmed/18062543
http://dx.doi.org/10.1016/j.tics.2006.11.004
http://www.ncbi.nlm.nih.gov/pubmed/17188554
http://dx.doi.org/10.1016/j.neuropsychologia.2012.10.023
http://www.ncbi.nlm.nih.gov/pubmed/23147501
http://www.ncbi.nlm.nih.gov/pubmed/6165607
http://www.ncbi.nlm.nih.gov/pubmed/23160815
http://dx.doi.org/10.1084/jem.20020190
http://www.ncbi.nlm.nih.gov/pubmed/12235217
http://dx.doi.org/10.1074/jbc.M601074200
http://www.ncbi.nlm.nih.gov/pubmed/16547349
http://dx.doi.org/10.1189/jlb.0307159
http://www.ncbi.nlm.nih.gov/pubmed/17537989
http://dx.doi.org/10.1111/j.1460-9568.2006.04697.x
http://www.ncbi.nlm.nih.gov/pubmed/16623851
http://dx.doi.org/10.1016/j.bbi.2007.03.004
http://www.ncbi.nlm.nih.gov/pubmed/17493785
http://dx.doi.org/10.1097/01.psy.0000160469.00312.8e
http://dx.doi.org/10.1097/01.psy.0000160469.00312.8e
http://www.ncbi.nlm.nih.gov/pubmed/15911898
http://dx.doi.org/10.1016/j.brainres.2012.10.034
http://www.ncbi.nlm.nih.gov/pubmed/23103411

	Brain–Immune Interaction Accompanying Odor-Evoked Autobiographic Memory
	Introduction
	Materials and Methods
	Participants
	Test Stimuli
	Experimental Procedures
	Assessments of Test Stimuli, Mood State, and Arousal Level
	Measurements of Cytokine Concentrations
	Image Acquisition by PET
	Image Processing and Analysis
	Statistical Analyses of Psychological and Physiological Data
	Ethics Statement

	Results
	Psychological Data
	Effects of Odor-evoked Autobiographic Memory on Plasma Cytokines
	Neuroimaging Data

	Discussion
	Acknowledgements
	References


