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Odors are powerful stimuli that can evoke emotional states, and
support learning and memory. Decades of research have indicated
that the neural basis for this strong “odor-emotional memory”
connection is due to the uniqueness of the anatomy of the olfac-
tory pathways. Indeed, unlike the other sensory systems, the sense
of smell does not pass through the thalamus to be routed to the
cortex. Rather, odor information is relayed directly to the lim-
bic system, a brain region typically associated with memory and
emotional processes. This provides olfaction with a unique and
potent power to influence mood, acquisition of new information,
and use of information in many different contexts including social
interactions. Indeed, olfaction is crucially involved in behaviors
essential for survival of the individual and species, including
identification of predators, recognition of individuals for procre-
ation or social hierarchy, location of food, as well as attachment
between mating pairs and infant-caretaker dyads. Importantly,
odors are sampled through sniffing behavior. This active sens-
ing plays an important role in exploratory behaviors observed in
the different contexts mentioned above. Odors are also critical
for learning and memory about events and places and consti-
tute efficient retrieval cues for the recall of emotional episodic
memories.

This broad role for odors appears highly preserved across
species. In addition, the consistent early developmental emer-
gence of olfactory function across diverse species also pro-
vides a unique window of opportunity for analysis of myriad
behavioral systems from rodents to nonhuman primates
and humans. This, when combined with the relatively con-
served organization of the olfactory system in mammals,
provides a powerful framework to explore how complex
behaviors can be modulated by odors to produce adap-
tive responses, and to investigate the underlying neural
networks.

The present research topic brings together cutting edge
research on diverse species and developmental stages, highlight-
ing convergence and divergence between humans and animals to
facilitate translational research. It is composed of 25 articles and
encompasses 5 sections: human olfaction, odor preferences and
aversions, odors and social behavior, olfaction and sniffing, and
olfactory memory.

HUMAN ODOR MEMORY AND PERCEPTION
Pazart et al. (2014) designed an fMRI study to describe the
differences in brain activation in wine experts compared to
control subjects. They observed specific areas activated in the
experts’ brains during all phases of wine tasting and reported
that wine experts showed a more immediate and targeted sen-
sory reaction to wine stimulation than control subjects. Saive et al.
(2014a) reviewed and discussed the different ways of investigat-
ing episodic memory in human, ranging from autobiographical
approaches to laboratory-based approaches including more eco-
logical paradigms. In an accompanying article, Saive et al. (2014b)
presented a novel laboratory-based approach to study episodic
memory, which led to the formation and subsequent retrieval of
an integrated and multimodal memory of episodes comprising
odors (What) localized spatially (Where) within a visual con-
text (Which context). Li (2014) then reviewed rodent and human
research in olfactory aversive conditioning, promoting a sensory
cortical model of threat perception. By elucidating threat encod-
ing in the sensory cortex, this proposed model may provide new
insights into the pathophysiology of emotional disorders, point-
ing to a concrete clinical intervention target in the sensory cortex.
Pool et al. (2014) investigated whether odor discrimination abili-
ties could be enhanced in humans through learning. They used
an appetitive Pavlovian conditioning paradigm, during which
one of two perceptually non-distinguishable odors was associ-
ated with a rewarding taste. They reported a dissociation between
explicit perception and physiological reactions: although partici-
pants were not able to explicitly perceive a difference, they reacted
faster, inhaled more and had higher skin conductance responses
when confronted with the reward-associated odor compared to
its similar version that was never associated with the reward.

ODOR PREFERENCES AND AVERSION
Torquet et al. (2014) designed a new paradigm to study condi-
tioned olfactory preference (odor-sugar) in rats and investigate
resulting changes in the hedonic valence of the odors. They
showed that discriminative appetitive conditioning induces not
only a preference for the reinforced odor, but also a stable deval-
uation of the non-reinforced stimulus. Aimé et al. (2014) investi-
gated the modulation of olfactory sensitivity and glucose-sensing
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by the feeding state in obese Zucker rats using a conditioned
odor aversion learning paradigm. The data show that obese rats
displayed a higher olfactory sensitivity and a 2 fold higher concen-
tration of glucose in the olfactory bulb and cortex than in control
lean rats, thus providing strong arguments toward establishing
the OB glucose-sensing as a key factor for sensory olfactory pro-
cessing. Using the same odor aversion paradigm, Ferry (2014)
further showed that the orexinergic system which triggers food
intake, acts like fasting to increase not only olfactory sensitiv-
ity, but also the strength of the odor-malaise association. Finally,
Fitzgerald et al. (2014) explored the role of the olfactory tubercle,
a structure with known anatomical connectivity with both brain
reward and olfactory structures, in regulating odor-motivated
behaviors. They confirmed that electrical stimulation of the olfac-
tory tubercle was rewarding and possessed the capacity to alter
odor-directed preference behaviors, supporting the notion that
the olfactory tubercle is integral to motivated behaviors and likely
involved in odor hedonics.

ODORS AND SOCIAL BEHAVIOR
Brus et al. (2014) investigated the influence of parturition and
learning of the lamb odor on neurogenesis in sheep mothers.
They reported that learning of the olfactory signature of the lamb,
which occurs during the first mother/young interactions, induces
a down-regulation in olfactory neurogenesis associated with an
enhancement of olfactory neuroblasts maturation. The authors
made the assumption that fewer new neurons decrease cell com-
petition in the olfactory bulb and enhance maturation of those
new neurons selected to participate in the learning of the young
odor. Using another animal model of mother-young interaction
in rabbits, Coureaud et al. (2014) addressed the question of mem-
ory persistence of odor mixture and components in newborn
rabbits. Interacting with the mother during the daily nursing,
newborn rabbits experience her body odor cues including the
mammary pheromone which promotes the very rapid appeti-
tive learning of simple or complex stimuli (odorants or mixtures)
through associative conditioning. The data showed that newborn
rabbits have access to both elemental and configural information
in certain odor mixtures, and competition between these dis-
tinct representations of the mixture influences the persistence of
their memories. Social transmission of food preference is another
example of social learning involving the olfactory modality. Nicol
et al. (2014) showed that this learning can occur under anesthesia
and promotes extensive, but spatially distinct, changes in mitral
cell networks to both cued and uncued odors as well as in evoked
glutamate and GABA release. These data suggest that olfactory
learning under anesthesia in mice is supported by broadly sim-
ilar changes in olfactory bulb encoding as shown previously in
conscious paradigms. Another kind of social odor is provided
by predator odors. Takahashi (2014) reviewed current research
on the olfactory and neural systems that activate fear elicited by
predator odors. Interconnections from olfactory systems to brain
circuits activated by predator odor are discussed in relation to
autonomic, endocrine, and fear-related unconditioned and con-
ditioned fear. Using chronic exposure to a predator or its scent
as a social stress, Huo et al. (2014) investigated the role of sero-
tonin as a modulator of the effects of this stress on male-male

aggression and sexual attractiveness of urine odor. They found
that exposure to a predator or its scent causes down-regulation
of male–male aggression and sexual attractiveness of urine odor,
and that such inhibitory effects were reduced or abolished in mice
lacking brain serotonin. Finally in mice the Grueneberg ganglion
located at the tip of the nose close to the entry of the naris,
has been identified as a chemodetector of alarm pheromones.
Brechbühl et al. (2013) investigated the conserved multisensory
modalities of mouse Grueneberg ganglion neurons. They found
striking similarities between mouse Grueneberg ganglion neu-
rons and nematode amphid neurons, suggesting that the ability
of an organism to detect cues from similar origin occurs in a
cluster of specialized olfactory neurons that has been conserved
throughout evolution.

OLFACTION AND SNIFFING
Olfaction and respiration are tightly linked since odors are sam-
pled through sniffing behavior. Courtiol et al. (2014) reported
that sniffing behavior is not only a matter of odorant sorption
properties. Indeed a given odorant was sniffed differently depend-
ing on the odor pair in which it was presented. These data suggest
that sniffing is adjusted in a synthetic manner that is dependent
on the context in which the odorant is presented. Rojas-Líbano
et al. (2014) monitored sniffing behavior, simultaneously with the
local field potential of the olfactory bulb in rats moving freely in
a familiar environment. They found that the local field potential
in the olfactory bulb represents the sniff cycle with high reliabil-
ity at every sniff frequency and can therefore be used to study
the neural representation of motor drive in a sensory cortex.
Under some circumstances, sniffing behavior can also be used as
an index of cognitive processes providing a useful tool at very
young ages. Indeed, Boulanger Bertolus et al. (2014) monitored
freezing and sniffing behavior during odor fear conditioning at
different ages of the rat’s life, in order to investigate the learning
of interval duration between two events in this paradigm. They
observed temporal patterns for freezing and/or respiration curves
in pups as young as 12 days post-natal, suggesting that infant rats
are able to encode time durations as well as, and as quickly as,
adults despite their immature brain. In active rodents, sniffing is
often phase locked with other orofacial sensorimotor behaviors
like whisking, and head movements. Sirotin et al. (2014) further
examined the relationship between sniffing and ultrasonic vocal
output of rats in a social environment. They found that ultrasonic
vocalization of the 50 kHz family is largely restricted to periods
of active sniffing (5–10 Hz), with the calls produced exclusively
during exhalations and causing an instantaneous reduction in
sniff rate. These results show that ultrasonic vocalizations are
an integral part of the rhythmic orofacial behavioral ensemble.
In humans, there is psychophysiological evidence that sniffing
is modulated by subjective pleasantness of an odor: sniff dura-
tion and sniff volume increase when pleasant odors are sampled
compared to unpleasant ones. Ferdenzi et al. (2014) investigated
how repeated exposure to odors can affect their pleasantness. For
this, sniff duration and volume were recorded and paired with
ratings of odor pleasantness and intensity. The data showed that
affective habituation occurs with repeated exposure, which can be
observed both at the self-reported level and on sniffing behavior.
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OLFACTORY MEMORY
Tong et al. (2014) reviewed some established molecular and struc-
tural mechanisms of memory with a focus on the time courses
of post-conditioning molecular processes. They described the
properties of odor learning intrinsic to the olfactory bulb and
reviewed the utility of the olfactory system of adult rodents as
a memory system in which to study the cellular mechanisms
of cumulative learning. Recent work has begun exploring the
role of sleep in olfactory memory. Barnes and Wilson (2014)
reviewed recent evidence of sleep-dependent changes in olfac-
tory system structure and function which contribute to odor
memory and perception. During slow-wave sleep, the piriform
cortex becomes hypo-responsive to odor stimulation and instead
displays sharp-wave activity similar to that observed within the
hippocampal formation. Furthermore, the functional connectiv-
ity between the piriform cortex and other cortical and limbic
regions is enhanced during slow-wave sleep compared to wak-
ing. This combination of conditions may allow odor memory
consolidation to occur during a state of reduced external inter-
ference and facilitate association of odor memories with stored
hedonic and contextual cues. Olfactory structures have been early
reported to exhibit oscillatory population activities which have
been proposed to subserve memory processes such as encoding,
consolidation and retrieval. Martin and Ravel (2014) reviewed
our current knowledge about the conditions in which two main
oscillatory rhythms linked to odor processing, namely beta (15–
40 Hz) and gamma (60–100 Hz) are observed at the first stages
of olfactory processing, the olfactory bulb and the piriform cor-
tex. Based on a critical reexamination of those data, the authors
propose hypotheses on the functional involvement of beta and
gamma oscillations for odor perception and memory. It is well
known from the literature that sensory neural activity is highly
context dependent and shaped by experience and expectation.
Mandairon et al. (2014) further showed that association of an
odorant with a visual context in mice allowed the visual context
alone to elicit a behavioral response similar to that elicited by the
olfactory stimulus when it was initially presented, and a neural
activation pattern in the olfactory bulb that was highly corre-
lated with that elicited by the associated odorant, but not other
odorants. The authors concluded that in rodents, neural repre-
sentation of an odorant in primary sensory areas can be elicited
in its absence by exposure to the context to which the odorant was
previously associated, further suggesting that rodents can build
internal representation of the olfactory stimulus. Finally, Gelperin
(2014) underlined that chemosensory processing, and particu-
larly olfactory information processing, is a particularly attractive
modality within which to seek comparative insights into cogni-
tive processes underlying learning and memory. He concluded
that the study of olfactory information processing may be the
most general and fruitful approach to the study of comparative
cognition, including consciousness, in the majority of vertebrate
animal species.

REFERENCES
Aimé, P., Palouzier-Paulignan, B., Salem, R., Al Koborssy, D., Garcia, S., Duchamp,

C., et al. (2014). Modulation of olfactory sensitivity and glucose-sensing by
the feeding state in obese Zucker rats. Front. Behav. Neurosci. 8:326. doi:
10.3389/fnbeh.2014.00326

Barnes, D. C., and Wilson, D. A. (2014). Sleep and olfactory cortical plasticity.
Front. Behav. Neurosci. 8:134. doi: 10.3389/fnbeh.2014.00134

Boulanger Bertolus, J., Hegoburu, C., Ahers, J. L., Londen, E., Rousselot, J., Szyba,
K., et al. (2014). Infant rats can learn time intervals before the maturation of the
striatum: evidence from odor fear conditioning. Front. Behav. Neurosci. 8:176.
doi: 10.3389/fnbeh.2014.00176

Brechbühl, J., Moine, F., and Broillet, M. C. (2013). Mouse Grueneberg gan-
glion neurons share molecular and functional features with C. elegans amphid
neurons. Front. Behav. Neurosci. 7:193. doi: 10.3389/fnbeh.2013.00193

Brus, M., Meurisse, M., Keller, M., and Levy, F. (2014). Interactions with the
young down-regulate adult olfactory neurogenesis and enhance the matura-
tion of olfactory neuroblasts in sheep mothers. Front. Behav. Neurosci. 8:53. doi:
10.3389/fnbeh.2014.00053

Coureaud, G., Thomas-Danguin, T., Datiche, F., Wilson, D. A., and Ferreira, G.
(2014). Differential memory persistence of odor mixture and components in
newborn rabbits: competition between the whole and its parts. Front. Behav.
Neurosci. 8:211. doi: 10.3389/fnbeh.2014.00211

Courtiol, E., Lefevre, L., Garcia, S., Thevenet, M., Messaoudi, B., and Buonviso, N.
(2014). Sniff adjustment in an odor discrimination task in the rat: analytical or
synthetic strategy? Front. Behav. Neurosci. 8:145. doi: 10.3389/fnbeh.2014.00145

Ferdenzi, C., Poncelet, J., Rouby, C., and Bensafi, M. (2014). Repeated exposure
to odors induces affective habituation of perception and sniffing. Front. Behav.
Neurosci. 8:119. doi: 10.3389/fnbeh.2014.00119

Ferry, B. (2014). The orexinergic system influences conditioned odor aversion
learning in the rat: a theory on the processes and hypothesis on the circuit
involved. Front. Behav. Neurosci. 8:164. doi: 10.3389/fnbeh.2014.00164

Fitzgerald, B. J., Richardson, K., and Wesson, D. W. (2014). Olfactory tubercle stim-
ulation alters odor preference behavior and recruits forebrain reward and moti-
vational centers. Front. Behav. Neurosci. 8:81. doi: 10.3389/fnbeh.2014.00081

Gelperin, A. (2014). Comparative chemosensory cognition. Front. Behav. Neurosci.
8:190. doi: 10.3389/fnbeh.2014.00190

Huo, Y., Fang, Q., Shi, Y. L., Zhang, Y. H., and Zhang, J. X. (2014). Chronic
exposure to a predator or its scent does not inhibit male-male competi-
tion in male mice lacking brain serotonin. Front. Behav. Neurosci. 8:116. doi:
10.3389/fnbeh.2014.00116

Li, W. (2014). Learning to smell danger: acquired associative representa-
tion of threat in the olfactory cortex. Front. Behav. Neurosci. 8:98. doi:
10.3389/fnbeh.2014.00098

Mandairon, N., Kermen, F., Charpentier, C., Sacquet, J., Linster, C., and Didier,
A. (2014). Context-driven activation of odor representations in the absence
of olfactory stimuli in the olfactory bulb and piriform cortex. Front. Behav.
Neurosci. 8:138. doi: 10.3389/fnbeh.2014.00138

Martin, C., and Ravel, N. (2014). Beta and gamma oscillatory activities asso-
ciated with olfactory memory tasks: different rhythms for different func-
tional networks? Front. Behav. Neurosci. 8:218. doi: 10.3389/fnbeh.2014.
00218

Nicol, A. U., Sanchez-Andrade, G., Collado, P., Segonds-Pichon, A., and Kendrick,
K. M. (2014). Olfactory bulb encoding during learning under anesthesia. Front.
Behav. Neurosci. 8:193. doi: 10.3389/fnbeh.2014.00193

Pazart, L., Comte, A., Magnin, E., Millot, J. L., and Moulin, T. (2014). An fMRI
study on the influence of sommeliers’ expertise on the integration of flavor.
Front. Behav. Neurosci. 8:358. doi: 10.3389/fnbeh.2014.00358

Pool, E., Delplanque, S., Porcherot, C., Jenkins, T., Cayeux, I., and Sander, D.
(2014). Sweet reward increases implicit discrimination of similar odors. Front.
Behav. Neurosci. 8:158. doi: 10.3389/fnbeh.2014.00158

Rojas-Líbano, D., Frederick, D. E., Egana, J. I., and Kay, L. M. (2014). The
olfactory bulb theta rhythm follows all frequencies of diaphragmatic res-
piration in the freely behaving rat. Front. Behav. Neurosci. 8:214. doi:
10.3389/fnbeh.2014.00214

Saive, A. L., Royet, J. P., and Plailly, J. (2014a). A review on the neural bases of
episodic odor memory: from laboratory-based to autobiographical approaches.
Front. Behav. Neurosci. 8:240. doi: 10.3389/fnbeh.2014.00240

Saive, A. L., Royet, J. P., Ravel, N., Thevenet, M., Garcia, S., and Plailly, J. (2014b).
A unique memory process modulated by emotion underpins successful odor
recognition and episodic retrieval in humans. Front. Behav. Neurosci. 8:203. doi:
10.3389/fnbeh.2014.00203

Sirotin, Y. B., Costa, M. E., and Laplagne, D. A. (2014). Rodent ultrasonic vocaliza-
tions are bound to active sniffing behavior. Front. Behav. Neurosci. 8:399. doi:
10.3389/fnbeh.2014.00399

Frontiers in Behavioral Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 36 | 3

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Sullivan et al. Olfactory memory networks

Takahashi, L. K. (2014). Olfactory systems and neural circuits that modulate
predator odor fear. Front. Behav. Neurosci. 8:72. doi: 10.3389/fnbeh.2014.00072

Tong, M. T., Peace, S. T., and Cleland, T. A. (2014). Properties and mecha-
nisms of olfactory learning and memory. Front. Behav. Neurosci. 8:238. doi:
10.3389/fnbeh.2014.00238

Torquet, N., Aime, P., Messaoudi, B., Garcia, S., Ey, E., Gervais, R., et al.
(2014). Olfactory preference conditioning changes the reward value of
reinforced and non-reinforced odors. Front. Behav. Neurosci. 8:229. doi:
10.3389/fnbeh.2014.00229

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 16 January 2015; accepted: 01 February 2015; published online: 17 February
2015.
Citation: Sullivan RM, Wilson DA, Ravel N and Mouly A-M (2015) Olfactory memory
networks: from emotional learning to social behaviors. Front. Behav. Neurosci. 9:36.
doi: 10.3389/fnbeh.2015.00036
This article was submitted to the journal Frontiers in Behavioral Neuroscience.
Copyright © 2015 Sullivan, Wilson, Ravel and Mouly. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, pro-
vided the original author(s) or licensor are credited and that the original publi-
cation in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Behavioral Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 36 | 4

http://dx.doi.org/10.3389/fnbeh.2015.00036
http://dx.doi.org/10.3389/fnbeh.2015.00036
http://dx.doi.org/10.3389/fnbeh.2015.00036
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive

	Olfactory memory networks: from emotional learning to social behaviors
	Human Odor Memory and Perception
	Odor Preferences and Aversion
	Odors and Social Behavior
	Olfaction and Sniffing
	Olfactory Memory
	References


