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Scents can carry a lot of important information 
about the environment, conspecifics and other 
species. While some of these scents are posi-
tively related, as the odor of food, mating part-
ners, or familiar conspecifics, other scents are 
associated with negative situations and events, 
e.g. the occurrence of a predator, an aggres-
sive territorial conspecific or spoiled food. 
The present research topic is focused on such 
“scents that matter”, i.e., scents that are crucial 
for the survival of an organism. Since many 
years, the importance of scents always attracts 
scientists to investigate how scents affect the 
behavior of mammals, via which mechanisms 
scents are perceived and how scents modulate 
neural circuitries responsible for behavior.

We believe that this research topic gives a nice overview on current ‘olfactory research.’ Many 
of the contributions are focused on scents with aversive effects, i.e. kairomones or pheromones 
that warn about potential threats. These studies range from research articles identifying new 
active odor components of predator odors, describing the induced behavioral changes and the 
underlying neuroanatomical and neurochemical mechanisms, to review articles summarizing 
the findings of the last decades on this field. Other articles are focused on the effects of scents in 
social behaviors or on associative learning. This research topic also represents nicely the current 
combination of methodological approaches in ‘olfactory research’: cell biologists, geneticists, 
behavioral pharmacologists, neuroanatomists, and computational modelers work effectively 
together to unravel the mechanisms of how scents matters in humans and animals.

Citation: Fendt, M., Kiyokawa, Y., Endres, T., eds. (2016). Scents that Matter — from Olfactory 
Stimuli to Genes, Behaviors and Beyond. Lausanne: Frontiers Media. 
doi: 10.3389/978-2-88919-813-9 

SCENTS THAT MATTER—FROM  
OLFACTORY STIMULI TO GENES, 
BEHAVIORS AND BEYOND

Topic Editors:  
Markus Fendt, Institute for Pharmacology and Toxicology, Otto-von-Guericke-University 
Magdeburg, Germany
Yasushi Kiyokawa, Laboratory of Veterinary Ethology, The University of Tokyo, Japan
Thomas Endres, Institute for Physiology, Otto-von-Guericke-University Magdeburg, 
Germany

Image by Kaori Kiyokawa and Yasushi Kiyokawa

http://journal.frontiersin.org/researchtopic/3455/scents-that-matter---from-olfactory-stimuli-to-genes-behaviors-and-beyond


3 April 2016 | Scents that Matter

Table of Contents

05 Editorial: Scents that Matter—from Olfactory Stimuli to Genes, Behaviors and 
Beyond
Markus Fendt, Yasushi Kiyokawa and Thomas Endres

Chapter I: General Concepts of Olfactory Communication
08 TRICK or TRP? What Trpc2—/— mice tell us about vomeronasal organ mediated 

innate behaviors
C. Ron Yu

15 Extracting Social Information from Chemosensory Cues: Consideration of 
Several Scenarios and Their Functional Implications
Yoram Ben-Shaul

30 Behavioral responses to odors from other species: introducing a 
complementary model of allelochemics involving vertebrates
Birte L. Nielsen, Olivier Rampin, Nicolas Meunier and Vincent Bombail

Chapter II: Olfactory Communication for Survival
Review Articles
41 Are single odorous components of a predator sufficient to elicit defensive 

behaviors in prey species?
Raimund Apfelbach, Michael H. Parsons, Helena A. Soini and Milos V. Novotny

55 The smell of fear: innate threat of 2,5-dihydro-2,4,5-trimethylthiazoline, a single 
molecule component of a predator odor.
Jeffrey B. Rosen, Arun Asok and Trisha Chakraborty

67 Olfactory instruction for fear: neural system analysis
Newton S. Canteras, Eloisa Pavesi and Antonio P. Carobrez

77 The scent of wolves: pyrazine analogs induce avoidance and vigilance 
behaviors in prey.
Kazumi Osada, Sadaharu Miyazono and Makoto Kashiwayanagi

Research Articles
88 Identification of pyridine analogs as new predator-derived kairomones.

Julien Brechbühl, Fabian Moine, Monique Nenniger Tosato, Frank Sporkert  
and Marie-Christine Broillet

102 Temporary inactivation of the anterior part of the bed nucleus of the stria 
terminalis blocks alarm pheromone-induced defensive behavior in rats
Tino Breitfeld, Johann E. A. Bruning, Hideaki Inagaki, Yukari Takeuchi,  
Yasushi Kiyokawa and Markus Fendt

http://journal.frontiersin.org/researchtopic/3455/scents-that-matter---from-olfactory-stimuli-to-genes-behaviors-and-beyond


4 April 2016 | Scents that Matter

110 ASIC1A in the bed nucleus of the stria terminalis mediates TMT-evoked freezing.
Rebecca J. Taugher, Ali Ghobbeh, Levi P. Sowers, Rong Fan and John A. Wemmie

117 HDAC I inhibition in the dorsal and ventral hippocampus differentially 
modulates predator-odor fear learning and generalization
Robin K. Yuan, Jenna C. Hebert, Arthur S. Thomas, Ellen G. Wann  
and Isabel A. Muzzio

128 Avoidance and contextual learning induced by a kairomone, a pheromone and a 
common odorant in female CD1 mice.
Lluís Fortes-Marco, Enrique Lanuza, Fernando Martínez-García  
and Carmen Agustín-Pavón

141 Lack of spatial segregation in the representation of pheromones and 
kairomones in the mouse medial amygdala
Vinicius M. A. Carvalho, Thiago S. Nakahara, Leonardo M. Cardozo,  
Mateus A. A. Souza, Antonio P. Camargo, Guilherme Z. Trintinalia, Eliana Ferraz  
and Fabio Papes

160 Neural correlates underlying naloxone-induced amelioration of sexual behavior 
deterioration due to an alarm pheromone
Tatsuya Kobayashi, Yasushi Kiyokawa, Yukari Takeuchi and Yuji Mori

169 Chemostimuli for guanylyl cyclase-D-expressing olfactory sensory neurons 
promote the acquisition of preferences for foods adulterated with the 
rodenticide warfarin
Kevin R. Kelliher and Steven D. Munger

186 The entorhinal cortex is involved in conditioned odor and context aversions
Barbara Ferry, Karine Herbeaux, Hervé Javelot and Monique Majchrzak

Chapter III: Olfactory communication for social behaviors 
196 Tuning properties and dynamic range of type 1 vomeronasal receptors

Sachiko Haga-Yamanaka, Limei Ma and C. Ron Yu

211 Effect of social odor context on the emission of isolation-induced ultrasonic 
vocalizations in the BTBR T+tf/J mouse model for autism
Markus Wöhr

223 Social buffering suppresses fear-associated activation of the lateral amygdala in 
male rats: behavioral and neurophysiological evidence
Felipe Fuzzo, Jumpei Matsumoto, Yasushi Kiyokawa, Yukari Takeuchi,  
Taketoshi Ono and Hisao Nishijo

231 Consequences of temporary inhibition of the medial amygdala on social 
recognition memory performance in mice
Julia Noack, Rita Murau and Mario Engelmann

Chapter IV: Methods for understanding olfactory communication 
236 The olfactory hole-board test in rats: a new paradigm to study aversion and 

preferences to odors
Kerstin E. A. Wernecke and Markus Fendt

245 Impaired sense of smell and altered olfactory system in RAG-1—∕—

immunodeficient mice
Lorenza Rattazzi, Anna Cariboni, Ridhika Poojara, Yehuda Shoenfeld  
and Fulvio D’Acquisto

http://journal.frontiersin.org/researchtopic/3455/scents-that-matter---from-olfactory-stimuli-to-genes-behaviors-and-beyond


EDITORIAL

published: 09 February 2016
doi: 10.3389/fnins.2016.00029

Frontiers in Neuroscience | www.frontiersin.org February 2016 | Volume 10 | Article 29 |

Edited and reviewed by:

Aldana Maximino,

Universidad Nacional Autónoma de

México, Mexico

*Correspondence:

Markus Fendt

markus.fendt@med.ovgu.de

Specialty section:

This article was submitted to

Systems Biology,

a section of the journal

Frontiers in Neuroscience

Received: 03 December 2015

Accepted: 25 January 2016

Published: 09 February 2016

Citation:

Fendt M, Kiyokawa Y and Endres T

(2016) Editorial: Scents that

Matter—from Olfactory Stimuli to

Genes, Behaviors and Beyond.

Front. Neurosci. 10:29.

doi: 10.3389/fnins.2016.00029

Editorial: Scents that Matter—from
Olfactory Stimuli to Genes, Behaviors
and Beyond

Markus Fendt 1, 2*, Yasushi Kiyokawa 3 and Thomas Endres 4

1 Institute for Pharmacology and Toxicology, Otto-von-Guericke University Magdeburg, Magdeburg, Germany, 2Center of

Behavioral Brain Sciences, Otto-von-Guericke University Magdeburg, Magdeburg, Germany, 3 Laboratory of Veterinary

Ethology, The University of Tokyo, Tokyo, Japan, 4 Institute for Physiology, Otto-von-Guericke University Magdeburg,

Magdeburg, Germany

Keywords: scents, behavior, mammals, pheromones, kairomones, olfactory pathways, defense mechanisms

The Editorial on the Research Topic

Scents that Matter—from Olfactory Stimuli to Genes, Behaviors and Beyond

Mammals can recognize a large variety of scents that give information about the environment,
conspecifics, and other species. The present research topic is focused on “scents that matter,” i.e.,
scents that indicate stimuli which are crucial for the survival of an organism. These can be positively
related stimuli like the smell of familiar conspecifics, mating partners, or food, but also negatively
related stimuli like the scent of potential predators, spoiled food, or territorial and aggressive
conspecifics.

A prerequisite for this important role of scents in animals’ lives is that they can be well detected
and recognized. During the last decades, our understanding of olfactory perception has been
largely improved, mainly inspired by the work of Linda Buck and Richard Axel (e.g., Buck and
Axel, 1991), which was awarded by the Nobel Prize in 2004. Many of the scents studied in this
research topic are processed by the vomeronasal system (e.g., Haga-Yamanaka et al.; Yu), but quite
often the main olfactory system is additionally involved (e.g., Rattazzi et al.). A lot of current
research addresses the questions about which molecules activate which olfactory receptors and
whichmolecular cascades aremodulated by these receptors, or how the different olfactory receptors
and the two olfactory systems work together. In the current research topic the articles of Ben-Shaul,
Kelliher and Munger, Rattazzi et al. and Yu provide new perspectives in this interesting field of
research.

Besides the detectionmechanisms of relevant scents, many studies are focusing on the behavioral
changes induced by these scents. Most of these studies are analyzing scents signaling potential
dangers. One reason for focusing on danger-signaling odors may be that the behavioral effects of
these scents are easier to be induced and measured. In addition, it is widely believed that these
scents are more critical for fostering the survival of animals. Basically, such danger-signaling scents
with aversive-like effects are classified as (a) kairomones, which are emitted by another species such
as predators (e.g., Apfelbach et al.; Osada et al.) or (b) pheromones, that are emitted by conspecifics
such as alarm pheromones (e.g., Kobayashi et al.; Breitfeld et al.). Both classes of scents warn about
a potential threat, which is intended in the case of pheromones, but unintended in the case of
kairomones as they lead to a detriment of the emitter (see Nielsen et al.). It is widely believed that
predator odors and alarm pheromones are innately recognized, as these stimuli are still effective in
laboratory animals that have lived many generations in the absence of predators (Apfelbach et al.;
Fendt et al., 2005).
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In addition to the general impact of predator odors on the
behavior of prey animals, an interesting line of research is
the identification of active components in these scents. In the
case of predator odors, several molecules have been identified
so far: trimethlythiazoline (Taugher et al.; Fortes-Marco et al.;
summarized in Rosen et al.), different pyrazines (Osada et al.),
and pyridines (Brechbühl et al.), or 2-phenylethylamine (Ferrero
et al., 2011). In the present research topic, a number of studies
demonstrating that these compounds are able to induce a
wide array of defensive responses in laboratory rodents such
as avoidance behavior (Wernecke and Fendt; Brechbühl et al.;
Fortes-Marco et al.), freezing (Taugher et al.; Fortes-Marco
et al.), risk assessment behavior (Breitfeld et al. ), or an
inhibition of appetitive-like behavior (Kobayashi et al.), as well
as physiological changes like a modulation of blood pressure
(Brechbühl et al.), or breathing (Taugher et al.). Although these
single molecules have the advantage that they can be better
controlled in an experimental procedure (e.g., concentration),
the natural scents, i.e., blends, are usually more efficient
in inducing behavioral changes (summarized in Apfelbach
et al.).

The neural mechanisms underlying the behavioral and
physiological changes induced by danger-signaling scents are
meanwhile partly understood. In the current research topic,
studies are focused on brain sites like the bed nucleus of the
stria terminalis (Breitfeld et al.; Taugher et al.), the medial
amygdala (Carvalho et al.), the periaqueductal gray (Canteras
et al.), and different subnuclei of the hypothalamus (Canteras
et al.; Kobayashi et al.). Interestingly, these brain sites are of
minor or no importance for learned fear whose neural basis
is well understood (Fendt and Fanselow, 1999; LeDoux, 2012),
suggesting a clear neuronal differentiation between innate and
learned fear.

In fear learning, the danger-predicting property of a stimulus
is learned by Pavlovian associative learning. Of course, olfactory
stimuli can be used for such associative learning, either as
unconditioned (Yuan et al.; Fortes-Marco et al.) or conditioned
stimuli (Ferry et al.; Yuan et al.). The latter means that a
scent without emotional valance can gain danger-predicting,
i.e., fear-inducing, properties. Notably, even if a stimulus from
another sensory modality is used as a conditioned stimulus
in such a fear learning experiment, scents may still play
some roles, since they are usually part of the experimental
context (e.g., conditioning box, experimenter) and may be
associated with the danger simultaneously. In fear learning,
the lateral amygdala is important for associating a discrete
cue with a danger stimulus, whereas the hippocampus plays
an important role in contextual fear learning. Interestingly,
novel work of the present research topic demonstrated that

different regions of the hippocampus have different roles during
contextual fear conditioning with odors (Yuan et al.). In
addition to the hippocampus, several cortical areas such as the
entorhinal cortex are involved in contextual fear learning (Ferry
et al.).

So far, there is little research on the effects of danger signaling
scents in humans. However, the defensive behaviors induced
by danger-predicting scents and the respective physiological

changes observed in animals are connected to anxiety in humans.
Therefore, one perspective is that a deeper understanding of
the neuroanatomical and neuropharmacological basis of odor-
induced fear in animals may also help to find new treatment
strategies for anxiety disorders in humans.

As noted above, scents can also serve as positive stimuli.
This is of specific interest in the context of social behavior
(Wöhr; Noack et al.; Fuzzo et al.) and foraging (Kelliher and
Munger). These aspects are also covered by several articles in this
special issue. It has been shown that one important function of
these scents is to help to recognize social partners (Ben-Shaul;
Noack et al.). Thereby, they induce and modulate a variety of
behaviors, including ultrasonic calls which are typical for pleasant
situations (Wöhr). In the case of social buffering, the scent of
a conspecific is able to reduce fear (Fuzzo et al.). These two,
quite different effects of social scents are mediated by different
subnuclei of the amygdala (Fuzzo et al.; Noack et al.). Notably,
there is also potential for translational research with “social
scents.” For example, a genetic mouse model of autism is less able
to modulate ultrasonic vocalization in response to familiar scents
(Wöhr).

The present research topic nicely represents the different
approaches used in “olfactory research” of relevant scents.
These approaches include cell biology, genetics, behavioral
pharmacology, neuroanatomy, as well as computational
neuroscience. Scientists from all these fields work effectively
together to unravel the mechanisms of how scents matter in
humans and animals.

We are grateful to all contributors of this research topic.
Eighty-five different authors from 10 different countries
contributed with research and review articles. Furthermore, we
thank the reviewers which helped us and the authors to create an
interesting and high-quality research topic.

We hope that you enjoy reading this research topic as much as
we have enjoyed editing it.
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The vomeronasal organ (VNO) plays an important role in mediating semiochemical

communications and social behaviors in terrestrial species. Genetic knockout of

individual components in the signaling pathways has been used to probe vomeronasal

functions, and has provided much insights into how the VNO orchestrates innate

behaviors. However, all data do not agree. In particular, knocking out Trpc2, a member

of the TRP family of non-selective cationic channel thought to be the main transduction

channel in the VNO, results in a number of fascinating behavioral phenotypes that have

not been observed in other animals whose vomeronasal function is disrupted. Recent

studies have identified signaling pathways that operate in parallel of Trpc2, raising the

possibility that Trpc2 mutant animals may display neomorphic behaviors. In this article,

I provide a critical analysis of emerging evidence to reconcile the discrepancies and

discuss their implications.

Keywords: vomeronasal organ, Trpc2, signaling pathways, mating behavior, aggressive behavior, neomorphic

behaviors

In terrestrial vertebrates, endocrine changes, and stereotypic innate behaviors are often triggered by
pheromones. The mammalian vomeronasal organ (VNO) plays an important role in orchestrating
pheromone-mediated behaviors (Eisthen and Wyatt, 2006; Tirindelli et al., 2009). In early studies,
the functional role of VNO has been derived from ablation experiments in which the VNO is
surgically disrupted (VNX) (Bean, 1982; Clancy et al., 1984; Beauchamp et al., 1985; Lepri et al.,
1985;Maruniak et al., 1986; Lepri andWysocki, 1987; Bean andWysocki, 1989; Labov andWysocki,
1989; Wysocki and Lepri, 1991; Wysocki et al., 2004). The advent of molecular biology made it
possible to genetically manipulate individual components in VNO signaling pathways and provide
insights into the mechanisms of VNO mediated behaviors (Del Punta et al., 2002; Leypold et al.,
2002; Stowers et al., 2002; Norlin et al., 2003; Kelliher et al., 2006; Kimchi et al., 2007; Chamero et al.,
2011; Kim et al., 2012; Leinders-Zufall et al., 2014; Oboti et al., 2014). A consensus that emerges
from these studies is that the VNO is essential in triggering territorial aggression. In line with
surgical ablation experiments, removing any component of the VNO signaling pathway, including
vomeronasal receptors, G proteins, or ion channels, results in diminished aggression in mice (Bean,
1982; Clancy et al., 1984; Maruniak et al., 1986; Bean andWysocki, 1989; Labov andWysocki, 1989;
Del Punta et al., 2002; Leypold et al., 2002; Stowers et al., 2002; Norlin et al., 2003; Kimchi et al.,
2007; Chamero et al., 2011; Kim et al., 2012; Oboti et al., 2014). Genetic mutations that affect VNO
function also lead to loss of avoidance to predator or sick animals (Papes et al., 2010; Boillat et al.,
2015).
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The data on mating behaviors, especially the mounting
behaviors displayed by male animals, are less consistent. One
of the most interesting behavioral observations comes from
mice with knock out mutation of Trpc2, a member of the TRP
superfamily of ion channels (Liman et al., 1999). Although several
TRP members have been detected in the VNO (Zufall, 2014),
Trpc2 appears to be the only one expressed in the vomeronasal
sensory neurons (VSNs) as verified by in situ hybridization,
immunofluorescent staining and electron microscopy (Liman
et al., 1999; Menco et al., 2001; Leypold et al., 2002). While
Trpc2−/− males display normal mounting behaviors toward
female mice, they also indiscriminately mount intruder males
(Leypold et al., 2002; Stowers et al., 2002). Most strikingly, female
Trpc2−/− mice exhibit hallmarks of male mating behaviors,
including solicitation, mounting, and pelvic thrust, toward
female and male mice alike (Kimchi et al., 2007). The behavioral
phenotypes of Trpc2−/− mice do not recapitulate those observed
in VNX rodents (Powers andWinans, 1975; Winans and Powers,
1977; Clancy et al., 1984; Meredith, 1986; Saito and Moltz, 1986;
Lepri and Wysocki, 1987; Wysocki and Lepri, 1991; Pfeiffer and
Johnston, 1994; Kolunie and Stern, 1995).

In the conventional model of VNO function, male mounting
behavior is triggered by pheromone stimulation, through what is
considered as the releasing effect of pheromones (Vandenbergh,
1983). Based on the observations from the Trp2−/− mice, Dulac
and colleagues proposed an alternative model of VNO function
(Stowers et al., 2002). In this new model, mounting is the default
behavior triggered by non-VNO sensory input. The function of
the VNO is to “ensure gender specific behavior,” which inhibits a
male mouse from mounting a male (Stowers et al., 2002).

The new interpretation of VNO function is controversial and
the discrepancies in behavioral data raise important questions
about the functional role of VNO in innate behaviors. At the
center of this controversy are two important questions: what is
the role played by Trpc2 in pheromone sensing? And is mounting
a default behavior that does not require VNO activation? Here I
evaluate recent development in the field and attempt to reconcile
differences in the experimental results.

Have Trpc2−/− Mice Lost VNO Function

Specifically and Completely?

Two groups generated the Trpc2−/− mice independently and
reported the loss of territorial aggression and the display of male-
male mounting behaviors (Leypold et al., 2002; Stowers et al.,
2002). However, they disagreed on whether Trpc2−/− animals
completely lost pheromone induced responses. Whereas Stowers
and colleagues reported a complete loss of pheromone-triggered
activities, residual responses were observed in the studies of
Leypold et al. Indeed, Leypold and colleagues cautioned that
the residual response might affect how the behavioral data was
interpreted.

Since the publication of the initial Trpc2−/− papers,
new evidence has emerged from electrophysiological studies
challenging the notion that Trpc2 mutation resulted a “null”
VNO. Liman first discovered a calcium-activated non-selective

(CaNS) cationic channel in hamster VNO neurons (Liman,
2003). A similar conductance was later reported in mouse (Spehr
et al., 2009). Although the identity of the channel remains
unknown to date, these studies provide the first evidence of Trpc2
independent activation of VNO neurons.

Recently a comprehensive picture of VNO signaling has
emerged from the studies by several groups. Delay and colleagues
described calcium-activated BK and calcium-activated chloride
channel (CACC) in mouse VNO (Zhang et al., 2008; Yang and
Delay, 2010). My group later demonstrated that pheromone
triggered CACC current was present in VNO neurons of the
Trpc2−/− mice (Kim et al., 2011). The CACC now has been
identified as TMEM16A/anoctamin1 (Amjad et al., 2015). Delay
and colleagues also identified an arachidonic acid dependent
signaling pathway in VNO of the Trpc2−/− mouse, with a
different knockout line of Trpc2 (Zhang et al., 2010).

In addition, calcium-activated small conductance potassium
channel SK3 and G-protein activated inward rectifier potassium
channel GIRK were found to act as primary conductance
channel in the VSN dendrite and acted in parallel of Trpc2
(Kim et al., 2012). Importantly, the two K channels were
depolarizing in vivo due to the unusually high K+ concentrations
in the VNO lumen (Kim et al., 2012). Changes in this ionic
environment can regulate VNO responses by altering the
reversal potential of K+, and it remains to be determined
whether conditions such as strain, age, and hormonal status
can influence K+ homeostasis in the lumen. These discoveries
have led to a revised version of the signaling pathways in the
VNO that include at least four ion channels directly activated
by pheromone stimulation (Figure 1). Pheromones can trigger
CACC, SK3, and GIRK independent of Trpc2, although Ca2+

entry through Trpc2 can augment CACC and SK3 activation.
Trpc2 channel accounts for ∼30–40% of the total excitation and
Trpc2−/− neurons retain substantial response to pheromones
(Kim et al., 2012).

Electrophysiological evidence of Trpc2-independent
activation of VNO are supported by histology and behavior
analyses. Hasen and Gammie reported that the medial amygdala,
which primarily received input from the VNO, was strongly
activated in Trp2−/− mice by soiled bedding (Hasen and
Gammie, 2009, 2011). Zufall and colleagues found that Bruce
effect, pregnancy block induced by strange males, was intact in
Trpc2−/− but not VNX mice (Kelliher et al., 2006).

The impact of Trpc2 mutation on pheromone signaling is
likely not uniform. An important observation of Trpc2−/−

VNO was a significant loss of basal layer neurons (Stowers
et al., 2002; Kim et al., 2012), which expressed Gαo and the
V2r family of receptors (Herrada and Dulac, 1997; Matsunami
and Buck, 1997; Ryba and Tirindelli, 1997). Unfortunately, the
data were buried in supplemental materials and did not garner
the attention they deserved (Stowers et al., 2002; Kim et al.,
2012). The study by Hasen and Gammie, on the other hand,
clearly showed pronounced reduction of the posterior accessory
olfactory bulb in Trpc2−/− mice (Hasen and Gammie, 2009).
Thus, it is possible that the activation of basal VSNs is more
severely affected than those in the apical layer. This difference
may have important implications in behaviors (see below) and
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FIGURE 1 | Illustration of vomeronasal neuron signaling pathway.

Binding of ligands to their cognate receptors trigger the activation of

Gαi2/ Gαo, which in turn activate the phospholipase C (PLC) to produce

inositol- 1, 4, 5 - triphosphate (IP3) and diacylglycerol (DAG). DAG

activates Trpc2 channel, leading to influx of cationic ions, including Ca2+,

whereas IP3 triggers release of Ca2+ from intracellular stores. Elevated

intracellular Ca2+ in turn activates calcium-activated chloride conductance

(CACC) and the small conductance calcium-activated potassium channel

SK3. Activation of G protein also releases βγ subunits, which activate the

G-protein activated inward rectifier channel (GIRK). Both GIRK and SK3

mediate influx of potassium to depolarize the VSN because of a high

extracellular [K+] in the vomeronasal lumenal mucus. Elevated Ca2+ can

also activates the large conductance calcium-activated potassium channel

BK and an unidentified calcium-activated non-selective (CaNS) cationic

channel. These two conductance may reside in the dendrite or in the cell

body.

explain the apparent loss of VNO activation in the Stowers
et al. study. In this study, the major difference in VSN activity
between control and Trpc2−/− mice were recorded by laying
the sensory epithelium face up on top of an electrode array
with the electrodes preferentially made contact with the basal
VSNs (Stowers et al., 2002). If Trpc2−/− have a more severe
impact on the basal cells, this recording configuration may report
diminished activity. Activity in the apical layer, which is less
affected, may be occluded from recording by the remaining basal
cells.

Does Trpc2 mutation affect the VNO specifically? Trpc2
was initially thought to be exclusively expressed in VNO.
Recent evidence suggests that Trpc2 is expressed in a subset of
MOE neurons, embryonic brain tissues, and non-neuronal cells,
raising the question whether Trpc2−/− affects VNO function
specifically (Elg et al., 2007; Boisseau et al., 2009; Hirschler-
Laszkiewicz et al., 2012; Omura and Mombaerts, 2014, 2015).
In an elegant study, Mombaerts and colleagues knocked in
the lacZ gene into the Trpc2 locus and traced the projections
of Trpc2-expressing neurons. They discovered that Trpc2 was
expressed by two types of MOE neurons projecting to specific
glomeruli in ventral side of the main olfactory bulb (Omura and
Mombaerts, 2014, 2015). These findings suggest that Trpc2 may
carry additional functions in the main olfactory system, as well
as other brain areas, and the behavioral phenotypes observed
in Trpc2−/− mice are unlikely to be the sole results of VNO
disruption.

Is Mounting Behavior Dependent on a

Functional VNO?

VNO ablation experiments, performed by a number of labs
over several decades, have consistently shown that VNX rodents
exhibit diminished mating behaviors (Powers and Winans, 1975;
Winans and Powers, 1977; Clancy et al., 1984; Meredith, 1986;
Saito and Moltz, 1986; Lepri and Wysocki, 1987; Wysocki and
Lepri, 1991; Pfeiffer and Johnston, 1994; Kolunie and Stern,
1995). Trpc2−/− males, on the other hand, show indiscriminate
mounting toward intruders (Leypold et al., 2002; Stowers et al.,
2002). The most striking observation is that Trpc2−/− females
also display mounting behaviors (Kimchi et al., 2007). These
behavior phenotypes are rarely observed in wildtype animals.
In an attempt to explain the discrepancy in the results, Kimchi
and colleagues suggested that VNX surgery could inadvertently
cause blood clog in the nasal passage and block odor entry
(Kimchi et al., 2007). This scenario is unlikely because mice are
obligate nasal breathers. Indeed, several studies have shown that
VNX animals display normal approach and investigation of odor
sources, indicating that the animals can smell normally [reviewed
(Wysocki and Lepri, 1991)]. VNX mice also exhibit investigation
of urine source, even though they no longer show preference
for urine from the opposite sex (Pankevich et al., 2004, 2006).
A careful study also failed to replicate some of the male-typical
responses in VNX female mice in the Kimchi study (Martel and
Baum, 2009).
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In addition to VNX, chemical and genetic ablations of the
MOE also lead to diminished investigation of the conspecifics,
urine preference and mating behaviors (Thor and Flannelly,
1977; Bean, 1982; Kolunie and Stern, 1995; Keller et al., 2006).
CNGA2 knockout mice, which are anosmic because of the loss
of an essential component in the olfactory signal transduction
pathway, are compromised in mating behaviors (Mandiyan et al.,
2005). These observations suggest that attraction by urinary
odors can bring the animals to investigate the sources and enable
the direct physical contact with non-volatile pheromones by the
VNO. Loss of MOE function leads to the loss of odor-evoked
investigation and, in turn, could diminish pheromone detection
by the VNO. These data should not be construed as definitive
evidence that the MOE, but not the VNO, is required to trigger
mounting.

Along with studies of VNX animals of several species, a
number of transgenic mouse lines that have various deficiencies
in VNO function have been studied. These lines include mice
with deletion of a V1r receptor cluster, knockout mutations
of signaling molecules Gαi2 and Gαo, and mutations of ion
channels SK3 and GIRK1(Del Punta et al., 2002; Norlin et al.,
2003; Chamero et al., 2011; Kim et al., 2012). None of these lines
exhibit male-male mounting or male-like sexual behaviors in the
females.

Whereas, the loss of function studies suggesting that the
VNO is required to trigger mating behaviors, our recent data
demonstrate that pheromones components are sufficient to
trigger mating behavior (Haga-Yamanaka et al., 2014). We
have previously shown that the VNO recognizes cues that
signal the sex and reproductive status of the animal (He
et al., 2008, 2010). We have recently identified two sets of
pheromone cues (Haga-Yamanaka et al., 2014). A urinary
fraction purified from female urine, which we call T16,
contains sex-specific cues that signal the carrier as females.
This fraction is recognized by a subset of the V1re clade of
receptors. We also show that sulfated estrogens specifically
activate the V1rj clade of receptors and signal estrus status
of the female mice. These cues do not activate the MOE.
Although neither sulfated estrogens nor T16 alone alters baseline
mating toward ovariectomized females, combining the two cues
together elicits strong mounting behaviors (Haga-Yamanaka
et al., 2014).

The confluence of data, therefore, suggest that mounting
is not a default behavioral output and the VNO is required
to trigger this mating behaviors. The notions that non-VNO
sensory cues conveying conspecific information to elicit mating
as a default behavior is primarily derived from observations
of Trpc2−/− mice. This conclusion critically depends on the
assumption that Trpc2−/− causes a complete loss of VNO
function. As the VNO retains partial function in Trpc2−/−mice,
it is likely that aberration in VNO signaling in transmitting
pheromone information causes aberrant mating behaviors.
Indeed, male to male mounting exhibited by Trpc2−/− mice
is also observed in double mutant mice that also carry
Cnga2−/− or SK3−/− alleles (Kim et al., 2012; Fraser and Shah,
2014).

Neomorphic or Displacement Behaviors in

Trpc2−/− Mutants?

What is the nature of the aberrant behaviors observed in
Trpc2−/− mice? Classically, the display of behaviors out of
context is categorized as displacement activities (Tinbergen,
1989). Animals have a restricted repertoire of innate behaviors
preprogrammed in the brain circuitry. Within the same
animal, circuit mechanism exists to ensure that antagonistic
behavioral patterns are displayed in a mutually exclusive fashion.
Displacement reactions arise when there are motivational
conflicts, frustration of consummatory acts or physical thwarting
of performance (Tinbergen, 1989). Lorenz has described that
when fighting drives are obstructed in cranes, they exhibit
displacement preening (Lorenz, 1935). Trpc2−/− males have the
ability to fight when provoked in a neutral arena, yet they mount
instead of attack intruder males (Leypold et al., 2002). Female
Trpc2−/− mice show diminished female-specific behaviors such
as maternal aggression and lactation, but instead exhibit male-
typical sexual behaviors (Leypold et al., 2002; Stowers et al., 2002;
Kimchi et al., 2007). It is possible that pheromone signaling in
Trpc2−/− mice generate conflicting motivational drive, leading
to the replacement of normal responses with an out-of-context
substitute. However, no classical case of displacement activities
involves a genetic mutation. Therefore, although one could add
genetic changes as a cause of displacement activities, it will be
more appropriate to characterize behaviors in Trpc2−/− mice
as neomorphic. Mating and aggression may be on the same
continuum of a behavioral spectrum. The same set of neurons in
the ventral medial hypothalamic nucleus drive either mating or
aggression depending on the level of activation (Lee et al., 2014).
Aberrant input from the VNO is likely to feed into this circuit
and induce inappropriate display of mating or aggression.

What may cause neomorphic behaviors in the Trpc2−/−

mice? I present two hypotheses to stimulate discussion. The
first concerns the development of the vomeronasal circuit,
which is linked to gonadotropin releasing hormone (GnRH)
neurons in the hypothalamus and preoptic area (Meredith,
1998). GnRH cells migrate along the vomeronasal projection to
reach the brain (Schwanzel-Fukuda, 1999). It remains unknown
how the development of vomeronasal neurons may affect this
migration and the establishment of GnRH neuron connections.
A substantial loss of the basal neurons may cause a mis-
wiring of themating/aggression circuit. In addition, physiological
changes in Trpc2−/− mice may impact circuit development.
Both male and female Trpc2−/− mice have higher testosterone
levels than wildtypes (Leypold et al., 2002; Kimchi et al., 2007).
As masculinization of the brain could result from elevated
testosterone or estrogen levels in adults, as well as from estrogen
treatment in neonatal pups (Paup et al., 1972; Baum, 2009; Martel
and Baum, 2009; Wu et al., 2009), it is possible that deficiency
in pheromone detection during development could lead to brain
masculinization in females.

Second, Trp2−/− may directly influence how pheromones are
perceived. The basal layer, V2r-expressing VSNs that are lost in
Trpc2−/− mice detect polypeptide pheromones, some of which
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have been shown to elicit aggression (Chamero et al., 2007).
ESP22, a peptide pheromone secreted by juvenile mice, has a
powerful effect in inhibiting male mating behaviors (Ferrero
et al., 2013). Loss of either Trpc2 or ESP22 leads to mounting
of juveniles (Ferrero et al., 2013). It is possible that the loss of the
basal layer cells in Trpc2−/−, compounded by the partial loss of
sensitivity in the remaining neurons, weakens signals that inhibit
mating and trigger aggression. The net effect could be the mis-
interpretation of pheromone cues and a switch from aggression
to mating. Finally, it remains possible that the loss of Trpc2
outside of VNO could contribute to neomorphic behaviors.

Concluding Remarks

Behaviors displayed by the Trpc2−/− are fascinating. They
capture the imagination of the public and the experts alike.
It also has become a requirement to use these mice to

demonstrate whether an innate behavior is dependent on VNO
function. However, the impact of Trpc2−/− on VNO function is
more nuanced than previously thought. How Trpc2−/− causes
neomorphic behaviors remains largely unknown. As disruption
of VNO function may influence both brain development
and pheromone-triggered responses, more detailed studies are
required to understand the physiological changes of Trpc2−/−

mice. It is important to use caution in using these mice to assess
innate behaviors.

Acknowledgments

I thank Drs. L. Ma and S. Haga-Yamanaka for helpful discussion
and comments on the manuscript. This work is supported
by funding from the Stowers Institute and the US National
Institutes of Health (National Institute on Deafness and Other
Communication Disorders 008003) to C.R.Y.

References

Amjad, A., Hernandez-Clavijo, A., Pifferi, S., Maurya, D. K., Boccaccio, A.,

Franzot, J., et al. (2015). Conditional knockout of TMEM16A/anoctamin1

abolishes the calcium-activated chloride current in mouse vomeronasal

sensory neurons. J. Gen. Physiol. 145, 285–301. doi: 10.1085/jgp.2014

11348

Baum, M. J. (2009). Sexual differentiation of pheromone processing: links to male-

typical mating behavior and partner preference.Horm. Behav. 55, 579–588. doi:

10.1016/j.yhbeh.2009.02.008

Bean, N. J., and Wysocki, C. J. (1989). Vomeronasal organ removal and female

mouse aggression: the role of experience. Physiol. Behav. 45, 875–882. doi:

10.1016/0031-9384(89)90209-6

Bean, N. J. (1982). Olfactory and vomeronasal mediation of ultrasonic

vocalizations in male mice. Physiol. Behav. 28, 31–37. doi: 10.1016/0031-

9384(82)90097-X

Beauchamp, G. K., Wysocki, C. J., and Wellington, J. L. (1985). Extinction of

response to urine odor as a consequence of vomeronasal organ removal in

male guinea pigs. Behav. Neurosci. 99, 950–955. doi: 10.1037/0735-7044.9

9.5.950

Boillat, M., Challet, L., Rossier, D., Kan, C., Carleton, A., and Rodriguez, I. (2015).

The vomeronasal system mediates sick conspecific avoidance. Curr. Biol. 25,

251–255. doi: 10.1016/j.cub.2014.11.061

Boisseau, S., Kunert-Keil, C., Lucke, S., and Bouron, A. (2009).

Heterogeneous distribution of TRPC proteins in the embryonic

cortex. Histochem. Cell Biol. 131, 355–363. doi: 10.1007/s00418-00

8-0532-6

Chamero, P., Katsoulidou, V., Hendrix, P., Bufe, B., Roberts, R., Matsunami, H.,

et al. (2011). G protein G(alpha)o is essential for vomeronasal function and

aggressive behavior in mice. Proc. Natl. Acad. Sci. U.S.A. 108, 12898–12903. doi:

10.1073/pnas.1107770108

Chamero, P., Marton, T. F., Logan, D. W., Flanagan, K., Cruz, J. R., Saghatelian,

A., et al. (2007). Identification of protein pheromones that promote aggressive

behaviour. Nature 450, 899–902. doi: 10.1038/nature05997

Clancy, A. N., Coquelin, A., Macrides, F., Gorski, R. A., and Noble, E. P. (1984).

Sexual behavior and aggression in male mice: involvement of the vomeronasal

system. J. Neurosci. 4, 2222–2229.

Del Punta, K., Leinders-Zufall, T., Rodriguez, I., Jukam, D., Wysocki, C. J.,

Ogawa, S., et al. (2002). Deficient pheromone responses in mice lacking a

cluster of vomeronasal receptor genes. Nature 419, 70–74. doi: 10.1038/nature

00955

Eisthen, H. L., and Wyatt, T. D. (2006). The vomeronasal system

and pheromones. Curr. Biol. 16, R73–R74. doi: 10.1016/j.cub.2006.

01.038

Elg, S., Marmigere, F., Mattsson, J. P., and Ernfors, P. (2007). Cellular

subtype distribution and developmental regulation of TRPC channel members

in the mouse dorsal root ganglion. J. Comp. Neurol. 503, 35–46. doi:

10.1002/cne.21351

Ferrero, D. M., Moeller, L. M., Osakada, T., Horio, N., Li, Q., Roy, D.

S., et al. (2013). A juvenile mouse pheromone inhibits sexual behaviour

through the vomeronasal system. Nature 502, 368–371. doi: 10.1038/nature

12579

Fraser, E. J., and Shah, N. M. (2014). Complex chemosensory

control of female reproductive behaviors. PLoS ONE 9:e90368. doi:

10.1371/journal.pone.0090368

Haga-Yamanaka, S., Ma, L., He, J., Qiu, Q., Lavis, L. D., Looger, L. L., et al. (2014).

Integrated action of pheromone signals in promoting courtship behavior in

male mice. eLife 3:e03025. doi: 10.7554/eLife.03025

Hasen, N. S., and Gammie, S. C. (2009). Trpc2 gene impacts on maternal

aggression, accessory olfactory bulb anatomy and brain activity. Genes Brain

Behav. 8, 639–649. doi: 10.1111/j.1601-183X.2009.00511.x

Hasen, N. S., and Gammie, S. C. (2011). Trpc2-deficient lactating mice exhibit

altered brain and behavioral responses to bedding stimuli. Behav. Brain Res.

217, 347–353. doi: 10.1016/j.bbr.2010.11.002

He, J., Ma, L., Kim, S., Nakai, J., and Yu, C. R. (2008). Encoding gender and

individual information in the mouse vomeronasal organ. Science 320, 535–538.

doi: 10.1126/science.1154476

He, J., Ma, L., Kim, S., Schwartz, J., Santilli, M., Wood, C., et al. (2010). Distinct

signals conveyed by pheromone concentrations to the mouse vomeronasal

organ. J. Neurosci. 30, 7473–7483. doi: 10.1523/JNEUROSCI.0825-1

0.2010

Herrada, G., and Dulac, C. (1997). A novel family of putative pheromone

receptors inmammals with a topographically organized and sexually dimorphic

distribution. Cell 90, 763–773. doi: 10.1016/S0092-8674(00)80536-X

Hirschler-Laszkiewicz, I., Zhang, W., Keefer, K., Conrad, K., Tong, Q.,

Chen, S. J., et al. (2012). Trpc2 depletion protects red blood cells

from oxidative stress-induced hemolysis. Exp. Hematol. 40, 71–83. doi:

10.1016/j.exphem.2011.09.006

Keller, M., Douhard, Q., Baum,M. J., and Bakker, J. (2006). Destruction of themain

olfactory epithelium reduces female sexual behavior and olfactory investigation

in female mice. Chem. Senses 31, 315–323. doi: 10.1093/chemse/bjj035

Kelliher, K. R., Spehr, M., Li, X. H., Zufall, F., and Leinders-Zufall, T.

(2006). Pheromonal recognition memory induced by TRPC2-independent

vomeronasal sensing. Eur. J. Neurosci. 23, 3385–3390. doi: 10.1111/j.1460-

9568.2006.04866.x

Kim, S., Ma, L., Jensen, K. L., Kim, M. M., Bond, C. T., Adelman, J. P., et al. (2012).

Paradoxical contribution of SK3 and GIRK channels to the activation of mouse

vomeronasal organ. Nat. Neurosci. 15, 1236–1244. doi: 10.1038/nn.3173

Frontiers in Neuroscience | www.frontiersin.org June 2015 | Volume 9 | Article 221 | 12

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


Yu Neomorphic behaviors in Trpc2−/− mice

Kim, S., Ma, L., and Yu, C. R. (2011). Requirement of calcium-activated chloride

channels in the activation ofmouse vomeronasal neurons.Nat. Commun. 2:365.

doi: 10.1038/ncomms1368

Kimchi, T., Xu, J., and Dulac, C. (2007). A functional circuit underlying male

sexual behaviour in the female mouse brain. Nature 448, 1009–1014. doi:

10.1038/nature06089

Kolunie, J. M., and Stern, J. M. (1995). Maternal aggression in rats: effects

of olfactory bulbectomy, ZnSO4-induced anosmia, and vomeronasal

organ removal. Horm. Behav. 29, 492–518. doi: 10.1006/hbeh.19

95.1285

Labov, J. B., andWysocki, C. J. (1989). Vomeronasal organ and social factors affect

urine marking by male mice. Physiol. Behav. 45, 443–447. doi: 10.1016/0031-

9384(89)90153-4

Lee, H., Kim, D. W., Remedios, R., Anthony, T. E., Chang, A., Madisen, L.,

et al. (2014). Scalable control of mounting and attack by Esr1+ neurons in

the ventromedial hypothalamus. Nature 509, 627–632. doi: 10.1038/nature

13169

Leinders-Zufall, T., Ishii, T., Chamero, P., Hendrix, P., Oboti, L., Schmid, A., et al.

(2014). A family of nonclassical class I MHC genes contributes to ultrasensitive

chemodetection by mouse vomeronasal sensory neurons. J. Neurosci. 34,

5121–5133. doi: 10.1523/JNEUROSCI.0186-14.2014

Lepri, J. J., and Wysocki, C. J. (1987). Removal of the vomeronasal organ disrupts

the activation of reproduction in female voles. Physiol. Behav. 40, 349–355. doi:

10.1016/0031-9384(87)90058-8

Lepri, J. J., Wysocki, C. J., and Vandenbergh, J. G. (1985). Mouse

vomeronasal organ: effects on chemosignal production and maternal

behavior. Physiol. Behav. 35, 809–814. doi: 10.1016/0031-9384(85)9

0416-0

Leypold, B. G., Yu, C. R., Leinders-Zufall, T., Kim, M. M., Zufall, F.,

and Axel, R. (2002). Altered sexual and social behaviors in trp2 mutant

mice. Proc. Natl. Acad. Sci. U.S.A. 99, 6376–6381. doi: 10.1073/pnas.0821

27599

Liman, E. R., Corey, D. P., and Dulac, C. (1999). TRP2: a candidate transduction

channel for mammalian pheromone sensory signaling. Proc. Natl. Acad. Sci.

U.S.A. 96, 5791–5796. doi: 10.1073/pnas.96.10.5791

Liman, E. R. (2003). Regulation by voltage and adenine nucleotides of a Ca2+-

activated cation channel from hamster vomeronasal sensory neurons. J. Physiol.

548, 777–787. doi: 10.1113/jphysiol.2002.037119

Lorenz, K. (1935). Der Kumpan in der Umwelt des Vogels. J. Ornithol. 83, 289–413.

doi: 10.1007/BF01905572

Mandiyan, V. S., Coats, J. K., and Shah, N. M. (2005). Deficits in sexual and

aggressive behaviors in Cnga2 mutant mice. Nat. Neurosci. 8, 1660–1662. doi:

10.1038/nn1589

Martel, K. L., and Baum,M. J. (2009). Adult testosterone treatment but not surgical

disruption of vomeronasal function augments male-typical sexual behavior

in female mice. J. Neurosci. 29, 7658–7666. doi: 10.1523/JNEUROSCI.1311-

09.2009

Maruniak, J. A., Wysocki, C. J., and Taylor, J. A. (1986). Mediation of male mouse

urine marking and aggression by the vomeronasal organ. Physiol. Behav. 37,

655–657. doi: 10.1016/0031-9384(86)90300-8

Matsunami, H., and Buck, L. B. (1997). A multigene family encoding a diverse

array of putative pheromone receptors in mammals. Cell 90, 775–784. doi:

10.1016/S0092-8674(00)80537-1

Menco, B. P., Carr, V. M., Ezeh, P. I., Liman, E. R., and Yankova, M. P. (2001).

Ultrastructural localization of G-proteins and the channel protein TRP2 to

microvilli of rat vomeronasal receptor cells. J. Comp. Neurol. 438, 468–489. doi:

10.1002/cne.1329

Meredith, M. (1986). Vomeronasal organ removal before sexual experience

impairs male hamster mating behavior. Physiol. Behav. 36, 737–743. doi:

10.1016/0031-9384(86)90362-8

Meredith, M. (1998). Vomeronasal, olfactory, hormonal convergence in the

brain. Cooperation or coincidence? Ann. N.Y. Acad. Sci. 855, 349–361. doi:

10.1111/j.1749-6632.1998.tb10593.x

Norlin, E. M., Gussing, F., and Berghard, A. (2003). Vomeronasal phenotype and

behavioral alterations in G alpha i2 mutant mice. Curr. Biol. 13, 1214–1219. doi:

10.1016/S0960-9822(03)00452-4

Oboti, L., Perez-Gomez, A., Keller, M., Jacobi, E., Birnbaumer, L., Leinders-

Zufall, T., et al. (2014). A wide range of pheromone-stimulated sexual and

reproductive behaviors in female mice depend on G protein Galphao. BMC

Biol. 12:31. doi: 10.1186/1741-7007-12-31

Omura, M., and Mombaerts, P. (2014). Trpc2-expressing sensory neurons in

the main olfactory epithelium of the mouse. Cell Rep. 8, 583–595. doi:

10.1016/j.celrep.2014.06.010

Omura, M., and Mombaerts, P. (2015). Trpc2-expressing sensory neurons in

the mouse main olfactory epithelium of type B express the soluble guanylate

cyclase Gucy1b2. Mol. Cell. Neurosci. 65, 114–124. doi: 10.1016/j.mcn.2015.

02.012

Pankevich, D. E., Baum, M. J., and Cherry, J. A. (2004). Olfactory sex

discrimination persists, whereas the preference for urinary odorants

from estrous females disappears in male mice after vomeronasal organ

removal. J. Neurosci. 24, 9451–9457. doi: 10.1523/JNEUROSCI.2376-0

4.2004

Pankevich, D. E., Cherry, J. A., and Baum, M. J. (2006). Effect of vomeronasal

organ removal frommale mice on their preference for and neural Fos responses

to female urinary odors. Behav. Neurosci. 120, 925–936. doi: 10.1037/0735-

7044.120.4.925

Papes, F., Logan, D. W., and Stowers, L. (2010). The vomeronasal organ

mediates interspecies defensive behaviors through detection of protein

pheromone homologs. Cell 141, 692–703. doi: 10.1016/j.cell.2010.

03.037

Paup, D. C., Coniglio, L. P., and Clemens, L. G. (1972). Masculinization

of the female golden hamster by neonatal treatment with androgen

or estrogen. Horm. Behav. 3, 123–131. doi: 10.1016/0018-506X(72)9

0014-1

Pfeiffer, C. A., and Johnston, R. E. (1994). Hormonal and behavioral responses of

male hamsters to females and female odors: roles of olfaction, the vomeronasal

system, and sexual experience. Physiol. Behav. 55, 129–138. doi: 10.1016/0031-

9384(94)90020-5

Powers, J. B., and Winans, S. S. (1975). Vomeronasal organ: critical role in

mediating sexual behavior of the male hamster. Science 187, 961–963. doi:

10.1126/science.1145182

Ryba, N. J., and Tirindelli, R. (1997). A new multigene family of putative

pheromone receptors. Neuron 19, 371–379. doi: 10.1016/S0896-

6273(00)80946-0

Saito, T. R., and Moltz, H. (1986). Copulatory behavior of sexually naive

and sexually experienced male rats following removal of the vomeronasal

organ. Physiol. Behav. 37, 507–510. doi: 10.1016/0031-9384(86)9

0215-5

Schwanzel-Fukuda, M. (1999). Origin and migration of luteinizing hormone-

releasing hormone neurons in mammals.Microsc. Res. Tech. 44, 2–10.

Spehr, J., Hagendorf, S., Weiss, J., Spehr, M., Leinders-Zufall, T., and Zufall,

F. (2009). Ca2+ -calmodulin feedback mediates sensory adaptation

and inhibits pheromone-sensitive ion channels in the vomeronasal

organ. J. Neurosci. 29, 2125–2135. doi: 10.1523/JNEUROSCI.541

6-08.2009

Stowers, L., Holy, T. E., Meister, M., Dulac, C., and Koentges, G. (2002). Loss of sex

discrimination and male-male aggression in mice deficient for TRP2. Science

295, 1493–1500. doi: 10.1126/science.1069259

Thor, D. H., and Flannelly, K. J. (1977). Peripheral anosmia and social investigatory

behavior of the male rat. Behav. Biol. 20, 128–134. doi: 10.1016/S0091-

6773(77)90682-4

Tinbergen, N. (1989). The Study of Instinct (Oxford; New York: Clarendon Press;

Oxford University Press).

Tirindelli, R., Dibattista, M., Pifferi, S., and Menini, A. (2009). From pheromones

to behavior. Physiol. Rev. 89, 921–956. doi: 10.1152/physrev.00037.2008

Vandenbergh, J. G. (1983). Pheromones and Reproduction inMammals (New York,

NY: Academic Press).

Winans, S. S., and Powers, J. B. (1977). Olfactory and vomeronasal deafferentation

of male hamsters: histological and behavioral analyses. Brain Res. 126, 325–344.

doi: 10.1016/0006-8993(77)90729-6

Wu, M. V., Manoli, D. S., Fraser, E. J., Coats, J. K., Tollkuhn, J., Honda, S., et al.

(2009). Estrogen masculinizes neural pathways and sex-specific behaviors. Cell

139, 61–72. doi: 10.1016/j.cell.2009.07.036

Wysocki, C. J., and Lepri, J. J. (1991). Consequences of removing the vomeronasal

organ. J. Steroid Biochem. Mol. Biol. 39, 661–669. doi: 10.1016/0960-

0760(91)90265-7

Frontiers in Neuroscience | www.frontiersin.org June 2015 | Volume 9 | Article 221 | 13

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


Yu Neomorphic behaviors in Trpc2−/− mice

Wysocki, C. J., Yamazaki, K., Curran, M., Wysocki, L. M., and Beauchamp,

G. K. (2004). Mice (Mus musculus) lacking a vomeronasal organ can

discriminate MHC-determined odortypes. Horm. Behav. 46, 241–246. doi:

10.1016/j.yhbeh.2004.02.010

Yang, C., and Delay, R. J. (2010). Calcium-activated chloride current amplifies the

response to urine in mouse vomeronasal sensory neurons. J. Gen. Physiol. 135,

3–13. doi: 10.1085/jgp.200910265

Zhang, P., Yang, C., and Delay, R. J. (2008). Urine stimulation activates BK

channels in mouse vomeronasal neurons. J. Neurophysiol. 100, 1824–1834. doi:

10.1152/jn.90555.2008

Zhang, P., Yang, C., and Delay, R. J. (2010). Odors activate dual pathways, a TRPC2

and a AA-dependent pathway, in mouse vomeronasal neurons. Am. J. Physiol.

Cell Physiol. 298, C1253–C1264. doi: 10.1152/ajpcell.00271.2009

Zufall, F. (2014). TRPs in olfaction. Handb. Exp. Pharmacol. 223, 917–933. doi:

10.1007/978-3-319-05161-1_8

Conflict of Interest Statement: The author declares that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2015 Yu. 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, provided the original author(s) or licensor

are credited and that the original publication 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 Neuroscience | www.frontiersin.org June 2015 | Volume 9 | Article 221 | 14

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


HYPOTHESIS AND THEORY

published: 20 November 2015
doi: 10.3389/fnins.2015.00439

Frontiers in Neuroscience | www.frontiersin.org November 2015 | Volume 9 | Article 439 |

Edited by:

Markus Fendt,

Otto-von-Guericke University

Magdeburg, Germany

Reviewed by:

Radwa Khalil,

Otto-von-Guericke University

Magdeburg, Germany

Yasushi Kiyokawa,

The University of Tokyo, Japan

*Correspondence:

Yoram Ben-Shaul

yoramb@ekmd.huji.ac.il

Specialty section:

This article was submitted to

Systems Biology,

a section of the journal

Frontiers in Neuroscience

Received: 31 August 2015

Accepted: 30 October 2015

Published: 20 November 2015

Citation:

Ben-Shaul Y (2015) Extracting Social

Information from Chemosensory

Cues: Consideration of Several

Scenarios and Their Functional

Implications. Front. Neurosci. 9:439.

doi: 10.3389/fnins.2015.00439

Extracting Social Information from
Chemosensory Cues: Consideration
of Several Scenarios and Their
Functional Implications

Yoram Ben-Shaul *

Department of Medical Neurobiology, Hebrew University Medical School, Jerusalem, Israel

Across all sensory modalities, stimuli can vary along multiple dimensions. Efficient

extraction of information requires sensitivity to those stimulus dimensions that provide

behaviorally relevant information. To derive social information from chemosensory cues,

sensory systems must embed information about the relationships between behaviorally

relevant traits of individuals and the distributions of the chemical cues that are informative

about these traits. In simple cases, the mere presence of one particular compound

is sufficient to guide appropriate behavior. However, more generally, chemosensory

information is conveyed via relative levels of multiple chemical cues, in non-trivial ways.

The computations and networks needed to derive information frommulti-molecule stimuli

are distinct from those required by single molecule cues. Our current knowledge about

how socially relevant information is encoded by chemical blends, and how it is extracted

by chemosensory systems is very limited. This manuscript explores several scenarios

and the neuronal computations required to identify them.

Keywords: chemosensory cue, social communication, olfactory circuitry, traits, neuronal computation,

pheromones

INTRODUCTION

In many species, chemosensory cues are crucial for obtaining information about the environment
and particularly for interactions with other individuals (Wyatt, 2014). At one end of the spectrum
are tasks involving single compounds, such as detection of females by male moths (Sakurai
et al., 2014). Here, a communication system involving emission of one specific compound has
likely co-evolved with a dedicated sensory processing channel. A related situation in vision is
phototaxis: attraction to high photon levels, also occurring in moths and other insects (Yamaguchi
and Heisenberg, 2011). At the other extreme is a task like face recognition which requires
a complex computation involving sampling and comparison of relational information across
multiple detectors. This article is motivated by the view that analyses of chemosensory scenes
involve non-trivial comparison of information across compounds and receptors, a task far more
challenging than detection of levels of single-compounds.

The chemical profile associated with any animal, andmammals in particular, is a highly complex
mix of various molecules that can convey information about the emitting organism (Albone and
Shirley, 1984). One important distinction is between pheromones, which elicit some response but
are anonymous with respect to the sender, and signature mixtures, which provide information
about individuality or colony/family identity (Wyatt, 2010). In addition, social information can
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involve detection of specific traits. Throughout this manuscript,
the term trait refers to a particular property of an individual,
whichmay be relevant for guiding behavior toward it. A trait may
be permanent (e.g., species, sex) or temporary (e.g., age, health
status). Such information is conveyed by chemical cues that
cannot be strictly defined as either pheromones or as signature
mixes. Yet, they are clearly important for guiding behavior.

Sensory systems evolved to extract those statistical features
that are relevant for identifying information important to the
organism (Rieke et al., 1995; Barlow, 2001; Bradbury and
Vehrencamp, 2011). Understanding a sensory system therefore
requires identification of the problems that it must solve. For
example, detection of light and identification of specific faces
involve distinct statistical features and therefore, distinct neural
networks (Purves, 2012). Likewise, chemosensation can serve in
various contexts involving distinct computations. The problems
solved by the olfactory system are varied and include stimulus
identification (Chapuis and Wilson, 2012; Rokni et al., 2014),
discrimination among stimuli (Kepecs et al., 2007), or source
tracking (Thesen et al., 1993; Cardé and Willis, 2008). The
chemosensory task considered here is the recognition of specific
traits using chemical cues. Specifically, this manuscript focuses
on the links between specific distributions of chemical cues and
potential neuronal solutions to detect them. Our approach is
to examine various scenarios of chemosensory cue distributions
and to spell out the steps required to extract the relevant
information under each of them. Evidence for some scenarios is
well established, while others are more speculative. The hope is
that an explicit description of the required computations, even
if abstract, will help to eventually identify of the actual circuit
elements that realize these computations.

METHODS

All plots illustrating specific networks and decision rules were
created using MATLAB code. The purpose of the networks is
to demonstrate the logical steps involved, and not to implement
any realistic neuronal modeling. In other words, the purpose

FIGURE 1 | Stages involved in obtaining social information from chemical cues. Different traits (red or black in A) are associated with distinct metabolic

pathways/expression patterns (B), which lead to distinct profiles of emitted signals (C). In this example, chemical space is defined by levels of 3 components, c1, c2,

and c3. Distinguishing among the traits requires neuronal networks (D) that can identify the relevant features in chemical space. Here, the feature is a specific ratio

between levels of compounds c2 and c1. Ultimately, these networks elicit neuronal activity (E) that can distinguish among chemosensory profiles associated with

different traits.

is to show what must be calculated, but not how. Therefore,
the code realizes the networks in a very literal manner. For
example, linear input units such as appear in many of the
networks (e.g., Figure 2A) were implemented by the following
code: R = max(0,(C-T)·G), where R is the response of a unit,
with a threshold T, and a gain G, to a stimulus concentration
C (Supplementary code file: thresh_unit). The max condition
ensures that a response will only occur if the concentration C
is larger than the threshold, T. The output unit in Figure 2A

was realized by subtracting the responses of two such linear
input units with different gains and thresholds and applying a
threshold to the (normalized) response (Supplementary code file:
soft_range_unit). The plots in Figures 2B,C were created using
the script simulate_one_compound_scenarios which itself calls
the soft_range_unit function with a set of concentrations that was
randomly sampled from a uniform random distribution in the
range [0, 10]. All manuscript figures showing outputs of other
networks were generated in an analogous manner using specific
MATLAB scripts. The code is extensively documented to explain
each of the calculations and a readme file lists which scripts were
used for each figure (Supplementary Material)

RESULTS

Communication and detection of social information via
chemosensation involves several stages which are illustrated
in Figure 1. The source of the signals are individuals with
specific traits (Figure 1A). To be detectable, these traits must
be associated with particular distributions of molecules, which
are determined by trait-specific metabolic pathways or gene
expression patterns (Figures 1B,C). Finally, specific neuronal
networks (Figure 1D) detect particular traits from profiles of
chemosensory cues. Figure 1C depicts a three dimensional space
(i.e., defined by three compounds), of which only two are relevant
for detection (Figure 1C, right). In this hypothetical example,
the relevant parameter is a specific ratio between the levels of
two compounds, c1 and c2. The nervous system must therefore
elicit a well-defined change in neuronal activity (Figure 1E)
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FIGURE 2 | Detection of a single compound. (A) Simple network that detects the presence of a compound c in a specified range. The network comprises two

linearly responding units. Note that the threshold of the inhibitory unit is higher and its response function is steeper (higher gain). A threshold response to the difference

between the inputs from the two first-layer units results in a selective response in the output unit (red) only when c is within a specific level range. The range can be set

by altering the response functions of the first-layer units and by the threshold of the output unit. (B) Input to the network in (A) as a function of the level of c. (C)

Output of the network. Legend at top explains network elements.

following the detection of a particular ratio. For simplicity, the
traits considered here are binary, assuming one of two values.
The networks are composed of units responding to excitatory
or inhibitory inputs. The input units represent chemically
selective receptor neurons, and thus respond monotonically,
though not necessarily linearly, to concentrations of individual
molecules. Each network includes one output unit, whose
activity reflects the network’s decision regarding the trait’s value.
The proposed networks are not intended to be biophysically
realistic and are agnostic about particular neuronal codes
(e.g., rate vs. temporal coding) and about the actual neuronal
hardware used to implement the computations (e.g., dendritic vs.
somatic integration). Instead, they serve to illustrate the essential
computations required for each type of classification. In the
Discussion, an attempt is made to map these model networks to
specific elements of the olfactory system.

Single Compound Codes and Their

Limitations
In the simplest scenario, a trait is reflected by the presence or
absence of one molecule. In this case, the detecting organism
needs to detect whether the concentration of the molecule is
above a certain threshold or within a given range. The single-
compound scenario is related to the classic definition of a
pheromone—namely, that the mere presence of one specific
compound can elicit a particular behavioral outcome (Wyatt,
2010). Examples include the male silkworm moth’s (Bombyx
mori) response to bombykol (Butenandt et al., 1961), or
suppression of mating in mice, due to detection of a peptide
indicative of a juvenile state (Ferrero et al., 2013). In such cases,
the stimulus space is one dimensional, and the corresponding

networks are simple. One version involves two units: one
excitatory and one inhibitory both of which respond linearly to
the stimulus, above some threshold (Figure 2A). The excitatory
unit has a lower threshold and gain, and is thus active at lower
concentrations, while at higher concentrations the inhibitory
unit is recruited, suppressing the output unit. The output unit
implements a threshold on the integrated inputs (Figure 2B),
so that its output represents a binary decision of whether the
compound is, or is not, within a certain range (Figure 2C).
Removal of the threshold operation in the last unit will lead to
a continuous measure of similarity to some optimal cue level,
as shown in Figure 2B. The slope of the response function in
Figure 2B is a direct function of the slopes of the input units.

Taken to the extreme, under the one compound scenario,
each biologically relevant trait is independently represented
by levels of one specific compound. For example, levels of
one compound would convey an individual’s sex, another its
age, a third its reproductive status and so on. While such a
scheme would simplify decoding, it presents a very inefficient
code since it requires dedicated metabolic pathways to generate
compounds for each trait. Unique single-compound signatures
of individuality, are particularly unfeasible. Another critical
shortcoming of single compound codes is the likelihood of not
being specific for a given species. For species that do not interact,
this does not present a problem (Kelly, 1996). However, in some
cases, the simplicity of the code facilitates mimicry and therefore
allows a predatory species to bait a prey organism (Gemeno
et al., 2000). An even more fundamental problem with single
compound codes is their failure to provide invariant information.
For example, if a particular trait is associated with a certain level
of some compound, stimulus source dilution would present on
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obvious confounding factor. Likewise, vital information about
the state of metabolic pathways is often manifest by the relative
levels of several compounds, rather than absolute levels of
individual compounds.

Multi Compound Codes
Transmission of chemical information by combinations of
multiple compounds is widespread (Wyatt, 2014). In the
nematode C. elegans., different combinations of modular
components can promote avoidance, reproduction, long range
attraction, and developmental diapause (Srinivasan et al., 2012).
Likewise, even though a single component may suffice to elicit a
behavioral response, female moth signals are muchmore effective
when present as a combination of components (Linn et al., 1987),
thus providing specificity and minimizing interference among
related moth species (Linn et al., 1988). A similar mechanism
for species-specific mating, using multicomponent blends, is
present in goldfish (Levesque et al., 2011). In social insects
such as bees, communication is also based on complex codes
involving combinations of multiple components (Slessor et al.,
2005). Similarly, naked mole-rats, which are social mammals,
use a unique odor signature, composed of multiple components,
to identity colony members (Oriain and Jarvis, 1997). In mice,
some volatiles act synergistically (Novotny et al., 1985) to
elicit aggression, while particular combinations of major urinary
proteins convey information about individuality (Cheetham
et al., 2007; Kaur et al., 2014).

What mechanism is suitable for detecting a combination of
individual compounds? An obvious solution involves summation
of inputs from multiple neurons, each of which is responsive
to one component. Figure 3A shows a network that detects the
presence of two components and its performance on simulated
data (Figures 3B,C). Note that the weights of the input units
and the threshold of the output units must be tuned to ensure
that the output unit will be active only under the presence of
both compounds. Specifically, the influence of the inputs must
be capped to ensure that neither could activate the output unit
on its own. For linear summation of n components, each with a
maximal input of 1, setting the threshold in the range [n-1, 1] will
satisfy the condition. However, as the number of components is
increased, the ratio (n-1)/n approaches unity, and small random
fluctuations can lead to activation of the output unit even
without the presence of all components. Non-linear, synergistic,
input summation (Silver, 2010), as has been demonstrated for
olfactory cortex neurons (Davison and Ehlers, 2011), can at
least partially resolve the problem of accidental activation by
only a subset of the inputs. In a related scenario, a given
biological trait could involve the presence of some compounds,
combined with the absence of others. An example is the inhibitory
effect of heterospecific cues on flight in moths (Lelito et al.,
2008). This computation can be realized by an output unit that
receives both excitatory and inhibitory inputs that reflect the
levels of each of these compounds (Figures 3D–F). To enforce
the requirement for the absence of a specific compound, its
inhibitory effect must be large enough to “veto” activation of the
output unit. As in the previous example, this is more difficult
when the output unit integrates many excitatory inputs. More

generally, it may be required to detect whether levels of each of
multiple compounds fall within particular ranges. This can be
achieved by a network (Figures 3G–I) that includes an output
unit receiving inputs from two range-detection networks such as
those shown in Figure 2. Note that because the decision rules
embodied by the networks in Figures 3A–G refer to the sum
of compounds, they do not impose a specific condition about
the level of the individual compounds. Graphically, this results
in decision boundaries with diagonal lines in the 2D decision
space (Figures 3C,F,I). This is distinct from a situation in which
each of the compounds is above a certain value, or within a
given range. The latter condition can be achieved if the modules
associated with each individual compound impose a threshold
(or range), as shown in Figures 3J–L for the case of detection of
two components.

Multi-compound Codes Involving

Relationships
The scenarios above involved traits that were associated with
levels of multiple compounds, but not by explicit relationships
among them. Yet, in both vertebrates and invertebrates, specific
relationships among compounds can be highly informative and
often constitute the important message. In ants, for instance,
the relative proportions of multiple cuticular hydrocarbons
provide the basis for colony recognition (Martin et al., 2008),
and in mice, ratios of distinct major urinary proteins provide
information about the stimulus donor (Kaur et al., 2014).
Although such analog codes present challenges for readout,
they allow enhanced coding capacity as compared to codes
defined by the presence or absence of individual components.
An example for a postulated binary code is the use of major
urinary proteins to convey individuality (Cheetham et al., 2007).
More generally, analyses of mouse (Zhang et al., 2007), and
rat (Zhang and Zhang, 2011) urinary profiles have shown that
the relative abundance (rather than the presence or absence)
of particular components is the best indicator of relatedness
among different strains. Another fundamental reason for the
importance of relationships involves the temporal and/or spatial
aspects of the stimulus source. The concentration of a single
volatile component decays with the distance from its source.
Likewise, the concentration will change with time at any distance.
For a soluble component, evaporation of either the solvent or
the compound will lead to concentration changes. In a multiple
molecule mix, if rates of diffusion/dispersion and evaporation are
similar for all compounds, then evaluation of their ratios (at any
point in time and space) provides a better estimate of stimulus
identity than any component in isolation. Indeed, it has been
shown that rats can discriminate binary odor mixtures based
on the ratios of the components (Uchida and Mainen, 2007).
Furthermore, the rats can generalize their decision rules to other
mixtures with identical component ratios, but different total
concentrations. On the other hand, if two or more compounds
have different (and known) dispersal or evaporation rates, as
well as known concentrations at the original stimulus source,
then their concentration ratios can provide information about the
distance of the stimulus source or the time since its deposition.
Various species can discriminate fresh urine from old urine,
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FIGURE 3 | Detection of multiple (two) compounds. (A–C) Detection of the sum of two compounds. (A) A simple network that detects the presence of two

compounds c1 and c2. The network comprises two linearly responding units that feed into a third integrating unit. (B) Inputs into the output unit in the network in (A)

(Continued)
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FIGURE 3 | Continued

as a function of the levels of c1 and c2. The magnitude of the inputs is indicated by the color of the dots (arbitrary units). (C) Activity of the output unit after

thresholding the input shown in (B). (D–F) Detection of a difference between two compounds. Here, the output unit receives an excitatory input from a unit that

detects c1 and an inhibitory input from a unit that detects c2. Assuming that the input units’ response functions and efferent connections are similar, the output unit be

active when c1 is larger than c2. (G–I) Detection that each of two compounds is within a specific range. (G) The output unit in this network receives inputs from two

range-detecting units as shown in Figure 2A (with each network sensitive to the range of one of the compounds). (H) Input to the output unit in (G). (I) Output of the

output unit in (G) after thresholding. (J–L) A network that detects that each of two compounds is above some threshold. Similar modifications can be applied to all the

other networks in this section, to impose conditions on each of the compounds. Legend at top explains network elements.

and this could be achieved by comparing levels of multiple
components with different volatility (Rich and Hurst, 1999).

The scenarios described in this section require computations
that detect relationships between multiple compounds.
Integration of excitatory and inhibitory inputs from units
reflecting levels of individual compounds can be used to derive
information about differences or the ratios between them.
Linear input units are suitable for calculating differences,
whereas logarithmic responses (or their approximations) are
naturally suitable for calculating ratios (Uchida and Mainen,
2007). The networks in Figure 4 implement detection of
difference- (Figures 4A–C) or ratio-ranges (Figures 4D–F)
between two compounds. The two networks differ only in the
response function of the input units. The more general situation,
involving relationships among more than two compounds, can
be addressed by combining several networks such as those in
Figures 4A,D. One possible network, and its respective decision
boundary for a specific ratio range among four compounds,
is shown in Figures 4G,H. Note that this network utilizes one
“anchor” component (c1) to which all the others are referenced.
An elegant solution to a similar pattern recognition problem,
using temporal coding, has been raised by Hopfield (1995)
and subsequently elaborated by Brody and Hopfield (2003).
Logically, the networks shown in Figure 4G and that suggested
by Brody and Hopfield (2003) are similar, but whereas the
Hopfield network detects a pattern defined by a fixed ratio, the
network in Figure 4D allows each compound to vary within a
certain ratio range.

Context Dependent Trait-compound

Relationships
In the preceding sections, only individual traits were considered,
but in fact, the levels of any chemical compound may depend
on several traits. Consequently, the relationship between any
one trait and chemical profiles will be context dependent. This
notion is supported by experimental evidence. For instance,
comparative analysis of urinary components across sex and strain
(Zhang et al., 2007; Zhang and Zhang, 2011) or across strains
and reproductive states (Schwende et al., 1984), revealed that
many of the individual components are modulated by both
of these traits. Consistent with this observation, a search for
chemical markers of diet, maturation, stress and diurnal rhythm
(Schaefer et al., 2010) revealed a large overlap between reliable
markers for each of these factors, indicating that many individual
markers are modulated by multiple factors (or traits). This idea
is illustrated graphically in Figure 5AI for a trait reflected by
levels of a single compound (as in Figure 2). The presence of
the “red” trait, and its absence (black) are associated with distinct

probability distributions of the corresponding compound. If the
distributions do not overlap, then perfect discrimination can
be achieved by a simple network such as shown in Figure 2A.
Overlapping distributions present a different complication which
is not considered here.

If a compound’s level depends on multiple traits, then
identification of any particular trait from that compound,
requires consideration of all others. Figure 5A illustrates this idea
with two hypothetical scenarios. In the first (Figure 5AII), there
is a general shift of compound level distributions as compared to
the reference condition (Figure 5AI). Here, a different decision
threshold is required for correctly detecting the “red” trait. In
the more exotic case, shown in Figure 5AIII, the direction of
change as a function of the trait also depends on other traits.
Importantly, these particular scenarios are (qualitatively) evident
from actual measurements of urinary volatiles for different
strain and reproductive-state combinations (Schwende et al.,
1984). Consequently, a network such as shown in Figure 2A

simply cannot reliably detect the “red” trait across all the
conditions shown in Figure 5A. To illustrate the effect ofmultiple
traits more formally, consider a particular compound i, whose
concentration levels Ci are determined by a linear combination
of two traits, T1 and T2, i.e., Ci(T1,T2) = g1•T1+ g2•T2. The
gain factors g1 and g2 determine the influence of each trait on
the compound’s concentration. The traits are not binary, but can
assume one of several numerical values. In Figure 5BI, g1 and g2
are equal, so both traits exert the same influence. In Figure 5BII,
the second trait dominates (g1 < g2), while in Figure 5BIII,
the first trait is dominant. In Figure 5BI, neither trait can be
determined without knowing the other. In Figures 5BII,III, the
dominant trait can be determined without knowledge of the
other, but not vice-versa.

Sometimes, the context can be set by physical, rather than
physiological factors. One example is stimulus source dilution.
Figure 5C shows the effects of 2X and 0.5X dilutions of the
original stimulus source on compound levels. As in the other
examples above, it is not possible to discriminate among trait
values without knowledge of the stimulus dilution. Here too,
the confounding effect of stimulus dilution depends on how
strongly different trait values affect compound distributions.
For example, if distinct trait values exert a 100-fold change
on a given compound, then the confounding effect of a 2-fold
dilution will be minor. On the other hand, if different trait
values induce a 2-fold change, then the confounding effect of
the same dilution will be critical. Another circumstance where
context plays a role is during social investigation, where animals
typically sample multiple body regions to obtain information
about each other (Johnston, 2003; Luo et al., 2003; Kimoto et al.,

Frontiers in Neuroscience | www.frontiersin.org November 2015 | Volume 9 | Article 439 | 20

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


Ben-Shaul Extracting Social Information from Chemosensory Cues

FIGURE 4 | Detection of explicit relationships between compounds. (A–C) Detection of a difference range. The output unit will respond if the difference

between two compounds is within a specific range. (A) The network comprises two input units which respond linearly (with a threshold) to the two components. Each

(Continued)
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FIGURE 4 | Continued

of the two second-layer units respond to the difference between the two compounds but with a different offset. The output unit responds to the difference between the

second layer units. (B) Inputs into the output unit as a function of the levels of c1 and c2. (C) Activity in the output unit after thresholding. The threshold sets the width

of the difference range around the ideal difference. (D–F) Detection of a ratio range. (D) The network is very similar to that shown in (A) for detection of a difference,

except that the input units respond linearly to the log of the compound concentration. (E) Inputs to the output unit in (D) as a function of c1 and c2. (F) Output of the

unit in (D) after thresholding the inputs in (E). (F,G) Detection of mixtures defined by specific proportions among components. (G) A network that detects a mixture of

four components (c1–c4) with specific ratio ranges. The network comprises three modules with the same layout as that in (D). Each of the modules compares one of

the compounds (c2–c4) to c1. The outputs of these modules are integrated by the output unit that performs a threshold operation on the summed outputs of the

three modules. (H) Representation of the output of the unit. Each mixture is defined within a 4D space which is shown here by all pairwise projections. The relevant

proportions relative to c1 (i.e., those associated with a trait) are indicated in the bottom left panel. Mixtures classified by the network as associated with the trait are

shown in red (others are shown in blacks). Thus, each mixture is represented in each of the panels. Legend at top explains network elements.

FIGURE 5 | Context effects. (A) Context dependent changes in compound distributions. This example illustrates a single cue with a different distribution under two

trait (T) values. (AI) shows a baseline condition where the two distributions are non-overlapping. A simple threshold can be set to distinguish the trait values (T =

“black” vs. T = “red”) based on the level of (C). In (AII), both distributions are shifted. The threshold used in (AI) will no longer yield reliable discrimination among the

two traits. (AIII) the relationships between compound levels and trait values are reversed. Here, the red trait is associated with lower values of (C). (B). Interaction

between two different traits in determining compound levels. The first trait (T1) can take one of two values (1 or 3), while the second can take the values 1, 2, or 3. In

(BI), both traits exert an equal influence on the levels of (C), which is simply their sum. In (BII), the influence of T2 is dominant, while in (BIII), T1 dominates. (C) Effect

of dilution on specific compound levels. The example illustrates how different dilutions can confound trait identification.

2005; delBarco-Trillo et al., 2009; Liberles, 2014). For example,
determining an individual’s sex from urinary cues could involve
very different rules as compared to salivary cues. Finally, note
that context dependence is not limited to single compound codes
as even the relationships among compounds may change under
different physiological contexts.

Accounting for Context Dependence Using

Simple Networks
The networks described above are designed to detect a certain
type of relationship between compound compositions and
a trait. The specific decision criteria for each network are

determined by the properties of individual units and their
connections. Adjustment of these parameters allows learning
of novel distributions and accounting for contextual effects.
For example, detecting different ranges as a function of
context, as required by the scenarios in Figure 5B, calls for
a simple modification of a range-detecting network. Such a
network is shown in Figure 6A where the context is taken into
account by introducing an offset to the input units, thereby
altering the decision-range (Figure 6B). Another example for
flexible decision rules is shown in Figure 6C, where the offset
determines the difference-range for which the network is
sensitive.
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FIGURE 6 | Implementation of context dependent rules. (A) Introduction of a simple bias term (via the context detecting module X) can shift the range detected

by a single-compound range-detecting network. (B) Similarly, a bias term can change the range associated with a two-component-difference detecting network. (C)

Different offsets into the network in (A) change the detection range of (C). (D) Different offsets into the network shown in (B) alter the detected difference range. In

both (A,B), insertion of different offsets into each of the two units that feed into the output unit can change the upper and lower bounds of the range independently.

Legend at top explains network elements.

The contexts accommodated by the networks in Figure 6 are
simple and applicable under very limited conditions. Namely,
the context must be defined by a trait that can be coded

numerically and which modifies the compound distribution in
a simple (e.g., monotonic), manner. In other cases, the context
may call for altering the lower and/or the upper limit of a
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decision range, or even reverse its direction (e.g., Figure 5AIII).
For multi-component distributions, the context may influence
the distribution of only a subset of components. This can be
accounted for by modifying a subset of elements or connections
within the network. For example, in the ratio detecting network
shown in Figure 4G, specific elements can be tuned to change
the required proportion of particular compounds. Note that
although the context may be reflected by the level of some
other compound, context detection itself may be complicated
and could involve complex chemical features, or even sensory
information from other modalities. In such cases, it may be
easiest to simply integrate information from distinct networks,
each of which is designed for a particular context.

DISCUSSION

To efficiently map external information to appropriate behavioral
outcomes (Purves, 2010) sensory systems must be tuned to
the informative statistical features of the environment (Barlow,
2001). Like early vision processing stages that detect regions
with high contrast, or lines with specific orientations (Hubel,
1988), early chemosensory processing is likely designed to extract
predictable statistical motifs associated with natural stimuli.
This implies that understanding chemosensory circuits requires
understanding the statistical structure of chemosensory signals.
The complexity of chemosensory scenes implies a corresponding
complexity of the neuronal circuits detecting them. Below, I
discuss whether chemosensory stimuli must really be complex
and attempt to map the abstract elements of the networks shown
above to actual components of the olfactory system.

Do Chemosensory Signals Really have to

be so Complex?
Throughout this manuscript, it was assumed that chemosensory
information is conveyed by relationships among multiple
compounds. It may be argued that this is an unjustified
complication, and that chemical communication only requires
detection of individual components. Analyses of natural stimuli
reveal that some components are uniquely associated with one
sex (Lin et al., 2005; Chamero et al., 2007; Zhang et al., 2007; Haga
et al., 2010; Roberts et al., 2010) but such studies compare sex-
specific expression patterns across a limited number of genetic
backgrounds. Indeed, even when a small number of strains is
considered, at least some cues show strain dependence. For
example, some murine signals may be associated exclusively with
one sex, but only for some strains (Kimoto et al., 2007; Ferrero
et al., 2013). Although these findings are based on inbred strains,
similar, though perhaps smaller effects, are also likely across
individuals in wild populations.

Physiologically, responses to social stimuli have been studied
mainly in the context of the vomeronasal system (VNS). Often,
neuronal responses at the first brain relay of the VNS, the
accessory olfactory bulb (AOB), are sex and strain-specific (Luo
et al., 2003; Ben-Shaul et al., 2010; Tolokh et al., 2013). While
some neurons, both in the vomeronasal organ (He et al., 2008),
and the AOB (Ben-Shaul et al., 2010) do reveal consistent sex-
specific responses across multiple strains, the number of tested

strains is limited. Basing chemical communication on individual
compounds, especially for traits that are subtler than sex, does
not exploit the immense combinatorial coding capacity of the
olfactory system.

Extraction of traits, rather than identifying specific
individuals, is important because they are key to guiding
specific behaviors. Because in chemosensation, the relevant
quantities are compound levels, and because compound levels
are generally influenced by multiple factors, decoding any one
trait must take into account knowledge of others. Comparison
of levels of various urinary cues in juvenile and sexually mature
female mice, across three strains of mice (Schwende et al., 1984),
revealed that relative levels of virtually all reported compounds
were affected by both the strain and the reproductive state of
the female. These scenarios closely resemble those shown in
Figure 5A, and thus provide a direct illustration that decoding
a female’s reproductive status from chemical cues requires
prior knowledge about her genetic background. In addition
to these physiological considerations, physical aspects such as
stimulus source dilution will also modulate (and complicate)
chemosensory scenes. Much of the variability induced by such
physical factors can be resolved by considering relationships
among multiple components. While much remains unknown
about the statistical nature of chemosensory scenes, these
lines of evidence suggest that extraction of information from
them, requires consideration of multiple components and their
relationships.

Mapping Computations to Actual Elements

of the Olfactory System
The computational steps described above used the metaphor
of networks, but they are not intended to reflect real neuronal
elements and synaptic interactions. Implementing some of
the processing ascribed here to single units could require
multiple neurons (Linster and Cleland, 2009) while on the
other hand, some computations assigned to distinct units may
be implemented by single neurons. Indeed, individual complex
neurons, such as mitral/tufted cells (MTCs), can implement
multiple processing stages using distinct cellular compartments
(Silver, 2010). Despite these caveats, assuming that the networks
reflect real computations, it should be possible to map them to
specific elements within the olfactory system. Although there are
many similarities between invertebrates and vertebrates (Kaupp,
2010), the discussion below focuses on vertebrate chemosensory
systems.

A given odorant can activate multiple receptor types (with
different affinity), and likewise, a single receptor type can be
activated by multiple odorants (Malnic et al., 1999). This is
true for both single molecules and multi-component mixtures.
As a consequence, at increasing concentrations, any given
odorant will activate a larger set of glomeruli (e.g., Spors and
Grinvald, 2002) confounding stimulus intensity and quality.
Various solutions have been suggested for maintaining responses
to a given odor-stimulus similar across a range of concentrations
(Cleland et al., 2011). Here, I simplify and assume that each
compound in a multi-compound mixture activates one type of
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sensory neuron (defined by its receptor), corresponding to a
single input unit in the networks shown above.

The input units in all networks exhibit a linear or a logarithmic
response to individual compounds. Obtaining such response
profiles by single sensory neurons is not trivial and integration
across several receptors with different dynamic ranges is likely
required to achieve a consistent response across a broad range
(Cleland et al., 2011). In the current context, note that different
computations call for different stimulus response relationships.
For instance, detection of differences is facilitated by responses
that scale linearly with the concentration (e.g., Figure 4A),
whereas ratio detection is better accomplished by responses
that are linear with the logarithm of the concentration (e.g.,
Figure 4D). Other networks involved units that are sensitive to
compound levels within a certain range (Figure 2). While more
complicated, these non-monotonic responses still involve only
a single compound, and do not require comparison of activity
across distinct channels. Accordingly, all computations involving
a single compound could in principle be implemented by intra-
glomerular circuits. The considerable complexity of olfactory
bulb (OB) circuits suggests several potential ways to implement
these computations (Shepherd et al., 2004; Nagayama et al.,
2014). For example, intra-glomerular inhibition onto MTCs via
periglomerular cells (Nagayama et al., 2014) could form a basis
for shaping the slope and range of the relationship between
odor concentration and response magnitude. Indeed, glomerular
circuits are implicated in various processes including response
linearization and decorrelation (Cleland et al., 2011; Banerjee
et al., 2015) and contrast enhancement (Cleland and Sethupathy,
2006). For a thorough discussion of glomerular interactions,
see (Cleland, 2014). Overall, then, it seems reasonable to map
activity related to specific individual components to apical
dendrites of MTCs, which reflect the result of glomerular level
computations. Indeed, response functions of MTCs show various
patterns of dependency on stimulus concentration, including
non-monotonic responses that are consistent with detection of
a certain compound range (Harrison and Scott, 1986; Meredith,
1986; Wellis et al., 1989). Furthermore, at least in the AOB, it
was shown that MTCs can display responses that scale linearly
with the logarithm of stimulus concentration (Arnson and Holy,
2013).

The next computational step requires integration of
information from multiple channels. While inter-glomerular
connections exist, they are generally believed to relay global
information (Cleland, 2014; Banerjee et al., 2015), and are thus
less suitable to mediate specific interactions among individual
channels. The same is likely true for paravalbumin-positive
interneurons in the external plexiform layer (Kato et al., 2013;
Miyamichi et al., 2013). In contrast, interactions within the
external plexiform layer allow specific interactions between
MTCs and granule cells (Nagayama et al., 2014). Granule cells
receive excitatory inputs from MTCs, and provide inhibition
unto the same, or to other MTCs via dendro-dendritic synapses
(Shepherd et al., 2004), whose efficacy depends on the distance
of the synapse from the MTC soma (Gilra and Bhalla, 2015).
This type of connectivity provides an enormous combinatorial
capacity for specific interactions. The existence of multiple

sister MTCs, (i.e., with apical dendrites sampling from the same
individual glomerulus), could allow each to interact with a
unique set of non-sister MTCs (Gilra and Bhalla, 2015). Despite
similarity in firing rates in response to single odors, sister MTs
show distinct timing with respect to the breathing cycle phase
(Dhawale et al., 2010). This difference between sister MTCs
could be due to distinct inputs that each receives and which are
likely to shape the timing with respect to the sniff cycle (Soucy
et al., 2009). Thus, sister MTCs are expected to reveal even
more dramatic differences in their responses to combinations
of multiple components than to differences in responses to
individual compounds.

A serious problem with assigning across-channel integrative
function to MTC-granule cell circuits is that many of the
computations require summation across distinct channels, and
it is not obvious how this can be achieved with the inhibitory
MTC-granule cell network. Therefore, it is tempting to discount
a central role for OB circuits in coding combinations and
attribute all such integrative processing to the cortex, where
there is extensive potential for both summative and subtractive
processing (Poo and Isaacson, 2011; Bekkers and Suzuki, 2013).
This fits with the notion that OB circuits implement basic
and preliminary computations like concentration invariance,
stimulus decorrelation, or linearization (Miyamichi et al., 2013;
Adam et al., 2014; Cleland, 2014; Uchida et al., 2014), while
representations of complete patterns and objects are generated
in the olfactory cortex (Sosulski et al., 2011; Chapuis and
Wilson, 2012). However, the OB may nevertheless play a role
in integrative and summative processing. For example, if a
MTC is constantly suppressed by some granule cells, reduced
activity in those granule cells will lead to MTC disinhibition.
Thus, MTC responses might effectively summate by mutually
disinhibiting each other. In this context, one study concluded
that responses of individual MTCs to combined stimuli are linear
sums of responses to individual components (Gupta et al., 2015),
while another study found a few cases where the responses to
stimulus combinations were qualitatively different from those
of the elemental stimuli (Giraudet et al., 2002). Explicitly
testing summation by MTCs requires measurement of responses
across a fuller extent of the high dimensional stimulus spaces
considered here (e.g., 2D space shown in Figures 3B,E,H,K and
Figures 4B,E).

The seemingly limited magnitude of cross-talk (inhibitory,
and particularly excitatory) between MTCs, at least when
measured as firing rate changes, raises the possibility that
temporal coding could play a role in these interactions. The
exact timing of MTC responses, particularly within the sniff
cycle, carries important information about odor identity (Cury
and Uchida, 2010; Shusterman et al., 2011; Smear et al., 2011).
As noted above, sister MTCs show distinct timing with respect
to the breathing cycle phase (Dhawale et al., 2010) possibly
due to selective lateral inputs from specific glomerular channels
(Soucy et al., 2009). Interestingly, MTC phase-responses are
approximated by negative and positive contributions from
distinct glomerular channels with opposing effects on the
response within the sniff cycle (Soucy et al., 2009). Olfactory
cortex neurons are tuned to particular stimulus combinations
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(Lei et al., 2006; Davison and Ehlers, 2011), in a particular
temporal order (Haddad et al., 2013; Sanders et al., 2014).
Thus, cortical integration of MTC responses could depend on
the temporal alignment of MTC responses within the sniff
cycle, to allow efficient summation within a constrained time
window (Uchida et al., 2014). Consistent with this idea, in
MTCs, mixtures of two components that elicit distinct phase
responses, elicit intermediate phase responses (Khan et al., 2008).
Experimentally testing this hypothesis requires evaluation not
only of the magnitude, but also of the temporal features of
responses to multi-component stimuli.

The next brain stage, the olfactory cortex, seems ideal for
implementing both summative (Lei et al., 2006; Apicella et al.,
2010; Davison and Ehlers, 2011; Poo and Isaacson, 2011) and
subtractive (Suzuki and Bekkers, 2012; Sturgill and Isaacson,
2015) processing via feedforward and recurrent connectivity.
Due to the complexity of cortical circuits, however, it is even
harder to speculate how specific computations can be mapped
onto particular cortical elements. This connectivity provides a
rich substrate for implementing multiple stages of processing,
including those called for by the networks described here. The
notion of cortical integration using the fine temporal aspects of
MTCs firing lies at the heart of the model of Hopfield and Brody
(Brody and Hopfield, 2003). In broad terms, the model can be
thought of as a realization of the more abstract networks shown
here (i.e., Figure 4G). However, while the Hopfield and Brody
model defines a pattern as a combination of odorants at some
particular relative proportion, the networks here allow for more
general patterns defined by certain ranges of stimulus levels or
ratios among them, as well as the absence of other stimuli.

Distinctions between the Main and

Vomeronasal Olfactory System
An important point that was overlooked thus far is the distinction
between the main and the vomeronasal olfactory systems.
Although the role of both in social behaviors is well established
(Keller et al., 2009; Tirindelli et al., 2009; Stowers and Logan,
2010; Korzan et al., 2013; Beny and Kimchi, 2014; Liberles, 2014),
a large body of studies specifically implicates the VNS in social
behaviors. Some of the functional differences between the two
systems are directly relevant here. For example, unlike the main
OB, apical dendrites of AOB MTCs can sample information
frommultiple glomerular channels (Takami and Graziadei, 1991;
Wagner et al., 2006; Larriva-Sahd, 2008). This provides an
obvious opportunity for summing inputs from distinct channels
and raises the idea that the different connectivity between
the systems reflects differences in the statistics of the stimuli
that they evolved to detect. Presently, it is not known which

computations are realized by this connectivity. While there
is evidence for synergistic processing across channels (Ben-
Shaul et al., 2010), it does not appear to be the only mode of
processing in the AOB (Meeks et al., 2010). Another important
difference between the main olfactory and vomeronasal systems
is that neuronal responses in the latter are not locked to the
sniff cycle, but rather to the non-periodic activation of the
vomeronasal organ (Meredith, 1994; Luo et al., 2003; Ben-Shaul
et al., 2010). This difference may call for distinct modes of

integration by downstream neurons of the VNS. Recent studies
have provided important insights about the physiology of the
medial amygdala (MeA) (Martinez-Marcos, 2009), a key region
receiving inputs from AOB MTCs (Bian et al., 2008; Bergan
et al., 2014; Hong et al., 2014; Keshavarzi et al., 2014). Further
studies of these regions should reveal the computations realized
by them.

Summary and Outlook
A comprehensive understanding of how social information is
communicated and detected involves several lines of research
(Figure 1). Logically, the first stage involves identification of
traits that can actually be detect by particular organisms. The
second involves characterization of the chemical compound
distributions associated with each trait. Third is the investigation
of the relationships between neuronal activity and particular
patterns of chemical cues. This requires measurement of
neuronal activity, across multiple populations, to high-
dimensional stimulus spaces. Such knowledge, combined with
a better understanding of the connectivity should reveal how
the computations discussed here are implemented by the
nervous system. This last effort will greatly benefit from realistic
computational models to focus physiological hypotheses and
experiments.
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It has long been known that the behavior of an animal can be affected by odors from

another species. Such interspecific effects of odorous compounds (allelochemics) are

usually characterized according to who benefits (emitter, receiver, or both) and the

odors categorized accordingly (allomones, kairomones, and synomones, respectively),

which has its origin in the definition of pheromones, i.e., intraspecific communication via

volatile compounds. When considering vertebrates, however, interspecific odor-based

effects exist which do not fit well in this paradigm. Three aspects in particular do not

encompass all interspecific semiochemical effects: one relates to the innateness of the

behavioral response, another to the origin of the odor, and the third to the intent of the

message. In this review we focus on vertebrates, and present examples of behavioral

responses of animals to odors from other species with specific reference to these three

aspects. Searching for a more useful classification of allelochemical effects we examine

the relationship between the valence of odors (attractive through to aversive), and the

relative contributions of learned and unconditioned (innate) behavioral responses to odors

from other species. We propose that these two factors (odor valence and learning) may

offer an alternative way to describe the nature of interspecific olfactory effects involving

vertebrates compared to the current focus on who benefits.

Keywords: olfaction, interspecific interactions, semiochemicals, allomones, kairomones, odor valence,

innateness, learning

Introduction

Odors can influence the behavior of animals. Behind this simple statement is a hidden world of
complex links and interactions, and a large body of scientific studies dealing with various aspects
from chemo-sensitivity and implicated brain regions, to evolutionary pathways and functionality.
One area of olfactory behavior research is the study of odor-based effects between organisms. These
odors are referred to as semiochemicals (Law and Regnier, 1971; Regnier, 1971), and consist of two
major groups: pheromones [Karlson and Lüscher, 1959a; originally named ectohormones by Bethe
(1932)] for intraspecific interactions, and allelochemics (Whittaker, 1970) for interactions between
organisms of different species. Allelochemics are thus odors by whichmembers of one species affect
the growth, health, or behavior of members of another species (Whittaker and Feeny, 1971).
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Allelochemics were initially divided into two groups,
consisting of allomones (of adaptive value to the organism
emitting them) and kairomones (of adaptive value to the
receiving organism, Brown et al., 1970). Subsequently, Nordlund
and Lewis (1976) introduced synomone, an allelochemical where
both receiver and emitter benefitted. Whittaker and Feeny (1971)
stated that classification of these chemical agents was almost
impossible due to their roles combining in “almost all conceivable
directions.” They nevertheless tried to list subcategories of
allomones (repellents, escape substances, suppressants, venoms,
inductants, counteractants, and attractants) and kairomones
(attractants, inductants, signals, and stimulants). The sheer
quantity of these categories, partially overlapping in places,
and with names that are not always self-explanatory, severely
questions the value of such subdivisions.

In their original paper introducing the terms, Brown
et al. (1970) talked about mutualistic, antagonistic, and
defensive allomones, and presented examples of overlaps
between pheromones, allomones, kairomones, and hormones.
This gave rise to discussions about the usefulness of the terms,
and whether they represented distinct chemical signals (e.g.,
Blum, 1974). Another term, apneumone, was defined as “a
substance emitted by a nonliving material that evokes a behavioral
or physiological reaction adaptively favorable to a receiving
organism, but detrimental to an organism, of another species, that
may be found in or on the nonliving material” (Nordlund and
Lewis, 1976). This term has thankfully disappeared from use.

Table 1 gives an overview of the most commonly used
terms used to describe chemical effects between organisms.
These compounds have been studied widely in plants, bacteria
and insects, and to a much lesser extent in vertebrates. We
therefore set out to review interspecific odor-based effects in
vertebrates (mainly in mammals, fish, and birds, but also
including examples from amphibians and reptiles), with the
specific aim of investigating the extent of and consistency in the
use of the terms allomone, kairomone, and synomone. Based on
this, we identified three problem areas, which led us to introduce
a novel conceptual framework for use when studying interspecific
odor-based effects in vertebrates.

What is Wrong with the Current View and

Terminology?

The words allomone, kairomone, and synomone have been used
increasingly since their coinage in the 1970’s. However, among
the 2644 publications found in a search on topic in Web of
Science™ (ver. 5.16.1; Thomson Reuters © 2015), only 184 (7%)
included vertebrates (Figure 1). Of these, 98 were concerned
with kairomones emitted by vertebrates attracting biting or
stinging insects (mainly humans attracting mosquitoes). Another
51 were on the subject of the use of odors by daphnia and
other zooplankton to detect aquatic predators, mainly fish. The
earliest use of these terms in relation to vertebrates were found
in Rothschild and Ford (1973; when scientific papers could still
be 50 pages long), on an odor found in newborn rabbit urine
which acted as a kairomone accelerating reproduction in the

rabbit flea. Overall, only 32 publications were found, which
reported responses of vertebrate species to interspecific odors
when searching on any of these three terms. In reality, much
more research exists on this subject in vertebrates, but the three
words are not used, either by omission or because the concept of
who benefits does not fit the effects observed.

Ruther et al. (2002) noted that chemicals classified as
kairomones had completely different biological functions for
the receiving organism. Their suggestion to remedy this was to
further sub-divide these compounds according to their function
for the benefiting organism, thus introducing foraging, enemy-
avoidance, sexual, and aggregation kairomones. However, the
terms used in allelochemics are based on the assumption that
we know all about the relationship between the two species
considered, whereas in reality the olfactory effects are often
relative, context specific, and not absolute. The designation of
an odor as a kairomone or allomone is only as good as our
knowledge of the relationship between the involved species.

Unlike Sbarbati and Osculati (2006), who predicted that the
terms kairomone, synomone and allomone would become as
popular as the terms hormone or pheromone in vertebrate
studies, we are more skeptical. As we will demonstrate below,
the terms—although providing a practical categorization—may
constrain the way in which interspecific olfactory effects are
viewed, especially in vertebrates. In the following sections, we
highlight three issues relating to inter-specific odor-based effects,
where the terms kairomone, synomone, and allomone do not add
clarification. The three issues are innateness of the behavioral
response, origin of the odor, and intent of the odorous message;
these are discussed in turn below.

Innateness of the Behavioral Response
Before deliberating on the innateness of vertebrate allelochemical
responses, we would like to remind the reader of the same
issue regarding pheromones. Although the word innate is not
included in the original definition of a pheromone (Table 1),
there is implicitness in the wording, where “release a specific
reaction” indicates a certain automation and homogeneity of the
response to a pheromone. In their original paper, Karlson and
Lüscher (1959a) also invoke the principle that pheromones are
effective in minute amounts, which again is more likely to be
the case if the evoked response does not require any form of
learning. Stowers andMarton (2005) question the notion that the
response to pheromones is thought to be unalterable, and suggest
that it may be context dependent. Similar caution is shown by
Wyatt (2010), who describes the innate response to pheromones
as conditional on development as well as context, experience,
and internal state. Examples of this are perhaps more likely to
be found in vertebrates (e.g., cichlids, Keller-Costa et al., 2015),
which have greater cerebral development and a longer lifespan
than most insects and bacteria.

Because the words used to describe interspecific odor-
based effects were coined along the same root as pheromone
(Karlson and Lüscher, 1959b), these “–mones” have the same
inherent pitfalls when it comes to innateness of the responses.
The definition of allomones, for example, include adaptive
behavioral reactions upon contact (Table 1), thus hinting at
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TABLE 1 | Hierarchical overview of terminology commonly used to classify chemical effects within and between organisms.

Terminology Definition

Infochemical Generic term synonymous with chemical cue (Sbarbati and Osculati, 2006).

A. Hormone

from Greek hormōn, “to excite, impel, set in motion.”

Chemical messengers, which have to be carried frabom the organ where they are produced to

the organ which they affect by means of the blood stream (Starling, 1905)

B. Semiochemical

from Greek ēmeion “sign”

Chemicals that evoke a behavioral or physiological response in individuals of the same or other

species (Sbarbati and Osculati, 2006).

1. Pheromone

from Greek pherein “convey”

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

behavior or a developmental process (Karlson and Lüscher, 1959a).

2. Allelochemical,

allelomone from Greek allēl- “one another”

[Semio]chemical that mediates interaction between two individuals that belong to different

species (Dicke and Sabelis, 1988).

a) Allomone

from Greek allos “other.”

Chemical substance produced or acquired‡ by an organism, which, when it contacts an

individual of another species in the natural context, evokes in the receiver a behavioral or

physiological reaction adaptively favorable to the emitter (Brown et al., 1970).

b) Kairomone

from Greek kairos “advantage, opportunity, exploitative”

A transspecific chemical messenger the adaptive benefit of which falls on the recipient rather

than on the receiver (Brown et al., 1970).

i. Synomone

from Greek syn, “with or jointly”

Allelochemical, where both receiver and emitter benefit (Nordlund and Lewis, 1976), thus

simultaneously an allomone and a kairomone.

‡Acquired refers here to odors appropriated (intact) from the food (Brown et al., 1970).

innate responses, as was the case with pheromones. It is therefore
unsurprising that it is not always clear from the literature if a
given interspecific odor-based behavioral response is innate or a
result of some degree of learning.

Some allelochemical responses in vertebrates appear to be
innate. Snakes have been found to use chemical cues from
prey species when choosing a site to wait for passing prey to
ambush, even without prior experience with the prey (Clark,
2004). A good example of an un-conditioned olfactory response
in vertebrates is the startle or freezing behavior of prey animals
when exposed to the odor of a predator (Apfelbach et al., 2005).
Kangaroos persistently avoid an area of highly palatable food
containing predator-related odor cues (dingo urine or feces), and
no habituation occur even in the absence of a predator (Parsons
and Blumstein, 2010). Papes et al. (2010) observed increased
ACTH levels and innate avoidance and risk assessment behaviors
in mice exposed to odors obtained from natural mice predators
[cat (neck swab), snake (shed skin), and rat (urine)], but not when
exposed to rabbit urine. Black-tailed deer from a population with
no exposure to wolves for a century showed reduced feeding and
increased sniffing when confronted with wolf urine, as compared
with black bear urine, gasoline, Cologne, and water at a feeding
station (Chamaillé-Jammes et al., 2014). One of the most widely
known and studied predator odors is TMT (trimethylthiazoline),
which was identified in fox feces almost 40 years ago (Vernet-
Maury et al., 1977; Vernet-Maury, 1980). Although some authors
have expressed doubt about the kairomonal properties of TMT
(McGregor et al., 2002; Fortes-Marco et al., 2013), Fendt and
Endres (2008) found clear fear-evoking effects of this molecule.

Indeed, mice cannot be conditioned to associate TMT with
a (positive) reward as the innate avoidance response is too
strong (Kobayakawa et al., 2007). Recently, another molecule
(2-phenylethylamine) has been shown to trigger hard-wired
aversion circuits in the rodent brain and to provoke danger-
associated behavioral responses in mice and rats (Ferrero et al.,
2011).

However, it is sometimes difficult to ascertain if an observed
olfactory response is truly innate. Cichlids exposed to conspecific
alarm cues paired with predator odor while embryos (in ovo)
showed antipredator behavior post-hatch when exposed to
predator odor alone (Nelson et al., 2013). This conditioned
response happened at an early stage of development, and could
easily be confused with an innate reaction to the smell of
predators.

Voluntary behavioral responses, that are not innate, are
learned. Animals, often dogs, can be trained to detect certain
odorants. These compounds can be of non-biological origin,
such as explosives and certain drugs, but sometimes the
odors are found in nature, and may even arise from different
species. However, it is important to distinguish between human-
instigated odor-based learning and allelochemical effects. Rats
and dogs have been trained to detect estrus odors in cattle
(Kiddy et al., 1978; Ladewig and Hart, 1981; Hawk et al., 1984),
and to detect the smell of diseases, cadavers, and even bumble-
bee nests (e.g., Waters et al., 2011; Bijland et al., 2013). These
are not allelochemical effects. Nevertheless, many allelochemical
effects are a direct result of the animal learning to associate a
given odor with the likelihood of an event, such as the presence
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FIGURE 1 | Number of publications per year containing the terms

allomone, kairomone, or synomone in their topic. The narrow,

black line shows their use overall since their coinage in the 1970’s

(N = 2635 publications) found in a search made in January 2015 in

Topic (which includes words in title, keywords, and abstract) in Web

of Science™ (ver. 5.16.1; Thomson Reuters © 2015). The bold, red

line shows the number of publications among these, which includes

vertebrate species (N = 184). Of these, 98 were concerned with

kairomones emitted by vertebrates (mainly humans, as well as dogs,

ruminants, hedgehogs, poultry, snakes, and penguins) attracting biting

or stinging insects (mainly mosquitoes, as well as midges, mites, bed

bugs, ticks, tsetse flies, and wasps). Only 32 publications concerning

odor-based behavioral responses in vertebrate species were found

when searching on any of these three terms.

of a predator or a potential sexual encounter. In addition, as
was argued with pheromones, seemingly innate responses may
improve with training, such as the sexual response of male rats to
estrus odors (Nielsen et al., 2013).

Many examples can be found of learned interspecific odor-
based responses in vertebrates. Gazdewich and Chivers (2002)
found that minnows learned to recognize the odor of a predator
fish when it was coupled with a minnow alarm cue, and that
this conditioned response improved minnow survival. Based
on chemical cues some lizard species are able to discriminate
among similar predators that pose different levels of threat (Lloyd
et al., 2009). Even humans, whose olfactory capacities are more
modest, are able to recognize the smell of their own dog without
indicating bias in terms of odor strength or pleasantness (Wells
and Hepper, 2000); an ability the authors describe as “acquired
without conscious effort.”

In conclusion, the use of terms like allomone and kairomone
does notmake it clear whether a reported allelochemical response
is innate or not. Instead, it adds a layer of confusion, as some use
the terms to imply innateness, whereas others apply the terms
more broadly. From the examples given here it is apparent that
although some interspecific odor-based behavioral responses are
innate, they may still change with experience. An odor which
is initially neutral to a receiver can become an allomone or
kairomone through associative learning. Also, a kairomone can
become an allomone, as shown in the intriguing example of
Toxoplasmosis-infected rats, where the response to cat odors
change from antipredator avoidance behavior to attraction and
sexual behavior through altered neural activity in limbic brain
areas caused by the parasite (House et al., 2011).

Origin of the Odor
In most uses of allelochemic terminology, the odor in question is
produced by one of the species involved—often for the specific
purpose of allelochemics. In one of the original descriptions of
interspecific chemical messengers, the notion that an allomone
can be acquired by the emitter refers to the situation where the
odor is appropriated (intact) from the food (Brown et al., 1970),
and thus is still originating from within the emitter, albeit not
produced de novo. An example of this is given by Cox et al.
(2010), who found that goats and kangaroos showed stronger
aversion when they were exposed to the odor from a tiger fed goat
or kangaroo, respectively, compared with all other predator–diet
combinations. Similarly, salmon display antipredator behavior
when exposed to water scented with cues from an otter, but only
if the otter has been fed on a salmon diet (Roberts and de Leaniz,
2011). Wyatt (2010) raises a similar issue with pheromones,
which he also suggests could be collected from the surroundings,
and show individual variations in compound proportions and
odor strength.

The role of the microbiota in the production of animal
odors also needs to be mentioned. Microbial by-products may
contribute a large part of odorants emitted by the animal. Wyatt
(2010) distinguishes between pheromones and signaturemixture,
the latter being an individual’s distinctive mix of odorous
molecules (odorants), which conspecifics can learn and use
for individual recognition. For example, the Indian mongoose
uses anal pocket bacteria metabolites as an odorant signature
(Ezenwa and Williams, 2014), and we would assign this smell
as originating from the individual mongoose. In the case of
microbiota by-products arising from an animal cadaver, the
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determination of the origin of the odor may be trickier. This is
the case in zebrafish displaying a pronounced innate behavioral
aversion to cadaverine and putrescine, two diamines emanating
from decaying flesh (Hussain et al., 2013). Do those diamines still
belong to the semiochemical category as originating from a—now
dead—animal? On this basis, Dicke and Sabelis suggested already
in 1988 to eliminate the origin criterion from the terminology,
and to use the cost-benefit criterion as the sole determinant of
infochemical subdivisions.

Themessage received from an odor emanating from an animal
may differ dependent on where the odor is produced. Skin and
fur-derived predator odors appear more efficient in evoking
fear responses in prey than those derived from urine or feces
(Apfelbach et al., 2005; Fendt and Endres, 2008), perhaps because
the latter indicates “a predator was here” whereas the former
could mean “a predator is here.” Odors derived from cat collars
and cat fur can induce long lasting (up to 4 days) effects in rats
following a single exposure (May et al., 2012). Incidentally, male
mice can exhibit aggression in response to their own urine when
it is presented on the body of a castrated mouse (Stowers and
Marton, 2005). This also illustrates how the perception of an odor
is highly influenced by the context, as male mice do not usually
react aggressively to their own urine patches.

Mammals have also been found to anoint themselves with
odors of external origin. This is commonly seen when dogs
roll themselves in pungent substances, but the function of
this self-scenting is debated. Hyenas show a preference for
rolling in animal-based odors, and receive more attention from
conspecifics when smelling of carrion (Drea et al., 2002). Ryon
et al. (1986) found that wolves preferred to rub themselves in
strong-smelling, manufactured odors (perfume and motor oil)
above carnivore odors, and that sheep and horse feces did not
elicit rubbing in wolves. Among the causal explanations for these
observed behaviors is status advertisement, where dominant
animals seek to stand out by adding complexity to and increasing
the range of their odorous presence (Gosling and McKay, 1990).
Some squirrel species anoint themselves with the scent of snakes,
by chewing shed snake-skin and subsequently lick their own fur
(Clucas et al., 2008). The authors suggest that this is an anti-
predatory behavior, and fossil data suggest that such predator
scent application in squirrels is ancient in origin (Clucas et al.,
2010). Please note that this example would not be included as an
allomone in the original definition of the term, as the scent did
not originate from within the emitter.

Sometimes the same chemical compounds are found to act
as semiochemicals for more than one species, the most famous
example being a female sex pheromone shared by the Asian
elephant and several species of moth (Rasmussen et al., 1996).
The use of the samemolecules by different species and even phyla
may reflect chemical constraints relating to stability, volatility, or
toxicity (Wyatt, 2010). Predator odors can also be hijacked by
prey on an evolutionary scale (Papes et al., 2010), and a mouse
alarm cue (2-sec-butyl-4,5-dihydrothiazole; Novotny et al., 1985)
has been found to be similar in structure to sulfur-containing
scents from certain predators, such as stoat, fox, and bobcat
(Brechbühl et al., 2013). Some animals, such as certain fish
species, are able to generalize predator odor recognition across

predators within the same family (Ferrari et al., 2007). Rodents
are able to detect estrus odors without prior training in a number
of non-rodent species (horse and fox: Rampin et al., 2006; cattle:
Rameshkumar et al., 2008), indicating a commonality in the
estrus odor bouquet of mammals. A molecule (sulcatone) found
to be associated with estrus in mammals (Nielsen et al., 2013)
is also a human-derived mosquito repellent (Logan et al., 2009,
2010). Thus, the same odor may originate from different sources,
some of which are of no biological relevance to the receiver of the
odor.

In conclusion, the origins of odors used in a semiochemical
context are quite diverse. They may be synthesized by the emitter,
but may also arise from microbial by-products, from food items,
or from the surroundings. Odors derived from different body
areas of an animal may carry different meanings to the receiver,
the same odorant can originate from different species, and an
odor may be perceived to be of a different origin than is the
case. We therefore agree with Dicke and Sabelis (1988) that an
odor’s origin should not influence whether it can be defined as an
allelochemical.

Intent of the Odorous Message
The use of terms like signal, messenger, and communication in
the descriptions of allelochemical functions gives an inherent
meaning of intent to the odor involved in the interaction. In
evolutionary terms, a signal (or sign-stimuli) implies that the
function of the stimuli—in this case an emitted odor—has been
favored during natural selection to evoke specific behavioral
responses in the receiving organism. Indeed, Whittaker and
Feeny (1971) saw the evolution of allelochemic agents as a
balance between metabolic cost and natural selection. In the
definition of allelochemicals, the effect achieved by the emitter
(for allomones) and receiver (for kairomones) has to be adaptive
(Table 1; Dicke and Sabelis, 1988), in order for these effects to
have been sustained through the evolutionary development of
the species in question. In the case of allomones, this could
indicate that an animal emitting an allomone to attract or
deter another species do so for this purpose. However, this
would imply not only that the odor is being actively released,
but also synthesized by the emitter, which we questioned in
the previous section. It seems quite unlikely according to the
current view of evolutionary processes. For example, specific
peptides secreted by a West-African frog species allow it to
live in the underground nests of certain ants that otherwise
attack and sting intruders (Roedel et al., 2013). These frogs do
not secrete such specific substances as a result of contact with
the ants or due to particular food items; the skin secretion is
not deliberate, but simply the consequence of a serendipitous
mutation allowing this frog species to live in a dry environment
and protected from intruders by the ants (Roedel et al., 2013).
Thus, a more appropriate way to view signaling is proposed by
Scarantino (2010), who talks instead about natural information,
i.e., information that is grounded in reliable correlations between
types of events, such as smoke signaling fire. He encourages us to
think of animal signals in a similar manner as “carriers of natural
information,” as opposed to information being encoded in animal
signals.
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Viewing interspecific odors in this way also makes it less
important from where the odor originates. The snake-odor
anointed squirrels mentioned earlier are simply using an odor
which carries natural information (“I am a snake”) to squirrel
predators. This may also explain commonalities across species
in odor preferences. Mandairon et al. (2009) found that odors
rated pleasant by humans were also attractive to mice, suggesting
that odor preference may be partially predetermined, based on
the physicochemical structure of the odorants (Khan et al., 2007;
Secundo et al., 2014). Similarities in odors serving the same
purpose could also be included, such as the finding that the odor
of male goats (bucks) can be used in the same way as that of
male sheep (rams) to promote reproductive receptiveness of ewes
(Rosa and Bryant, 2002). In stressed mice, the appeasing effects
arising from the smell of conspecifics can be achieved also by
exposure to odors from species that are evolutionary close (the
Rodentia subclass; Cherng et al., 2012).

Odors as carriers of natural information also make it easier to
reconcile divergent messages of the same odor into the concept of
allelochemics. The smell of trimethylamine, an odor associated by
humans with bad breath and spoiled food, is aversive to rats but
attractive to mice (Li et al., 2013). As mouse urine contains high
concentrations of trimethylamine, the authors conclude that this
may be part of aversive allomones released by mice for defensive
behavior against predators, such as rats. On the other hand, not
all interspecific odor-based effects can be explained accordingly.
The increased play-like behavior seen in cats when exposed to
the smell of catnip (Ellis and Wells, 2010) remains enigmatic.
The response is genetically determined, but may not develop
fully until 3 months of age, and catnip often produces a distinct
avoidance response in young kittens (Todd, 1962).

In conclusion, by viewing odors giving rise to interspecific
effects as carriers of natural information (Scarantino, 2010), it
allows us to include a broader spectrum of olfactory effects in
allelochemics. This does not preclude the adaptiveness of the
odor-based response, but moves the emphasis from the synthesis
of the odor to the information it contains.

A Novel Conceptual Framework for the

Study of Interspecific Odor-based Effects

Given the criticisms raised above concerning the usefulness of
the terms allomone, kairomone, and synomone when studying
vertebrates, could we find another, less constraining way to
look at behavioral responses to interspecific odors? Instead
of replacing the terms used in allelochemic interactions, we
suggest to take a step back and view the concept from a
different perspective. Below we propose a simple, yet novel
conceptual framework for use when studying interspecific odor-
based effects in vertebrates. It is based on two parameters,
which are already widely used and referred to in the literature
concerning allelochemics: one being the valence of the odor to the
recipient and the other the learning involved for the odor-based
response to occur.

Odor Valence and Learning
Valence is a useful way to structure the behavioral response
to odors (Root et al., 2014), as fast processing of an odor’s

meaning is important for survival and reproduction (Knaden and
Hansson, 2014). Odors with a positive valence are attractive to the
recipient, whereas odors with a negative valence are aversive; we
thus assign valence to an odor based on the behavioral response
observed when exposed to said odor. It is important to bear
in mind that valence is not necessarily a fixed quality of the
odor, but the motivational significance that a given odor carries
to a recipient animal. This may vary between individuals of
the same species dependent on sex, physiological state, previous
experience, and degree of learning. Nevertheless, when using
current animal models, existing behavioral tests can be used
to measure relative valence. Understanding the development of
aversion and attraction to odors and the mechanisms behind
divergent olfactory responses has been highlighted as a model
for deciphering sensory systems (Li and Liberles, 2015). Also,
Secundo et al. (2014) found the primary dimension of olfactory
perception in humans relates to odorant pleasantness on an
axis ranging from very unpleasant to very pleasant. Although
positive and negative valences are not processed by specific
olfactory subsystems in mice, the dorsal olfactory bulb appear to
govern avoidance behavior (Kobayakawa et al., 2007; Knaden and
Hansson, 2014). A specific valence may still give rise to a specific
neuronal pattern, such as the split representation of attractive
and repellent odorants found in the antennal lobe of Drosophila
(Ai et al., 2010; Knaden et al., 2012; Min et al., 2013). This has
also been found in the olfactory tubercle of mice (Gadziola et al.,
2015) and rats (Rampin et al., 2012). In the ventral striatum of the
rodent brain, encoding of an odor is not fixed, but depends on
odor valence; i.e., neurons in this brain region acquire a selective
activation to odor exposure through associative learning, and
the valence can be reversed for the same odor by the same
method (Setlow et al., 2003; Gadziola et al., 2015). In addition,
the amygdala has been found to play an essential part in the
encoding of stimuli with affective value (Schoenbaum et al.,
1999; Armony, 2013; Janak and Tye, 2015). In rodents some
amygdala neurons respond to the odor of a predator (Dielenberg
and McGregor, 2001; Govic and Paolini, 2015; Pérez-Gómez
et al., 2015); and lesioning or inactivation of some amygdala
subnuclei can eradicate the fear inducing effect of predator
odor (reviewed in Takahashi, 2014). Laterality between stimuli
of different valence, with positive stimuli encoded in the left
and negative in the right amygdala has also been demonstrated
(Young and Williams, 2010, 2013).

As discussed earlier, it is not always clear if an odor-based
response is innate when allelochemics are discussed in the
literature. It is, however, important for the interpretation of odor-
based responses to know the extent to which it is dependent
on prior experience and learning, and to take into account the
plasticity of seemingly innate responses with time. This has
also been highlighted by the search for specific brain regions
associated with these two types of responses. For aversive odors,
Kobayakawa et al. (2007) found separate sets of glomeruli in the
olfactory bulb being dedicated to innate and learned responses,
respectively. As was the case for valence, the amygdala is also
important for both innate and learned behavioral responses to
odors. The posterolateral, medial and cortical amygdala play a
critical role in innate odor-driven behaviors (Martinez et al.,
2011; Sosulski et al., 2011; Root et al., 2014). This was illustratively
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shown in the work by Blanchard and Blanchard (1972), as one of
their rats with amygdaloid damage “climbed onto the [sedated]
cat’s back and head, and began to nibble on the cat’s ear...the cat
seized and briefly shook the rat. . .After the cat released this rat,
the rat climbed back onto the cat.” In contrast, the basolateral
amygdala appears to be involved in learned, but not innate
fear responses (Ribeiro et al., 2011; Sparta et al., 2014). Also,
epigenetic changes in the medial amygdala are behind the change
in valence of cat odors mentioned earlier for Toxoplamosis
infected rats (Hari Dass and Vyas, 2014). This may be similar
to the finding that activation of the lateral amygdala caused by
conditioned fear can be suppressed by external events, such as the
social buffering caused by the presence of conspecifics (Kiyokawa
et al., 2012; Fuzzo et al., 2015).

In conclusion, innateness of the behavioral response to certain
odors as well as the learning associated with odor experience
are linked to odor valence, both at the processing level and in
terms of how an odor obtains a given valence. They are thus
important factors involved in many odor-based responses, and
therefore lend themselves as obvious candidates for constructing
an alternative or complementary conceptual framework to the
existing view of allelochemics with which to model interspecific
odor-based effects.

The Model
The simplest way of looking at valence and learning is to view
them as two binomial parameters: if an odor has a valence (to a
recipient) it is either positive (attractive) or negative (aversive),
and a given odor response can be either innate or learned. These
combine into four groupings, as illustrated in Figure 2A. This
is, however, a fairly rough division as odors can be more or less
aversive, and odor-based behavioral responses may change as a
result of learning, even when the initial response is innate, as
discussed above. We have therefore, in Figure 2A, superimposed
the four groupings onto a continual representation of learning
and valence, expressing odor valence (y-axis) as a function of
learning (x-axis), where positive and negative parts of the y-
axis indicate degree of attraction and aversion, respectively. As
described in the previous section, the valence of an odor to an
animal is determined by studying the behavioral response of the
animal when exposed to said odor. If aversion or attraction is
observed at first exposure to the odor, the behavioral response
is innate. If no behavioral response is seen upon first exposure,
the valence of the odor cannot be determined or is zero (neutral
odor). In principle, for a given animal we can place any given
odor along the y-axis dependent on the response of the animal
at first exposure. However, as soon as the animal has experienced
an odor, some degree of learning is taking place, which may or
may not change the odor’s valence. Thus, valence is a function of
learning, where innateness/no learning is at x = 0 (Figure 2A);
in other words odors, which do not elicit an innate behavioral
response, have no valence, i.e., are neutral to the animal and thus
placed at the origin. It is important to emphasize that innateness
refer to the behavioral response, and not the valence (which is a
consequence of the former).

The proposed conceptual framework thus consists of the two
axes representing odor valence and learning, without necessarily

FIGURE 2 | Conceptual framework to describe interspecific olfactory

effects for a given animal at a given time. (A) The simplest categorization

of odor-based behavioral responses is a binomial split into either innate or

learned responses. Likewise, odor valence can be positive (+ve; attractive

odors) or negative (−ve; aversive odors). These combine into four groupings,

as depicted here by rectangles. However, odors can be more or less aversive,

and odor-based behavioral responses may change with learning, even when

the initial response is innate. We have therefore superimposed the four

groupings onto a continual representation of learning and valence, expressing

odor valence (y-axis) as a function of learning (x-axis), where positive and

negative parts of the y-axis indicate degree of attraction and aversion,

respectively. It is important to note that odors, which do not elicit an innate

behavioral response, have no valence, i.e., are neutral to the animal and thus

placed at the origin; Innate responses require no learning, but may be hard to

determine and to differentiate from those arising from odors experienced in

utero via amniotic fluid; (B) Examples of how different odors may be

categorized relative to each other within the conceptual framework, and how

odor valence may change with learning. Odor Y could be the natural smell of a

predator, whereas molecule A is TMT or 2-phenylethylamine. Both evoke

innate responses, but the natural odor is more fear-inducing. Molecule B is an

initially neutral odor, which the animal first learns to find aversive, and

subsequently associate with a positive experience. Finally, odor X may be the

smell of estrus to a male before and after he gains sexual experience.

ranking different odors a priori or specifying the type of learning
involved. It is important to bear in mind that this is just a model,
which is a way to simplify reality, in the same way that two
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Lego R© bricks can represent an airplane. Although we may place
odors associated with sex or food as being positive, and predators
as negative, the relative ranking of odors is highly reliant on
context. During rutting season, male ruminants may go for days
without eating in search of a female in estrus (Whittle et al.,
2000), and her smell is thus likely to be more attractive than
food at this point in time; as soon as the breeding season has
ended, the relative ranking of food odors will rise again. In a
similar way, the smell of a conspecific may be associated with
family or an intruder, respectively, depending on the situation.
Novel food odors may be attractive to omnivorous species, such
as pigs, but initially aversive to more neophobic animals, such as
rats. Also, when dealing with complex odors of natural origin,
different components of the smell may give rise to quite different
responses, as seen when male rats were exposed to feces from
vixens in estrus: Rampin et al. (2006) found the behavior of
the rats shifting between freezing and penile erections, thus
responding to the scent of a predator and a female in estrus,
respectively.

Innate behavioral responses require no learning, but they may
be hard to determine and to differentiate from those arising
from odors experienced in utero via amniotic fluid. An example
of this, although not interspecific, is the suckling response of
newborn mice when presented with a nipple for the first time.
Logan et al. (2012) elegantly showed that this response, which
appeared innate, was elicited by the presence of signature odors—
found in the amniotic fluid—that are learned and recognized
prior to first suckling. Learned responses based on imprinting
have only a short time window in which to be acquired; these
are thus more likely to be intraspecific. The association of odors
with positive or negative events has been amply illustrated in
the literature, either via classical (e.g., Kvitvik et al., 2010) or
operant conditioning (e.g., Rokni et al., 2014), whereas more
complex learning paradigms include discrimination of several
odors or odorant mixtures, as well as latent and insight learning.
In Figure 2B are shown examples of how the valence of an odor
may change with learning and how one odor may be categorized
relative to another within the conceptual framework.

The strength of this model is in its simplicity, yet it still allows
us to display the complexity of dynamic odor relationships. It

is not meant to replace the terms allomone, kairomone, and
synomone, but to offer an alternative viewpoint from which
to investigate issues relating to allelochemics, just as the ABO
and Rh blood group systems describe different aspects of an
individual’s blood type. A model can be used not only as a
proxy to unravel complex interactions, but also as a media
for organizing knowledge integration, as well as a playground
for testing assumptions (Martin, 2015). We can envisage the
model being expanded to contain additional variables, such as
time, odor complexity or odor concentration, depending on the
testing paradigm. Indeed, the concepts of who benefits from the
interaction could be introduced along the z-axis. The model may
be used to construct a diagram of different parts of the brain
involved in innate and learned odor-based responses for odors
of positive and negative valence, respectively. Finally, it need not
be constrained to interspecific odor-based effects, but may help
visualize the learning involved in the sculpting of some innate

pheromonal responses (Stowers and Marton, 2005; Wyatt, 2010),
as well as other odor-based responses.

Conclusion

We have demonstrated the constraining properties and the
limits to the usefulness of the terms allomone, kairomone,
and synomone when studying interspecific odor-based effects
in vertebrates. We do not propose to replace the terms used
in allelochemic interactions, but instead to view the concept
from a different perspective. We present a simple, yet novel
conceptual framework based on two parameters: valence of
the odor to the recipient and the learning involved in the
observed behavioral response to the odor. This model provides
a unifying framework for use when studying interspecific odor-
based effects, particularly in vertebrates.
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Are single odorous components of a
predator sufficient to elicit defensive
behaviors in prey species?
Raimund Apfelbach1*, Michael H. Parsons 2, Helena A. Soini 3 and Milos V. Novotny 3

1 Animal Physiology, Institute for Neurobiology, University of Tübingen, Tübingen, Germany, 2 Department of Biology, Hofstra
University, Hempstead, NY, USA, 3 Department of Chemistry, Institute for Pheromone Research, Indiana University,
Bloomington, IN, USA

When exposed to the odor of a sympatric predator, prey animals typically display escape
or defensive responses. These phenomena have been well-documented, especially
in rodents, when exposed to the odor of a cat, ferret, or fox. As a result of these
experiments new discussions center on the following questions: (1) is a single volatile
compound such as a major or a minor mixture constituent in urine or feces, emitted
by the predator sufficient to cause defensive reactions in a potential prey species or
(2) is a whole array of odors required to elicit a response and (3) will the relative size
or escapability of the prey as compared to the predator influence responsiveness.
Most predator-prey studies on this topic have been performed in the laboratory or
under semi-natural conditions. Field studies could help to find answers to these
questions. Australian mammals are completely naïve toward the introduced placental
carnivores. That offers ideal opportunities to analyze in the field the responses of potential
prey species to unknown predator odors. During the last decades researchers have
accumulated an enormous amount of data exploring the effects of eutherian predator
odors on native marsupial mammals. In this review, we will give a survey about the
development of olfactory research, chemical signals and their influence on the behavior
and—in some cases—physiology of prey species. In addition, we report on the effects
of predator odor experiments performed under natural conditions in Australia. When
studying all these literature we learned that data gained under controlled laboratory
conditions elucidate the role of individual odors on brain structures and ultimately on
a comparatively narrow range behaviors. In contrast to single odors odor arrays mimic
much more the situation prey animals are confronted to in nature. Therefore, a broad
range of methodology—from chemistry to ecology including anatomy, physiology, and
behavior—is needed to understand all the different (relevant) stimuli that govern and guide
the interactions between a predator and its potential prey.

Keywords: predator odors, aging of odors, predator naive prey, odor avoidance, field studies in Australia
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Development of Olfactory Research

Chemical ecology is one of the most fascinating themes
in modern biology. Chemical compounds are essential in
intraspecific communication as well as in information exchange
between different species. Chemical signals are involved in the
defense of prey species against predators, competitors, parasites,
microbes, and other potentially harmful organisms (Derby and
Aggio, 2011). In short, the challenge in chemical ecology is to
demonstrate how chemically mediated interactions steer ecology
and evolutionary processes at all levels of ecological organization
(Vet, 1999).

Among the first scientific reports on chemicals secreted by a
carnivore was the paper by Albone and Perry (1975). The authors
analyzed the anal sac secretion of the red fox (Vulpes vulpes) and
of the lion (Panthera leo). The major components of red fox urine
deposited in their tracks on snow during themating and breeding
season were later structurally identified (Jorgenson et al., 1978).
It was noted that the characteristic “skunk-like odor” of these fox
tracks is likely due to sulfur-containing constituents of urine. The
synthetic blends of the major urinary constituents were made
and deposited in the fox natural habitat to test their ecological
significance (Whitten et al., 1980; Wilson et al., 1980). Seasonal
variations in the excretion of captive fox urinary volatiles were
further investigated (Bailey et al., 1980). During the 1970s and
early 1980s, chemical constituents of the defensive secretions
of the striped skunk (Mephitis mephitis) were also positively
identified as mainly sulfur-containing compounds (Andersen
and Bernstein, 1975; Andersen et al., 1982).

During roughly the same time period, the chemist
Schildknecht and his coworkers analyzed the anal gland
secretions of several mustelid species including the mink
(Mustela vison), the polecat (Mustela putorius) and the badger
(Meles meles) (Schildknecht et al., 1976, 1981; Schildknecht
and Birkner, 1983; Schildknecht and Hiller, 1984). Considering
the limited analytical capabilities at that time, these studies are
still among the most detailed reports on semiochemicals in
carnivores. The authors reported 3,3-dimethyl-1,2-dithiolane,
2,2-dimethyl-, cis- and trans-2,3-dimethyl-, 2-propyl-, and 2-
pentylthietane characteristic to the polecat (Mustela putorius L.)
and the ferret (Mustela putorius furo). In the odorous secretion of
the stoat (Mustela ermine) they found 2-methyl-, 2-opyl-, and 2-
pentylthietan. Similar sulfur-containing components were found
in the secretion of the anal glands of weasel (Mustela nivalis). On
the contrary, no sulfur-containing compounds were observed in
the beech-marten (Martes foina) and the pine-marten (Martes
martes) odoriferous secretions (Schildknecht and Birkner, 1983).

Asmustelids becamemore popular in scientific research,more
research groups focused on the anal secretions ofmustelid species
(Crump, 1980; Brinck et al., 1983; Crump and Moors, 1985). The
general ideas about the importance of chemical communication
in mammals were significantly advanced by the first reports of
chemical structures of primer pheromones in rodents (Jemiolo
et al., 1986; Novotny et al., 1986, 1990) starting in the 1980s.
Importantly, the analytical methodologies developed for this
research became a major stimulus for broad studies of ecological
significance. All these studies have opened avenues for biologists

to investigate chemical communication within individual species
and the relationship between predators and prey.

The chemical compounds emitted by a species and the effects
they might cause in another species became hot spots of scientific
interest. Among the first to launch this research line were
Nolte et al. (1994). They sparked a field of highest scientific
interest when they published their paper “why are predator
odors aversive to prey?” This question is still investigated and
debated by biologists, chemists, and ecologists. Until now, no
one has introduced an adaptive framework to organize the
data and speculations for the broad range of varying results.
We will propose a novel adaptive framework to compare the
overall risk that a prey animal might accept against the degree
of danger represented by one or more predator cues. The most
obvious indicator of risk relates to how likely a single encounter
of predator-prey would result in foregone feeding or mating
opportunities, serious injury, or demise e.g., the ability of the prey
to defend, suppress, or survive the encounter. For this reason
we propose a likelihood of risk category by the relative size or
elusiveness of the prey as compared to the predator (supplement,
Table 1).

Implicit in our model is an understanding that smaller, more
vulnerable, prey may respond aversively to single-molecule odors
while larger, or most elusive, prey may attenuate their response
according to composite molecules that convey additional
information about the degree of risk inherent in the scent. For
instance small kangaroos and wallabies may respond aversively
to domestic dog urine, predators they have had no evolutionary
contact with—or possibly even aged, chemically degraded scents.
However, larger macropods such as red kangaroos, may not
respond to a single compound. They likely require complex
scents that include additional information on the size and
recentness of void from the predator, before foregoing mating
opportunities or leaving a food patch. It would after all, be
evolutionarily disadvantageous for a 50+ kg herbivore to respond
to wastes secreted by a 700 g, predator.

Much of the present research concentrates on three basic
topics: (1) How effective are carnivorous chemical compounds as
repellents to prey species of different size, (2) do such chemical
compounds suppress breeding success in prey species and (3)
which brain structures of the prey species are involved in the
avoidance/fear responses. A comprehensive review of field and
laboratory studies about the positive and negative effects of
predator odors on mammalian prey species has been reported
in detail (Apfelbach et al., 2005). The involvement of brain
structures in the avoidance/fear responses has been recently very
well-addressed by Takahashi (2014).

The effects of predator odors or individual compounds in
a complex odor source can be evaluated in the laboratory and
in the field. Besides natural predator odors, synthetic predator
semiochemicals (Lindgren et al., 1995) and—in another study—
a range of seven predator odors and, in addition diesel oil, as
repellents for wildlife have been used in field studies (Engelhart
andMüller-Schwarze, 1995). In that study, coyote (Canis latrans),
lynx (Lynx canadensis) and river otter (Lutra canadensis) odors
had the strongest effects, while diesel oil was effective too, but the
effects were weaker. So far, no field data are available about the
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effectiveness of a predator odor to suppress or at least to reduce
the reproduction success of potential prey species.

In our review the seminal discussion centers mainly on
two questions: (1) is just one single volatile compound in, for
example, urine or feces emitted by the predator enough to release
defensive reactions in a potential prey species—or must there be
a whole profile of odors? (2) Do prey animals respond innately
to olfactory predator cues? Our focus is set mainly on mammals,
but other vertebrates and lower taxa will be included on some
occasions.

Composition and Aging of Olfactory
Signals

An odorant is a chemical compound that gives a particular smell
to a source. An odor is typically viewed as a volatile molecule, or a
set of molecules, that convey some information about the sender
to a receiver; generally, the molecules meeting this specification
have molecular weights lower than 300 Da.

In mammals, there are different bodily odor sources. Besides
urinary odors, other odors emitted from other sources by an
animalmay serve in the behavioral context to convey information
such as degree of hunger or satiety, single, or multiple predators
(from over-marking) and importantly, the size, and specificity
of the predator- especially important to prey that are otherwise
large enough or elusive enough to live comfortably among
predators that convey little risk. Among those are anal gland
secretions, fecal odors, and vaginal secretions, just to mention
the most obvious ones. Fur, dander, sebum, saliva, and tears can
also transmit “infochemicals.” Some species possess additional
glands like the preorbital glands and tarsal organs in many
hoofed animals or the supplementary sacculi (located at the
opening of the cheek pouches) and the midventral gland of dwarf
hamsters (Phodopus spec.) secreting substances of relevance for
intraspecific communication.

In invertebrates, just one molecular entity is often sufficient to
transmit an important message from one individual to another;
the best known example is the pheromone bombykol produced
by the silkworm Bombyx mori (Schneider et al., 1968; Kaissling,
2014). Among insects, pheromones (intraspecific messengers)
are typically composed of one or only very few molecular types
such as hydrocarbons in insect cuticles (Blomquist and Bagnères,
2010), while most odorous substances secreted by mammals are
typically composed of numerous different volatile compounds.
Depending on the species, up to 70 or more volatile compounds
have been found. For example, in ferret (Mustela putorius furo)
urine, 31 volatile urinary compounds have been identified and
compared with 26 anal gland compounds of the same species.
Only 10 compounds were found common to both sources
(Zhang et al., 2005). The two marking sources likely convey
different messages to conspecifics. This possibility is backed by
our observations on wild living ferrets and polecats (Mustela
putorius). Males and females urinate all over their territories,
but defecate only on specific spots. While urine and fecal odors
have putative functions in intraspecific communication, the
secretions of the anal glands (containing high amounts of sulfur

compounds) seem to serve a dual purpose for defense: when
cornered or threatened, and as “alarm pheromones” to warn
conspecifics of imminent danger. Two simple compounds from
the peri-anal gland, 4-methylpentanal and hexenal, function
together as the alarm pheromone in Norway rats (Rattus
norvegicus) (Inagaki et al., 2014). These two molecules lose their
function, when acting alone.

The composition of the urine odors and possibly also of the
anal gland odors may change during the seasons in accordance
with the endocrine status and also the diet consumed by a
predator. This was seen in the elevated seasonal levels of isopentyl
methyl sulfide in the red fox urine (Bailey et al., 1980). Several
volatile compounds showed peak levels also in the wolf urine
(Canis lupus) depending on the season. These included isopentyl
methyl sulfide and several carbonyl compounds (Raymer et al.,
1984). Hormone treatment experiments later confirmed that
testosterone increased wolf urinary volatile compound levels
(Raymer et al., 1986).

Volatile compounds in urine or in a secretion differ in
molecular weights and physicochemical properties, such as
boiling points, vapor pressure, and solubility properties in water.
For instance, in the ferret urine (Zhang et al., 2005) the molecular
weight of the individual molecules ranged from 60.05 Da (acetic
acid; boiling point: 118◦C; vapor pressure: 1290 Pa) to 256.42
Da (hexadecanoic acid; boiling point: 215◦C; vapor pressure:
0.5 × 10−4 Pa). In the urine of another carnivore (Osada et al.,
2013), the wolf (Canis lupus), the molecular weight range extends
from 62.13 Da (dimethyl sulfide; boiling point: 35◦C; vapor
pressure 53,700 Pa) to 122.12 Da (benzoic acid; boiling point:
249◦C; vapor pressure 0.1 Pa). In general, compounds with
low molecular weights, low polarity, and high vapor pressure
evaporate faster than the “heavier,” more polar compounds
with low vapor pressure properties. These differences might
explain why over time the composition of a secretion changes.
We will call it “aging of a signal.” In this context, aging can
mean decreased concentrations or a loss of some components
and/or changing ratios between the compounds. This process
would be particularly prominent in the arid conditions of
Australia, where all compounds, regardless of molecular weight,
evaporate more quickly due to increasing of vapor pressures
at elevated environmental temperatures. Another consideration
is the water solubility of the compound in environmental
conditions. Compounds with low water solubility will be less
affected by rain and therefore might resist environmental stress
much longer than compounds with high water solubility. The
much less volatile components of urinary marks and secretions,
such as lipids and proteins, may also retain and slowly release
volatile chemosignals into the environment.

The numbers of research papers on aging of urine or gland
secretion odor compounds are very limited. In contrast to
studies on chemical signals in animals, aging has been intensively
investigated in food chemistry and interesting results have been
reported. For instance, the flavor characteristics of beer appear
to deteriorate greatly with time (Gijs et al., 2002). Similarly,
changes in some volatile constituents of brandy (Onishi et al.,
1977) and sherry wines have been reported (Munoz et al., 2007).
Among the first to report on behavioral effects of aged urine were
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Coppola and Vandenbergh (1985). These authors determined
how long the puberty delay causing chemosignal emitted from
an adult female mouse urine remains active to suppress puberty
in young females. According to their data, within 7–10 days after
collecting urine, the sample will lose its pheromonal potency to
delay puberty in recipient females. The authors suspected that the
puberty delay causing signal would lose its potency more rapidly
in nature than under laboratory conditions due to the destructive
influences of the natural elements.

Neuroendocrine and behavioral responses of mice to urine
samples from conspecific males and females, which had aged
for different time periods, revealed that the quality and intensity
of signaling molecules in urine changed over time (Kwak et al.,
2013a). In another study, volatile organic compounds in fresh
and aged human urine samples were analyzed and compared
(Kwak et al., 2013b).

Due to such unpredictable environmentally-induced changes,
researchers run experiments with either fresh secretions or
with secretions which were deep-frozen until use. Yet, in spite
of deep freezing, the secretions can still undergo composition
or conformational changes. This has been convincingly
demonstrated in a very recent study during which cat feces
was stored at −70◦C (Hegab et al., 2014). The statement of
these researches reports best the effects of aged chemicals:
“Behavioral and hormonal responses and changes in the
level of medial hypothalamic c-fos nRNA were examined in
Brandt’s voles (Lasiopodomys brandtii) exposed to the feces of
a domestic cat (Felis catus) stored for different periods. One
hundred voles were tested in the defensive withdrawal apparatus.
The voles showed an aversion to freshly collected cat feces,
indicated by high levels of flight-related behaviors, increased
freezing behavior, and more vigilant rearing compared to old
feces. The serum levels of adrenocorticotropic hormone and
corticosterone significantly increased when the voles were
exposed to fresh cat feces. The level of c-fos mRNA in the
medial hypothalamus region was highest in the individual
exposed to fresh cat feces. All these behavioral, endocrine, and
c-fos-mRNA responses were lower when voles were subject to
older cat feces” (Hegab et al., 2014). In a study working with
meerkats (Suricata suricatta), similar results were found. The
freshness of the presented wolf (Canis lupus) urine increased
vigilance in the prey animals while the increased quantity of
urine sample did not cause the similar effect (Zöttl et al., 2013).
Similarly, in comparisons of the effects of fresh and previously
frozen female mouse urine on male mice, fresh urine triggered
stronger courtship ultrasonic vocalization in males (Hoffmann
et al., 2009). Gas chromatographic analyses of dingo urine
convincingly demonstrated changes in the male and female
urine after an aging period of about 3 months or even less
(Figure 1).

Data from such studies indicate that very careful
experimentation and interpretation of the data is needed
when stored biological compounds are used to study behavioral
and physiological parameters. It cannot be excluded that in
natural environments, loss of response to a predator odor
over time is not caused by habituation, but rather aging of the
signal.

Single Odors or Odor Arrays?

Sensing the chemical warnings present in the environment is
essential for species survival. Brunswik (1956) suggested the
concept of a transient fear scent operating in mice. Emitted
by both males and females, this fear scent can be elicited by a
single stressful event. In the natural setting, a mouse’s tendency to
withdraw from sites possessing the fear scent of conspecifics may
well-protect mice from predators and other dangerous situations.
Similarly, Carr et al. (1970, 1971) reported thatmalemice avoided
an olfactory signal emitted by stressed male and female mice. It
was also demonstrated that male mice were repelled by the odor
from shocked males and attracted to the odor from non-shocked
males (Colyer (1971). Although additional odor sources may be
involved, it is believed that a fear scent is contained in the urine
(Müller-Velten, 1966). These findings marked the beginning of
considering urine as a transmitter of danger odor signals.

Nolte et al. (1994) suspected that predator odors are aversive
to prey species due to the high concentrations of sulfurous
components (metabolites of protein digestion) in their urine. As
reported above, urine or fecal odors are composed of numerous
different compounds. Subsequently, many studies in behavioral
research have used such complex mixtures and reported the
results under these conditions. It is not in the interest of a
predator to deposit a signal that persists over longer time periods
to warn potential prey about predator’s presence. While there
is a trade-off involved when predators deploy odors in the
environment, it is beneficial for conspecifics to be able to detect
these “chemical bulletin boards” for as long as possible. However,
the longer the scent is viable, the more likely potential prey could
intercept the signal and will respond innately to these kairomones
(chemical messages of another species) or will learn to recognize
and respond accordingly to these signals. Cheetahs may have
evolved the ability to secrete an odorless (elemental) sulfur
complex (Burger et al., 2006). On the other hand, secretions may
inform conspecifics about a territory owner or a sexual partner
ready to mate. In this case, it would be advantageous for the
sender when the chemical signal remains in place for a longer
time period.

Most mammals were long assumed to have two olfactory
systems working independently, the primary olfactory epithelial
tissue (MOE) and secondary vomeronasal mediated system
(VMO; e.g., pheromones), with the molecular weight of volatile
constituents determining the appropriate binding site. This
model seemed to have been validated in mice (Trinh and Storm,
2003), but has been since updated to consider the shared role
of both organs, now seen to complement one another due to
common V1R receptors, and shared processing regions in the
amygdala (Kendrick, 2014).

It remains unclear whether single molecule constituents
are more or less likely to be received by the primary or
secondary systems, than composite chemicals. However, we may
operate under the reasonable assumption that predator-secreted
compounds are more likely to be detected by the VMO, than
foul smelling, or pungent, artificial odors such as diesel fuel,
ammonia or feces from non-predatory omnivores (e.g., pigs).
These foul odors would contribute less biologically meaningful
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FIGURE 1 | Aged profile of dingo (Canis lupus dingo) urine. Blue loop refers to fresh male urine, red loop refers to fresh female urine, and green loop refers to
male and female urine aged >3 months (Graph supplied by M.H. Parsons).

information and would thus be more likely to be interpreted by
the MOE.

In vertebrates, at least in mammals, generally no single
compound is known to convey complex behavioral messages
between individuals. Yet, examples that a “bouquet” of odors
makes up the message, have been reported with red fox (Whitten
et al., 1980) and mice (Jemiolo et al., 1986; Novotny et al.,
1986; Ma et al., 1998). However, several papers state that some
compounds in urine or fecal secretions are especially effective
and will alone, or in combination with other molecules, elicit
defensive reactions in prey species and/or suppress breeding
success. Some of the fourmost discussedmolecular types include:

(1) Pyrazines are known as volatile nitrogen-containing
odoriferous compounds present in vertebrates, plants,
insects, fungi, and bacteria (Woolfson and Rothschild,
1990). Pyrazines, such as 2,5-dimethylpyrazine (2,5-DMP),
seem to have redundant message contents in vertebrates. In
the female mouse urine, 2,5-DMP is involved in a puberty
inhibition signaling from a female mouse to other female
mice together with five other adrenal-mediated urinary
metabolites (Andreolini et al., 1987; Ma et al., 1998).
Male wolf (Canis lupus) urine samples contained more than
50 compounds in the GC-MS analyses with some significant
differences in compound levels (Osada et al., 2013). Such
differences may allow, for instance, individual recognition
within a wolf pack. However, the urine of all three wolfs
contained pyrazine derivatives as the predominant active
components capable to induce avoidance and freezing
behaviors in mice. Osada further reported that the
combination of 2,5-DMP and two other pyrazines, which are
present in the wolf urine, induced freezing behavior in mice,
which was a similar response as to wolf urine, while each
pyrazine compound alone was inactive. In the ferret urine,
pyrazines could play a role in the odor-sensing and caution

expressed by hamsters to the ferret urine (Apfelbach et al.,
2015).

(2) 2-Phenylethylamine (PEA) (molecular weight, Mw: 121.18)
is a component common to many carnivore odors. It also
has been found in non-carnivorous species at much lower
concentrations (Ferrero et al., 2011). Like pyrazines it is
a moderately volatile compound (vapor pressure 35 Pa,
Mokbel et al., 2009), therefore, probably not very effective
over longer periods of time. In behavioral studies, rodents
avoided a PEA odor source similarly as they avoided predator
urines. To verify that PEA is the decisive chemical for the
avoiding reaction, the researchers experimentally depleted
lion urine of this compound. In the subsequent behavioral
experiments, rats showed significant avoidance behavior to
10% content in lion urine, but not to 10% PEA-depleted
urine specimen. Aversion was fully restored to a 10% PEA-
respiked lion urine. The authors interpret from these data
that PEA is a key component of a carnivore odor blend
detected and avoided by rodents (Ferrero et al., 2011).
However, studies under natural conditions have not been
reported.

(3) 2,3,5-Trimethyl-3-thiazoline (TMT) (Mw: 129.22) is found
in fox feces (Vernet-Maury, 1980). Over the years, several
laboratories reported fear-like alterations in rat behavior due
to exposure to synthesized TMT (e.g., Wallace and Rosen,
2000). Physiological data as well as data on brain structures
involved in the TMT-elicited defensive responses of rats
have been also described (Fendt et al., 2003, 2005; Endres
et al., 2005; Dielenberg et al., 2001). The view of TMT as a
biologically relevant olfactory stimulus has been challenged.
According to Morrow (Morrow et al., 2002), a fear-like
biochemical and behavioral response in rats to TMT odor
depends on the exposure environment. Others have even
failed to observe fearful behaviors (McGregor et al., 2002);
since TMT has an acrid, irritating, and powerfully repugnant
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odor (at least to humans), its effects aremore characteristic of
an aversive odor, presumably working through a nociceptive
mechanism. According to Staples and McGregor (2006),
differences in response to TMT and cat odor could depend
on the rat strain.

Blanchard regarded TMT as follows: “These findings
suggest that flight/avoidance, although it obviously may
occur as one component of a full pattern of defensive and
emotional behaviors, is also somewhat separable from the
others. When—as appears to be the case with TMT—it is the
major, perhaps only consistent defensive behavior elicited,
this may reflect a stimulus that is aversive or noxious but
with little ability to predict the presence of threat or danger”
(Blanchard et al., 2003). To address this criticism, rats were
exposed to TMT following either olfactory bulb removal
or trigeminal nerve transection (Ayers et al., 2013). The
findings indicate that freezing behavior to TMT requires an
intact olfactory system, as indicated by the loss of freezing
following olfactory bulb removal. Rats with trigeminal
nerve transection freeze normally to TMT, suggesting the
olfactory system mediates this behavior to TMT. TMT is an
ecologically relevant predator odor useful in experiments of
unconditioned fear that is mediated via olfaction and not
nociception (Ayers et al., 2013).

Very few behavioral field experiments using TMT as a
repellent have been reported. To reduce feeding damage by
voles (Microtus spec.) on apple trees in orchards Sullivan et al.
(1988a) applied TMT to traps and quantified the number
of voles caught in TMT-free traps and in traps scented
with TMT. The animals significantly avoided the TMT
scented traps. In a similar field experiment using Northern
pocket gophers (Thomomys talpoides) animals also avoided
the TMT odor (Sullivan et al., 1988b). However, when
testing the two synthetic predator odors TMT and DMDIT
(3,3-dimethyl-1,2-dithiolane) for their possible repelling
effects on roof rats (Rattus rattus) in Hawaiian macademia
nut orchards no clear results became visible. The authors
(Burwash et al., 1998) stated “overall we could not detect
significant differences or consistent trends in response of rats
to DMDIT or TMT in these field trials.”

Without doubt TMT is effective in eliciting fear and
escape responses in rats, although they were naive to foxes
and fox feces. Interestingly, TMT has not been found in
dog feces (Arnould et al., 1998) and also not in anal gland
secretions of dog and coyote (Preti et al., 1976), although
both carnivore species are closely related to the red fox. These
and other results indicate that TMTmay be characteristic for
the red fox, but possibly not for other predators.

(4) A cat-specific substance is 2-amino-7-hydroxy-5,5-

dimethyl-4-thiaheptanoic acid (L-felinine) (MW:
207.29). Felinine, a putative pheromone precursor, has
been identified in the urine of several members of the
felidae family including the domestic cat (Felis catus)
(Hendriks et al., 1995b). Cat urine contains 3-mercapto-3-
methylbutan-1-ol, a degradation product of felinine, and a
putative cat pheromone. This compound gives cat urine its
typical odor and may have a function in territorial marking

(Hendriks et al., 1995a; Miyazaki et al., 2006). However,
no experimental proof has been provided up to date for
this assumption. Felinine is a non-volatile amino acid that
requires a close contact (“close contact signal”) for the
olfactory perception. To investigate the influence of cat
odor on reproductive behavior and physiology in the house
mouse, cat urine or 0.05% felinine was directly applied to
the bedding of pregnant mice every other day. After having
given birth, the total number of offspring was counted as
well as the number of pups per female. Exposure of mated
females to felinine provoked a pregnancy block in 67.85%
female mice, while in the control group a birth reduction of
only 17.86% was observed (Voznessenskaya, 2014). Felinine
has not been tested outside the laboratory conditions so far.

Rats and mice are averse to the odor of a cat’s urine, but
after they are infected with the parasite Toxoplasma gondii,
they are attracted to cat urine. This increases the likelihood of
being preyed upon and consequently, infecting the cat (Berdoy
et al., 2000). Earlier, a similar decrease in predator avoidance in
parasitized mice was reported. Mice infected with the naturally
occurring Eimeria vermiformis spent a significantly longer time
period in the proximity of cat odor, while uninfected mice
continued to avoid cat urine. This result indicates that infection
with E. vermiformis in mice reduces the avoidance of a predator
odor through neurochemical systems associated with anxiety
involving GABA receptor mechanisms (Kavaliers and Colwell,
1995).

Besides felinine odor, cats emit other chemical signals. Cats
mark their territories by rubbing their neck at corners or objects
leaving a scent behind (“cat neck odor”). When a rat is exposed
to such a scent, it exhibits a strong aversive/flight reaction.
When Wistar rats were exposed to a cotton pad wiped on a cat
body rubbing location, they showed increased hiding behavior,
decreased exploration behavior and reduced stimulus approach
and investigation. These defensive responses persisted for up to
4 days following a single stimulus exposure (May et al., 2012).
C-fos studies revealed a high activation of the brain structures
involved in these fear reactions (Dielenberg et al., 2001). So far
no information is published about the compound responsible for
the reported behavioral effects.

It may seem unlikely that only one type of a volatile molecule
out of the many compounds (e.g., in urine) is sufficient for
eliciting escape or defense reactions in a prey. Considering the
above findings, one can conclude that the amount of information
encoded in one urinary volatile molecule seems limited. The
predator odor information system may act more like a “yes—
no” (danger—no danger) information system. Much more
information can be encoded in a “bouquet” of several volatile
compounds. Already in 1994, Nolte and coworkers reported
that herbivorous rodents were able to distinguish between urine
collected from coyotes fed cantaloupes vs. those fed a meat
diet. Similarly, in a paper by Berton et al. (1998), the authors
demonstrated thatmice were able to distinguish between the fecal
odor of cats subjected to either a vegetarian diet or a carnivorous
diet. In a recent study, it was demonstrated that the dwarf
hamster (Phodopus campbelli) was able to readily distinguish
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between urine of ferrets fed with chicken, rat, or hamster. While
dietary variations are unlikely to result in measurable quantities
of additional urinary compounds, the signal-receiving animals
may be capable of distinguishing quantitative differences in
the urinary volatile compound arrays (shown in Figure 2), and
subsequently, perceiving different olfactory messages (Apfelbach
et al., 2015).

An interesting question is how fast naïve animals are able to
learn to respond to odors of a new, previously unknown predator.
Anson and Dickman (2013) explored in a field study the ability
of the common ringtail possum (Pseudocheirus peregrinus), a
semi-arboreal Australian marsupial, to recognize and respond
to olfactory cues from the introduced fox (Vulpes vulpes). Their
results show that in the areas with high fox densities, the
selection pressure from the fox has been sufficient for ringtails
to develop anti-predator behaviors over a few generations

FIGURE 2 | Total ion chromatograms (TICs) from the male ferret urine
samples when ferrets were fed with (A), chicken; (B), mouse; (C),
hamster. Numbers indicate the following compounds 1, xylene; 2, heptanal;
3, 2,5-dimethylpyrazine; 4, benzaldehyde; 5, 6-methyl-5-hepten-2-one; 6,
2,3,5-trimethylpyrazine; 7, 2-ethenyl-6-methylpyrazine; 8, non-anal; 9,
quinoline; 10, o-aminoacetophenone; 11, 2-methylquinoline; 12,
2-methylquinazoline; 13, geranylacetone; 14, tetradecanoic acid; 15,
pentadecanoic acid; 16, 9-hexadecanoic acid; 17, hexadecanoic acid; IS
internal standard (7-tridecanone) (Graph taken from Apfelbach et al., 2015).

since foxes had become established in the area. In contrast
to this finding, no such anti-predator behavior patterns were
obvious in the areas where foxes either had not been observed
or observed only very recently. A recent paper by Dias and
Ressler (2014) will likely receive considerable attention among
scientists. These authors examined the inheritance of a parental
traumatic olfactory exposure. F0 mice were subject to odor
fear conditioning before conception, and subsequently in F1
and F2 generations, an increased behavioral sensitivity to the
F0-conditioned odor, acetophenone, but not to other odors,
was found. Besides behavioral studies, neuroanatomical, and
genetic studies including cross-fostering were employed. Taking
all their data into account, the authors concluded that their
findings provide a framework for addressing how environmental
information may be inherited transgenerationally at behavioral,
neuroanatomical, and epigenetic levels.

Field Studies in Australia—A Unique
Experimental Field

Australia offers a unique opportunity to observe the relationship
between predator-naïve native marsupial prey species of various
size and introduced placental predators. This situation allows
experiments under natural conditions to follow the question
whether predator odors will be ignored or investigated or do
they elicit aversive reactions. Researchers have accumulated an
enormous amount of data exploring the effects of eutherian
predator odors on nativemarsupial mammals. Some of these data
will be included in our review.

The introduction of alien predators often has catastrophic
effects on populations of native prey species. Australia offers
a unique opportunity to observe the relationship between
predator-naïve native prey species of various size and introduced
predators. It is a challenge to investigate the “evolution” of a
balanced relationship between newcomers and endemic species
when there is no consensus on how long predator and prey must
remain together in order to co-adapt.

For thousands of years, the dingo was the only eutherian
predator well-embedded in the Australian food chain. With
the arrival of the Europeans in Australia, previously unknown
predator species also arrived at this isolated continent. Predators
such as the European fox (Vulpes vulpes), the feral cat (Felis
catus), wild dogs (Canis lupus familiaris), coyotes (Canis latrans),
and ferrets (Mustela putorius furo) established themselves and
started to threaten naïve native species. Correspondingly, quite
a high number of field studies have been reported from Australia.
In all these studies, complex natural predator odors and no single
volatile compounds were employed.

With a few examples, the relationship between predator and
prey will be depicted in this section of the review. Special
attention is given to the question as to how effective are unknown
carnivorous chemicals as repellents to small (<2Kg), medium
sized (>2Kg) and large prey (>10Kg) species as compared to
their predators. It seems logical that larger prey animals (or
those with better defenses or escape ability) respond to a wider
variety of chemical signals. Smaller, or more vulnerable, animals
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like murids should fear almost any sulfur-rich or nitrogen-
containing odor regardless of the type of predator that produced
it. There is a question whether a prey (e.g., a rat) should be
more discriminating and should respond to single chemical
compounds indicating a feline or canine, or whether a kangaroo
should respond to canine, but certainly not, feline compounds.
Larger prey, or more capable defenders, may also be more
discriminating of additional compounds of the odor, such as the
concentration ratio (intensity) of meat metabolites, an honest
advertisement that a predator has previously consumed prey.

In situations where a prey survives the initial impact of
Europe-originated predators, a predator may act as a strong
selective agent for prey to develop strategies to manage predation
risk. However, Australian studies on the use of unknown predator
odor cues by mammalian prey species produced contradictory
results. According to Woolhouse and Morgan (1995), some
native species avoid the odors of all predators, but these native
species were small and fall into the highest risk category
for predation (Table 1, risk category 4). Data published by
Nersesian et al. (2012) and Spencer et al. (2014) supported this
finding. Other species appear to respond only to odors of native
predators (Dickman, 1993). In some cases, native mammals show
no evident avoidance of the odors of native and introduced
predators (Blumstein et al., 2002).

Since the establishment of foxes to Australia in the 1870s,
these predators have been linked to a local loss and regional
extinction of several small to medium-sized mammals and some
other vertebrates (Burbidge and McKenie, 1989). Two studies
should be particularly emphasized. In 1998, Banks reported on
the responses of wild Australian bush rats (Rattus fuscipes) to
the odor (fresh feces tainted with the urine) of the European fox
(Vulpes vulpes). Trapping success of rats was compared between
clean traps and traps scented with fox odor in winter, spring,
and summer. Trapping success was statistically analyzed and no
difference between scented and unscented traps was found. Bush
rats behaved naïvely toward the predator odor (Banks, 1998).
In a similar second study, Banks et al. (2003) analyzed trapping
success again using bush rats, with traps scented with dog feces
and unscented traps. Bush rats showed no aversion to dog fecal
odors and entered unscented and dog-scented traps equally. The
researchers concluded that this lack of response may be because
rats do not identify fox or dog scats as a cue to predation
risk. However, another interpretation for these findings was that
animals may have been startled (fled) into traps instead of away
from them (a common occurrence that has been corroborated
by video evidence), and thus trap-presence should not be a clear
indicator for lack of vigilance. This is because animals are often
recruited toward a scent in order to investigate additional scent-
related information. In another field study (Anson and Dickman,
2013), behavior and in addition glucocorticoid hormone levels
were analyzed on the marsupial ringtail possum (Pseudocheirus
peregrinus). Animals were exposed to fox-suppressed areas and
to areas where foxes were abundant. Ringtails showed no
physiological or behavioral differences between the two areas.
This lack of response to the fox odor may represent complete
naivité or strong rapid selection to the invasive predator. Or,
based on the relative risks posed by a predator relative to the

size of prey, it could reflect the animal’s category of risk. For
instance, ringtail possums are capable defenders and fit within
category 3 (lethal predator but uncommon predation), and would
likely require more information such as a composite cue with
direct predator presence in the immediate vicinity, or predator
cues from a more threatening predator or group of counter-
marking predators, before retreating from a preferred food patch.
All these findings are somehow surprising, since fox feces is
a very powerful odor to elicit escape reactions in European
rodents. Mice (highest risk of lethality with predation common;
category 4) would bemore likely to be wary of any predator scent,
regardless of the composite nature of timestamp of delivery.
Macropods, the largest of the marsupials, would be the most
selective in which predator scents to avoid. This may help explain
why macropods can differentiate among risks posed by coyotes,
domestic dogs, and dingo—with the primary avoidance response
being to urine by dingoes.

Kovacs et al. (2012) reported on two common species of
Australian small mammals (bush rat, Rattus fuscipes, and brown
antechinus, Antechinus stuartii) that have persisted for over a
century in the presence of the European fox). No difference in
prey abundance in sites with high and low fox activity was found.
However, survival of the bush rat was almost two-fold higher
where fox activity was low. The conclusion of the authors was
that populations of both species perform better where the activity
of the predator is low. Interestingly, juvenile, but not adult rats,
avoided fox odor on traps more strongly where fox activity was
high than where it was low, but neither adult R. fuscipes nor A.
stuartii responded differently to different levels of fox activity.
Avoidance of fox odor declined over time.

In most areas of Australia, kangaroos enter farming areas
and compete with farm animals for food, and are the primary
selective agent in shaping forest rehabilitation following fire or
anthropogenic disturbance, e.g., the kangaroo palate determines
the composition of plant rehabilitation. As a consequence of
this behavior, researchers have sought methods to influence food
patch selection such that kangaroos would leave food patches
with vulnerable, moist seedlings in exchange for mature forage
that could compensate following herbivory. They tested the
effectiveness of the urine of dingoes and non-native predators
like coyotes (Canis latrans) to protect farming areas. When they
experimentally deployed recent voids of dingo urine, kangaroos
(Macropus spp.) were highly aroused and fled, some in excess
of 50m from the odor source (Parsons and Blumstein, 2010a).
When they presented the novel coyote urine, kangaroos (large
prey animals category 3) did not flee, but rather investigated
the new smell—possibly to determine whether the scent
conveyed enough risk to forgoing a feeding opportunity. This
experiment was repeated in Tasmania (Parsons and Blumstein,
2010b) where wallabies (Macropus rufogrisius), pademelons
(smaller macropods, Thylagale stigmatica) and brushtail possums
(Trichosuras vulepcula) had never been exposed to dingoes
(category 2). The outcomes, however, were similar in that all
three small species (usually in the high risk categories) avoided
the dingo scent (Parsons and Blumstein, 2010b). These outcomes
may have been influenced because the dingoes had been regularly
fed kangaroo carcasses prior to collection. While attempting to
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“synthesize” the urine to assist land rehabilitation, the authors
determined that aged urine had completely lost its effectiveness
(Figure 1) to such a degree that it could actually be used to attract
the same animals the fresh urine had once repelled (Parsons et al.,
2012). Again, it is assumed this “attraction” is based on attempts
by the discriminating animal to obtain further information to
warrant a behavioral response.

Kangaroos are both large in comparison to their predators
and mobile, and should have a higher level of confidence
that a specific chemical represents tangible risks before making
a decision to forgo feeding. Therefore, kangaroos should be
more discriminating than smaller mammals. This approach was
supported when Cox et al. (2010), who learned that kangaroos
were not repelled by carnivorous Tasmanian devils (Sarcophilus
harrisii, a small predator); the authors reversed the outcomes:
they fed kangaroo meat to Tasmanian devils, and the kangaroos
fled.

Interestingly, Cox et al. (2014) were able to generate a
similar response from an exotic non-native species, the tiger
(Pandera tigris). When fed on kangaroo meat, tiger feces became
an effective repellent for kangaroos, sometimes generating an
“area-effect.” More recently, southern hairy-nosed wombats
(Lasiorhinus latifrons) have been found to avoid digging in the
area where dingo urine or feces had been deployed. Wombats
remained in the area, as indicated by fresh tracks, but chose to dig
tunnels in areas farther from dingo odors. Similar experiments
with dingo urine were performed in Tasmania. Dingoes never
entered Tasmania, but it was found that during the trials with
natural dingo urine, supplemented with a gel, 78% of wallabies
and 80% of possums were repelled (Macey, 2008). The authors
again concluded that the smaller prey animals in higher risk
categories may have been more sensitive and less discriminating
to an unfamiliar predator. Unfortunately, the information about
200 chemical ingredients of dingo urine have not yet been
published. Therefore, a comparison with the urine of old world
carnivores is not available.

An examination of Table 1 suggests that the only category
2 interactions where a significant prey response was recorded,
occurred from exotic—but large or pack-hunting predators—
the tiger and the dingo. Whereas, 14 of the 18 occasions where
category 3 or 4 interactions were inferred related in some level of
aversion (Table 1). The remaining variation may be explained by
a combination of single molecule deterrents being trialed such as
the domestic dog synthetic used by Ramp et al. (2005), unique
response variables such as measuring levels of novel food that
has been placed in close proximity to the predator odor—where
mixed plumes may conflate the identification of each molecule—
or the level of preservation of frozen or partly degraded scents.

At least some prey species do not necessarily escape when a
predator odor is encountered. This has been very convincingly
shown in an open environment with the spinifex hopping-mouse
(Notomys alexis), an Australian desert rodent. Spencer et al.
(2014) tested the foraging and movement responses of the rodent
to non-native predator (fox and cat) urine odor. Urines were
collected from a fox just killed prior to urine sampling and stored
at ∼1◦C until use; cat urine was obtained from euthanized cats.
(Unfortunately no information is given in the paper for how

long the urines were stored.) Rodents did not respond to these
predator odors as one might have expected. Experience with an
unknown predator and the stimuli emitted by the predator are
for sure decisive for a balanced interaction between predators
and prey (Anson and Dickman, 2013). Even in a fish predator,
experience, and feeding history determines prey behavior and
survival (Lönnstedt et al., 2012).

Conclusions

Based on the lessons we have learned from the recent literature,
particularly from field trials in Australia, we now have a
heightened awareness of the following three factors that may
influence reported outcomes:

(1) Complexity of the molecular signal: Several studies have
tried to find universal carnivore signals that, when received
by a potential prey species, will be adequately responded
to, even when the prey species never had encountered that
predator or its odor before. Indeed, there are some volatile
compounds found in many carnivores that elicit defensive
and/or even fear reactions in a prey. Almost any sulfur-
rich or nitrogen-containing compound elicits such behaviors
regardless of the predator source. Generally, these single
compounds are not effective alone (except TMT), but require
other accompanyingmolecules to gain efficiency.Most often,
single volatile substances convey very limited information
about the predator. In contrast, arrays of different volatile
compounds may convey more relevant information to the
receiver, for example, the type of food the predator has
consumed.

(2) Chemical stability of the signal: A major consideration in
all predator-prey studies is the stability of the chemical
compounds and thus stability of the message. As
demonstrated, aging of an odor bouquet could result
in a modified information or even loss of the message.

(3) Variable risk posed by the predator as compared to the
prey: When evaluating the effectiveness of an odor used
as a repellent, the size, and defensive abilities of the prey
species has to be taken into account. In particular, Cox
et al. (2010) showed that the largest macropods, Eastern
gray kangaroos, will ignore recently-voided urine from
the non-threatening, small Tasmanian devil. However, this
wild-type response (e.g., ignoring small predators) was
changed when the risk category was reversed by adding
kangaroo meat to the predator diet. And this helped support
our position that single molecule scents are less likely to
be effective in deterring large herbivores, because larger
animals may require more biologically relevant information
than what a single molecule can provide. The Australian
studies also demonstrate that not all potential prey species
respond to unknown carnivore odors (not even to fox
feces containing TMT) with defensive behaviors. Obviously
they do not identify innately predator scents as a cue
to predation risk; some even will show odor exploration
behaviors when an unknown odor is presented. However,
some species originally ignoring unknown predator odors
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learn to associate such odors over time, especially after the
predator has preyed conspecifics.
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Jeffrey B. Rosen*, Arun Asok and Trisha Chakraborty

Department of Psychological and Brain Sciences, University of Delaware, Newark, DE, USA

In the last several years, the importance of understanding what innate threat and fear is,

in addition to learning of threat and fear, has become evident. Odors from predators

are ecologically relevant stimuli used by prey animals as warnings for the presence

of danger. Of importance, these odors are not necessarily noxious or painful, but

they have innate threat-like properties. This review summarizes the progress made on

the behavioral and neuroanatomical fundamentals of innate fear of the predator odor,

2,5-dihydro-2,4,5-trimethylthiazoline (TMT), a component of fox feces. TMT is one of

several single molecule components of predator odors that have been isolated in the

last several years. Isolation of these single molecules has allowed for rapid advances

in delineating the behavioral constraints and selective neuroanatomical pathways of

predator odor induced fear. In naïve mice and rats, TMT induces a number of fear and

defensive behaviors, including robust freezing, indicating it is an innate threat stimulus.

However, there are a number of behavioral constraints that we do not yet understand.

Similarly, while some of the early olfactory sensory pathways for TMT-induced fear are

being delineated, the pathways from olfactory systems to emotional and motor output

regions are less well understood. This review will focus on what we know and what we

still need to learn about the behavior and neuroanatomy of TMT-induced fear.

Keywords: predator, odor, fear, 2,5-dihydro-2,4,5-trimethylthiazoline, TMT, olfaction

Understanding how environmental stimuli motivate and influence behavior is one of the
fundamental questions in behavioral neuroscience. Over the last several decades there has been
tremendous progress toward answering this question. One of the more successful endeavors has
been the study of defensive behaviors produced by threatening, dangerous, and fearful stimuli in
rodents (Davis et al., 2010; LeDoux, 2012). This has primarily been studied using associative fear
conditioning paradigms whereby a neutral stimulus, typically a tone, light, or context, is paired with
an aversive stimulus, usually a foot shock, to become a fear conditioned stimulus. Fear conditioning
research has been extremely informative for understanding how threat (i.e., fear) is processed
across different levels of analysis (e.g., behavior, neuroanatomy, neurochemistry, genetics). In
particular, fear conditioning research has provided insight into how animals behaviorally adapt,
anticipate, and respond to a vast number of aversive and threatening environmental stimuli and
potentially threatening situations. Importantly, Pavlovian fear conditioning paradigms have been
instrumental for delineating the neural circuits necessary for learning about threats and fears
that route through the amygdala (these will be discussed later). These circuits and the cellular
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and molecular mechanisms within these circuits important for
learning and expressing fear are continually being refined (Herry
and Johansen, 2014; Do-Monte et al., 2015; Janak and Tye, 2015).

Although the ability to adapt, anticipate, and learn during
situations of threat and danger is paramount for survival,
another way to increase survival in the face of danger is
to have hardwired “learning-independent” systems. That is,
systems for assessing threatening stimuli having prepotent
qualities, which drive defensive behavior without prior learning.
Many animals, including humans, appear to have species-
specific innate sensitivity to the threat (and appetitive) qualia
of various stimuli. In humans, fears, and phobias may cluster
into at least three spheres: heights, blood/injection/injury, and
situational/animal (de Jongh et al., 2011). Many people have
a fear of spiders or of snakes (Oosterink et al., 2009), which
may be innate or have prepotency for quick learning (Ohman
and Mineka, 2001; Poulton and Menzies, 2002; Rachman, 2002).
Predators (e.g., cats, foxes, weasels) of mice and rats, and
odors from these predators, appear to have these prepotent
qualities and have therefore been used to study behavior
to innate threat or fear in the laboratory (Dielenberg and
McGregor, 2001; Rosen, 2004; Masini et al., 2006; Blanchard
et al., 2013; Takahashi, 2014; Brennan and Keverne, 2015).
The innate quality of these predator stimuli is implied by
the fact that the stimuli produce robust defensive behaviors
upon the first exposure in laboratory rodent strains that have
not encountered these predators for generations. While live
predators are more natural and present the full complement of
multimodal threat stimuli, their complexity hinders studying the
neural circuitry from selective sensory input to the defensive
behavioral outputs in the laboratory. The use of predator odors
has been beneficial to this end in that they have allowed
for the precise examination of defensive behaviors produced
by stimulating a single sensory modality. Although attempts
have been made to gain better control of the sensory features
stimulated by live predators (e.g., a robotic “predator” has
been developed to simulate a moving and looming threat Choi
and Kim, 2010), they are limited in that they provide an
artificial threat and it is unclear how selective or innate the
threat actually is. Predator odors, particularly single molecule
components of these natural odors, have high sensory selectivity
and have therefore become increasingly studied in neuroscience
laboratories.

Whereas live predators are innate fear-inducers, and thus are
simplified models of fear relative to conditioned fear because
no learning is necessary, predator odors are even simpler
models because the odor primarily limits the sensory systems
involved to olfaction. Predator odors such as those derived
from bodily secretions (e.g., urine and feces) are kairomones—
semiochemicals emitted by an organism that benefits an
organism of another species—and trigger the expression of innate
fear behaviors in prey. However, single molecule components
of natural odors derived from predator secretions are the
simplest models used to induce fear because they reduce
the sensory system to fewer receptors than natural, complex
predator odors. Furthermore, these single molecule components
(referred to as single molecule predator odors throughout the

rest of the manuscript) should facilitate the discovery of precise
neurobiological and neuroanatomical circuitries of fear (Stowers
and Logan, 2010).

There are a number of recently identified single molecule
predator odors that have been shown to induce innate fear and
defensive behaviors in rodents and other animals. In particular,
research has identified a class of single molecule olfactory signals,
the major urinary proteins (MUPs), which are capable in and
of themselves in driving defensive behaviors in rats and mice.
For example, Feld4, a homolog of MUPs, was recently isolated
from cat fur—a predator stimulus that has been used for several
decades as a fear and anxiety-inducing stimulus (Papes et al.,
2010). Feld4 in cat fur likely comes from cat saliva deposited
on the fur during self-grooming behavior. It induces defensive
behavior in mice (Papes et al., 2010). The same researchers also
found that another MUP from rat urine (rMUP13) induced
defensive behavior in mice. Both Feld4 and rMUP13 bind to the
transient receptor potential cation channel, subfamily C, member
2 (TrpC2) receptor in the vomeronasal organ, but not the main
olfactory bulb.

Another single molecule predator odor, 2-phenylethylamine,
was isolated from a large number of carnivore urines, including
bobcat, weasel, ferret and fox urine, and shown to induce
defensive behavior in both rats and mice (Ferrero et al.,
2011). The presence of 2-phenylethylamine was found to be
more than 50 times higher in carnivore urines relative to
non-carnivorous species. Importantly, a single odor receptor,
trace amine-associated receptor 4 (TAAR4), was identified
as the primary olfactory receptor responsible for elicitation
of defensive behavior to 2-phenylethylamine (Ferrero et al.,
2011). Another trace amine-associated receptor (TAAR13c) is
also important for defensive behavior in zebrafish elicited by
cadaverine and putrescine, two amines produced in decaying
animal flesh (Hussain et al., 2013). Finally, single molecule
kairomones isolated from fox feces (2,4,5-trimethylthiazoline,
TMT), in addition to weasel and ferret anal secretions (2-
propylthietane), were first isolated in the 1980s (Crump, 1980;
Vernet-Maury et al., 1984) and have since been used as
predator threats in their synthesized forms. Given that TMT
was discovered before other single molecule predator odors, it
has been the most extensively studied and yielded the most
progress toward understanding the neuroanatomical circuits
necessary for producing defensive behaviors after encountering
these types of odors (for reviews see Rosen, 2004; Fendt et al.,
2005a; Fendt and Endres, 2008; Takahashi, 2014; Brennan and
Keverne, 2015). The remainder of this paper will focus on that
progress and some aspects still left to be determined about
the fear-inducing qualities of TMT, the neural systems and
circuitry for innate fear, and defensive behaviors elicited by
TMT.

TMT as an Unconditioned Fear Stimulus in

Rodents

TMT is a synthetic compound that was originally isolated from
fox feces by Vernet-Maury in the 1980s (Vernet-Maury et al.,
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1984). Of a number of compounds isolated from fox feces,
TMT appeared to have the most robust effect on avoidance, and
therefore was touted and marketed as a natural rodent repellent
(Vernet-Maury et al., 1984). TMT is a highly volatile, water
insoluble molecule that contains sulfur. Sulfur is an element in
carnivores’ diet and digestion metabolites, and is important for
the threat-inducing qualities of urine and feces (Nolte et al.,
1994; Brechbühl et al., 2013), as a meatless diet depletes sulfur
in coyote urine, and the urine produced from a meatless diet
does not elicit defensive responses from mice (Nolte et al., 1994).
Cat feces from a meatless diet also reduced mouse defensive
behavior compared to feces from a carnivorous diet, although
sulfur content was not tested in this study (Berton et al.,
1998). Interestingly, mouse alarm pheromones, which signal
conspecific danger, contain another thiazoline compound that
is chemically similar to TMT, suggesting that both conspecific
odor alarm signals and predator kairomones are transduced
by the same olfactory receptors (Brechbühl et al., 2013). The
highly volatile nature of TMT indicates that it might be a long
distance olfactory threat signal to rodents. TMT is thought
to be an unconditioned threatening stimulus because naïve,
laboratory bred, and raised rats and mice display fear-like
responses on their first exposure to TMT (Wallace and Rosen,
2000). Examining freezing as a fear response, TMT elicits freezing
to the same levels that footshock-induced conditioned freezing
does (Wallace and Rosen, 2001). Also similar to footshock-
induced freezing, exposure to TMT can be titrated to produce
low to high amounts of freezing (Wallace and Rosen, 2000;
Endres et al., 2005), demonstrating a dose-response relationship
between the number of TMT molecules and the amount of
freezing or unconditioned fear. The unconditioned quality of
TMT is also evident from the lack of habituation and sensitization
to repeated exposures to TMT, in addition to the difficulty
of TMT to support contextual fear conditioning (Wallace and
Rosen, 2000; McGregor et al., 2002; Blanchard et al., 2003).
Although habituation and cue and contextual conditioning have
been demonstrated to cat fur odor (Blanchard et al., 2001;
Dielenberg and McGregor, 2001; Takahashi et al., 2008), a
lack of behavioral habituation, sensitization, and contextual fear
conditioning has been extended to cat feces and ferret fur odor
(Blanchard et al., 2003; Masini et al., 2006), suggesting different
sources of predator odors have varied danger or threat inducing
properties.

The difficulty of producing contextual conditioning to TMT
does not suggest that TMT cannot support conditioning. Indeed,
in test chambers that have more than one compartment,
TMT can support conditioned responses. In a chamber where
TMT is introduced in one compartment, rats will avoid
that compartment when tested later without TMT present
(Endres and Fendt, 2007). Similarly, in a chamber with a
hide box, TMT exposure produces a small, but significant,
increase in conditioned freezing the day following exposure
(Rosen et al., 2008b). Conditioned changes in other behaviors
were also found—increased time spent in the hide box, less
exploration, and fewer contacts with the odor source (Rosen et al.,
2008b).

What We Know about TMT-induced

Defensive Behavior

TMT is the most widely studied single molecule predator
odor because it produces robust, invariant levels of freezing
behavior—a well-documented fear behavior in rats, mice, and
even humans (Blanchard and Blanchard, 1969; Roelofs et al.,
2010; Hagenaars et al., 2014). Considering that freezing is also
the most studied behavior for fear conditioning experiments,
unconditioned freezing to TMT provides support for the notion
that a fear response is due to the odor’s threat or fear inducing
properties instead of other properties, such as its unpleasant, even
acrid, qualities that elicit avoidance (Fendt and Endres, 2008;
Ayers et al., 2013). TMT also elicits or reduces other behaviors
associated with threat, such as eliciting flat-back stretching and
decreasing exploration and rearing—behaviors that have been
documented to be defensive in rats and mice in response to a cat
and cat fur odor (Fendt and Endres, 2008; Rosen et al., 2008b).

Interestingly, other single molecule predator odors have not
been shown (or not been tested) to elicit freezing, but have been
shown to induce avoidance (Ferrero et al., 2011). We think it
is important to demonstrate that a predator odor elicits well-
documented fear or defensive behaviors as well as avoidance
because avoidance can be a result of the unpleasant or noxious
qualities of the odor rather than its fear-inducing properties
(Wallace and Rosen, 2000; Fendt and Endres, 2008). Odors
not associated with predators, like butyric acid and caproic
acid, which have noxious acrid qualities, have been shown to
induce avoidance, similar to many predator odors, but not
induce significant freezing (Wallace and Rosen, 2000).Measuring
the elicitation of documented defensive and fear behaviors in
addition to avoidance is critical for the study of innate predator
odors.

We also know that TMT doesn’t readily support context
conditioning (Wallace and Rosen, 2000; Blanchard et al., 2003),
and this differs from cat fur odor, which does serve as an
unconditioned stimulus for context and auditory conditioning
in single chamber tests (Blanchard et al., 2001; Dielenberg
and McGregor, 2001; Takahashi et al., 2008). However, in
two-compartment test chambers TMT does support context
conditioning of a number of defensive and avoidance behaviors
(Endres and Fendt, 2007; Rosen et al., 2008b), suggesting
that although TMT induces robust freezing in a simple single
chamber, it needs some environmental complexity to support
contextual fear conditioning.

What We Still Need to Learn about

TMT-induced Defensive Behavior

This leads us to ask what we do not know about TMT
induced behavior. Since TMT-induced conditioning is so
circumscribed, a major question is, what are the environmental
constraints of TMT supported conditioning? Size of test chamber,
lighting conditions, familiarity, and prior safe experience of
the environment modulate innate TMT-induced fear behavior
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(Morrow et al., 2002; Rosen et al., 2008b; Nikaido and
Nakashima, 2009; Knox et al., 2012). Why are two (or more)
compartment chambers necessary for supporting context-TMT
conditioning? Furthermore, what types of neutral stimuli can
be conditioned to TMT? An interesting study demonstrated
that TMT supports flavor conditioned avoidance (Myers and
Rinaman, 2005). Mice learned to avoid drinking flavor-infused
water (combined taste and odor stimuli, e.g., almond or vanilla
extract in water) that was previously paired with TMT compared
to non-TMT paired flavors. This was selective for TMT, as
avoidance did not occur when flavored-water was paired with
exposure to banana extract, a non-predator odor. This study,
in addition to studies needing complex test chambers for
TMT-induced context conditioning (Endres and Fendt, 2007;
Rosen et al., 2008b), suggests that more naturalistic stimuli
or environments may produce more robust conditioning than
context.

TMT, while not readily supporting contextual fear
conditioning, might produce a generalized sensitization-
like effect. Following exposure to TMT, adult mice were found
to have enhanced acoustic startle responses, which lasted 3 days
or more (Hebb et al., 2003). Rats and mice exposed to TMT
also showed increased anxious behavior (less time spent in the
open arms) on the elevated plus maze, in an open field test, and
in a light-dark test lasting more than 3 days following TMT
exposure (Hebb et al., 2002, 2004; Fendt et al., 2005a). This is
similar to the well documented long-lasting anxiogenic effects of
cat odors (Cohen et al., 2012). Further study of the generalized
sensitization-like effects of TMT would be quite important for
translational models of anxieties, phobias, and posttraumatic
stress disorder (Rosen et al., 2008b).

However, another study did not find sensitization to TMT-
induced freezing during chronic exposure to high levels of
corticosterone (Rosen et al., 2008a). TMT induces corticosterone
secretion (Day et al., 2004), which is known to enhance anxious
behavior and fear conditioned freezing (Schulkin et al., 2005;
Roozendaal et al., 2009), so it is difficult to reconcile the
increase in prolonged sensitization following TMT on startle
and the elevated-plus maze, and the lack of an effect on TMT-
induced freezing with chronic corticosterone. Possibly, increased
corticosterone associated with TMT needs an environmental
context to produce long lasting anxiogenic effects. Or, increased
corticosterone might be involved in potentiating defensive
responses to other situations (i.e., generalized sensitization) after
TMT exposure, like startle, elevated plus maze, and the other
situations mentioned above. Clearly, there are still avenues and
interesting features to discover about the defensive and fear
behavior associated with TMT and TMT-induced physiological
responses.

An additional question stems from the differences in the
ability of TMT to induce fear responses in different strains
of rats and mice. Sprague–Dawley and Long–Evans strains of
rats display robust freezing to TMT, but Wistar rats do not
(Rosen et al., 2006; Staples and McGregor, 2006). Similarly, CD-
1 mice do not seem to respond to TMT with freezing behavior,
but C57BL/6J mice do (Fortes-Marco et al., 2013). However,
another lab has shown increases in TMT-induced freezing in

CD-1 mice (Hebb et al., 2004), but didn’t compare other mouse
strains. Whether these strain differences are due to differences
in the ability to perceive (smell) TMT would be important to
answer, and would suggest that these differences are due to
genetic variation in the olfactory receptor populations in these
strains (Rosen et al., 2006). If olfactory receptor populations are
different, then this can be exploited to discover the selective
olfactory receptors responsible for TMT to induce fear responses.

What we know and still need to learn about TMT-induced fear
behavior is summarized in Table 1.

Neuroanatomy of TMT-induced Fear

Studies investigating the neuroanatomy of predator odors have
also made significant progress over the years. Most research
has investigated cat and cat fur odor as innate predator stimuli
(Blanchard et al., 2005; Gross and Canteras, 2012). The locus
of attention has primarily been in the hypothalamus and
amygdala using lesions, pharmacological inactivation, electrical
stimulation, and markers of neuronal activation (for review see
Gross and Canteras, 2012; Takahashi, 2014). Newer, molecular
techniques (e.g., transgenic mice, optogenetics) are also being
employed to identify the neuroanatomy and receptors for innate
fear of predator odors (Root et al., 2014).

While some progress has been made on the “fear-associated”
neuroanatomy of single molecule predator odors (that is,
amygdala and hypothalamic circuitry), great progress has been
made in elucidating the olfactory receptors and neuroanatomy
for a variety of single molecule predator odors by starting
at the sensory organ—the nasal epithelium. For example,
individual olfactory receptors, or a class of olfactory receptors
in the case of TMT, have been identified for Feld4, rMUP13,
2-phenylethylamine, and TMT. In mice, the transient receptor

TABLE 1 | TMT-induced defensive behavior.

What we know about the TMT-induced defensive behavior

• TMT produces robust, invariant levels of freezing with repeated exposure

– Lack of habituation

– Lack of sensitization

• TMT can induce a large array of species-specific defensive behaviors

– Size of text chamber, lighting conditions, familiarity, prior safe experience

modulate freezing, and other defensive behaviors

• TMT can support context and flavor-avoidance conditioning of defensive

behaviors

What we still need to learn about TMT-induced defensive behavior

• What types of stimuli can and cannot be conditioned to TMT?

• What are the environmental constraints of TMT-induced fear conditioning?

– TMT supports limited context conditioning, but good conditioning of

flavor avoidance

• Why are more complex environments better for TMT-induced fear

conditioning?

• How good is TMT as a model for anxiety disorders—phobias and

posttraumatic stress disorder?

– Study on TMT-induced generalized sensitization, habituation, and

extinction is needed.
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potential cation channel, subfamily C, member 2 (TrpC2) in the
vomeronasal organ is critical for avoidance and risk assessment
behavior to Feld4 and rMUP13 (Papes et al., 2010). In rats
and mice the trace amine-associated receptor 4 (TAAR4) in the
main olfactory bulb is important for avoidance behavior to 2-
phenylethylamine (Ferrero et al., 2011; Dewan et al., 2013). In
addition, sensory olfactory neurons with a class of olfactory
receptors in zone II of the nasal epithelium, possibly with up to
about 100 olfactory receptor genes called dorsal domain class II
receptors (DII), synapse in the glomeruli of the dorsal portion
of the main olfactory bulb. Most importantly this class of DII
olfactory neurons are necessary for innate avoidance of TMT
(Kobayakawa et al., 2007). This landmark study, which produced
mutant mice lacking neurons with DII receptors and showed a
lack of fear and anxious responses to TMT (Kobayakawa et al.,
2007), has been a major impetus for the recent progress made in
the neuroanatomical olfactory circuits necessary for processing
single molecule predator odors and innate fear. It empirically
demonstrated that a group of class II olfactory neurons in zone
II of the nasal epithelium, which project to the dorsal part of the
main olfactory bulb, was responsible for innate fear to TMT, a
volatile predator odor.

A recent study also points to the Grueneberg ganglion as
another olfactory system important for TMT-induced freezing
(Brechbühl et al., 2013). The Grueneberg ganglion is an olfactory
subsystem located at the tip of the nose close to the entry of
the naris. It comprises neurons that are both sensitive to cold
temperature and play an important role in the detection of
alarm pheromones (Brechbühl et al., 2008, 2013). The olfactory
receptors of the Grueneberg ganglion are particularly sensitive
to methylated thiazolines, of which TMT is one. The neurons of
the Grueneberg ganglion synapse in the dorsal main olfactory
bulb (Brechbühl et al., 2013), possibly within the DII domain
glomeruli (Kobayakawa et al., 2007). Transection of the axons
of the Grueneberg ganglion cells blocks TMT-induced freezing
(Brechbühl et al., 2013). Thus, it is likely that the elicitation
of freezing by TMT is transduced through receptors in the
nasal epithelium (Kobayakawa et al., 2007) and the Grueneberg
ganglion (Brechbühl et al., 2013).

Although the studies just reviewed suggest that TMT’s fear
inducing qualities are transmitted to the brain via two olfactory
systems, there is the possibility that the noxious property of
TMT is transduced through the trigeminal nerve to drive
the freezing, avoidance, and other behavioral effects of TMT
(McGregor et al., 2002; Fendt and Endres, 2008; Galliot et al.,
2012). To address this issue, our lab recently demonstrated
that olfactory bulb ablation completely blocked the freezing
response to TMT, whereas transection of the infraorbital and
ethmoidal branches of the trigeminal nerve (eliminating noxious
sensations from the nasal cavity, mouth region, and whiskers)
had no effect of TMT-induced freezing (Ayers et al., 2013).
This was complemented by a lack of an effect of olfactory
bulb lesions on butyric acid-induced behavior, whereas the
trigeminal transection reduced freezing to butyric acid (Ayers
et al., 2013). These results indicate that TMT-elicited innate
fear behavior is dependent on olfaction, but not its noxious
properties. This effect of olfactory bulb ablation on TMT-induced

freezing has recently been replicated (Taugher et al., 2015, this
special issue).

Advances in circuitry beyond the olfactory bulb have been
made from the DII TMT-responsive neurons in the dorsal main
olfactory bulb (Figures 1C–F). Optical imaging of the olfactory
bulb found TMT-responsive glomeruli clustered in the posterior
part of the DII domain (called cluster J; Matsumoto et al.,
2010). The neurons from this posterior part of DII domain
of the olfactory bulb have further been traced to synapse on
mitral and tufted cells that project to the cortical amygdala
(Miyamichi et al., 2010; Sosulski et al., 2011). Both studies
speculated that olfactory circuits projecting to the cortical
amygdala are responsible for the generation of innate behavior to
olfactory stimuli. Functional studies using optogenetic methods
demonstrated that TMT-induced innate avoidance and freezing
were reduced by inhibition of mitral cells projections from the
dorsal olfactory bulb to the cortical amygdala (Root et al., 2014).
Optogenetic activation of anterior cortical amygdala neurons
induced avoidance and freezing behaviors similar to those
induced by TMT (Root et al., 2014). Together, these studies
identify a functional two-synapse olfactory circuit for innate fear
behavior to TMT. This circuit initiates fear behavior from class II
olfactory sensory neurons in the nasal epithelium or Grueneberg
ganglion cells, which synapse onmitral cells in cluster J glomeruli
in the posterior dorsal olfactory bulb. From there, mitral cells
synapse in the anterior cortical nucleus of the amygdala.

Where the cortical amygdala neurons synapse in the next
leg of an innate olfactory fear circuit is not known at present
(Figure 1D). However, using the immediate-early gene, c-fos, as
an activation marker, TMT has been shown to induce activation
in the medial part of the anterodorsal medial nucleus of the
amygdala (Day et al., 2004) and muscimol inactivation of the
medial nucleus of the amygdala significantly reduced TMT-
induced freezing behavior (Müller and Fendt, 2006).

Once transduction of the TMT fear-inducing signal gets
beyond the olfactory cortical regions and medial amygdala,
it is not clear how the circuit proceeds to motor control
regions important for fear and defensive behavior, such as the
periaqueductal gray (PAG) to generate escape and freezing
responses (Vianna and Brandão, 2003) (Figure 1E). Circuitry
through three hypothalamic nuclei—the anterior hypothalamic
nucleus, the dorsomedial division of the ventromedial
hypothalamic nucleus and the dorsal premammillary nucleus—
have been delineated for fear and defensive behavior induced by a
live cat and cat fur odor, called themedial hypothalamic defensive
circuit (Gross and Canteras, 2012). The dorsomedial division
of the ventromedial hypothalamus (VMHdm) has also been
shown to be activated by a number of single molecule predator
odors that are transduced through various olfactory organs,
including vomeronasal organ (Feld4), nasal epithelium (2-
phenylethylamine), and Grueneberg ganglion (2-propylthietane)
(Pérez-Gómez et al., 2015). Most interestingly, TMT did not
activate c-fos in the VMHdm in this study and another study
(Staples et al., 2008; Pérez-Gómez et al., 2015), but see (Day
et al., 2004). Furthermore, in dissociating the neurocircuitry
for TMT-induced fear from the circuitry for other predator
odors, a comprehensive excitotoxic and electrolytic lesion study
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FIGURE 1 | Proposed neural processing pathway for TMT-induced

freezing and pathway for fear conditioning. (A) Simplified schematic of

pathway from olfaction to freezing output. (B) Simplified schematic of the

classic fear conditioning pathway where conditioned and unconditioned

information impinges on the BLA and then gets sent to CeA which projects

to the PAG. (C–F) Detailed schematic of the pathway for TMT-induced

freezing. Solid red lines are empirically determined neural pathways for innate

TMT-induced freezing. The dotted red lines are the proposed connections

through nuclei known to be important for TMT-induced freezing. (C) TMT

inputs from type II olfactory sensory neurons and the Grueneberg ganglion

project to domain II glomeruli in the dorsal main olfactory bulb. These

glomeruli project through two pathways. (D) One pathway from the

mitral/tufted cells to the PC for TMT-related learning and another to the CoA

for innate defensive processing. For innate TMT-induced freezing

hypothesized that information is then relayed to the MeA and then serially to

ventral parts of the BNST. (E) TMT information is then sent from the BNST to

the PAG passing through the medial hypothalamic defensive circuit (AHN,

VMH). An additional input for TMT-induced freezing is from the LS possibly

projecting to the AHN. (F) Finally, it is hypothesized that TMT information

from the BNST reaches the vlPAG to mediate defensive freezing. AHN,

anterior hypothalamic nucleus; BLA, basolateral amygdala complex; BNST,

bed nucleus of the stria terminalis; CeA, central nucleus of the amygdala;

CoA, cortical nucleus of the amygdala; DI and DII, dorsal domain 1 and

domain 2 glomeruli; GG, Grueneberg ganglion; LS, lateral septum; MeA,

medial nucleus of the amygdala; MOB, main olfactory bulb; OSN, type II

olfactory sensory neurons; dlPAG, dorsolateral periaqueductal gray; vlPAG,

ventrolateral periaqueductal gray; PC, pyriform cortex; PMD, dorsal

premammillary nucleus; VMH, ventromedial hypothalamus.

of the three nuclei of the medial hypothalamic defense circuit
found that excitotoxic lesions of any of the three nuclei did
not reduce TMT-induced freezing (Pagani and Rosen, 2009).
However, the same study showed that electrolytic lesions in
the anterior hypothalamic nucleus and VMHdm significantly
reduced TMT-induced freezing. Interestingly, these electrolytic
lesions reduced shock-induced contextual fear conditioning,
identifying another dissociation of innate fear and learned fear
neural circuitry.

Given that electrolytic lesions, but not excitotoxic lesions, of
the VMHdm and anterior hypothalamic nucleus reduced TMT-
induced freezing, the results suggest that axonal fibers passing
through these regions are likely part of a circuit for TMT-induced
freezing. One possible candidate is a pathway from the bed
nucleus of the stria terminalis (BNST) to the PAG (Dong and
Swanson, 2004, 2005, 2006), which passes through the anterior
hypothalamic nucleus and VMHdm (Figure 1F). Inactivation of
the ventral BNST with muscimol or norepinephrine antagonism
with clonidine has been shown to block TMT-induced freezing
(Fendt et al., 2003, 2005b; Fendt and Endres, 2008). Furthermore,
TMT induces immediate-early gene activation in the medial

and lateral aspects of the BNST (Day et al., 2004; Asok
et al., 2013). Immediate-early gene expression is also blocked
in DII olfactory sensory neuron knockout mice exposed to
TMT (Kobayakawa et al., 2007). Because the medial nucleus
of the amygdala innervates the medial parts of the BNST, a
putative pathway for TMT-induced freezing could be zone II
of the nasal epithelium or Grueneberg ganglion—dorsal main
olfactory bulb—cortical amygdala—medial amygdala—medial
bed nucleus of the stria terminalis—ventrolateral periaqueductal
gray (Figure 1A). However, an alternative pathway might be
through the lateral septum since inactivation of the lateral septum
has been shown to block TMT-induced freezing (Endres and
Fendt, 2008). The lateral septum has reciprocal connections
with the amygdala, bed nucleus of the stria terminalis, and
periaqueductal gray to be incorporated into the circuit described
above. An interesting article on social aggregation of rats
as a defense against prey, demonstrated that rats with a
more active response to cat fur odor displayed less c-fos
activation in the lateral septum suggesting that the septum
may be involved in defensive aggregation (Bowen et al.,
2013).
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TMT-induced Fear: Neuroanatomical

Pathways Compared to the Fear

Conditioning Neuroanatomical Pathway

A putative, partial neuroanatomical circuit for TMT-
induced innate fear behavior is laid out in Figure 1A. The
neuroanatomical circuit for fear conditioning and fear-
conditioned behavior is well delineated (Figure 1B) and will not
be detailed here (see Ledoux, 2000; Davis and Whalen, 2001;
Davis et al., 2010; Dejean et al., 2015, for detailed descriptions
of the circuit). What is obvious about the TMT circuit is that
it differs from the canonical circuit for fear conditioning and
fear conditioned defensive behavior (freezing, startle), which
contains the basolateral and central amygdala complexes. The
basolateral complex (which contains the lateral and basal nuclei
of the amygdala) and the central complex (which contains
the lateral and medial divisions of the central nucleus of the
amygdala) have been shown to be central and crucial for
foot-shock induced fear conditioning with various conditioned
stimuli including sounds, lights, contexts, and smells. Because
TMT-induced freezing is not learned, the pathway appears to
bypass the basolateral and central complexes, and instead looks
as if it proceeds from the olfactory bulb through the amygdala
cortex, medial amygdala nucleus, and medial bed nucleus of
the stria terminalis to the periaqueductal gray (See previous
section). Lesions or inactivation of the basolateral or central
nuclei of the amygdala produce only small reductions or only a
delay in TMT induced-freezing (Wallace and Rosen, 2001; Fendt
et al., 2003; Rosen, 2004; Müller and Fendt, 2006), indicating
these amygdala nuclei so important for fear conditioning, are
not necessary for TMT-induced freezing, but seem to modulate
TMT effects. Corroborating the minimal lesion and inactivation
effects, immediate-early gene (c-fos, egr-1) expression is not
increased following TMT exposure in the basolateral complex of
the amygdala in rats (Day et al., 2004; Staples et al., 2008; Asok
et al., 2013), but see Hebb et al. (2004) in mice.

The lack, or minimal effects, of inactivation and lesions of
the basolateral and central complexes of the amygdala on TMT-
induced freezing does not suggest that these regions are not
involved in olfactory-motivated behavior. In fact, a number of
studies demonstrate that the basolateral complex of the amygdala
is important for olfactory fear conditioning, where once a non-
predator odor is paired with a footshock, it elicits fear responses
(Cousens and Otto, 1998; Sevelinges, 2004; Walker et al., 2005;
Jones et al., 2007; Hegoburu et al., 2014). It appears likely that
the basolateral complex is critical for olfactory-fear conditioning
as it is for auditory and visual fear conditioning induced by
footshock, but not for innate TMT-induced freezing. In contrast,
as discussed above, the basolateral complex may only modulate
TMT-induced freezing by delaying the full expression of freezing
or slightly reducing the amount of freezing (Wallace and Rosen,
2001; Fendt et al., 2003).

The role of the central nucleus of the amygdala in olfactory
fear conditioning is less certain because there are very few studies
in which this nucleus is inhibited or lesioned. One study in infant
rats showed that lesions of the central nucleus interfered with
olfactory fear conditioning with shock (Sananes and Campbell,

1989). However, c-fos expression in the central nucleus of the
amygdala was not increased in olfactory fear conditioning in
adult rats (Schettino and Otto, 2001), nor was c-fos increased in
the central nucleus of the amygdala with context conditioning
induced by cat fur odor (Dielenberg et al., 2001; Staples et al.,
2005). This contrasts with the very large increase in c-fos, egr-
1, CART, and CRH in the central nucleus of the amygdala with
exposure to TMT (Day et al., 2004; Staples et al., 2008; Asok et al.,
2013; Sharma et al., 2014).

Another region of the extended amygdala—the bed nucleus
of the stria terminalis—is not only important in TMT-induced
freezing, but is also involved in sustained fear (Davis et al.,
2010). Sustained fear would include contextual fear conditioning
(Sullivan et al., 2004), fear conditioning with prolonged
conditioned fear stimuli (Waddell et al., 2006; Davis et al., 2010),
fear sensitization (Davis and Walker, 2014), fear generalization
(Duvarci et al., 2009), and also innate fear of TMT (Fendt
et al., 2003). Interestingly, if the basolateral amygdala complex
is inactivated during contextual fear conditioning, the BNST
can take over the function of the basolateral amygdala complex
(Ponnusamy et al., 2007; Poulos et al., 2010; Zimmerman and
Maren, 2011). Thus, the BNST is involved in more than just
innate fear of predator odor, but has a functionally more rich
involvement in fear and anxiety.

What We Know about the Neuroanatomy of

TMT-induced Fear Behavior

Research on the neuroanatomy of TMT-induced fear has
progressed to where there appears to be a specialized circuit
from the nasal epithelium to the main olfactory bulb to the
cortical amygdala. From there we don’t quite know the circuit,
but from the cortical amygdala it possibly continues to the
medial amygdala nucleus, then bed nucleus of the stria terminalis,
before finally reaching the periaqueductal gray for freezing. The
lateral septum is also likely part of this pathway, but how it is
connected is not known. We also know that the prelimbic cortex
also modulates TMT-induced freezing, but inactivation enhances
freezing, suggesting it plays an inhibitory role (Fitzpatrick et al.,
2011).

Importantly, the basolateral and central complexes of the
amygdala, so essential for fear conditioning, do not seem to
play primary roles in TMT-induced fear. The data summarized
above suggest there is a divergence of pathways for conditioned
fear and innate fear. The dual neural pathways for learning
about environmental contingencies of olfactory stimuli tracking
through the basolateral and central complexes of the amygdala on
the one hand, and hardwired pathways for innate sensory coding
of ecologically significant odors on the other, is also evident in
simpler animals thanmammals (Vosshall and Stocker, 2007). For
example, drosophila has two olfactory pathways, one through the
antenna lobe (analogous to the olfactory bulbs) to the mushroom
bodies, a region involved in olfactory learning and memory
(possibly analogous to the pyriform cortex in mammals), and
the lateral horn, a region mediating direct behavioral responses
to odors (possibly analogous to the cortical amygdala) (Vosshall
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and Stocker, 2007). This type of divergent neural circuitry for
learning vs. innate coding for threat (and appetitive odors, Root
et al., 2014) seems to be a common motif in the animal kingdom.

What We Still Need to Learn about the

Neuroanatomy of TMT-induced Fear

Behavior

Although the olfactory circuit through the cortical amygdala is
fairly well delineated, the actual olfactory receptors responsible
for TMT’s innate properties are not well defined. The Domain
II (DII) population of olfactory receptors comprises about 100
olfactory receptor genes (Kobayakawa et al., 2007), but which
specific ones are responsible for TMT-induced freezing are not
known. The identification of the specific olfactory receptor(s)
that bind TMT and transduce TMT’s innate fear properties,
similar to what has been accomplished for olfactory receptors for
2-phenylethylamine (the TAAR4 receptor, Ferrero et al., 2011)
and for Feld4 from cat fur/saliva and rMUP13 from rat urine
(the TrpC2 receptor, Papes et al., 2010), would help propel the
neuroanatomical circuitry research on TMT further.

Interestingly, there are also olfactory receptors inmore ventral
regions of the olfactory bulb. TMT can be used as a discriminative
stimulus for positive reward in mutant mice devoid of the dorsal
Domain II glomeruli, apparently through the TMT-responsive
receptors in the ventral olfactory bulb (Kobayakawa et al., 2007).
Possibly, these ventrally located neurons project to the pyriform
cortex, which is activated by TMT (Illig and Haberly, 2003),
as opposed to the cortical amygdala, to transmit TMT-induced
olfactory information for involvement in olfactory learning
(Kobayakawa et al., 2007; Miyamichi et al., 2010; Root et al.,
2014).

An additional brain region that receives olfactory input
from the main olfactory bulb is the entorhinal cortex (Insausti
et al., 2002), which has major projections to the hippocampus.
The hippocampus is particularly involved in contextual fear
conditioning induced by coyote urine (Wang et al., 2012, 2013).

Another question also remains—how are the various regions
of the circuit wired to each other? The part of the circuit from the
nasal epithelium to cortical amygdala is pretty well characterized,
but from there it is unclear how the circuit progresses to the
PAG to elicit freezing behavior. Are projections from the cortical
amygdala to the medial nucleus of the amygdala important? Is a
direct pathway from the cortical amygdala to the bed nucleus of
the stria terminalis involved? Or is the pathway from the medial
nucleus of the amygdala to the ventral and medial divisions of
the bed nucleus of the stria terminalis necessary? Does a direct
pathway from the BNST to the PAG convey the TMT-induced
fear signal for freezing?

Further delineation of the parts of the BNST that are involved
in the various types of fear need to be addressed. The ventral
and medial nuclei of the BNST are important for TMT-induced
fear (Fendt et al., 2003; Müller and Fendt, 2006). However, the
dorsolateral division of the BNST (also called the oval nucleus of
the BNST) shows high levels of immediate-early gene expression
following TMT exposure (Day et al., 2004; Asok et al., 2013).

This is the region of the BNST that is implicated in sustaining
learned fear and anxiety (Davis et al., 2010). How the dorsal
and ventral divisions of the BNST interact for TMT-induced fear
would be of particular interest for understanding the circuitry
and modulation of innate predator fear and other types of fear.

There may also be other circuits involved in TMT-induced
behaviors that route through areas outside of the BNST.
Inactivation of the lateral septum significantly reduces freezing
to TMT, but how it interacts with the proposed circuit (Figure 1)
is not clear. The lateral septum strongly projects to the anterior
nucleus of the hypothalamus, which is part of the cat and
cat fur induced defensive circuit (Gross and Canteras, 2012),
but the anterior nucleus of the hypothalamus does not seem
to be part of the circuit for TMT-induced freezing (Pagani
and Rosen, 2009). Furthermore, a number of neurotransmitter
system modulate TMT-induced freezing, but we have not
learned much beyond the initial studies demonstrating an effect.
For example, norepinephrine infused into the ventral BNST
enhanced TMT-induced freezing, while an α2-antagonist blocks
this norepinephrine enhancement and blocked TMT-induced
freezing on its own (Fendt et al., 2005b). Chemical lesions

TABLE 2 | Neuroanatomy of TMT-induced fear.

What we know about the neuroanatomy of TMT-induced fear

• A pathway from olfactory neurons in the nasal epithelium and Grueneberg

ganglion to the amygdala cortex has been delineated

– Zone II receptors in nasal epithelium process innate fear to TMT

– Genetic deletion of zone II olfactory sensory neurons eliminate fear

responses to TMT

– These olfactory sensory neurons synapse on mitral cells project to the

amygdala cortex

– Optogenetic inactivation of this projection to the amygdala cortex blocks

TMT-induced freezing

• Olfaction, but not nociception, of TMT is critical for TMT-induce freezing

• Medial nucleus of the amygdala and bed nucleus of the stria terminalis are

part of a proposed circuit for TMT-induced fear

– Inactivation of these regions block TMT-induced freezing

• The medial hypothalamic defensive circuit is not critical for TMT-induced

freezing

– Fiber-sparing lesions of nuclei of the medial hypothalamic defensive

circuit do not block TMT-induced freezing, but lesions that destroy fibers

passing through this circuit block TMT-induced freezing

What we still need to learn about the neuroanatomy of TMT-induced fear

• What are the specific olfactory receptors for TMT-induced fear?

– About 100 receptors are possible, further refinement is important

• What is the role of the pyriform and entorhinal cortex in TMT-induced fear and

fear conditioning?

• How are the various regions of the circuit wired?

– Projects from the amygdala cortex to the medial nucleus of the amygdala

and bed nucleus of the stria terminalis are ill defined.

– Is a direct project from the bed nucleus of the stria terminalis to the

periaqueductal gray part of the circuit? Or is there an indirect pathway?

– How are other regions that affect TMT-induced fear (e.g., lateral septum,

prefrontal cortex) wired into the circuit?

– How many circuits for TMT-induced fear are there?

– How similar and divergent are circuits for fear to various predator odors?
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of acetylcholine producing neurons also reduce TMT-induced
freezing (Knox et al., 2008). However, more studies on the
modulatory role of various neurotransmitters will be informative
about autonomic and attentional mechanism of innate fear.

What we know and still need to learn about the anatomy of
TMT-induced fear is summarized in Table 2.

Conclusions

Great progress has been made in the last two decades on
understanding the neural basis of both learned fear and
innate fear. Detailed progression on neural circuitries from
olfaction to defensive behavior is within reach. Identification
of single molecules that elicit defensive and fear responses
allows for precise determination of the olfactory receptor, or
receptors, involved in the transduction of the olfactory threat
signals. Investigation using TMT as a threatening stimulus for
rodents has been particularly important in this advancement.
Behavioral studies have demonstrated the robustness of TMT-
induced freezing, which has allowed for the use of traditional
lesion/inactivation manipulations and modern optogenetic and
molecular techniques to accurately localize olfactory neurons
and the functional neural pathways responsible for perception of
predator odor threat and the generation of defensive behavior.
Comparison of the neural circuitry for TMT with other predator
odors is critical for delineating the common and unique circuits
for predator odors. This would not only be at the olfactory

receptor stage, but at regions and synapses throughout the neural
circuits, where differences between TMT and cat-derived odors
are already evident (Pagani and Rosen, 2009; Gross and Canteras,
2012; Pérez-Gómez et al., 2015).

Finally, continued behavioral investigations on the generation
of TMT-induced behaviors other than freezing will be important
for broadening the scope of analysis into multiple circuitries
for various species selective defensive responses. Further,
examination of the innate properties of TMT-induced behavior
and the constraints of fear learning supported by TMT and other
predator odors will be important for understanding innate and
learned fears and phobias (Rosen et al., 2008b), and then possible
treatments.
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Different types of predator odors engage elements of the hypothalamic

predator-responsive circuit, which has been largely investigated in studies using

cat odor exposure. Studies using cat odor have led to detailed mapping of the neural

sites involved in innate and contextual fear responses. Here, we reviewed three lines of

work examining the dynamics of the neural systems that organize innate and learned

fear responses to cat odor. In the first section, we explored the neural systems involved

in innate fear responses and in the acquisition and expression of fear conditioning to

cat odor, with a particular emphasis on the role of the dorsal premammillary nucleus

(PMd) and the dorsolateral periaqueductal gray (PAGdl), which are key sites that

influence innate fear and contextual conditioning. In the second section, we reviewed

how chemical stimulation of the PMd and PAGdl may serve as a useful unconditioned

stimulus in an olfactory fear conditioning paradigm; these experiments provide an

interesting perspective for the understanding of learned fear to predator odor. Finally,

in the third section, we explored the fact that neutral odors that acquire an aversive

valence in a shock-paired conditioning paradigm may mimic predator odor and mobilize

elements of the hypothalamic predator-responsive circuit.

Keywords: predator odor, innate fear, fear conditioning, hypothalamic circuits, amygdala

General Concepts regarding Predator Odor and Its Impact on

Defensive Behavior Research

Olfactory cues are effective stimuli for the retrieval of stressful memories (Wiemers et al., 2014).
Notably, when exposed to a trauma-associated olfactory cue, post-traumatic stress disorder-
vulnerable victims have been shown to exhibit clinical symptoms in addition to increased regional
blood flow in several regions related to fear and anxiety processing, including the amygdala,
insula, medial prefrontal cortex, and anterior cingulate cortex (Vermetten et al., 2007). Thus,
understanding of the neural circuits involved in fear encoding and expression in response to an
olfactory stimulus seems to be an important step for translational studies that are attempting to
uncover the neural mediation of pathological fear memory encoding in anxiety disorders.

Predator odors are semiochemical cues that evolved and were incorporated as species memory,
or phyletic memory (Fuster, 1997). For this reason, regardless of any previous contact with a real
cat, lab rodents will promptly recognize a cat odor and exhibit defensive behavior, such as increased
immobility and the stereotyped stretched attend/approach postures that are characteristic of risk
assessment behavior (Van Der Poel, 1979; Pinel et al., 1989). These instinctive fear responses are
also present when subjects are re-exposed to a predator odor-associated environment, suggesting
the acquisition and consolidation of contextual memory to predator odor (Hubbard et al., 2004).
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Cat odor has been used as a valuable tool to study
fear and anxiety. Compared to live cat exposure, cat odor
exposure induces less intense instinctive fear responses, which
can be reduced by anxiolytic drugs and are generally related
to the approach-avoidance conflict—a general hallmark in
anxiety (Blanchard et al., 1990, 1993; Zangrossi and File, 1992;
Dielenberg and Mcgregor, 2001). However, it is difficult to
standardize the amount of cat odor stimulus presented, and
different degrees of freezing and avoidance may be found
depending on the strength of the stimulus (Takahashi et al., 2005).
When a hiding place is available, cat odor exposure increases
the time the animal spends in an enclosed compartment and
the time spent in the stretched-out posture within the enclosed
compartment, which serves as an index of risk assessment
behavior (Mcgregor et al., 2002; Dielenberg et al., 2004). Using
a similar paradigm, Do Monte et al. (2008) found comparable
defensive responses during exposure to the cat odor-associated
context on the day following cat odor exposure, including an
increased duration of time spent in the enclosed compartment
and in stretched-out behavior.

A great deal has been learned about the olfactory pathways
that mediate defensive responses to a number of predator
odors (Takahashi, 2014; Pérez-Gómez et al., 2015). Of particular
relevance for the present review, a number of the other predator
odors that have been tested, excluding TMT (2,5-dihydro-2,4,5-
trimethylthiazole), which is present in fox feces, have been shown
to engage neural elements that are also responsive to cat odor
(Pérez-Gómez et al., 2015). This finding suggests that multiple
parallel mechanisms for the detection of different predator
odors seem to converge in the brain to facilitate a common
behavioral response. In this way, cat odor may be used as a
good model to understand the neural mediation of defensive
responses to other types of predator odor. In the present review,
we will focus on three lines of work examining the dynamics
of the neural systems that organize innate and learned fear
responses to cat odor. In the first section, we will explore the
neural systems involved in innate and learned fear responses
to cat odor by examining the role of glutamatergic and beta-
adrenergic transmission in the expression of innate fear and
in the acquisition of contextual fear learning, with particular
emphasis on the role of the dorsal premammillary nucleus (PMd)
and the dorsolateral periaqueductal gray (PAGdl) as key sites
that influence innate fear and contextual conditioning. In the
second section, we will explore how chemical stimulation of these
critical sites (i.e., the PMd and PAGdl) may be used as a useful

FIGURE 1 | Schematic diagram showing the putative brain circuit

involved in organizing innate defensive responses to predator odor.

AHN, anterior hypothalamic nucleus; MEApv, medial amygdalar nucleus,

posteroventral part; PAG, periaqueductal gray; PMd, dorsal premammillary

nucleus; VMHdm, ventromedial hypothalamic nucleus, dorsomedial part.

See text for discussion.

unconditioned stimulus (US) in an olfactory fear conditioning
paradigm and is likely to mimic predatory threats in instructing
prosencephalic sites of higher order processing. Finally, in the
third section, we will explore our findings regarding the use of
a neutral odor as a conditioned stimulus (CS) in shock-based fear
conditioning and determine how elements of the hypothalamic
circuit that are responsive to predator odor may be engaged in
the expression of shock-based olfactory fear conditioning.

Neural Mediation of Innate Fear

Responses to Predator Odor

Predator odors are thought to work as kairomones, which
are semiochemicals that are released by one species and have
a favorable adaptive effect on a different “receiving” species
but no favorable effect on the transmitting species (Dicke and
Grostal, 2001; Wyatt, 2014). A number of studies have shown
that the detection of predator odors relies on distinct olfactory
subsystems for chemodetection, namely the vomeronasal organ
(VNO) (McGregor et al., 2004), the Grueneberg ganglion (GG)
(Brechbuhl et al., 2013), and subsets of sensory neurons within
the main olfactory epithelium (MOE) that express trace amine-
associated receptors (TAARs) (Liberles, 2015). Nasal detection
of different predator odors has been associated with distinct
olfactory subsystems, i.e., 2-phenylethylamine, which is found in
carnivore urine, activates TAAR4 neurons in the MOE (Ferrero
et al., 2011; Dewan et al., 2013), cat fur odor activates the
VNO (McGregor et al., 2004), and 2-propylthietane, which is
extracted from the stoat anal gland, is a GG activator (see Pérez-
Gómez et al., 2015). Exposure to all of these different types
of predator odors results in increased Fos expression in the
posteroventral part of the medial amygdalar nucleus (MEApv)
and in the dorsomedial part of the ventromedial hypothalamic
nucleus (VMHdm; see Pérez-Gómez et al., 2015). Thus, an
important concept emerges from this analysis: the detection of
different predator odors converges in a pathway formed by the
MEApv and VMHdm (Figure 1). The MEApv is part of the
vomeronasal amygdala and is known to provide dense input
to the VMHdm (Canteras et al., 1995), which, in turn, plays
a critical role in the integration of predator-related defensive
responses.

Optogenetic activation of steroidogenic factor 1 (SF1)-
expressing neurons in the dorsomedial and central parts of
the VMH (VMHdm/c) initiates a range of context-dependent
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somatomotor and autonomic responses that resemble animals’
natural defensive behaviors (Wang et al., 2015). As shown by
Wang et al. (2015), during VMHdm/c stimulation, if a hiding
place was available, animals went to the hiding box and stayed
inside of the box despite continued stimulation. Conversely,
in the absence of the hiding box, VMHdm/c stimulation
evoked either freezing or running and jumping, depending
on the intensity of the stimulation. Moreover, VMHdm/c
stimulation promoted avoidance, and the animals tended to
avoid the place where they had received the stimulation. Taken
together, these results indicate that VMHdm/c stimulation
can induce complex defensive behavioral responses, including
immobility, escape jumping, hiding, and avoidance. The main
targets of the VMHdm/c are the dorsal periaqueductal gray
(dPAG) and the anterior hypothalamic nucleus (AHN; Figure 1).
Activation of the VMHdm/c projection to the dPAG induces
inflexible immobility, whereas stimulation of the pathway from
the VMHdm/c to the AHN promotes avoidance as well as
immobility, running, and escape jumping (Wang et al., 2015).
Thus, the direct pathway to the dPAG may be responsible for a
rapid freezing response upon detection of a predator, whereas the
AHN pathway may integrate a more complete range of complex
defensive responses.

At least a portion of the complex defensive behaviors that
have been described for the AHN are likely to be mediated
through its projections to the dorsal premammillary nucleus
(PMd; Figure 1). The AHN provides a dense bilateral projection
to the PMd (Risold et al., 1994), which is the most responsive
brain site to a predator or its odor (Canteras et al., 1997;
Dielenberg et al., 2001; Cezario et al., 2008). Notably, PMd lesions
have been shown to be highly effective in reducing anti-predator
defensive responses (Canteras et al., 1997; Blanchard et al., 2003;
Cezario et al., 2008). Pharmacological blockade of the PMd has
also been shown to reduce innate defensive responses to cat odor
(Canteras et al., 2008; Do Monte et al., 2008). In fact, the AHN,
VMHdm and PMd form a partially segregated circuit in the
medial zone of the hypothalamus; this circuit has been coined the
predator-responsive circuit (Gross and Canteras, 2012). The PMd
is likely to amplify neural processing in the predator-responsive
hypothalamic circuit (Cezario et al., 2008). In line with this view,
the PMd is particularly responsive to predator cues, and lesions
or pharmacological blockade of this region drastically reduce
anti-predator defensive responses. Conversely, PMd lesions are
ineffective in other threatening situations, such as the elevated
plusmaze and exposure to post-shock contextual cues, suggesting
the PMd may play a differential role in anti-predatory defensive
responses (Blanchard et al., 2003).

The PAG is the major target of the predator-responsive circuit;
the PMd and the VMHdm, albeit to a lesser extent, provide
extensive projections to the dorsolateral and dorsomedial parts
of the PAG. The projections are mostly aimed at the rostral
and intermediate rostro-caudal levels of the PAG, and at caudal
levels of the PAG, a moderate input is also centered in the
lateral and ventrolateral divisions (Canteras, 2002). Notably, the
spatial distribution of the axonal projections from the predator-
responsive circuit to the PAG closely matches the pattern of Fos
activation elicited in the PAG following exposure to predator

odor (Dielenberg et al., 2001). Thus, rats exposed to cat odor
present a particularly large increase in Fos activation in the
dorsomedial and dorsolateral regions of the rostral two-thirds
of the PAG in addition to somewhat sparser Fos labeling in
the lateral and ventrolateral PAG at caudal levels (Dielenberg
et al., 2001). The PAGdl seems to be critical for the integration
of forebrain limbic information related to predator odor. On
the efferent side, the PAGdl appears to control the entire
range of defensive responses to predator odor, including flight,
immobility, hiding and risk assessment behaviors (Blanchard
et al., 1990; Carrive, 1993; Keay and Bandler, 1993). In support
of this view, lesions in the dorsal PAG have also been shown to
block all types of fear responses to predator odor (Sukikara et al.,
2010).

Moreover, exposure to cat odor up-regulates Fos expression
in the locus coeruleus (Dielenberg et al., 2001; McGregor
et al., 2004). Firing rates in the locus coeruleus increase during
stressful situations, and the locus coeruleus has been associated
with fear responses (Bremner et al., 1996; Schenberg et al.,
2001). Importantly, locus coeruleus lesions decrease both
unconditioned and conditioned fear responses (Neophytou
et al., 2001). In line with this view, systemic administration
of propranolol (a centrally acting beta-blocker) reduced
unconditioned defensive behaviors and PMd Fos expression
in response to cat odor (Do Monte et al., 2008). This effect of
noradrenergic transmission on fear responses should be, at least
in part, mediated by noradrenergic projections from the locus
coeruleus to the PMd (Sobrinho and Canteras, 2011; Figure 1),
where beta-adrenoceptor blockade before cat odor exposure has
been shown to reduce defensive responses to cat odor (DoMonte
et al., 2008).

In summary, as shown in Figure 1, predator odors are
processed by theMEApv, which engages themedial hypothalamic
predator-responsive circuit. The predator-responsive circuit is
further modulated by significant noradrenergic input from the
locus coeruleus (which likely plays a critical role in the response
to predator odors) and projects to the dorsal PAG, which is
involved in the expression of innate defensive responses.

Neural Mediation of Learned Fear

Responses to Predator Odor

Exposure to a predator or its odor evokes robust contextually
conditioned defensive responses (Blanchard et al., 2001;
Mcgregor et al., 2002). Contextual defensive responses are
characterized by freezing, risk assessment behavior, and
avoidance of the environment where a predator or its odor had
been previously encountered.

The PMd influences the memory processes that link predatory
threats to the associated context. Injection of an NMDA receptor
antagonist (2-amino-5-phosphonopentanoic acid) into the PMd
during cat odor exposure has been shown to impair conditioned
defensive responses to the associated environment (Canteras
et al., 2008). Moreover, beta adrenergic blockade in the PMd
also reduces contextual fear responses to cat odor (Do Monte
et al., 2008). As we shall discuss below, the projection from
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the PMd to the ventral anteromedial thalamic nucleus (AMv;
Canteras and Swanson, 1992; Figure 2A) is a likely pathway to
influence mnemonic mechanisms linking predatory threats to
their associated context. Recent findings from our group showed
that AMv pharmacological inactivation prior to cat exposure did
not interfere with innate fear responses but drastically reduced
contextual conditioning to the predator-associated environment
(De Lima et al., 2013). Thus, the PMd–AMv pathway may be
involved in the acquisition of predator-related contextual fear
memories. As shown in Figure 2A, the AMv is in a strategic
position to convey predator cues to cortico-hippocampal-
amygdalar sites involved in the acquisition of contextual fear
memories. Previous studies have revealed that the AMv projects
to the prelimbic, anterior cingulate, retrosplenial, ectorhinal,
and perirhinal cortices as well as to the ventral subiculum and
presubiculum (Shibata, 1993; Van Groen et al., 1999). Based on
the projection pattern of the AMv, it is clear that this nucleus
should exert an important influence on hippocampal processing,
either through direct projections to the ventral subiculum and
presubiculum or through indirect pathways mediated by the
anterior cingulate and retrosplenial areas (Wyss and Van Groen,
1992; Jones and Witter, 2007). The hippocampus is known to
be involved in mediating contextual fear memory to predatory
threats, and findings from the Blanchard laboratory have shown
that ventral hippocampal lesions impair conditioned defensive
behaviors associated with either direct exposure to a cat or
to its odor (Pentkowski et al., 2006). Moreover, the AMv is
also in a position to influence amygdalar sites involved in fear

conditioning. As previously noted, the AMv provides moderate
input to perirhinal and ectorhinal areas, which are known to
provide massive projections to the lateral amygdalar nucleus
(Shi and Cassell, 1999). Synapses in the lateral amygdalar
nucleus exhibit plasticity that is crucial for fear conditioning
(Johansen et al., 2011), and cytotoxic lesions to this region
have been shown to block contextual conditioning to predatory
threats (Martinez et al., 2011). Taken together, these anatomical
findings indicate that the AMv occupies a strategic position
to influence both the hippocampus and the lateral amygdalar
nucleus, supporting its role in the acquisition of contextual fear
memory.

The PMd is also mobilized in response to cat-odor-associated
contexts (Staples et al., 2005). Interestingly, there is overlap
between the neural systems that integrate unconditioned and
contextually conditioned anti-predator defensive responses.
Rats exposed to a predator-associated environment exhibit
increased Fos expression in elements of the predator-responsive
hypothalamic circuit, including the AHN, PMd and, to a
lesser extent, the VMHdm (Cezario et al., 2008). As shown in
Figure 2B, during exposure to a predator-related context, the
AHN is in a position to receive contextual information from
the septo-hippocampal system, while the VMHdm is targeted by
amygdalar sites involved in predator-related contextual memory.
On the efferent side, pharmacological PMd inactivation with the
GABAA receptor agonist muscimol blocks conditioned defensive
responses during exposure to a predator-associated environment
(Cezario et al., 2008).

FIGURE 2 | Schematic diagrams showing the putative brain systems

that support the encoding (A) and retrieval (B) of learned fear to

predator odor. ACA, anterior cingulate area; AHN, anterior hypothalamic

nucleus; AMv, anteromedial thalamic nucleus, ventral part; BMAp,

basomedial amygdalar nucleus, posterior part; ECT, ectorhinal area; HF,

hippocampal formation; LA, lateral amygdalar nucleus; LS, lateral septum;

MEApv, medial amygdalar nucleus, posteroventral part; PAG, periaqueductal

gray; PERI, perirhinal area; PL, prelimbic area; PMd, dorsal premammillary

nucleus; RSP, retrosplenial area; VMHdm, ventromedial hypothalamic

nucleus, dorsomedial part. See text for discussion.
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As for unconditioned anti-predatory defensive responses,
the PAG plays a critical role in the expression of contextually
conditioned anti-predator responses (Figure 2B). The same
pattern of PAG activation observed in response to a live predator,
but considerably less intense, was found in animals exposed to
an environment previously associated with a predator (Cezario
et al., 2008).

Stimulation of the PMd and Dorsal PAG

Supports Fear Learning

As previously discussed, the PMd and PAGdl are particularly
responsive to predator threats, and we have considered whether
stimulation of these sites would be able to mimic internal
state changes related to predator threats and therefore serve
as a reliable unconditioned stimulus (US) in an olfactory fear
conditioning (OFC) paradigm.

The PMd is known to present a substantial plexus of
noradrenergic fibers, and beta-adrenoceptor blockade therein
results in a clear reduction of innate defensive responses to
cat odor. Therefore, we have explored whether beta-adrenergic
stimulation of the PMd could serve as a reliable US in an
OFC paradigm (Pavesi et al., 2011). Rats were conditioned by
pairing the US—an intra-PMd microinjection of isoproterenol
(a beta-adrenoceptor agonist)—with the conditioned stimulus
(CS)—amyl acetate odor. Beta-adrenoceptor stimulation in the
PMd did not produce overt defensive responses but was able to
support olfactory conditioning (Pavesi et al., 2011). Accordingly,
the subjects that received isoproterenol in the PMd paired with
amyl acetate odor as the CS showed marked defensive behavior
toward the amyl acetate odor alone 48 h after the conditioning.
As described above, the PMd is likely to influence fear learning
through a thalamic pathway involving the AMv and its associated
cortico-hippocampal-amygdalar circuits. Interestingly, infusion
of an NMDA receptor antagonist into another important target
of the PMd—the dorsal PAG—was able to block the acquisition
of OFC elicited by isoproterenol injection into the PMd (Pavesi
et al., 2011), suggesting that the dorsal PAG would also serve for
the PMd to provide instructive signals to prosencephalic circuits
related to fear learning.

To address the putative role of the dorsal PAG in fear learning,
we tested whether glutamatergic activation of the dorsal PAG
could serve as a reliable US in an OFC paradigm (Kincheski
et al., 2012). Using the same olfactory fear conditioning test
described above, rats were subjected to CS/US pairings, with
NMDA infusion into the dorsal PAG serving as the US.
In contrast to what was observed for PMd beta-adrenergic
activation, immediately after the NMDA injection into the dorsal
PAG, the rats exhibited flight and jumping behaviors during
the first minute of observation. This behavior was followed
by an increased amount of freezing, which was limited to
the first 5min (Kincheski et al., 2012). Notably, when the
subjects were removed from the conditioning box during the
first 5min of odor exposure, which is when the flight, jumping
and freezing responses were predominant, no learning occurred.
Conversely, when the rats were removed 5min after the initial

period of vigorous defensive responses, when most of the overt
defensive behavior had waned, fear learning was more effective;
these results support the idea that NMDA applied directly to
the dorsal PAG can serve as a reliable US and is capable
of supporting olfactory fear conditioning (Kincheski et al.,
2012).

To understand how the dorsal PAG is able to influence
prosencephalic circuits related to fear learning, we revisited
the ascending connections of the dorsolateral PAG (Kincheski
et al., 2012; Figure 3). The main ascending target of the
dorsolateral PAG is the anterior hypothalamic nucleus, which,
as described above, is part of the medial hypothalamic predator-
responsive circuit. In line with this view, electrical stimulation
of the dorsolateral PAG up-regulates Fos expression in the
PMd (Vianna et al., 2003), supporting the idea that the PAGdl
and the predator-responsive circuit operate in concert. Notably,
blockade of PMd beta-adrenergic receptors with atenolol has
been shown to impair the acquisition of the olfactory fear
learning that is promoted by NMDA stimulation of the dorsal
PAG (Kincheski et al., 2012). Thus, the projection from the
PAGdl to the medial hypothalamic predator-responsive circuit
may serve as an important link by which the prosencephalic sites
involved in fear learning can be influenced. In addition, as shown
in Figure 3, the PAGdl may potentially influence fear learning
through a number of parallel thalamic pathways. The PAGdl
provides a substantial projection to the intralaminar nuclei. The
intralaminar nuclei, in turn, project to the anterior cingulate area,
forming a pathway that is involved in fear learning (Furlong
et al., 2010). In addition, the PAGdl also projects to a number
of other thalamic sites, including the nucleus reuniens, the lateral

FIGURE 3 | Summary diagram illustrating ascending projections from

the dorsolateral PAG to hypothalamic and thalamic targets; these

projections influence cortical-hippocampal-amygdalar circuits related

to fear learning. ACA, anterior cingulate area; AHN, anterior hypothalamic

nucleus; AMv, anteromedial thalamic nucleus, ventral part; ECT, ectorhinal

area; HF, hippocampal formation; IL, intralaminar nuclei; LA, lateral amygdalar

nucleus; LD, laterodorsal thalamic nucleus; PAGdl, periaqueductal gray,

dorsolateral part; PERI, perirhinal area; PMd, dorsal premammillary nucleus;

RE, nucleus reuniens; RSP, retrosplenial area; SGN, suprageniculate nucleus;

SPF, subparafascicular thalamic nucleus; VMHdm, ventromedial hypothalamic

nucleus, dorsomedial part. See text for discussion. Modified from Kincheski

et al. (2012).
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dorsal nucleus, the suprageniculate nucleus and the parvicellular
subparafascicular nucleus, all of which are known to project to
elements of the cortical-hippocampal-amygdalar circuit that is
involved in fear conditioning, as described above (Van Groen
and Wyss, 1992; Linke et al., 2000; Vertes et al., 2006). An
important concept emerges from the present analysis: subcortical
regions that process elemental fear to predator threats, such as
the PMd and the dorsal PAG, may work as critical nodes that
serve to instruct prosencephalic sites to promote fear learning.
Accordingly, the processing of primal emotional states related to
predatory threats should take place in these subcortical nodes and
exert a critical influence on fear learning.

Shock-based Fear Conditioning Using

Olfactory Cues Engages Elements of the

Hypothalamic Circuit Responsive to

Predator Odor

The most common experimental approach to investigate fear
processing is shock-based Pavlovian conditioning. However,
shock-based fear conditioning to non-olfactory cues does not
appear to engage elements of the hypothalamic predator-
responsive system and therefore does not seem to be suitable for
investigations of the neural basis of fear responses to predator
odor (Gross and Canteras, 2012). Accordingly, we have tested
whether shock-based fear conditioning to olfactory cues would
be a useful system to model predator odor and engage elements
of the hypothalamic circuit responsive to cat odor.

Data from our laboratory have confirmed that a neutral
olfactory stimulus, such as coffee odor or amyl acetate, can
serve as a reliable CS in a fear conditioning paradigm (Canteras
et al., 2008). As shown in Figure 4, the experimental paradigm
consisted of two consecutive phases: the acquisition of olfactory
fear conditioning (days 1 and 2) and the expression of olfactory
fear conditioning (days 3–5). The expression of olfactory fear
conditioning (second phase) was performed in an odor box
(Figure 4) and consisted of three sessions: familiarization (day
3), CS-neutral odor exposure (day 4; test session), and context
(day 5). During the familiarization session, the animals did not
exhibit fear responses to the odor box, indicating that they did
not generalize the fear response to a different context. As the
animals were re-exposed to the CS-neutral odor in the odor
box, they displayed clear defensive responses and spent most
of the time either hiding or engaged in “head-out” behavior.
They also avoided approaching the odor source. When the
animals were placed in the same context without the CS-neutral
odor, the animals exhibited the same sort of defensive behaviors
displayed on the previous day during exposure to the CS-neutral
odor. These results are important because they demonstrate
that the CS-neutral odor was able to mimic a predator odor
and produced clear contextually conditioned defensive behavior
(Canteras et al., 2008).

Interestingly, the shock-paired neutral odor also up-regulated
Fos expression in the PMd. Therefore, similar to cat odor, the
shock-paired neutral odor also mobilized the PMd (Canteras
et al., 2008). Moreover, the PMd has been shown to be involved
in the expression of conditioned responses to a shock-paired

FIGURE 4 | Schematic drawings representing the conditioning

chamber (A) and the odor box (B) used in the olfactory fear

conditioning protocol. Rats were placed inside a stainless steel box

located under a fume hood with lighting conditions of 420 lux (A) on day

1 (5min) and day 2 (conditioning). A filter paper saturated with amyl

acetate (5%, 250µl) was used as the olfactory CS. Five electrical foot

shocks (0.5mA, 2 s, 40 s inter-trial interval) were used as the US. The

retention of the CS-US association was tested in a Plexiglass box (B)

that was also located under a fume hood with lighting conditions of 4

lux. The Plexiglass box consisted of a roof-enclosed compartment (left

side) and an open (unroofed) compartment (right side). Retention was

tested in 10min sessions on the following three consecutive days (day 3,

no-odor, habituation; day 4, olfactory CS exposure test; day 5,

associated context, no-odor). The odor source was positioned in the

opposite side of the enclosed compartment. The parameters analyzed

included the percentage of time spent in the following behaviors:

approaching the CS, hiding in the enclosed compartment and stretching

out from the enclosed compartment toward the open compartment

(head-out). The protocol was based on Dielenberg and McGregor (1999)

and Kroon and Carobrez (2009).
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neutral odor and to influence the acquisition of CS1-CS2 second-
order contextual conditioning. Accordingly, NMDA receptor
blockade in the PMd during re-exposure to the footshock-paired
neutral odor significantly reduced conditioned fear responses
to the CS-neutral odor and resulted in clear impairment of
contextual defensive responses on the following day (Canteras
et al., 2008).

We have further tested the role of beta-adrenergic
transmission in the PMd to investigate its participation in
the expression of shock-based olfactory fear conditioning.
Animals were subjected to the shock-based olfactory fear
conditioning protocol as previously described. On day 4, prior
to the expression of olfactory fear conditioning, the rats were
divided into four groups: the control group (PBS), atenolol

FIGURE 5 | Effects of dorsal premammillary nucleus (PMd)

application of the beta-adrenoceptor antagonist atenolol (ATE;

10–40nmol; 0.3µl on the defensive behavior of rats exposed to an

olfactory conditioned stimulus (CS). The familiarization session and the

olfactory (CS1) and context (CS2) sessions (10min in duration) were

conducted over three consecutive days. The parameters analyzed were

plotted as the mean (+SEM) and were represented in histograms as the

percentage of time spent approaching the odor source (top panel), hiding in

the enclosed compartment (middle) and stretching out from the enclosed

compartment toward the open compartment (head-out; bottom) during the

CS1 or CS2 test session. The hatched horizontal bars represent the

confidence limit intervals (within 95%) obtained during the familiarization

session. The subjects (n = 8–12) received PBS (n = 9) or 10 (n = 8) or 40

(n = 8) nmol ATE, which was administered into the PMd 10min before the

rats were exposed to the CS1 (amyl acetate 5%). ATE OUT (n = 12)

represents rats in which the cannula was placed outside the PMd. *p < 0.05,

compared with the PBS control group (repeated measures ANOVA followed

by Newman–Keuls’ post-hoc test).
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FIGURE 6 | Schematic diagram showing the putative circuit

involved in the expression of olfactory fear conditioning to a

neutral odor that was previously paired with footshock (shown in

black lines) as well as the PMd–AMv path and the

cortical-hippocampal-amygdalar circuit that are putatively involved

in second-order contextual conditioning (shown in red lines). ACA,

anterior cingulate area; AHN, anterior hypothalamic nucleus; AMv,

anteromedial thalamic nucleus, ventral part; BMAp, basomedial

amygdalar nucleus, posterior part; ECT, ectorhinal area; HF, hippocampal

formation; LA, lateral amygdalar nucleus; LS, lateral septum; PAG,

periaqueductal gray; PERI, perirhinal area; PL, prelimbic area; PMd,

dorsal premammillary nucleus; RSP, retrosplenial area; VMHdm,

ventromedial hypothalamic nucleus, dorsomedial part. See text for

discussion.

outside the PMd (ATE-out), and atenolol in the PMD (10 nmol
of ATE-10 or 40 nmol of ATE-40). The rats were microinjected
into the PMd, and 10min later, were placed in the apparatus in
the presence of the CS-neutral odor. As shown in Figure 5, in
contrast to the animals of the other experimental groups (the
PBS and the ATE-out groups), the animals in which atenolol was
injected into the PMd (the ATE-10 and ATE-40 groups) showed
a significant increase in approach time and a significant decrease
in hiding and head-out times during exposure to the footshock-
paired odor (CS-neutral odor) as well as decreased contextual
defensive responses on the following day, as demonstrated by a
significant increase in the time the animals spent approaching
a neutral cloth and a decreased hide time. Taken together, the
experimental data suggest that the PMd may influence both
the expression of olfactory fear conditioning and CS1-CS2
second-order contextual conditioning.

As shown in Figure 6, associative learning between
conditioned and unconditioned stimuli is likely to occur
in the lateral amygdalar nucleus. In support of this view,
tetrodotoxin infusion in the region of the lateral amygdalar
nucleus has been shown to impair the acquisition of olfactory
fear conditioning (Kilpatrick and Cahill, 2003). Notably,
the lateral amygdalar nucleus may influence the medial
hypothalamic predator-responsive circuit through its dense
projections to the posterior part of the basomedial amygdalar
nucleus, which provides substantial input to the ventromedial
hypothalamic nucleus (Petrovich et al., 1996). Alternatively, as
pointed by Cádiz-Moretti et al. (2014), information about pain
stimuli (relayed through the posterior intralaminar thalamic
complex and the parabrachial area) and neutral odors (relayed
through indirect projections from the piriform cortex and
cortical amygdala) may converge in the MEApv, a critical
site for responses to predator odors, and this association
at the MEApv could easily explain how a neutral odor
that was previously paired with foot shock would engage
elements of the predator-responsive hypothalamic circuit.

However, further studies are needed to provide support for this
hypothesis.

As discussed here, the PMd seems to be critical for the
expression of olfactory fear conditioning as well as for second-
order contextual conditioning. As summarized in Figure 6, the
expression of olfactory fear conditioning may depend on PMd
projections to the PAG (shown in black lines), whereas second-
order contextual conditioning may involve the projection to the
AMv and the associated cortico-hippocampal-amygdalar circuits
that are related to fear learning (shown in red lines). However,
further studies are needed to increase understanding of these
pathways and their relationships with olfactory fear conditioning.

Concluding Remarks

Different types of predator odors engage elements of the
hypothalamic predator-responsive circuit, which has been
primarily investigated in studies using exposure to a live cat
or its odor. These studies have provided the general basis of
our understanding of how innate and learned fear responses to
predator threats are organized. Of particular relevance, primal
responses to predator odors involve a neural system formed
by the medial amygdalar nucleus, the medial hypothalamic
predator-responsive circuit and the dorsal PAG, and elements
of this neural system (i.e., the PMd and dorsal PAG) seem
to be critical in supplying instructive signals to cortico-
hippocampal-amygdalar circuits related to fear conditioning
to promote fear learning. According to the present view, the
medial amygdalar nucleus processes predator olfactory cues
and transmits this information to the medial hypothalamic
predator-responsive circuit and the dorsal PAG, where primal
emotional states related to predatory threats are processed.
This idea provides an interesting perspective of the role of the
hypothalamus and dorsal PAG, as opposed to telencephalic sites,
in the processing of emotional states in response to predatory
threats. Conversely, fear learning depends on instructive signals
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from these subcortical nodes to cortico-hippocampal-amygdalar
circuits for the association of a single cue or contextual
information with the emotional state related to the predatory
threat.

Interestingly, neutral olfactory stimuli that acquire an aversive
valence in a shock-based fear conditioning paradigm may
mobilize elements of the hypothalamic-predator responsive
circuit, raising interesting possibilities related to how aversive
learned olfactory stimuli can mimic predator odor. At this point,
future studies are needed to explore how and where associative
learning occurs and transforms neutral olfactory stimuli that have
been paired with foot shocks into predator-like odors that have

the same properties of natural predator odors in inducing innate
and learned defensive responses.
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The common gray wolf (Canis lupus) is an apex predator located at the top of the food

chain in the Northern Hemisphere. It preys on rodents, rabbits, ungulates, and many

other kinds of mammal. However, the behavioral evidence for, and the chemical basis of,

the fear-inducing impact of wolf urine on prey are unclear. Recently, the pyrazine analogs

2, 6-dimethylpyrazine, 2, 3, 5-trimethylpyrazine and 3-ethyl-2, 5-dimethyl pyrazine were

identified as kairomones in the urine of wolves.Whenmice were confronted with amixture

of purified pyrazine analogs, vigilance behaviors, including freezing and excitation of

neurons at the accessory olfactory bulb, were markedly increased. Additionally, the odor

of the pyrazine cocktail effectively suppressed the approach of deer to a feeding area, and

for those close to the feeding area elicited fear-related behaviors such as the “tail-flag,”

“flight,” and “jump” actions. In this review, we discuss the transfer of chemical information

from wolf to prey through the novel kairomones identified in wolf urine and also compare

the characteristics of wolf kairomones with other predator-produced kairomones that

affect rodents.

Keywords: fear, Hokkaido deer, kairomone, pyrazine analogs, wolf

Introduction

The common gray wolf (Canis lupus) is an apex predator at the top of the food chain in the
Northern Hemisphere. It preys on rodents, rabbits, ungulates, and many other kinds of mammal.
The detection of predator phenotypic traits by prey species is a vitally important function of
communication between mammals. How prey species discern predators is an important question.
For prey animals that rely on chemical communication to regulate social and sexual interactions, it
is possible that the presence of a predator can be detected by its scent. These scents and some non-
volatile molecules that affect the vomeronasal organ (VNO) (Hurst et al., 2001; Kimoto et al., 2005;
Papes et al., 2010; Kaur et al., 2014) are defined as semiochemicals. Semiochemicals are divided
into two major groups: pheromones (for conspecific communication) and allelochemicals (for
interspecific communication) (Nielsen et al., 2015). Kairomones are allelochemicals that transfer
unidirectionally from an emitter to a receiver and provide a benefit to the receiver organism (Brown
et al., 1970; Liberles, 2014; Nielsen et al., 2015; Wernecke et al., 2015). Therefore, when a prey
animal benefits, the chemical signal produced by a predator is a kairomone. The known kairomones
produced by predators that affect rodents are summarized in the Table 1.

Wolf urine contains several volatile chemicals that could be used for predator-prey
chemosignaling. Wolves use scent-marking to inform neighboring wolf packs of their existence,
and herbivores may also use the signals. Moreover, wolf urine is artificially applied by humans to
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TABLE 1 | Rodent kairomones and the source materials from which they were derived.

Kairomones Structure Source References

2-propylthietane,

3-propyl-1,2-dithiolane

S

CH3

S
S

CH3

Anal grand secretions from stoats (Mustela

erminea) and ferrets (M. putorius)

Crump, 1978, 1980; Crump

and Moors, 1985; Sullivan

et al., 1988a,b

Trimethylthiazoline
N

S

CH3

CH3

CH3 Feces from red foxes (Vulpes vulpes) Vernet-Maury et al., 1984;

Wallace and Rosen, 2000;

Fendt et al., 2005

MUP-13, MUP Feld4 Major urinary proteins: MW 18,729 kD (MUP-13) Urine from rats (Rattus norvegicus), and

saliva from cats (Felis catus)

Papes et al., 2010

Phenylethylamine NH2 Urine from various kinds of carnivore Ferrero et al., 2011

Alkylpyrazine analogs N

N

CH3CH3 N

N

CH3

CH3

CH3

N

N

CH3
CH3

CH3

Urine from wolves (Canis lupus) Osada et al., 2013

keep many kinds of herbivore and other animals at bay (Sullivan
et al., 1985a,b; Pyare and Berger, 2003; Chamaillé-Jammes et al.,
2014). Thus, wolf urine possibly includes unidentified molecules
that are used in predator-prey chemosignaling. Actually, the
behavioral evidence for, and the chemical basis of, the fear-
inducing impact of wolf urine on prey species were recently
unveiled (Osada et al., 2013).

Wild animals frequently invade human habitats and can
cause serious problems. For example, deer cause large amounts
of damage and economic losses in agricultural, horticultural,
and forest resources around the world (Trdan and Vidrih,
2008; Killian et al., 2009; Kimball et al., 2009; Baasch et al.,
2010; Gheysen et al., 2011; Masuko et al., 2011). Rather than
hunting deer, it may be preferable to control their behavior using
kairomones so that they can coexist with other wild animals
without destroying human habitats or natural environments.
Here, we discuss the transfer of chemical information from wolf
to prey through novel kairomones identified in wolf urine and
compare the characteristics of the wolf kairomones with those of
the other predator-produced kairomones that affect rodents.

The Study of Chemical Communication via

Wolf Urine

The Scent of Wolf Urine is Used for Social

Communication
Because wolves are gregarious carnivores, their olfactory-based
communication system is much more complex than that of

comparatively solitary species such as foxes and cats (Fox and
Cohen, 1977). In addition to olfactory cues, wolves use visual,

vocal, and tactile cues to communicate with each other. However,
urine is an important mode of chemical communication for the

wolf (Peters and Mech, 1975; Mech, 1977).

Using radio-tracking techniques to study natural wolf packs,

Peters and Mech (1975) identified detailed conditions for urine
scent-marking in wolves. Wolf packs living in the Superior

National Forest of northeastern Minnesota are territorial, and
most stable territories range in size from 125 to 310 km2.

These territories seem to be stable and exclusive, and over

several months there is a “buffer zone” (about 2 km wide) along
the borders. Interpack conflict is rare or non-existent in the
area.

During four winter seasons, scent marking was studied to

clarify the role played by marking in the information flow that
is integral to maintaining the organization of wolf populations.
One of the most important spatial differences was the difference
in the urination rate between the centers and the edges of wolf
territories. The frequency of urination (number of urinations/km
track) along the edges of territories was approximately 2.1-
fold higher than that in the center of territories. The wolves
engaged in scent marking along the edges of their territories
to inform members of the neighboring wolf packs of their
presence, particularly during the breeding season (Peters and
Mech, 1975). Similarly, coyotes (Canis latrans), which are smaller
close relatives of the wolves, scent-mark in the same manner
to maintain their territories (Gese and Ruff, 1997). These
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observations suggest that alarm pheromones used by conspecifics
exist in wolf urine.

It is also conceivable that wolf urine contains chemosignals
used for communication between individuals belonging to
different species. For example, densities of white-tailed deer
(Odocoileus virginianus) are higher in buffer zones between
territories held by wolf packs than inside the territories (Mech,
1977). Wolves apparently avoid hunting in buffer zones between
the edges of territories that are indicated by scent-marks.
Therefore, the survival of deer should be greater in buffer zones
due to lower rates of predation by wolves. Importantly, deer
voluntarily migrate to buffer zones in winter (Hoskinson and
Mech, 1976; Rogers et al., 1980), suggesting that deer utilize
chemo-olfactory cues and other sensory cues to reach these
safety zones. Deer must be able to assess the quality and the
intensity of odor emitted from the urine of wolves. Research
therefore clearly suggests that urination by wolves and the
semiochemicals in the urine are involved not only in conspecific
pheromone perception, but also in the interspecific detection of
kairomones.

The Urine of Predators, Including Wolves, Causes

Avoidance Behavior in Various Types of Herbivore
Research shows that exposure to predator odor induces
avoidance behavior in many kinds of prey animal, including
ungulates. For example, white-tailed deer and/or black-tailed
deer (Odocoileus hemionus columbianus) avoid the urinary odor
of predators, including wolf, coyote, red fox (Vulpes vulpes),
wolverine (Gulo gulo), lynx (Lynx canadensis), and bobcat (Lynx
rufus), and the odor of the feces of cougar (Puma concolor),
coyote, and wolf (Sullivan et al., 1985b; Swihart et al., 1991).

Specifically, Swihart et al. (1991) demonstrated that the topical
application of coyote and bobcat urine (6ml per plant) at weekly
intervals to Japanese yew (Taxus cuspidate) and eastern hemlock
(Tsuga canadensis) trees deterred white-tailed deer for at least 8
weeks. Non-predator (human and rabbit Sylvilagus floridanus)
urine had no repellent effect. Coyote urine prevented damage
slightly less well than bobcat urine. On the other hand, Sullivan
et al. (1985b) conducted a bioassay to study the effect of dispensed
predator urines in vials attached to salal (Gaultheria shallon)
branches on black-tailed deer. The study demonstrated that
the odor of wolf, coyote, and fox urine was more effective in
suppressing the feeding of deer on salal than control or bobcat
urine; this effect lasted for at least 6 days. Moreover, cattle (Bos
taurus) exposed to the odor of wolf or dingo (Canis lupus dingo)
showed defensive or avoidance responses (Kluever et al., 2009).
These studies suggest that predator urine contains kairomone(s),
which induce robust avoidance behavior not only in wild deer,
but also in ungulate livestock.

In addition, hares (Lepus americanus) leave or avoid areas
treated with odors derived from several kinds of predator
(Sullivan et al., 1985a). American beavers (Castor canadensis) and
marsupials show defensive or avoidance responses to the odor of
wolves or dingoes (Lindgren et al., 1995; Parsons and Blumstein,
2010). Importantly, exposure to the urine of predators, but not
to that of herbivores or conspecifics, induces defensive behaviors
in laboratory rats (Rattus norvegicus), suggesting that laboratory

rats detect a predisposed-active cue in predator odors (Fendt,
2006).

Research clearly indicates that the urine and feces of many
carnivores, including wolves, contains kairomones that repel
their prey animals. In a practical application, the urine of wolves
or other predators can be used to drive away these animals
without killing them (Sullivan et al., 1985a,b; Lindgren et al.,
1995; Severud et al., 2011).

Chemical Physiology of the Volatile Constituents

in Wolf Urine and that of Other Wild Canids
The urine of the wolf (Raymer et al., 1984), coyote (Nolte et al.,
1994) and red fox (Jorgenson et al., 1978) contains numerous
chemicals that emit a strong stench. Raymer et al. (1984) analyzed
the chemical components of wolf urine that change with gender.
Gas chromatography-mass spectrometry (GC-MS) and gas
chromatography with a flame ionization detector (FID-GC) were
used to identify and quantify typical wolf urinary components.
The profile of volatiles resulting from GC separation was
obtained through a headspace sampling procedure by thermal
desorption of volatiles from a porous polymer (Tenax).
Several compounds including 13-isopentenyl methyl sulfide
(IMS), 3, 5-dimethyl-2-octanone, and acetophenone were clearly
associated with the gender of the animal, and also changed
seasonally (Raymer et al., 1984). Therefore, it is postulated that
the production of these wolf urinary chemicals depends on
reproductive hormones. In castrated male wolves, testosterone
induces the formation of some compounds typically associated
with the intact male (several types of middle chain alkyl ketones
and alkyl sulfides), while reducing the levels of other compounds
(i.e., 3-ethylcyclo-pentanone and acetophenone) associated with
castrated males and females (Raymer et al., 1986). Similarly,
four volatile chemicals (IMS, 2-phenylethyl methyl sulfide, 6-
methyl-heptene-2-one, and geranylacetone) were identified as
constituents of the urine of red foxes (both sexes), with greater
production during the winter season when mating occurred
(Jorgenson et al., 1978).

In addition to the reproductive hormones and the season,
the diet of a predator (the coyote) affected the ability of the
urine to cause avoidance behavior in prey (Nolte et al., 1994).
The authors used four species of rodent, namely the mountain
beaver (Aplodontia rufa), the house mouse (Mus musculus), the
deer mouse (Peromyscus maniculatus), and the guinea pig (Cavia
porcellus) as subjects in behavioral experiments. Urine samples
were collected from four urine donor coyotes that each ate only
cantaloupe melon (Cucumis melo) (FU) or only minced rawmeat
(MU) for 5 days while housed in metabolic chambers. After
acclimatization, the four species of rodent were given 24 h two-
choice tests between apple cubes associated with either the FU
or the MU. In this choice test, all four types of rodent ingested
significantly more apple cubes from bowls scented with FU than
they did from bowls that contained MU. Thus, all four species
of rodent avoided the MU odor in favor of the FU odor. The
results from high-performance liquid chromatography analysis
of the urine showed that two unidentified chemical peaks existed
only in MU. When MU was treated with mercuric chloride,
these two peaks disappeared and the avoidance behavior evoked
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by the MU odor also decreased (Nolte et al., 1994). These
data suggest that sulfurous metabolites of meat digestion are
important for the repellent nature of predator odors for potential
prey. Additionally, although these authors found that the FU and
the sulfur-deprived MU (SR) were both less aversive to prey than
the MU, the intake of food was reduced in the presence of FU
(and SR) relative to a control. This avoidance, therefore, might
be attributed to other non-sulfurous compounds (Nolte et al.,
1994).

When combined, it is conceivable that IMS (Wilson et al.,
1978) and its derivatives are the candidates of predator urinary
kairomones of wild canids, including the wolf. However, the
capacity of these synthesized chemicals to induce vigilance
behaviors in prey is limited, at least in a field experimental
setting. For example, Sullivan et al. (1988a) demonstrated that
when IMS or the analog (3-methyl-3-butenyl methyl sulfide;
MBMS) was dispensed within capillary tubes and attached to
apple trees with a twist-tie, there was no significant reduction
in feeding damage to these trees from meadow voles (Microtus
pennsylvanicus). Similarly, IMS and its analog did not cause
significant avoidance and/or vigilance behaviors by pocket
gophers (Thomomys talpoides) (Sullivan et al., 1988b), Mountain
beavers (Aplodontia rufa) (Epple et al., 1995), or ungulates
(Lindgren et al., 1995; Nolte et al., 2001). Only the snowshoe hare
(Lepus americanus) effectively avoided the MBMS (Sullivan and
Crump, 1986). Therefore, wolf urine likely contained additional
kairomones that were used in predator-prey chemosignaling.

Identification of Wolf Kairomones by Mice

Alkyl Pyrazine Analogs are Wolf Kairomones
In a previous study (Osada et al., 2013), the avoidance (Fendt,
2006; Ferrero et al., 2011) and freezing behaviors (Wallace
and Rosen, 2000; Fendt et al., 2005; Buron et al., 2007; Fendt
and Endres, 2008) of female house mice in response to wolf
urine were systematically analyzed. Three sets of commercially
available urine samples, which were harvested approximately
in November 2009, January 2010, and March 2010, from both
genders of wolves that belonged to the same pack (n > 10) were
obtained. Asmentioned in the previous sections, the odor and the
chemical components contained in wolf urine depend on the diet,
the season, and the hormonal status of the animal. Therefore,
differences might be expected in the avoidance behavior induced
in mice by these different urine samples. However, all undiluted
samples induced significant avoidance behavior in the mice when
compared with the control (Figure 1A).

Predator scents comprise complex cocktails of volatiles,
some of which emit a strong stench. Endres and Fendt (2009)
showed that trimethylthiazoline (TMT), a kairomone derived
from fox feces, induces freezing behavior in prey at very low
concentrations. However, butyric acid, which is a repugnant,
non-predator odor, did not induce such behaviors. Therefore,
to determine which of the urine samples contained the most
kairomones, avoidance, and freezing behavior bioassays were
conducted using diluted urine samples. Osada et al. (2013) found
that one group of urine samples, those harvested in March,
induced the strongest vigilance behavior in mice (Figures 1A,B);

these results indicate that the levels of kairomones in wolf urine
might also increase near the end of the breeding season.

To identify potential novel kairomones in wolf urine, GC-
quadrupole MS in conjunction with headspace solid phase
micro-extraction was conducted. From over 50 representative
peaks, 2, 6-dimethylpyrazine (DMP), 2, 3, 5,-trimethylpyrazine
(TMP), and 3-ethyl-2, 5-dimethyl pyrazine (EDMP) were among
several volatiles present at higher concentrations in the urine
sample collected in March than in samples collected at other
times (Figure 1C; peaks (14), (16), and (17), respectively).
The concentration of 1-(methylthio)-2-methylbut-2-ene (peak
number 9) tended to be highest in the March urine samples,
although the difference was not statistically significant. Although
these volatiles were characterized by a strong odor, there were
no previous reports suggesting that they facilitate conspecific
communication among canines (Jorgenson et al., 1978; Raymer
et al., 1984). Therefore, these volatiles were hypothesized to be
novel kairomones in the urine of wolves (Osada et al., 2013).

The results of additional behavioral and
immunohistochemical studies indicate that these pyrazine
analogs, especially a cocktail thereof, elicit significant freezing
behavior in mice, at least in part by stimulating the murine
accessory olfactory bulb (AOB). Thus, the pyrazine analogs
identified in wolf urine represent a set of novel kairomones that
initiate fear-related behavior in mice.

The Putative Sensory System Involved in

Inducing Freezing and Avoidance Behavior in

Response to Kairomones for Rodents
For several reasons, it is likely that these pyrazine analogs
stimulated the main olfactory epithelia (MOE) to induce the
freezing behavior. First, most of the alkyl pyrazine analogs
are volatile compounds that emit a pungent odor (Tsantili-
Kakoulidou and Kier, 1992). Second, measured as the uptake
of [14C] 2-deoxyglucose, Johnson et al. (2005) demonstrated
that 2,3-dimethylpyrazine caused a robust stimulation of the
glomerular layer of the rat main olfactory bulb (MOB). Third,
the freezing behaviors are only observed in response to repugnant
predator odors, such as TMT (Papes et al., 2010). In addition to
the pyrazine analogs, there are several other predator odorants
that elicit significant vigilance behaviors in rodents (Table 1). For
example, Vernet-Maury (1980) reported that TMT is the primary
component of the odor of fox feces, and that it induces autonomic
and behavioral anti-predator responses in rodents. For example,
experimental rats and mice exposed to the odor of foxes or to
TMT (Vernet-Maury et al., 1984; Fendt et al., 2005) showed fear-
related response behaviors, such as freezing-in-place (Wallace
and Rosen, 2000; Buron et al., 2007; Fendt and Endres, 2008;
Janitzky et al., 2009). Kobayakawa et al. (2007) demonstrated
that TMT is mainly detected in the dorsal domain of the MOB.
Similarly, rodents exposed to cat-derived odors displayed dose-
dependent vigilance responses, including freezing, avoidance,
and the increased production of stress hormones (Takahashi
et al., 2005, 2007, 2008). Although little is known about the
chemical basis underlying cat odor-induced freezing behavior,
volatile compounds containing 3-mercapto-3-methyl-1-butanol
have been identified as species-specific odorants in cat urine.
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FIGURE 1 | Identification of novel kairomones (pyrazine analogs) in wolf urine. (A) Avoidance rates observed during exposure of mice to wolf urine samples

harvested in approximately November 2009, January 2010, and March 2010. The avoidance rate was defined as the amount of time spent in the short arm of a Y

maze in the presence of the control odor (water), divided by the total amount of time spent in both short arms in the presence of the wolf urine odor or the control

odor. The statistical significance of the differences between the avoidance rates elicited by each of the wolf urine samples was assessed by repeated-measures

ANOVA followed by Fisher’s PLSD post-hoc test. (B) Comparison of the duration of “freezing” (immobilization behavior) by mice during a 3min exposure to five-fold

diluted wolf urine samples. The statistical significance of the differences between the freezing duration in response to wolf urine samples was compared with control

(water) by means of ANOVA followed by Dunnett’s post-hoc test. (C) Chromatograms from GC-MS analyses of wolf urine samples. Numbers refer to the following

compounds: (8) 13-isopentenyl methyl sulfide; (9) 1-(methylthio)-2-methylbut-2-ene; (10) 3-buten-1-ol, 3-methyl-; (11) 4-methyl-3-heptanone; (12) 2,4-dithiapentane*;

(13) 1-pentanol, 2-methyl-; (14) pyrazine, 2,6-dimethyl- (DMP)*; (15) dimethyl trisulfide*; (16) pyrazine, trimethyl- (TMP)*; (17) pyrazine, 3-ethyl-2,5-dimethyl (EDMP)*;

(18) acetic acid*. *Identified by GC-MS (n = 6) and by comparison with the retention times of identified chemicals. All figures modified from Osada et al. (2013).

These sex- and age-dependent cat-specific volatile compounds
(Miyazaki et al., 2006) are detected as territorial markers and are
used in conspecific recognition or in female attraction by mature
male cats (Miyazaki et al., 2008). To detect predator signals,
rodents may also use these volatiles. Using a reporter gene assay
with trace amine-associated receptors (TAARs), Ferrero et al.
(2011) found that the mouse TAAR4 selectively responded to the
urine of several carnivores. Then, bobcat urine was fractionated
with silica gel chromatography and analyzed with the reporter
gene assay. The results showed that 2-phenylethylamine, a
common component of the urine of various carnivores was a
key component of an odorant blend that triggers spontaneous
aversion via the olfactory sensory neurons (Table 1). In contrast
to the TMT and the predator-derived lipocalins (Papes et al.,
2010; see below), 2-phenylethylamine was identified in the urine
of many species of carnivore and therefore might enable prey
to avoid novel and dangerous predators (Liberles, 2014). Taken
together, most of the above-mentioned volatile chemicals act by
stimulating the MOE.

In addition to the primary olfactory system, most mammals
have a vomeronasal system; this system contributes to the

detection of certain conspecific pheromones, and it also perceives
common volatile odorants (Trinh and Storm, 2003; Brennan
and Keverne, 2004). Moreover, the vomeronasal system is
thought to detect interspecific kairomones. For example, Ben-
Shaul et al. (2010) identified a significant set of murine AOB
neurons that respond robustly and selectively to predator cues.
In addition, the exposure of rodents to cat odors increased
the number of Fos-positive cells in the AOB (Staples et al.,
2008). However, the chemical composition of these kairomones
in predators remains difficult to determine. Papes et al. (2010)
showed that in VNO-defective animals, TrpC2−/−, the odor
from mice predators (urine from rats, neck swab of cats,
shed skin of snakes) did induce avoidance and risk assessment
behaviors. The authors then purified the kairomones using size
extraction fractionation and anion exchange FPLC techniques
and identified the kairomones using behavioral and Ca2+

imaging assays. They demonstrated that the major urinary
protein of rat (lipocalin) and recombinant feline Mup (based on
Mup Feld4 in cat saliva) (Table 1) are sufficient to activate VNO
and AOB neurons and initiate both defensive behavior and the
ACTH response.
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Osada et al. (2013) suggested that pyrazine analogs stimulated
the AOB; therefore, they examined the immunoreactivity of Fos,
a marker of neuronal excitation, primarily in the AOB. They
found that the immunoreactivity of Fos was different in the
AOB, particularly in the posterior granule cell layer, after mice
were exposed to fresh wolf urine samples. These results suggest
that substances in wolf urine cause excitation in part of the
vomeronasal system. In this regard, pyrazine analogs might be
the first identified volatile urinary chemosignals that evoke fear-
associated immobilization and stimulate the rodent AOB and
perhaps the MOB as well. Further studies are in progress to
clarify the precise neurophysiological mechanisms underlying
hard-wired fear-related responses evoked by pyrazine analogs.

In addition to the MOE and the VNO, the Gruenberg
Ganglion is a detector of kairomones. According to previous
studies, principal anal gland compounds from the stoat (Mustela
erminea) and ferret (M. putorius) markedly alter the distribution
of gophers (Thomomys talpoides) and clearly reduce the feeding
of meadow voles on apple trees (Crump, 1978, 1980; Crump
and Moors, 1985; Sullivan et al., 1988a,b). The predator odor
chemicals involved comprise alkylthietanes and dithiolane,
which were ether-extracted from excretions of the anal gland.
Additionally, Brechbühl et al. (2013) demonstrated that 2-
propylthietane, TMT, and 2-sec-butyl-4, 5-dihydrothiazole elicit
freezing behavior in C57BL/6Jmice by stimulating the Gruenberg
Ganglion. Interestingly, several alkyl pyrazines, including DMP
and TMP, can induce Fos-positive Gruenberg Ganglion cells in
a dose-dependent manner (Mamasuew et al., 2011). Therefore,
it is conceivable that these pyrazine analogs also induce robust
fear-related behaviors by stimulating the Gruenberg Ganglion.

Putative Mechanism for the Production of

Pyrazine Analogs in Predator Urine
The mechanism(s) by which pyrazine analogs are produced
in wolf urine is unknown. However, an intriguing possibility
is related to glycation, which occurs in all living animals
(McPherson et al., 1988; Fu et al., 1992). Alkylpyrazine
analogs are a typical class of glycation compound (Adams
et al., 2008), which are formed between reducing sugars and
glycine oligopeptides (Lu et al., 2005). Actually, food-derived
oligopeptides can be detected in the blood after oral ingestion
of meat and collagen (Iwai et al., 2005; Bauchart et al., 2007).
Therefore, it is conceivable that the blood glucose and amino
compounds derived from foods containing meat or connective
tissue may be the source of pyrazine analogs generated in the
urine of wolves and, perhaps, other carnivores.

The Effect of Putative Kairomones in Wolf

Urine on Ungulates

Aversion and Vigilance Behaviors in Hokkaido

Deer Exposed to Pyrazine Analogs—a Field

Experiment
As mentioned above, Osada et al. (2013) identified a set of
pyrazine analogs as wolf urinary kairomones that induce aversive
and freezing behaviors in mice. A cocktail of these compounds

had a greater effect than any one component alone. Because the
wolf preys on various kinds of mammal, including ungulates, the
authors thought that the pyrazine analogs might be kairomones
that induce vigilance and fear in large mammals. Therefore,
to investigate the ability of the pyrazine cocktail to act as a
kairomone in prey animals other than mice, Osada et al. (2014)
performed a field experiment on Hokkaido deer (Cervus nippon
yesoensis). The experiment was conducted in a seminatural deer
park (44◦12′ N and 142◦48′ E, Nishiokoppe, Hokkaido, Japan).
Approximately 30 deer inhabited an enclosed area and had free
access to herbage, bamboo grass, tree leaves, bark, and water.
The feeding experiments were conducted twice, from summer
to autumn, 2013. When individual male and female deer were
followed, the pyrazine cocktail suppressed the duration and
frequency of access to the feeding area by half. The cocktail
also led to deer taking twice as long to reach the feeding area.
Moreover, the cocktail elicited vigilance behaviors around the
feeding areas, such as tail-flag (deer lift up their tail), flight (deer
rapidly escape with their necks retracted), and jump (deer spring
back; Figure 2). These behaviors might indicate fear and may act
as alarm signals to warn conspecifics of impending danger (Caro,
1995, 2005; Eilam, 2005; Stankowich and Coss, 2006); thus, the
results from this field study suggest that the pyrazine cocktail
acted as a wolf kairomone, eliciting fear-associated aversive
behaviors in deer (Osada et al., 2014).

Hokkaido Deer Have “Remembered” the Scent of

a Predator, the Wolf, for 100 Years
The observation that the pyrazine cocktail acted as a wolf
kairomone leads to the following question: why do Hokkaido
deer show fear-associated aversive responses to the pyrazine
analogs that form part of the scent of wolf urine? Japanese wolves
(Hokkaido wolf, C. l. hattai; Honshu wolf, C. l. hodophilax)
have been extinct for the last 100 years (Walker, 2005), so
the individual deer used in the experiment have never been
under threat of predation by wolves. Thus, the pyrazine cocktail
may elicit a predisposed fear response in deer. Numerous
studies demonstrate the persistence of responses to the scent
of predators, and to their kairomones, in laboratory strains of
rodents that have not experienced predation for several hundred
generations (Apfelbach et al., 2005; Fendt, 2006; Osada et al.,
2013; Takahashi, 2014).

Berger (1999) and Pyare and Berger (2003) reported that
female moose (Alces alces) from a region that overlapped with the
territory of a wolf pack (mainland Alaska) showed significantly
stronger vigilance behavior when exposed to the odors of wolves
than female moose from a region in which wolves were absent
for at least 60 years until the 1990s (Wyoming). However,
notably, the vigilance behavior was not higher than that of
moose in a predator-free region (Kenai Peninsula) suggesting
that learning was not a necessary component of the avoidance
behavior induced by wolf urine. Additionally, Chamaillé-Jammes
et al. (2014) obtained a similar result in a field study conducted on
the Haida Gwaii archipelago in Canada, where black-tailed deer
exhibit a fear response to wolf urine, even after more than 100
years of wolf absence. Interestingly, the response to wolf urine is
greater than the response to urine derived from the black bear
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FIGURE 2 | Fear-related behaviors of male and female Hokkaido deer evoked by pyrazine analogs in the feeding experiment. The proportion of tail-flag,

flight, and jump actions were estimated by calculating the ratio of the number of times each action was performed by males (n = 27) and females (n = 19) to the

number of deer accessing the feeding areas. Open and closed bars indicate control and pyrazine cocktail feeding areas, respectively. *p < 0.05, **p < 0.01, Wilcoxon

signed-rank test. †p < 0.05, ††p < 0.01, Mann-Whitney U-test. Lower panels show typical photographs of each of the fear-related behaviors. Modified from Osada

et al. (2014).

(Ursus americanus), which is currently present but is potentially
a less dangerous predator for black-tailed deer. Moreover, wolves
are more efficient predators than black bears, which typically
attack fawns and rarely attack adults, and have little success when
they do (Zager and Beecham, 2006). The authors concluded that
the result is in accordance with “the hypothesis of the innate
threat-sensitive foraging,” which states that fear responses of prey
species to predator cues should be adjusted to the level of danger
posed by the predator. Additionally, based on “the multipredator
hypothesis” proposed by Blumstein and colleagues (Blumstein,
2006; Blumstein et al., 2006, 2008), the authors speculated that
the response to a more dangerous predator (the wolf) might be
maintained by encountering a less dangerous predator if both
predators’ cues are similar, or if the responses are genetically
linked (Chamaillé-Jammes et al., 2014). Therefore, Hokkaido
deer may have maintained their recognition of, and response to,
wolf scent by having contact with current existing predators such
as the Hokkaido brown bear (Ursus arctos yesoensis) and the red
fox (Vulpes vulpes schrencki).

Pyrazine analogs are not only found in the urine of predators
but also in a wide variety of plants (Bohman et al., 2012, 2014),
insects (Tentschert et al., 2000; Sharma et al., 2011), terrestrial
vertebrates (Novotny et al., 1986; Woolfson and Rothschild,
1990; Zhang et al., 2005) and foods (EFSA Panel on Food
Contact Materials Enzymes Flavourings and Processing Aids
(CEF), 2011). This widespread distribution suggests that pyrazine
analogs are of special significance as semiochemicals for different
types of organism. However, we cannot preclude the possibility
that these deer were previously exposed to other substrates that
contain identical or similar components and, therefore, might

display a learned fear response to the pyrazine mixture. Further
research is required to clarify this point.

Sexual Dimorphism in Vigilance Behaviors in

Response to Wolf Scent
Of the fear-related vigilance behaviors of deer quantified in the
field experiment, flight and jump behaviors occurred frequently
in females in the presence of the pyrazine cocktail (Figure 2;
Osada et al., 2014). Although more data are needed before we
can draw a firm conclusion, we also believe that the male deer
with the largest antlers were less likely to show vigilance behaviors
in response to the pyrazine cocktail than the other males and
females. Thus, the response of deer to the pyrazine cocktail
representing wolf scent is partly dependent on their sex, and,
possibly, on the position of males in the social hierarchy of the
herd.

Sexual dimorphism in the fear response has been studied
in laboratory animals. For instance, in laboratory rats, mice,
and meadow voles, females exhibit stronger responses to the
odor of a predator (the red fox) than males (Perrot-Sinal
et al., 1996; Hubbard et al., 2004; Buron et al., 2007). Age-
related and hormonal variation has been also reported in the
response to predator odors (Hubbard et al., 2004; King et al.,
2005). At present, genetic and pharmacological studies have
begun to be implemented to investigate the neural circuits
that regulate fear of predator odors. For example, Choi et al.
(2005) identified LIM (Lin-11, Is1-1, Mec-3) homeodomain
transcription factors as molecular markers for the sub-nuclei
of the medial amygdala, which is responsive to predator odors.
Moriceau et al. (2004) indicated that corticosteronemight control
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the fear response of infant rats to conspecific predator odor,
and that the response might be mediated by activation of the
basolateral/lateral amygdala. Do Monte et al. (2008) suggested
that noradrenergic transmission may modulate the expression
of the fear response of rats to cat odor through the dorsal
pre-mammillary nucleus. This knowledge is likely to facilitate
further studies on sexual dimorphism in fear of predator odor
in laboratory animals, and also in wild animals.

Potential for the Novel Wolf Kairomones to Act as

Repellents for Ungulates
Researchers have identified various kairomones derived
from odors of predators of rodents (Table 1). To the best
of our knowledge, the pyrazine cocktail is the first example
of kairomones that elicit aversive behavior in both rodents
and ungulates. Excessively large deer populations may cause
economic losses in agricultural, horticultural, and forest
resources. To minimize such losses, natural odor sources are
frequently used as chemical repellents for ungulates (Apfelbach
et al., 2005; Kimball et al., 2009). Synthetic odors, however, have
had little or no effect so far (Apfelbach et al., 2005). Because of
its aversive effect on deer, the pyrazine cocktail might be effective
as a chemical repellent for deer. Clearly, an excellent repellent
must have a persistent effect. Studies confirm that the pyrazine
cocktail had a good repellent effect when tested on the same herd
of deer, and the effect lasted at least 1 month after the first day of
the experiment (Osada et al., 2014).

An ideal repellent should also be a natural product. The
pyrazine analogs in the cocktail are natural, non-carcinogenic,
and of low acute toxicity; indeed, they are responsible for
the characteristic roasted aromas in foods such as coffee,
peanuts, beef, and potato (EFSA Panel on Food Contact
Materials Enzymes Flavourings and Processing Aids (CEF),
2011). Actually, some kinds of alkyl pyrazine are widely
used as flavoring ingredients in foods (Burdock and Carabin,
2008). Therefore, the pyrazine cocktail is expected to be
an effective deer repellent that will not damage the natural
environment.

Conclusions

We first reviewed historical studies relating to chemical
communication between wolves. Urinary chemical
communication between conspecifics in wolf packs is important
in wild habitats. Moreover, the urine of wolves is also used
as kairomones by prey animals. Next, we discussed the
identification, chemical basis, and putative sensory system of
wolf kairomones compared with other kairomones that affect
rodents. We presented the possibility that wolf urine, and the
pyrazine analogs contained therein, provoke a fear response
by stimulating three different sensory systems, namely, the
murine vomeronasal system, the main olfactory system and,
perhaps, the Gruenberg Ganglion. In future, a number of novel
semiochemicals which stimulate the three sensory systems may
be found. We then discussed studies showing that these pyrazine
analogs elicited vigilance behaviors not only in rodents, but also
in an ungulate, the Hokkaido deer. In this section we discussed
howHokkaido deer have remembered the scent of wolves for 100
years or more. In addition, the sexual dimorphism in vigilance
behavior and the potential of wolf kairomones to act as repellents
were mentioned. Further studies are required to determine
whether the vigilance response of deer to the pyrazine cocktail
is predisposed or learned. Moreover, the discovery that pyrazine
analogs evoke vigilance behaviors in prey animals provides
a strong rationale for additional studies of odorant-induced
behaviors and the neurophysiological mechanisms underlying
them.
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In the wild, animals have developed survival strategies relying on their senses. The

individual ability to identify threatening situations is crucial and leads to increase in the

overall fitness of the species. Rodents, for example have developed in their nasal cavities

specialized olfactory neurons implicated in the detection of volatile cues encoding for

impending danger such as predator scents or alarm pheromones. In particular, the

neurons of the Grueneberg ganglion (GG), an olfactory subsystem, are implicated in the

detection of danger cues sharing a similar chemical signature, a heterocyclic sulfur- or

nitrogen-containing motif. Here we used a “from the wild to the lab” approach to identify

new molecules that are involuntarily emitted by predators and that initiate fear-related

responses in the recipient animal, the putative prey. We collected urines from carnivores

as sources of predator scents and first verified their impact on the blood pressure of

the mice. With this approach, the urine of the mountain lion emerged as the most

potent source of chemical stress. We then identified in this biological fluid, new volatile

cues with characteristic GG-related fingerprints, in particular the methylated pyridine

structures, 2,4-lutidine and its analogs. We finally verified their encoded danger quality

and demonstrated their ability to mimic the effects of the predator urine on GG neurons,

on mice blood pressure and in behavioral experiments. In summary, we were able to

identify here, with the use of an integrative approach, new relevant molecules, the pyridine

analogs, implicated in interspecies danger communication.

Keywords: olfaction, Grueneberg ganglion, predator scents, blood pressure, HS-SPME, GC-MS analysis, calcium

imaging, behavior

Introduction

Predators and preys interact actively and continuously using their senses to find food or to avoid
being eaten (Kavaliers and Choleris, 2001). In addition to their visual and auditory appreciation of
their threatening neighborhood, preys have, for example, developed elaborated olfactory abilities
to detect predator scents. Indeed by eating meat, carnivores involuntary influence their own
scents that will be interpreted by the prey as the presence of an impending danger (Nolte
et al., 1994; Hui, 2012). Profound behavioral alterations as well as modulation of essential
physiological conditions such as the increase of stress-related hormones or the elevation of the
blood pressure of the preys have been, for example, observed in the presence of these predator
scents (Dielenberg and McGregor, 2001; Horii et al., 2010; Takahashi, 2014). These scents are
a cocktail of chemical molecules with diverse physicochemical properties and structures, which
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act as interspecies communicating cues and are therefore named
kairomones (Brown et al., 1970). They are present in the
biological secretions of predators from their anal glands, feces, or
urines (Apfelbach et al., 2005; Wyatt, 2014). They are deciphered
by different olfactory neurons segregated in subsystems present
in the nasal cavities of the preys (Takahashi, 2014). Large arrays of
predator-derived proteins acting as non-volatile kairomones can
be detected by specific neurons found in the vomeronasal organ
(VNO) of the prey (Papes et al., 2010; Isogai et al., 2011). On
the other hand, small volatile kairomones are mainly detected by
sensory neurons found in the main olfactory epithelium (MOE)
or in the Grueneberg ganglion (GG) subsystems. Kairomones
may have their physiological effects in preys as single chemical
cues. For example, the 2-phenylethylamine (PEA) that is found at
higher level in carnivore’s urine than in rodent’s urine (>300µM
in lion vs. <1µM in rat) is specifically detected by amine-
sensitive neurons in the MOE (Ferrero et al., 2011; Dewan et al.,
2013; Zhang et al., 2013). The 2,4,5-trimethylthiazoline (TMT)
found in red fox feces (Fendt et al., 2005) is also a robust single
volatile kairomone that is detected concomitantly by the dorsal
MOE (Kobayakawa et al., 2007) as well as by the GG (Brechbühl
et al., 2013b) to further initiate important behavioral effects
(Perez-Gomez et al., 2015).

The particularity of the GG olfactory subsystem resides in
its specifically tuned chemical detection abilities. Indeed, this
rostral olfactory subsystem found in rodents (Grüneberg, 1973;
Tachibana et al., 1990; Fuss et al., 2005; Koos and Fraser, 2005;
Fleischer et al., 2006a; Roppolo et al., 2006; Storan and Key, 2006;
Fleischer and Breer, 2010; Brechbühl et al., 2014) is dedicated to
the detection of volatile danger molecules from both intra and
interspecies origins such as alarm pheromones (Brechbühl et al.,
2008; Debiec and Sullivan, 2014) and kairomones (Brechbühl
et al., 2013b) which share heterocyclic sulfur- or nitrogen-
containing structures (Mamasuew et al., 2011; Brechbühl et al.,
2013a,b; Hanke et al., 2013). These chemical cues initiate, in
the recipient animal, stress reactions (Brechbühl et al., 2013b;
Matsuo et al., 2015; Perez-Gomez et al., 2015). Molecules such
as the 2-sec-butyl-4,5-dihydrothiazole (SBT, a recently identified
mouse alarm pheromone, Brechbühl et al., 2013b), the 2,6-
dimethylpyrazine [2,6-DMP, found for example in the wolf
(Osada et al., 2013) and the bobcat (Mattina et al., 1991)] or
the 2,3-dimethylpyridine (2,3-lutidine, Mamasuew et al., 2011;
Hanke et al., 2013) share this same signature and were found to
initiate GG-evoked neuronal responses.

The identification of chemical molecules that encode for
innate fear reactions throughout the initiation of hard-wire
neuronal circuitries is a challenging aspect of neuroscience and
is fundamental for studying the interspecies communication as
well as the pharmacological aspect of the neuronal olfactory
pathways. The difficulty in the search of new encoding danger
molecules resides principally in the screening of large repertoires
of chemicals found in the wild (predator scents or alerting
conspecifics) as well as to the vast possibility of detecting neurons
found in the nose of the prey. Indeed, after classical chemical
identification, each candidate molecule needs to be evaluated
individually on the animal for its potential fear-evoked reactions
before testing it on olfactory neurons, which could be time and

animal-consuming (Brechbühl et al., 2013b; Kiyokawa et al.,
2013; Osada et al., 2013). Moreover, encoding danger cues could
have diverse chemical structures and small structural variations
might also provoke distinctive sensations and neurophysiological
responses in the recipient animal (Araneda et al., 2000; Nara et al.,
2011; Peterlin et al., 2014). Taking advantage of the chemical
structural fingerprint of known GG ligands as baits (Brechbühl
et al., 2013b), we here used a “from the wild to the lab” approach
to identify new predator-derived kairomones with the hypothesis
that they will initiate GG responses and generate fear-reactions
in mice (Brechbühl et al., 2008, 2013b; Debiec and Sullivan,
2014; Perez-Gomez et al., 2015). We first collected urines from
different carnivores and we evaluated further by a non-invasive
tail-cuff approach (measurement of blood pressure) the stress
responses they generated in mice. The most potent urine, the
mountain lion urine, was then analyzed by HS-SPME/GC-MS.
We identified in this biological fluid, new putative kairomone
candidates. We focused our attention on novel small volatile
molecules, in particular the 2,4-lutidine (2,4-dimethylpyridine)
and its analogs, as they shared the structural GG-fingerprint
and indeed generated GG-evoked neuronal responses. We finally
verified their encoded danger quality in mice using both blood
pressure measurements and behavioral analysis. In summary,
we used an integrative approach to identify new relevant
volatile molecules implicated in predator-prey communication
and identified pyridine analogs as new potent kairomones.

Materials and Methods

Animals
C57BL/6 (Mus musculus; Janvier Labs) and OMP-GFP mice
(Potter et al., 2001) were used from pups to adult ages. The OMP-
GFP is a particular gene-targeted mouse strain that expresses the
green fluorescent protein (GFP) as a histological reporter under
the control of the olfactory marker protein (OMP) promoter
(Mombaerts et al., 1996; Potter et al., 2001) that is specifically
expressed in mature olfactory sensory neurons (Margolis, 1972).
Mice were killed by cervical dislocation or by CO2 inhalation.
The experimental procedures were in accordance with the Swiss
legislation and approved by the EXPANIM commitee of the
Lemanique Animal Facility Network and the veterinary authority
of the Canton de Vaud (SCAV).

Urine Collection and Conditioning
Urine samples were directly collected at the Servion Zoo
(Servion, CH) or purchased (PredatorPee, Inc., USA). They could
originate from one or more than one animal. Carnivore urines
were from the mountain lion (Puma concolor), snow leopard
(Panthera uncia), Siberian tiger (Panthera tigris altaica), bobcat
(Lynx rufus), gray wolf (Canis lupus), red fox (Vulpes vulpes),
and coyote (Canis latrans). Attempts of urine collection were also
performed from the serval (Leptailurus serval), artic fox (Alopex
lagopus), artic wolf (Canis lupus arctos), and ferret (Mustela
putorius furo), but the amounts of urine collected were not
sufficient for further analysis. As internal control, urine of a non-
carnivore, the American bison (Bison bison) was used. Urine
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samples were rapidly filtered (0.22µm), aliquoted in sterile tubes
and kept at−80◦C until used.

Measurement of the Mice Blood Pressure by the

Tail-cuff Approach
The indirect and non-invasive computerized tail-cuff
method (Krege et al., 1995; Fox, 2007) was used to monitor
simultaneously the blood pressure of 5–6 adult male C57BL/6
mice (10.6 ± 1.9 weeks). Mice were trained for the procedure
during five continuous days with the affiliated investigator
(Sorge et al., 2014) and the equipment (BP-2000; Visitech)
in a behavioral room (23◦C, normal light cycle) to limit
experimental-related stress such as balloon inflation (Zhao
et al., 2011). The system was composed of tree principal parts:
the platform, where mice were in experimentation, the control
unit, which comprised the power supply and the air pump and
a computer to generate experimental protocols and to record
individual waveform signals. After calibrating the tail-cuff
apparatus, mice were placed on the platform in the magnetic
restrainers, their tails were inserted through the cuff/pulse sensor
and immobilized with adhesive tape. The platform was heated at
37–39◦C to increase the detection of the oscillation waveforms
generated by the blood flow rate in the tails. Each session was
composed of 10 successive measurements of the systolic and
diastolic pressure after the automatic determination of the pulse
rate. The system used a photoplethysmographic signal waveform
analysis (Shelley and Shelley, 2001; Alian and Shelley, 2014).
Briefly, a red light-emitting diode (LED) illuminated the tails of
the mice and changes in light absorption due to vessel dilation
were detected across time and displayed as oscillating waveform
signals on the computer. Diastolic and systolic pressures were
perceived by monitoring the vessel dilation during the occlusion
cuffs inflation (balloon inflation). The diastolic pressure was
defined as the cuff pressure necessary to observe the decrease
of the waveform amplitude. The systolic blood pressure was
defined as the cuff inflation pressure necessary to fall below
10% of its original stable amplitude (Krege et al., 1995). The
mean pressure was calculated as the mean of the measured
diastolic and systolic pressure. Measurements obtained in the
presence of excessive animal movements were discarded. For
each automatized session, mean individual pressures (diastolic,
systolic and mean pressure) were obtained as the average of the
10 attempted measurements.

Screening for Volatile Bioreactive Samples by the

Tail-cuff Approach
Measurements of blood pressure were performed to evaluate the
natural stressful stimuli (Dielenberg et al., 2001) in mice. Tail-cuff
recording sessions were done in the morning (9.00–11.00 a.m.)
and in the afternoon (1.30–3.00 p.m.). To examine the impact of
the tested volatile cues on mice blood pressure, pieces of blotting
papers (1 × 1 cm) were placed in front of each tested mouse
without any animal contact. 100µl of the tested substances
were deposited on them. The general evaluation procedure was
performed with one conditioning measuring session (blotting
papers alone) followed by three continuous control sessions (Ctrl;
blotting papers with water) and three continuous sessions with

the tested substances (Test; blotting papers with pure urine or
1% of synthetic cues in water, Hacquemand et al., 2013; Osada
et al., 2013). Average of the three Ctrl sessions and the three
test sessions were used to obtain the individual Ctrl and Test
pressures. Each urine was evaluated once per animal to avoid any
learning process (Kass et al., 2013).

HS-SPME/GC-MS Analysis
Headspace coupled to solid phase microextraction (HS-SPME)
followed by gas chromatography coupled to mass spectrometry
(GC-MS) was used to analyze volatile compounds released from
the selected urine samples (Sporkert and Pragst, 2000; Ouyang
and Pawliszyn, 2006; Brechbühl et al., 2013b; Osada et al.,
2013). Briefly, for volatile analysis of the urines, a triplicate
experiment (three different aliquots originating from the same
urine sample) was performed with a polydimethylsiloxane-
divinylbenzene portable fiber of 60µm film thickness (PDMS-
DVB, Supelco) inserted into the headspace of airtight 20ml
vials (# 8010, Agilent) containing 500µl of the urine saturated
with sodium chloride and placed on a heater (at 40◦C) under
constant magnetic agitation for 30min. The same procedure was
done with water to identify volatile contaminants present in the
experimental procedure. Qualitative analyses of the extracted
components present on the fibers were performed using a
GC (6890 Plus, Agilent) coupled with a selective MS (HP
5973N, Agilent) with the analyzing software (MSD ChemStation,
Agilent). The SPME fiber extracts were desorbed in the injector
in splitless mode for 5min at 250◦C. The oven was set at an initial
temperature of 40◦C and ran for 20min until 250◦C. The MS
was operated in the full-scan mode between 10 and 300 amu.
The column used (DB-XLB, Agilent) measured 30m length with
a 0.25mm I.D. and 0.25µm film thickness with helium 5.0 as
carrier gas. WileyN7 and NIST14 Mass Spectral libraries were
used for chemical identification. Characteristic m/z values for
each volatile of interest were obtained from reference spectra
and used to verify the presence of the corresponding compound.
For precise chemical identification, indicated by dots (•), similar
procedures with pure reference standards (1:100,000), were used
to confirm the presence of the identified cues. The specific ion
(m/z= 107) at a retention time 8.285min (RT8.285) was used, for
example, to identify the 2,4-lutidine.

Tissue Preparation and Calcium Imaging
Noses from OMP-GFP mice (P1-7) of both sexes were dissected
in ice-cold artificial cerebrospinal fluid (ACSF), containing
118mM NaCl, 25mM NaHCO3, 10mM D-glucose, 2mM KCl,
2mM MgCl2, 1.2mM NaH2PO4, and 2mM CaCl2 (pH 7.4)
saturated with oxycarbon gas [95% O2: 5% CO2; (vol/vol)]
under a fluorescence-equipped dissecting microscope (M165
FC; Leica). For calcium imaging experiments, acute tissue slice
preparations of the GG were performed (Brechbühl et al., 2008,
2014). Briefly, the tip of the nose was included in a block of low
melting 4–5% agar. Coronal slices of 70µmwere generated on ice
with a vibroslicer (VT1200S, Leica). Slices were selected under
a fluorescent stereomicroscope (M165 FC, Leica) in accordance
with their general morphology and their GFP expression. Fura-
2 acetoxymethyl ester (AM) (5µM; TEFLabs) was used as a
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ratiometric calcium dye. Slices were incubated with adjunction
of pluronic acid (0.1%; Pluronic F-127, Invitrogen) for 60min
(37◦C, 5% CO2) and were immobilized with a slice anchor
in a bath chamber (RC-26, Warner Instruments). A bipolar
temperature controller (SC-20/CL-100, Warner instruments)
was used to maintain the bath temperature between 23 and
25◦C. Visualizations were made under an inverted fluorescence
microscope (Axio Observer.A1, Zeiss) with a 40x objective and a
sensitive camera (Cool SNAP-HQ2, Photometrics). The software
MetaFluor (MetaFluor, Visitron Systems) was used to monitor
intracellular calcium variations and to acquire images (Brechbühl
et al., 2011).

Chemostimulation
Urine and synthetic cues (ordered from Sigma-Aldrich, Alfa
Aesar, or Contech) were used as chemostimulants for calcium
imaging experiments and were prepared fresh before each
experiment directly diluted in ACSF with osmolarities situated
between 285 and 290 Osm/L. The final dilution of the tested
urine was at (1:1000) and the final concentration of synthetic
cues was at 100µM (Spehr et al., 2002; Brechbühl et al., 2013a).
A short perfusion of extracellular potassium (KCl; 25mM) was
used as a cellular viability test. During the perfusion of ACSF,
the spontaneous (Liu et al., 2012) intracellular calcium changes
were considered as baseline activity. An increase twice larger than
this baseline (corresponding to near 10% of the KCl response)
was considered as a neuronal evoked-response (Brechbühl et al.,
2013b).

Behavioral Analysis
An open field exploration test (Bailey and Crawley, 2009;
Brechbühl et al., 2013b) was used to challenge the anxiety and
stress-related behaviors of seven adult male C57BL/6 mice (10.6
± 0.8 weeks). Briefly, 7 days before the beginning of the test,
each mouse was isolated with food and water ad libitum. Room
temperature was maintained at 23◦C in a 12:12 h light/dark
inverted cycle. Animals were trained to handling, familiar with
the test arena context (a closed Plexiglas box of 45× 25× 19 cm)
and to the presence of a piece of blotting paper (3 × 3 cm) to
minimize environmental-related stress. Behavioral experiments
were performed by the affiliated investigator (Sorge et al., 2014)
during the nocturnal phase. They were recorded for at least
5min from the top of the arena covered by a Plexiglas plate
by an IR-sensitive HD camera under nightshot vision (infra red
illumination) and subsequently analyzed offline in simple blind
conditions with a video tracking system (ANY-maze, Stoelting).
To assess the stress-related behaviors displayed by mice in
the presence of 1% synthetic predator-derived kairomones,
neutral cue (Water) or pure predator urines (200µl on blotting
paper), the number of visits in the central zone of the arena
(corresponding to the half of the total arena surface Bailey
and Crawley, 2009), the total walking distance, the defecation
(number of fecal pellets), the number of risk assessment episodes
and the total freezing duration were quantified (Vernet-Maury
et al., 1984; Blanchard et al., 1990; Fendt et al., 2005; Staples et al.,
2008; Brechbühl et al., 2013b; Hacquemand et al., 2013). Each
tested substance sessions were compared to a control session

(Ctrl) performed before with only blotting paper and used to
calculate the index of each evaluated behaviors (as a percent for
the central zone, the walking distance and the freezing or as a
score for the defecation and the risk assessment). The automatic
detection of the center of the animal was used as reference
point by the video tracking system. The freezing on/off (30/40)
thresholds with a minimum freezing period threshold of 500ms
were used. To minimize animal habituation, only one test session
and its Ctrl session were performed per day and each tested
substance was used only once per mouse (Kass et al., 2013).

Statistics
The open source statistical package R version 3.1.2 was used.
Normality and homogeneity were evaluated by the Shapiro test.
Accordingly, comparisons between Ctrl and tested sessions were
performed with the one-tailed paired Student’s t-test orWilcoxon
w-test. Values are expressed as mean ± SEM. Significance levels
are indicated as follows: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ns
for non-significant.

Results

Measurements of the Mice Blood Pressure

Revealed Bioreactivity of Urine Samples
Predator urines act as natural stressors in rodents due to their
kairomone content (Apfelbach et al., 2005; Fendt et al., 2005;
Kobayakawa et al., 2007; Ferrero et al., 2011). Indeed, after
olfactory detection, typical alterations of behaviors or increases of
stress-related hormones and blood pressure have been previously
observed in the presence of predator urines (Takahashi, 2014).
However, significant differences between urine samples were
reported depending, for example, on the period of collection
(Osada et al., 2013), the origin of the species (emitter or recipient;
Apfelbach et al., 2005) or the preceding diet of the predator itself
(Nolte et al., 1994). Based on these reports, we took advantage
of a rapid and non-invasive experimental strategy to screen
bioreactive predator urines (Figure 1) bymeasuring the elevation
of mice blood pressure with the tail-cuff approach (Figure 1A)
(Krege et al., 1995).We first challenged thismethod bymeasuring
the variation of the blood pressure of mice exposed to 1% TMT, a
potent red fox-derived kairomone known to elicit fear in rodents
(Fendt et al., 2005; Horii et al., 2010, 2013; Hacquemand et al.,
2013; Takahashi, 2014). As expected significant increases in blood
pressure were observed in mice between the TMT exposure and
its control level (Figure 1B). We thus next measured the mice
blood pressure in the presence of the volatile fraction of the
different predator urines. Systolic, diastolic, and mean blood
pressures were systematically measured according to the signal
waveform displayed by the tail-cuff approach (Figures 1C,D)
while mice were exposed to the collected carnivore urines from
Felidae such as the mountain lion (Mt. Lion; Puma concolor),
snow leopard (Snow Leopard; Panthera uncia), Siberian tiger
(Tiger; Panthera tigris altaica) and the bobcat (Bobcat; Lynx
rufus) (Figures 1E–H) as well as urine from Canidae such as the
gray wolf (Wolf; Canis lupus), red fox (Red Fox; Vulpes vulpes)
and coyote (Coyote; Canis latrans) (Figures 1I–K) used here as
mice predators. We observed and confirmed by this approach
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FIGURE 1 | Screening of predator urines via tail-cuff analysis. The

blood pressure of mice is analyzed by tail-cuff measurements. (A) Mice are

placed on the tail-cuff platform, which is connected to a control unit and a

computer. They are maintained in magnetic restrainers and their tails are

placed in the cuff/pulse optical sensor. Details of the experimental procedure

are shown; the blotting paper (tested cues), the inflatable balloon (tail

pressure control) and the fixation of the tail with adhesive tape. (B) The

system is tested here with 1% TMT (synthetic red fox kairomone), which

significantly increases the mice blood pressure. (C,D) Examples of one

(Continued)
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FIGURE 1 | Continued

measurement for the diastolic and the systolic pressures performed on

the same mouse under control conditions (C, Ctrl) or test conditions,

here exposed to the pure urine of the mountain lion (D, Mt. Lion).

Oscillating waveforms are obtained according to the automatic analysis

of the photoplethysmographic signal detected by the pulse sensors [red

LED in (A)]. Waveform amplitudes are indicated by arbitrary units (a.u.).

The mean pressure is calculated as the mean between the diastolic and

the systolic pressures. (E–M) Tests of different carnivore urines (E–H,

Felidae; I–K, Canidae), non-carnivore urine (L, Bison) or only water (M,

Water). Exposure to the urine of the Mt. Lion induced the most

significant increase in mice blood pressure (E). Control conditions (white

bars) and test sessions (black bars) are shown (B–M). Five adult male

mice were used (B,E–M). Values are expressed as mean ± SEM;

one-tailed paired t-test or w-test, *P < 0.05; **P < 0.01; ***P < 0.001;

ns, not significant.

that the tested predator urines were not equally efficient to
induce an elevation inmice blood pressure, an early physiological
parameter (Dielenberg et al., 2001). Furthermore, and consistent
with previous reports, urine samples originating from the same
predator species (snow leopard in our case) but collected at
different moments were indeed not equivalent (data not shown;
Osada et al., 2013). Nevertheless, the mountain lion emerged
(Figure 1E) as the most potent source of volatile kairomones
across the tested carnivore urines as its presence significantly
increased mice blood pressures nearly by 15% compared to the
control level for the systolic (Ctrlsystolic: 79.6 ± 1.4mm Hg; Mt.
Lionsystolic: 93.7 ± 3.4mm Hg; t-test: ∗∗), diastolic (Ctrldiastolic:
45.1± 1.7mm Hg; Mt. Liondiastolic: 52.4± 1.7mm Hg; t-test: ∗∗)
and mean blood pressure (Ctrlmean: 56.7 ± 1.4mm Hg; Mt.
Lionmean: 66.4 ± 1.2mm Hg; t-test: ∗∗∗). As non-carnivore
sample and internal procedure controls (Fendt, 2006), urine
from a Bovidae (Bison; Bison bison) (Figure 1L) as well as water
(Figure 1M) were respectively used and were indeed not able to
increase blood pressure in mice. The tail-cuffmethod, in addition
to the blood pressure measurements, also allowed the evaluation
of the animal heart rates (HR) by using the frequencies of the
waveform signals (Figures 1C,D). Interestingly and consistent
with previous observations (Dielenberg et al., 2001), we saw here
for the TMT and for the fear-inducing predator urines (Mt.
Lion, Snow Leopard, Tiger and Wolf), a systematic negative
drift of the HR (−8.8 ± 6.3%) between the control and the
tested situations. This physiological criterion was not affected by
predator urines that did not induce an elevation of blood pressure
nor by water (+1.6 ± 0.9%). With this first technical approach,
we thus screened bioreactive urines and selected the one issued
from the mountain lion as the most potent source of volatile
kairomones for further investigations.

Identification of Putative Volatile Kairomones by

HS-SPME/GC-MS
We used a HS-SPME/GC-MS approach to extract and analyze
volatile chemicals present in the urine of the mountain lion
(Table 1 and Figure 2). In our experimental conditions, we
identified 98 volatile candidates, 61 of them were referenced
in the chemical databases. Among them, numerous pyrazine
and thiazolic analog structures were detected (Figure 2A). A
couple of compounds were previously found in predator urines
and/or shown to act as kairomones in mice (Zhang et al., 2005;
Brechbühl et al., 2013b; Osada et al., 2013). To identify new
putative kairomones, we hypothesized that potential new GG
ligands would encode for innate fear-reactions (Brechbühl et al.,
2008, 2013b; Debiec and Sullivan, 2014; Perez-Gomez et al.,

2015). We thus focused on volatile candidates that also share the
heterocyclic sulfur- and/or nitrogen-containing structure related
to the detection ability of this olfactory subsystem (Mamasuew
et al., 2011; Brechbühl et al., 2013b). We were particularly
interested by the pyridine analogs as they share this chemical
signature and they were, for another derivative, previously found
to evoke neuronal responses in the GG (Mamasuew et al.,
2011; Hanke et al., 2013). Interestingly, the 2,4-lutidine (2,4-
Lu; also known as 2,4-dimethylpyridine) identified according to
its retention time (RT8.285; Figures 2A,B) and its corresponding
mass spectra (MS; Figures 2C–E) had a relative abundance of
ionized product similar to the one observed for the pyrazine
structures (Figure 2A). We evaluated its concentration in the
original urine of the mountain lion to be in the range of 60–
120µM by comparison with the HS-SPME/GC-MS detection of
its synthetic cue (2,4-Lu Sy.; Figure 2B). This value corresponds
to concentrations previously observed for other kairomones in
predator urines (Ferrero et al., 2011). Thus, from the molecular
structures detected in the urine of the mountain lion and the
chemical identification process we selected pyridine analogs as
new putative predator-derived kairomones.

Pyridine Analogs Mimicked the Systemic Effects

of Predator Urine in Mice
The 2,4-lutidine and two other pyridine analogs, the 3,4-lutidine
(3,4-Lu; also known as 3,4-dimethylpyridine) and the 4-picoline
(4-Pi; also known as 4-methylpyridine) (Table 1) were selected
for further evaluation of their potential fear-like reactivity inmice
(Figure 3). In a first set of experiments, we performed calcium
imaging on GFP-expressing GG neurons from mouse coronal
slices previously incubated in Fura-2AM, a ratiometric calcium
sensitive dye (Brechbühl et al., 2008, 2013b) (Figure 3A). GG
slices were continuously perfused with oxycarbonated artificial
cerebrospinal fluid (ACSF) at room temperature. Chemical
stimulations were performed with a perfusion system and by
direct dilution of the tested cues in ACSF. Fura-loaded GG
neurons were identified by their intrinsic green fluorescence
and by their specific morphology (Brechbühl et al., 2014). GG-
evoked responses were observed and graphed by the variation
of the Fura-2 ratio fluorescence (Fura-2 ratio) and brief
stimulation of KCl was used to evaluate the GG neuronal viability
(Figures 3B–E). In a total of six individual experiments (n total of
recorded and viable GG neurons= 60), we found that successive
stimulations with the selected pyridines initiated reproducible
and reversible responses in GG neurons at a concentration of
100µM (Brechbühl et al., 2013b), a concentration similar to the
one previously estimated in the tested urine of the mountain
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TABLE 1 | HS-SPME/GC-MS analysis of the urine of the mountain lion.

RT ID Molecule Usual name

2.141 1 1-Propanol Propyl alcohol

4.254 2 3-Buten-1-ol, 3-methyl- Isoprenol

4.678 3 1,2-Propanediol Propylene glycol

4.775 4 1H-Pyrrole –

5.314 5 2-Buten-1-ol, 3-methyl- Prenol

5.870 – Unidentified compound –

6.304 6• Pyridine, 4-methyl- 4-Picoline

6.450 7 Pyrazine, 2-methyl- –

6.617 8 2-Pentenal, 2-methyl- –

6.728 9 Ethanol, 2-(methylthio)- –

6.989 10 Cyclopentanone, 3-methyl- –

7.069 11 Thiazole –

7.149 12 1-Hexanol Hexyl alcohol

7.409 – Unidentified compound –

7.489 13• Pyridine, 2,6-dimethyl- 2,6-Lutidine

7.531 14 3-Heptanone Butyl ethyl ketone

7.590 15 Methane, bis(methylthio)- 2,4-Dithiapentane

7.743 16 Oxime-, methoxy-phenyl- –

8.084 17• Pyrazine, 2,6-dimethyl- –

8.195 18 1H-Pyrrole, 2,5-dimethyl- –

8.285 19• Pyridine, 2,4-dimethyl- 2,4-Lutidine

8.525 20 1-Butanamine, N-butyl- Dibutylamine

8.674 21 Pyridine, 2-ethyl-6-methyl 2-Picoline, 6-ethyl-

8.754 22• Pyridine, 3,4-dimethyl- 3,4-Lutidine

8.845 23 Cyclopentanone, 3-ethyl- –

9.144 24 2-Octanone –

8.942 25 Phenol –

9.171 26 1H-Pyrrole, 2,3,5-trimethyl- –

9.266 27 Pyrazine, 2-ethyl-6-methyl- –

9.338 28 Pyrazine, 2-ethyl-5-methyl- –

9.415 29• Pyrazine, 2,3,5-trimethyl - –

9.627 – Unidentified compound –

9.651 30 Thiazole, 2-acetyl-

9.707 31 Ethane, 1,2-bis(methylthio)- 2,5-Dithiahexane

9.821 32 Pyrazine, 2-isopropyl-5-methyl- –

9.856 33 Furan, 2-Acetyl-5-methyl- –

10.009 34 Phenol, 2-methyl- o-Cresol

10.100 – Unidentified compound –

10.190 – Unidentified compound –

10.273 35 Phenol, 4-methyl- p-Cresol

10.284 36• Pyrazine, 3-ethyl-2,5-dimethyl- –

10.371 37• Pyrazine, 2-ethyl-3,5-dimethyl- –

10.419 38 Pyrazine, 2-methyl-3-propyl- –

10.489 39 Pyrazine, 2-methyl-5-propyl- –

10.694 – Unidentified compound –

10.795 40 Thiazole, 2-acetyl-4-methyl- –

10.909 41 Pyrazine, 2-methyl-6-propyl- –

10.965 42 2-Propanone, 1-phenyl- Phenylacetone

10.986 43 1H-Pyrrole-2-carboxaldehyde, 3,4-dimethyl- –

11.014 44 2-Cyclohexen-1-one, 3,5,5-trimethyl- Isophorone

11.104 45 Pyrazine, 2,3-diethyl-5-methyl- –

11.239 46 Pyrazine, 2,5-dimethyl-3-propyl- –

(Continued)

TABLE 1 | Continued

RT ID Molecule Usual name

11.333 47 Pyrazine, 3,5-dimethyl-2-propyl- –

11.451 – Unidentified compound –

11.507 – Unidentified compound –

11.538 48 Pyrazine, 2-acetyl-3,5-dimethyl- –

11.834 – Unidentified compound –

11.875 49 Pyrazine, 2,5-diethyl-3,6-dimethyl- –

11.921 – Unidentified compound –

11.976 – Unidentified compound –

12.022 50 Pyrazine, 2,3,5-trimethyl-6-propyl- –

12.077 51 Pyrazine, 2,5-dimethyl-3-(1-propenyl)-, (Z)- –

12.119 - Unidentified compound –

12.136 52 Benzothiazole –

12.160 – Unidentified compound –

12.220 53 Pyrazine, 2-Isopropenyl-3,6-dimethyl- –

12.296 – Unidentified compound –

12.345 – Unidentified compound –

12.522 54 Pyrazine, 2-methyl-3-propyl- –

12.657 – Unidentified compound –

12.800 55 1H-Indole –

13.015 56 3,3-dimethyl-4,5-dithiahexan-1-ol –

13.081 – Unidentified compound –

13.148 – Unidentified compound –

13.353 57 Pyrazine, 3,6-dipropyl-2,5-dimethyl- –

13.429 58 Pyrazine, 3-isopentyl-2,5-dimethyl- –

13.592 59 Pyrazine, 2,6-dimethyl-3-(2-methyl-1-butyl)- –

13.634 – Unidentified compound –

13.707 – Unidentified compound –

13.822 60 1H-Benzimidazole, 2,5-dimethyl- –

13.864 – Unidentified compound –

13.923 – Unidentified compound –

13.978 61 5,9-Undecadien-2-one, 6,10-dimethyl-, (E)- Geranyl acetone

14.142 – Unidentified compound –

14.194 – Unidentified compound –

14.246 – Unidentified compound –

14.284 – Unidentified compound –

14.406 – Unidentified compound –

14.548 – Unidentified compound –

14.736 – Unidentified compound –

14.931 – Unidentified compound –

15.031 – Unidentified compound –

15.424 – Unidentified compound –

15.978 – Unidentified compound –

16.046 – Unidentified compound –

16.070 – Unidentified compound –

16.547 – Unidentified compound –

18.907 – Unidentified compound –

Volatiles from the urine of the mountain lion are listed according to their retention time (RT)

expressed in minutes. Sixty-one referenced volatiles were detected in our experimental

conditions. The identification number (ID), the chemical nomenclature (Molecule) and the

usual name, if existing, of the identified molecules are mentioned. Detected compounds

with no attributed name found in the Wiley7N or the NIST14 libraries are listed as

“Unidentified compound.” Precise chemical identifications have been performed for the

volatiles marked with dots (•), otherwise they have been tentatively identified from the

libraries.
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FIGURE 2 | Identification of pyridine analogs as putative kairomones.

(A) Representative part of a total ion chromatogram (TIC) of volatiles emitted

from the urine of the mountain lion obtained by HS-SPME/GC-MS. Chemical

formulas of a selection of volatiles are indicated above peaks with their

affiliated ID number. When not mentioned as precise chemical identification

(•), molecules have been tentatively identified by WileyN7/NIST14 mass

spectral libraries. The 2,4-lutidine (2,4-Lu; ID19) is highlighted in red. (B–E)

Detailed GC-MS analysis of the HS-SPME fiber extract. Here, the

identification of the 2,4-lutidine is shown as an example. The mass charge

ratio (m/z) value of 107 was used for the precise identification of the

2,4-lutidine (2,4-Lu) thanks to its retention time of 8.285min (RT8.285) in the

urine of the mountain lion (B, Mt. Lion) and for the synthetic 2,4-lutidine (B,

Sy.). Experimental m/z spectrum (C, Exp. MS) is compared with the

reference mass spectrum (D, Ref. MS) found in the WileyN7/NIST14 mass

spectral libraries as well as with the corresponding mass spectrum of the

synthetic cue (E, Sy. MS).

lion. As a control, we found that the pyridine-sensitive GG
neurons were also able to respond to the biological source of
these pyridines, the urine of the mountain lion (Mt. Lion, 1:1000)
as well as to pyrazines with a chemical structure related to the
ones detected by the GG such as the 2,6-dimethylpyrazine (2,6-
DMP; Mamasuew et al., 2011; Brechbühl et al., 2013b; Osada
et al., 2013), the 2-ethyl-3,5-dimethylpyrazine (2-EDMP) or
the 2,3,5-trimethylpyrazine (2,3,5-TMP; Mamasuew et al., 2011;
Osada et al., 2013) (Figure 3B). Interestingly, the tested pyridines
were not equally efficient in evoking neuronal responses in GG
neurons (Figures 3C–F). For example, we recorded GG neurons
responding partially (Figure 3C), not responding (Figure 3D)
or fully responding (Figure 3E) to the three different pyridines.
Among all the observations, the 2,4-lutidine emerged as the most
potent single pyridine in terms of the number of GG-evoked
responses (n = 28/35; Figure 3F). The perfusion of a mix of the
three pyridines (Pyridine mix; n = 24/26) was equally efficient
to a mix composed by the three tested pyrazines (Pyrazine mix;

n = 23/24) or to the urine of the mountain lion (n = 58/60;
Figure 3F). In summary, this first experimental approach showed
that pyridine analogs act as GG stimuli.

The Grueneberg ganglion subsystem is implicated in olfactory
danger communication (Brechbühl et al., 2008, 2013b; Debiec
and Sullivan, 2014; Perez-Gomez et al., 2015). These pyridine-
evoked GG responses should therefore induce fear-like reactions
in the recipient animal. We thus challenged mice with these
pyridine analogs. Mice blood pressures were measured in the
presence of 1% pyrazine mix (Figure 3G) or 1% pyridine mix
(Figure 3H). We observed, with this approach, that pyrazine
analogs as well as pyridine analogs were sufficient to mimic
the fear-like reaction observed with the pure source of predator
kairomones, the urine of the mountain lion (Figure 1E).
Furthermore, at the single chemical level, the 2,4-lutidine
alone (1% 2,4-lutidine) emerged as potent fear-inducer as it
was sufficient to significantly increase mice blood pressure
(Figure 3I). Interestingly, we also saw with the tail-cuff approach
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FIGURE 3 | Pyridine analogs are sufficient to mimic the systemic

effects of predator urine in mice. (A) Coronal slice from the Grueneberg

ganglion (GG) of an OMP-GFP mouse loaded with Fura-2AM. GG neurons

(GGn) are localized between the nasal cavity (NC) and the nasal septum (NS).

According to their intrinsic GFP fluorescence, GGn can be selected and

observed either under Hoffman modulation view (Hv) or 380 nm in

color-encoded map for unbound Fura. Here, a typical intracellular calcium

increase induced by a control pulse of KCl (25mM) observed before and at

the peak in selected GGn (dashed rectangle). Scale bar, 10µm in (A). (B)

Representative continuous recording of a GGn responding to diluted urine of

the mountain lion (Mt. Lion; 1:1000), to a set of pyrazines

(2,6-dimethylpyrazine, 2,6-DMP; 2-ethyl-3,5-dimethylpyrazine, 2-EDMP;

2,3,5-trimethylpyrazine, 2,3,5-TMP; 100µM) and to a set of pyridines

(2,4-lutidine, 2,4-Lu; 3,4-lutidine, 3,4-Lu; 4-picoline, 4-Pi; 100µM). (C–E)

Examples of GGn with differential pattern of pyridine-evoked responses. (F)

Proportion of responding GGn to the different tested cues. The Pyrazine mix

(2,6-DMP, 2-EDMP, 2,3,5-TMP; 100µM) and the Pyridine mix (2,4-Lu,

3,4-Lu, 4-Pi; 100µM) were both able to initiate similar numbers of GGn

responses comparable to the one observed with the diluted urine of the

mountain lion (1:1000). A total of 60 viable GGn isolated from 6 mice (P1-7)

were used (A–F). Fluorescence intensity Fura-2 ratio = F340/F380 is

indicated by arbitrary units (a.u.); times are indicated by horizontal bars in

(B–E). (G–I) Mice blood pressure analyzes by tail-cuff measurements for the

Pyrazine mix (G), the Pyridine mix (H) or the 2,4-lutidine (I) at a dilution of

1%. Control conditions (white bars) and test sessions (black bars) are shown

(G–I). Six adult male C57BL/6 mice were used (G–I). Values are expressed

as mean ± SEM; one-tailed paired t-test or w-test, *P < 0.05; **P < 0.01; ns,

not significant.

that these synthetic cues generated a similar systematic negative
drift of the HR (−9.7 ± 2.0%) as the one observed for the
mountain lion urine (−5.5 ± 2.0%). Thus, we showed here that
pyridine analogs not only activated GG neurons at physiological
concentrations but that they were able and sufficient to mimic the
systemic responses observed with the predator urine.

Pyridine Analogs Evoked Innate Fear Reactions

in Mice
Physiological alterations such as blood pressure increases and
GG neuronal activations are consistent evidences of fear-like

encoding cues, but to verify the ability of pyridine analogs to
evoke innate fear in mice, we challenged them in an open field
behavioral test (Figure 4). Mice were placed in an arena in
the presence of the different tested substances deposited on a
blotting paper (Figure 4A). They were observed in the presence
of a neutral cue (Water) (Dewan et al., 2013; Perez-Gomez
et al., 2015) or in the presence of mountain lion urine (Mt.
Lion) (Dewan et al., 2013) or 1% pyrazine mix (Pyrazine mix)
(Osada et al., 2013) used as internal non-aversive and stress-
inducing references to evaluate the potency of the candidate
kairomones 1% pyridine mix (Pyridine mix) and 1% 2,4-lutidine
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FIGURE 4 | Pyridine analogs generate stress-related behaviors in

mice. An open field exploration test is used to evaluate the innate fear

reactions of mice. (A) The behavioral arena observed during nocturnal phase.

The limits of the arena zone (black rectangle) and the central zone (red

dashed rectangle) are shown. Mice are automatically tracked (yellow circle) in

the presence of different tested cues deposited on a blotting paper (blue

square). Scale bar, 5 cm in (A). (B) Representative tracking distances

covered by the same mouse in the presence of a neutral cue (Water), pure

mountain lion urine (Mt. Lion), a mix of pyrazines (Pyrazine mix; 2,6-DMP,

2-EDMP, 2,3,5-TMP; 1%), a mix of pyridines (Pyridine mix; 2,4-Lu, 3,4-Lu,

4-Pi; 1%) or 2,4-lutidine (2,4-Lu; 1%). (C–G) Stress-related behaviors are

quantified according to the control session and displayed as indexes. Stress

(red) or non-stress (blue) tendencies are displayed on graphics. The number

of visits in the central zone of the arena (C), the total walking distance

recorded during 5min (D), the defecation (number of fecal pellets) (E), the

risk assessment episodes (F) and the freezing behaviors (G) were quantified.

Innate fear reactions were observed for the mountain lion urine, the mixes of

pyrazines and pyridines and for the 2,4-lutidine. Seven adult male mice were

used (C–G). Values are expressed as mean ± SEM; one-tailed paired t-test

or w-test, *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

(2,4-Lu) to generate fear. We first tracked the movements
of the mice during sessions of 5min under control and test
situations (Figure 4B).We observed a decrease of the exploratory
behavior performed in the central zone arena (Figure 4C), as
well as a decrease of the general walking activity previously
described as anxiety traits (Vernet-Maury et al., 1984; Bailey and
Crawley, 2009; Brechbühl et al., 2013b) (Figure 4D). Additional
important stress-related criteria such as increases of defecation
(Figure 4E), risk assessment episodes (Figure 4F) and freezing
behaviors (Figure 4G) were also displayed (Blanchard et al., 1990;
Apfelbach et al., 2005; Fendt et al., 2005; Brechbühl et al., 2008;
Staples et al., 2008; Hacquemand et al., 2013). In summary, the
neutral cue used here was not able to generate any stress-related
reactions in mice. On the other hand, strong stress responses
were observed for the mountain lion urine and, for both mixes
of synthetic cues, the pyrazines, and the pyridines. Consistent
with our previous observations done on GG slices or with blood
pressure measurements, the 2,4-lutidine alone was also able to
generate stress reactions in mice especially for the risk assessment
and for the freezing behaviors (Figures 4F,G). Thus, as for

pyrazine analogs (Osada et al., 2013), pyridine analogs could
therefore be considered as new predator-derived kairomones as
they initiate innate fear reactions in mice.

Discussion

Odorants present in the environment provide relevant
information about the context in which the animals live. Preys,
for example, detect the presence of their predators and avoid
fatal encounters through the deciphering of specific predator
scents (Isogai et al., 2011). This olfactory ability is crucial for
their survival and is mediated by parallel and/or complementary
olfactory neuronal pathways (Ma, 2010; Takahashi, 2014). After
screening the effectiveness of fear-inducing predator urines,
we focused our attention on volatiles that could be detected by
the Grueneberg ganglion based on their structural fingerprint
(Brechbühl et al., 2013b). We found pyridine analogs that shared
this feature as new putative predator-derived kairomones and
showed that these candidate molecules were indeed detectable
by mice GG neurons. Nevertheless, they could also activate
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additional neuronal pathways as they have, for humans, a strong
and aversive smell (Brechbühl et al., 2013b). Olfactory neurons in
the VNO (Osada et al., 2013) or in the MOE (Matsuo et al., 2015)
could therefore be implicated alongside with the GG neurons in
the deciphering of these molecules and allow, for example, fine
behavioral adjustment in the recipient animal (Perez-Gomez
et al., 2015). The use of mouse models with targeted invalidation
of olfactory subsystems could clarify their specific involvement
in the pyridine analog recognition. The analysis of stress-evoked
effects recorded in the presence of pyridine analogs in mice with
a genetic deletion of the essential MOE component, the cyclic
nucleotide-gated channel A2 (CNGA2) (Brunet et al., 1996), or
the key VNO-signaling element, the transient receptor potential
channel type 2 (TRPC2) (Stowers et al., 2002; Papes et al., 2010)
as well as in mice with surgical ablation of the GG (Brechbühl
et al., 2008) would be of particular interest. Nevertheless, we
found that pyridine analogs were able and sufficient to initiate
blood pressure increase, a known early physiological response
to predator scents (Dielenberg et al., 2001) and to evoke fear-
reactions in the recipient mice. Pyridine analogs could therefore
be considered as new chemical actors in the predator-prey
communication.

The identification of single kairomones encoding for innate
fear reactions in prey is a fundamental ethological challenge.
For our HS-SPME/GC-MS experiments, we chose a PDMS-DVB
fiber according to its physical characteristics and ability to trap
numerous volatiles of interest (Soso et al., 2014). Supplementary
analyses performed either with other SPME fibers or alternative
chemical detection systems would probably allow identification
of additional putative kairomones. Indeed, not all molecules can
be adsorbed by our method of identification, consistent here with
our inability to detect known kairomones present in the urine
of the mountain lion such as the PEA (Ferrero et al., 2011).
Yet based on the chemical structures of the detected molecules
(Hui, 2012), the present study proposes multiple GG-activating
kairomone candidates such as numerous pyrazine or pyrrole
analogs. These compounds as well as the ones not referenced
in the used chemical libraries deserve additional investigations.
Confirmation of the presence of pyridine analogs in other
predator urines and their encoding danger quality for other
rodentia preys would also reveal the ubiquity of these molecules
in the predator-prey communication context (Brechbühl et al.,
2014).

Predator scents are complex cocktails of molecules with
different physicochemical properties. Here we first used the
non-invasive tail-cuff approach to demonstrate the physiological
effects of fear-like responses in mice exposed to volatile sources.
We used this approach to screen fear-inducing urines and we
identified the urine of the mountain lion as the most potent
source of volatile kairomones as it generated in mice the most
significant increase in blood pressure. These observations were
also correlated with the GG neuronal responses evoked by the
different predator urines in calcium imaging experiments (data
not shown). Nevertheless, predator urines that did not induce
fear reactions in mice, as observed by this technical approach,
could also be the source of non-volatile kairomones (Papes
et al., 2010; Isogai et al., 2011) and could induce strong aversive

effects in classical behavioral experiments in mice. Compared
to other non-invasive analysis of fear reactions such as the
behavioral analysis (e.g., freezing, risk assessment) (Kobayakawa
et al., 2007; Brechbühl et al., 2013b), the tail-cuff method allows
the collection of rapid and still robust results, and thus is an
interesting alternative strategy for screening large arrays of fear-
inducing cues such as predator urines or kairomone candidates.
Nevertheless, pleasant and unpleasant odorants such as lavender
oil or the non-predatory odor butyric acid could induce decreases
or only extremely weak increases of blood pressure respectively
(Major and Silver, 1999; Tanida et al., 2006; Horii et al., 2010).
Additional methods could therefore be used to confirm the
innate fear-inducing effects of the candidate cues screened by
the tail-cuff method. Here we chose the behavioral analysis, but
alternative methods could also be performed such as telemetry
measurements (Dielenberg et al., 2004), that could provide
additional and long-lasting physiological values (e.g., general
animal activity, animal temperature) and/or invasive approaches
such as the analysis of the animal corticosterone level (Thomas
et al., 2006; Ferrero et al., 2011; Brechbühl et al., 2013b).

In addition to the blood pressure measurements, the tail-cuff
method also allows the evaluation of the animal heart rates. This
physiological value was reported to be less relevant for fear-
induced situations (Dielenberg and McGregor, 2001; Takahashi,
2014) and thus was not primarily used in this study as a criterion
for screening and evaluating fear-inducing urines. Interestingly
and consistently with previous observations (Dielenberg et al.,
2001), we saw, as a whole, for the fear-inducing predator urines
and the synthetic cues, a systematic drift of the HR (−9.1 ±

3.8%) between the control and the tested situations (CtrlmeanHR:
458.4 ± 33.4 bpm; TestmeanHR: 411.7 ± 27.1 bpm; t-test: ∗). This
physiological trait deserves further investigations and could be,
for example, a contextual adaptation of the animal to hiding
strategies (Kavaliers and Choleris, 2001; Barber and Conner,
2007; Pereira et al., 2012).

Predator-derived kairomones such as the pyrazine (Osada
et al., 2013) or the pyridine analogs appear to be important
contributors to the predator-prey chemical communication. For
the prey, the Grueneberg ganglion acts as a specialized olfactory
subsystem implicated in the detection of these meat-derived
cues (Brechbühl et al., 2013a,b). The biochemical pathways
of these kairomones are taking place in the predator guts.
They are unknown but mostly depend of the meat-metabolism
produced by the digestion and the species-dependent commensal
microflora (Brown, 1979; Schellinck and Brown, 2000; Apfelbach
et al., 2005). Their chemical formations could use different
amino acids as origins to generate convergent structures (Suyama
and Adachi, 1980; Yu and Zhang, 2010; Hui, 2012). We
may here speculate that danger cues derivating from similar
biochemical pathways would have analogous chemical structures
and thus could be deciphered by related GG neuronal pathways
(Brechbühl et al., 2013a). Here we show that pyridine and
pyrazine analogs that are chemically similar (nitrogen containing
molecules) were detected by the same GG neurons. They could
derive from conserved biochemical pathways. On the other
hand, danger molecules that also evoked GG responses and
innate fear reactions such as the mouse alarm pheromone SBT,
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the red fox kairomone TMT (nitrogen and sulfur containing
molecules) or the stoat kairomone 2-PT (2-propylthietane; sulfur
containing molecule) have distinctive chemical structures and
could therefore use alternative GG signaling (Brechbühl et al.,
2008, 2013a,b; Perez-Gomez et al., 2015). Indeed, more than
one receptor or signaling pathway are expressed in GG neurons
(Fleischer et al., 2006b, 2007, 2009; Liu et al., 2009, 2012;
Brechbühl et al., 2013a, 2014) and could therefore be used to
detect the large array of danger cues in a single GG neuron
differently from the single recognition cascades that take place
in the neurons of the MOE or VNO (Touhara and Vosshall,
2009; Ma, 2012). Consistent with previous reports (Mamasuew
et al., 2011; Hanke et al., 2013), this characteristic is reinforced
in the present study by the differential patterns of pyridine-
evoked responses observed in GG neurons. Calcium imaging
experiments revealed the 2,4-lutidine as the most potent tested
pyridine analog. Nevertheless, using a mix of pyridine analogs
as a source of GG stimulus, we found that both the proportion
of GG-evoked responses as well as the cellular intensity of the
response itself were increased. These cumulative neuronal effects
are consistent with the potential expression of multiple signaling
pathways in a single neuron (Yu and Zhang, 2014; Yu et al., 2014)
and they could be an evolutionary conserved feature to increase
the coding complexity and broadening of the neuronal tuning
profile (Spehr and Leinders-Zufall, 2005; Brechbühl et al., 2013a).

Our study gives new insights into how organisms interact and
communicate chemically. Indeed, physiological impacts could be

observed in the prey after the olfactory detection of chemical
danger cues occurred. This prey’s ability to detect kairomones,
such as the pyridine analogs, present in the biological fluids of the
predator increases the overall fitness of the species and could thus
be considered as an evolutionary strategy for survival (Apfelbach
et al., 2005).
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Rats emit an alarm pheromone in threatening situations. Exposure of rats to this alarm

pheromone induces defensive behaviors, such as head out behavior, and increases

c-Fos expression in brain areas involved in the mediation of defensive behaviors. One

of these brain areas is the anterior bed nucleus of the stria terminalis (aBNST). The goal

of the present study was to investigate if pharmacological inactivation of the aBNST

by local microinjections of the GABAA receptor-agonist muscimol modulates alarm

pheromone-induced defensive behaviors. We first established the behavioral paradigm of

alarm pheromone-induced defensive behaviors in Sprague-Dawley rats in our laboratory.

In a second experiment, we inactivated the aBNST, then exposed rats to one of four

different odors (neck odor, female urine, alarm pheromone, fox urine) and tested the

effects of the aBNST inactivation on the behavior in response to these odors. Our data

show that temporary inactivation of the aBNST blocked head out behavior in response

to the alarm pheromone. This indicates that the aBNST plays an important role in the

mediation of the alarm pheromone-induced defensive behavior in rats.

Keywords: anxiety, alarm pheromone, BNST, fear, muscimol, odor-induced anxiety, rats, risk assessment behavior

Introduction

Pheromones are olfactory signals that are used for intraspecific communication (Karlson and
Luscher, 1959). They can transmit different information, e.g., sex, age, and reproduction status,
about the releaser (Beny and Kimchi, 2014). Additionally, pheromones have different ecological
functions including marking a trail or territory, attracting potential mating partners, inducing
aggregation or dispersion of conspecifics or warning conspecifics to potential danger (Hauser et al.,
2011). Pheromones with the latter function are called alarm pheromones (Inagaki et al., 2014).

Alarm pheromones have been described in different mammalians including rats (Kiyokawa
et al., 2006), mice (Brechbühl et al., 2013), deer (Müller-Schwarze et al., 1984), cattle (Boissy et al.,
1998), pigs (Vieuille-Thomas and Signoret, 1992), and humans (Radulescu and Mujica-Parodi,
2013). For the alarm pheromone of rats, it is known that it is emitted from the perianal region
(Kiyokawa et al., 2004), consists of at least two active ingredients, 4-methylpentanal and hexanal
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(Inagaki et al., 2014), and provokes in conspecifics a wide range of
behavioral changes related to anxiety. For example, it aggravates
stress-induced hyperthermia (Kikusui et al., 2001), enhances the
acoustic startle reflex (Inagaki et al., 2009), and deteriorates
male sexual behavior (Kobayashi et al., 2011). Alarm pheromone
effects on defensive behavior can be tested in a modified open-
field test paradigm where rats have a choice to stay in an open
arena or escape into a safe hiding box. In this paradigm, exposure
to alarm pheromone increases the time spent in the hiding box
and induces typical “head out” behavior from the hiding box
while the time spent in the open arena and for grooming is
decreased (Kiyokawa et al., 2006).

In parallel with these behavioral analyses, the neural
mechanisms underlying the alarm pheromone effects were also
analyzed. The vomeronasal system was found to be involved
in the detection of the alarm pheromone. Removal of the
vomeronasal organ blocked the pheromone effects on stress-
induced hyperthermia (Kiyokawa et al., 2007), acoustic startle
reflex (Kiyokawa et al., 2013), and defensive behaviors in the
modified open-field test (Kiyokawa et al., 2013). Mapping c-
Fos expression throughout the brain in response to the alarm
pheromone provided insights into the brain regions involved
in pheromone effects (Kiyokawa et al., 2005b; Kobayashi et al.,
2013, 2015). However, causal relationships between the alarm
pheromone effects and any brain regions have not yet been
demonstrated.

The bed nucleus of the stria terminalis (BNST) has been
known as an important brain structure for the responses
mediated by sustained fear or anxiety (Walker and Davis, 1997;
Davis and Shi, 1999; Fendt et al., 2003; Takahashi et al., 2005;
Poulin et al., 2009; Bota et al., 2012; Crestani et al., 2013). In
addition, the BNST is one of the brain regions that compose the
vomeronasal system (Brennan and Kendrick, 2006) and receives
direct projection from the accessory olfactory bulb (AOB) (von
Campenhausen andMori, 2000), but not from the main olfactory
bulb (Igarashi et al., 2012). Therefore, the BNST appears to be
an excellent candidate for a brain relay structure connecting the
vomeronasal system and alarm pheromone-induced behavioral
changes. Indeed, increased c-Fos expression in response to the
alarm pheromone or to its active ingredients has been repeatedly
observed in the anterior part of the BNST (Kiyokawa et al., 2005b;
Kobayashi et al., 2013, 2015; Inagaki et al., 2014).

The aim of the present study was to test the hypothesis that the
BNST is involved in the mediation of alarm pheromone-induced
behavioral changes. First, we established the modified open-
field test paradigm (Kiyokawa et al., 2006) in our laboratory.
In a second experiment, we assessed the role of the BNST,
especially its anterior part (aBNST), in alarm pheromone-
induced defensive behavior by temporally inactivating the aBNST
by local injections of muscimol.

Methods and Materials

Animals
All experiments were performed with naive male Sprague-
Dawley rats (8–11 weeks at the start of the study). The animals
were housed in groups of 4 to 6 in standard laboratory cages

(standard conditions: 20–22◦C; L 06:00; LD 12:12; humidity
50–65%). Food and water were available ad libitum. Some
of the rats (15 male cagemates and 5 female littermates)
were only used as donor animals for odor samples [alarm
pheromone, neck odor, urine (urine from female rats)] but not
for behavioral tests. All experiments were performed during
the light phase. All experiments were performed according to
international guidelines for ethical contact in the care and
use of animals (2010/63/EU) and were approved by the local
authorities (Landesverwaltungsamt Sachsen-Anhalt, Az. 42502-
2-1238 UniMD).

Preparation of Odor Samples

Alarm Pheromone

We prepared a water solution containing alarm pheromone
according to an established method that has been previously
described in detail (Kiyokawa et al., 2004, 2005a). After
anesthetizing the donor animal with pentobarbital sodium
(50mg/kg; i.p.), the anal region was cleaned and two intradermal
needles (27G) were placed at the edge of both sides of the anal
canal. The rat was put into an acrylic box (20 × 20 × 10 cm),
without touching the walls. This box was previously washed with
cleanser (7X, MP Biomedicals, Santa Ana, CA, USA) and the
walls and the ceiling were sprayed with approximately 5ml of
purified water. Then, the box was closed and the needles were
connected with a pulse generator (Model 2100, A-M Systems,
Sequim, USA).

Afterwards, 15 electrical stimuli (10mA, 1 s duration, 20 s
inter-stimulus intervals) were applied to stimulate the perianal
region of the donor rat. Subsequently, we waited for one more
minute in order to let the released alarm pheromone dissolve in
water droplets. The donor rat was then removed and the water
droplets were collected and stored in a refrigerator until use
(1–2 h later).

Water Sample

Purified water was prepared before the experiment and used as a
control water sample.

Fox Urine

We used commercially available fox urine (Main Odor Solutions,
Maine, USA).

Neck Odor

For gaining the neck odor, which was used as a neutral odor
stimulus, we used the same procedure as for gaining alarm
pheromone. However, the two intradermal needles were placed
in the neck.

Female Rat Urine

Female rats were placed in a metabolic cage (Tecniplast,
Hohenpeißenberg, Germany) for 30min and the urine delivered
by these animals was collected. We collected several times from
each animal and put all urine samples together, i.e., we had a
mixture of urine from all different phases of the estrous cycles
in the end.

Fox urine was used as an example odor from another species
that is able to induce defensive behavior (Funk and Amir, 2000;
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Fendt, 2006; Wernecke et al., 2015). Neck odor and female
urine were used as additional odors originating from the same
species. Both odors should be neutral with respect to defensive
behavior (Kiyokawa et al., 2004, 2005b). Female urine can also
induces appetitive behaviors, however, this was not expected in
the present study since sexually naive male rats and not freshly
collected female urine from different estrous phases were used
(cf. Lydell and Doty, 1972).

Surgery
The animals were anesthetized with an isoflurane/oxygen
mixture (5% isoflurane for induction, then 2.0–2.5%) and fixed
into a stereotaxic apparatus. The skull was exposed and stainless
steel guide cannulas (custom-made; diameter: 0.7mm, length:
8.0mm) were bilaterally implanted aiming at the aBNST: 0.1mm
caudal, ± 3.9mm lateral, and 6.8mm ventral to bregma at a 20◦

angle to avoid penetration of the ventricles. Cannulas were fixed
with dental cement and anchoring screws. After the surgery, there
was a recovery period of 5–8 days.

Microinjections and Drugs
For microinjections (Experiment 2), injection cannulas
connected via tubes to two microliter syringes (10µl, Hamilton,
Switzerland) were used. Injection speed and volume were
controlled by a microinjection pump (CMA 100, Schmidlein
Labor + Service AG, Neuheim, CH). For the injection, the
injection cannulas were put into the implanted guide cannulas
and 0.3µl of the saline or muscimol (0.15 nmol) solution was
injected over 30 s. The injection cannulas remained one more
minute in the brain in order to allow better diffusion. After the
injections, the animal was put back into its home cage for about
15min before it was submitted to the behavioral experiment.

Local microinjections of the GABAA receptor agonist
muscimol are a widely used method to induce a temporary
inactivation of a brain area without affecting fibers of passage
(Moser and Moser, 1998; Wilensky et al., 1999; Fendt et al.,
2003). Such injections effectively block neural activity as shown
by electrophysiological recordings (Krupa et al., 1999; Edeline
et al., 2002; van Duuren et al., 2007; Larson et al., 2013).

Apparatus and Behavioral Procedure
We used the modified open-field test which was developed to
measure defensive behavior in response to alarm pheromone
(Kiyokawa et al., 2006). All behavioral experiments were
conducted in a rectangular arena (70 × 47 × 50 cm3). In one of
the four edges of the arena there was a removable small hiding
box (24.5 × 17.5 × 12.5 cm3) with an entrance hole (diameter
10 cm). The arena was located in a dimly lit room (center of the
open field: ca 68 lx; background noise: 47 dB SPL).

On the first 5 days, rats were handled daily and then
acclimatized to the arena (10min). Notably, the hiding box was
not placed into the arena during these acclimation sessions,
and was put in the home cages for 24 h on the last day of the
acclimation days.

During the experimental sessions, the animals were put
into the arena which only contained a small glass vial (4.0 cm
diameter; with 1ml of the odor sample) in one corner. The

rats were allowed to explore the arena with the odor for 5min
(acclimation period). Then, for the next 10min (test period), the
hiding box was put into the corner diagonally opposite of the
odor sample. After the test, the tested animal was transferred into
a separate cage to not transfer any odors to the yet non-tested cage
mates. The arena was cleaned thoroughly with hot water and was
exhausted with fresh air for about 5min. Only after all animals
from a cage were tested, the rats were again put together in the
original home cage.

In Experiment 1, 13 rats were tested once with the alarm
pheromone and once with a water sample (purified water). The
two tests were performed on consecutive days in a balanced
order.

In Experiment 2, saline (n = 10), or muscimol (n = 9)
was injected into the aBNST. Then, the animals were exposed to
the four odors (neck odor, female urine, alarm pheromone and
fox urine). Each animal was tested with all odor samples in a
balanced order on four consecutive days (Latin square design),
with injections of saline or muscimol before each test.

The behavior of the animals was videotaped by a camera
(Panasonic WV-CL930) fixed 30 cm above the box. For tracking
the animals and further analysis of the behavior, a video
tracking software was used (EthoVision XL, Noldus Information
Technology, Version 8, Wageningen, NL). Head out behavior,
stretched attend behavior and grooming behavior were manually
scored by two experienced blinded observers (inter-observer
reliability: r2 = 0.99, p < 0.0001). We used the following
definitions (Kiyokawa et al., 2004, 2006): “Head out” is if the rat is
in the hiding box and pokes the head or head and shoulders out
of the entrance hole with their hind paws remaining inside the
hiding box. “Conceal” is defined as the rat being entirely inside
the hiding box. We defined the zone “near the stimulus” as an
area of 10 cm2 in the edge of the stimuli. “Outside” is defined as
time the rats spent in the open field.

Histology
In Experiment 2, the brains of the rats were removed after
the experiments and fixed with 4%-formaldehyde-10%-sucrose
solution. On the following 2 days, sucrose concentration was
increased daily by 10%. Then, 60µm slices were cut with a
cryostat (Leica CM 3050) at −22◦C and Nissl-stained (1%
cresylviolet). Lastly, the localization of the injection sites and
brain integrity were checked with a microscope (Leica MZ 125).
The injection sites were put into schematic drawings adapted
from Paxinos and Watson (2014).

Descriptive and Analytical Statistics
All data are expressed as means ± SEM. For statistical analysis,
data were first checked for Gaussian distribution (D’Agostino
and Pearson omnibus normality test). Non-Gaussian distributed
data were either analyzed with non-parametric tests (Wilcoxon
matched-pairs signed rank test, Mann-Whitney test). Parametric
statistical tests were used if log-transformation led to Gaussian
distribution. Normally-distributed data were then analyzed by
t-test or analysis of variance (ANOVA). If appropriate, a within-
subject design (repeated measure) was used. The significance
level was set at p < 0.05 for all statistical tests.
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FIGURE 1 | Effects of the alarm pheromone on the behavior of Sprague-Dawley rats. Rats were exposed to either the alarm pheromone (alarm) or water. Data

are expressed as means ± SEMs. *p < 0.05, paired t-tests.

Results

Experiment 1: Establishment of the Modified

Open-field Test with Sprague-dawley Rats
Aim of this experiment was to establish the paradigm published
by Kiyokawa et al. (2006) in Sprague-Dawley rats and to replicate
these findings. Exposing the rats to the alarm pheromone in
an arena induced several behavioral changes (Figure 1). Alarm
pheromone exposure increased the time of head out behavior
[paired t-test: t(12) = 2.53, p = 0.03] and of conceal [t(12) =

2.44, p = 0.03]. Furthermore, the time spent near the stimulus
(W12 = −51.00, p = 0.04), the time spent outside the hiding box
[t(12) = 2.44, p = 0.03] and the distance moved [t(12) = 2.29,
p = 0.04] decreased. Stretched attend behavior and grooming
behavior were only seen very occasionally and therefore excluded
from further analysis.

Experiment 2: The Role of the aBNST in the

Alarm Pheromone Effects
In our second experiment, we injected either saline or muscimol
into the aBNST to investigate the role of the aBNST in alarm
pheromone-induced defensive behavior. In addition to the alarm
pheromone, we also exposed the rats to neck odor, female rat
urine and fox urine.

Histological analysis of the injections sites revealed that 19
rats received bilateral injections into the aBNST (saline: n =

10; muscimol: n = 9), consisting of the anterior, dorsal and
lateral divisions of the BNST (see Figure 2). Some animals had
to be excluded from the analysis because of misplaced injections
(n = 12) (lateral ventricle, medial preoptic area, caudate
putamen, nucleus accumbens, lateral preoptic area, parastrial
nucleus, intermediate lateral septal nucleus, medial preoptic
nucleus, ventrolateral preoptic nucleus), lesions in the injection
area (n = 5), or abnormal behavior after muscimol injections
(rotation behavior; n = 6).

First, we analyzed the distance moved in the acclimation
period to check for potential effects of intra-aBNST muscimol
injections on locomotor activity (Figure 3). This was clearly not
the case [ANOVA: F(1, 68) = 0.08, p = 0.78]. We further

FIGURE 2 | Injection sites into the aBNST. (A) Reconstruction of the

different injection sites of saline or muscimol into the aBNST. The coronal

sections were taken from the atlas of Paxinos and Watson (2014). Numbers

indicate distance from bregma in mm. aBNST, anterior bed nucleus of the stria

terminalis; MnPo, median preoptic nucleus; MS, medial septal nucleus; CPu,

caudate putamen; LPO, lateral preoptic area; VP, ventral pallidum; f, fornix. (B)

Photomicrographs with a representative example of aBNST injection sites.

confirmed that locomotor activity in the acclimation phase was
not affected by the type of odor [F(3, 68) = 2.27, p = 0.09]
and that there was no interaction between treatment and odor
[F(3, 68) = 0.19, p = 0.89].

During the testing period, head out behavior was the only
behavior that was significantly affected by odors [Figure 4A;
ANOVA: factor odor: F(3, 65) = 2.87; p = 0.04]. Particularly,
the alarm pheromone increased head out behavior (paired t-tests:
t = 3.23, p < 0.01 and t = 2.54, p < 0.03; comparison
with neck odor and female urine, respectively). Notable, despite
statistical analysis revealed no significant effect, the time spent in
the center of the arena (as percentage of time spent outside) was
slightly decreased by fox urine [Figure 4B; ANOVA: factor odor:
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FIGURE 3 | Locomotor activity during the acclimation phase. Rats were

exposed to neck odor (neck), female urine (female), alarm pheromone (alarm),

or fox urine (fox). Neither intra-aBNST injections of muscimol nor the type of

odor samples affected distance traveled. Data are expressed as means ±

SEMs.

F(3, 68) = 1.46, p = 0.23]. All other behaviors, such as conceal,
distance moved, time near the stimulus, and outside, were not
significantly affected by odors, especially alarm pheromone, in
this experiment (Table 1; ANOVAs: factor odor: Fs < 0.61,
ps > 0.61).

Muscimol injections into the aBNST specifically reduced head
out behavior in response to the alarm pheromone (Figure 4A).
An ANOVA using treatment as between-subject factor and odor
as within-subject factor revealed a significant main effect of odor
[F(3, 65) = 2.87, p = 0.04] and a significant interaction between
treatment and odor [F(3, 65) = 3.22, p = 0.03], whereas there was
only a tendency for a main effect of treatment [F(1, 65) = 3.35,
p = 0.07]. Notably, only head out behavior during exposure to
the alarm pheromone was significantly decreased by intra-aBNST
muscimol injections (post-hocDunnett test: t = 3.41, p = 0.005),
whereas it was not affected by muscimol injections during the
exposure to other odors (ts < 1.04, ps > 0.76). It should
be mentioned that bilaterally misplaced muscimol injections
apparently had no effect on alarm pheromone-induced head out
behavior (saline/neck: 17.0 ± 3.1 s; saline/alarm pheromone:
32.9 ± 15.3 s; muscimol/neck: 17.7 ± 3.7 s; muscimol/alarm
pheromone: 28.3 ± 14.3 s). However, variability was very high in
these animals and group size (n = 5; most misplaced injections
were unilateral or into the ventricle) too small for statistical
analyses.

Discussion

In the present study, we assessed the hypothesis that the aBNST
plays a crucial role in alarm pheromone-induced defensive
behavior in rats. In Experiment 1, Sprague-Dawley rats showed
increased head out behavior, as well as increased conceal
behavior and decreased time spent outside, time spent near
the stimulus, and the distance moved in response to the alarm
pheromone. These results suggest that we successfully established

FIGURE 4 | Effects of odors and aBNST inactivation on defensive

behavior. Rats were exposed to neck odor (neck), female urine (female), alarm

pheromone (alarm), or fox urine (fox). (A) Head out behavior, (B) time spent in

the center, in percentage of the time spent outside. Data are expressed as

means ± SEMs. *p < 0.05, ++p < 0.01, comparison with saline/alarm

pheromone.

the behavioral paradigm developed by Kiyokawa et al. (2006)
in our laboratory with Sprague-Dawley rats. In Experiment 2,
we showed that local muscimol injections into the aBNST lead
to a blockade of head out behavior in response to the alarm
pheromone. Based on these findings, we suggest that the aBNST
is an important brain region for alarm pheromone-induced
defensive behavior in rats.

In Experiment 1, we provided first evidence that Sprague-
Dawley rats emit an alarm pheromone that induces several
defensive behavior, as it was previously shown for Wistar rats
(Kiyokawa et al., 2006). The present results show that the
behavioral changes in response to the alarm pheromone are
very similar in Sprague-Dawley and Wistar rats. Therefore, it
would be plausible that Sprague-Dawley and Wistar rats share
4-methylpentanal and hexanal as active ingredients of their
alarm pheromones. However, there were also some differences.
In Sprague-Dawley rats, there was a clear avoidance of the
alarm pheromone (Figure 1; time near stimulus), whereasWistar
rats did not avoid their alarm pheromone (Kiyokawa et al.,
2006). One possible explanation might be that Sprague-Dawley
rats are more sensitive to their alarm pheromone than Wistar
rats. This hypothesis is supported by the findings from the
forced swimming test paradigm. When rats were forced to
swim in water, they released an “alarm substance” in water
that decreased immobility of subsequent swimming rats (Abel
and Bilitzke, 1990). The effects of this alarm substance were
greater in Sprague-Dawley rats than in Wistar rats (Abel, 1992).

Frontiers in Neuroscience | www.frontiersin.org September 2015 | Volume 9 | Article 321 | 106

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


Breitfeld et al. BNST and rats’ alarm pheromone

TABLE 1 | Behaviors observed in the modified open-field test.

Behavior Treatment Odor sample ANOVA results

Neck Female Alarm Fox Odor Treatment Interaction

Conceal [s] Saline 463± 64 470± 61 484± 41 537± 14 p = 0.79 p = 0.23 p = 0.59

Muscimol 559± 9 534± 16 488± 70 526± 20

Distance moved [cm] Saline 423± 164 277± 77 424± 159 241± 41 p = 0.95 p = 0.39 p = 0.37

Muscimol 172± 31 343± 91 263± 56 314± 141

Time near stimulus [s] Saline 2.7± 1.8 2.4± 1.9 3.4± 2.3 0.9± 0.4 p = 0.69 p = 0.08 p = 0.91

Muscimol 0.2± 0.2 1.2± 0.8 1.1± 0.6 0.2± 0.2

Outside [s] Saline 100± 60 98± 64 49± 21 19± 4 p = 0.61 p = 0.21 p = 0.57

Muscimol 13± 7 42± 23 56± 32 23± 11

Fecal boli Saline 0.8± 0.5 1.6± 0.6 1.8± 0.4 0.7± 0.3 p = 0.63 p = 0.41 p = 0.51

Muscimol 0.8± 0.4 1.1± 0.8 0.8± 0.3 1.0± 0.5

Therefore, it is possible that a difference in sensitivity to the
alarm pheromone resulted in contrasting avoidance behavior of
Sprague-Dawley and Wistar rats in the modified open-field test.
This is supported by studies demonstrating a greater sensitivity
of Sprague-Dawley rats to other odors that can induce defensive
behavior (e.g., Rosen et al., 2006; Fendt and Endres, 2008).
However, it should also be noted that both Sprague-Dawley and
Wistar rats were much less sensitive to the alarm substance of the
other strain in the forced swimming test (Abel, 1992). Therefore,
it has to be addressed by future studies if this is also the case for
the alarm pheromone.

Using the modified open-field test, we assessed the role of
the aBNST in defensive behavior to the alarm pheromone in
our second experiment. However, in contrast to the Experiment
1, head out behavior was the only behavior that was robustly
modulated by the alarm pheromone in saline-injected rats
(Figure 4). Besides the difference in the repeated number of test
rats underwent, one significant difference was that rats received
local injections into the aBNST shortly before the behavioral
tests in the Experiment 2. Although rats were acclimatized for
such a procedure several times, they might still be distressed by
the manipulations from the injection per se. Indeed, time spent
outside was strongly decreased in Experiment 2 as compared
to Experiment 1 (general means: 60 ± 19 s vs. 227 ± 48 s,
respectively), i.e., rats tended to be in the hiding box more and
spent only a short time in the open arena. This in turn means
that defensive behaviors expressed in the hiding box (such as
head out behavior) are more likely to be affected by exposure
to alarm pheromone than behaviors expressed outside the hiding
box (such as distance moved or time near the stimulus).

In Experiment 2, inactivation of the aBNST clearly decreased
head out behavior in response to the alarm pheromone. These
results suggest that the aBNST plays an important role in
defensive behavior to the alarm pheromone and support previous
studies showing an increased c-Fos expression in the aBNST
when animals were exposed to alarm pheromone (Kiyokawa
et al., 2005b; Kobayashi et al., 2013, 2015; Inagaki et al., 2014).
The question is how the aBNST is embedded in the neural
circuitry mediating defensive responses to the alarm pheromone.

It was previously demonstrated that removal of the vomeronasal
organ blocks the autonomic and behavioral effects of the alarm
pheromone (Kiyokawa et al., 2007, 2013) indicating that the
vomeronasal organ is required to detect the alarm pheromone.
Then, after being transmitted to the AOB, alarm pheromone
information should be transmitted to the aBNST in order to
evoke defensive behaviors. Although the BNST is a part of
the vomeronasal system, anatomical analyses revealed that the
AOB sends its projection to the posterior part of the BNST
(pBNST), rather than the aBNST (von Campenhausen and Mori,
2000). This means that the aBNST most probably receive alarm
pheromone information from the vomeronasal organ via the
posterior part of the BNST (pBNST). Given that the pBNST sends
dense projections to the aBNST (Dong and Swanson, 2004),
we hypothesize that the alarm pheromone activates the aBNST
via intra-BNST connections from the pBNST. Alternatively, the
medial amygdala (MeA)might be an additional candidate linkage
site between the AOB and aBNST. It is known that the MeA
receives direct projections from the AOB (von Campenhausen
and Mori, 2000) and that the MeA sends projections to the
BNST (Meurisse et al., 2009). Therefore, this anatomical evidence
proposes the MeA as an additional candidate for linking between
the AOB and the BNST. From the aBNST, there are several
projections to the midbrain and brainstem mediating autonomic
or behavioral changes. Autonomic changes are most probably
mediated by projections via the paraventricular nucleus of the
thalamus (Kobayashi et al., this issue) whereas behavioral changes
may be mediated by direct and indirect projections to the medial
hypothalamic defense system (Canteras, 2002; Canteras et al., this
issue).

In contrast to the alarm pheromone, there was no robust
effect of fox urine in this study. Nonetheless, we believe that
the aBNST play an important role in defensive behavior to
predator odor. A recent study described a significant decrease
in freezing behavior in rats exposed to cat urine samples after
muscimol injections into the BNST (Xu et al., 2012). In addition,
it was demonstrated that the BNST is important for defensive
behavior induced by exposure to trimethylthiazoline (TMT), a
component of the fox anal secretion (Fendt et al., 2003, 2005).

Frontiers in Neuroscience | www.frontiersin.org September 2015 | Volume 9 | Article 321 | 107

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


Breitfeld et al. BNST and rats’ alarm pheromone

In Experiment 2, fox urine did not increase head out behavior
and only slightly decrease the time spent in the center of the open
field (in percentage of time spent outside) in the saline-injected
rats (Figure 4), which makes it impossible to evaluate the effects
of fox urine, as well as the role of the aBNST in defensive behavior
to fox urine.

Taken together, we first established the modified open-
field test paradigm using Sprague-Dawley rats. Second, we
demonstrated that temporary inactivation of the aBNST
blocks alarm pheromone-induced head out behavior, indicating

that the aBNST is a crucial part of the neural circuitry
involved in the defensive behavior to the alarm pheromone.
Further analyses focusing on the role of the aBNST will
clarify the neural mechanisms of the alarm pheromone
effects.
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Mice display an unconditioned freezing response to TMT, a predator odor isolated from

fox feces. Here we found that in addition to freezing, TMT caused mice to decrease

breathing rate, perhaps because of the aversive smell. Consistent with this possibility,

olfactory bulb lesions attenuated this effect of TMT, as well as freezing. Interestingly,

butyric acid, another foul odor, also caused mice to reduce breathing rate. However,

unlike TMT, butyric acid did not induce freezing. Thus, although these aversive odors

may affect breathing, the unpleasant smell and suppression of breathing by themselves

are insufficient to cause freezing. Because the acid-sensing ion channel-1A (ASIC1A) has

been previously implicated in TMT-evoked freezing, we tested whether Asic1a disruption

also altered breathing. We found that TMT reduced breathing rate in both Asic1a+/+

and Asic1a−/− mice, suggesting that ASIC1A is not required for TMT to inhibit breathing

and that the absence of TMT-evoked freezing in the Asic1a−/− mice is not due to an

inability to detect TMT. These observations further indicate that ASIC1A must affect TMT

freezing in another way. Because the bed nucleus of the stria terminalis (BNST) has been

critically implicated in TMT-evoked freezing and robustly expresses ASIC1A, we tested

whether ASIC1A in the BNST plays a role in TMT-evoked freezing. We disrupted ASIC1A

in the BNST of Asic1aloxP/loxP mice by delivering Cre recombinase to the BNST with

an adeno-associated virus (AAV) vector. We found that disrupting ASIC1A in the BNST

reduced TMT-evoked freezing relative to control mice in which a virus expressing eGFP

was injected. To test whether ASIC1A in the BNST was sufficient to increase TMT-evoked

freezing, we used another AAV vector to express ASIC1A in the BNST of Asic1a−/− mice.

We found region-restricted expression of ASIC1A in the BNST increased TMT-elicited

freezing. Together, these data suggest that the BNST is a key site of ASIC1A action in

TMT-evoked freezing.

Keywords: TMT, bed nucleus of the stria terminalis, ASIC1A, respiratory rate, predator odor

Introduction

Exposure to odors from predators, such as foxes and cats, can elicit unconditioned freezing and
avoidance responses in rodents (Takahashi et al., 2005). Because of the lack of a clear conditioning
event, these predator odor-evoked responses are thought to be analogous to specific phobias in
humans (Rosen et al., 2008).
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One widely used odor is trimethylthiazoline (TMT), a
synthetic compound originally isolated from fox feces (Fendt
et al., 2005). TMT evokes freezing and avoidance responses in
rodents (Vernet-Maury et al., 1984; Fendt et al., 2003). Because
this freezing is seen even in naïve animals raised in the laboratory
setting, TMT is thought to be an unconditioned fear-evoking
stimulus. Though the neurocircuitry of TMT-evoked freezing has
not been completely delineated, growing evidence suggests that
it relies on different circuitry than conditioned fear behaviors.
Lesion studies indicate a critical role for the basolateral, but not
the medial amygdala in fear conditioning (Ledoux et al., 1990;
Nader et al., 2001); conversely, lesion studies point to the medial
amygdala playing a critical role in TMT-evoked freezing and
suggest that the basolateral amygdala plays a smaller, modulatory
role (Wallace and Rosen, 2001; Fendt et al., 2003; Muller and
Fendt, 2006). The bed nucleus of the stria terminalis (BNST) has
also been firmly implicated in TMT-evoked freezing. Exposure
to TMT induces robust c-Fos activity in the BNST (Day et al.,
2004; Asok et al., 2013), and inactivation of the BNST blocks
TMT-evoked freezing (Fendt et al., 2003).

Our recent studies suggest that the BNST, in addition to its
role in TMT-evoked freezing, plays a key role in unconditioned
freezing and avoidance responses to carbon dioxide (CO2)
(Taugher et al., 2014). In addition, we found that a receptor in the
BNST that is activated by extracellular acidosis, the acid-sensing
ion channel-1a (ASIC1A), was both necessary and sufficient
for CO2-evoked freezing (Taugher et al., 2014). Curiously, this
same receptor has also been implicated in TMT-evoked freezing:
global disruption of Asic1a attenuated freezing to TMT as well as
freezing to CO2 (Coryell et al., 2007, 2008; Ziemann et al., 2009;
Price et al., 2014; Taugher et al., 2014). Thus, we hypothesized
that the BNST might be a critical site of ASIC1A action in
TMT-evoked freezing.

Materials and Methods

Mice
Asic1a−/− and Asic1aloxP/+ mice were generated as previously
described (Wemmie et al., 2002; Kreple et al., 2014; Taugher
et al., 2014). Asic1a−/− mice were maintained on a C57BL/6J
background and Asic1aloxP/loxP mice were maintained on a
C57BL/6T background.Male and femalemice 12–18 weeks of age
were used in the behavioral experiments and experimental groups
were sex-matched and age-matched. All mice were kept on a 12 h
light-dark cycle, with all experiments being performed during the
light cycle. Mice were fed standard chow and water ad libitum.
Animal care met the standards set by the National Institutes of
Health and all experiments were approved by the University of
Iowa Animal Care and Use Committee.

Olfactory Bulb Lesions
Mice were anesthetized with a mixture of ketamine and xylazine.
A burr hole was drilled above each olfactory bulb, and a glass
pipette attached to vacuum suction was inserted into the burr
hole to aspirate the olfactory bulb. Mice were sutured, and
allowed to recover for at least 5 days before undergoing further
experimentation. Sham surgeries, were performed as described

above, but without insertion of the glass pipette. Ablation of the
olfactory bulb was visually confirmed post-mortem.

TMT-Evoked Freezing
Mice were placed in a clear, airtight plexiglas behavior
chamber (20 × 21 × 17 cm, width × depth × height) with
a beaker containing tissue paper carrying 6µL undiluted
trimethylthiazoline (TMT) (Contech enterprises) or 21µL
undiluted butyric acid (Sigma) applied with a micropipette. TMT
volume sufficient to cause robust freezing in wild-type mice was
empirically determined and butyric acid dose was adjusted for
its difference in volatility as previously described (Hotsenpiller
and Williams, 1997). Mice were videotaped, and freezing over
a 10min period was scored by a trained observer blinded to
experimental conditions. Freezing was defined as an absence of
motion other than respiration.

Plethysmography
The rate of breathing was measured using standard
plethysmographic techniques similar to those that have
been previously described (Taugher et al., 2014). Mice were
placed in a plethysmography chamber with continuous gas flow
(700ml/min). The protocol consisted of >10min of baseline
in compressed air, followed by an exposure to 3µL TMT
or 10.5µL butyric acid. Volumes of TMT and butyric acid
were proportionally reduced due to the smaller volume of the
plethsmography chamber. All data were acquired using custom-
written Matlab software. All data segments ≥5 s in duration
that did not contain sighs, sniffing, or movement artifacts were
selected for analysis. At least 30 s of data were analyzed for
each condition. Breath volume and thus minute ventilation
(rate × volume) could not be accurately measured because of
the inability to adequately clean the temperature and humidity
sensors after predator odor exposure, thus only respiratory
rate was quantified. Data are reported as the percentage
change in respiratory rate, relative to respiratory rate in
compressed air.

Viral Injections
Adeno-associated viruses (AAV) were injected into the BNST
and targeting was confirmed as previously described (Taugher
et al., 2014). Briefly, AAV2/1 viruses expressing ASIC1A, Cre
recombinase, or eGFP under control of a CMV (University
of Iowa Gene Transfer Vector Core) were injected into the
BNST bilaterally. AAV-ASIC1A and AAV-Cre were coinjected
with AAV-eGFP to aid with localization. Coordinates (relative
to bregma) were: anteroposterior +0.4mm, lateral ± 1.0mm,
ventral 4.3mm from the pial surface. Behavioral testing was
done at least 3 weeks after virus injection. After behavioral
testing, injection sites were located. Hits were defined as having
bilaterally transduced the anterior BNST both dorsal and ventral
to the anterior commissure. Mice in which the injections
did not hit the BNST bilaterally were excluded including five
Asic1aloxP/loxP mice and three Asic1a−/− mice.

ASIC1A Immunohistochemistry
ASIC1A immunohistochemistry was performed as previously
described (Taugher et al., 2014). Briefly, 18µm cryosections
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were postfixed in 4% paraformaldehyde and 4% sucrose in
PBS, then permeablized with 0.25% Triton X-100, then blocked
with 5% goat serum, then immunostained with primary
antibody [polyclonal anti-ASIC1 antiserum (MTY19) diluted
1:500 (Wemmie et al., 2003)], followed by immunostaining with
secondary antibody [goat-anti rabbit IgG coupled to Alexa-Fluor-
568 diluted 1:500 (Invitrogen)]. Sections were imaged with a
confocal microscope (Zeiss 710).

Statistical Analysis
All values are reported as mean ± SEM. A Student’s t-
test was used to assess significance between two groups.
Welch’s correction was applied when comparing two groups of
significantly different variance. An ANOVA was used to assess
significance between more than two groups. Planned contrast
testing (Student’s t-test) was performed within the context of the
ANOVA, to test for differences between two groups. p < 0.05
was considered significant for all tests. All statistical analyses were
performed using Prism software (GraphPad).

Results

TMT Reduces Breathing and Evokes Freezing
While observing mice during TMT exposure, we noticed
that they appeared to breathe less frequently than during
exposure to compressed air alone. Thus, we used whole-
body plethysmography to quantify the effects of TMT on
breathing rate, and indeed TMT exposure dramatically reduced
rate of breathing (Figures 1A,B). In air, mice continuously
took quick, rhythmic breaths, whereas in TMT, mice exhaled
more slowly and there were distinct pauses between breaths
(Figure 1A). Volume measurements were not possible with our
plethysmographic set-up. Thus, it is not clear whether the
reduction in breathing rate was accompanied by volume changes,
although for each mouse it appeared that the amplitude of
individual breaths did not change very much. This suggests
an overall decrease in minute ventilation (rate × volume).
Because a recent study in rats found that olfactory bulb

lesions eliminated TMT-evoked freezing (Ayers et al., 2013),
we wondered whether TMT effects on breathing rate might
also depend on the olfactory bulb. Therefore, we lesioned the
olfactory bulb bilaterally and tested breathing rate. We found
that olfactory bulb lesions significantly attenuated effects of TMT
on breathing rate (Figure 1B), as well as freezing (Figure 1C).
Together, these observations are consistent with previous studies
suggesting that effects of TMT depend on olfaction and extend
those observations to another effect of TMT, reduction in
breathing rate.

Butyric Acid Reduces Breathing Rate but does

not Evoke Freezing
We next sought to determine if the reduction in breathing rate
observed in response to TMT might also be caused by other
foul odors. Therefore, we tested the effects of butyric acid,
another pungent odor, which, like TMT, is aversive and induces
avoidance behaviors in rats and mice (Endres and Fendt, 2009).
Similar to TMT, butyric acid dramatically reduced breathing rate
(Figure 2A), suggesting the effect on breathing rate generalizes to
at least two aversive odors. However, in contrast to TMT, butyric
acid failed to induce freezing (Figure 2B), which is consistent
with previous assertions that butyric acid differs from TMT in
this regard (Coryell et al., 2007; Endres and Fendt, 2009). Thus,
although both aversive odors caused mice to slow their breathing
rate by a similar degree, the reduction in breathing rate by itself
is probably not sufficient to cause the freezing behavior seen
with TMT.

In previous studies, we found that acid sensing ion channels
(ASICs) contribute to TMT-evoked freezing (Coryell et al., 2007,
2008; Price et al., 2014), and studies herein replicated the effect;
in response to TMT, Asic1a−/− mice froze significantly less
than Asic1a+/+ controls (Figure 2B). Therefore, we wondered
whether the breathing response to TMT might also be affected
by ASIC1A. We repeated whole-body plethysmography with the
Asic1a−/− mice and found that they were equally sensitive to the
breathing rate reduction induced by TMT as Asic1a+/+ controls.
These results suggest that the Asic1a−/− mice were able to detect

FIGURE 1 | TMT reduces breathing and evokes freezing. (A)

Representative plethysmography traces from a sham mouse in air

and TMT. (B) TMT exposure dramatically reduces respiratory rate.

This reduction in breathing rate is attenuated by olfactory bulb

lesions [One-tailed t-test, t(4) = 2.239, *p = 0.0443, n = 5 per group].

(C) TMT also evoked freezing which was largely abolished by

olfactory bulb lesions [t(9) = 7.069, ***p < 0.0001, sham n = 6, lesion

n = 5].
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FIGURE 2 | Butyric acid reduces breathing rate but does not

evoke freezing. (A) Exposure to either TMT or butyric acid elicits a

similar reduction in breathing rate in wild-type mice [t(5) = 0.2768,

p = 0.7930, TMT n = 5, butyric acid n = 2]. (B) Exposure to TMT,

but not butyric acid (BA) elicits robust freezing behavior and Asic1a

disruption attenuated TMT-evoked freezing. A Two-Way ANOVA

revealed an effect of genotype [F(1, 34) = 13.39, p = 0.0009, from left

to right n = 10, 10, 9, 9, respectively], an effect of odor

[F(1, 34) = 141.7, p < 0.0001] and a genotype by odor interaction

[F(1, 34) = 10.78, p = 0.0024]. Planned contrast testing demonstrated

that Asic1a−/− mice had a reduction in freezing to TMT

(**p = 0.0016), but not butyric acid (BA) (p = 0.2673). (C) Asic1a

disruption did not alter the effect of TMT on breathing rate

[t(8) = 0.08014, p = 0.9381, n = 5 per group].

TMT normally. In addition, because TMT-induced breathing
effects depended on olfaction, these results further suggest that
the ability to smell TMT was intact in the Asic1a−/− mice
(Coryell et al., 2007) (Figure 2C). Finally, these results suggest
that the freezing deficit in the Asic1a−/− mice must be due to
some other mechanism besides a deficit in olfaction.

ASIC1A in the BNST is Necessary for Normal

TMT-Evoked Freezing
ASIC1A is relatively abundant in many of the fear circuit
structures that have been previously implicated in TMT-evoked
freezing, including the BNST, PAG, and medial and basolateral
amygdala (Wemmie et al., 2003; Coryell et al., 2007; Price et al.,
2014). Because the BNST has been critically implicated in TMT-
evoked freezing (Fendt et al., 2003), and because the BNST is a
key site of ASIC1A action in freezing to another unconditioned
stimulus, CO2 (Taugher et al., 2014), we hypothesized that
the BNST might be a key site of ASIC1A action in TMT-
evoked freezing. To test this hypothesis, we used AAV-Cre to
selectively disrupt ASIC1A in the BNST of Asic1aloxP/loxP mice.
Consistent with our previous observations (Taugher et al., 2014),
injection of AAV-Cre into the BNST of Asic1aloxP/loxP mice
effectively reduced ASIC1A expression the BNST, including both
dorsal and ventral portions of the BNST and potentially in
closely adjacent structures (Figures 3A,B). Next, we tested the
behavioral effects of this manipulation on TMT-evoked freezing
behavior. Disruption of ASIC1A in the BNST significantly
reduced TMT-evoked freezing (Figure 3C), suggesting that the
BNST is a key site of ASIC1A action in TMT-evoked freezing.

ASIC1A in the BNST is Sufficient to Rescue

TMT-Evoked Freezing Deficits in Asic1a−/− Mice
Because the previous data suggest that ASIC1A in the BNST
is required for intact TMT-evoked freezing, we sought to test

whether it might also be sufficient to increase TMT-evoked
freezing in Asic1a−/− mice. To test this, we used an AAV to
specifically express ASIC1A in the BNST of Asic1a−/− mice.
Consistent with our previous observations (Taugher et al., 2014),
we found that AAV-ASIC1A produced ASIC1A expression in
both dorsal and ventral portions of the BNST (Figure 4A).
Moreover, AAV-ASIC injected Asic1a−/− mice froze more to
TMT than their AAV-eGFP injected counterparts (Figure 4B),
suggesting that region-restricted expression of ASIC1A in the
BNST is sufficient to augment TMT-evoked freezing.

Discussion

During these studies, we observed that TMT can exert a striking
reduction in breathing rate. TMT exposure causedmice to reduce
breathing rate by up to 70% compared to compressed air. This
likely translated to a reduction in minute ventilation, although
mice remained awake and active for the duration of the TMT
exposure, suggesting that ventilation was sufficient to maintain
consciousness. In addition, if minute ventilation fell sufficiently,
then one might expect a rise in systemic CO2 concentration and,
in turn, an increase in breathing rate and/or volume through the
hypercapnic ventilatory response (Hodges et al., 2008). However,
for the duration of the TMT exposure, up to 10min, we never
observed a compensatory increase in breathing rate. However,
there were periods of locomotor activity that interfered with
the plethysmographic traces, during which time mice may have
increased breathing rate and/or volume to compensate for the
recorded bradypnea.

Why might mice slow their breathing in response to odors
such as TMT and butyric acid? Interestingly, a previous study
investigating anxiety-associated respiratory dysfunction in a
mousemodel of Rett syndrome reported respiratory irregularities
during stressful stimuli which were attenuated by antalarmin,
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FIGURE 3 | ASIC1A in the BNST is necessary for normal

TMT-evoked freezing. (A,B) Examples of ASIC1A

immunohistochemistry in the BNST of Asic1aloxP/loxP mice injected

with AAV-eGFP or AAV-Cre, showing a decrease in ASIC1A

expression in the BNST (arrow) in the AAV-Cre injected mouse. (C)

Cre-mediated disruption of Asic1a in the BNST reduced TMT-evoked

freezing [t(30) = 2.643, *p = 0.0129, AAV-eGFP n = 19, AAV-Cre

n = 13].

FIGURE 4 | Expression of ASIC1A in the BNST increases TMT-evoked

freezing in Asic1a−/− mice. (A) ASIC1A immunohistochemistry showing

localized expression of ASIC1A in the BNST of Asic1a−/− mice injected with

AAV-ASIC1A. For reference, the lateral ventricle (lv) and anterior commissure

(ac) are labeled and a mirror image atlas schematic of the corresponding

coronal section (Paxinos and Franklin, 2001) is shown. (B) Expression of

AAV-ASIC1A in the BNST of Asic1a−/− mice increased TMT-evoked freezing

[t(12) = 2.249, *p = 0.0441, AAV-eGFP n = 5, AAV-ASIC1A n = 9].

an antagonist of the corticotropin releasing hormone receptor 1
(Ren et al., 2012). In that study, TMT was one of the stressors
tested and it was reported to induce apneic episodes, which
were particularly striking in mice lacking MeCP2. Thus, one
possible explanation is psychological stress, which conceivably
might be induced by odors that are unpleasant or fear evoking.
Alternatively, perhaps the breathing response is an effort to
avoid the unpleasant smell or sense of disgust (Boiten, 1998),
which might be volitional or avolitional. Acrid odors can often
accompany dangerous substances; detecting and avoiding these
odors can be critical for survival (Santos et al., 2004). Thus, it
could be adaptive for an animal to reduce its rate of breathing
until the smell has dissipated or the threat has passed.

In this study, olfactory bulb lesions attenuated the effect
of TMT on breathing, suggesting that a large part of the
TMT response is mediated through olfaction. However, some
effect on breathing rate remained in the olfactory bulb lesioned

mice. Although the lesions were confirmed to cause substantial
damage, it is difficult to be certain that the olfactory bulb
tissue was removed entirely. Alternatively, mechanisms besides
olfaction might play a role. TMT might evoke a physiologic
response through an unpleasant taste. Or, TMT might irritate
mucosal tissues such as the eyes or airway, for instance through
bitter taste receptors in lung mucosa (Shah et al., 2009).
Additionally, it is conceivable that a compound as volatile as
TMTmight be absorbed systemically which might exert a variety
of potential effects.

These studies highlighted two effects of TMT, slowed
breathing rate and freezing. Previous studies have debated
whether TMT induces its effects because of its repugnant odor
or its association with a predator (McGregor et al., 2002;
Blanchard et al., 2003; Fendt and Endres, 2008). Our data
suggest that the breathing effect of TMT might be related
to its repugnant odor. Another repugnant odor, butyric acid,
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also reduced breathing rate and by a magnitude similar to
that induced by TMT. However, butyric acid did not induce
freezing, indicating that the reduction in breathing rate alone
was not sufficient to cause freezing and that the freezing effect
is probably independent from the breathing effect. Furthermore,
Asic1a−/− mice which froze significantly less in response to TMT
exhibited a robust suppression of breathing that was equivalent
to that observed in wild-type mice, suggesting that breathing,
and freezing responses can be separable. Although the breathing
response to TMT may be distinct from the fear-related freezing
effects of TMT, understanding the underlying mechanisms may
provide important insight into voluntary or involuntary control
of breathing.

Our original objective was to investigate the potential sites
of ASIC1A action in TMT-evoked behavior. Supporting our
hypothesis that the BNST might be a critical site of ASIC1A
action, we found that site-specific disruption of Asic1a in the
BNST reduced freezing to TMT. Furthermore, viral-mediated
restoration of ASIC1A expression in the BNST was sufficient
to increase TMT-evoked freezing in Asic1a−/− mice. Although
these observations strongly implicate the BNST, they do not
rule out the possibility that ASIC1A in other brain regions
might also play a role. Global Asic1a disruption altered TMT-
evoked c-Fos activity in medial amygdala and periaqueductal
gray, two structures that abundantly express ASIC1A (Coryell
et al., 2007). ASIC1A might act at several sites in the circuit
underlying TMT-evoked freezing, or loss of ASIC1A in the
BNST may lead to changes in c-Fos activity elsewhere in the
circuit. In addition, these studies raise questions about which
BNST subnuclei are important for TMT-evoked freezing. Our
viral manipulations altered ASIC1A in several BNST subnuclei,
including the anterodorsal, and oval nuclei, which are thought
to play opposing roles in anxiety-related behaviors (Kim et al.,
2013). Further studies will be necessary to identify the key sites of
ASIC1A action within the BNST and to evaluate other candidate
sites of ASIC1A action in the TMT response.

A key question remains, how is this proton-gated channel
ASIC1A involved in TMT-evoked freezing? One possible answer
is that TMT might induce a systemic acidosis by reducing
breathing rate and thus raising CO2 levels. This seems to be
an unlikely explanation, however, as butyric acid had a similar
effect on breathing, but did not elicit freezing. Moreover, we

did not observe an increase in respiratory rate, even after
prolonged TMT exposure, which suggests that CO2 did not reach
a level sufficient to trigger the hypercapnic ventilatory response
(Corcoran et al., 2009). Alternatively, TMT might lower pH in
the circuit by inducing synaptic transmission. Neurotransmitter
containing vesicles are acidic and during vesicle release can
lower pH in the synaptic cleft (Du et al., 2014). Perhaps the
two potential mechanisms highlighted above act in combination
whereby systemic acidosis potentiates localized changes in pH
due to synaptic transmission or another source such as local
metabolic activity. Conversely, although ASIC1A is a proton-
gated channel, it might contribute to the TMT response in some
way other than by directly detecting acidosis. Recent studies
suggest that ASIC1A may influence synaptic structure in brain
regions other than the BNST (Zha et al., 2006; Du et al., 2014;

Kreple et al., 2014). Therefore, it is possible that as in these
other structures ASIC1A in the BNST might alter dendritic spine
number and morphology, AMPA/NMDA ratio, and/or synaptic
currents.

Finally, the observation that ASIC1A in the BNST contributes
to both TMT- and CO2-evoked freezing behaviors raises the
possibility that ASIC1A and the BNST might contribute to
other unconditioned fear-related responses in mice, and also
possibly in humans. Unconditioned fear is thought to play
a role in psychiatric diseases, particularly specific phobias, in
which patients exhibit a strong unconditioned response to certain
objects or situations (Kessler et al., 2005; Choy et al., 2007).
ASIC1A in the BNST might also contribute to other anxiety
disorders, as variations in the ASIC1A-encoding genomic locus
have been recently associated with panic disorder (Smoller et al.,
2014).
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Although predator odors are ethologically relevant stimuli for rodents, the molecular

pathways and contribution of some brain regions involved in predator odor conditioning

remain elusive. Inhibition of histone deacetylases (HDACs) in the dorsal hippocampus

has been shown to enhance shock-induced contextual fear learning, but it is unknown if

HDACs have differential effects along the dorso-ventral hippocampal axis during predator

odor fear learning. We injected MS-275, a class I HDAC inhibitor, bilaterally in the dorsal

or ventral hippocampus of mice and found that it had no effects on innate anxiety in either

region. We then assessed the effects of MS-275 at different stages of fear learning along

the longitudinal hippocampal axis. Animals were injected with MS-275 or vehicle after

context pre-exposure (pre-conditioning injections), when a representation of the context

is first formed, or after exposure to coyote urine (post-conditioning injections), when the

context becomes associated with predator odor. When MS-275 was administered after

context pre-exposure, dorsally injected animals showed enhanced fear in the training

context but were able to discriminate it from a neutral environment. Conversely, ventrally

injected animals did not display enhanced learning in the training context but generalized

the fear response to a neutral context. However, when MS-275 was administered

after conditioning, there were no differences between the MS-275 and vehicle control

groups in either the dorsal or ventral hippocampus. Surprisingly, all groups displayed

generalization to a neutral context, suggesting that predator odor exposure followed by

a mild stressor such as restraint leads to fear generalization. These results may elucidate

distinct functions of the dorsal and ventral hippocampus in predator odor-induced fear

conditioning as well as some of the molecular mechanisms underlying fear generalization.

Keywords: histone deacetylase inhibitors, MS-275, contextual fear conditioning, fear generalization,

hippocampus, predator odor
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Introduction

Predator odors are ethologically relevant stimuli that have been
shown to elicit a variety of defensive responses in rodents
(Blanchard and Blanchard, 1990; Zangrossi and File, 1992;
Wallace and Rosen, 2000; Dielenberg and McGregor, 2001;
Wang et al., 2013a), and, under some conditions, can also
produce conditioning (Blanchard et al., 2001; Dielenberg et al.,
2001; Takahashi et al., 2008). Contextual fear conditioning,
including predator odor fear learning, involves the association of
a context (the conditioned stimulus, CS) with a predator odor
(unconditioned stimulus, US), which leads to the emergence of
a conditioned fear response (CR) in response to the context CS
(Fanselow, 2000;Maren andHolt, 2000; Anagnostaras et al., 2001;
Rosen, 2004). We have recently developed and characterized a
predator odor fear conditioning paradigm using coyote urine that
is effective with mice. We showed that this paradigm produces
moderate but consistent freezing, a stereotypic response to
fear observed in rodents, during long-term retrieval tests. This
response is not observed when animals are exposed to water (no
odor) or an aversive non-fearful odor (2-methyl butyric acid),
indicating that the freezing is a result of associative learning
(Wang et al., 2013a, 2015). Furthermore, the conditioned fear
response is context specific since freezing is observed only in
the training context, and it requires both the dorsal and ventral
hippocampus (Wang et al., 2013a).

Using this paradigm, we recently found that spatial
representations formed in the dorsal hippocampus after predator
odor fear conditioning are stable in the long term (Wang et al.,
2012) but become unstable again during extinction (Wang et al.,
2015), suggesting that predator odor learning alters the stability
of the dorsal hippocampal representation of context. These
findings correlate with numerous studies indicating that the
dorsal hippocampus receives preprocessed spatial information
(for review, see Witter et al., 2014) and thus plays a critical role
forming representations of context during conditioning (for
review, see Maren and Holt, 2000); however, the role of the
ventral region remains unclear. Clarifying the role of the ventral
hippocampus for predator odor fear learning is particularly

important because this region receives most of the olfactory
inputs from the medial and posterior amygdala (Pitkanen et al.,

2000; Kemppainen et al., 2002), areas that receive projections
from the main and accessory olfactory system involved in
predator odor processing (Masini et al., 2010). Moreover, in
addition to these neuroanatomical differences, ventral and dorsal

cells display distinct firing characteristics, further suggesting

that these regions may have different functions. Cells in the
dorsal hippocampus fire in specific circumscribed locations,
whereas ventral cells have large and overlapping receptive fields
(O’Keefe and Dostrovsky, 1971; Kjelstrup et al., 2008; Keinath
et al., 2014). Based on these differences, it has been suggested
that the dorsal region may be important for minimizing memory
interference by coding specific aspects of contexts, while the
ventral hippocampus may play a role in contextual generalization
(Komorowski et al., 2013; Keinath et al., 2014). However, no
studies have directly tested if these differential functions play a
role in contextual fear learning.

On the molecular level, the formation of new memories
requires alterations in gene transcription, which lead to the
translation of proteins necessary for the cellular changes
implicated in long-term memory (for review, see Kandel,
2012). This occurs through modifications of chromatin, a
DNA-protein complex. The basic unit of chromatin is the
nucleosome, which consists of DNA wrapped around four
histone proteins. Modifying these proteins through processes
such as acetylation, phosphorylation, and methylation changes
the state of the chromatin, influencing the rate of transcription
by making the DNA more or less accessible to transcription
factors (Levenson and Sweatt, 2005; Wood et al., 2006). The most
studied and well understood of these modifications in relation
to memory is histone acetylation, a process that facilitates gene
transcription by relaxing chromatin structure. This, in turn, leads
to synthesis of proteins necessary for long-termmemory (Peixoto
and Abel, 2013). Histone acetylation is regulated by histone
acetyltransferases (HATs) and histone deacetylases (HDACs),
enzymes that increase and decrease acetylation, respectively (for
review, see Levenson and Sweatt, 2005; Day and Sweatt, 2011).
Evidence from experiments investigating the correlation between
histone modifications and long-term memory in mice suggests
that changes in acetylation are essential for hippocampus-
dependent fear learning using electrical shock (Vecsey et al.,
2007; Bahari-Javan et al., 2012). However, it is unknown what
role histone acetylation plays in predator odor conditioning
and whether the dorsal and ventral hippocampus differentially
respond to chromatin alterations.

Here, we investigated the effects of the HDAC inhibitor MS-
275, a class I-specific inhibitor (Simonini et al., 2006; Beckers
et al., 2007; Khan et al., 2008; Formisano et al., 2015), in the
dorsal and ventral hippocampus on innate anxiety and during
predator odor fear conditioning. We found that MS-275 had no
effect on traditional anxiety tests. However, injections of MS-
275 after context pre-exposure (pre-conditioning injections) had
different roles in the dorsal and ventral hippocampus, leading
to enhanced fear and generalization, respectively. Interestingly,
although injections after conditioning did not have effects in
any of the groups, all conditions displayed fear generalization,
suggesting that animals generalize fear to neutral contexts
when a stressor, such as restraint, follows immediately after
predator odor exposure. These results extend our understanding
of hippocampal function during fear learning and provide
insights about the learning contingencies that could lead to fear
generalization.

Materials and Methods

Animals
Male C57BL/6 mice 2–5 months of age (Jackson Laboratories,
Bar Harbor, ME) were housed individually, kept on a 12-
h light/dark cycle, and allowed access to food and water ad
libitum for at least 1 week prior to beginning behavioral
experiments. All experiments were approved by the Institution
of Animal Care and Use Committee of the University of
Pennsylvania, and were carried out in accordance with NIH
guidelines.
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Anxiety Measures
Animals were run in the open-field test and black-white box to
determine the effects of MS-275 on innate anxiety. MS-275 was
infused bilaterally into either the dorsal or ventral hippocampus
1–2 h before conducting anxiety tests. For the open field test,
mice were placed in the center of a large cylindrical arena
(70 cm in diameter). The arena was illuminated by a ceiling-
mounted array of eight 60-watt lights arranged symmetrically
around the perimeter, approximately 1.8m above the base.
Explorative behavior was recorded for 20min. Additionally, we
evaluated freezing by calculating the percent time the animals
remain immobile, except for respiratory movements. For the
black/white two compartment box, we used a plastic box divided
into two equal compartments (22 × 24 cm) connected by a
small opening. The black compartment was darkened with black
contact paper and covered with a piece of cardboard, while the
open-topped white compartment was lined with white contact
paper and illuminated by three ceiling-mounted 60-watt lights
approximately 1m above the apparatus, aimed at the center of
the compartment. Mice were placed in the center of the white
compartment facing the black side, and explorative behavior was
recorded for 3min (see behavioral analysis for quantification
details below).

Contextual Fear Conditioning and Context

Discrimination
Prior to the start of behavioral experiments, animals were
handled and restrained twice a day for 2 consecutive days.
Animals were then conditioned using a predator odor contextual
fear conditioning paradigm previously characterized in our lab
(Wang et al., 2013a). We have demonstrated in several studies
that this paradigm produces moderate but consistent increases
in freezing, which are not seen when animals undergo the same
schedule of context exposures with no odor exposure or with
exposure to a non-fearful odor (Wang et al., 2012, 2013a, 2015).
On day 1 (one day before conditioning), mice were habituated
to a cylindrical training context (baseline context A, blA) and
an equivalently sized neutral context (baseline context B, blB)
for 10min each. Both contexts were 35 cm in diameter and had
distinct configurations of black visual cues on the cylinder’s white
walls; additionally, the contexts were placed in separate rooms.
The next day (day 2, 24 h after baseline context exposures), a
paper towel square (2 × 2 cm) saturated with 40 drops of coyote
urine (Maine Outdoor Solutions, Harmon, MN) was placed in
the center of context A, and mice were re-exposed to the context
for 4min in the presence of the odor (conditioning session,
cond). A short-term retrieval test was conducted 1 h later in
context A without odor for 10min. We have previously shown
that this retrieval session is important for the consolidation of
the fear representation in the long term (Wang et al., 2012).
The following day (day 3, 24 h after conditioning), a long-term
retrieval test was conducted in both context A and context B for
10min without odor (24h A and 24h B). The order of context
A and context B during baseline and the 24 h retrieval test
was counterbalanced across animals. At all time points other
than the conditioning session, a paper towel square saturated
with water was placed in the center of the context. MS-275 or

DMSO (4%) was administered bilaterally into either the dorsal or
ventral hippocampus immediately following the baseline context
exposures (pre-conditioning injections) or immediately after the
conditioning session (cond; post-conditioning injections). We
evaluated freezing as a measure of learning as described below.

Behavioral Analysis
All behavioral measures were recorded and analyzed using the
Limelight automated tracking system (Coulburn Instruments).
For the open-field test, the context was divided into three equally
spaced concentric circles and the percent time spent in these
areas was measured. For the black-white box, the percent time
spent in the white compartment of the white/black box was
measured, along with the number of reentries to the white side.
For conditioning and the open field, freezing was quantified as
the percentage of time during which the velocity of the animal
was lower than 0.6 cm/s. Freezing was evaluated using both Lime
Light and custom-written MATLAB code. For the MATLAB
analysis, the position data were smoothed with a 1 s boxcar to
eliminate jitter in the tracking. Finally, we calculated percent
freezing by calculating the percent ratio between freezing at 24 h
and freezing during baseline for each context.

Surgery
Mice were anesthetized with a mixture of ketamine (100mg/kg)
and xylazine (10mg/kg) administered intraperitoneally and
placed on a stereotaxic apparatus in a flat skull position (David
Kopf Instruments, Tujunga, CA). 26 gauge guide cannulas
(Plastics One, Roanoke, VA) were implanted bilaterally in either
the dorsal or ventral hippocampus at the following coordinates,
measured from Bregma in mm. Dorsal: AP, -1.7; ML, ± 1.5;
DV: -1.0 (internal cannulas project an additional 0.7mm beyond
guides for an injection depth of -1.7). Ventral: AP, -3.0; ML, ±
2.8; DV: -2.0 (internal cannulas project an additional 1.5mm
beyond guides for an injection depth of -3.5). An anchor screw
was placed just anterior to lambda, and cannulas were affixed to
the skull with cyanoacrylate and dental cement. After surgery,
animals were allowed to recover for 1 week prior to behavioral
experiments.

Bilateral Hippocampal Injections and Drug

Concentration in the Hippocampus
MS-275 (SelleckChem, Houston, TX) was diluted to 1mM
using 4% dimethyl sulfoxide (DMSO) in ACSF, then infused
bilaterally into either the dorsal or ventral hippocampus through
the implanted guide cannulas using a standard infusion syringe
pump (Harvard Apparatus, Holliston, MA). Total volume
injected was 0.5µl on each side at a rate of 0.5µl/min.
Controls were injected with an equivalent volume of vehicle
(4% DMSO in artificial cerebrospinal fluid). We estimated the
concentration of MS-275 in the hippocampus to be roughly
71µM, since the average volume of the hippocampus in C57bl6
mice is 28mm3, with each hemisphere being approximately
14mm3 and each dorsal and ventral sub-regions around 7mm3

(Peirce et al., 2003). This concentration is well above the
dosages that are effective in inhibiting class I HDACs (Hu
et al., 2003; Khan et al., 2008). The increase in acetylation
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produced by MS-275 (Simonini et al., 2006; Formisano et al.,
2015) is evident 2 h after drug treatment and persists for
up to 8 h (Simonini et al., 2006). Injections were performed
in a room separate from all behavioral experiments and
were given after contextual pre-exposure (pre-conditioning
injections) or after predator odor exposure (post-conditioning
injections).

Histology
To verify cannula placements, animals were sacrificed after
behavioral experiments. Brains were removed and fixed at 4◦C
with 10% formalin for at least 24 h. They were then transferred
to a 30% sucrose solution and kept for at least 48 h at 4◦C for
cryoprotection. Brains were then cryosectioned (35µm, coronal)
and Nissl stained with cresyl violet using standard histological
procedures (Powers and Clark, 1955).

Statistics
Independent t-tests were used to evaluate anxietymeasures. Two-
Way ANOVAS with repeated measures were used to compare
baseline and post-conditioning freezing in the training and
neutral context. Student Newman Keuls post hoc tests were
used to determine which groups were significantly different.
Independent and paired t-tests were used to evaluate percent of
freezing relative to baseline.

Results

MS-275 has No Effect on Innate Anxiety
Since we wanted to establish the effects of HDAC inhibition
on fear learning, we first investigated whether MS-275 had any
effects on innate anxiety. We performed bilateral injections of
MS-275 or vehicle into the dorsal or ventral hippocampus of
animals 2–3 h prior to behavioral testing in the open field and
the black/white box (Figures 1A,B). The open field test, which
consists of free exploration in a large arena, evaluates the anxiety
that rodents exhibit in open spaces. It is well established that
rodents find the inner areas of the open field more anxiogenic
than the outer areas (Hall, 1934; Prut and Belzung, 2003). Thus,
differences in the amount of time spent in these areas normally
reflect distinct levels of anxiety. Thirty-four animals were injected
with MS-275 (dorsal: N = 20; ventral: N = 14), and 41
animals were injected with vehicle (dorsal: N = 21; ventral:
N = 20). We divided the open field in three concentric areas
and calculated the time spent in each of these zones. We did not
find any differences between the groups in the percentage of time
spent in the three concentric regions comprising the open field
(Figures 1C,D; dorsal: center: p = 0.80, inner: p = 0.36, outer:
p = 0.62; ventral: center: p = 0.57, inner: p = 0.30, outer:
p = 0.46). Additionally, we did not find differences in the levels of
freezing in the open field (Figures 1E,F; dorsal: p = 0.45; ventral:
p = 0.66).

Next, we evaluated the effects of MS-275 on behavior in a
black/white two-compartment box (Crawley and Goodwin, 1980;
Sánchez, 1997). The animals are initially placed in the open white
compartment, and the time they spend in this compartment
vs. the dark covered side of the chamber is measured while

FIGURE 1 | (A,B) Photomicrograph of Nissl-stained coronal section showing

position of dorsal (A) and ventral (B) guide cannulas. Note that internal cannulas

for dorsal injections project an additional 0.7mm beyond guide cannulas, and

internal cannulas for ventral injections project an additional 1.5mm beyond

guide cannulas. Blue arrows indicate estimated injection depth. (C–H) Animals

injected with MS-275 or vehicle in either the dorsal or ventral hippocampus

showed no significant differences in tests of anxiety. (C–F) Animals injected with

MS-275 (dorsal: N = 20; ventral: N = 14) or vehicle (dorsal: N = 21; ventral:

N = 20) showed no significant differences in behavior in the open field test. This

was evident in the percentage of time spent in the center, inner ring, and outer

ring of an open field in the dorsal (C) and ventral (D) groups, as well as the level

of freezing observed in the open field in the dorsal (E) and ventral (F) groups.

(G,H) Animals injected with MS-275 (dorsal: N = 12; ventral: N = 11) or vehicle

(dorsal: N = 12; ventral: N = 11) in the dorsal (G) or ventral (H) hippocampus

showed no significant difference in the percentage of time they spent in the

white compartment of the black/white box. Means± SEM are shown.

animal freely move across these areas. Rodents find bright, open
environments more anxiogenic than closed, dark ones (Sánchez,
1995); therefore, increased anxiety is typically seen through a
reduction in the amount of time spent exploring the white
compartment. Twenty-three animals were injected with MS-275
(dorsal: N = 12; ventral: N = 11) and 23 animals were injected
with vehicle (dorsal: N = 12; ventral: N = 11). We did not
find significant differences between the groups in the percentage
of time spent in the white compartment (Figures 1G,H, dorsal:
p = 0.99; ventral: p = 0.17) or the number of reentries to the
white compartment (dorsal: p = 0.29; ventral: p = 0.24; data not
shown). These results suggest that MS-275 does not affect innate
anxiety in the dorsal or ventral hippocampus.
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Effects of MS-275 on Fear Learning
Inhibition of Class I HDACs Following Contextual

Pre-exposure Produces Enhanced Fear in the Dorsal

Hippocampus and Generalization in the Ventral

Region
Several researchers have suggested that successful contextual
conditioning consists of two stages. In the first stage, a
representation of the context is formed, while in the second
stage, the context is associated with the US (Young et al.,
1994; Fanselow and Rudy, 1998; Rudy and O’Reilly, 1999, 2001;
Fanselow, 2000; O’Reilly and Rudy, 2001; Rudy et al., 2004). This
view is based on the observation that animals display learning
deficits in the absence of contextual pre-exposure (Fanselow,
1990). Our predator odor paradigm is ideal for testing the
contributions of the hippocampus to these two learning stages
because animals are exposed to the context one day prior to
conditioning, which provides an optimal time window to explore
the effects of HDAC inhibition either during the context pre-
exposure (pre-conditioning) or the associative phase of learning
(post-conditioning).

To determine the role of histone acetylation during the
formation of a representation of context, MS-275 or vehicle
(DMSO, 4%) was injected in either the dorsal or ventral
hippocampus after exposure to the training context (baseline
context A) and a neutral context (baseline context B) on Day
1 (pre-conditioning injections). Twenty-four hours after the
injections (Day 2), these groups were conditioned and tested 1 h
after conditioning in the training context A. On day 3, the four
groups were retested in the training (A) and neutral (B) context
24 h after conditioning (long-term retrieval test; see Figure 2A).
The order of exposure to context A and B during baseline and the
24 h retrieval tests was counterbalanced across animals.

Since the dorsal hippocampus has been implicated in coding
specific information about contexts (Nadel et al., 2013), and
cells in this region are sensitive to subtle contextual changes
(Colgin et al., 2008), we hypothesized that dorsal injections of
MS-275 after context pre-exposure (pre-conditioning injections)
should lead to enhanced learning because animals would
remember the training context in more detail. These injections,
however, would not substantially decrease the ability of the
animals to discriminate the training and neutral contexts
because the specific information about each context would be
remembered. Conversely, since spatial representations in the
ventral hippocampus are large and overlapping, a characteristic
that may facilitate generalization (Komorowski et al., 2013;
Keinath et al., 2014), we hypothesized that ventral injections after
context pre-exposure (pre-conditioning injections) would lead to
fear generalization to a neutral context.

There were no differences in baseline freezing prior to
conditioning in the dorsal groups (MS-275: N = 13; vehicle
control: N = 16). In support of our hypothesis, we found that
dorsal injections significantly increased freezing in the training
context (context A) in the MS-275 group in comparison to the
vehicle control group. (Figure 2B; effect of group: F(1, 27) =

4.50, p < 0.05, effect of session: F(3, 81) = 17.56, p <

0.001; interaction: F(3, 81) = 2.95, p < 0.04). Post hoc
Student-Newman-Keuls tests (SNKTs) showed that freezing

levels were comparable in the control and MS-275 groups during
baseline (blA: p = 0.40; blB: p = 0.99), but were significantly
different during the post-conditioning 24 h test in context A
(24 h: p < 0.003). Furthermore, although MS-275 also produced
a significant increase in freezing in the neutral context (B)
(SNKTs: 24 h B: p < 0.03), both the vehicle and MS-275 groups,
were able to discriminate the training context A from the neutral
context B, which was evident in significantly higher levels of
freezing in context A (vehicle control: p < 0.05; MS-275: p <

0.005). The differences between the MS-275 and vehicle groups
are also evident in a significant percent increase in freezing
observed 24 h after conditioning relative to baseline in context
A (Figure 2C; t27 = −2.07, p < 0.05) and a trend in context B
(t28 = −1.82, p = 0.08). Again, when we compared the percent
increase in freezing from baseline within each group, both the
MS-275 and vehicle control groups displayed higher freezing
in context A than B at 24 h relative to the freezing baseline in
each context (MS-275 (trend toward significance): t11 = 2.13,
p = 0.056; vehicle control: t19 = 2.63, p < 0.02). These results
suggest thatMS-275 enhances thememory of the training context
without disrupting the ability of the animals to discriminate this
context from a neutral one.

In the ventral hippocampus, we did not observe differences
in baseline freezing between the groups receiving injections
after contextual pre-exposure (pre-conditioning; MS-275:
N = 17; vehicle control: N = 15). Even though MS-275 did
not significantly affect learning, the HDAC inhibitor produced
fear generalization in response to the neutral context B. This
was evident in higher freezing levels in the neutral context in
animals injected with MS-275 than vehicle-injected controls
(Figure 2D; effect of group: F(1, 31) = 0.09, p = 0.77, effect of
session: F(3, 89) = 25.19, p < 0.001; interaction: F(3, 89) = 2.75,
p < 0.05). SNKTs showed no differences prior to conditioning or
after conditioning in the training context (P > 0.05). However,
the groups were significantly different in the neutral context
B (24 h B: p < 0.04). Furthermore, while the control animals
discriminated between the training and neutral context (p <

0.003), the MS-275 group did not (p = 0.865). These effects are
also evident when we examined the percent increase in freezing
at 24 h after conditioning relative to baseline in each context,
showing that there were no differences in the training context A
(t35 = −0.97, p = 0.34) but significantly higher freezing in the
MS-275 group in context B (t35 = 2.36, p < 0.03; Figure 2E).
Importantly, while vehicle control animals clearly discriminated
between the contexts (t16 = 2.36, p = 0.03), MS-275 animals
showed no difference in freezing in context A and B (t19 = 0.08,
p = 0.94). These results suggest that HDAC I inhibition in the
dorsal and ventral hippocampus plays different roles in predator
odor fear memory. MS-275 leads to enhanced fear memory in the
dorsal hippocampus and fear generalization in the ventral region.

Inhibition of Class I HDACs Following Conditioning

has No Effect on Fear Learning

To determine the role of histone acetylation along the
longitudinal hippocampal axis after coyote exposure, we then
examined groups of mice injected with MS-275 or vehicle
(DMSO, 4%) after conditioning (see Figure 3A). The amygdala
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FIGURE 2 | (A) Schematic representation of behavioral paradigm and timing of injections. Animals were injected with MS-275 or vehicle immediately following

exposure to contexts A and B, 24 h prior to fear conditioning. (B) Animals injected with MS-275 (N = 13) in the dorsal hippocampus after contextual pre-exposure (bl

A, bl B) exhibited enhanced fear learning in context A and elevated freezing in context B 24 h after conditioning in comparison to the vehicle-injected controls (N = 16).

However, freezing was significantly higher in context A, the conditioning context, than in the neutral context B, indicating that these animals still discriminated between

the environments. (C) Animals injected with MS-275 in the dorsal hippocampus exhibited a significantly greater percent change in freezing 24 h post-conditioning in

context A and a trend toward enhanced freezing in context B relative to baseline freezing in each of these contexts in comparison to controls. (D) Animals injected

with MS-275 (N = 17) in the ventral hippocampus after contextual pre-exposure exhibited fear generalization without showing enhanced fear learning 24 h after

conditioning; This generalization effect was not observed in control animals injected with vehicle (N = 15). (E) Animals injected with MS-275 in the ventral

hippocampus exhibit significantly greater percent change in freezing 24 h post-conditioning in context B relative to baseline in that context in comparison to

vehicle-injected controls. No difference in percent change in freezing was observed in the training context A between the MS-275 and vehicle control animals. Means

± SEM are shown, *p < 0.05, #p < 0.09.

has been identified as a critical brain region for the associative
phase of predator odor fear learning (for review, see Takahashi
et al., 2008). In particular, it has been demonstrated that the

medial amygdala plays a role during acquisition (Blanchard
et al., 2005; Takahashi et al., 2007) and the basolateral amygdala
during consolidation (Takahashi et al., 2007). Since the dorsal
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FIGURE 3 | (A) Schematic representation of behavioral paradigm and timing of injections. Animals were injected with MS-275 or vehicle immediately following fear

conditioning in context A. Animals injected in the dorsal (B; MS-275: N = 11, vehicle: N = 11) or ventral (C; MS-275: N = 13, vehicle: N = 14) hippocampus after the

conditioning session exhibited fear generalization 24 h after conditioning. Means ± SEM are shown, *p < 0.05.

hippocampus receives very few projections from the basolateral
amygdala and no projections from the medial amygdala,
the area where olfactory information converges (Pikkarainen
et al., 1999), we hypothesized that dorsal injections of MS-
275 would not affect predator odor fear learning. Conversely,
the ventral hippocampus receives strong projections from the
posterior, medial, and basolateral amygdala (Pitkanen et al., 2000;
Kemppainen et al., 2002) as well as structures associated with
the hypothalamic-pituitary adrenal axis (Witter, 1986), which
suggests that the ventral hippocampus may also be involved in

processing anxiety and fear. However, since we did not observe
any effects of MS-275 on anxiety measures in the ventral region,
we hypothesized that HDAC I inhibition after conditioning
would not have an effect on the conditioning phase in the ventral
hippocampus.

In agreement with our predictions, we found no significant
effect of MS-275 in the dorsal hippocampus (effect of group:
F(1, 33) = 0.25, p = 0.62, interaction: F(3, 91) = 0.06, p =

0.98). The MS-275 (N = 11) and vehicle control (N =

11) groups only showed an effect of session reflecting that
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freezing was significantly higher after learning (Figure 3B; effect
of session: F(3, 91) = 17.04, p < 0.001; post hoc comparisons
showed that freezing was significantly higher after conditioning
in comparison to baseline in both context A and B, p < 0.05).
In the ventral groups, we observed a similar pattern. There were
also no significant differences between the MS-275 (N = 13)
and control (N = 14) groups (effect of group: F(1, 28) =

0.51, p = 0.48, interaction: F(3, 75) = 1.13, p = 0.34),
though the groups displayed a significant effect of session, which
reflected that freezing changed after learning (Figure 3C; effect
of session: F(3, 75) = 27.19, p < 0.001, post hoc comparisons
showed that freezing was significantly higher after conditioning
in comparison to baseline in both context A and B, p < 0.05).
The fact that all groups exhibited significantly higher freezing
in the neutral context B at 24 h compared to baseline indicates
that generalization is not produced by HDAC inhibition. Since
all animals are restrained during the injections, we suggest
that the observed generalization occurs as a result of having
an additional stressor following predator odor exposure. These
findings indicate that predator odor fear learning provides a good
model to study fear generalization.

Discussion

Using predator odor conditioning, we tested the effects of
the class I HDAC inhibitor MS-275 in the dorsal and ventral
hippocampus on innate anxiety and at different stages of fear
learning. We found that HDAC I inhibition after contextual
pre-exposure (pre-conditioning) has different effects in the
dorsal and ventral hippocampus. In the dorsal hippocampus,
HDAC inhibition enhances fear learning, whereas in the
ventral hippocampus, it leads to fear generalization. However,
this epigenetic mechanism does not affect learning when
HDAC inhibition takes place after conditioning. Instead, the
presentation of a predator odor followed by a stressor results in
fear generalization to a neutral context.

There are several advantages associated with the use of
predator odors in fear learning. First, odors are extremely
relevant cues to rodents because identifying dangerous odors
is critical for survival (Brennan and Keverne, 1997; Luo et al.,
2003; Restrepo et al., 2004). Second, predator odors produce
innate fear in many species, and thus, are ethologically relevant
models (Apfelbach et al., 2005; Rosen et al., 2008; Ferrero et al.,
2011). Moreover, predator stress produces long-term changes in
behavior, and these changes correlate with persistent alterations
in molecular fear and stress pathways (Blanchard and Blanchard,
1989; Adamec and Shallow, 1993; Adamec et al., 1998, 2001;
Wiedenmayer, 2004). Here, we demonstrate that predator urine
is a good model to study the molecular mechanisms underlying
fear generalization.

Field studies have shown that long-lasting smells, such as
predator urine, produce long-term avoidance of spatial locations
in many mammalian species (Swihart et al., 1991; Rosell, 2001),
suggesting that animals can recall spatial locations where these
odors have been encountered for long periods of time. In this
study, as well as previous ones (Wang et al., 2012, 2013a, 2015),
we found that coyote urine produces consistent but moderate

levels of freezing, which, at first glance, appears surprising in
the context of the effects on behavior observed in field studies.
However, we have also previously demonstrated that exposure
to predator urine has profound and long-lasting effects on
hippocampal spatial representations. Specifically, we showed that
the spatial map formed after predator odor exposure stabilizes in
the long term (Wang et al., 2012), and these changes can only be
reversed when animals learn to perceive the context as safe after
extinction (Wang et al., 2015). These findings suggest that while
conditioned freezing in response to predator urine is moderate,
the neurological changes associated with fear learning induced
with long lasting predator smells are persistent.

Prey animals are under significant evolutionary pressure to
rapidly identify and avoid novel predators, since unguarded
encounters may result in death. Consequently, it has been
demonstrated that after exposure to a specific predator, many
species are capable of generalizing fear responses to completely
novel predators that resemble the one initially encountered
(Griffin et al., 2001; Ferrari et al., 2007, 2008). It follows that it
would also be important for prey animals to generalize defensive
fear responses from a particular dangerous context to novel but
similar contexts that may also be unsafe. Fear generalization
to environments that resemble one in which a threat is
originally encounteredmay be evolutionarily advantageous, since
particular types of predators are frequently found in similar
habitats. Our data suggest that epigenetic mechanisms within the
ventral hippocampus play a role in this process.

It is important to note that although animals injected
with MS-275 in the dorsal hippocampus after contextual pre-
exposure (pre-conditioning) display increased freezing in a
neutral context, the level of generalization observed in these
animals is minimal in comparison to ventrally injectedmice. This
suggests that these animals still differentiate between the training
and neutral contexts. Conversely, animals injected with MS-
275 in the ventral region cannot discriminate between neutral
and fearful contexts. Several studies support the idea that the
ventral hippocampus may play a role in fear generalization. In
rats, hippocampal place cells have receptive fields of increasing
size moving from the dorsal to the ventral pole (Kjelstrup
et al., 2008). We recently showed that the broadly tuned
nature of the cells’ receptive fields favors the involvement
of this region in generalization processes (Keinath et al.,
2014). Furthermore, the ability of ventral cells to generalize
across situations is modulated by learning (Komorowski et al.,
2013). These data suggest that in rodents, the ventral region
may be critical for extracting commonalities across situations.
Interestingly, studies investigating anatomical differences in
humans found that in healthy adults, the anterior hippocampus
(ventral in rodents) contains a smaller proportion of dentate
gyrus than the posterior hippocampus (dorsal in rodents)
(Malykhin et al., 2010). This distinction is remarkable because
the dentate gyrus is implicated in pattern separation, the process
of distinguishing between similar memories (Marr, 1971; Rolls
and Kesner, 2006; Bakker et al., 2008), suggesting that the
ability of the hippocampus to discriminate between similar
memories may decrease along the dorso-ventral longitudinal
axis. In addition, fMRI studies in humans have shown that
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the anterior (ventral) and posterior (dorsal) hippocampi are
activated in different kinds of recall tasks. Thinking of specific
spatial details of an event activates the posterior (dorsal) region,
while thinking about the general location of the same event
activates the anterior (ventral) area (Poppenk et al., 2013).
Therefore, data from both rodents and humans suggest that the
dorsal and ventral hippocampus may serve different roles in
encoding a representation of context. The dorsal hippocampus
encodes particular features and allows animals to discriminate
between similar situations, whereas the ventral hippocampus
appears to facilitate generalization processes. Here we show
that the consolidation of these memories involves epigenetic
mechanisms.

Our data indicate that inhibition of class I HDACs does not
have an effect on innate anxiety and/or the conditioning phase
of predator fear learning. Since previous studies suggest that
the ventral hippocampus plays a role in anxiety (Bannerman
et al., 2004; Kheirbek et al., 2013), it is possible that other
epigenetic mechanims modulate anxiety in this region. MS-
275 preferentially inhibits HDAC1 over HDAC2/3, and has
no effect on other HDACs (Khan et al., 2008; Formisano
et al., 2015). Previous studies have found that HDAC1 regulates
DNA repair in neurons (Wang et al., 2013b) and modulates
fear extinction (Bahari-Javan et al., 2012), HDAC2 plays an
important role in several forms of spatial memory (Guan et al.,
2009), and HDAC3 enhances long-term contextual fear memory
(McQuown et al., 2011), all of which suggest that distinct
epigenetic mechanisms modulate different aspects of memory
consolidation. Interestingly, a recent study demonstrated that
Class II HDAC inhibitors also regulate hippocampus-dependent

learning and plasticity (Kim et al., 2012). It will be important to
assess if class II HDACs play a role in the ventral hippocampus
and whether this epigenetic pathway affects the conditioning
phase or anxiety responses. Understanding the roles played
by different hippocampal regions and epigenetic markers in
fear learning may shed light on the mechanisms that lead
to post-traumatic stress disorder (PTSD) and other anxiety
disorders stemming from deficits in contextual learning. Here,
we demonstrate that predator odor fear conditioning provides a
useful paradigm for understanding these processes.
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Chemosignals mediate both intra- and inter-specific communication in most mammals.

Pheromones elicit stereotyped reactions in conspecifics, whereas kairomones provoke

a reaction in an allospecific animal. For instance, predator kairomones elicit anticipated

defensive responses in preys. The aim of this work was to test the behavioral responses

of female mice to two chemosignals: 2-heptanone (2-HP), a putative alarm pheromone,

and 2,4,5-trimethylthiazoline (TMT), a fox-derived putative kairomone, widely used to

investigate fear and anxiety in rodents. The banana-like odorant isoamyl acetate (IA),

unlikely to act as a chemosignal, served as a control odorant. We first presented

increasing amounts of these odorants in consecutive days, in a test box in which mice

could explore or avoid them. Female mice avoided the highest amounts of all three

compounds, with TMT and IA eliciting avoidance at lower amounts (3.8 pmol and

0.35µmol, respectively) than 2-HP (35µmol). All three compounds induced minimal

effects in global locomotion and immobility in this set up. Further, mice detected 3.5

pmol of TMT and IA in a habituation–dishabituation test, so avoidance of IA started

well beyond the detection threshold. Finally, both TMT and IA, but not 2-HP, induced

conditioned place avoidance and increased immobility in the neutral compartment during

a contextual memory test. These data suggest that intense odors can induce contextual

learning irrespective of their putative biological significance. Our results support that

synthetic predator-related compounds (like TMT) or other intense odorants are useful

to investigate the neurobiological basis of emotional behaviors in rodents. Since intense

odorants unlikely to act as chemosignals can elicit similar behavioral reactions than

chemosignals, we stress the importance of using behavioral measures in combination

with other physiological (e.g., hormonal levels) or neural measures (e.g., immediate early

gene expression) to establish the ethological significance of odorants.
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Introduction

Rodents are widely used in studies on the neurobiological
basis of emotional behaviors. Chemical signals are the most
relevant sensory cues for rodents, capable of eliciting strong
emotional responses in them. For example, chemical signals such
as alarm pheromones and predator kairomones are anxiogenic
for mice and rats. Alarm pheromones are substances released
by an injured or threatened animal and detected by conspecifics
(Gutiérrez-García et al., 2007; Brechbühl et al., 2013), whereas
predator kairomones elicit defensive responses in preys (for
a review, see Fortes-Marco et al., 2013). Thus, experiments
exposing mice and rats to alarm pheromones and kairomones
are valuable to investigate the neural circuits controlling fear and
anxiety, key features of pathologies such as generalized anxiety
disorder, depression, or post-traumatic stress disorder.

The volatile chemical 2-heptanone (2-HP) has been proposed
to act as an alarm substance in bees (Collins et al., 1989) and
rats (Gutiérrez-García et al., 2007). This ketone is a component
of the urine of rats, and its concentration is higher in stressed
individuals. Urine from stressed rats or 2-HP alone induce stress-
like reactions in recipient subjects (Gutiérrez-García et al., 2006),
and despair in rats subjected to the forced swim paradigm
(Gutiérrez-García et al., 2007). In mice, the concentration of 2-
HP in urine is dependent on the adrenal gland (Novotny et al.,
1986), and it acts as a puberty modulator in females in a blend
with other chemicals (Novotny et al., 1986; Jemiolo et al., 1989).
Thus, 2-HP might be classified as a trigger pheromone for rats
and a primer pheromone for mice, following the definition by
McClintock (2002). To our knowledge, the behavioral responses
of mice to 2-HP have not been characterized yet, and most of the
studies using 2-HP have focused on the mechanism of detection
(Boschat et al., 2002; Thompson et al., 2004). Interestingly, a
recent paper suggests that, in mice, some substances proposed
as alarm pheromones, like 2-sec-butyl-4,5-dihydrothiazole, share
structural similarity with kairomones (but see Jemiolo et al., 1985
on the possible role of this chemical as a sexual pheromone).
Thus, alarm pheromones and kairomones might act using the
same neural circuits conveying signals of danger (Brechbühl et al.,
2013).

Cat fur and feces are potential sources of kairomones for
rodents. Indeed, cat odors consistently induce biochemical and
behavioral measures of stress in mice and rats, such as elevation
of plasma glucocorticoids, fear responses such as freezing,
avoidance, and contextual memory (Berton et al., 1998; Muñoz-
Abellán et al., 2008, 2009). However, the components of cat
fur odor and feces are diverse, not yet fully characterized, and
the reaction to cat odor depends on the donor cat (Muñoz-
Abellán et al., 2008) and its diet (Berton et al., 1998; Ferrero
et al., 2011). Conversely, specific odorants derived from predator
sources would offer the advantage of a controllable presentation
to produce reproducible results.

The synthetic molecule 2,5-dihydro-2,4,5-trimethylthiazoline
(TMT), a component isolated from fox feces (Vernet-Maury,
1980), offers the mentioned advantages. TMT induces freezing,
contextual learning, and anxiety-related behavioral changes
in rodents (Endres and Fendt, 2007, 2009). Moreover, TMT

activates brain regions related to stress and anxiety, although
the activation pattern differs from that induced by cat odor
(Dielenberg et al., 2001; Staples et al., 2008; Janitzky et al., 2015;
Pérez-Gómez et al., 2015). This fact, together with the fact that
both unconditioned responses to TMT and its ability to support
conditioning are dependent on the environment and protocol
used (Wallace and Rosen, 2000; Morrow et al., 2002; Blanchard
et al., 2003; Endres and Fendt, 2007), have led to some debate on
the kairomonal or simply aversive nature of this molecule (Fendt
and Endres, 2008; Fortes-Marco et al., 2013).

In this vein, we have previously hypothesized that the
exposure to intense odorants might be indeed very aversive, so
it could elicit similar anxiety-like responses to the ones elicited
by kairomones and alarm pheromones in mice—not necessarily
accompanied by behavioral components of fear i.e., freezing
(Fortes-Marco et al., 2013).

Thus, we sought to compare the behavioral reactions of
female mice to increasing amounts of TMT, 2-HP and isoamyl
acetate (IA), a banana-like odorant frequently used as a control
odor (Wallace and Rosen, 2000; Root et al., 2014) in two-
choice tests. Previous studies from our lab have validated
these tests to investigate the attractive properties of male
pheromones for female mice (Agustín-Pavón et al., 2007, 2014;
Martínez-Ricós et al., 2007). We hypothesized that the putative
kairomone TMT would be avoided at detectable concentrations.
The putative pheromone 2-HP might be either attractive or
aversive depending on its role—alarm pheromone or puberty
modulator, see above. Finally, the control odorant should not
elicit avoidance, except perhaps at high concentrations. We
also hypothesized that sufficiently aversive olfactory stimulation
might be able to support learning in the animals. Thus, we
tested whether repeated exposure to the concentrations eliciting
the maximum behavioral reaction could induce a conditioned
contextual avoidance in mice.

Materials and Methods

Animals
For the present experiments, we used 125 adult female CD1
mice (8–18 weeks old, Janvier SAS, St Berthevin Cedex,
France). Animals were housed under controlled temperature
(22–24◦C) and a light-dark cycle 12:12 (light from 08:00 to
20:00), with food and water ad libitum. Animals were treated
throughout according to the European Communities Council
Directive of (86/609/EEC), and the protocols were approved
by the Committee of Ethics on Animal Experimentation of the
University of Valencia.

Odorants
We used three odorants: 2,5-dihydro-2,4,5-trimethylthiazoline
(TMT; Contech, Victoria, Canada), a putative kairomone found
in fox feces and detected by the main olfactory system and the
Grueneberg ganglion (Brechbühl et al., 2013), 2-heptanone (2-
HP, Sigma-Aldrich, Schnelldorf, Germany), a putative mouse
pheromone detected by the main and accessory olfactory
epithelia (Thompson et al., 2004; Xu et al., 2005), and isoamyl
acetate (IA, Panreac Quimica SA, Barcelona, Spain), a control
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odorant detected by the main olfactory system (Xu et al.,
2005) and unlikely to participate in intra or interspecific
communication (Root et al., 2014). We diluted the odorants to
the desired concentration, with PBSwith Triton X-100 1%, (pH=

7.4) for 2-HP and TMT and mineral oil for IA. We selected
these solvents because the odorants were more readily diluted in
them than in distilled water. In addition, mice were not able to
detect differences between the odorants diluted in the solvents
or in distilled water (Supplementary Material, Experiment S1).
Also, the solvents did not elicit enhanced chemoinvestigation (see
Section Results and Figure 2).

Behavioral Tests

Experiment 1. Behavioral Effects of Increasing

Amount of Odorants
To check the behavioral reaction of mice toward each amount of
odorant in two-choice tests, subjects were randomly assigned to
four groups. Each group was presented with one of the odorants
or PBS (control) (TMT n = 12, 2-HP n = 11, IA n = 12, PBS
n = 12). The behavioral test was performed in a methacrylate
opaque box (45 × 47.5 × 22.5 cm), divided in two identical
chambers by a panel with a door to minimize diffusion of the
odors. Each chamber had one perforated stainless steel capsule
(JP Selecta, Abrera, Barcelona, Spain) attached to the floor with
double-sided adhesive tape. We prepared serial dilutions of each
of the odorants, from the pure substance to 10−8, and pipetted
5µl of the corresponding solution in a piece of filter paper (2 ×
2 cm) inside each capsule. The capsule on the stimulus chamber
contained 5µl of the corresponding odorant, whereas the capsule
on the neutral chamber contained the corresponding solvent,
except in the PBS group, in which both capsules contained 5µl
of PBS.

Animals were habituated to the experimenter and apparatus
for 10min for 3 days. The fourth day, we performed a 5-min test
(control), in which both capsules contained the correspondent
solvent (PBS with Triton X-100 or mineral oil, see above) or
PBS. On the following days, mice were exposed to the 5µL
of the relevant chemical stimulus at increasing concentrations
at the stimulus chamber (exposure days 1–9), and 5µL of the
corresponding solvent in the capsule at the neutral chamber. All
odorants have similar molecular weight and density (TMT 129.2,
1 g/ml; 2-HP 114.2, 0.8 g/ml; IA 130.2, 0.9 g/ml), so the molar
concentration of the pure substance is similar (TMT 7.7 M, 2-HP
and IA, 7M). Thus, the first exposure day, mice had access to 0.38
pmol of TMT or 0.35 pmol of 2-HP and IA, and the amount of
odorant was increased 10-fold each day to the pure substance, i.e.,
38µmol of TMT or 35µmol of 2-HP and IA. To avoid diffusion
of the odorant and facilitate exhausting the volatiles of the room,
we performed the tests in a room with mild negative air pressure.
Experimental cages were thoroughly cleaned after each test, and
each stimulus was used in a different room.

Experiment 2. Habituation–Dishabituation Tests
To establish the detection threshold of each of the odorants,
we submitted three separate groups of mice (n = 6 for each
odorant) to habituation–dishabituation tests, following Agustín-
Pavón et al. (2007).

The tests were performed in a squared opaque methacrylate
box (25 cm2) with a hole at 8 cm from the floor in one of the
walls. Females were placed in the test box 3min before the test
for habituation. The stimuli were presented to the mice in a stick
with a cotton swab at the tip, which was introduced through
the hole and fixed to the box wall. We presented the mice with
three consecutive 1-min presentations of the swab impregnated
with 5µl of water, followed by three consecutive presentations
of 5µl each odorant amount. Between each odorant amount,
mice were presented with three consecutive 1-min presentations
of the corresponding solvent. Mice investigate more each stick
when presented for the first time or when its odor changes, and
investigation decreases in successive presentations. Thus, this
is a reliable method to investigate the detection threshold of
odorants.

Experiment 3. Place Conditioning Test
To test whether repeated exposure to the odorants in the
same location would induce learning, we performed a place
conditioning test following the protocol described in Martínez-
Ricós et al. (2007). Animals were randomly distributed in three
groups, (TMT, n = 11; 2-HP, n = 12, IA, n = 12). We used
the same test box as in Experiment 1, so that animals could
freely explore both chambers. Animals were habituated to the
experimental conditions for 10min for 2 days. The third day, we
put 5µL PBS in each capsule and recorded the behavior of the
animals for 5min (control). From the next day, mice had access
for four consecutive days (training days, 1–4) to 5µL of their
corresponding odorant at pure concentration in the stimulus
chamber and to PBS in the neutral chamber, for 5min. The
day after the last training session, we evaluated the induction of
contextual memory (test) with PBS in each capsule.

Behavioral Measures
All tests were video-recorded and the videos were analyzed with
the video-tracking software SMART v2.5.11 (Panlab, Cornella,
Spain). For experiments 1 and 3, we defined an area of interest
covering 25% of each chamber surface, as a circular region of
12 cm of radius surrounding the center of the capsule (stimulus
or neutral zones). This zone ensured the detection of the animal
in close proximity of the stimuli.

For each stimulus and test, we obtained data from time
spent in the area of interest and distance traveled in cm.
Informal observations by a trained observer who was blind to
the experimental conditions revealed lack of risk assessment
postures or freezing, so we used the percentage of time that the
animal moved at a speed <1mm/s as an approximate measure
of immobility (Fortes-Marco et al., 2013). As a measure of
attraction/avoidance, we calculated an avoidance ratio as the ratio
between the time spent on the stimulus zone and the total time
spent in the neutral plus the stimulus zone (see Agustín-Pavón
et al., 2014). A value of 0.5 of this avoidance ratio indicates
that the stimulus is neither attractive nor avoided, whereas
an avoidance ratio <0.5 reveals avoidance of the stimuli. For
experiment 2, the tests were videotaped and an observer blind
to the experimental conditions measured the time that females
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spent rearing on their hind limbs and actively sniffing at the
cotton tip.

Statistical Analysis
Data were analyzed with R statistical software (v. 3.1.2, http://
www.R-project.org/) and IBM SPSS 22.0. We checked the
normality and homocedasticity of the data by means of a
Kolmogorov–Smirnov and Levene test. Data from Experiment
1 were analyzed by means of ANOVA for repeated measures,
with the factors DAY/CONCENTRATION (for the avoidance
ratio) and ZONE (for time spent in the zones) as within-
subject factors, followed by Dunnet post-hoc comparisons (to
compare exposure days with the control condition) or post-
hoc pairwise comparisons with the Bonferroni correction.
Data from Experiment 2 were analyzed by means of paired
Student’s t-tests between the last presentation of each solvent
and the first presentation of the following odorant. Data from
Experiment 3 were analyzed by means of paired Student’s
t-test (avoidance ratio in control vs. place avoidance test),
repeated measures ANOVA (distance traveled and immobility)
with DAY and ZONE as within-subjects factors, and repeated
measures ANOVA (avoidance ratio during exposure days) with
DAY as within-subject factor and ODOR as between-subjects
factor.

Results

Experiment 1. Behavioral Effects of Increasing

Amount of Odorants
The aim of the first experiment was to determine the range
of amounts at which each odor would elicit a measurable
behavioral reaction in mice, including attraction/avoidance,
distance traveled, and immobility, in two-choice tests. To
ensure that there was no a priori preference of the animals
for any compartment—this was unlikely, since both were
identical-, or some habituation process that would affect the
activity of the animals across tests, we run group of animals
that were exposed to PBS in each zone for 10 consecutive
days. None of the behavioral measures varied across days in
these mice exposed to PBS alone, so any behavioral changes
in the mice exposed to the different odorants could be
attributed to the effects of the stimuli. (Supplementary Material,
Experiment S2).

The avoidance ratio for the group exposed to TMT was
significantly different from control at the highest amount of TMT
used [repeated measures ANOVA, factor CONCENTRATION,
F(9, 99) = 4.9, p < 0.001; post-hoc comparison between
exposure day 9 (38µmol of TMT) vs. control (no TMT), p =

0.009; Figure 1A]. We further checked whether there was a
difference in the raw time that animals spent in each zone. There
was a significant decrease of the time spent in the stimulus
zone when it contained 38µmol of TMT with respect to the
stimulus zone in the control day [repeated measures ANOVA,
CONCENTRATION×ZONE, F(9, 99) = 3.6, p < 0.001; post-hoc
comparison for exposure day 9, stimulus zone vs. control, p =

0.001; Figure 1B]. Still, post-hoc pairwise comparisons between
zones showed that time spent in the TMT zone was lower with

respect to the neutral zone during exposure days 2, 4, 8, and 9
(3.8 pmol, p = 0.023; 0.38 nmol, p = 0.015; 3.8µmol, p = 0.002;
and 38µmol, p < 0.001; Figure 1B). These results suggest that
mice were able to detect TMT from 3.8 pmol, since this amount
induced a slight avoidance reaction (Figure 1B), but TMT was
strongly avoided at pure concentration only as measured with
both time spent in zones and avoidance ratio.

The putative pheromone 2-HP induced avoidance at the
highest amount presented [repeated measures ANOVA of the
avoidance ratio, CONCENTRATION, F(9, 90) = 9.4, p < 0.001,
post-hoc comparison exposure day 9 vs. control, p = 0.001;
Figure 1C]. Further, the ANOVA of the raw time spent in zones
and subsequent post-hoc tests revealed an increase in time spent
in the neutral zone and a decrease in the stimulus zone with
35µmol of 2-HP [CONCENTRATION × ZONE, F(9, 90) = 7.4,
p < 0.001, post-hoc exposure day 9 vs. control, neutral zone
p = 0.009, stimulus zone p = 0.03; Figure 1D]. Pairwise post-hoc
comparisons between zones confirmed a significant difference of
time spent in stimulus vs. neutral zone in exposure day 9 only
(p < 0.001).

Finally, mice also avoided IA at the highest amount
presented [repeated measures ANOVA for the avoidance ratio,
CONCENTRATION, F(9, 90) = 9.1, p < 0.001; post-hoc
comparison of exposure day 9 vs. control, p = 0.048; Figure 1E].
For the time spent in each zone, there was a decrease in time
spent in the stimulus zone in the presence of 35µmol of IA
with respect to the control [ANOVA, CONCENTRATION ×

ZONE, F(9, 90) = 5.83, p < 0.001, post-hoc comparison of
exposure day 9 vs. control, p = 0.002]. In addition, post-hoc
pairwise comparisons revealed significantly lower time spent in
the stimulus zone as compared to the neutral zone when IA was
presented from 0.35 to 35µmol (p = 0.014; p = 0.004; p <

0.001, respectively; Figure 1F). Thus, the pattern of avoidance of
IA resembles that of TMT.

Surprisingly, an ANOVA between tests revealed that TMT
did not significantly affect distance traveled [F(9,90) = 1.7, p =

0.11] or percentage of immobility [F(9,90)=1.5,p = 0.22]. By
contrast, distance traveled was, overall, significantly decreased by
the increasing concentrations of 2-HP [DAY effect, F(9, 90) = 4.0,
p < 0.001]. Post-hoc comparisons revealed significant decreases
in the presence of 0.35 nmol to 3.5µmol of 2-HP with respect
to the control (all p < 0.05). The percentage of immobility
was also significantly different across tests [DAY, F(9, 90) = 2.2,
p = 0.027]. Thus, 2-HP was avoided by mice at the highest
presented amount, but concentration-dependently affected the
activity of the animals. Finally, the exposure to IA significantly
decreased the distance traveled and increased immobility globally
across tests [F(9, 90) = 3.4, p = 0.018, F(9, 90) = 3.3, p = 0.026;
Table 1].

Experiment 2. Habituation–dishabituation test
Results from Experiment 1 suggested that mice could detect 3.8
pmol of TMT, since this was the minimal amount that elicited
a slight avoidance response. However, both 2-HP and IA were
not avoided until we presented 35 and 0.35µmol, respectively.
To investigate whether odorants affected the behavior of mice
at their olfactory detection threshold or beyond, we carried
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FIGURE 1 | TMT, 2-HP, and IA induced avoidance in a concentration-dependent way. Bar and line charts representing the avoidance ratio and time spent in

each zone for increasing concentrations of each odorant. For all three odorants, the avoidance ratio was significantly different from the control situation (no odor) only

when pure substance was presented (A,C,E, *p < 0.05). Time spent by the animals at the stimulus zone was dose-dependently decreased by TMT with respect to

the neutral zone (B), whereas 2-HP did not induce avoidance except when presented pure (D). Finally, IA produced a pattern of avoidance similar to that of TMT (F).

Comparison between the stimulus zone with the same zone in the control (no odor): a, p < 0.05. Comparison between the stimulus and the neutral zones: b,

p < 0.05. Data are represented as mean ± SEM.

out a habituation–dishabituation test. The analysis comparing
the last presentation of the cotton swab impregnated with
solvent with the first presentation of each amount of odorant
tested revealed that female mice detected 3.8 pmol of TMT,
since this amount increased investigation of the cotton swab
(p = 0.002; Figure 2A). By contrast, 2-HP did not significantly
increased investigation until 35µmol were presented (p =

0.039; Figure 2B). Finally, 3.5 pmol of IA significantly increased
chemoinvestigation (p = 0.005). Thus, we confirmed that mice
detected 3.8 pmol of TMT, although avoidance behavior was
not strong with this amount of odorant. Further, in agreement
with the avoidance expressed by mice in Experiment 1, 2-
HP did not significantly enhanced chemoinvestigation until
presented at the maximum amount (see also Supplementary
Material). By contrast, IA was detected in the habituation–
dishabituation test much more diluted than it was avoided in
Experiment 1. These results also raise the possibility that learning
could contribute to the strong avoidance displayed toward TMT
and IA at the highest amount used. Finally, this experiment
confirmed that the solvents did not elicit chemoinvestigation
(Figure 2).

Experiment 3. Place Conditioning Test
We next checked whether the repeated exposure to the different
stimuli was able to induce the formation of a contextual memory.
To do so, we used the undiluted odorants, which were equally
avoided by mice, in a place conditioning experiment.

Mice of the TMT group expressed a conditioned avoidance
for the stimulus chamber after four consecutive days of exposure
to this kairomone (Student’s t-test of the avoidance ratio control
vs. place conditioning test, p = 0.029; Figure 3A). Moreover,
a Student’s t-test against the chance value 0.5 revealed that the
avoidance ratio was significantly different from chance in the test
(p = 0.027) but not the pre-training control (p = 0.64). However,
neither distance traveled nor global percentage of immobility
were significantly different between the control and the place
conditioning test (p = 0.7, Figure 3B). We further explored
whether the percentage of immobility would be dependent on
the zone, i.e., whether mice would stay inactive in the neutral or
the stimulus zone (Fortes-Marco et al., 2013). Indeed, there was
a significant difference between zones in the place conditioning
test, driven by an increase in the percentage of immobility in the
neutral zone in the test with respect to control [repeatedmeasures
ANOVA, DAY × ZONE, F(1, 10) = 8.7, p = 0.014, post-hoc
stimulus vs. neutral zone in the test, p = 0.002; post-hoc time
spent in neutral zone in control vs. test, p = 0.017; Figure 3C].

In spite of being strongly avoided at the highest amount
presented, 2-HP did not induce contextual memory (avoidance
ratio, control vs. test p = 0.99; Figure 3D). Distance traveled and
immobility were not significantly affected either (p = 0.068 and
0.094, respectively; Figures 3E,F).

Finally, in the group exposed to IA the decrease of the
avoidance ratio did not reach statistical significance with respect
to the control (p = 0.067; Figure 3G). However, a Student’s
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.7 t-test against the chance value revealed that the avoidance ratio

was significantly different from chance at the test (p = 0.001)
but not the control (p = 0.115), so this measure indicates the
formation of a conditioned avoidance. Further, distance traveled
was significantly lower in the test with respect to the control (p =

0.034; Figure 3H). The percentage of immobility in each zone
was different in thememory test, due to an increase in immobility
in the neutral zone [DAY × ZONE, F(1,11) = 4.9 p = 0.049,
stimulus vs. neutral chamber, p = 0.004; time in immobility in
the neutral zone control vs. test, p = 0.012; Figure 3I).

In summary, TMT and IA induced a contextual memory
after repeated exposure, so that mice avoided the stimulus zone
even in the absence of the odorants. Exposure to IA significantly
decreased distance traveled in the contextual memory test, and
both TMT and IA increased the immobility of the animals in the
neutral zone, paralleling the significant avoidance of the stimulus
zone. Conversely, exposure to 2-HP did not produce statistically
significant behavioral differences between the control and the
memory test.

To check whether the different effects of each odorant in
memory and activity were due to differential effects of the
repeated exposure to them, we compared the avoidance ratio,
distance traveled and immobility during the training days
between groups (TMT, 2-HP and IA). The avoidance ratio of
the groups exposed to TMT and 2-HP was significantly different
to those of IA [repeated measures ANOVA, DAY × ODOR,
F(6, 96) = 3.1, p = 0.01; post-hoc comparison TMT vs. IA and
2-HP and 2-HP vs. IA, both p = 0.023; Figure 4A]. Further
post-hoc pairwise comparisons between the individual exposure
days revealed that all odors were equally avoided during the first
two training days, but from day 3, the avoidance ratio of TMT
decreased and became significantly different from both 2-HP and
IA (p < 0.05 in all cases; Figure 4A). In fact, the avoidance
ratio in the TMT group was significantly different between day
2 and 3 (p = 0.042). Conversely, the avoidance ratio of the group
exposed to 2-HP was significantly lower in day 2 than in day 1
(p = 0.02). Finally, the avoidance ratio of the group exposed to
IA did not vary across days. These findings suggest that mice were
slightly habituated to the aversive properties of TMT, whereas
they expressed a higher avoidance of 2-HP in consecutive tests.

Distance traveled was significantly different across exposure
days and between groups [repeated measures ANOVA, ODOR,
F(2, 32) = 5.4, p = 0.009; TEST × ODOR, F(6, 96)= 3.1,
p = 0.01; Figure 4B]. Post-hoc comparisons of the factor ODOR
showed that, overall, the distance traveled by the mice exposed
to TMT was significantly different to distance traveled by the
mice exposed to 2-HP (p = 0.007). Further post-hoc pairwise
comparisons revealed that distance traveled by animals exposed
to 2-HP was lower at day 4 as compared to day 1 (p = 0.014),
whereas mice exposed to IA traveled less distance all three last
exposure days as compared to the first one (all p < 0.05).We thus
checked whether these differences were due to basal differences
in distance traveled between the groups. Importantly, distance
traveled was similar for all groups at the control day (p > 0.1).
Further, the ANOVA followed by Dunnet post-hoc comparison
revealed that TMT increased distance traveled during the first
exposure with respect to the control (p = 0.019), whereas 2-HP
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FIGURE 2 | Mice are able to detect TMT, 2-HP and IA in habituation–dishabituation tests. Line charts representing the chemoinvestigation of scented cotton

swabs in cs. 3.8 pmol of TMT elicited increased chemoinvestigation (A), whereas 2-HP did not significantly increase chemoinvestigation until we presented 35µmol

(B). The detection threshold of IA was similar to that of TMT (C). Comparison between last presentation of a solvent (water, PBS with Triton X-100 1% or mineral oil)

and first presentation of each odorant amount, *p < 0.05. Data are expressed as mean ± SEM.

and IA decreased distance traveled with respect to the control at
days 3 and 4, respectively (both p = 0.04).

As expected, immobility followed a pattern that was
complementary to that of distance traveled [repeated measures

ANOVA, TEST × ODOR, F(6, 96) = 2.3, p = 0.042]. Overall,
immobility was significantly different in the TMT and 2-HP
groups (p = 0.037). Again, these differences were not due to
different initial levels of immobility, since this measure was not
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FIGURE 3 | TMT and IA, but not 2-HP, induced contextual learning. Bar charts representing behavioral responses in the contextual learning experiment, in the

pre-exposure control (Control) and the contextual memory test (Test). Mice exposed to pure TMT during four consecutive sessions expressed conditioned place

avoidance to the zone paired with the stimulus, as shown by a significant decrease of the avoidance ratio in the test (A). In addition, TMT failed to affect distance

traveled (B), but increased immobility in the neutral zone during the test (C), suggesting that animals avoided TMT and stayed immobile in the neutral zone. By

contrast, 2-HP did not induce a contextual memory, since it did not affect the avoidance ratio (D), but, overall, it slightly decreased distance traveled (E), and did not

affect immobility (F). Finally, IA produced a marginally significant decrease in the avoidance ratio (G), and significantly decreased distance traveled (H). Like TMT, IA

increased immobility in the neutral zone (I). *p < 0.05. Comparison between the neutral zones in control and test: a, p < 0.05. Data are expressed as mean ± SEM.

significantly different between groups in the control day (all
p > 0.9). In contrast to most reports showing an increase in
freezing in animals exposed to TMT, this putative kairomone
decreased immobility during the first day as compared to control
(p = 0.017). Conversely, 2-HP increased immobility at day 4 as
compared to control (p = 0.004), whereas animals exposed to IA
did not show any significant variation in the percentage of time
they spent inactive (Figure 4C).

Discussion

Our results indicate that female mice displayed specific
behavioral changes when exposed to substances thought to be
implicated in inter (TMT) and intraspecific communication
(2-HP), but also to a common odorant unlikely to act
as a chemosignal (IA). Mice avoided these chemicals in a
concentration-dependent way, but showed opposite changes in
activity in response to them. Further, avoidance of both TMT
and IA was expressed beyond the detection threshold of the
odorants. In addition, only TMT and IA induced conditioned,
context-dependent behavioral changes. We discuss these results
by comparing them with the behavioral responses of mice to the
common odorant IA.

Exposure to TMT Elicits Avoidance but not

Freezing
Mice mainly rely on their sense of smell to avoid danger. Thus,
when given the opportunity, they readily avoid spots containing
predator kairomones (Root et al., 2014; Wernecke et al., 2015).
Our results in female CD1 mice, showing that they avoid a
zone containing TMT, a putative kairomone, are in agreement
with this view. In fact, in Experiment 1, mice spent less time
in the zone of the cage containing TMT than in the opposite
neutral zone when TMT was present at amounts as low as
3.8 pmol and 0.38 nmol (Figure 1A). However, in the ensuing
sessions at higher concentrations (3.8 nmol to 0.38µmol) mice
seemed to habituate and spent the same amount of time in both
zones. Avoidance reappeared at the highest concentrations (3.8
and 0.38µmol). In Experiment 2, we confirmed the olfactory
detection of 3.8 pmol TMT, so that mice can detect and avoid
TMT at low concentrations, supporting its role as a kairomone.

However, the time spent in the stimulus zone was significantly
reduced with respect to the control situation (no odor) only
when 38µmol TMT were presented (Figure 1B). In addition,
mice displayed a similar avoidance pattern to TMT and to IA,
an odorant unlikely to have a kairomonal role. In fact, IA is
frequently used as a control odor for TMT studies (Wallace
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FIGURE 4 | Pure TMT, 2-HP and IA were avoided and differently

affected locomotion. Line charts representing behavioral responses during

the training days of the contextual conditioning experiment for each odorant.

All three odors were significantly avoided, but the avoidance of TMT was

blunted across sessions, whereas avoidance of 2-HP increased in the second

day (A). Distance traveled was differentially affected by the three odors:

whereas TMT increased locomotion during the first exposure day and then this

parameter remained stable, 2-HP and IA decreased locomotion across tests

(B). TMT reduced immobility the first training day, and 2-HP increased it during

the last training day, whereas IA did not affect to this measure (C). Comparison

between odorants: *p < 0.05. Comparison between exposure days and the

control situation: a, p < 0.05. Data are expressed as mean ± SEM.

and Rosen, 2000; Root et al., 2014), and our results showing
that low amounts of IA are detected but not avoided by mice
support its use as such, albeit only at those low concentrations.
Our findings suggest that the behavioral reactions that mice
display to supra-threshold, very intense odorants might not be
odorant-specific, and therefore they may not be informative
about the role of that substance as a chemical signal. In this
line, a recent study by Dewan et al. (2013), showed that genetic
deletion of specific olfactory receptors blocked the aversion that
mice expressed for low, but not high, concentration of amines
found in the urine of predators and for the urine itself. The
high concentration of amines used in that study were pungent
to humans, so the aversion could be due to either overactivation

of non-specific olfactory receptors or trigeminal stimulation (see
below), supporting that that aversion toward very intense odors
might not only depend on the biological significance of the
odorant. Second, this study highlights that biologically significant
chemosignals are detected at very low concentrations.

Further, behavioral avoidance of a given stimulus does not
necessarily reflect fear, but rather that the stimulus has aversive
properties for the subject due to its repugnant, pungent or
disgusting properties. In this sense, Endres and Fendt (2009)
demonstrated that whereas both TMT and butyric acid elicited
avoidance in rats, only TMT elicited freezing, a more accurate
behavioral measure of fear.

However, TMT did not produce any freezing in our mice
as measured by a trained observer. Immobility, a behavioral
measure that could approximate freezing, was not affected either
by the increasing concentrations of TMT. Quite the opposite,
animals repeatedly exposed to pure TMT displayed heightened
locomotion and reduced immobility, as compared to both the
control situation (no odor) and to animals exposed to 2-HP.
These findings contrast with the above mentioned study by
Endres and Fendt (2009) and several other reports showing
that rats (Wallace and Rosen, 2000) and mice (Hebb et al.,
2004; Hacquemand et al., 2013) display enhanced immobility and
freezing in the presence of TMT, but are in agreement with our
previous findings in two strains of mice (Fortes-Marco et al.,
2013). In fact, sensitivity to TMT is dependent on the strain in
rats, so that, under the same conditions, Sprague–Dawley, but not
Wistar rats display freezing in the presence of TMT (Rosen et al.,
2006). In agreement, we have previously shown that mice of the
C57BL/J6 strain displayed enhanced immobility in the presence
of the TMT as compared to CD1 (Fortes-Marco et al., 2013).

The contrasting findings about freezing to TMT found in the
literature also reflect that responses of animals toward a given
aversive stimulus are critically dependent on the protocol used.
To investigate this issue, Morrow et al. (2002) exposed rats to
TMT either in a low anxiety (a comfortable, dimly lit open field)
or a high anxiety environment (a bigger apparatus intensely lit).
Their results showed that rats displayed enhanced immobility in
the high anxiety environment only. Thus, the behavioral strategy
that animals select to cope with an aversive stimulus is dependent
on the possibilities offered by the environment. In a single-
chamber open field or in the home cage, where the animals
cannot escape or hide, it is more likely that they freeze than
in our set up, a box divided in two chambers with a neutral
compartment where the animals can escape. This is also true
in response to a footshock, the most common fear-inducing
stimulus in the laboratory. When rats are given the opportunity
to escape to a save chamber, they do not freeze but quickly escape
following the footshock (Blanchard et al., 2006).

Additionally, the conditions in which volatile compounds are
tested determine their effective concentration in the air. Thus, if

a given amount of a volatile substance is presented in a small cage

covered by a lid, the concentration in the air will be higher than
in an open or larger cage. This might also explain the differences

found between the different studies in the behavioral response of

animals to volatiles.
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Exposure to pure 2-HP Elicits Avoidance and

Enhanced Immobility
To our knowledge, this is the first report analyzing the behavioral
effects of 2-HP in adult female mice. Although sometimes quoted
as a “known mouse pheromone” (Xu et al., 2005), studies on the
behavioral and endocrine effects of 2-HP in mice are scarce, and
restricted to early reports about its puberty-affecting properties
(Novotny et al., 1986; Jemiolo et al., 1989). Conversely, more
recent studies in rats have shown that 2-HP is elevated in the
urine of stressed rats (Gutiérrez-García et al., 2006) and increases
immobility in the forced swimming test (Gutiérrez-García et al.,
2007), suggesting that 2-HP acts as an alarm pheromone in this
species (but see also Zhang et al., 2008; Zhang and Zhang, 2011
for studies about the role of 2-HP as a sexual pheromone in rats).

The alarming properties of 2-HP have been also demonstrated
in bees (Collins et al., 1989). Even if it might seem surprising
that the same compound acts as a pheromone in vertebrates and
insects, this is not an isolated case. For example, (Z)-7-dodecen-
l-yl acetate works as a pheromone in several species of moths
and in elephants (Rasmussen et al., 1996). Anyway, although the
avoidance observed to pure 2-HP in mice would fit its role as an
alarm pheromone, it is possible that these aversive properties are
due to pungent or disgusting properties of the pure substance—
which the animals are unlikely to encounter in nature—rather
than to its pheromonal actions. Thismight represent another case
of substance-unspecific aversion to an intense odor (see above).

Although 2-HP elicited avoidance only when presented pure,
it decreased the distance traveled and increased immobility
in a concentration-dependent way. This finding suggests
that 2-HP was detected at relatively low concentrations
(0.35 nmol). However, data from habituation–dishabituation
tests (Experiment 2 and Experiment S1) shows that amounts
lower than 35µmol of 2-HP did not significantly elicit
chemoinvestigation. These results raise the possibility that 2-
HP might have subthreshold behavioral effects. In fact, the
vomeronasal organ of mice responds to 2-HP at a concentration
of 10−11 in vitro (Leinders-Zufall et al., 2000). Moreover, this
response is sex-specific, so that female-derived vomeronasal
preparations, but not male-derived ones, responded to 2-
HP by increasing the intracellular concentration of inositol-3-
phosphate (Thompson et al., 2004), thus indicating that the
aversion to the pure substance described in the present work
might not be the only biological effect of this chemical signal.
In summary, it is possible that the effects of 2-HP depend on
the age and sex of the animals, so that it might act as a puberty
regulator in pre-puber females, and as an alarm pheromone
in adult females and males. The effects of 2-HP might also be
strongly dependent on its concentration and on the chemical
blend in which it is encountered (Novotny et al., 1986). Future
studies are needed to tests these hypothesis.

Finally, the modulation of locomotor activity by IA and 2-
HP was similar. Our data about the responses of mice to IA
are in agreement to a previous study showing that IA induced
avoidance and increased immobility in rats (Wallace and Rosen,
2000). Thus, although IA is commonly used as a control odor,
and our data shows that it is neutral to mice at its detection
threshold, our data also suggest that it should not be used at

high concentrations for that purpose, since a strong olfactory
stimulation results in strong avoidance.

In summary, the similarity in the behavioral responses of
mice to high concentrations of two biologically significant
chemosignals and a common odorant suggest that strong
odorants might induce odorant-unspecific behavioral responses
of avoidance. In mice, pure TMT elicits corticosterone secretion
(see Fendt et al., 2005), and a pattern of brain c-fos expression
suggestive of intense stress (Janitzky et al., 2015). These findings
together with our present results suggest that intense odors might
be used to study stress and anxiety in addition to other unspecific
stimuli such as loud noises (Burow et al., 2005; Mikheenko et al.,
2010). Studies of the endocrine response to and central effects of
high concentrations of control odorants such as isoamyl acetate
are needed to check this hypothesis.

Conditioned Contextual Responses of Mice after

Repeated Exposure to TMT and IA
The lack of consistent freezing to TMT, together with the failure
to induce the contextual learning that is observed after exposure
to other predator cues, i.e., cat odor (Wallace and Rosen, 2000;
Blanchard et al., 2003; Muñoz-Abellán et al., 2009) have been
considered by several researchers as a challenge to the kairomonal
nature of this substance. Nonetheless, Endres and Fendt (2007)
explored whether TMT could support learning by using different
conditioning protocols. Their data showed that whereas TMT
failed to induce conditioning in rats trained in a box with a
single compartment [in agreement with the results obtained by
Blanchard et al. (2003)], it induced conditioned avoidance in
a box divided in two compartments. Our results replicate and
extend these findings, since mice in our experiment expressed
a conditioned avoidance of a zone paired with TMT, as well
as a specific increase in immobility in the neutral zone. This
latter result is striking, since TMT decreased immobility during
training days. Nevertheless, as noted by (Endres and Fendt,
2007), the conditioned behavioral responses are not necessarily
the same as the unconditioned ones. In addition, it is possible
that our mice were able to express conditioned avoidance because
they could use TMT as a discriminative stimulus due to the lack
of strong innate responses toward TMT, which could interfere
with conditioning in other strains. Finally, as we have stressed
before, differences in the set up and protocols used might
contribute to differences in the experiments outcome.

On the contrary, 2-HP failed to induce a conditioned
avoidance, albeit it was, overall, significantly more avoided than
TMT during the exposure days. Moreover, whereas the avoidance
toward 2-HP increased the second training day, the avoidance
toward TMT was slightly reduced after repeated exposures,
suggesting a slight habituation. These differences are open to
several interpretations.

First, it is possible that, at the high concentration used, TMT
activated the trigeminal nerve (Galliot et al., 2012) producing an
aversion strong enough to form an avoidance memory. In fact,
although trigeminal deafferentiation does not block freezing to
TMT (Ayers et al., 2013), TMT induces trigeminal activation
at concentrations higher than 10% (Hacquemand et al., 2010),
at least in some experimental conditions. The exposure to IA,
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also known to stimulate the trigeminal nerve (Doty et al., 1978),
mimicked the results obtained with TMT in our experiments.
This suggests that a strong olfactory stimulation, maybe along
with trigeminal activation, is enough to support learning, even
if the odorant has, in principle, no special innate meaning for
the animals. Future studies investigating memory induction with
lower amounts of TMT and IA in control and anosmic animals
would shed light on whether the olfactory and/or trigeminal
properties of these odorants are responsible for their ability to
support learning.

However, although 2-HP could also stimulate the trigeminal
nerve at high concentrations (Cometto-Muñiz and Cain, 1995),
and elicited aversion in mice when presented pure, it failed
to induce contextual learning. Maybe 2-HP is recognized as a
mouse-derived odor and, hence, it is not tagged as dangerous.
Finally, whereas TMT and IA activate the main olfactory bulb
only (Bepari et al., 2012), 2-HP is detected by both, the
olfactory epithelium (Spehr et al., 2006) and V1R vomeronasal
receptors (Boschat et al., 2002), thus activating both the main
and the accessory olfactory systems (Xu et al., 2005). Given the
overlapping but complementary roles of the main and accessory
olfactory systems (Martínez-García et al., 2009), it is possible
that higher order brain structures processing the olfactory and
vomeronasal stimuli result in different unconditioned and learnt
responses.

Neural Basis of Biologically Significant Odor

Processing
The brain circuits processing TMT and other predator-derived
cues (e.g., cat odor) might be, in fact, underlying the diversity of
responses toward each type of chemosignals. Thus, cat fur odor
activates the vomeronasal system (Dielenberg et al., 2001; Staples
et al., 2008), including the posteroventral medial amygdala, a key
center for defensive anti-predatory responses (Day et al., 2004;
Pérez-Gómez et al., 2015). By contrast, TMT is not able to induce
c-fos in this nucleus (Day et al., 2004; Janitzky et al., 2015; Pérez-
Gómez et al., 2015). In agreement with the activation of defensive
nuclei of the brain, mice show robust risk assessment responses
toward cat odor (Pérez-Gómez et al., 2015), but fail to do so when
exposed to TMT (Pérez-Gómez et al., 2015, present results). In
this sense, cat fur odor seems a more valuable stimulus than TMT
to study antipredatory responses in rodents.

On the other hand, the bed nucleus of the stria terminalis
(BNST) seems key in controlling the behavioral responses to
TMT. Thus, TMT elicits robust and specific increases of Fos
induction in the BNST (Janitzky et al., 2015), and temporary
inactivation of this nucleus with muscimol injections abolished
freezing to TMT in rats (Fendt et al., 2003). The BNST has
been related to anxiety rather than fear (Davis et al., 2010).
Fear is a response to an explicit threat, whereas anxiety involves
uncertainty as to the expectancy of threat, and predator-derived
odors are, indeed, poor predictors of the presence of a predator
itself (Blanchard et al., 2003). Thus, we suggest that TMT
could certainly be regarded asan anxiogenic rather than as

a fear-provoking stimulus, but this hypothesis needs further
investigation.

Regarding 2-HP, to our knowledge there are not studies
looking at the activation of central brain structures beyond the
olfactory bulbs (Xu et al., 2005). Mapping of alarm pheromones
obtained from the anal glands of rats revealed Fos increases in the
BNST and other nuclei involved in stress processing (Kiyokawa
et al., 2005). It would be interesting that future studies directly
compare the brain activation patterns elicited by both biologically
significant and common of odors under the same conditions.

Conclusions

In conclusion, our results suggest that some intense odors
are avoided by mice irrespective of their possible role in
inter- or intra-species communication. Second, some of these
intense odors, including fox-derived TMT and the odorant IA,
which in principle is devoid of value for intra- or interspecies
communication, induce conditioned avoidance when repeatedly
presented at high concentration. By contrast, 2-HP is avoided
at high concentrations but it does not induce contextual
learning, maybe reflecting its role as an intraspecific chemosignal.
These results support the widely use of synthetic predator-
related compounds (like TMT) to investigate the neurobiological
basis of emotional behaviors in rodents. However, since IA,
a common odorant frequently used as control, elicits similar
behavioral reactions to TMT, we stress the importance of using
behavioral measures in combination with other physiological or
neural manipulations (e.g., measurements of hormonal levels,
expression of immediate early genes) to establish the ethological
significance of chemosignals.
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The nervous system is organized to detect, internally represent and process sensory

information to generate appropriate behaviors. Despite the crucial importance of odors

that elicit instinctive behaviors, such as pheromones and kairomones, their neural

representation remains little characterized in the mammalian brain. Here we used

expression of the immediate early gene product c-Fos as a marker of neuronal activity

to find that a wide range of pheromones and kairomones produces activation in the

medial nucleus of the amygdala, a brain area anatomically connected with the olfactory

sensory organs. We see that activity in this nucleus depends on vomeronasal organ input,

and that distinct vomeronasal stimuli activate a dispersed ensemble of cells, without any

apparent spatial segregation. This activity pattern does not reflect the chemical category

of the stimuli, their valence or the induced behaviors. These findings will help build a

complete understanding of how odor information is processed in the brain to generate

instinctive behaviors.

Keywords: olfaction, vomeronasal organ, amygdala, higher-order representation, pheromone, kairomone

Introduction

In mammals, sensory information is detected by specialized sensory cells at the periphery and is
then sent to the brain, where it must be systematically represented by coherent patterns of neural
activity (Luo and Flanagan, 2007). Though still poorly understood, it is assumed that these patterns
of activity are interpreted, resulting in output behaviors or endocrine changes.

In the visual and somatosensory systems, the discrimination of stimuli located in different
positions in the sensed environment is achieved by their representation in topographic (or
continuous) maps in the brain. For example, neighboring activated retina cells, representing
adjacent sources of light in the visual field, send projections to neighboring neurons in the thalamus
and visual cortices, such that the ordering of sensory stimuli in the external world is represented
by ordered maps of neural activity in the brain (Luo and Flanagan, 2007). In contrast, gustatory
information is represented in a non-continuous, or discrete, fashion, where different taste qualities,
such as sweet, bitter, umami, and salty, resulting from the detection of the corresponding tastants
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http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://dx.doi.org/10.3389/fnins.2015.00283
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive
https://creativecommons.org/licenses/by/4.0/
mailto:papesf@unicamp.br
http://dx.doi.org/10.3389/fnins.2015.00283
http://journal.frontiersin.org/article/10.3389/fnins.2015.00283/abstract
http://loop.frontiersin.org/people/255010/overview
http://loop.frontiersin.org/people/254938/overview
http://loop.frontiersin.org/people/251531/overview
http://loop.frontiersin.org/people/251543/overview
http://loop.frontiersin.org/people/251753/overview
http://loop.frontiersin.org/people/236566/overview


Carvalho et al. Odor representation in medial amygdala

in the upper digestive system, are each represented by cohorts of
activated neurons in discrete sub-areas of the primary taste cortex
in the brain (Chen et al., 2011).

Less is known about how olfactory information is internally
represented in the brain. The olfactory system is specialized in the
sensory detection of a variety of chemical stimuli, which indicate
the presence and quality of food, potential mates, competitors,
and dangers in the environment (reviewed in Munger et al.,
2009). Though the central representation of regular volatile
odorant stimuli in the brain has been recently investigated
(Stettler and Axel, 2009; Sosulski et al., 2011), very little is
known about how odors able to elicit instinctive responses,
such as pheromones and kairomones, are internally represented
by coherent activity in olfactory brain areas. Pheromones
(released by an individual and detected by the same species)
and kairomones (released by an individual and detected by
another species) are chemosignals that mediate a range of
instinctive behavioral responses, including aggression (Chamero
et al., 2007), mating, gender discrimination (Stowers et al., 2002;
Kimchi et al., 2007), and fear (Papes et al., 2010). Since these cues
crucially regulate the interactions between individuals, the study
of their neural representation is central to understanding how
the brain controls animal behavior, indirectly impacting life cycle,
natural history, and evolution.

The vomeronasal organ (VNO), an olfactory structure in
the nasal cavity, has been implicated in the detection of some
pheromones and kairomones (Munger et al., 2009). Substances
detected by VNO sensory neurons include urine-derived small
organic molecules (Sam et al., 2001; Trinh and Storm, 2003),
sulfated steroids (Nodari et al., 2008; Isogai et al., 2011), MHC
peptides (Leinders-Zufall et al., 2004), peptides in the ESP family
(Haga et al., 2010; Ferrero et al., 2013) and conspecific and
heterospecific small proteins in the Major Urinary Protein family
(Mup) (Chamero et al., 2007; Papes et al., 2010; Kaur et al.,
2014; Dey et al., 2015), which mediate the instinctive behaviors
mentioned above.

Vomeronasal sensory neurons connect directly with the
accessory olfactory bulb (AOB) in the brain via the vomeronasal
nerve (Wagner et al., 2006). In turn, the AOB is anatomically
connected to several brain areas, including nuclei in the
amygdala, such as the posteromedial cortical nucleus of the
amygdala (PMCO) and the medial nucleus of the amygdala
(MeA) (Canteras et al., 1995; Petrovich et al., 2001).

Pheromones and kairomones lead to behaviors instinctively,
and are thus believed to be processed by hard-wired brain
circuits. Moreover, the behaviors mediated by the VNO are
stereotypical (conserved between individuals), and therefore
we assumed that pheromone/kairomone information is
represented by coherent activity along those circuits. However,
the organizing principles behind such brain activity remain
poorly characterized. Prior studies have shown that activity
in the AOB reflects sensory input from the VNO (Wagner
et al., 2006). In contrast, it is thought that other regions are
organized to reflect behavioral output. For example, cat-
odorized pieces of collar, which induce defensive behaviors
in mice, lead to prominent neural activity in the ventral part
of the MeA (Dielenberg et al., 2001; Choi et al., 2005), while

female mouse odors, which trigger reproductive responses,
activate the dorsal MeA (Fernandez-Fewell and Meredith,
1994; Kollack-Walker and Newman, 1997; Choi et al., 2005).
These findings led to the idea that the MeA is divided into
dorsal and ventral sub-areas, activated by predatory and social
stimuli, respectively, composing distinct pathways involved in
defensive or reproductive behaviors (Swanson, 2000; Canteras,
2002; Choi et al., 2005; Lin et al., 2011; Silva et al., 2013).
However, these notions arose from the use of a very limited
set of olfactory stimuli and no systematic comparison has been
made among a range of stimuli eliciting various behavioral
outputs, to understand how and where sensory information
represented along the circuit initiated at the VNO transitions to
the generation of behavior by downstream brain areas.

Here we investigated and compared how different olfactory
stimuli, each able to induce instinctive behaviors following
detection mediated by the VNO, generate activity in the
amygdala. Because the MeA is one of the first higher-order brain
regions to receive information collected by the VNO, we decided
to study the patterns of activity in this nucleus, in groups of
animals exposed to distinct types of olfactory cues. In order
to create a detailed view of how MeA activity is organized, we
chose a comprehensive approach, where activity was evaluated in
mice exposed to a wide range of pheromones and kairomones.
First, we analyzed activity in the AOB, as a confirmation that
the VNO has been activated by each employed stimulus. We
then showed that a large set of intra- and interspecies signals
leads to activation in the MeA, in a VNO-dependent manner.
We also obtained evidence that neural activity in this nucleus is
not organized to reflect the valence or behavioral consequences of
each detected stimulus, as previously thought. Instead, we found
a lack of any discernible spatial map in the MeA, where each
stimulus activates dispersed ensembles of neurons and distinct
stimuli activate intermingled sets of cells. Therefore, it is unlikely
that the amygdala contains a spatial map to represent different
pheromones and kairomones. This knowledge will be key to
comprehending how the brain’s limbic system represents external
olfactory information important for the survival of the individual
and the species.

Materials and Methods

Animals
Animals were 8 weeks old male mice (females, where indicated).
In some experiments, MeA activity was evaluated in animals
where VNO neurons were genetically ablated by a null mutation
in the gene TrpC2, coding for the primary vomeronasal
sensory transduction channel (Stowers et al., 2002). TrpC2+/+

and TrpC2−/− littermates were obtained from heterozygous
mating couples, which were produced by backcrossing the
TrpC2−/− knockout line (Stowers et al., 2002) into the C57BL/6J
background for at least 10 generations (Papes et al., 2010).
Animals had no previous exposure to odors from other animal
species, and subjects exposed to conspecific chemosignals were
kept individually caged for at least 4 days. All subjects were
exposed to odor, monitored for behavior, and subsequently
processed for immunostaining or in situ hybridization, ensuring
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that the cellular responses and behaviors were analyzed from
the same individuals and no animals were re-used. This study
was carried out in accordance with Animal Protocol no.
1883-1, approved on June 2009 by the Institute of Biology’s
Institutional Animal Care and Use Committee (Committee
for Ethics in Animal Use in Research), at the University of
Campinas. This protocol follows the guidelines established
by the National Council for Animal Experimentation Control
(CONCEA-Brazil).

Stimuli
Mouse subjects were separately exposed to a wide range of
intra- and interspecies odor stimuli, known to induce biologically
relevant instinctive behaviors, such as odors from adult female
and male mice, juveniles, odors from other mouse strains
(BALB/c and 128S/J), and numerous species that are natural
or occasional mouse predators (rat, domestic cat, leopard cat,
Cougar mountain lion, African lion, several snake species, great
horned owl, caracara hawk, and tarantula spider). In principle,
olfactory stimuli should ideally be presented in the same form
and amount, such as equal volumes of scented bedding. However,
because home cage bedding may contain noxious compounds
from feces or urine, we decided to use gauze scented with bodily
secretions (urine, skin secretions) or bodily shedding (feathers,
fur, skin) whenever possible. Table S1 presents a complete list of
stimuli and collection methods. Cat-scented gauze was obtained
by rubbing a medical gauze against the fur of a domestic cat,
particularly around the neck region (Papes et al., 2010). Fifty
milliliters of scented bedding (fine wood chips) were used as
odors from leopard cat, mountain lion, African lion, tarantula
spider, rat, and male and female mice. Alternatively, rat urine
was used in some experiments by placing 1ml of urine on
pieces of medical gauze. For all stimuli deposited on gauzes, the
gauze was unscented in a desiccator under vacuum overnight
before adding the stimulus. For each snake species, we used
1 g of stimulus (around four 5 × 5 cm pieces of shed skin).
Avian predator stimuli (hawk and owl) were 1 g of feathers,
cut into small pieces. All stimuli (solid or liquid deposited on
gauze) were attached to “binder clips” to visually confirm their
position and prevent the spreading of stimuli in the cage. Control
mice were exposed to unscented control odors, as indicated in
Table S2. Some of the aforementioned odors were presented in
different forms and most are composed of complex mixtures
of largely uncharacterized ligands, some of which may also
activate other sensory systems. Thus, additional experiments
were performed to determine with certainty that activity in
the MeA was due to pheromones and kairomones, using Mup
proteins as pure ligands. These Mups are contained within the
corresponding complex mixtures and could be presented in
comparable amounts. For Mup experiments (Figure 3), gauze
was scented with 10mg of recombinant protein as fusion with
Maltose-Binding Protein (MBP), and gauze scented with MBP
alone was used as control.

Behavioral Assays
For defensive avoidance behavior, individually caged mice were
habituated for 2 days in the dark in the procedure room and

assayed on day 3. The amounts used for each stimulus are
indicated in Table S1. In all cases, the animal was placed in
the procedure room on day 3 and the stimulus was deposited
on the side opposite to the air inlet. Mice were exposed and
filmed for 30min in the dark. Movies were scored blindly for
avoidance time, following previously published protocol (Papes
et al., 2010). Avoidance behavior was defined as the amount of
time animals spent more than 20 cm away from the stimulus. To
compare avoidance times where needed, ANOVA was applied,
followed by Tukey-Kramer Honest Significantly Different (HSD)
post-hoc analysis. Other types of defensive behaviors were also
assayed (not shown), including freezing and risk assessment
(Papes et al., 2010); in the latter, the animal approaches the
stimulus with an extended body posture and arched back, a
behavior seen for all predatory stimuli; during these episodes,
the animals closely approached the stimulus in the first 5min
of stimulation; close contact was eventually seen after 25min
from the onset of stimulation, at which time the defensive
behaviors became of progressively lower magnitude; eventual
licking and biting the gauze was observed at the end of the
exposure sessions, but preliminary experiments determined that
physical contact with the stimulus is not necessary to trigger the
aversive behaviors or brain activity, suggesting that the stimuli
employed (even non-volatile Mup proteins) accessed the VNO
lumen as airborne aerosol particles. For aggressive behavior
assays, C57BL/6J male mice (8–12 weeks old) were isolated for
1 week and then exposed to castrated adult mice swabbed with
40µl of test solution (male mouse urine or equivalent amounts
of rat or rabbit urine) for 10min in their home cages. Tests were
videotaped and analyzed to measure total duration of aggressive
contact (biting, wrestling, and kicking). One round of urine and
no-urine controls were performed with each resident mouse
before and after sample testing. For reproductive behavior assay,
the resident was a male mouse, prepared the same way as in
the aggressive behavior assays. Subjects were exposed to 8 weeks
old sexually naive, receptive females. Each assay ran for 15min
and the filmed behaviors were scored for mounting time (not
shown).

Recombinant Mup Protein Expression
The cDNA for rat major urinary protein, Mup13 (Logan
et al., 2008), was amplified by PCR from a Sprague-Dawley
liver sample using oligonucleotides 5′ ATCGGATCCCATGC
AGAAGAAGCTAGTTCCACAAGAG 3′ and 5′ ATCAAGC
TTTCATCCTCGGGCCTGGAGACAG 3′. The amplicon was
cloned into pMAL-c2x bacterial expression vector (New England
Biolabs) into BamHI and EcoRI restriction sites, and expressed
as a fusion protein with MBP, following the manufacturer’s
recommendations. Protein was eluted from an amylose affinity
resin using maltose and then exchanged into 1x PBS using a
YM10 column (Millipore) prior to exposures. Recombinant MBP
was used as a control. The same procedure was applied for
production of the mouse Mups (nomenclature following Logan
et al., 2008), and for the production of recombinant cat Mup,
except that the corresponding cDNA was synthesized in vitro
based on the published sequence of Fel-d-4 (cat Mup; GenBank
accession number NM_001009233) (Smith et al., 2004).
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c-Fos Immunostaining
For brain activity analyses, the expression of the surrogatemarker
of neuronal activity c-Fos was assayed by immunostaining.
Inspection of neural activity by electrophysiological methods is
very difficult for the MeA, due to its small size and deep location,
but direct recording of activity was shown to be highly correlated
with expression of the immediate early gene c-Fos in previous
reports (Lin et al., 2011).

Each animal was individually caged and habituated to the
procedure room where the exposures were conducted for 2 h
on 2 consecutive days, in the dark. On the third day, each
cage was brought to the procedure room and the stimulus was
introduced in the animal’s home cage on the side opposite to the
air inlet. Each animal was exposed for 30min, and the stimulus
was removed from the cage at the end of the session, after which
the subject remained in the dark without further stimulation
for an additional period of 60min; the animal was then quickly
euthanized and dissected to remove the brain. Brains were
fixed overnight in 4% paraformaldehyde, equilibrated in 20%
sucrose/1x PBS and sectioned on a Leica 1000S vibrating-blade
microtome. Fifty micrometer coronal sections were collected
for the entire brain, and suitable sections were chosen for
subsequent c-Fos immunostaining based on comparisons to a
reference brain atlas (Paxinos and Franklin, 2004). Sections were
blocked as free-floating sections for 1 h with 1% blocking reagent
(Invitrogen), pre-incubated in 1% BSA/1x PBS/0.3% Triton X-
100, followed by incubation with the anti-c-Fos primary antibody
(rabbit polyclonal; Ab5; Millipore) diluted 1:1500 in 1% BSA/1x
PBS/0.3% Triton X-100 for 36 h at 4◦C under gentle agitation.
Sections were washed three times in 1xPBS/0.1% Triton X-
100, 15min each, and incubated for 3 h at room temperature
with Alexa 488-conjugated goat anti-rabbit secondary antibody
(Invitrogen) diluted 1:500 in 1% BSA/1x PBS/0.3% Triton X-
100. After two washes in 1x PBS/0.1% Triton X-100, 15min
each, sections were counterstained with To-Pro-3 nuclear stain
(Invitrogen) diluted 1:1000 in 1x PBS, washed twice in 1x PBS,
15min each, and mounted onto glass microscope slides with
ProLong Gold (Invitrogen). Dry mounted sections were imaged
on a Leica TCS SP5 confocal fluorescence microscope. The
number of c-Fos positive nuclei was counted blindly for each
individual. After image acquisition, the nuclear stain channel was
computationally false-colored as purple, to facilitate contrast with
the green fluorescence channel (c-Fos).

RNA In situ Hybridization
For VNO activity analyses, expression of the surrogate marker of
vomeronasal neuron activity Egr1 (Isogai et al., 2011) was used.
Animals were exposed to stimulus for 45min, sacrificed and the
VNOs immediately collected, immersed in 4% paraformaldehyde
fixative overnight, equilibrated in sucrose and sectioned on
a cryostat (Leica) to produce 16µm transversal sections.
Slides were air-dried for 10min, followed by fixation with 4%
paraformaldehyde for 20min, and treatment with 0.1M HCl for
10min, with 0.1% H2O2 for 30min and with 250mL of 0.1M
triethanolamine (pH 8.0) containing 1mL of acetic anhydride for
10min, with gentle stirring. Slides were always washed twice in
1x PBS between incubations. Hybridization was then performed

with DNP (1µg/mL) or DIG (600 ng/mL) labeled cRNA probes
(Isogai et al., 2011) at 58◦C in hybridization solution (50%
formamide, 10% dextran sulfate, 600mM NaCl, 200µg/ml
yeast tRNA, 0.25% SDS, 10mM Tris-HCl pH8.0, 1x Denhardt’s
solution, 1mM EDTA pH 8.0) for 16 h. Slides were washed once
in 2x SSC, once in 0.2x SSC and once in 0.1x SSC at 60◦C (30,
20, and 20min, respectively), followed by a quick incubation in
0.1x SSC at room temperature. Slides were then permeabilized
in 1x PBS, 0.1% Tween-20 for 10min, and washed twice in TN
buffer (100mM Tris-HCl pH 7.5, 150mM NaCl) for 5min at
room temperature, followed by blocking in TNB buffer [100mM
Tris-HCl pH 7.5, 150mM NaCl, 0.05% blocking reagent (Perkin
Elmer)], and incubation with rabbit anti-DNP (Invitrogen)
primary antibody diluted 1:600 in TNB buffer overnight at
4◦C. Signal development proceeded with the tyramide signal
amplification kit (Perkin Elmer), following the manufacturer’s
instructions. Briefly, slides were incubated in tyramide-biotin
[1:50 in amplification diluent with 0.0015% H2O2 (Perkin
Elmer)] for 15min, followed by incubation in streptavidin-HRP
(1:100 in TNB) for 1 h, followed by incubation in tyramide-Alexa
Fluor 546 [1:100 in amplification diluent (Life Technologies) with
0.0015% H2O2] for 15min. Prior to each incubation, slides were
washed 6 times with TNT buffer for 5min under mild agitation.
Sections were then treated with 3% H2O2 in 1x PBS for 1 h
to block peroxidases from the first signal development. Slides
were then blocked in TNB for 90min, followed by incubation
overnight at 4◦C with anti-DIG-POD (Roche) diluted in TNB
(1:400). Signal development was performed using tyramide-
Alexa Fluor 488 dye (Invitrogen). Samples were counter-stained
with To-Pro 3 nuclear stain (Invitrogen) diluted 1:1000 in 1x
PBS, washed twice in 1x PBS and mounted with ProLong Gold
(Invitrogen). Dry mounted sections were imaged on a Leica TCS
SP5 confocal fluorescence microscope.

Dual Immunostaining/In situ Hybridization
We developed a dual staining protocol to parse out, in the
same animal, the sets of active neurons related to two sequential
exposure events separated by a period with no stimulation. In
brief, mice were first exposed to a stimulus, then transferred
back to their own soiled home cages for some time, followed
by a second exposure to stimulus. Brains were then subjected
to a dual immunostaining/in situ hybridization protocol to
detect immature nuclear c-Fos mRNA derived from the second
exposure period, concomitant with the detection of nuclear c-
Fos protein resulting from the first exposure period. Specifically,
animals were individually caged in Cage #1 and habituated in
the dark for 90min per day on the previous 2 days before the
exposure. The habituation protocol guarantees that the animals
are exposed to olfactory stimuli in a context relevant to the
generation of behaviors. On the exposure day, half of the soiled
bedding from the animal’s cage was transferred to another
cage (Cage #2). The first exposure to olfactory stimulus was
performed in Cage #1 for 20min, and the animals were then
transferred to Cage #2 for 60min without olfactory stimulation.
They were then transferred back to Cage #1 for a second period
of olfactory stimulation for 20min (same or different stimulus).
All of these steps were conducted in the dark. At the end of
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the exposures, animals were anesthetized with ketamine/xylazine,
and quickly perfused with 4% paraformaldehyde fixative. Brains
were further fixed overnight with RNAse-free fixative and
equilibrated in RNase-free 20% sucrose. Forty micrometer
sections were collected on a VT100S vibratome (Leica) in
1x PBS-DEPC. Chosen sections encompassing the MeA were
subjected to a new method for the combined detection of c-
Fos mRNA and protein, as follows. Pre-treatment of sections and
probe hybridization: Free-floating sections were fixed with 4%
paraformaldehyde for 20min, permeabilized in 0.2M HCl/H2O-
DEPC for 10min, incubated in 0.1% H2O2/1x PBS-DEPC to
inactivate endogenous peroxidases for 30min and acetylated in
0.1M Triethanolamine-HCl pH 8.0 with acetic anhydride for
10min. Sections were then incubated in hybridization solution
containing 400 ng/mL of each of two 1 kb digoxigenin-labeled
cRNA probes in a 5x SSC humidified chamber for 16 h, at 58–
60◦C. Probes correspond to two fragments of the c-Fos mRNA
(fragments were obtained by reverse transcription-PCR using
the following oligonucleotides: Probe 1: 5′ CAGCGAGCAACTG
AGAAGAC 3′ and 5′ GCTGCATAGAAGGAACCGGAC 3′;
Probe 2: 5′ GGAGCCAGTCAAGAGCATCAG 3′ and 5′ AATGA
ACATTGACGCTGAAGGAC 3′). Hybridization solution also
contained 50% deionized formamide, 600mM NaCl, 200µg/mL
yeast tRNA, 0.25% SDS, 10mM Tris-HCl pH 8.0, 1x Denhardt’s
solution, 1mM EDTA pH 8.0 and 10% dextran sulfate. Washes
and antibody incubation: Sections were washed in 2x, 0.2x, and
0.1x SSC solutions (20min each), permeabilized in 0.1% Tween
20/1x PBS and blocked in 100mM Tris-HCl/150mM NaCl/0.5%
Blocking Reagent (Perkin Elmer). Next, sections were incubated
with alkaline phosphatase-conjugated anti-digoxigenin antibody
(Roche; 1:400) for 2 nights, at 4◦C. Signal amplification and
immunostaining: Sections were incubated in tyramide-biotin
(Perkin Elmer; 1:50) in amplification diluent containing 0.0015%
H2O2, then incubated with horseradish peroxidase-conjugated
streptavidin (Perkin Elmer; 1:100) in 100mM Tris-HCl/150mM
NaCl/0.5% Blocking Reagent, and finally incubated in Alexa
Fluor 546-tyramide (Invitrogen; 1:100) in amplification diluent
containing 0.0015% H2O2. Peroxidase from the first signal
was inactivated by treatment with 3% hydrogen peroxide for
30min and 0.1 HCl for 10min, prior to blocking and anti-c-
Fos primary antibody (Ab5; Millipore) incubation in regular c-
Fos immunostaining as detailed before. Nuclear counterstaining
was performed with To-Pro-3 (Invitrogen; 1:1000) and sections
were mounted on glass slides with ProLong Gold anti-fade
reagent (Invitrogen) and imaged on a Leica TCS SP5 confocal
microscope.

Since time elapsing between the two episodes of stimulation is
sufficiently long in our protocol, this strategy enabled us to parse
out the activation profiles derived from both stimulations with
great precision, such that c-Fos mRNA is indicative of activation
during the last exposure and c-Fos protein is indicative of the
first exposure (Figures 9D–G). This method was based on the
catFISH procedure (Guzowski et al., 1999, 2001; Lin et al., 2011).
However, our method enables better resolution in the assignment
of brain activity resulting from each of two consecutive olfactory
stimulations, because the two exposure episodes are separated
by a longer time period (1 h). Moreover, because the c-Fos gene

encodes a transcription factor, the co-detection of its mRNA
and protein inside the same subcellular compartment (nucleus)
makes it unequivocal to determine if the cell produced mRNA,
protein or both.

RNA Probe Design and Validation
For the design of cRNA probes to V2R vomeronasal receptors,
we investigated whether different receptor genes harbor specific
regions anywhere in the coding or non-coding regions. However,
nucleotide and protein similarities among the members of each
clade were found to be very high (>80%), though members from
different clades usually share less than 70% nucleotide sequence
identity. These similarity levels are constant throughout the
entire gene sequence, including exons, introns, and untranslated
regions. Unlike previously published reports (Isogai et al., 2011),
one could not obtain probes that permit safe discrimination
between cells expressing different receptors in the same clade,
even under highly stringent hybridization conditions. For each
clade, we chose probes based on one or two receptors, and
each probe exhibited 80% minimum nucleotide similarity with
other receptor members in the same clade, but 72% maximum
allowed similarity with receptors in other clades. The rate of co-
labeling of cells with two differently labeled probes in the same
clade was high in prior validation experiments (usually >90%
concordance). Each cRNA probe was produced with rNTPs
labeled with haptens DNP (Egr1) and/or DIG (V2R) (Roche)
from 1 kb suitable fragments cloned into pGEM-T-Easy vector
(Promega), using SP6 or T7 RNA polymerases (Roche). VNO
neurons in the basal zone co-express receptors in the V2R A/B/D
families plus one receptor in the V2R C family (Silvotti et al.,
2007). Since C family members are widely expressed in these
neurons, we did not include probes for them in our investigation
of the molecular identity of neurons activated by each olfactory
stimulus.

Statistical Analyses
Statistical analyses were performed using R and Stat packages,
and XLSTAT add-on in Excel. For comparing mean behavioral
output measurements and numbers of c-Fos positive cells in each
brain region, we applied one-wayAnalysis of Variance (ANOVA),
followed by Tukey-Kramer HSD post-hoc analysis. In each case,
P-values indicate the probability that the null hypothesis (the
means are equal or were drawn from like populations) is true.
P > 0.05 led to rejection of the null hypothesis in all tests.
For comparing distributions of active cells in the MeA for two
stimulus groups in Figure 11, we counted cells along the dorsal-
ventral axis of the MeA, the position and direction of which
were estimated taking the third ventricle in the hypothalamus
as a proxy. The axis ventral limit (the origin in all graphs in
Figure 11) was defined as the most ventral pixel in the MeA
in each image. The axis dorsal limit was defined as the point
600µm from the origin along the dorsal-ventral axis. Data
collected at bregma –1.46mm from all animals in each group
being compared were plotted in scale intervals of 60µm (total
of 10 intervals plotted in bar graphs in Figure 11) along the
dorsal-ventral MeA axis. Comparisons between distributions for
any two groups were performed with the Kolmogorov-Smirnov
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distribution comparison test (KS test), applied on cumulative
ranks for the intervals mentioned above. In this case, P-values
indicate the probability that the null hypothesis (the distributions
are equal or were drawn from like populations) is true.

Results

A Wide Range of Intra- and Interspecies

Chemosignals Detected by the VNO Activate the

Medial Nucleus of the Amygdala
In order to investigate in detail the patterns of activity in the
MeA, we separately exposed C57BL/6 mice to the various intra-
and interspecies olfactory stimuli listed in Table S1 (see also
Materials and Methods). For all stimuli, the amounts employed
induced similarly potent behavioral responses in mouse subjects
(Figure 1A; see also Chamero et al., 2007; Papes et al., 2010;
Isogai et al., 2011). Interestingly, several heterospecific odors
were shown to trigger defensive behaviors (Figure 1A). Other
odors (such as same-strain mouse odors) were unable to
elicit defensive behaviors, and instead induced aggressive or
reproductive responses (Figure 1A).

With this protocol, increases in VNO and brain activity for
each stimulus could be evaluated by comparison with appropriate
unscented controls (listed in Table S2). Most of the stimuli
activated a large number of VNO sensory neurons (Figure 1B),
as judged by the expression of the marker of VNO activity Egr1
(Isogai et al., 2011). Some stimuli were presented in different
forms (Table S1) and therefore cannot be compared, but we
noticed a tendency for intraspecific signals to activate a smaller
subpopulation of VNO cells than interspecific stimuli, such as
predator odors (Figure 1B).

Next, we analyzed whether VNO activation was accompanied
by activity in the AOB and MeA, known to have anatomical
connections (direct or indirect) with olfactory sensory organs
(Figures 1C,D). In animals exposed to heterospecific or
conspecific odors, induction of the marker of neuronal activity
c-Fos was strong in the AOB (Figures 1D, 2A, 3Ai, 4; see also
Papes et al., 2010) and MeA (Figure 1D and Table S2). Rabbit
urine, which does not induce defensive or aggressive behaviors
in mice, did not activate these nuclei, nor did generally noxious
stimuli such as foot shock (Figure 1D and Table S2).

Interestingly, we noticed that heterospecific signals tended to
activate the AOB and MeA more strongly than conspecific odors
(Figure 1D), and we found a statistically significant positive
correlation between activity induced by each stimulus in these
areas and the number of Egr1-expressing cells in the VNO
(Figures 2A,B; see also Figures 2C,D for control brain areas).

Investigation of Activity in the AOB and MeA after

Exposure to Intra- and Interspecies Pure Stimuli
Next, we intended to confirm that the observed activity in the
MeA was due to pheromones and kairomones, by using pure
ligands instead of complex odorous mixtures (see Materials
and Methods section for details on pure stimuli). Recombinant
versions of Mup proteins (rMups) were employed, namely,
mouse pheromone rMups, which are able to induce aggressive
and territorial behaviors (Chamero et al., 2007; Kaur et al.,

2014), and a predator kairomone rMup, which triggers defensive
behaviors (Papes et al., 2010).

First, we confirmed that neural activity due to each pure
rMup is indeed part of that induced by the corresponding native
stimulus, because exposure to a combination of each rMup plus
the respective complex odor resulted in c-Fos counts which
are not the sum of c-Fos positive cells in animals separately
exposed to the pure or to the native stimuli alone (Figure 3A).
Importantly, we found that equal amounts of predator (cat or
rat) or mouse rMups elicited similar activity in the AOB or MeA
(Figures 3A,B). This first-hand comparison of brain activity due
to different pure stimuli revealed that the MeA, the activity
of which correlates with VNO activation induced by complex
stimuli (Figures 1, 2), is indeed activated by pure pheromones
and kairomones.

The Medial Nucleus of the Amygdala Receives

Major Functional Inputs from the VNO
In order to determine if the observedMeA activity was dependent
on the VNO-mediated detection of pheromones/kairomones,
we adopted a genetic strategy, where MeA c-Fos analysis was
performed in TrpC2−/− mutant animals without a functional
VNO (see Materials and Methods for details on the knockout
line).

First, we confirmed that instinctive behaviors toward a
large variety of hetero- or conspecific odors were impaired in
TrpC2−/− mutants (data not shown; see also Stowers et al., 2002;
Chamero et al., 2007; Papes et al., 2010). Next, we found that
the behavioral defects in the mutant animals were accompanied
by severely reduced or abolished c-Fos expression in the AOB
(Figure 4A and Table S2; see also Figure 4B and (Papes et al.,
2010) for representative images of the pAOB activation after
exposure to various odors), consistent with the notion that this
brain regionmainly collects information from the VNO (Wagner
et al., 2006). Importantly, in the MeA, the number of c-Fos
positive cells is much lower in TrpC2−/− than in TrpC2+/+

mice, being comparable to unscented controls (Figure 5A, left
graph for complex native stimuli and right graph for pure stimuli,
and Figure 5B for representative images from animals of both
genotypes exposed to conspecific or heterospecific odors; see
also Table S2), suggesting that the observed increase in c-Fos
expression in wild-type animals primarily results from processing
of VNO signals.

It is important to note that other regions, such as the piriform
cortex, another olfactory area in the brain, do not exhibit changes
in activity in TrpC2−/− animals (Figure 4A, bottom graph), in
keeping with the notion that this brain region does not receive
major inputs from the VNO (Stettler and Axel, 2009). It further
shows that loss of activity is not widely distributed in the brains
of TrpC2−/− mice, strengthening the idea that the decrease in
MeA activity in the mutants is specific and due to the lack of a
functional VNO.

Olfactory Stimuli Activate Broadly Distributed

Ensembles of Neurons in the Medial Amygdala
Next, we investigated and compared how distinct stimuli lead to
activation patterns in the MeA, by carefully evaluating the spatial
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FIGURE 1 | A wide range of olfactory stimuli activates the medial

nucleus of the amygdala. (A) Increased avoidance defensive behavior (left)

after exposure to various heterospecific mammalian and non-mammalian

predator odors. Some heterospecific (rabbit) and conspecific stimuli do not

induce behavior. In contrast, inter-male aggression (right) is elicited by

conspecific, but not by heterospecific, odors. Heterospecific stimuli are

shown in orange and conspecific ones in blue, grouped according to

presentation form (bedding, gauze or bodily shedding). Mean ± s.e.m.

*p < 0.01; ANOVA followed by Tukey-Kramer HSD post-hoc analysis against

respective control (white bars). See Tables S1 and S2 for a list of stimuli and

controls. (B) Exposure of male mice to conspecific or heterospecific stimuli

activates VNO neurons, as evidenced by in situ hybridization to immediate

early gene Egr1. Control (ctrl) odor is PBS-soaked gauze for liquid stimuli

(similar number of Egr1-positive cells were found for other controls). Scale

bar represents 100µm. lu, VNO lumen. Purple labeling, nuclear stain; green,

Egr1 in situ hybridization signal. (C) Representation of coronal sections

through the mouse brain at the indicated bregma values, showing the

location of analyzed brain nuclei in (C). 3V, third ventricle; Aq, cerebral

aqueduct. (D) Heat map representing the activation of the medial nucleus of

the amygdala (MeA) and accessory olfactory bulb (AOB) sub-regions, in

animals exposed to various heterospecific and conspecific olfactory stimuli.

As a control, activity in the piriform cortex (Pir), which does not receive major

vomeronasal system inputs, is also shown, as well as the hippocampus

(hippo), the activity of which is not directly related to olfaction and was used

as control. Bright red indicates the largest number of observed c-Fos-positive

cells per unit area for each nucleus. White indicates activation comparable to

control level. See Table S2 for numbers of c-Fos-expressing cells and a key

to heat map colors in each area, for each odor and respective controls. A

white gap separating two columns indicates that the corresponding stimuli

were presented in different forms and should not be compared. ♀exp♂

denotes a female mouse exposed to male odors. n = 6–26. gcl, granule cell

layer of the AOB; mcl, mitral cell layer. n.d., not determined.
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FIGURE 2 | Activity in the medial nucleus of the amygdala is correlated

with vomeronasal sensory detection activity. Scatter plots comparing the

activation level in the VNO (judged by the number of nuclei expressing the

immediate early gene Egr1 in a 40,000µm2 area of sensory epithelium) and

the activation level seen in (A) AOB (posterior aspect) and (B) MeA, as judged

by the number of c-Fos positive cells in each brain region per unit area (as

denoted in Table S2). Each dot represents a different stimulus. The R2 and

probability values for the F statistics are given in each panel, indicating the

amount of variance explained by the linear regression model (dashed red line)

and the likelihood that the data fit the model, respectively. Note the positive

correlation between AOB and MeA activation and VNO activation, but

absence of correlation for the piriform cortex (C), the activation of which

reflects events in the main olfactory epithelium, not the VNO. (D) The

hippocampus is used as a control region not directly affected by either the

main olfactory or vomeronasal system activation.

distribution of activated cells in animals exposed to our wide set
of heterospecific and conspecific stimuli. Overall, an average of
10–25% of MeA cells were activated, depending on the stimulus.
In mice exposed to each of the predator odors, c-Fos-expressing
cells were found broadly distributed in theMeA (Figures 6D–H).
For such heterospecific stimuli, the distributive pattern was seen
in both the dorsal and ventral aspects of the posterior MeA
(MeAp) and in the anterior MeA (MeAa) (examples in Figure 6;
see also Figure 7 and quantitation in Figure 8).

Strikingly, for most conspecific signals, the same broad
distribution pattern was observed (Figures 6B,C), in both the
dorsal and ventral aspects of the MeAp and in the anterior MeA
(MeAa) (Figures 7, 8). In male mice exposed to female odors,
the activated cells were found in both the dorsal and ventral
MeAp, but with a higher concentration in the dorsal aspect
(Figures 6C, 7B).

The Active Ensembles of Neurons in the MeA are

not Invariant
Next, we investigated the stereotypy and invariance of the
ensemble of activated cells in theMeA. To this end, we developed

FIGURE 3 | Activity induced by pure VNO stimuli in the medial nucleus

of the amygdala and control brain areas. (A) Comparison among activity

in the AOB (i) and MeA (ii) in animals separately exposed to purified ligands

presented in the same amount (cat, rat or mouse Mups). Mup24 or a mixture

of Mup24, Mup3, Mup8, and Mup25 (Mup mix) were used at the same total

amount. The number of c-Fos expressing cells is also shown for

corresponding native stimuli, which are cat-scented gauze (SG) and rat urine

(Ur.). Heterospecific stimuli are indicated in orange and conspecific ones in

blue. White bars represent unscented controls (MBP-soaked or clean gauze

for liquid or solid stimuli, respectively). n = 8–12. n.s., no statistically significant

difference. (B) Heat map representing the activation of the AOB, MeA and

control areas (same as in Figure 1) in animals exposed to purified

heterospecific and conspecific olfactory stimuli. Abbreviations and color

grading are the same as in Figure 1. See Table S2 for numbers of c-Fos

expressing cells.

a dual c-Fos immunostaining/in situ hybridization protocol
to parse out, in the same animal, the sets of active neurons
related to two sequential olfactory exposure events (see Materials
and Methods for details). In these experiments, c-Fos protein
is indicative of activation during the first exposure, while c-
Fos mRNA labels cells activated after the second exposure
(Figures 9D–G).

Exposure of mice to the same stimulus twice leads to largely
distinct subsets of activated cells in the MeA, with 20–30%
overlap (Figures 9A–C; see also Video S1 for an explanation
of dual staining visualization). This contrasts with the level of
overlap we observed between groups of activated cells in the
piriform cortex related to two instances of exposure to the same
stimulus: in this area, the same stimulus resulted in the consistent
activation of largely overlapping groups of neurons over two
subsequent trials (Figure 9C, right bars, Pir): 83.7 ± 1.7% of all
piriform cells expressing c-Fos protein also express c-FosmRNA;
and 77.2 ± 2.1% of all cells expressing c-Fos mRNA also express
c-Fos protein.

Interestingly, the concordance level between the active MeA
ensembles in two exposures to the same stimulus is significantly
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FIGURE 4 | Confirmation of VNO-mediated stimulus detection by

investigation of activity in the accessory olfactory bulb in the brain.

(A) Quantification of odor-evoked c-Fos expression in the AOB in

TrpC2+/+ (black bars) or TrpC2−/− (white bars) genotypes. pAOB means

activity in the posterior AOB. The top bar graph means activity in the

granule cell layer and the middle graph represents activity in the mitral cell

layer. Control odor is PBS-soaked or clean gauze for liquid or solid stimuli,

respectively. n = 8–20. *p < 0.05; **p < 0.01. Mean ± s.e.m. ANOVA

followed by Tukey-Kramer HSD post-hoc analysis (comparison of

TrpC2+/+ against TrpC2−/− for each odor). See Table S2 for numbers of

c-Fos expressing cells and for other odors, and for a full description of

controls, in both genotypes. Activation by each test stimulus and loss of

activity in the mutants confirm that the stimuli activate the VNO and

connected accessory olfactory pathway in the brain. Activity in the piriform

cortex, which is not known to receive massive inputs from the

vomeronasal organ, is not affected by the genetic ablation of the VNO in

TrpC2−/− animals (bottom graph). (B) Examples of immunostaining for

c-Fos (green fluorescence) showing activation of the posterior division of

the AOB in animals exposed to three taxonomically distantly related

species (heterospecific odors). Purple labeling shows nuclear staining. gcl,

granule cell layer; mcl, mitral cell layer; gl, glomerular layer; d, dorsal.

Scale bar represents 100µm. See Table S1 for a description of stimuli,

and Table S2 for quantification of AOB activation. See also Papes et al.

(2010), for images of AOB c-Fos immunostaining for other stimuli.

larger than that expected by chance alone [23.5± 0.8% of all cells
expressing c-Fos protein that also express c-Fos mRNA vs. 1.1 ±

0.2% overlap expected by chance (chi-square test of goodness-of-

fit; P = 0.85); or 27.8 ± 1.9% of all cells expressing c-Fos mRNA
that also express c-Fos protein vs. 0.96 ± 0.3% overlap expected
by chance (P = 0.82)]. Together, the foregoing results suggest
that the active ensembles in the MeA, though not random, are
not invariant.

Distinct Olfactory Stimuli Activate Intermingled

Ensembles of Neurons in the Medial Amygdala
To directly compare the spatial organization of activity in the
MeA due to distinct stimuli (Figure 10), we used the dual c-Fos
immunostaining/in situ hybridization protocol described above.
When we compared snake and cat stimuli, the overlap seen
between the active MeA ensembles during the two exposures
was not small [25.2 ± 2.4% of all cells expressing c-Fos protein
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FIGURE 5 | Investigation of activity in the medial nucleus of the

amygdala after exposure to odors detected by the VNO. (A)

Quantification of odor-evoked c-Fos expression in the MeA in TrpC2+/+

(black bars) or TrpC2−/− (white bars) genotypes. The left bar graph shows

data for exposures to native (complex) conspecific or heterospecific stimuli;

the right bar graph exhibits data for purified stimuli. Control odor is

PBS-soaked or clean gauze for liquid or solid stimuli, respectively. n = 8–20.

*p < 0.05; **p < 0.01. Mean ± s.e.m. ANOVA followed by Tukey-Kramer

HSD post-hoc analysis (comparison of TrpC2+/+ against TrpC2−/− for each

odor). See Table S2 for numbers of c-Fos expressing cells and for other

odors, and for a full description of controls, in both genotypes. (B) Exposure

to conspecific and heterospecific stimuli leads to activation in the MeA,

judged by c-Fos expression (green). This effect is significantly impaired in

TrpC2−/− animals, where the VNO is non-functional. The white dashed lines

mark the boundaries for the MeA. d, dorsal; m, medial; opt, optic tract. Scale

bar represents 100µm.

that also express c-Fos mRNA vs. 1.5 ± 0.4% overlap expected
by chance (chi-square test of goodness-of-fit; P = 0.81); or
23.8 ± 0.9% of all cells expressing c-Fos mRNA that also express
c-Fos protein vs. 1.4 ± 0.4% overlap expected by chance (P =

0.90)]. Similar results were obtained in the comparison between
snake (heterospecific) and female mouse (conspecific) odors
(not shown). Although significantly larger than that expected by
chance alone, this overlap level does not permit us to easily and
unequivocally interpret whether different stimuli activate non-
overlapping ensembles or whether the active sets of cells have
some degree of overlap in the MeA, because the same stimulus
induces c-Fos expression in subsets of cells with an equivalent
degree of overlap over two subsequent trials (Figure 9C).

However, the comparison between multiple stimuli with
our dual staining protocol does enable us to determine if

there is spatial segregation of activated cells in the MeA.
We did not verify any immediately discernible differential
distribution of activated cells when one predator stimulus
was compared to a different predator stimulus (Figure 10B),
indicating that the active ensembles related to exposures
with these distinct stimuli were intermingled in broad
regions of the MeA. Similarly, we could not verify spatial
segregation in the MeA when a predator odor was compared
in the same animal with odors from conspecific same-sex
individuals: in males, the comparison between a predator
stimulus and female mouse odors (which activate cells
distributed in the entire MeA but concentrated along its
dorsal side) also revealed that these two stimuli activate
mostly interspersed groups of cells throughout the MeA
(Figure 10C).
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FIGURE 6 | Olfactory stimuli activate dispersed ensembles of

cells in the medial nucleus of the amygdala. (A) MeA activity

observed in animals exposed to control odor (ctrl). (B–H) Distributed

patterns of c-Fos expression in the posterior aspect of the MeA in

animals exposed to conspecific (B,C) or heterospecific (D–H) stimuli,

including several predator species. Panel (C) represents the dorsal

portion of the MeA (MeApd), near the optic tract. Remaining panels

represent the whole MeA. The white dashed lines mark the

boundaries for the MeA. n = 4–6. d, dorsal; m, medial; opt, optic

tract. Scale bar represents 100µm.

Organization of Activity in the MeA Does Not

Reflect Behavioral Output, Stimulus Valence,

Stimulus Origin, Chemical Category or Receptors

Activated at the Sensory Organ Level
If distinct olfactory stimuli activate intermingled ensembles of
cells in the MeA, without spatial order, how is activity organized
in this nucleus? Odors capable of eliciting defensive responses
activated both the dorsal and ventral MeA (Figures 6–8), and
therefore activity related to defensive stimuli is not exclusively
restricted to or markedly enriched in the ventral MeA, as
previously suggested (Swanson, 2000; Canteras, 2002; Choi
et al., 2005). The spatial distributions of cells in the active
ensembles are not significantly different for heterospecific
vs. conspecific stimuli (Figure 11B; two sample Kolmogorov-
Smirnov distribution comparison (KS) test, P = 0.26; see
Materials and Methods and Figure 11A for details). Therefore,
the organization of MeA activity does not seem to reflect the
source of stimulus origin (heterospecific vs. conspecific) or the
behavioral outputs (reproductive vs. defensive).

Second, we alternatively hypothesized that activity in the
MeA could be organized according to the taxonomic groups to
which the species tested belong. Even though the numbers of
distinct species used in each taxonomic group were limited, our
data do not support this model, because the distributions of
activated cells for avian predators (Figures 6G, 8C), mammals
(Figures 6D–F, 7B, 8A,C), reptiles (Figures 6H, 7B, 8B), and
even invertebrates (Figure 8B) are all dispersed across the
nucleus, without preference for dorsal or ventral MeA, or for
pMeA or aMeA (Figure 8).

Third, we examined whether activity in the MeA is dependent
on the chemical nature of the stimuli. For example, small
organic molecules could be represented in one MeA sector, while
proteins/peptides would evoke activity in another. However, our
data show that male mouse urine (containing both Mup proteins
and small organic VNO ligands; Chamero et al., 2007) activates a
distributed ensemble (Figures 5B, 6B,C, 8B), whereas cat odor
(containing a defensive behavior-inducing Mup; Papes et al.,
2010) produces a similar pattern (Figures 5B, 6D, 8B). Therefore,
our data indicate that stimuli of dissimilar chemical nature do not
necessarily induce distinct patterns of MeA activity, suggesting
that the mapping of olfactory information in this nucleus is not
dependent on the chemical class to which the stimulus belongs.

Finally, we verified whether activity in the MeA is dependent
on the molecular identity of activated sensory VNO neurons.
Previous publications (Isogai et al., 2011) indicate that most
stimuli employed in our study are detected by cells in the
basal zone of the VNO, characterized by the expression of
GPCR receptors in the V2R family (∼120 family members,
phylogenetically grouped into several clades; Silvotti et al., 2007).
Therefore, we decided to focus on defining the V2R receptors
expressed in activated VNO neurons in animals individually
exposed to each stimulus, using double fluorescent in situ
hybridization with one probe to detect the expression of the
marker of vomeronasal neuron activation Egr1 and other probes
to detect specific clades of V2R receptors (Figure S1A) (see
Materials and Methods for probe design and validation).

Stimuli that activate VNO neurons expressing V2R receptors
in the A4 clade (nomenclature following Silvotti et al., 2007),
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FIGURE 7 | Examples of activity in the medial nucleus of the amygdala

along the rostral-caudal axis after exposure to heterospecific stimuli.

(A,B) Activation in the MeA is distributed across the nucleus and along the

rostral-caudal axis (sections in three bregma positions are shown), in animals

exposed to cat (A) or snake (B) odors. Images represent immunostaining for

the marker of neuronal activation c-Fos (green fluorescence). Purple labeling,

nuclear stain. The white dashed lines mark the boundaries for the MeA. d,

dorsal; m, medial; opt, optic tract. Scale bar represents 100µm.

such as feline odors, all produce distributed c-Fos expression
in the MeA (Figures 6D,E, Figures S1B, S1C, right panel).
Chemosignals detected by VNO cells expressing clades A8,
A5, and A1 of V2R receptors, such as same or opposite-
sex adult mouse odors (Figures 6B,C and Figure S1B), also
activate dispersed ensembles in the MeA. The ensembles
activated by odors belonging to these two categories are in fact
intermingled (Figures 9, 10), and the distributions of activated
cells (Figure 11C) are not statistically significantly different
between the two groups (two-sample Kolmogorov-Smirnov test;
P = 0.40).

Discussion

Representation of Olfactory Information in the

Brain
In this study, we investigated the activity in the mouse medial
amygdala induced by odors that elicit instinctive behaviors
important for the survival of the individual and the species
(pheromones and kairomones). Using a combination of genetic
and brain activity analyses, we show that a wide range
of different odors activate cells in the MeA, and that this
area is functionally involved in the circuit initiated at the
VNO. Though the general involvement of the amygdala in
processing olfactory information has been appreciated for some
time (Swanson, 2000; Takahashi, 2014), its exact place in the

neural mapping and representation of odors remains poorly
characterized. We investigated the organization of activity in
this area and found that there is a lack of spatial segregation
for activity related to distinct stimuli, without reflecting output
behaviors or stimulus valence, which is in opposition to the
current views about how activity in the medial amygdala is
laid out.

Activation of the Medial Amygdala by a Large

Repertoire of Intra- and Interspecific Odors
In this study, we comparatively analyzed brain activity in
the MeA by using a wide range of intra- and interspecies
olfactory stimuli (Table S1) which are able to induce instinctive
behavioral responses in mouse subjects, including aggression,
sexual behavior, or defensive behavior (Figure 1A). Curiously,
we found that several heterospecific odors trigger defensive
behaviors, greatly expanding the previously described list of
kairomones (Papes et al., 2010) and evidencing the importance of
olfaction in the detection of danger. In animals exposed to most
conspecific and heterospecific stimuli, a significant subgroup
of VNO sensory neurons was activated. We noticed that
heterospecific odors that induce defensive behaviors tended to
activate more VNO cells than other types of stimuli (Figure 1B),
a result that stresses the importance of the mammalian VNO
in the detection of odors from other species (Papes et al., 2010;
Isogai et al., 2011).
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FIGURE 8 | Activity in the medial nucleus of the amygdala after

stimulation with pheromones or kairomones is not spatially

segregated. (A) Schematic representation of the anatomical divisions of the

MeA, showing its anterior (left) and posterior (right) aspects and the different

subsectors therein, such as the anterior MeA (MeAa), posterodorsal MeA

(MeApd), and posteroventral MeA (MeApv). (B) Distribution of activity in MeAa,

MeApd, and MeApv parts of the MeA, for several stimuli (grouped by

presentation form). *p < 0.01. Mean ± s.e.m. ANOVA followed by

Tukey-Kramer HSD post-hoc analysis. See also Figures 6, 8 for

representative c-Fos images and other stimuli. lpd. cat, leopard cat; mtn. lion,

mountain lion; afr. lion, African lion. ♀exp♂ denotes a female mouse exposed

to male odors. In most cases, activity is dispersed in the MeA, without spatial

segregation in the three subsectors, with the exception of a conspecific

stimulus, namely, in males exposed to female odors.

An investigation of activity in the AOB and MeA in mice
exposed to such chemosignals revealed that these two areas are
activated by those VNO stimuli (Figures 1, 2). Direct projections
of VNO neurons to the AOB are known since the times of Ramon
y Cajal, and indirect anatomical links between the MeA and
VNO have been known for a while (Canteras et al., 1995, 1997;
Petrovich et al., 2001; Blanchard et al., 2005; Mohedano-Moriano
et al., 2007). Our data now provide a comprehensive view of how

the AOB and MeA are activated by odorous stimuli, revealing
that a strikingly large set of behavior-inducing odors activates
these areas. Additionally, we found that these nuclei are more
strongly activated by heterospecific odors than by conspecific
stimuli (Figure 1D), revealing the unprecedented fact that the
mammalian brain is exquisitely activated by odors from other
species in the environment. Finally, we show that activity in the
MeA is correlated with the detection of stimuli by the VNO
(Figure 2), supporting the idea that it belongs to a functional
pathway initiated at the VNO to process olfactory information.

Because most stimuli employed in these experiments were
complex in nature, we needed to confirm that pheromones and
kairomones contained therein could indeed activate the circuit
initiated at the VNO, including the AOB and MeA. In fact, when
we used recombinant versions of Mup proteins from mouse
and cat, which act as pheromones and kairomones, respectively
(Chamero et al., 2007; Papes et al., 2010), the VNO, AOB, and
MeA were activated (Figure 3).

By using a wide variety of behavior-inducing odors, together
these experiments (Figures 1–3) led to the corroboration that the
MeA is activated by pheromones and kairomones, and greatly
expanded the known repertoire of signals, both complex and
pure, able to provide sensory input to this region; moreover, these
data suggest that the MeAmostly receives functional inputs from
the VNO, because MeA activity is highly correlated with VNO
detection of behavior-inducing odors.

Functional Links between MeA and VNO
The activity we observed in the MeA with complex olfactory
stimuli (Figure 1) may not necessarily be dictated by the VNO,
becauseMeA neuronsmay also receive inputs from other sensory
organs. In this vein, we noted that the piriform cortex, which does
not receive major inputs from the VNO, is also activated by our
complex stimuli (Figure 1D). Therefore, we needed to establish
the existence of possible functional links between the observed
MeA activity and VNO detection of pheromones/kairomones. In
order to do this, we exposed VNO-deficient TrpC2−/− mice to
the chemosignals described in the previous section. We observed
that the expression of the indirect marker of MeA neuronal
activation c-Fos was much lower in TrpC2−/− than in TrpC2+/+

mice, similar to the expression seen in animals exposed to
unscented controls (Figure 5), indicating that MeA activation is
functionally linked to the detection of stimuli at the VNO sensory
interface.

In combination with the fact that activity in the MeA is
highly correlated with VNO activity (Figures 1, 2), these results
in TrpC2−/− animals indicate that the MeA is mostly controlled
by the vomeronasal system, favoring the model in which it is part
of a functional circuit initiated at the VNO to control behavior
(Canteras et al., 1997; Swanson, 2000; Blanchard et al., 2005;
Takahashi, 2014).

Organization of Odor-induced Activity in the

Medial Amygdala
In our study, the use of a wide selection of heterospecific and
conspecific signals and of potent stimuli from several species
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FIGURE 9 | Activity in the medial nucleus of the amygdala after

detection of a VNO stimulus is not invariant. (A) Dual immunostaining/in

situ hybridization to compare activity related to two sequential exposures to

the same olfactory stimulus. Top, exposure protocol. Bottom, representative

image showing location of cells activated in the first exposure (green nuclear

fluorescence after c-Fos immunostaining), in the second exposure (two red

nuclear fluorescent foci after c-Fos FISH) or both (yellow). (B) Schematic

drawing of a representative image of activated cells in the MeA after two

sequential exposures to the same stimulus, collected across a 30µm thick

z-series. Dark gray dots represent nuclei of non-activated cells inside the

MeA. Dark gray background indicates the medial amygdala as depicted in

Figure 8A; light gray background marks the optic tract (opt). (C)

Quantification of activated cells related to each of two instances of stimulus

exposure. The first bar (green) in each set represents cells activated in the

first exposure only, the second (red) bar in each set exhibits activated cells in

the second exposure only, and the third bar (yellow) in each set represents

cell activated in both exposures. Quantification of cells in the piriform cortex

(Pir) is shown for comparison. (D) Dual immunostaining/in situ hybridization

to control for activity related to one exposure to olfactory stimulus during the

first application window (100 to 80min prior to brain fixation). Top, exposure

protocol. Bottom, representative image showing location of cells activated in

the first exposure (green nuclear fluorescence after c-Fos immunostaining).

Rare nuclear red fluorescence foci indicate c-Fos mRNA detected by FISH.

Yellow cells express both nuclear c-Fos protein and mRNA. (E) Left,

schematic representation of activated cells in the MeA after one exposure to

stimulus during the first application window, collected across a 30µm thick

z-series. Right, quantification of activated cells related to stimulus exposure.

The first bar (green) in each set represents cells activated in the first exposure

only, the second bar (red) in each set exhibits rare cells expressing c-Fos

mRNA, and the third bar (yellow) represents very few cells expressing both

nuclear c-Fos protein and mRNA, indicating that c-Fos mRNA labels cells

activated during the second exposure, because virtually no mRNA derived

from the first exposure remains at the end of the session. (F,G) Same as in

(D,E), but to examine activated cells related to one exposure to stimulus

during the second application window (20 to 0min before brain fixation),

indicating that c-Fos protein is indicative of the first exposure window,

because not enough time transpired after the second exposure onset to

allow c-Fos protein to be synthesized at any detectable level. n = 4–6. d,

dorsal; m, medial; opt, optic tract. Scale bar represents 100µm; for (B, E),

the scale is the same as in (G).
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FIGURE 10 | Distinct stimuli activate intermingled ensembles of

neurons in the medial nucleus of the amygdala. (A) Dual

immunostaining/in situ hybridization to compare activity in the MeA related

to two sequential exposures to distinct olfactory stimuli. Top, exposure

protocol. Bottom, representative images showing cells activated in the

first exposure (green nuclear fluorescence after c-Fos immunostaining)

and in the second exposure (two red nuclear fluorescent foci after c-Fos

FISH). (B) Schematic drawing of a representative image of activated cells

in the MeA after two sequential exposures to distinct predatory olfactory

stimuli, collected across a 30µm thick z-series. Dark gray dots represent

nuclei of non-activated cells inside the MeA. Dark gray background

indicates the medial amygdala; light gray background marks the optic

tract (opt). (C) Same as in (B), but to examine activated cells related to

sequential exposures to a predator odor and conspecific odor. n = 4–6.

d, dorsal; m, medial; opt, optic tract. Scale bar represents 100µm; for

(B), the scale is the same as in (C).

enabled us to conclude that each tested stimulus induces c-
Fos expression in cells broadly distributed throughout the MeA,
with no apparent spatial segregation (Figures 6–8). Such data
suggest that different stimuli do not result in grossly spatially
segregated ensembles of active neurons in this nucleus of the
amygdala. We also investigated activity in the granule and mitral
cell layers of the AOB, and, similarly to the MeA, we found it not
to be organized in a spatially segregated fashion (defensive and
social stimuli produced similarly distributed activity), in keeping
with previous publications (Luo et al., 2003; Hendrickson et al.,
2008; Ben-Shaul et al., 2010). These data suggest that the
distributive activity in the AOB is maintained in the MeA, the
first information processing station after the olfactory bulb in the
brain.

We further showed that different VNO stimuli activate
intermingled ensembles of cells in the MeA, without evident
spatial separation (Figures 6, 10). The apparent lack of
segregation of activated ensembles for different olfactory stimuli
indicates that a spatial map to internally represent VNO ligands
is not formed in the MeA (or that its underlying organization is
undiscernible at this resolution).

These results put into question previous ideas according
to which the MeA would be functionally divided into two
sectors, dorsal and ventral, and stimuli related to distinct
behavioral outputs (namely, reproductive or defensive) would
activate spatially segregated groups of neurons in those two
sectors, respectively (Swanson, 2000; Canteras, 2002; Choi
et al., 2005). Although previous anatomical and functional
evidences suggested that some stimuli may induce coherent
activity in the MeA consistent with this notion (Choi et al.,
2005), the use of a wide range of stimuli in our study
enabled us to rule out this model by showing that distinct
stimuli activate an equivalent percentage of MeA neurons and

that they are mostly intermingled, without apparent spatial
segregation.

Though stimuli that induce distinct behavioral outputs
(defensive vs. reproductive) were not found to be spatially
segregated in a consistent fashion, it remains possible that these
two sets of cells send information to different downstream areas,
resulting in distinct coding and processing pathways to trigger
opposing behaviors. In fact, the active MeA ensembles related
to cat and female odors were found to be projection neurons
with largely distinct projection sites in the brain (Choi et al.,
2005); moreover, tracing studies indicated, at a grosser level,
that amygdala projection neurons target several brain areas, with
some degree of overlap (Canteras et al., 1995; Dong et al., 2001;
Petrovich et al., 2001; Canteras, 2002).

The distributive organization we observed in the MeA is also
noteworthy in view of the fact that this nucleus is heterogeneous
and contains cells selectively activated by particular ligand types:
for example, some cells are active in animals exposed to predator
odors, others are active in males exposed to females, others are
activated by same-sex odors, while some are responsive to all
kinds of stimulation (Bergan et al., 2014). It is therefore possible
that the distinct subtypes of MeA neurons are intermingled, but
projecting to distinct target output regions.

Interestingly, the distributive organization of MeA activity
resembles the piriform cortex, where volatile odorants detected
by the main olfactory epithelium are internally represented by
distributed ensembles of active neurons, without any discernible
spatial organization, irrespective of the stimulus’ chemical nature,
concentration or valence (Stettler and Axel, 2009). In both the
piriform and MeA, each stimulus activates a percentage of the
neurons, and the activated neurons are distributed, with no
apparent spatial segregation or stereotypy. Moreover, different
odors activate distinct, but partially overlapping, ensembles of
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FIGURE 11 | Comparisons of the spatial distributions of activated

cells along the dorsal-ventral axis of the medial nucleus of the

amygdala. (A) Schematic diagram showing how the dorsal-ventral axis

was positioned in the MeA. The axis origin (0) was defined as the most

ventral pixel in the MeA in each scored image, while the upper extreme

at the dorsal side lies 600µm from the origin along the dorsal-ventral

axis. This segment was further subdivided into 10 intervals and activated

cells were counted for each interval in each image. (B) Horizontal bars

represent the mean number of activated cells in each of the 10 intervals

along the MeA axis (600µm in total length), leading to a representation

of the spatial distribution of the active ensemble. Black bars in the

middle graph were obtained with data from mice exposed to conspecific

stimuli (♂exp♀, ♀exp♂, ♀exp♀, and ♂exp♂ groups); black bars in the

right graph are for mice exposed to heterospecific odors (cat, leopard

cat, mountain lion, rat, owl, hawk, and snake); white bars in the left

graph represent basal level activation with control odors (see Table S2).

n = 8 for each species. Error bars are s.e.m. (C) Similar to (B), but

comparing MeA activation after exposure to odors that activate VNO

neurons expressing A1/A5/A8V2R receptors (♂exp♀, ♀exp♂, and

♂exp♂ groups) against the group of animals exposed to stimuli related

to A4V2R receptors (cat, leopard cat, and mountain lion). n = 8 for each

species. Error bars are s.e.m.

neurons. The similarity between the representation of odors
in the piriform and in the MeA concurs with the suggested
cortical-like nature of some amygdalar areas.

Curiously, the cortical amygdala, which receives olfactory
information collected by the main olfactory epithelium, seems
to be organized in a spatially segregated fashion (Miyamichi
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et al., 2011; Sosulski et al., 2011). Moreover, volatile odorants that
elicit innate behaviors of different valence (appetitive or aversive)
activate different populations of neurons within the cortical
amygdala (Root et al., 2014), suggesting that the representation
in such brain region is different from the representation of
pheromones/kairomones in the MeA.

We have also investigated the stereotypy of the active cells
in the MeA, and found that neurons activated by exposure to
one stimulus are mostly distinct from those activated by a later
exposure to the same stimulus (Figure 9). These data show little
concordance for the sets of MeA cells activated in response to
the same stimulus in two trials, suggesting that determined or
immutable ensembles of cells related to each VNO stimulus do
not exist in this brain area; however, because the concordance is
higher than that expected by chance alone, the active ensemble to
one stimulus is probably not random.

The little concordance between the two groups of neurons
activated by the same odor in the MeA is not due to restrictions
imposed by the use of c-Fos as a marker for neuronal activation
in our dual immunostaining/in situ hybridization technique,
because a high level of overlap was seen for two sequential
exposures to the same stimulus in another brain area, the
piriform cortex, using the same procedure (Figure 9). Our
data on the piriform cortex is in agreement with a previous
publication, which verified that piriform neurons that respond
to an odorant have a high chance of responding at least once
again to the same odorant over subsequent trials (Stettler and
Axel, 2009). It is interesting to note, however, that we observed
higher levels of concordance in the piriform cortex than another
study (Shakhawat et al., 2014), which used a similar dual staining
procedure to evaluate responses in the primary olfactory cortex,
but found that the same odor activates ensembles with <30%
overlap when given repeatedly; a possible reason for such
difference is the fact that Shakhawat and collaborators employed
purified odorants while we used complex stimuli, which activate
a larger ensemble of piriform neurons, increasing the chances
of overlap in a subsequent exposure trial. Further studies will
be necessary to explore the difference between stereotypy in the
MeA and piriform. If confirmed by additional methods (e.g.,
electrophysiology or functional imaging), the representation of
odorants in the piriform and of pheromones/kairomones in the
MeA will be different in one significant aspect: in the piriform,
each odor stimulates activity in a distributed and sparse ensemble
of neurons, but according to our data that ensemble is mostly
defined (Figure 9); in contrast, our results show that the active
ensembles in the MeA in response to conspecific/heterospecific
stimuli are non-immutable (Figure 9).

Lastly, we show that the distributive pattern of activity in the
MeA is not organized to reflect the type of stimulus employed,
because no discernible differential distribution of activated cells
is observed between animals exposed to heterospecific or to

conspecific stimuli (Figure 10). Moreover, we show that MeA
activity is not organized to reflect the different behavioral
consequences of the detected stimuli (reproductive vs. defensive).
These data are contrary to previous notions established for the
organization of the medial amygdala (Swanson, 2000; Canteras,
2002; Choi et al., 2005) and call for alternative models to explain

how pheromones and kairomones produce coherent activity in
this brain region. We further showed that the MeA activity does
not indicate the stimulus chemical nature or the repertoire of
receptors expressed in activated neurons at the sensory interface
(Figures 10, 11).

Further anatomical and functional studies will be needed
to confirm that the MeA does not internally represent the
ensuing behaviors after detection of chemosignals by the
VNO. If confirmed, these findings will pose an exciting final
question: where are the olfaction-mediated instinctive behaviors
represented in the brain? The hypothalamus, particularly its
ventromedial nucleus, the dorsal premammillary nucleus, and
the periaqueductal gray, anatomically positioned downstream
to the MeA (Motta et al., 2009), are likely candidates, since
they are activated by pheromones/kairomones (Dielenberg et al.,
2001; Meredith and Westberry, 2004; Choi et al., 2005; Lin
et al., 2011) and have been causally implicated in numerous
behaviors. In the future, functional mapping of the flow of
olfactory information along this brain circuit will be needed
to understand the transition between the dispersed amygdala
activity we describe here and the representation and generation
of adaptive behaviors in yet uncharacterized higher brain sites.
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Sexual behavior is suppressed by various types of stressors. We previously demonstrated
that an alarm pheromone released by stressed male Wistar rats is a stressor to other
rats, increases the number of mounts needed for ejaculation, and decreases the hit rate
(described as the number of intromissions/sum of the mounts and intromissions). This
deterioration in sexual behavior was ameliorated by pretreatment with the opioid receptor
antagonist naloxone. However, the neural mechanism underlying this remains to be
elucidated. Here, we examined Fos expression in 31 brain regions of pheromone-exposed
rats and naloxone-pretreated pheromone-exposed rats 60 min after 10 intromissions.
As previously reported, the alarm pheromone increased the number of mounts and
decreased the hit rate. In addition, Fos expression was increases in the anterior medial
division (BNSTam), anterior lateral division (BNSTal) and posterior division (BNSTp) of the
bed nucleus of the stria terminalis, parvocellular part of the paraventricular nucleus of
the hypothalamus, arcuate nucleus, dorsolateral and ventrolateral periaqueductal gray, and
nucleus paragigantocellularis (nPGi). Fos expression was decreased in the magnocellular
part of the paraventricular nucleus of the hypothalamus. Pretreatment with naloxone
blocked the pheromone-induced changes in Fos expression in the magnocellular part of the
paraventricular nucleus of the hypothalamus, ventrolateral periaqueductal gray, and nPGi.
Based on these results, we hypothesize that the alarm pheromone deteriorated sexual
behavior by activating the ventrolateral periaqueductal gray-nucleus paragigantocellularis
cluster and suppressing the magnocellular part of the paraventricular nucleus of the
hypothalamus (PVN) via the opioidergic pathway.

Keywords: opioid, alarm pheromone, sexual behavior, nucleus paragigantocellularis, periaqueductal gray,
paraventricular nucleus of hypothalamus

INTRODUCTION
Sexual behavior is very important for reproduction in animals. It
can be suppressed by various types of manipulations; for example,
social isolation (Barrot et al., 2005), maternal separation (Rhees
et al., 2001), prenatal stress (Wang et al., 2006), parasitic infection
(Lin et al., 1990; Klein, 2003), immobilization, foot shock, and
water immersion (Retana-Marquez et al., 1996) suppress male
sexual behavior in rodents. In addition, we have found that an
alarm pheromone released from stressed conspecifics deteriorates
male sexual behavior in rats (Kobayashi et al., 2011).

It is well-known that stressed animals release specific odors,
possibly to warn or alarm nearby conspecifics, some of which
are defined as alarm pheromones (Karlson and Luscher, 1959;
Inagaki et al., 2014). We previously investigated an alarm
pheromone that causes an increase in body temperature in rats
placed in a box, which recently placed two male rats that had
received foot shocks (Kikusui et al., 2001). This phenomenon
suggests that the rats that received the foot shocks served as
pheromone donors and released an alarm pheromone when they
received the shocks. It is possible to induce pheromone release by

applying electrical stimulation to the perianal region of an anes-
thetized donor (Kiyokawa et al., 2004); therefore, we established
a method that traps this pheromone in water (Kiyokawa et al.,
2005a). We found that this pheromone-containing water can
evoke a variety of stress responses, depending on the experimen-
tal model (Kiyokawa et al., 2006; Inagaki et al., 2008; Kobayashi
et al., 2011), through the vomeronasal system (Kiyokawa et al.,
2007, 2013a) and main olfactory system (Inagaki et al., 2014).

This alarm pheromone is a suitable candidate to analyze
the effects of stress on sexual behavior because the natural
stress responses were induced through the olfactory system. We
observed the sexual behavior of pairs of rats in the presence of
this pheromone and found that it increases the number of mounts
and decreases the hit rate in male rats (Kobayashi et al., 2011).
Subsequently, we found that this pheromone-induced deterio-
ration in sexual behavior is gender-specific because it occurs
when the pheromone was presented to the male, but not the
female, before a sexual encounter (Kobayashi et al., 2011). We
conducted Fos mapping in a variety of brain regions and found
that the nucleus paragigantocellularis (nPGi) is a key region
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associated with the pheromone-induced deterioration. We have
found increased Fos expression in the anterior medial divi-
sion (BNSTam), anterior lateral division (BNSTal), and posterior
division (BNSTp) of the bed nucleus of the stria terminalis,
medial and basal amygdala, and corticotropin-releasing hormone
(CRH)-containing neurons in the paraventricular nucleus of the
hypothalamus (PVN), which are in the parvocellular part of
the PVN (pPVN) (Kobayashi et al., 2013a). However, we did
not find any other candidate nuclei that were directly involved
in this deterioration or that activated the nPGi. This failure
might be attributed to neural activation from ejaculation, which
obscured Fos expression associated with pheromone-induced
sexual behavior deterioration.

In parallel with the immunohistochemical analyses, we phar-
macologically analyzed the neural mechanism of deterioration.
We found that systemic pretreatment with the opioid receptor
antagonist naloxone attenuated sexual deterioration in male rats.
This suggests that opioids are involved in the neural mecha-
nism (Kobayashi et al., 2013b). However, regions in which we
found increased Fos expression during deterioration (Kobayashi
et al., 2013a), such as the nPGi and several other nuclei, to our
knowledge, do not express opioid receptors. Therefore, it remains
unclear how opioids are involved in the deterioration of sexual
behavior by the alarm pheromone.

To address these issues, in this study, we measured Fos expres-
sion in 31 brain regions in pheromone-exposed rats that showed
a deterioration of sexual behavior but did not achieve ejaculation.
We also assessed pheromone-exposed rats that were pretreated
with naloxone in order to obtain further information about the
role of opioids in deterioration.

MATERIAL AND METHODS
ANIMALS
Twenty-five sexually naïve male (aged 7.5 weeks) and female
(aged 8.5 weeks) Wistar Imamichi rats were used in this study
(Institute for Animal Reproduction, Ibaraki, Japan). All animals
were provided with food and water ad libitum and kept on a 12-h
light-dark cycle (lights turned off at 2000). The colony room was
maintained at a constant temperature (24 ± 1◦C) and humid-
ity (40–45%). Animals of the same sex were housed in pairs
in wire-topped, transparent cages (410 × 250 × 180 mm) with
wood shavings for bedding. All procedures were approved by the
Animal Care and Use Committee of the Faculty of Agriculture of
The University of Tokyo.

PREPARATION OF THE ALARM PHEROMONE
Before the sexual behavior test, water samples that contained
either the alarm pheromone or a control odor were prepared
according to a previously described method (Kiyokawa et al.,
2005a; Kobayashi et al., 2013b). Adult male Wistar Imamichi rats
(aged 12–16 weeks) were anesthetized and 2 intradermal needles
(27G) were attached at either the neck or perianal region. After
spraying purified water (5 mL) on the ceiling of an acrylic box
(200 × 200 × 100 mm), the anesthetized donor was placed in the
box and given 15 electrical stimuli (10 V for 1 s) through the nee-
dles for 5 min at 20 s intervals. Care was taken that water droplets
did not fall from the ceiling and that the donor was kept under

anesthesia during the stimulations. The electrical stimulation of
the perianal region induced the release of alarm pheromones
and stimulation of the neck region was conducted to provide a
similar amount of control olfactory stimuli. Following this, the
donor was removed and the water droplets containing the alarm
pheromone or control odor were collected. The samples were
stored at 4◦C until use.

SEXUAL BEHAVIOR TEST
Sexual behavior tests were conducted as described in previous
studies (Kobayashi et al., 2011, 2013a,b). Briefly, 1 day before
the test, male rats were housed individually and acclimatized for
30 min to the experimental room and devices. Female rats were
also acclimatized to the experimental room for 30 min. On the test
day, the test was conducted in the home cage of the male subject
that had been placed in the experimental room under a dim red
light. Saline or naloxone (40 mg·kg−1 dissolved in saline; Sigma-
Aldrich, St. Louis, MO) was administered intraperitoneally to
the male 60 min before the test. At the beginning of the test,
pheromone or control samples (750 µL each) were dropped on
two sheets of filter paper (5 × 5 cm) that were placed in acrylic
plates (12 × 6 cm, 3 mm thickness), one of which had 18 holes,
9 mm in diameter. The plates were then placed in the home cage
for 5 min. Following this, the plates were removed and the female
was introduced. Sexual behavior was video recorded and observed
in an adjacent room during the test. When the tenth intromission
was observed, the female was removed. Twenty-five male rats were
divided into three groups according to the type of sample and
injection: control odor and saline injection (Control-SAL; n = 8),
alarm pheromone and saline injection (Pheromone-SAL; n = 8),
and alarm pheromone and naloxone injection (Pheromone-NAL;
n = 9).

IMMUNOHISTOCHEMISTRY
Immunohistochemistry was conducted as described in previ-
ous studies (Kiyokawa et al., 2013b, 2014; Kobayashi et al.,
2013a). Briefly, 60 min after the tenth intromission, male rats
were deeply anesthetized with sodium pentobarbital and perfused
intracardially with 0.9% saline followed by 4% paraformalde-
hyde in 0.1 M phosphate buffer. The brain was removed and
immersed overnight in the same fixative and then placed in
30% sucrose in phosphate buffer for cryoprotection. The brain
was cut into 25-µm-thick coronal sections. Six successive sec-
tions containing some of the target regions were collected, and
the second and fifth sections were stained with Cresyl violet to
confirm localization in the brain. The remaining sections were
incubated in H2O2, then primary antibody targeting the Fos
protein (PC38, Merck Millipore, Billerica, MA) for 65 h, and
biotinylated anti-rabbit secondary antibody (BA-1000, Vector
Laboratories, Burlingame, CA) for 2 h. Following this, the sec-
tions were processed using the ABC kit (Vector Laboratories) and
developed using a 3,3′-diaminobenzidine solution with nickel
intensification.

QUANTIFICATION
Fos expression was analyzed as described in previous studies
(Kiyokawa et al., 2005b, 2013b; Kobayashi et al., 2013a). Four
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sections showing each of the 31 regions were imaged using a
microscope equipped with a digital camera (DP30BW; Olympus,
Tokyo, Japan). The number of c-Fos-immunoreactive cells in a
0.5-mm square was counted bilaterally using Image J software
(version 1.41) by an experimenter who was blind to the experi-
mental groups. The raphe nuclei are located in the center of the
brain; therefore, Fos expression could not be counted bilaterally.
In some cases, the designated area to be counted was smaller than
the boundaries of the 0.5-mm square; therefore, only the cells in
the brain region of interest, and not in other regions within the
square, were counted.

DATA ANALYSIS AND STATISTICAL PROCEDURES
Male sexual behavior was analyzed as described in previous stud-
ies by a researcher who was blind to the experimental conditions
(Kobayashi et al., 2011, 2013a,b). The following measures of
sexual behavior were recorded: mount latency (pelvic thrusting
from the rear of the female rat without penile insertion), intro-
mission latency (deeper pelvic thrusting from the rear of the
female rat with penile insertion), latency for tenth intromission
(time from the first intromission to tenth intromission), and
number of mounts (number of mounts needed for 10 intromis-
sions). In addition, the hit rate was calculated. Behavioral and

immunohistochemical data are expressed as mean ± the standard
error of the mean (SEM). The significance was set at P < 0.05 for
all statistical tests. All data were analyzed by one-way analysis of
variance followed by Fisher’s PLSD post-hoc test.

RESULTS
The number of mounts [F(2, 22) = 5.47, P = 0.012; Figure 1A]
and hit rate [F(2, 22) = 5.40, P = 0.012; Figure 1B] were signifi-
cantly different between the groups, whereas the mount latency
[F(2, 22) = 0.11, P = 0.892; Figure 1C], intromission latency
[F(2, 22) = 0.68, P = 0.519; Figure 1D], and latency to tenth
intromission [F(2, 22) = 0.30, P = 0.746; Figure 1E] were not.
Post-hoc tests revealed that the Pheromone-SAL group showed
an increased number of mounts (P = 0.017) and decreased hit
rate (P = 0.022) when compared with the Control-SAL group.
However, these measures were not different between the Control-
SAL and Pheromone-NAL groups (number of mounts, P =
0.653; hit rate, P = 0.565). A post-hoc test also confirmed that the
Pheromone-SAL group showed an increased number of mounts
(P = 0.005) and decreased hit rate (P = 0.005) when compared
with the Pheromone-NAL group.

We measured Fos expression in 31 brain regions (Figure 2).
The mean number of c-Fos-immunoreactive cells is summarized

FIGURE 1 | The effects of naloxone on the pheromone-induced
deterioration of sexual behavior. Number of mounts (A), hit rate (B),
mount latency (C), intromission latency (D), and latency to 10th
intromission (E) of the subjects (mean + SEM). Subjects were pretreated

with either saline (SAL) or naloxone (40 mg·kg−1; NAL) and exposed to a
control odor (Control) or an alarm pheromone (Pheromone). ∗P < 0.05
compared with the Control-SAL group, ANOVA followed by Fisher’s PLSD
post-hoc test.
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FIGURE 2 | Schematic diagrams showing the location of brain regions
(open square containing numbers) in which c-Fos-immunoreactive cells
were counted. The regions analyzed were: the nucleus accumbens core and
shell (A), BNSTam, BNSTal, and medial preoptic area (B), BNSTp (C), lateral
hypothalamic area and supraoptic nucleus (D), mPVN, pPVN, peduncular
lateral hypothalamus, and anterior cortical amygdala (E), ventromedial
nucleus of hypothalamus and lateral, anterior medial, central, and basolateral

amygdala (F), Arc and posterodorsal and posteroventral medial amygdala (G),
dlPAG, lateral periaqueductal gray, dorsal raphe nucleus, and ventral
tegmental area (H), vlPAG and dorsal region of the dorsal raphe nucleus (I),
locus coeruleus (J), nPGi and raphe magnus and pallidus (K), and raphe
obscurus (L). This figure was adapted from a rat brain atlas (Paxinos and
Watson, 2007). For an explanation of the abbreviations, see the
corresponding numbers in Table 1.

in Table 1. Fos expression was significantly different among
the groups in the nucleus accumbens core [F(2, 22) = 8.21,
P = 0.002] and shell [F(2, 22) = 6.07, P = 0.008], BNSTam
[F(2, 22) = 4.81, P = 0.019], BNSTal [F(2, 22) = 12.9, P < 0.001],

BNSTp [F(2, 22) = 6.66, P = 0.006], magnocellular part
of the PVN [mPVN; F(2, 22) = 8.09, P = 0.002], pPVN
[F(2, 22) = 8.28, P = 0.002], ventromedial nucleus of hypotha-
lamus [F(2, 22) = 5.55, P = 0.011], arcuate nucleus [Arc;
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Table 1 | The number of c-Fos-immunoreactive cells per 0.25 mm2 in various brain regions.

Regions Control-SAL (8) Pheromone-SAL (8) Pheromone-NAL (9)

THE REGIONS WHERE PRETREATMENT WITH NALOXONE BLOCKED THE CHANGE BY THE PHEROMONE

9. Magnocellular part of the paraventricular nucleus of hypothalamus (mPVN) 17.4 ± 2.0 9.8 ± 1.0* P = 0.003 17.9 ± 1.6 P = 0.795

25. Ventrolateral periaqueductal gray (vlPAG) 33.2 ± 2.8 71.9 ± 6.7* P < 0.001 32.9 ± 2.1 P = 0.969

28. Nucleus paragigantocellularis (nPGi) 7.3 ± 0.8 21.5 ± 2.6* P < 0.001 5.7 ± 0.7 P = 0.226

THE REGIONS WHERE PRETREATMENT WITH NALOXONE DID NOT BLOCK THE ACTIVATION BY THE PHEROMONE

3. Anterior medial division of the bed nucleus of the stria terminalis (BNSTam) 18.0 ± 1.4 33.2 ± 4.3* P = 0.009 30.9 ± 4.3* P = 0.020

4. Anterior lateral division of the bed nucleus of the stria terminalis (BNSTal) 16.5 ± 4.5 34.0 ± 4.0* P = 0.012 48.1 ± 4.7* P < 0.001

6. Posterior division of the bed nucleus of the stria terminalis (BNSTp) 19.9 ± 2.3 37.7 ± 5.9* P = 0.004 36.3 ± 2.3* P = 0.005

10. Parvocellular part of the paraventricular nucleus of hypothalamus (pPVN) 34.6 ± 3.0 51.6 ± 4.8* P = 0.036 64.7 ± 6.7* P < 0.001

13. Arcuate nucleus (Arc) 9.4 ± 1.9 30.3 ± 4.7* P = 0.001 34.6 ± 4.1* P < 0.001

21. Dorsolateral periaqueductal gray (dlPAG) 16.2 ± 1.6 23.6 ± 1.8* P = 0.007 22.9 ± 1.7* P = 0.011

THE REGIONS WHERE PRETREATMENT WITH NALOXONE, BUT NOT PHEROMONE EXPOSURE, CAUSED ACTIVATION

1. Nucleus accumbens core 31.5 ± 6.7 39.0 ± 7.6 P = 0.470 69.2 ± 6.9* P = 0.001

2. Nucleus accumbens shell 7.4 ± 2.4 5.0 ± 1.4 P = 0.436 15.0 ± 2.4* P = 0.020

12. Ventromedial nucleus of hypothalamus 8.0 ± 1.0 9.2 ± 1.4 P = 0.568 14.4 ± 1.8* P = 0.005

17. Central amygdala 8.7 ± 1.3 7.6 ± 2.2 P = 0.939 74.9 ± 15.5* P < 0.001

23. Dorsal raphe nucleus 6.0 ± 0.8 6.3 ± 1.1 P = 0.813 10.0 ± 0.8* P = 0.005

THE REGIONS WHERE NEITHER THE PHEROMONE NOR PRETREATMENT WITH NALOXONE CAUSED ACTIVATION

5. Medial preoptic area 81.9 ± 7.7 90.6 ± 6.2 88.8 ± 3.9

7. Lateral hypothalamic area 13.9 ± 2.9 17.8 ± 2.5 19.6 ± 2.8

8. Supraoptic nucleus 13.8 ± 3.2 13.5 ± 2.6 8.9 ± 0.9

11. Peduncular lateral hypothalamus 16.1 ± 3.1 20.2 ± 2.4 25.6 ± 2.9

14. Anterior cortical amygdala 36.5 ± 4.1 34.6 ± 5.2 34.2 ± 4.0

15. Lateral amygdala 6.5 ± 1.0 6.8 ± 1.1 7.7 ± 0.5

16. Anterior medial amygdala 24.0 ± 3.1 32.4 ± 3.3 31.9 ± 2.8

18. Basal amygdala 13.6 ± 2.0 12.3 ± 2.6 14.0 ± 2.3

19. Posterodorsal medial amygdala 39.0 ± 3.8 42.7 ± 2.1 40.1 ± 3.0

20. Posteroventral medial amygdala 28.5 ± 5.8 45.6 ± 5.4 44.0 ± 5.9

22. Lateral periaqueductal gray 16.8 ± 2.0 21.9 ± 1.6 25.8 ± 3.5

24. Ventral tegmental area 4.2 ± 0.8 4.1 ± 0.9 4.4 ± 0.7

26. Dorsal raphe nucleus dorsal part 11.7 ± 1.8 11.2 ± 2.0 13.3 ± 1.6

27. Locus coeruleus 13.3 ± 2.5 20.0 ± 3.1 15.8 ± 2.6

29. Raphe magnus 6.0 ± 0.8 7.0 ± 1.6 6.4 ± 1.2

30. Raphe pallidus 4.9 ± 0.5 5.0 ± 0.4 5.5 ± 1.0

31. Raphe obscurus 11.9 ± 2.7 12.2 ± 2.8 18.1 ± 2.1

Data are expressed as means ± SEM. For the location of each region, see the corresponding numbers in Figure 2. The number of rats per group is given in

parentheses. * P < 0.05 compared to the Control-SAL group, One-Way ANOVA followed by Fisher’s PLSD post-hoc test.

F(2, 22) = 12.3, P < 0.001], central amygdala [F(2, 22) = 16.0,
P < 0.001], dorsolateral [dlPAG; F(2, 22) = 5.53, P = 0.011]
and ventrolateral periaqueductal gray [vlPAG; F(2, 22) = 28.0,
P < 0.001], dorsal raphe nucleus [F(2, 22) = 6.11, P = 0.008],
and nPGi [F(2, 22) = 21.9, P < 0.001].

Post-hoc tests revealed that these brain regions could be
divided into the following 3 categories. The first category is
composed of the mPVN (Figures 3A–C), vlPAG (Figures 3D–F),
and nPGi (Figures 3G–I), in which pretreatment with nalox-
one blocked the pheromone-induced change in Fos expres-
sion. Compared with the Control-SAL group, the Pheromone-
SAL group (P = 0.003), but not the Pheromone-NAL group
(P = 0.795), showed decreased Fos expression in the mPVN.
Fos expression in the vlPAG and nPGi in the Pheromone-
SAL group (vlPAG, P < 0.001; nPGi, P < 0.001), but not the

Pheromone-NAL group (vlPAG, P = 0.969; nPGi, P = 0.226)
was increased compared with that in the Control-SAL group. The
second category is composed of the BNSTam, BNSTal, BNSTp,
pPVN, Arc, and dlPAG, in which pretreatment with naloxone did
not block the pheromone-induced increase Fos expression. Both
the Pheromone-SAL (BNSTam, P = 0.009; BNSTal, P = 0.012;
BNSTp, P = 0.004; pPVN, P = 0.036; Arc, P = 0.001; dlPAG,
P = 0.007) and Pheromone-NAL groups (BNSTam, P = 0.020;
BNSTal, P < 0.001; BNSTp, P = 0.005; pPVN, P < 0.001; Arc,
P < 0.001; dlPAG, P = 0.011) showed increased Fos expression
when compared with the Control-SAL group in these regions.
The last category is composed of the nucleus accumbens core
and shell, ventromedial nucleus of hypothalamus, central amyg-
dala, and dorsal raphe nucleus, in which pretreatment with
naloxone increased Fos expression but the alarm pheromone
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FIGURE 3 | The nuclei in which pretreatment with naloxone attenuated
the pheromone-induced changes in Fos expression. Photomicrographs
showing Fos expression in the paraventricular nucleus of the hypothalamus
(A–C), ventrolateral periaqueductal gray (D–F), and nucleus

paragigantocellularis of rats (G–I) that were pretreated with either saline
(SAL) or naloxone (40 mg·kg−1; NAL) and exposed to a control odor (Control)
or an alarm pheromone (Pheromone). Arrowheads indicate Fos expression.
The scale bar represents 200 µm.

did not. In these regions, the Pheromone-NAL group (nucleus
accumbens core, P = 0.001; nucleus accumbens shell, P = 0.020;
ventromedial nucleus of hypothalamus, P = 0.005; central amyg-
dala, P < 0.001; dorsal raphe nucleus, P = 0.005), but not the
Pheromone-SAL group (nucleus accumbens core, P = 0.470;
nucleus accumbens shell, P = 0.436; ventromedial nucleus of
hypothalamus, P = 0.568; central amygdala, P = 0.939; dorsal
raphe nucleus, P = 0.813), showed increased Fos expression com-
pared with the Control-SAL group.

Post-hoc tests confirmed a significant difference between the
Pheromone-SAL and Pheromone-NAL groups in nuclei in the
first (mPVN, P = 0.001; vlPAG, P < 0.001; nPGi, P < 0.001)
and third categories (nucleus accumbens core, P = 0.006; nucleus
accumbens shell, P = 0.003; ventromedial nucleus of hypotha-
lamus, P = 0.020; central amygdala, P < 0.001; dorsal raphe
nucleus, P = 0.009). Similarly, Fos expression was not differ-
ent between the Pheromone-SAL and Pheromone-NAL groups
in nuclei in the second category (BNSTam, P = 0.665; BNSTp,
P = 0.787; pPVN, P = 0.090; Arc, P = 0.437; dlPAG, P = 0.774),
except in the BNSTal, where the Pheromone-NAL group showed
increased Fos expression compared with the Pheromone-SAL
group (P = 0.034).

DISCUSSION
In the present study, we attempted to clarify the neural mech-
anisms underlying the alarm pheromone-induced deterioration
in sexual behavior in male rats and assessed how opioids were
involved. We observed that the pheromone affected Fos expres-
sion in the BNSTam, BNSTal, BNSTp, mPVN, pPVN, Arc,
dlPAG, vlPAG, and nPGi. In addition, pretreatment with nalox-
one blocked these effects in the mPVN, vlPAG, and nPGi. Based
on these results, we have revised our hypothesis regarding the
neural mechanisms underlying the alarm pheromone-induced
deterioration in sexual behavior (Kobayashi et al., 2013a,b) as
follows: when a male rat detects the alarm pheromone, the
vomeronasal system, including the BNSTp, and the main olfac-
tory system (Inagaki et al., 2014) receive information about the
pheromone. Information from these 2 olfactory systems activates
the pPVN, which subsequently activates opioidergic neurons in
the Arc. The opioidergic neurons suppress the mPVN and indi-
rectly activate the vlPAG-nPGi cluster. As a result, sexual behavior
deteriorates (Figure 4).

In addition to the nuclei found in our previous study, and
excluding the neural responses related to ejaculation, we found
activation in the Arc, dlPAG, and vlPAG and suppression in the
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FIGURE 4 | A diagram of the hypothesized neural circuit inducing
deterioration in sexual behavior by the alarm pheromone. Solid arrows
indicate direct projections while dotted arrows indicate indirect or unclear
projections. Abbreviations: AOB, accessory olfactory bulb; Arc, arcuate
nucleus; BNSTa, anterior division of the bed nucleus of the stria terminalis;
BNSTp, posterior division of the bed nucleus of the stria terminalis; CRH,
corticotropin-releasing hormone; MOB, main olfactory bulb; MOE, main
olfactory epithelium; mPVN, magnocellular part of the paraventricular
nucleus of hypothalamus; nPGi, nucleus paragigantocellularis; pPVN,
parvocellular part of the paraventricular nucleus of hypothalamus; vlPAG,
ventrolateral periaqueductal gray; VNE, vomeronasal epithelium.

mPVN during deterioration in sexual behavior. Among these
brain regions, the vlPAG and mPVN might be directly involved
in the deterioration. It has been reported that lesioning the vlPAG
reduces the number of mounts (Clark, 1975), suggesting that
vlPAG activation deteriorates sexual behavior. The modulatory
effects of the vlPAG might be exerted through the nPGi because
lesioning the vlPAG (Clark, 1975) and nPGi (Yells et al., 1992)
evokes the same pattern of deterioration. In addition, the vlPAG
sends dense projections to the nPGi, which are activated during
sexual behavior (Normandin and Murphy, 2008). Therefore, the
vlPAG and nPGi might compose a cluster that modulates sexual

behavior. Similarly, the mPVN might be involved in the deterio-
ration; it has been reported that lesions in both the mPVN and
pPVN, but not in the pPVN, increase the number of mounts
and decrease the hit rate (Liu et al., 1997a). Therefore, it has
been suggested that suppression of the mPVN deteriorates male
sexual behavior. However, the mPVN might deteriorate sexual
behavior in parallel with the vlPAG-nPGi cluster because, to the
best of our knowledge, the mPVN and vlPAG-nPGi cluster are
not anatomically connected. In contrast, activation of the dlPAG
seems to be less important for the deterioration of sexual behav-
ior. Anatomical evidence suggests that this region receives sensory
information regarding sexual behavior from genital organs in the
female (Klop et al., 2005). This information might also activate
the dlPAG of the male in the present study. The Arc might be
indirectly involved in the deterioration as discussed below.

Based on the present findings, we suggest that naloxone
attenuated, rather than compensated for, the alarm pheromone-
induced deterioration in sexual behavior. In the present and
previous studies, rats that were pretreated with naloxone did
not show a pheromone-induced deterioration in sexual behav-
ior (Kobayashi et al., 2013b). One possible interpretation of this
is that naloxone worked as an antagonist to the pheromone.
Naloxone facilitates sexual behavior (McIntosh et al., 1980) and
an opioid receptor antagonist increases Fos expression in nuclei
that are not related to the nPGi, such as the nucleus accum-
bens core and shell, BNSTal, and central amygdala (Park and
Carr, 1998; Carr et al., 1999). Therefore, an alternative interpreta-
tion could be that naloxone compensated the pheromone effects
by facilitating sexual behavior through a separate neural mecha-
nism. However, in the present study, we found that pretreatment
with naloxone attenuated the pheromone-induced activation and
suppression of the vlPAG-nPGi cluster and mPVN, respectively.
Therefore, these results support the former interpretation.

Alarm pheromone-induced activation and suppression of the
vlPAG-nPGi cluster and mPVN, respectively, were blocked by
pretreatment with naloxone; therefore, these changes might be
mediated by opioids. One possible source of opioids might be
the Arc. Although its direct role in the deterioration of sexual
behavior remains to be studied, the Arc contains abundant opi-
oid peptides (Le Merrer et al., 2009), which are released by several
stressors (Marinelli et al., 2004). In addition, the Arc sends direct
projections to the mPVN (Sawchenko and Swanson, 1983); this
suggests that opioid neurons in the Arc could directly suppress
the mPVN. Indeed, an injection of opioids into the PVN inhibits
male sexual behavior (Melis et al., 1999). The Arc could also affect
the vlPAG-nPGi cluster because it sends projections to the medial
preoptic area (MPOA) (Horvath et al., 1992). Electrical stimula-
tion of the MPOA activates neurons in the vlPAG that project to
the nPGi (Rizvi et al., 1996). Taken together, we propose that the
Arc is the source of opioids that deteriorated the sexual behavior
in the present study by suppressing the mPVN and activating the
vlPAG-nPGi cluster.

In contrast to the suggested potential role of the MPOA, in our
study, Fos expression in this region did not show any difference
attributable to either the alarm pheromone or the pretreatment
with naloxone. It is possible that the neural activation related to
the expression of sexual behavior and/or intromissions obscured
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the alarm pheromone-induced difference in Fos expression. In
this study, all the animals expressed 10 intromissions with equiv-
alent latencies to mount, intromission, and tenth intromission,
even when the alarm pheromone increased the number of mounts
and decreased hit rate. It is known that the MPOA plays an impor-
tant role in the expression of sexual behavior (Liu et al., 1997b).
In addition, Fos expression in the MPOA is increased in sub-
jects after 5 intromissions (Baum and Everitt, 1992). Therefore,
high levels of Fos expression induced by the expression of sexual
behavior and/or 10 intromissions might prevent us from observ-
ing any alarm pheromone-induced change of Fos expression in
this region.

In the present study, we found that alarm pheromone-induced
activation of the BNSTam, BNSTal, BNSTp, pPVN, and Arc
was not blocked by pretreatment with naloxone. In the con-
text of our hypothesized neural circuit that has been discussed
above and in our previous study (Kobayashi et al., 2013a,b),these
nuclei might be upstream of opioidergic neurons in the Arc. The
alarm pheromone is perceived by the vomeronasal epithelium
(Kiyokawa et al., 2007, 2013a), which transmits information to
the accessory olfactory bulb, and subsequently, the BNSTp. This
information is transmitted to the anterior BNST (BNSTa), com-
posed of BNSTal and BNSTam, and the pPVN. It is currently
unclear whether the information is transmitted from the BNSTp
to the BNSTa and pPVN directly or indirectly. The BNSTa is
only activated when it receives simultaneous information from
the main olfactory system (Inagaki et al., 2014), which enhances
the responsiveness of the pPVN to the stimuli (Inagaki et al.,
2014). The activated pPVN sends CRHergic output to the Arc and
induces opioid secretion. Therefore, pretreatment with naloxone
may not affect the activity in these nuclei (Figure 4).

In summary, an alarm pheromone increased the number of
mounts and decreased the hit rate in male rats. This was accom-
panied by an increase in Fos expression in the BNSTam, BNSTal,
BNSTp, pPVN, Arc, dlPAG, vlPAG, and nPGi and a decrease in
the mPVN. Naloxone attenuated the pheromone-induced dete-
rioration in sexual behavior and modification of Fos expression
in the mPVN, vlPAG, and nPGi. Based on these results, we sug-
gest that the alarm pheromone activates opioidergic neurons in
the Arc, which deteriorate male sexual behavior by activating the
vlPAG-nPGi cluster and suppressing the mPVN.
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Many animals have the ability to acquire food preferences from conspecifics via

social signals. For example, the coincident detection of a food odor by canonical

olfactory sensory neurons (OSNs) and agonists of the specialized OSNs expressing the

receptor guanylyl cyclase GC-D (GC-D+ OSNs) will promote a preference in recipient

rodents for similarly odored foods. It has been hypothesized that these preferences

are acquired and maintained regardless of the palatability or quality of the food. We

assessed whether mice could acquire and maintain preferences for food that had

been adulterated with the anticoagulant rodenticide warfarin. After olfactory investigation

of a saline droplet containing either cocoa (2%, w/w) or cinnamon (1%, w/w) along

with a GC-D+ OSN-specific chemostimulus (either of the guanylin-family peptides

uroguanylin and guanylin; 1–50 nM), C57BL/6J mice exhibited robust preferences

for unadulterated food containing the demonstrated odor. The peptide-dependent

preference was observed even when the food contained warfarin (0.025% w/w).

Repeated ingestion of warfarin-containing food over four days did not disrupt the

preference, even though mice were not re-exposed to the peptide stimulus. Surprisingly,

mice continued to prefer warfarin-adulterated food containing the demonstrated odor

when presented with a choice of warfarin-free food containing a novel odor. Our results

indicate that olfactory-mediated food preferences can be acquired and maintained for

warfarin-containing foods and suggest that guanylin peptides may be effective stimuli for

promoting the ingestion of foods or other edibles with low palatability or potential toxicity.

Keywords: uroguanylin, guanylin, GC-D, learning, mouse
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Introduction

Rodents use chemostimuli found on the breath and in urine
and feces to communicate information about food (Galef, 2012).
When a conspecific detects these semiochemicals simultaneously
with a specific food odor it acquires a long-lasting preference
for foods containing that same odor. These socially transmitted
food preferences (STFPs) may result from the direct interaction
of a novice rodent (observer) with an experienced one
(demonstrator) (e.g., Galef et al., 1988; Crawley, 2007; Galef,
2012) or may be learned through pairing of the social odor with a
particular feeding site (Arakawa et al., 2013). We have previously
reported that both CS2 (found in rodent breath; Munger et al.,
2010) and the guanylin family peptide uroguanylin (UG, a gut
peptide excreted in urine and feces; Leinders-Zufall et al., 2007;
Arakawa et al., 2013) mediate the formation of food preferences
through activation of a specialized olfactory subsystem, the
hallmark of which is a population of olfactory sensory neurons
(OSNs) expressing the type D receptor guanylyl cyclase (GC-D).
GC-D-expressing (GC-D+) OSNs detect both CS2 and guanylin-
family peptides and are required for the acquisition of STFPs
initiated by those semiochemicals.

Social interactions can lead to increased preferences to
previously avoided foods in birds (Mason et al., 1984), rats
(Galef et al., 1990), sheep (Thorhallsdottir et al., 1990), and
cattle (Ralphs and Olsen, 1990). However, socially mediated
flavor aversion has only been clearly shown to occur in birds
(Mason et al., 1984); attempts in rats (Galef et al., 1990; Jing
et al., 2014), sheep (Pfister and Price, 1996), and cattle (Cibils
et al., 2008) have been unsuccessful in demonstrating a socially
mediated avoidance of demonstrated foods or feeding sites.
While chemostimuli that activate GC-D+ OSNs can promote
the acquisition of preferences for laboratory chow containing
innocuous flavorings such as cocoa or cinnamon (Galef et al.,
1988; Munger et al., 2010; Arakawa et al., 2013), it is less clear
whether these same mechanisms can promote preferences for
foods containing toxic substances. In this study we investigated
whether the guanylin-family peptides UG and guanylin, which
specifically activate GC-D+ OSNs (Leinders-Zufall et al., 2007),
can elicit a preference for odored food when that food has been
tainted with the anticoagulant rodenticide warfarin. We further
tested whether this preference was maintained over time or in the
presence of unadulterated food. Together, our findings suggest
that food preference acquisition mediated by guanylin-family
peptides is robust, prolonged, and unaffected by aversive cues in
foods.

Materials and Methods

Animals
All experimental procedures were approved by the University
of Maryland School of Medicine Institutional Animal Care and
Use Committee. Mice were housed in an AAALAC accredited
laboratory facility. Male C57BL/6J (B6) mice were obtained from
the Jackson Laboratory (Bar harbor, MN). Mice were initially
group housed (4–5 per cage) in standard cages (28×17× 12.5 cm)
with filter-top lids. All mice received water and standard rodent

chow ad libitum prior to the experiments. The room in which
the mice resided was environmentally controlled on a 12:12 h
light:dark cycle (0600–1800 h lighting) at a temperature of 21◦C,
relative humidity of 50–60%.

Food Preference Testing
Food preference assays weremodified from those used previously
for testing the social transmission of food preference in rats
and mice (Galef et al., 1983; Posadas-Andrews and Roper, 1983;
Valsecchi and Galef, 1989; Crawley, 2007; Ryan et al., 2008;
Munger et al., 2010; Arakawa et al., 2013). In all experiments,
subject mice were housed in groups of two or three for 3 days
in standard cages with the food container placed on the cage
floor. Mice were fed a crushed rodent diet (2018SX, Harlan)
to habituate them to powdered food. The amount of food was
restricted to 2 g/mouse/day to facilitate feeding during the
food preference tests. Throughout the experiment mice were
monitored for weight loss and overall health. Food deprived
mice were removed from the experiment if their body weight
dropped more than 25%. Mice fed food containing warfarin
were also removed from the experiment and euthanized if they
began showing significant signs of sickness. Food preference was
quantified by computing the ratio of the demonstrated food
consumed vs. the total food consumed by the subject mice
(preference ratio, PR). All data were expressed as mean± S.E.M.
Differences were accepted as significant if p < 0.05 (see below for
details of statistical tests).

Concentration-response to Uroguanylin (UG) and

Guanylin (Experiment 1)

B6 mice were randomly assigned into three groups, with each
group receiving different concentrations of UG. On the first test
day, each mouse was moved to individual cages and presented
with a petri dish containing a drop of saline (150µl) with either
cocoa (2%, Hershey’s) or cinnamon (1%, McCormick) plus UG
at a concentration of 50 nM (n = 8), 1 nM (n = 9), or 0 nM
(n = 13). After 1 h of exposure [during which time mice would
physically interact with the saline drop, allowing them to aspirate
the peptide solution into the nasal cavity (Spehr et al., 2006)]
mice were moved to clean cages. After 3 h, mice were presented
with two food trays (3 g of food per tray): one odored with
1% cinnamon and one with 2% cocoa. Both trays were also
adulterated with warfarin (0.025%, the concentration found in
many commercial rodenticides). Food trays included a weighted
base that captured spilled food (which was routinely minimal).
After 1 h of feeding the food trays were removed and weighed to
calculate the amount of food consumed. Experiments testing the
efficacy of different concentrations of guanylin were performed
identically to those testing UG except for the replacement of that
peptide with guanylin at concentrations of 50 nM (n = 7), 1 nM
(n = 7), or 0 nM (n = 13).

Duration of Preference Maintenance (Experiment 2)

B6 mice were randomly assigned into two groups, one to be
exposed to saline containing UG (50 nM) plus odor (n = 8)
and the other to saline plus odor alone (n = 8). Testing was
done over a 5-day period. On Day 1 of this experiment we
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used the same testing paradigm as in Experiment 1 except that
all mice were placed back into the home cages at the end of
testing. On day 2 mice were transferred from their home cages
to testing cages 3 h prior to testing. Mice were then given the
choice to feed on warfarin-adulterated food odored with either
cocoa or cinnamon. After 1 h trays were removed and weighed
to determine the amount of each food consumed. Mice were
placed back into their home cages until retesting on day 5. Mice
were maintained on a restricted diet of powdered normal rat
chow (2 g/mouse/day) during the non-testing days (days 3, 4).
Mice typically exhibited signs of warfarin effects on later days,
including lethargy, hunched posture and/or a dull coat, and were
removed from the study if these signs were moderate or severe.

Preference Maintenance Given a Novel Odor Choice

(Experiment 3)

B6 mice were randomly assigned into three groups, with one
group exposed to saline containing an odor (1% cinnamon or
2% cocoa) plus UG (50 nM; n = 10) and the second saline plus
odor alone (n = 10). Testing was done over a 2-day period. On
Day 1 of this experiment we used the same testing paradigm as
in Experiment 1 except that all mice were placed back into the
home cages at the end of testing. On Day 2, mice were transferred
from their home cages to their testing cages 3 h prior to testing.
Mice were then given the choice to feed on food containing the
demonstrated odor and adulterated with warfarin (0.025%) or
food containing a completely novel food odor (1% ginger) and
no warfarin. After 1 h of feeding, food trays were removed and
weighed to determine the amount of each food consumed.

Data Analysis
Food preferences were calculated as a ratio of demonstrated
food consumed/ non-demonstrated food consumed, where the
“demonstrated food” contained the demonstrated odor and the
“non-demonstrated food” contained the novel odor. Data for
Experiments 1 and 3 were each analyzed using a One-Way
ANOVA followed by Tukeys post-hoc tests. Data for Experiment
2 was analyzed using a Two-Way, repeated measures ANOVA
with presented odor and test day as the independent variables.
Tukeys post-hoc tests were used for multiple comparisons of
significant results.

Results

Nanomolar Concentrations of Guanylin-family

Peptides Can Induce Preferences for

Warfarin-adulterated Foods
We previously showed that mice form food preferences to odored
food when the odor is first paired with uroguanylin (UG) at
concentrations as low as 50 nM (Arakawa et al., 2013). However,
electroolfactogram studies in the mouse olfactory epithelium
showed significant responses at even lower concentrations of UG
(EC50 < 1 nM) (Leinders-Zufall et al., 2007). Here, we found that
mice exposed to a food odor plus 50 nM UG formed a preference
for food adulterated with 0.025% warfarin and containing the
demonstrated odor [PR = 0.76 ± 0.04 SEM; One-Way ANOVA:
F(1, 29) = 4.31, p < 0.05; Tukey’s post-hoc vs. 0 nM UG control,

p < 0.05] (Figure 1, Table 1). This preference was absent in
mice exposed to food odor alone (PR = 0.52 ± 0.06 SEM).
Mice exposed to food odor plus 1 nM UG exhibited a lesser
preference (PR = 0.65 ± 0.05 SEM) that was not significantly
greater than the 0 nM UG control (Tukeys’s post-hoc, p > 0.05).
Together, these results show that UG is similarly effective at
eliciting a food preference in unadulterated (Arakawa et al., 2013)
or warfarin-adulterated food (Figure 1).

Another guanylin-family peptide, guanylin, is the most
effective chemostimulus (EC50 < 200 pM) yet identifed for
GC-D+ OSNs (Leinders-Zufall et al., 2007). Here we observe

FIGURE 1 | Guanylin family peptides promote preferences for odored

food adulterated with warfarin. (A) C57BL/6J mice acquired preferences

for food containing a demonstrated odor when that odor was paired with

50 nM uroguanylin (UG) even when both food choices had been adulterated

with the rodenticide warfarin (0.025%). Mice were demonstrated a food odor

paired with 50 nM UG (n = 8), 1 nM UG (n = 9), or 0 nM UG (n = 13). One-Way

ANOVA [F(1, 29) = 4.31, P < 0.05] followed by Tukeys post-hoc test

(*P < 0.05). (B) C57BL/6J mice acquired preferences for food containing a

demonstrated odor when that odor was paired with either 50 nM or 1 nM

guanylin even when both food choices had been adulterated with warfarin

(0.025%). Mice were demonstrated a food odor paired with 50 nM guanylin

(n = 7), 1 nM guanylin (n = 7), and 0 nM guanylin (n = 14). One-Way ANOVA

[F(1, 26) = 6.29, P < 0.01] followed by Tukeys post-hoc test (*P < 0.05).

Dashed lines, no preference. Error bars, standard error of the mean.
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TABLE 1 | Food consumed by observer mice in food preference assays (mean ± s.e.m.).

Stimulus Food consumed (g)

Total food w/demonstrated odor w/novel odor

EXPERIMENT 1

Odor alone 2.25±0.10 1.15±0.10 1.10±0.11

Odor + UG (50 nM) 2.19±0.20 1.62±0.21 0.57±0.12

Odor + UG (1 nM) 1.97±0.15 1.37±0.1 0.60±0.09

EXPERIMENT 2

Odor alone 2.89±0.15 1.42±0.11 1.47±0.13

Odor + G (50 nM) 2.00±0.25 1.47±0.13 0.54±0.09

Odor + G (1 nM) 2.10±0.36 1.48±0.2 0.7±0.23

EXPERIMENT 3

Odor alone Day 1 2.19±0.31 1.18±0.31 1.01±0.12

Day 2 1.98±0.31 0.94±0.16 1.04±0.17

Day 5 0.55±0.12 0.30±0.08 0.25±0.16

Odor + UG (50 nM) Day 1 2.00±0.25 1.47±0.13 0.53±0.09

Day 2 2.10±0.36 1.48±0.2 0.62±0.23

Day 5 0.63±0.06 0.04±0.01 0.02±0.01

EXPERIMENT 4

Odor alone 2.21±0.15 1.26±0.14 0.95±0.15

Odor + UG 2.51±0.15 1.62±0.12 0.89±0.11

Odor alone w/novel choice 1.82±0.22 0.96±0.19 1.04±0.19

Odor + UG w/novel choice 1.45±0.19 1.15±0.09 0.3±0.18

UG, uroguanylin; G, guanylin; Odor: either 2% cocoa or 1% cinnamon (counterbalanced).

that guanylin is also an effective social cue in the acquisition
of food preferences in mice (Figure 1, Table 1). Mice showed
significant preferences for food containing a demonstrated odor
after exposure to that odor plus either 50 nM guanylin (PR =

0.72 ± 0.04 SEM) or 1 nM guanylin (PR = 0.75 ± 0.04 SEM)
but not in controls containing odor only [PR= 0.49± 0.06 SEM;
One-Way ANOVA, F(1, 26) = 6.29, p < 0.01; Tukeys’s post-hoc
vs. 0 nM G control, p < 0.05].

Mice Maintain a Preference for Several Days

after a Single Uroguanylin Exposure
Food preferences acquired after exposure to social cues can last
for days or weeks. We tested whether preferences acquired after
exposure to UG could be maintained for food adulterated with
warfarin. As before, we found that mice exposed to a food odor
plus 50 nM UG acquire a preference for food adulterated with
0.025% warfarin and containing the demonstrated odor (PR =

0.76 ± 0.04 SEM) when tested on the same day as the UG
exposure; mice exposed to food odor alone did not demonstrate
a preference (PR = 0.49 ± 0.05 SEM) (Figure 2, Table 1). These
mice maintained a preference for the demonstrated odored food
when retested 1 and 4 days after the UG exposure (Day 2: PR =

0.72 ± 0.06 SEM; Day 5: PR = 0.74 ± 0.08) despite having
no additional exposure to UG (Figure 3). A Two-Way repeated
measures ANOVA showed a significant effect of UG exposure
[F(1, 46) = 19.55, p < 0.001; Tukey’s post-hoc vs. 0 nM UG,
p < 0.01 on each test day] on the preference measures across
the 5 day period.

Mice Maintain a Preference for Food Containing

Warfarin Even in the Presence of Unadulterated

Food
Warfarin can cause significant distress in rodents that ingest it
even before reaching lethal levels. We next tested whether UG-
dependent preferences for food adulterated with warfarin are
maintained when mice are given a choice of unadulterated (i.e.,
warfarin-free) food that contains a novel odor. As before, mice
were exposed to 50 nM UG plus a food odor or to food odor
alone and then given a choice of foods containing warfarin and
either the demonstrated or novel odor. These mice were then
tested again the next day; however, on this second day of testing
mice were given a choice of food containing warfarin plus the
demonstrated odor or food containing a new odor (ginger) and
no warfarin. Mice that had been exposed to UG maintained a
strong preference for food containing the demonstrated odor
[PR = 0.74 ± 0.06 SEM; One-Way ANOVA, F(1, 19) = 10.1,
p < 0.005] (Figure 3, Table 1).

Discussion

The sensory cues that influence food choices include general
odors, semiochemicals, tastes, and post-ingestive signals. In
rodents, the social chemostimuli CS2, UG, and guanylin activate
specialized GC-D+ OSNs to elicit the acquisition of food
preferences (Leinders-Zufall et al., 2007; Munger et al., 2010;
Zufall and Munger, 2010; Arakawa et al., 2013). Here, we found
that UG and guanylin are highly effective stimuli for promoting
the acquisition of preferences for foods, even if those foods
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FIGURE 2 | Mice maintain UG-mediated food preferences even after

ingestion of food adulterated with warfarin. C57BL/6J mice were

demonstrated a food odor paired with 50 nM UG (black, n = 8) or saline (gray,

n = 8). Mice exposed to UG, but not saline controls, showed a significant

preference for food containing the demonstrated odor and warfarin (0.025%);

this preference was maintained after 5 days without additional exposure to UG.

Two-Way repeated measures ANOVA on stimulus and day [F(1, 46) = 19.55,

P < 0.001] followed by Tukeys post-hoc test (*P < 0.01). Dashed lines, no

preference. Error bars, standard error of the mean. One control mouse was

removed from the study prior to Day 5 due to apparent significant distress.

contain the poison warfarin. These preferences remain robust
over several days and are retained even when the mouse is given
an alternative, unadulterated food choice.

GC-D+ OSNs are exquisitely sensitive to UG and guanylin,
with responses seen upon stimulation with picomolar
concentrations of the peptides (Leinders-Zufall et al., 2007); CS2
is also highly effective, activating these cells at submicromolar
concentrations (Munger et al., 2010). Electroolfactrogram
recordings from the main olfactory epithelium found guanylin
(K1/2 = 66.1 pM) to be a somewhat more effective stimulus than
UG (K1/2 = 247 pM) (Leinders-Zufall et al., 2007). Thus, we
expected guanylin to be able to elicit a food preference at lower
concentrations than UG. Indeed, this was the case. While 50 nM
of either peptide was sufficient to elicit a significant preference
in mice, only guanylin could do so at 1 nM (Figure 1). This
sensitivity is reminiscent of other olfactory subsystems that
couple the detection of semiochemicals to defined behavioral
outputs. For example, threshold responses of vomeronasal
sensory neurons to the exocrine gland-secreting peptides ESP1
(which elicits female sexual behaviors) and ESP22 (which inhibits
male sexual behaviors) are each found in the low nanomolar
range (Kimoto et al., 2007; Haga et al., 2010; Ferrero et al.,
2013). OSNs expressing the trace amine-associate receptor
TAAR4, which are important for predator avoidance, respond
to carnivore odor β-phenylethylamine with an EC50 of ∼1 pM
(Zhang et al., 2013). The high value placed on the detection of
semiochemicals may favor sensory cells that are exceedingly
sensitive to specific stimuli.

The acquisition of STFPs involves the formation of short
and long-term memories for food odors that can last weeks
or possibly even months (Galef and Whiskin, 2003). There

FIGURE 3 | Mice prefer demonstrated food containing warfarin to

novel food without the rodenticide. C57BL/6J mice (n = 10) were

demonstrated a food odor paired with 50 nM UG. On Day 1, mice preferred

food containing the demonstrated over food with a novel odor, although both

foods contained warfarin (0.025%). On Day 2, these mice continued to prefer

food containing both the demonstrated odor and warfarin even though the

other food choice contained a novel odor but no warfarin. One-Way ANOVA

[F(1, 19) = 10.1, P < 0.005], followed by Tukeys post-hoc test (*P < 0.01).

Dashed lines, no preference. Error bars, standard error of the mean.

is good evidence that the acquisition and retrieval of short-
term memories for STFPs requires the ventral hippocampus
(Countryman et al., 2005; Ross and Eichenbaum, 2006). Damage
to the ventral hippocampus 1–2 days after training eliminates
memory for food odors, but retrieval is not inhibited if the
lesion is performed 21 days after training (Ross and Eichenbaum,
2006). Long-term memory for STFPs involves consolidation of
memories in neocortical areas and the amygdala (Smith et al.,
2007). In our experiments we found that food preferences were
maintained for at least four days (Figure 2). This preference,
and thus the memory of the pairing of the demonstrated odor
with the social cue, persists even when the food is paired with
concentrations of warfarin that will elicit significant distress.
Although we predict that these preferences would have been
maintained for even longer periods of time, longer timepoints
were not tested as repeated exposure to the warfarin would have
lead to unacceptable distress and death.

We found that food preferences induced by guanylin-family
peptides were not noticeably impacted by the presence of a
potentially dangerous food, containing the rodenticide warfarin,
even when an unadulterated food alternative was available
(Figure 3). This is consistent with the results of experiments
in which observer rats do not acquire aversions to foods if
the demonstrator rat was made ill (Galef et al., 1983). It has
been suggested that rodents do not require socially transmitted
taste avoidance since rodents, particularly rats, are neophobic
and will generally avoid foods with a novel odor (Galef, 1985;
Galef and Beck, 1985). This finding was recently confirmed
by Jing et al. (2014), who found that observer rats acquired
food preferences from anesthetized or partially anesthetized

Frontiers in Neuroscience | www.frontiersin.org July 2015 | Volume 9 | Article 262 | 173

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


Kelliher and Munger Preference for foods containing rodenticide

demonstrators that were made sick from LiCl injections. These
authors suggest that rats do not lack the ability to detect the
health status of conspecifics but instead lack the ability to detect
potential danger from novel food. Therefore, at least in rodent
species, it appears that negative outcomes regarding food are
not socially transmitted. Conversely, social learning may be able
to override learned avoidance. For example, rats will learn to
avoid a dark chamber when entrance to that chamber is paired
with foot shocks. This avoidance is inhibited if the experienced
rat is paired with another rat in a “safe” chamber where no
foot shocks are given (Masuda and Aou, 2009). Furthermore,
devaluation of the odor used as a social cue (e.g., CS2) by
pairing it with an aversive taste cue does not eliminate that odor’s
ability to elicit the acquisition of food preferences (Maier et al.,
2014).

Mice, rats, and many other rodents are prevalent and costly
pests. They damage crops, consume and contaminate human
food and animal feed, damage infrastructure, and transmit
human and animal diseases. The economic cost of damage
by rats in the U.S. is estimated to exceed $20 billion, while
worldwide food losses attributed to rats alone exceed $30
billion (Pimentel et al., 2000; Almeida et al., 2013). Because
of this immense economic impact, over $1.3 billion is spent
yearly on rodent control strategies, including rodenticide baits
that contain lethal compounds such as. While in many cases
rodenticides, including warfarin or similar anticoagulants, are an
inexpensive and fairly efficient tool for pest rodent control, they

have significant limitations. For example, many rodents exhibit
significant neophobia, reducing the likelihood that a rodent will
approach and consume baits (Baker et al., 2007). Also, some
rodenticides must be consumed repeatedly over several days
in order to reach lethal levels; if rodents become ill after the
initial bait consumption, they may associate this feeling with
the bait and not return for subsequent feedings (Baker et al.,
2007). Unfortunately, the effectiveness of natural and biological
attractants to aid the return of rodents to bait stations has been
difficult to determine. For example, studies showing the use of
natural odors (lemon and ginger) showed promise when rats
were tested in enclosures, but failed to work in field studies
(Witmer et al., 2008). Therefore, new strategies are needed to
enhance the acceptance and ingestion of edible baits in a species-
specific manner, thus increasing bait effectiveness and reducing
the potential for baits to be ingested by non-target species. The
ability of semiochemicals such as guanylin-family peptides to
engage innate preference mechanisms in target rodents may offer
an opportunity to safely and efficiently promote bait ingestion by
these animals, thus reducing the huge economic and health costs
associated with rodent pests.
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In a natural environment, avoidance of a particular food source is mostly determined

by a previous intake experience during which sensory stimuli such as food odor,

become aversive through a simple associative conditioned learning. Conditioned odor

aversion learning (COA) is a food conditioning paradigm that results from the association

between a tasteless scented solution (conditioned stimulus, CS) and a gastric malaise

(unconditioned stimulus, US) that followed its ingestion. In the present experimental

conditions, acquisition of COA also led to acquisition of aversion toward the context

in which the CS was presented (conditioned context aversion, CCA). Previous data have

shown that the entorhinal cortex (EC) is involved in the memory processes underlying

COA acquisition and context fear conditioning, but whether EC lesion modulates CCA

acquisition has never be investigated. To this aim, male Long-Evans rats with bilateral

EC lesion received CS-US pairings in a particular context with different interstimulus

intervals (ISI). The results showed that the establishment of COA with long ISI obtained in

EC-lesioned rats is associated with altered CCA learning. Since ISI has been suggested

to be the determining factor in the odor- and context-US association, our results show

that the EC is involved in the processes that control both associations relative to ISI

duration.

Keywords: entorhinal cortex, odor aversion, context aversion, food conditioning, odors

Introduction

Finding adequate food sources’, including water, is one of the most fundamental aspects of
animal life. Guided by various kinds of stimuli present in the environment, animals move
through space toward a resource goal, avoiding unsafe environments and the risk of themselves
becoming food. This behavior involves the animal finding and recognizing particular cues,
whether contingent, in a specific environment, or coming directly from the food source, that
indicate the nearness and direction of the goal. Although innate, a lot of encounters with cue
stimuli result in learned approaches or avoidances. In this situation, the capacity to anticipate
the future and differentiate between safe or unsafe food items depends, at least in part, on
previous experience in which the sensory stimuli characterizing a particular food (odor and
taste) become associated with the positive (energy input) or negative (gastric malaise, poisoning)
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consequences of ingestion through Pavlovian associative learning
(e.g., Mehiel and Bolles, 1984; Capaldi et al., 1987; Fedorchak
and Bolles, 1987; Harris et al., 2000). These kinds of association
have been largely studied (Slotnick and Katz, 1974; Nigrosh
et al., 1975; Slotnick, 1984) and the use of conditioned food
aversion paradigms in research has provided fundamental
insights into the brain mechanisms and structures involved
in food-reward/food-poisoning associations (see Miranda, 2012
for a review). One such paradigm, conditioned odor aversion
(COA), consists in avoidance of an odorized-tasteless solution
(conditioned stimulus, CS) the ingestion of which precedes
toxicosis (unconditioned stimulus, US). COA is a robust and
long-lasting learned association that can be obtained with a
single CS-US pairing (Lorden et al., 1970; Hankins et al., 1973;
Taukulis, 1974), and with CS-US delays (interstimulus interval,
ISI) ranging from minutes to hours depending on whether the
CS is mixed (proximal presentation, inducing orthonasal, and
retronasal stimulations: Slotnick et al., 1997; Chapuis et al.,
2007) or presented close to the solution (distal presentation,
inducing orthonasal stimulation: Garcia et al., 1966; Andrews and
Braveman, 1975; Palmerino et al., 1980; Bouton et al., 1986; Ferry
et al., 1996, 2006).

Many studies of the mechanisms and systems involved
in the memory processes underlying COA learning have
focused exclusively on conditioned responses toward the CS. In
particular, some showed that the entorhinal cortex (EC) plays an
important role in task acquisition. The EC is a parahippocampal
structure that receives important olfactory projections (Krettek
and Price, 1977; Haberly and Price, 1978; Burwell and Amaral,
1998) and is reciprocally connected to the hippocampus and
amygdala (e.g., Amaral and Witter, 1995; Ferry et al., 1997;
Pitkänen et al., 2000). In addition, electrophysiological data
suggest that the processing of olfactory information in both
these regions is modulated by the EC (e.g., Biella and de
Curtis, 2000; Gnatkovsky et al., 2004; Mouly and Di Scala,
2006). Interestingly, we found that rats with EC lesions were
able to learn to avoid an odor paired with toxicosis, using
both distal and proximal CS presentation, even when the ISI
was too long (120min) for such learning to be observed in
control animals (Ferry et al., 1996, 1999, 2006, 2007). Further
experiments suggested that this facilitation of COA with long
ISI may be the consequence of lesion-induced suppression of
an inhibitory influence of the EC on brain areas involved
in olfactory information processing, such as the basolateral
amygdala (BLA; Ferry and Di Scala, 1997; Ferry et al., 1999;
Mouly and Di Scala, 2006). Also and non-exclusively, persistence
of the odor memory trace supporting COA with long ISI in
EC-lesioned rats may involve altered processing of other cues
present during conditioning. In concordance with this, several
studies have shown that the EC is involved in the processing
of information related to the context in which the CS-US
association was established, mainly during fear conditioning
(Maren and Fanselow, 1997; Ji and Maren, 2008; Majchrzak
et al., 2006; but: Phillips and LeDoux, 1995; Good and Honey,
1997; Bannerman et al., 2001; Hales et al., 2014). However,
although contextual cues contingent to a specific environment
are indicators that also contribute to the behavioral response

toward a food source, the relationship between contextual and
odor cues during conditioned food aversion learning has been
little studied. Context aversion has be-12mmen shown to occur
concurrently to COA (Hatfield et al., 1992), but whether EC
lesion modulates context aversion has never be investigated
during COA.

The aim of the present experiment was to assess whether the
establishment of COA with long ISI in EC-lesioned rats was
associated with altered contextual information processing. To
this end, acquisition of COA and conditioned context aversion
(CCA) were tested in EC-lesioned animals using two different
procedures. The first (COA), consisted in presenting an olfactory
cue (odorized water, CS) in a particular context that was followed
by LiCl-induced gastric malaise (US), with short, or long ISI. This
forward arrangement between CS and context has previously
been shown to result in odor and context aversion (Hatfield et al.,
1992). The second (CCA), consisted in administering the US
after the animals had been placed in a particular context, with
the same short and long ISIs. In this procedure, the CS was
presented after the US at the end of the session. This backward
arrangement between the two stimuli resulted in acquisition of
context aversion but not in COA.

Materials and Methods

Subjects
One hundred and two male Long-Evans rats (supplied from
Janvier Labs, Le Genest-St-Isles France; weighing 250–275 g)
were used. They were housed two per cage in transparent
Makrolon cages (42× 26× 15 cm) under controlled temperature
(22◦C ± 2) and standard 12 h light/dark cycle (lights from 7:00
a.m. to 7:00 p.m.) in a colony room. The animals were provided
with ad libitum access to food and water. After arrival, the
animals were allowed to acclimate to the laboratory conditions
for a period of 1 week before surgery.

All procedures involving animals and their care conformed
to the institutional guidelines, which comply with international
laws and policies (directive 2010/63/European Community) and
have been approved by the ethics committee of the Université
Claude Bernard Lyon 1 (CE2A-55). Permission references were
69–387517 for BF and 67–289 for MM. All other co-authors were
under the responsibility of the former.

Surgery
All surgical procedures were conducted under optimal aseptic,
analgesic, and ethical animal care conditions (see Ferry et al.,
2014) by those authorized to do so. Rats were anesthetized by i.p.
injection of a mix of ketamine (100mg/kg)/xylasine (10mg/kg).
Following a prophylactic antibiotic treatment (penicillin 0.12
M.U./0.3ml, i.m.) the rats were given bilateral lesions of the EC
by aspiration (n = 56) as previously described (Ferry et al.,
1999). Sham-lesioned animals were operated similarly but no
aspiration was carried out (n = 46). Four animals died after
surgery (three EC-lesioned and one sham-lesioned). All subjects
recovered for 7–11 days after surgery with ad libitum access to
food and water, and were singly housed until the end of the
experiment.
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Test Chambers

Habituation Chambers

Eight chambers (25 × 30 × 35 cm) located in a room adjacent
to the vivarium were used for habituation to water consumption.
They were made of clear perspex and had a wire mesh floor. The
spout of a 25-ml glass tube (Richter tube, Strasbourg, France)
could be introduced into the cage through a circular hole on the
anterior wall of the chamber, located 2 cm above the floor. Intake
was measured by reading to the nearest 0.5ml, the level of liquid
of the tube before and after each session.

Conditioning and Testing Chambers

Four place preference boxes located in a room adjacent to the
vivarium were used. Each box was constituted by two large
compartments of similar size (45 × 45 × 30 cm, compartments
A and B) with distinctive visual and tactile features and a third
smaller ship-wooden gray painted transit compartment (36× 18
× 30 cm) that allowed animals to move between compartments
A and B when the sliding door of their back wall was open.
Compartment A had three wooden black walls and a floor
made of tight and flexible wire mesh. Compartment B had three
wooden walls with vertical black and white stripes and a floor
made of large and rigid wire mesh. The front wall of both
compartments was constituted by clear perspex. The spout of the
Richter tube could be introduced into each compartment through
a circular hole on the back wall of the chamber, located 2 cm
above the floor.

Behavioral Procedure
All experimental sessions were carried out during the light
portion of the cycle between 11:00 a.m. and 1:00 p.m. After post-
surgical recovery, animals were handled (3min/day) for 3 days
and weighed daily to verify their adaptation to the deprivation
schedule.

On the first day (Day 1), each animal was placed in the transit
compartment of the place preference box with sliding doors open,

and allowed to move freely in all compartments during a 15min
session. The time spent in each compartment was recorded. The
compartment in which the animals spent more time was chosen
as the conditioning context, and the other one was chosen as the
neutral context.

Water bottles were removed from the home cage in the
evening of Day 1 and a 23 h 45min water deprivation schedule
was initiated. During the water drinking habituation sessions
(Day 2 to Day 6), rats had access to water once a day according to
the following procedure: On Day 2 and 3 the animals had access
to water in their home cage for 30min on Day 2 and for 15min
on Day 3. From Day 4 to Day 6, animals had access to water for
15min in the habituation chamber.

On Day 7, each animal was placed in the neutral context
equipped with a Richter tube and had access to water for 15min.
Then, the Richter tube was removed and the animal received
an i.p. injection of 0.9% NaCl (10ml/kg). Animals spent an
additional period of 60min in the neutral context.

Conditioning session took place on Day 8 (Figure 1). Animals
were divided in two experimental groups according to the
conditioning procedure (adapted from Desmedt et al., 2003).
Animals of COA groups were placed in the conditioning context
where they had access for 15min to odorized water in the Richter
tube (CS; 0.01% isoamyl acetate solution). At the end of the
15min, the Richter tube was removed and animals received an
i.p. injection of a lithium chloride (LiCl) inducing gastric malaise
(US; 0.15 M; 10ml/kg) either 5min (short ISI; COA 5 group)
or 120min (long ISI; COA 120 group) after the removal of
the Richter tube. Animals spent the rest of the session in the
conditioning context (total duration= 215min).

Animals of the CCA groups were placed in the conditioning
context and received an i.p. injection of LiCl at a timing similar
to groups COA (either 20 or 140min after the beginning of the
session, referred successively as CCA 5 and CCA 120 groups for
convenience). They spent the rest of the 215min session in the
same compartment and had access to the Richter tube filled with

FIGURE 1 | Time schedule of the conditioning session for COA and CCA groups. In COA groups, the animals were subjected to presentation of the odor

(symbolized by the gray area) in the conditioning context followed by the US with a short (5min) or a long (120min) interstimulus interval (COA 5 and COA 120 groups,

respectively). The animals spent the rest of the session in the conditioning context. In CCA groups, the animals were placed in the conditioning context for 15min and

then received the US with a short (5min) or long (120min) interstimulus interval (CCA 5 and CCA 120 groups, respectively). The animals spent the rest of the session in the

conditioning context in which the odor was presented during the last 15min of the session (symbolized by the gray area). The total duration of the session was 215min.
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0.01% isoamyl acetate only during the last 15min of the session.
Intake of odorized water was measured by reading the level of
liquid on the tube before and after the session in both COA and
CCA groups.

EC-lesioned (EC) and sham-lesioned (Sham) rats were
randomly assigned to one of these four conditioning procedures.
Experimental groups were constituted as follows: COA 5 (EC:
n = 13; Sham: n = 11), COA 120 (EC: n = 14; Sham: n = 10),
CCA 5 (EC: n = 13; Sham: n = 13), and CCA 120min (EC:
n = 13; Sham: n = 11).

Conditioned aversions were assessed on Day 9 in the place
preference box. To do this, animals were confined in the neutral
context with access to the Richter tube filled with 0.01% isoamyl
acetate for 15min. At the end of the session, they returned to their
home cages and the amount of liquid consumed during testing
was measured. One hour after, animals were placed in the transit
compartment with sliding doors open giving access to the two
compartments A and B. Time spent in each compartment was
measured during 30min.

Histology
Ten days after completion of behavioral testing, each rat was
given an overdose of sodium pentobarbital (100mg/kg) and was
transcardially perfused with 60ml of saline (4◦C) followed by
phosphate-buffered 4% paraformaldehyde (pH 7.4; 4◦C). The
brain was then extracted, post-fixed for 4 h in the same fixative
(4◦C) and transferred into a 0.1M phosphate-buffered 20%
sucrose solution for about 36–40 h (4◦C). All brains were frozen
using isopentane (−40◦C). Coronal sections, 30µm, were cut
on a freezing microtome (−23◦C), and collected onto gelatine-
coated slides. These sections were dried at room temperature
and stained with cresyl violet. A microscopic inspection was then
performed to determine the location and the extent of the lesions.

Data Analysis
Odor aversion was assessed by comparing the volume of odorized
solution intake during the conditioning and testing sessions.
Context aversion was assessed by comparing the proportion of
time spent in the conditioning context before (pre-conditioning
session) and after (testing session) conditioning. For each ISI,
the data corresponding to the volumes (for COA) and the ratios
(time spent in conditioning context/time of the session) were
analyzed with a Three-Way repeated measures ANOVA with
Lesion (EC vs. sham), Type of procedure (COA vs. CCA) as
between subject factors and Session (conditioning vs. testing
for COA assessment, pre-conditioning vs. testing for CCA
assessment) as within subject factor. Post-hoc Newman-Keuls
multiple range test (NK) was used to determine the source
of detected significances in the ANOVAs. A probability level
of <0.05 was accepted as statistically significant throughout.

Results

Histology
Seventeen EC-lesioned animals (with unilateral damage in the
EC or extensive lesions of surrounding structures such as the
perirhinal cortex, subiculum, or dentate gyrus) and four sham-
lesioned animals with damage to the lateral part of the EC

(resulting from the insertion of the curved needle) were excluded
from the analysis. Final groups were constituted as follows: COA
5 (EC: n = 9; Sham: n = 9), COA 120 (EC: n = 10; Sham: n = 9),
CCA 5 (EC: n = 9; Sham: n = 13), and CCA 120min (EC: n = 8;
Sham: n = 10).

Lesions were drawn from transversal sections stained with
cresyl violet. Typical (i.e., smallest and largest) lesion extents
observed in COA and CCA groups are illustrated in Figure 2.
Histological analysis revealed that all the lesions included the
lateral EC at the levels −5.60 to −8.30 from Bregma and a
part of the medial EC at Bregma −7.80. The largest lesions
were estimated to damage a part of the perirhinal cortex at the
levels−6.30 to−7.80mm.

Behavior

Short ISI-induced Conditioned Odor and Context

Aversions

The results obtained in the experimental groups conditioned with
the short ISI are shown in Figure 3. Figure 3A represents the
mean odorized water intakes (± S.E.M.) measured during the
conditioning and testing sessions whereas Figure 3B represents
themean proportion of time (± S.E.M.) spent in the conditioning
context during the pre-conditioning and testing sessions. As
shown in Figure 3A, the amount of odorized water intake during
conditioning was similar between groups indicating that neither
the lesion nor the early intoxication in CCA 5 groups (i.e.,
180min before) had an impact on intake. During testing the
amount of odorized water intake was lower in animals exposed
to the CS before intoxication, whatever the type of lesion.
This indicated that short ISI lead to a COA when the odor is
encountered before but not after intoxication. Statistical analyses
confirmed these observations and revealed no significant effect
of Lesion [F(1, 36) = 0.14, p n.s.], a significant effect of Type
of procedure [F(1, 36) = 55.37, p < 0.0001], a significant effect
of Session [F(1, 36) = 39.39, p < 0.0001], and a significant
interaction between Session and Type of procedure [F(1, 36) =

36.54, p < 0.0001]. Post-hoc comparisons confirmed that, in both
sham- and EC-lesioned COA 5 groups, the odorized water intake
during testing was significantly lower than during conditioning
(p < 0.001 in each case), and also lower than the odorized water
intake measured in CCA 5 groups during testing (p < 0.001 in
each case).

As shown in Figure 3B, the proportion of time spent in
the conditioning context during pre-conditioning was similar
between groups. In sham-lesioned animals, the proportion of
time spent in the conditioning context during testing was lower
than before conditioning whatever the type of procedure. This
decrease indicated that short ISI lead to a CCA and that animals
had associated the context with the US, whether exposed or
not to the odorized water. In contrast, the time spent in the
conditioning context did not differ between pre-conditioning
and testing sessions in EC-lesioned groups, indicating that the
lesion affected CCA. The ANOVA confirmed these observations
and showed significant effects of Lesion [F(1, 36) = 15.13, p <

0.001] and Session [F(1, 36) = 20.00, p < 0.0001] but no
effect of Type of procedure [F(1, 36) = 1.15, p n.s.], and a
significant Session X Lesion interaction [F(1, 36) = 16.52, p <

0.0001]. Post-hoc comparisons confirmed that the proportion
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FIGURE 2 | Diagram of coronal sections (between −5.60 and −8.30mm from bregma; according to the Paxinos and Watson stereotaxic atlas, 1998)

showing the extent of the smallest (gray area) and the largest (black area) EC lesion in the COA and CCA groups. From The Rat Brain in Stereotaxic

Coordinates, by Paxinos and Watson (1998). Copyright 2006 by Elsevier. Adapted with permission.

of time spent in the conditioning context during testing was
lower than before conditioning in both sham-lesioned groups
(p < 0.05 for COA group and p < 0.001 for CCA 5 group),
but not in EC-lesioned groups. The proportion of time spent
in the conditioning context during testing in sham-lesioned
groups was also lower than the proportion of time spent in the
conditioning context in EC-lesioned groups (p < 0.001 for sham

COA 5 vs. EC COA 5 and p < 0.001 for sham CCA 5 vs.
EC CCA 5).

Long ISI-induced Conditioned Odor and Context

Aversions

The results obtained in the experimental groups conditioned with
the long ISI are shown in Figure 4. Figure 4A represents the
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FIGURE 3 | Effect of a short ISI on COA and CCA in Sham- and EC-lesioned groups. (A) Represents the mean odorized water intakes (± S.E.M.) measured

during the conditioning (white bars) and testing (gray bars) sessions in each experimental group. ***p < 0.001 as compared with the amount of odorized water intake

during conditioning in the same group and with the amount of odorized water intake during testing in the corresponding CCA group. (B) represents the mean

proportion of time (± S.E.M.) spent in the conditioning context for each experimental group. Bars represent the proportion of time spent in the conditioning context

(mean time spent in the conditioning context/time of the session) calculated in the pre-conditioning (gray bars) and testing (black) sessions. *, ***p < 0.05 and 0.001

as compared with the proportion of time spent in the conditioning context during pre-conditioning in the same group; , p < 0.01 and 0.001 as compared with

the proportion of time spent in the conditioning context during testing in the corresponding EC-lesioned-group. EC, lesion of the entorhinal cortex; Sham, sham-lesion

of the entorhinal cortex; COA, conditioned odor aversion; CCA, conditioned context aversion.

mean water intakes (± S.E.M.) measured during conditioning
and testing sessions whereas Figure 4B represents the mean
proportion of time (± S.E.M.) spent in the conditioning context
during the pre-conditioning and testing sessions. As shown
in Figure 4A, the amount of odorized water intake during
conditioning was similar in COA 120 groups indicating that the
lesion did not affect the level of odorized water intake when the
US followed its presentation. However, the amount of odorized
water intake during conditioning was lower in CCA 120 groups
suggesting an effect of the US when it was administered 60min
before the odorized water presentation. The higher amount of
odorized water intake measured in the CCA 120 groups during

testing (without US) confirmed this observation. As also shown
in Figure 4A, the amount of odorized water intake between
conditioning and testing was similar in Sham-lesioned COA
120 group. In contrast, the amount of odorized water decreased
between conditioning and testing in EC-lesioned group thus
indicating that animals associated the odor with the US with a
long ISI. Statistical analyses confirmed these observations and
revealed a significant effect of Lesion [F(1, 33) = 4.79, p < 0.05],
a significant interaction between Lesion and Type of procedure
[F(1, 33) = 6.13, p < 0.05], and a significant interaction
between Lesion, Type of procedure and Session [F(1, 33) = 5.97,
p < 0.05]. Post-hoc comparisons confirmed that odorized water
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FIGURE 4 | Effect of a long ISI on COA and CCA in Sham- and EC-lesioned groups. (A) Represents the mean odorized water intakes (± S.E.M.) measured

during the conditioning (white bars) and testing (gray bars) sessions in each experimental group. *, ***p < 0.05 and 0.001 as compared with the amount of odorized

water intake during conditioning; p < 0.001 as compared with the amount of odorized water intake during testing in all the other groups. (B) represents the mean

proportion of time (± S.E.M.) spent in the conditioning context for each experimental group. Bars represent the proportion of time spent in the conditioning context

(mean time spent in the conditioning context/time of the session) calculated in the pre-conditioning (gray bars) and testing (black) sessions. EC, lesion of the entorhinal

cortex; Control, sham-lesion of the entorhinal cortex; COA, conditioned odor aversion; CCA, conditioned context aversion.

intake was significantly lower during conditioning than during
testing in CCA 120 groups (p < 0.05) and that the amount
of odorized water intake was lower during testing than during
conditioning in EC-lesioned COA 120 group (p < 0.001).
Post-hoc comparisons also indicated that, in EC-lesioned COA
120 group, the amount of odorized water intake during testing
was lower than in all the other groups (p < 0.001 for each
comparison).

As shown in Figure 4B, the proportion of time spent in the
conditioning context was similar before conditioning and testing
in both COA and CCA 120 groups, irrespective of the type
of lesion. This suggests that no CCA occurred when the US
was administered more than 120min after the beginning of the

context exposure. Figure 4B also showed that the proportion of
time spent in the conditioning context seemed higher in CCA
than in COA groups, indicative of an initial and maintained
higher preference for the conditioning context in CCA 120
groups, as compared to COA 120 groups. Statistical analysis
confirmed this observation and revealed a significant effect of
Type of procedure [F(1, 33) = 10.42, p < 0.01], but not of the
other factors nor of any interaction.

Discussion

The results of the present study show that EC lesions induced a
deficit in CCA but did not disrupt COA learning; on the contrary,
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EC-lesioned animals were able to associate the CS with the US
even though the ISI was too long to enable sham-lesioned control
animals to learn the task. Moreover, the establishment of COA
with long ISI obtained in EC-lesioned rats was associated with
altered CCA learning.

Sham-lesioned control animals in the CCA group did not
display COA with the two intervals tested between LiCl injection
and odorized water exposure. In addition, only sham-lesioned
control animals that received the US 20min after the beginning
of context exposure (CCA 5) displayed CCA, thus confirming
previous findings (Desmedt et al., 2003). These results show
that a backward arrangement between CS and US (i.e., no
competition between CS and context) leads to CCA but not to
COA. Moreover, odorized water intake in the CCA 120 groups
was significantly lower than in CCA 5 groups in both sham-
and EC-lesioned animals. This result suggests that LiCl affected
odorized water intake when injected 60min before presentation
(in CCA 120 groups) but not when it was administered 180min
later (in CCA 5 groups). This temporary interference between
LiCl and odorized water intake might reflect a novelty-dependent
reaction, the duration of which is limited to the period during
which the animal experiences malaise (Domjan, 1977).

Interestingly, the amplitude of the CCA observed in the
sham-lesioned COA 5 group was not reduced by simultaneous
exposure to the CS. This result suggests that the context was
not overshadowed by the CS, and confirms that CCA can occur
concomitantly to COA when the CS is presented together with
the context during COA learning (Hatfield et al., 1992). On the
other hand, the failure to obtain CCA with long ISI might be due
to a latent inhibition effect (Lubow and Moore, 1959): previous
studies using a conditioned fear paradigm (e.g., Kiernan and
Wesbrook, 1993; Killcross et al., 1998) showed that extensive
exposure to the to-be-conditioned context resulted in a reduction
in contextual fear. Thus, the long exposure (i.e., 140min) to the
conditioning context in the COA 120 and CCA 120 groups may
have affected the context-US association by a latent inhibition
effect.

Most importantly, the present results show that the EC lesion
disrupted CCA. CCA requires learning relations between the
different cues present in the learning context, and associating
these cues with the US. Since EC-lesioned animals were able
to associate the olfactory CS with the US, it is unlikely that
the CCA deficit resulted from a failure of US processing.
Rather, a large number of studies suggest that it might result
from a deficit in context information processing. First, the EC
is reciprocally connected to the hippocampus and BLA (e.g.,
Amaral and Witter, 1995; Ferry et al., 1997; Pitkänen et al.,
2000) and it has been previously assumed to be involved in the
representation of context (reviews in, e.g., Maren and Fanselow,
1997; Majchrzak et al., 2006; Ji and Maren, 2008; Rudy, 2009;
Van Strien et al., 2009; but: Phillips and LeDoux, 1995; Good
and Honey, 1997; Bannerman et al., 2001; Hales et al., 2014).
The amygdala is a downstream target of the hippocampus
for the association of context representation with US (e.g.,
Fanselow, 2010) and also influences storage of the hippocampus-
dependent representation of the conditioning context (Huff and
Rudy, 2004; Huff et al., 2005). Moreover, it was recently shown

that the glutamatergic projection from BLA to EC (Pitkänen
et al., 2000) is involved in the modulation of the acquisition of
contextual fear conditioning (Sparta et al., 2014). This suggests
that the EC lesion may have impaired CCA through disruption
of contextual information processing by both hippocampus and
amygdala.

The present results also confirmed that the EC lesion did
not disrupt but rather enabled COA, with ISIs up to 120min
(Ferry et al., 1996, 1999, 2006, 2007; Ferry and Di Scala, 1997).
Conditioned odor aversion learning (COA) requires association
between olfactory CSmemory trace and US (Bures and Buresova,
1990; Roldan and Bures, 1994), and we have previously suggested
that the EC is involved in the control of olfactory CS memory
trace duration through a functional interaction with the BLA
(Ferry et al., 1996, 1999; Ferry and Di Scala, 1997). As odor CS
and context can both associate with the US in an interdependent
way (Rescorla and Wagner, 1972), it is reasonable to suggest that
the establishment of COA with long ISI obtained in EC-lesioned
animals may have resulted, at least in part, from inhibition of the
context influence upon the odor-US association due to the deficit
in context processing.

Histological analysis of the lesion extent showed that the
aspirative technique damaged a large portion of the lateral EC
and part of the medial EC; in the light of previous findings that
selective lesion of the lateral but not the medial EC affected COA
with long ISI (Ferry et al., 2006), the present effects on COA were
likely due to the lesion of the lateral part of the EC. As for the
CCA effect, the present results do not indicate which part of the
EC was selectively involved. In addition, the aspirative technique
induced lesions of axons of passage in the EC and the disruptive
effect observed on CCA may have resulted from a deficit in the
processing of information arising from or passing through the
EC.

Using discrete brain structure inactivation techniques, future
studies will probably help to clarify this point, although both parts
of the EC seem to be involved in the same kind of mechanism, at
least when it comes to spatial processing (Van Cauter et al., 2012).

Conclusion

Feeding behavior is part of a complex integrated adaptive
system. The differentiation between safe and unsafe food items
that conditions ingestive behavior depends, at least in part, on
previous experience during which the cues characterizing either
the food (i.e., odor, taste, texture, etc.) or the environment in
which the food is present (contextual cues) acquired a hedonic
valence after feeding, through CS-US associative learning.
These kinds of association have been experimentally studied
for years (Slotnick and Katz, 1974; Nigrosh et al., 1975;
Slotnick, 1984) and experimental conditioned food aversion
paradigms, such as conditioned taste or odor/taste-potentiated
odor aversion learning, have provided fundamental insights
into the mechanisms and CNS structures involved in food-
reward/food-poisoning associations (see Miranda, 2012 for
review). In the case of conditioned aversion learning, numerous
studies have shown that context processing influences the
strength of the conditioned aversion to a taste acquired in a
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given context (e.g., Puente et al., 1988; Loy et al., 1993; Skinner
et al., 1994; Nakajima et al., 1995; Boakes et al., 1997; Lopez and
Cantora, 2003; Murphy and Skinner, 2005; Ishii et al., 2006).
Using another type of conditioned food aversion paradigm, the
present study clearly shows that the conditions in which COA
is established concomitantly to context aversion depends on
the time interval separating the presentation of the odor and
context from the US. Importantly, the results show that the EC

is a key structure in the processes underlying the associations
between context, odor CS and US in COA learning. Eventually,
our results suggest the EC could be more largely be involved in
the acquisition of conditioned food aversion learning through a
control upon the association (1) between the odor of a particular
food and a gastric malaise (US) that followed its ingestion and (2)
between the context in which this food has been encountered and
the US.
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In a natural environment, avoidance of a particular food source is mostly determined

by a previous intake experience during which sensory stimuli such as food odor,

become aversive through a simple associative conditioned learning. Conditioned odor

aversion learning (COA) is a food conditioning paradigm that results from the association

between a tasteless scented solution (conditioned stimulus, CS) and a gastric malaise

(unconditioned stimulus, US) that followed its ingestion. In the present experimental

conditions, acquisition of COA also led to acquisition of aversion toward the context

in which the CS was presented (conditioned context aversion, CCA). Previous data have

shown that the entorhinal cortex (EC) is involved in the memory processes underlying

COA acquisition and context fear conditioning, but whether EC lesion modulates CCA

acquisition has never be investigated. To this aim, male Long-Evans rats with bilateral

EC lesion received CS-US pairings in a particular context with different interstimulus

intervals (ISI). The results showed that the establishment of COA with long ISI obtained in

EC-lesioned rats is associated with altered CCA learning. Since ISI has been suggested

to be the determining factor in the odor- and context-US association, our results show

that the EC is involved in the processes that control both associations relative to ISI

duration.

Keywords: entorhinal cortex, odor aversion, context aversion, food conditioning, odors

Introduction

Finding adequate food sources’, including water, is one of the most fundamental aspects of
animal life. Guided by various kinds of stimuli present in the environment, animals move
through space toward a resource goal, avoiding unsafe environments and the risk of themselves
becoming food. This behavior involves the animal finding and recognizing particular cues,
whether contingent, in a specific environment, or coming directly from the food source, that
indicate the nearness and direction of the goal. Although innate, a lot of encounters with cue
stimuli result in learned approaches or avoidances. In this situation, the capacity to anticipate
the future and differentiate between safe or unsafe food items depends, at least in part, on
previous experience in which the sensory stimuli characterizing a particular food (odor and
taste) become associated with the positive (energy input) or negative (gastric malaise, poisoning)
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consequences of ingestion through Pavlovian associative learning
(e.g., Mehiel and Bolles, 1984; Capaldi et al., 1987; Fedorchak
and Bolles, 1987; Harris et al., 2000). These kinds of association
have been largely studied (Slotnick and Katz, 1974; Nigrosh
et al., 1975; Slotnick, 1984) and the use of conditioned food
aversion paradigms in research has provided fundamental
insights into the brain mechanisms and structures involved
in food-reward/food-poisoning associations (see Miranda, 2012
for a review). One such paradigm, conditioned odor aversion
(COA), consists in avoidance of an odorized-tasteless solution
(conditioned stimulus, CS) the ingestion of which precedes
toxicosis (unconditioned stimulus, US). COA is a robust and
long-lasting learned association that can be obtained with a
single CS-US pairing (Lorden et al., 1970; Hankins et al., 1973;
Taukulis, 1974), and with CS-US delays (interstimulus interval,
ISI) ranging from minutes to hours depending on whether the
CS is mixed (proximal presentation, inducing orthonasal, and
retronasal stimulations: Slotnick et al., 1997; Chapuis et al.,
2007) or presented close to the solution (distal presentation,
inducing orthonasal stimulation: Garcia et al., 1966; Andrews and
Braveman, 1975; Palmerino et al., 1980; Bouton et al., 1986; Ferry
et al., 1996, 2006).

Many studies of the mechanisms and systems involved
in the memory processes underlying COA learning have
focused exclusively on conditioned responses toward the CS. In
particular, some showed that the entorhinal cortex (EC) plays an
important role in task acquisition. The EC is a parahippocampal
structure that receives important olfactory projections (Krettek
and Price, 1977; Haberly and Price, 1978; Burwell and Amaral,
1998) and is reciprocally connected to the hippocampus and
amygdala (e.g., Amaral and Witter, 1995; Ferry et al., 1997;
Pitkänen et al., 2000). In addition, electrophysiological data
suggest that the processing of olfactory information in both
these regions is modulated by the EC (e.g., Biella and de
Curtis, 2000; Gnatkovsky et al., 2004; Mouly and Di Scala,
2006). Interestingly, we found that rats with EC lesions were
able to learn to avoid an odor paired with toxicosis, using
both distal and proximal CS presentation, even when the ISI
was too long (120min) for such learning to be observed in
control animals (Ferry et al., 1996, 1999, 2006, 2007). Further
experiments suggested that this facilitation of COA with long
ISI may be the consequence of lesion-induced suppression of
an inhibitory influence of the EC on brain areas involved
in olfactory information processing, such as the basolateral
amygdala (BLA; Ferry and Di Scala, 1997; Ferry et al., 1999;
Mouly and Di Scala, 2006). Also and non-exclusively, persistence
of the odor memory trace supporting COA with long ISI in
EC-lesioned rats may involve altered processing of other cues
present during conditioning. In concordance with this, several
studies have shown that the EC is involved in the processing
of information related to the context in which the CS-US
association was established, mainly during fear conditioning
(Maren and Fanselow, 1997; Ji and Maren, 2008; Majchrzak
et al., 2006; but: Phillips and LeDoux, 1995; Good and Honey,
1997; Bannerman et al., 2001; Hales et al., 2014). However,
although contextual cues contingent to a specific environment
are indicators that also contribute to the behavioral response

toward a food source, the relationship between contextual and
odor cues during conditioned food aversion learning has been
little studied. Context aversion has be-12mmen shown to occur
concurrently to COA (Hatfield et al., 1992), but whether EC
lesion modulates context aversion has never be investigated
during COA.

The aim of the present experiment was to assess whether the
establishment of COA with long ISI in EC-lesioned rats was
associated with altered contextual information processing. To
this end, acquisition of COA and conditioned context aversion
(CCA) were tested in EC-lesioned animals using two different
procedures. The first (COA), consisted in presenting an olfactory
cue (odorized water, CS) in a particular context that was followed
by LiCl-induced gastric malaise (US), with short, or long ISI. This
forward arrangement between CS and context has previously
been shown to result in odor and context aversion (Hatfield et al.,
1992). The second (CCA), consisted in administering the US
after the animals had been placed in a particular context, with
the same short and long ISIs. In this procedure, the CS was
presented after the US at the end of the session. This backward
arrangement between the two stimuli resulted in acquisition of
context aversion but not in COA.

Materials and Methods

Subjects
One hundred and two male Long-Evans rats (supplied from
Janvier Labs, Le Genest-St-Isles France; weighing 250–275 g)
were used. They were housed two per cage in transparent
Makrolon cages (42× 26× 15 cm) under controlled temperature
(22◦C ± 2) and standard 12 h light/dark cycle (lights from 7:00
a.m. to 7:00 p.m.) in a colony room. The animals were provided
with ad libitum access to food and water. After arrival, the
animals were allowed to acclimate to the laboratory conditions
for a period of 1 week before surgery.

All procedures involving animals and their care conformed
to the institutional guidelines, which comply with international
laws and policies (directive 2010/63/European Community) and
have been approved by the ethics committee of the Université
Claude Bernard Lyon 1 (CE2A-55). Permission references were
69–387517 for BF and 67–289 for MM. All other co-authors were
under the responsibility of the former.

Surgery
All surgical procedures were conducted under optimal aseptic,
analgesic, and ethical animal care conditions (see Ferry et al.,
2014) by those authorized to do so. Rats were anesthetized by i.p.
injection of a mix of ketamine (100mg/kg)/xylasine (10mg/kg).
Following a prophylactic antibiotic treatment (penicillin 0.12
M.U./0.3ml, i.m.) the rats were given bilateral lesions of the EC
by aspiration (n = 56) as previously described (Ferry et al.,
1999). Sham-lesioned animals were operated similarly but no
aspiration was carried out (n = 46). Four animals died after
surgery (three EC-lesioned and one sham-lesioned). All subjects
recovered for 7–11 days after surgery with ad libitum access to
food and water, and were singly housed until the end of the
experiment.
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Test Chambers

Habituation Chambers

Eight chambers (25 × 30 × 35 cm) located in a room adjacent
to the vivarium were used for habituation to water consumption.
They were made of clear perspex and had a wire mesh floor. The
spout of a 25-ml glass tube (Richter tube, Strasbourg, France)
could be introduced into the cage through a circular hole on the
anterior wall of the chamber, located 2 cm above the floor. Intake
was measured by reading to the nearest 0.5ml, the level of liquid
of the tube before and after each session.

Conditioning and Testing Chambers

Four place preference boxes located in a room adjacent to the
vivarium were used. Each box was constituted by two large
compartments of similar size (45 × 45 × 30 cm, compartments
A and B) with distinctive visual and tactile features and a third
smaller ship-wooden gray painted transit compartment (36× 18
× 30 cm) that allowed animals to move between compartments
A and B when the sliding door of their back wall was open.
Compartment A had three wooden black walls and a floor
made of tight and flexible wire mesh. Compartment B had three
wooden walls with vertical black and white stripes and a floor
made of large and rigid wire mesh. The front wall of both
compartments was constituted by clear perspex. The spout of the
Richter tube could be introduced into each compartment through
a circular hole on the back wall of the chamber, located 2 cm
above the floor.

Behavioral Procedure
All experimental sessions were carried out during the light
portion of the cycle between 11:00 a.m. and 1:00 p.m. After post-
surgical recovery, animals were handled (3min/day) for 3 days
and weighed daily to verify their adaptation to the deprivation
schedule.

On the first day (Day 1), each animal was placed in the transit
compartment of the place preference box with sliding doors open,

and allowed to move freely in all compartments during a 15min
session. The time spent in each compartment was recorded. The
compartment in which the animals spent more time was chosen
as the conditioning context, and the other one was chosen as the
neutral context.

Water bottles were removed from the home cage in the
evening of Day 1 and a 23 h 45min water deprivation schedule
was initiated. During the water drinking habituation sessions
(Day 2 to Day 6), rats had access to water once a day according to
the following procedure: On Day 2 and 3 the animals had access
to water in their home cage for 30min on Day 2 and for 15min
on Day 3. From Day 4 to Day 6, animals had access to water for
15min in the habituation chamber.

On Day 7, each animal was placed in the neutral context
equipped with a Richter tube and had access to water for 15min.
Then, the Richter tube was removed and the animal received
an i.p. injection of 0.9% NaCl (10ml/kg). Animals spent an
additional period of 60min in the neutral context.

Conditioning session took place on Day 8 (Figure 1). Animals
were divided in two experimental groups according to the
conditioning procedure (adapted from Desmedt et al., 2003).
Animals of COA groups were placed in the conditioning context
where they had access for 15min to odorized water in the Richter
tube (CS; 0.01% isoamyl acetate solution). At the end of the
15min, the Richter tube was removed and animals received an
i.p. injection of a lithium chloride (LiCl) inducing gastric malaise
(US; 0.15 M; 10ml/kg) either 5min (short ISI; COA 5 group)
or 120min (long ISI; COA 120 group) after the removal of
the Richter tube. Animals spent the rest of the session in the
conditioning context (total duration= 215min).

Animals of the CCA groups were placed in the conditioning
context and received an i.p. injection of LiCl at a timing similar
to groups COA (either 20 or 140min after the beginning of the
session, referred successively as CCA 5 and CCA 120 groups for
convenience). They spent the rest of the 215min session in the
same compartment and had access to the Richter tube filled with

FIGURE 1 | Time schedule of the conditioning session for COA and CCA groups. In COA groups, the animals were subjected to presentation of the odor

(symbolized by the gray area) in the conditioning context followed by the US with a short (5min) or a long (120min) interstimulus interval (COA 5 and COA 120 groups,

respectively). The animals spent the rest of the session in the conditioning context. In CCA groups, the animals were placed in the conditioning context for 15min and

then received the US with a short (5min) or long (120min) interstimulus interval (CCA 5 and CCA 120 groups, respectively). The animals spent the rest of the session in the

conditioning context in which the odor was presented during the last 15min of the session (symbolized by the gray area). The total duration of the session was 215min.
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0.01% isoamyl acetate only during the last 15min of the session.
Intake of odorized water was measured by reading the level of
liquid on the tube before and after the session in both COA and
CCA groups.

EC-lesioned (EC) and sham-lesioned (Sham) rats were
randomly assigned to one of these four conditioning procedures.
Experimental groups were constituted as follows: COA 5 (EC:
n = 13; Sham: n = 11), COA 120 (EC: n = 14; Sham: n = 10),
CCA 5 (EC: n = 13; Sham: n = 13), and CCA 120min (EC:
n = 13; Sham: n = 11).

Conditioned aversions were assessed on Day 9 in the place
preference box. To do this, animals were confined in the neutral
context with access to the Richter tube filled with 0.01% isoamyl
acetate for 15min. At the end of the session, they returned to their
home cages and the amount of liquid consumed during testing
was measured. One hour after, animals were placed in the transit
compartment with sliding doors open giving access to the two
compartments A and B. Time spent in each compartment was
measured during 30min.

Histology
Ten days after completion of behavioral testing, each rat was
given an overdose of sodium pentobarbital (100mg/kg) and was
transcardially perfused with 60ml of saline (4◦C) followed by
phosphate-buffered 4% paraformaldehyde (pH 7.4; 4◦C). The
brain was then extracted, post-fixed for 4 h in the same fixative
(4◦C) and transferred into a 0.1M phosphate-buffered 20%
sucrose solution for about 36–40 h (4◦C). All brains were frozen
using isopentane (−40◦C). Coronal sections, 30µm, were cut
on a freezing microtome (−23◦C), and collected onto gelatine-
coated slides. These sections were dried at room temperature
and stained with cresyl violet. A microscopic inspection was then
performed to determine the location and the extent of the lesions.

Data Analysis
Odor aversion was assessed by comparing the volume of odorized
solution intake during the conditioning and testing sessions.
Context aversion was assessed by comparing the proportion of
time spent in the conditioning context before (pre-conditioning
session) and after (testing session) conditioning. For each ISI,
the data corresponding to the volumes (for COA) and the ratios
(time spent in conditioning context/time of the session) were
analyzed with a Three-Way repeated measures ANOVA with
Lesion (EC vs. sham), Type of procedure (COA vs. CCA) as
between subject factors and Session (conditioning vs. testing
for COA assessment, pre-conditioning vs. testing for CCA
assessment) as within subject factor. Post-hoc Newman-Keuls
multiple range test (NK) was used to determine the source
of detected significances in the ANOVAs. A probability level
of <0.05 was accepted as statistically significant throughout.

Results

Histology
Seventeen EC-lesioned animals (with unilateral damage in the
EC or extensive lesions of surrounding structures such as the
perirhinal cortex, subiculum, or dentate gyrus) and four sham-
lesioned animals with damage to the lateral part of the EC

(resulting from the insertion of the curved needle) were excluded
from the analysis. Final groups were constituted as follows: COA
5 (EC: n = 9; Sham: n = 9), COA 120 (EC: n = 10; Sham: n = 9),
CCA 5 (EC: n = 9; Sham: n = 13), and CCA 120min (EC: n = 8;
Sham: n = 10).

Lesions were drawn from transversal sections stained with
cresyl violet. Typical (i.e., smallest and largest) lesion extents
observed in COA and CCA groups are illustrated in Figure 2.
Histological analysis revealed that all the lesions included the
lateral EC at the levels −5.60 to −8.30 from Bregma and a
part of the medial EC at Bregma −7.80. The largest lesions
were estimated to damage a part of the perirhinal cortex at the
levels−6.30 to−7.80mm.

Behavior

Short ISI-induced Conditioned Odor and Context

Aversions

The results obtained in the experimental groups conditioned with
the short ISI are shown in Figure 3. Figure 3A represents the
mean odorized water intakes (± S.E.M.) measured during the
conditioning and testing sessions whereas Figure 3B represents
themean proportion of time (± S.E.M.) spent in the conditioning
context during the pre-conditioning and testing sessions. As
shown in Figure 3A, the amount of odorized water intake during
conditioning was similar between groups indicating that neither
the lesion nor the early intoxication in CCA 5 groups (i.e.,
180min before) had an impact on intake. During testing the
amount of odorized water intake was lower in animals exposed
to the CS before intoxication, whatever the type of lesion.
This indicated that short ISI lead to a COA when the odor is
encountered before but not after intoxication. Statistical analyses
confirmed these observations and revealed no significant effect
of Lesion [F(1, 36) = 0.14, p n.s.], a significant effect of Type
of procedure [F(1, 36) = 55.37, p < 0.0001], a significant effect
of Session [F(1, 36) = 39.39, p < 0.0001], and a significant
interaction between Session and Type of procedure [F(1, 36) =

36.54, p < 0.0001]. Post-hoc comparisons confirmed that, in both
sham- and EC-lesioned COA 5 groups, the odorized water intake
during testing was significantly lower than during conditioning
(p < 0.001 in each case), and also lower than the odorized water
intake measured in CCA 5 groups during testing (p < 0.001 in
each case).

As shown in Figure 3B, the proportion of time spent in
the conditioning context during pre-conditioning was similar
between groups. In sham-lesioned animals, the proportion of
time spent in the conditioning context during testing was lower
than before conditioning whatever the type of procedure. This
decrease indicated that short ISI lead to a CCA and that animals
had associated the context with the US, whether exposed or
not to the odorized water. In contrast, the time spent in the
conditioning context did not differ between pre-conditioning
and testing sessions in EC-lesioned groups, indicating that the
lesion affected CCA. The ANOVA confirmed these observations
and showed significant effects of Lesion [F(1, 36) = 15.13, p <

0.001] and Session [F(1, 36) = 20.00, p < 0.0001] but no
effect of Type of procedure [F(1, 36) = 1.15, p n.s.], and a
significant Session X Lesion interaction [F(1, 36) = 16.52, p <

0.0001]. Post-hoc comparisons confirmed that the proportion
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FIGURE 2 | Diagram of coronal sections (between −5.60 and −8.30mm from bregma; according to the Paxinos and Watson stereotaxic atlas, 1998)

showing the extent of the smallest (gray area) and the largest (black area) EC lesion in the COA and CCA groups. From The Rat Brain in Stereotaxic

Coordinates, by Paxinos and Watson (1998). Copyright 2006 by Elsevier. Adapted with permission.

of time spent in the conditioning context during testing was
lower than before conditioning in both sham-lesioned groups
(p < 0.05 for COA group and p < 0.001 for CCA 5 group),
but not in EC-lesioned groups. The proportion of time spent
in the conditioning context during testing in sham-lesioned
groups was also lower than the proportion of time spent in the
conditioning context in EC-lesioned groups (p < 0.001 for sham

COA 5 vs. EC COA 5 and p < 0.001 for sham CCA 5 vs.
EC CCA 5).

Long ISI-induced Conditioned Odor and Context

Aversions

The results obtained in the experimental groups conditioned with
the long ISI are shown in Figure 4. Figure 4A represents the
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FIGURE 3 | Effect of a short ISI on COA and CCA in Sham- and EC-lesioned groups. (A) Represents the mean odorized water intakes (± S.E.M.) measured

during the conditioning (white bars) and testing (gray bars) sessions in each experimental group. ***p < 0.001 as compared with the amount of odorized water intake

during conditioning in the same group and with the amount of odorized water intake during testing in the corresponding CCA group. (B) represents the mean

proportion of time (± S.E.M.) spent in the conditioning context for each experimental group. Bars represent the proportion of time spent in the conditioning context

(mean time spent in the conditioning context/time of the session) calculated in the pre-conditioning (gray bars) and testing (black) sessions. *, ***p < 0.05 and 0.001

as compared with the proportion of time spent in the conditioning context during pre-conditioning in the same group; , p < 0.01 and 0.001 as compared with

the proportion of time spent in the conditioning context during testing in the corresponding EC-lesioned-group. EC, lesion of the entorhinal cortex; Sham, sham-lesion

of the entorhinal cortex; COA, conditioned odor aversion; CCA, conditioned context aversion.

mean water intakes (± S.E.M.) measured during conditioning
and testing sessions whereas Figure 4B represents the mean
proportion of time (± S.E.M.) spent in the conditioning context
during the pre-conditioning and testing sessions. As shown
in Figure 4A, the amount of odorized water intake during
conditioning was similar in COA 120 groups indicating that the
lesion did not affect the level of odorized water intake when the
US followed its presentation. However, the amount of odorized
water intake during conditioning was lower in CCA 120 groups
suggesting an effect of the US when it was administered 60min
before the odorized water presentation. The higher amount of
odorized water intake measured in the CCA 120 groups during

testing (without US) confirmed this observation. As also shown
in Figure 4A, the amount of odorized water intake between
conditioning and testing was similar in Sham-lesioned COA
120 group. In contrast, the amount of odorized water decreased
between conditioning and testing in EC-lesioned group thus
indicating that animals associated the odor with the US with a
long ISI. Statistical analyses confirmed these observations and
revealed a significant effect of Lesion [F(1, 33) = 4.79, p < 0.05],
a significant interaction between Lesion and Type of procedure
[F(1, 33) = 6.13, p < 0.05], and a significant interaction
between Lesion, Type of procedure and Session [F(1, 33) = 5.97,
p < 0.05]. Post-hoc comparisons confirmed that odorized water

Frontiers in Neuroscience | www.frontiersin.org October 2015 | Volume 9 | Article 342 | 191

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


Ferry et al. Entorhinal cortex involved in conditioned food aversion

FIGURE 4 | Effect of a long ISI on COA and CCA in Sham- and EC-lesioned groups. (A) Represents the mean odorized water intakes (± S.E.M.) measured

during the conditioning (white bars) and testing (gray bars) sessions in each experimental group. *, ***p < 0.05 and 0.001 as compared with the amount of odorized

water intake during conditioning; p < 0.001 as compared with the amount of odorized water intake during testing in all the other groups. (B) represents the mean

proportion of time (± S.E.M.) spent in the conditioning context for each experimental group. Bars represent the proportion of time spent in the conditioning context

(mean time spent in the conditioning context/time of the session) calculated in the pre-conditioning (gray bars) and testing (black) sessions. EC, lesion of the entorhinal

cortex; Control, sham-lesion of the entorhinal cortex; COA, conditioned odor aversion; CCA, conditioned context aversion.

intake was significantly lower during conditioning than during
testing in CCA 120 groups (p < 0.05) and that the amount
of odorized water intake was lower during testing than during
conditioning in EC-lesioned COA 120 group (p < 0.001).
Post-hoc comparisons also indicated that, in EC-lesioned COA
120 group, the amount of odorized water intake during testing
was lower than in all the other groups (p < 0.001 for each
comparison).

As shown in Figure 4B, the proportion of time spent in the
conditioning context was similar before conditioning and testing
in both COA and CCA 120 groups, irrespective of the type
of lesion. This suggests that no CCA occurred when the US
was administered more than 120min after the beginning of the

context exposure. Figure 4B also showed that the proportion of
time spent in the conditioning context seemed higher in CCA
than in COA groups, indicative of an initial and maintained
higher preference for the conditioning context in CCA 120
groups, as compared to COA 120 groups. Statistical analysis
confirmed this observation and revealed a significant effect of
Type of procedure [F(1, 33) = 10.42, p < 0.01], but not of the
other factors nor of any interaction.

Discussion

The results of the present study show that EC lesions induced a
deficit in CCA but did not disrupt COA learning; on the contrary,
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EC-lesioned animals were able to associate the CS with the US
even though the ISI was too long to enable sham-lesioned control
animals to learn the task. Moreover, the establishment of COA
with long ISI obtained in EC-lesioned rats was associated with
altered CCA learning.

Sham-lesioned control animals in the CCA group did not
display COA with the two intervals tested between LiCl injection
and odorized water exposure. In addition, only sham-lesioned
control animals that received the US 20min after the beginning
of context exposure (CCA 5) displayed CCA, thus confirming
previous findings (Desmedt et al., 2003). These results show
that a backward arrangement between CS and US (i.e., no
competition between CS and context) leads to CCA but not to
COA. Moreover, odorized water intake in the CCA 120 groups
was significantly lower than in CCA 5 groups in both sham-
and EC-lesioned animals. This result suggests that LiCl affected
odorized water intake when injected 60min before presentation
(in CCA 120 groups) but not when it was administered 180min
later (in CCA 5 groups). This temporary interference between
LiCl and odorized water intake might reflect a novelty-dependent
reaction, the duration of which is limited to the period during
which the animal experiences malaise (Domjan, 1977).

Interestingly, the amplitude of the CCA observed in the
sham-lesioned COA 5 group was not reduced by simultaneous
exposure to the CS. This result suggests that the context was
not overshadowed by the CS, and confirms that CCA can occur
concomitantly to COA when the CS is presented together with
the context during COA learning (Hatfield et al., 1992). On the
other hand, the failure to obtain CCA with long ISI might be due
to a latent inhibition effect (Lubow and Moore, 1959): previous
studies using a conditioned fear paradigm (e.g., Kiernan and
Wesbrook, 1993; Killcross et al., 1998) showed that extensive
exposure to the to-be-conditioned context resulted in a reduction
in contextual fear. Thus, the long exposure (i.e., 140min) to the
conditioning context in the COA 120 and CCA 120 groups may
have affected the context-US association by a latent inhibition
effect.

Most importantly, the present results show that the EC lesion
disrupted CCA. CCA requires learning relations between the
different cues present in the learning context, and associating
these cues with the US. Since EC-lesioned animals were able
to associate the olfactory CS with the US, it is unlikely that
the CCA deficit resulted from a failure of US processing.
Rather, a large number of studies suggest that it might result
from a deficit in context information processing. First, the EC
is reciprocally connected to the hippocampus and BLA (e.g.,
Amaral and Witter, 1995; Ferry et al., 1997; Pitkänen et al.,
2000) and it has been previously assumed to be involved in the
representation of context (reviews in, e.g., Maren and Fanselow,
1997; Majchrzak et al., 2006; Ji and Maren, 2008; Rudy, 2009;
Van Strien et al., 2009; but: Phillips and LeDoux, 1995; Good
and Honey, 1997; Bannerman et al., 2001; Hales et al., 2014).
The amygdala is a downstream target of the hippocampus
for the association of context representation with US (e.g.,
Fanselow, 2010) and also influences storage of the hippocampus-
dependent representation of the conditioning context (Huff and
Rudy, 2004; Huff et al., 2005). Moreover, it was recently shown

that the glutamatergic projection from BLA to EC (Pitkänen
et al., 2000) is involved in the modulation of the acquisition of
contextual fear conditioning (Sparta et al., 2014). This suggests
that the EC lesion may have impaired CCA through disruption
of contextual information processing by both hippocampus and
amygdala.

The present results also confirmed that the EC lesion did
not disrupt but rather enabled COA, with ISIs up to 120min
(Ferry et al., 1996, 1999, 2006, 2007; Ferry and Di Scala, 1997).
Conditioned odor aversion learning (COA) requires association
between olfactory CSmemory trace and US (Bures and Buresova,
1990; Roldan and Bures, 1994), and we have previously suggested
that the EC is involved in the control of olfactory CS memory
trace duration through a functional interaction with the BLA
(Ferry et al., 1996, 1999; Ferry and Di Scala, 1997). As odor CS
and context can both associate with the US in an interdependent
way (Rescorla and Wagner, 1972), it is reasonable to suggest that
the establishment of COA with long ISI obtained in EC-lesioned
animals may have resulted, at least in part, from inhibition of the
context influence upon the odor-US association due to the deficit
in context processing.

Histological analysis of the lesion extent showed that the
aspirative technique damaged a large portion of the lateral EC
and part of the medial EC; in the light of previous findings that
selective lesion of the lateral but not the medial EC affected COA
with long ISI (Ferry et al., 2006), the present effects on COA were
likely due to the lesion of the lateral part of the EC. As for the
CCA effect, the present results do not indicate which part of the
EC was selectively involved. In addition, the aspirative technique
induced lesions of axons of passage in the EC and the disruptive
effect observed on CCA may have resulted from a deficit in the
processing of information arising from or passing through the
EC.

Using discrete brain structure inactivation techniques, future
studies will probably help to clarify this point, although both parts
of the EC seem to be involved in the same kind of mechanism, at
least when it comes to spatial processing (Van Cauter et al., 2012).

Conclusion

Feeding behavior is part of a complex integrated adaptive
system. The differentiation between safe and unsafe food items
that conditions ingestive behavior depends, at least in part, on
previous experience during which the cues characterizing either
the food (i.e., odor, taste, texture, etc.) or the environment in
which the food is present (contextual cues) acquired a hedonic
valence after feeding, through CS-US associative learning.
These kinds of association have been experimentally studied
for years (Slotnick and Katz, 1974; Nigrosh et al., 1975;
Slotnick, 1984) and experimental conditioned food aversion
paradigms, such as conditioned taste or odor/taste-potentiated
odor aversion learning, have provided fundamental insights
into the mechanisms and CNS structures involved in food-
reward/food-poisoning associations (see Miranda, 2012 for
review). In the case of conditioned aversion learning, numerous
studies have shown that context processing influences the
strength of the conditioned aversion to a taste acquired in a
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given context (e.g., Puente et al., 1988; Loy et al., 1993; Skinner
et al., 1994; Nakajima et al., 1995; Boakes et al., 1997; Lopez and
Cantora, 2003; Murphy and Skinner, 2005; Ishii et al., 2006).
Using another type of conditioned food aversion paradigm, the
present study clearly shows that the conditions in which COA
is established concomitantly to context aversion depends on
the time interval separating the presentation of the odor and
context from the US. Importantly, the results show that the EC

is a key structure in the processes underlying the associations
between context, odor CS and US in COA learning. Eventually,
our results suggest the EC could be more largely be involved in
the acquisition of conditioned food aversion learning through a
control upon the association (1) between the odor of a particular
food and a gastric malaise (US) that followed its ingestion and (2)
between the context in which this food has been encountered and
the US.
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The mouse vomeronasal organ (VNO) expresses chemosensory receptors that detect

intra-species as well as inter-species cues. The vomeronasal neurons are thought to be

highly selective in their responses. The tuning properties of individual receptors remain

difficult to characterize due to the lack of a robust heterologous expression system. Here,

we take a transgenic approach to ectopically express two type 1 vomeronasal receptors

in the mouse VNO and characterize their responses to steroid compounds. We find that

V1rj2 and V1rj3 are sensitive to two sulfated estrogens (SEs) and can be activated by a

broad variety of sulfated and glucuronidated steroids at high concentrations. Individual

neurons exhibit narrow range of concentration-dependent activation. Collectively, a

neuronal population expressing the same receptor covers a wide dynamic range in their

responses to SEs. These properties recapitulate the response profiles of endogenous

neurons to SEs.

Keywords: vomeronasal receptor, calcium imaging, sulfated steroids, transgenic mice, glucuronidated steroid,

GCaMP2

Introduction

Terrestrial animals emit pheromones for intra-species chemo-communication. Within the
same species, pheromones convey information about sexual, social, and reproductive status
of individuals. They trigger a restricted repertoire of innate and stereotyped behaviors,
including mating rituals, territorial aggression, and neuroendocrine responses (Wyatt, 2003). The
vomeronasal organ (VNO) plays an important role for detecting pheromones in most terrestrial
vertebrate species (Halpern and Martinez-Marcos, 2003; Swaney and Keverne, 2009). The mouse
VNO expresses about 400 seven-transmembrane G protein-coupled receptors including the type 1
vomeronasal receptors (V1Rs), type 2 vomeronasal receptors (V2Rs), and formyl peptide receptors
(Dulac and Axel, 1995; Herrada and Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli,
1997; Young and Trask, 2007; Liberles et al., 2009; Riviere et al., 2009; Young et al., 2010). Each
vomeronasal sensory neuron (VSN) expresses either a single member of V1R or FPR, or a specific
pair of V2R genes (Ibarra-Soria et al., 2014; Liberles, 2014). These receptors are dedicated to detect
a variety of chemosensory cues and transmit the signal to the brain.

In natural environment, pheromone cues are present in bodily secretion and excretion, such
as tears, feces, and urine (Ihara et al., 2013). The chemical nature of the pheromones ranges
from volatile and non-volatile small molecular weight compounds to peptides and proteins
(Novotny et al., 1985, 1986; Jemiolo et al., 1989; Leinders-Zufall et al., 2004; Kimoto et al.,
2005; Chamero et al., 2007; Nodari et al., 2008; Riviere et al., 2009; Haga et al., 2010; Roberts
et al., 2010, 2012; Ferrero et al., 2013). A unique pumping mechanism is required to bring the
pheromone cues into the vomeronasal cavity where they are in contact with the dendrites of VSNs
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(Meredith et al., 1980; Meredith, 1994). In addition to their
chemical identities, pheromone concentrations also convey
specific information (He et al., 2010; Ihara et al., 2013).
The vomeronasal system is able to detect cues at various
concentrations and convey concentration-invariant signals to the
brain (Arnson and Holy, 2013).

VSNs are able to detect pheromone cues with high sensitivity
and selectivity. In some studies, VSNs can respond specifically to
ligands at sub-nanomolar concentrations (Leinders-Zufall et al.,
2000, 2004, 2014; Kimoto et al., 2005; He et al., 2010; Isogai et al.,
2011; Haga-Yamanaka et al., 2014). It is not understood how the
VSN achieve a balance between receptor sensitivity and a wide
dynamic range of detection. There are two plausible mechanisms
that can be considered. In one scenario, neurons expressing the
same receptor may exhibit different sensitivities to accommodate
a wide range of ligand concentrations. Alternatively, neurons
expressing different receptors with distinct sensitivities to the
ligand broadens the detectable range of pheromones. Current
available data do not distinguish these two hypotheses.

Thus, in order to understand the mechanisms of pheromone
tuning, it is important to characterize the specific interactions
between pheromones and their cognate receptors. However, after
nearly 20 years of cloning of the first V1Rs, we have limited
understanding of the receptor characteristics and functions. The
main obstacle is the lack of a robust heterologous expression
system that enables functional analysis of VR responses. In
an earlier study, we overcome this challenge by generating
transgenic mice that ectopically express V1Rs in VSNs (Haga-
Yamanaka et al., 2014). The ectopic expression of vomeronasal
receptors in their native environment enables us to identify
V1rj2 and V1rj3 receptors as the cognate receptors for sulfated
estrogens (SEs). In the current study, we further characterize
the response profiles of V1rj2 and V1rj3 receptors to a panel of
sulfated and glucuronidated steroids.

Materials and Methods

Mice
All mice were maintained in Lab Animal Service Facility
of Stowers Institute at 12:12 light/dark cycle and provided
with food and water ad libitum. Experimental protocols were
approved by the Institutional Animal Care and Use Committee
at Stowers Institute and in compliance with NIH Guide for Care
and Use of Animals. OMP-IRES-tTA (OIVT), Gγ8-tTA, tetO-
GCaMP2, tetO-V1rj2-IRES-tdTomato, and tetO-V1rj3-IRES-
tdTomato mice were described previously (Yu et al., 2004;
Nguyen et al., 2007; He et al., 2008; Haga-Yamanaka et al., 2014).
Mice containing OIVT, Gγ8-tTA, and tetO-GCaMP2 alleles were
used to assess the wild type responses. Compound heterozygotic
mice that contained tetO-V1rj2-IRES-tdTomato and tetO-V1rj3-
IRES-tdTomato were generated to assess the V1rj2 and V1rj3
responses, respectively. VNO slices were prepared from 2 to 6
months old male and female mice.

Chemicals
Sulfated and glucuronidated steroids were purchased from
Steraloids (Newport, RI, USA), and the catalog IDs were used

to label the compounds. We dissolved the steroids in dimethyl
sulfoxide (DMSO) to make 20mM stock solutions, which were
further diluted in Ringer’s solution (in mM: 125 NaCl, 2.5 KCl, 2
CaCl2, 2 MgCl2, 25 NaHCO3, 10 HEPES, and 10 glucose) to the
testing concentrations.

Calcium Imaging of VNO Slices
Details of imaging setup and procedures were described
previously (Ma et al., 2011). Briefly, VNO slices were
maintained in carboxygenated (95% O2, 5% CO2) mouse
artificial cerebrospinal fluid (mACSF; in mM: 125 NaCl, 2.5
KCl, 1 MgCl2, 2 CaCl2, 1.25 NaH2PO4, 25 NaHCO3, and 10
glucose) at room temperature. Carboxygenated mACSF was also
used to superfuse VNO slices at a speed of 1mL/min. The flow
was kept unidirectional by placing the inlet and outlet at the
apical and basal sides of VNO epithelium, respectively. Steroids
were delivered through a HPLC injection valve mounted on
the stage. To minimize mechanical artifacts, a continuous flow
(∼0.3mL/min) of Ringer’s solution was maintained during the
experiment. Solutions were switched by using the injection valve
without disrupting the flow.

Time-lapse imaging acquisition of GCaMP2 signals from
a VNO slice was performed on AxioScope FS2 (Carl Zeiss)
microscope with a 20X/0.5NA water-dipping lens as described
before (He et al., 2008; Ma et al., 2011; Yu, 2013; Haga-Yamanaka
et al., 2014). Intervals between stimuli were at least 3min. When
a robust response to a given chemical was observed, we set the
inter-stimulus interval to 5–10min (varied with response level)
to ensure adequate recovery. Data of individual genotypes or
applications were collected from two to three VNO slices. Image
processing and data analysis, including region of interest (ROI)
detection and automated signal analyses, were performed using
ImageJ and programs written in MATLAB. In order to compute
F, a baseline fitting step was performed to model photo-bleaching
effect and a peak detection step was performed to model the
signal peak. 1F was computed as the difference between the
signal peak and the baseline. The computation was thenmanually
validated to exclude possible errors. A threshold of 30%1F/F was
imposed to identify VSNs as responding to a stimulus. Response
amplitudes were normalized in each individual cell. For ensemble
responses, the dose-response curve was fitted with a sigmoidal
equation and EC50 were calculated using Prism (GraphPad).

Results

VSN Response to Sulfated Estrogens
Two of the SEs, 1, 3, 5(10)-estratrien-3, 17β-diol disulfate
(E1050), and 1, 3, 5(10)-estratrien-3, 17β-diol 17-sulfate (E1103),
strongly activate VSNs and can serve as estrus signals to induce
mounting behaviors in male mice (Haga-Yamanaka et al., 2014).
To understand the dose-dependent activation of VSNs, we
performed Ca2+ imaging experiments using VNO slices from
GCaMP2 mice. We observed VSN responses to E1050 and E1103
at 10−10M in ∼2–4% of cells on a single slice (Figures 1A,B).
The number of responding VSNs increased in a dose-dependent
manner and reached a plateau of approximately 30 cells per
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FIGURE 1 | Activation of VSN by E1050 and E1103. (A)

Representative imaging experiments showing the VSN responses to

E1050 (top) and E1103 (bottom). Scale bar, 50µm. (B) Bar graph

showing the number of VSNs activated by E1050 (red) and E1103 per

slice (blue; n = 3 slices). Error bars, S.E.M. (C) Bar graph showing the

number of E1050- and/or E1103-responding VSNs in 3 slices. Red,

blue, and purple indicate VSNs activated by E1050, E1103, and both

E1050 and E1103, respectively.

slice, which represented approximately 15% of the cell population
(Figures 1A,B).

A comprehensive survey of the VSN response profiles
showed that individual neurons exhibited diverse dose-response
properties and sensitivities to E1050. Some cells showed the
classic sigmoidal dose-response curves with increasing amplitude
as a function of E1050 concentration (Figures 2A,C,D). The
signal plateaued at higher concentrations, which indicated a
saturation of the response. Neurons exhibiting these classic
dose-response curves, however, only represented a fraction
of the total VSNs. We found a large fraction (∼60%) of
neurons displayed bell-shaped curves (Figures 2B–D). The
peak response was reached at an intermediate concentration.

Further increase of ligand concentration led to reduced
response. A few cells displayed dose-response properties
that did not fit either sigmoidal or bell-shaped curves
(Figures 2C,D).

We also observed VSNs displayed different sensitivities
to SE activation (Figure 2D). We used the first response
concentration (FRC) as a measurement of sensitivity. Overall,
the FRCs varied at least four orders of magnitude from 10−10

to 10−7 M. We observed some cells started to respond at
10−7 M, which was the highest concentration tested for these
two SEs. We marked those high-threshold cells as with FRC
at 10−7 M. Regardless of the shape of their dose-response
curves, individual neurons had relatively narrow dynamic ranges.
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FIGURE 2 | Activation of VSN by E1050. (A,B) Examples of sigmoidal (A)

and bell-shaped (B) dose-response curves to E1050. (C) Dose-response

curves of individual cells (gray) and a sigmoidal curve (black) fitted to the

average amplitude from all cells. Error bar, S.E.M. (D) Pie charts showing the

number of cells exhibiting sigmoidal (S, blue), bell-shaped (B, red), and other

(O, green) types of dose responses. Cells with FRC of 10−7 M are shown in

gray. Concentration above each pie chart represents the first response

concentration of the cells.

Approximately 90% of neurons showed the maximal response at
10x FRC.

Although individual neurons had different sensitivities and
narrow dynamic ranges, VSN population can respond to a wide
range of pheromone stimulation collectively (Figure 2C). The
average response to E1050 had an EC50 of 1.921× 10−10Mwith
a dynamic range of 1000 fold change in concentration.

The responses to E1103, a singly-sulfated estrogen compound,
elicited VSN responses at as low as 10−10M (Figures 1A,B).
At this concentration, ∼85% of the neurons activated by
E1103 and E1050 were distinct (Figure 1C). Compared to
E1050, the number of E1103 responding VSNs showed a
slower increase with rising concentration and did not plateau
until 10−8M (Figure 1B). At concentrations higher than 10−9

M, the majority of E1103 responding VSNs overlapped with
E1050 responding cells (Figure 1C). At individual cell level, the
sensitivity ranged across three orders of magnitude. Consistent
with the number of responding VSNs, we found that a large
fraction of the cells showed peak response to E1103 at 10−8

M. Both sigmoidal and bell-shaped dose-response curves were
observed (Figures 3A,B,D). On average, responses to E1103 had
an EC50 of 1.348× 10−9M (Figure 3C).

The bell-shaped dose-response curve also has been observed
in urine-responding VSN neurons (He et al., 2010). Because the

VSNs showed little adaptation to repeated or prolonged stimuli
(Holy et al., 2000; He et al., 2010), it was unlikely that the
diminution of response at high ligand concentration was caused
by cell fatigue or receptor desensitization. To further exclude
these possibilities, we examined the response of individual cells
to different ligands. As shown in Figures 3E,F, the same cell
exhibited reduced response to high concentration (10−7 M) of
E1103, but subsequent application of E1050 nonetheless elicited
strong responses. The same cells, therefore, exhibited distinct
dose-dependent activations to different ligands that was not
related to stimulation sequence.

Activation of V1rj2 by Sulfated Estrogens
In a previous study, we showed that the V1rj clade receptors
respond to SEs by using transgenic mice lines in which V1rj2
and V1rj3 were ectopically expressed (Haga-Yamanaka et al.,
2014). These mice allowed us to further examine the activation
of individual V1rj receptors activated by SEs.

V1rj2-expressing VSNs showed dose-dependent activation
by both SEs (Figures 4, 5). E1050 activated V1rj2-expressing
VSNs at 10−10M and the numbers of responding cells plateaued
at 10−8M (Figure 4B). These VSNs showed both the classic
dose-response curves and bell-shaped curves (Figures 4A,C,E).
In addition, the majority of V1rj2-expressing VSNs started
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FIGURE 3 | Activation of VSN by E1103. (A,B) Examples of sigmoidal

(A) and bell-shaped (B) dose-response curves to E1103. (C)

Dose-response curves of individual cells (gray) and a sigmoidal curve

(black) fitted to the average amplitude from all cells. Error bar, S.E.M. (D)

Pie charts showing the number of cells exhibiting sigmoidal (S, blue),

bell-shaped (B, red) and other (O, green) types of dose responses. Cells

with FRC of 10−7 M are shown in gray. (E,F) Raw traces (left) and

dose-response curves (right) of two representative cells simulated by

E1050 and E1103 in a sequence with increasing concentrations. Arrows

indicate the onset of stimulus delivery.

Frontiers in Neuroscience | www.frontiersin.org July 2015 | Volume 9 | Article 244 | 200

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


Haga-Yamanaka et al. Tuning properties of V1r receptors

FIGURE 4 | Activation of V1rj2 by E1050. (A) Examples of

sigmoidal dose-response curves to E1050 in V1rj2 cells. (B) Bar

graph showing the percentage of E1050 activated V1rj2 cells

(n = 200). (C) Examples of bell-shaped dose- response curves to

E1050 in V1rj2 cells. (D) Dose-response curves of individual cells

(gray) and a sigmoidal curve (black) fitted to the average amplitude

from all cells. Error bar, S.E.M. (E) Pie charts showing the number

of cells exhibiting sigmoidal (S, blue), bell-shaped (B, red), and other

(O, green) types of dose responses. Cells with FRC of 10−7 M are

shown in gray.

responding to E1050 at 10−9M and reached the maximal
response amplitude at 10−8M (Figure 4D). On average, the
V1rj2 neurons covered a dynamic range of 1000 folds
(Figure 4D).

Compared to E1050, fewer V1rj2-expressing VSNs were
activated by E1103 at 10−10M (Figure 5B). Interestingly,
the majority of VSNs exhibited classic dose-response
curves (Figure 5E). Most of V1rj2-expressing VSNs

started to respond at 10−8M and peaked at 10−7M
(Figures 5B,D).

Activation of V1rj3 by Sulfated Estrogens
Compared to V1rj2 cells, VSNs expressing the V1rj3
receptor showed distinct response characteristics to E1050
(Figure 6). The majority of the cells only responded at or
above 10−8M (Figure 6B) and less than 30% of the cells
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FIGURE 5 | Activation of V1rj2 by E1103. (A) Examples of

sigmoidal dose-response curves to E1103 in V1rj2 cells. (B) Bar

graph showing the percentage of E1103 activated V1rj2 cells

(n = 129). (C) Examples of bell-shaped dose-dependent responses of

V1rj2 cells to E1103. (D) Dose-response curves of individual cells

(gray) and a sigmoidal curve (black) fitted to the average amplitude

from all cells. Error bar, S.E.M. (E) Pie charts showing the number

of cells exhibiting sigmoidal (S, blue), bell-shaped (B, red), and other

(O, green) types of dose responses. Cells with FRC of 10−7 M are

shown in gray.

exhibited bell-shaped response curves (Figure 6E). A significant
number of V1rj3-expressing cells were activated by E1050 at
10−10M and showed maximal response at this concentration
(Figure 6D). These populations of VSNs make this single
receptor cover a wide dynamic range in their response to SEs
(Figure 6D).

The V1rj3-expressing cells also responded to E1103 with high
sensitivities (Figure 7). About 50% of the cells responded at
10−10M (Figure 7B). The number of responding cells plateaued
at 10−8 M. Approximately 45% of the cells exhibited bell-shaped
dose-response curves, with the maximal responses elicited
between 10−10 and 10−8M (Figures 7D,E).
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FIGURE 6 | Activation of V1rj3 by E1050. (A) Examples of

sigmoidal dose-response curves to E1050 in V1rj3 cells. (B) Bar

graph showing the percentage of E1050 activated V1rj3 cells

(n = 256). (C) Examples of bell-shaped dose-dependent responses of

V1rj3 cells to E1050. (D) Dose-response curves of individual cells

(gray) and a sigmoidal curve (black) fitted to the average amplitude

from all cells. Error bar, S.E.M. (E) Pie charts showing the number

of cells exhibiting sigmoidal (S, blue), bell-shaped (B, red), and other

(O, green) types of dose responses. Cells with FRC of 10−7 M are

shown in gray.

These results suggested that the V1rj2 receptor was more

sensitive to E1050, while the V1rj3 receptor was more
sensitive to E1103. At the individual cell level, both V1rj2

and V1rj3VSNs exhibited rather narrow dynamic range. The
maximal response was typically observed at a concentration

just 10x of FRC. Collectively, each receptor type was able to
cover the concentration range of SE spanning three orders of
magnitude.

Activation of V1rj2 Receptor by Glucuronidated

Estrogens
Steroid hormones can be modified after initial synthesis
and during circulation. Circulating estrogen molecules
are modified by specific enzymes to become sulfated or
glucuronidated estrogens (GEs), which are soluble and can be
excreted in urine (Shackleton, 1986; Blair, 2010). We therefore
examined whether GEs also activated the V1rj2 and V1rj3
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FIGURE 7 | Activation of V1rj3 by E1103. (A) Examples of

sigmoidal dose-response curves to E1103 in V1rj3 cells. (B) Bar

graph showing the percentage of E1103 activated V1rj3 cells

(n = 256). (C) Examples of bell-shaped dose-dependent responses of

V1rj3 cells to E1103. (D) Dose-response curves of individual cells

(gray) and a sigmoidal curve (black) fitted to the average amplitude

from all cells. Error bar, S.E.M. (E) Pie charts showing the number

of cells exhibiting sigmoidal (S, blue), bell-shaped (B, red), and other

(O, green) types of dose responses. Cells with FRC of 10−7 M are

shown in gray.

receptors using mono-glucuronidated estrogen molecules 1, 3,
5(10)-estratrien- 3, 17β -diol 3-glucosiduronate (E1072) and 1, 3,
5(10)-estratrien-3, 17β- diol 17-glucosiduronate (E1073). The 3-
and 17-hydroxyl groups are glucuronidated in E1072 and E1073,
respectively.

At 10−7 M, E1072 stimulated responses in V1rj2 cells
(Figures 8A,B). The response amplitude was comparable to

that activated by E1050 and E1103 at the same concentration.
On the other hand, E1073 did not induce any response
in V1rj2 expressing VSNs at concentrations up to 10−5M
(Figures 8A–C). Dose-response analysis indicated that
V1rj2 cells were highly sensitive to E1072. Neurons were
activated at 10−10M and reached the maximal response at
10−9M (Figure 8G). These cells also showed narrow dynamic
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FIGURE 8 | Activation of V1rj2 and V1rj3 by Glucuronidated

Estrogens. (A) Representative imaging experiments showing the responses

of V1rj2 cells to vehicle control, E1050, E1103, E1072, and E1073 at 10−7

M. Scale bar, 50µm. (B) Bar graph showing the normalized response to

E1050, E1103, E1072, and E1073 in V1rj2 cells at indicated concentration

(n = 409). (C) Bar graph showing the normalized response to E1050, E1103,

E1072, and E1073 in V1rj2 cells at indicated concentrations (n = 409). (D)

Representative imaging experiments showing the responses of V1rj3 cells to

vehicle control, E1050, E1103, E1072, and E1073 at 10−7 M. (E) Bar graph

showing the normalized response to E1050, E1103, E1072, and E1073 in

V1rj3 cells at indicated concentration (n = 204). (F) Bar graph showing the

normalized response to E1050, E1103, E1072, and E1073 in V1rj3 cells at

indicated concentrations (n = 318). (G,H) Dose-response curve of V1rj2 (G)

and V1rj3 (H) cells activated by E1072. Error bars, S.E.M.

Frontiers in Neuroscience | www.frontiersin.org July 2015 | Volume 9 | Article 244 | 205

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


Haga-Yamanaka et al. Tuning properties of V1r receptors

ranges. Similar to the SEs, we observed bell-shaped dose-
response curves that peaked at concentrations between 10−9

and 10−7 M. In contrast, V1rj3-expressing VSNs did not
respond to E1072 or E1073 more than the vehicle controls
(Figures 8D–F,H). These results demonstrated that E1072
was a ligand for V1rj2 and E1073 could not activate either
receptors.

Responses of V1rj2 and V1rj3 to Other Sulfated

Steroids
Previous studies have shown that individual VSNs are activated
by different steroid compounds (Nodari et al., 2008; Meeks
et al., 2010; Isogai et al., 2011). We also observed that V1rj2
expressing VSNs responded to a sulfated androgen, 5-androsten-
3β, 17β-diol-disulfate (A7864), and other members of SEs, such
as 17β-estradiol 3-sulfate (E1100) (Haga-Yamanaka et al., 2014).
Here, we analyzed the response of V1rj2 and V1rj3 to these
two compounds. Approximately 80% of V1rj2 expressing VSNs
began to respond to both A7864 and E1100 at 10−7 M. The
response amplitude plateaued at 10−7M and increasing ligand
concentration did not further augment the response amplitude
(Figure 9A). A7864 and E1100 were able to activate V1rj3 at
10−5M (Figure 9B).

To obtain a comprehensive understanding of ligand selectivity
of these V1R receptors, we tested a panel of sulfated steroids at
10−5M(Figures 9C,D). V1rj2 expressing VSNs were activated by
multiple sulfated androgens including A2398, A2534, A7864, and
A8530. They also responded to a couple of sulfated progesterones
including P2135 and P3865, a corticosterone, Q5545, and all the
SEs tested including E0588, E0893, and E1100 (Figure 9C). V1rj3
cells were more selective in their responses. They were activated
by a couple of sulfated androgens, A2398 and A7864, sulfated
progesterone, P2135, and one SE, E1100 (Figure 9D). V1rj3 cell
did not respond to sulfated corticosterone stimulation. Thus,
V1rj2 and V1rj3 receptors were activated by a diverse group
of sulfated steroids and showed tuning preference to different
compounds.

Structural Basis of V1rj2 and V1rj3 Activation
The two V1rj receptors share 81% amino acid sequence similarity
but exhibit differential tuning and dose-response relationship
to steroid derivatives. By comparing the molecular structures
of the sulfated and glucuronidated steroids, it appears that
a core estradiol-17β structure is essential for highly sensitive
activation of the receptors (Figure 10). The 3- and 17β-
hydroxyl groups appear to be important structural determinants.
The steroid compounds maintain high potency when the 3-
hydroxyl group is unmodified, sulfated or glucuronidated.
However, compounds with a ketone group at this position,
such as A6940, lose their ability to activate the receptors.
The β configuration of the 17-hydroxyl group is important,
too. E0893, which has α configuration, is two orders of
magnitude less potent in activating the V1rj2 receptor than E0588
and E1100. This observation suggests that the configuration
at the 17-β site plays an important role in activating the
receptors. Glucuronidation at this site, as in E1073, blocks

its activity, whereas the native or sulfated form retains
activity.

We observe that the most potent compounds possess an
unsaturated A ring, but permutations in this structure appear to
be tolerated (Figure 10C). Compounds that possess unsaturated
A ring, 18-methyl group or unsaturated bonds in the B ring
activate the receptors as long as the 3 and 17β-hydroxyl groups
are intact.

Discussion

By taking advantage of a transgenic system to ectopically express
the V1Rs, we circumvent a major obstacle in characterizing
vomeronasal receptors. Although the VRs can be expressed
in heterologous systems, the receptors are retained in the
endoplasmic reticulum and cannot be transported to the cell
surface. Chaperone proteins, including receptor-transporting
proteins (RTPs) and receptor expression enhancing proteins
(REEPs), have been shown to facilitate transportation of some
odorant receptors to the cell membrane (Saito et al., 2004;
Mainland and Matsunami, 2012). None of these molecules
can facilitate the surface expression of V1Rs. Although several
molecules have been reported to be involved in VR surface
expression, it is still challenging to examine individual VR
function in heterologous expression systems (Ishii et al., 2003;
Loconto et al., 2003; Dey and Matsunami, 2011). In our
transgenic system, individual VRs can be ectopically expressed
via a synthetic tetO promoter and transported to the cell
surface utilizing the endogenous chaperons in VSNs. Thus,
this system allows us to characterize VR response in its native
environment.

Recapitulation of Native Responses
Previously we observed a diverse responses of VSNs to urinary
pheromone stimulation (He et al., 2008, 2010). It was not clear
whether the variations in responses arose from the mixture
of pheromone cues in the urine or from diverse properties
of the VSNs. In the transgenic lines, we also observe that
the VSNs display a variety of dose-dependent activation by
individual pheromone ligands. Sensitivities of individual cells to
SEs range from sub-nanomolar to -micromolar concentrations.
The overall dynamic range of the response of the two receptors
are comparable to that of the endogenous receptors to SE ligands.

Individual V1rj2 or V1rj3 expressing neurons show both
sigmoidal and bell-shaped dose-response curves, similar to
those observed in wild type VSNs. Different dose-response
relationships appear to be specific to individual cells. We notice
that a smaller percentage of V1rj2 and V1rj3 cells exhibit bell-
shaped dose-response curves than the wild type VSNs. The
difference may reflect the level of expression of receptor proteins
in the transgenic mice, which may affect the coupling between
receptor and downstream signaling pathways. Alternatively, the
dose-response properties may be intrinsic to individual cells.
As the V1rj receptors are expressed in most of the VSNs
in the transgenic line, the difference in cellular properties
may affect how the ectopically expressed receptors respond to
ligands.
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FIGURE 9 | Activation of V1rj2 and V1rj3 by Other Sulfated Steroids.

(A) Dose-response curves of V1rj2 cells activated by A7864 (n = 201) and

E1100 (n = 199). (B) Dose-response curves of V1rj3 cells activated by

A7864 (n = 249) and E1100 (n = 249). (C,D) Bar graphs showing the

normalized response of V1rj2 (C; n = 183) and V1rj3 (D; n = 373) cells a

panel of sulfated steroid compounds. Error bars, S.E.M.

The cellular mechanism that generates the bell-shaped
dose-response curves is unknown. Experimental evidence
from multiple studies suggests that they are unlikely the
result of receptor desensitization or cell fatigue. Calcium
signal is usually correlated with spiking activity. When

a cell is stimulated by a high concentration of ligand, it
is possible that a large depolarization inactivates voltage-
gated sodium and calcium channels such that the cell
cannot sustain action potentials and Ca2+ entry through
the Ca2+ channels. As voltage-gated channels can recover
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FIGURE 10 | Structural elements of steroid compounds that activate

V1rj2 and V1rj3 receptors. (A) Steroid compounds that activate V1rj2 and

V1rj3 receptors. The minimal concentrations of activation are indicated. (B)

Molecular structures of sulfated or glucuronidated steroids that induce no or

weak responses. (C) Schematic illustration of important structural elements

required to activate the V1rj2 and V1rj3 receptors. The estradiol backbone

(yellow) and 17-β hydroxyl group (pink) are highlighted. Structural

permutations that are permissible are indicated by arrows in the right panel.

quickly from refractory period, this scenario could
explain why the cells can respond to different ligands
differently at high concentrations. Our result puts the

focus on this phenomenon, and further analyses using
electrophysiological recording could reveal the cellular
mechanism.
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Sensitivity and Dynamic Range of the VSNs
The ectopically expressed V1rj receptors are activated by SEs
at concentrations as low as 10−10 M. It appears that more
V1rj3 cells respond to the ligands at this low concentration than
V1rj2 cells. The majority of the cells show response saturation
within two orders of magnitude. An efficient intracellular signal
amplification process is likely to couple the response. The VNO
has unusual signal transduction mechanisms (Kim et al., 2012).
Different signaling cascades could allow low concentration of
ligands to elicit a neuronal response to achieve heightened
sensitivity. An amplification process may also explain the
relatively narrow dynamic range at individual cell level. A
relatively moderate increase in ligand concentration may quickly
saturate the responses. In some cells, overstimulation may cause
desensitization, which can result in a decline of responses
as shown in the bell-shaped dose-response curves to steroid
compounds and to mouse urine (He et al., 2010).

VSNs expressing the same receptor exhibit different
sensitivities. Since each cell also display sharp changes in
dose-dependent activation, the sensitivity is unlikely to reflect
differences in intrinsic amplification. It is more likely that
sensitivity is determined by the amount of receptors expressed
on the cell surface. Alternatively, the binding affinity of the VNO
receptors might be affected by the membrane environment in
which they are expressed. Our current study, however, does not
have evidence to fully address this question.

Despite the narrow dynamic range of individual cells,
the VSN population respond to a wide range of ligand
concentrations. The average dose-response curve spans at least
three orders of magnitude. This allows the VNO to accommodate
a large quantitative variation of pheromones presented by
animals. VSNs expressing the same vomeronasal receptor project
stereotypically to multiple glomeruli in the accessory olfactory
bulb (Belluscio et al., 1999; Rodriguez et al., 1999; Wagner
et al., 2006; Haga et al., 2010; Ishii and Mombaerts, 2011).
Each glomerulus likely receives input from VSNs expressing the
same VR. This convergence pattern may allow each glomerulus
to integrate signals transmitted by neurons with disparate

sensitivity such that the glomerulus serves as a proxy of the
VSN collectives. Alternatively, it is also possible that VSN
axons segregate in their projection patterns according to ligand
sensitivity such that each of the multiple glomeruli exhibits
narrow concentration tuning. This scenario may provide a
mechanism to readout concentration ratios for concentration-
invariant perception of the pheromone cues. Detailed study of
the glomerular responses in the AOBwould distinguish these two
models.

Our study also shows that neurons expressing the same
receptor could be tuned to different steroid compounds at high
concentrations. Therefore, in addition to chemical identities of
ligands, concentration information about a ligand could also be
transmitted by different receptors.

Tuning Specificity and Steric Configuration of the

Molecules
V1rj2 and V1rj3 are sensitive to SE compounds. They are also
activated to a lesser extent by other sulfated and glucuronidated
steroids. The structural determinants of the activation appear to
require the 3- and 17-hydroxyl groups and estradiol backbone.
V1rj3 appears to be more sensitive to SEs, but are also tuned
to fewer compounds than V1rj2. The specific interaction of
these structural elements with the receptors may determine the
specificity and sensitivity of V1rj2 and V1rj3 receptors. The
structure basis that differentiates these two receptors remains
unknown.
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An important diagnostic criterion for social communication deficits in autism spectrum

disorders (ASD) are difficulties in adjusting behavior to suit different social contexts. While

the BTBR T+tf/J (BTBR) inbred strain of mice is one of the most commonly used mouse

models for ASD, little is known about whether BTBR mice display deficits in detecting

changes in social context and their ability to adjust to them. Here, it was tested therefore

whether the emission of isolation-induced ultrasonic vocalizations (USV) in BTBR mouse

pups is affected by the social odor context, in comparison to the standard control strain

with high sociability, C57BL/6J (B6). It is known that the presence of odors from mothers

and littermates leads to a calming of the isolated mouse pup, and hence to a reduction

in isolation-induced USV emission. In accordance with their behavioral phenotypes

with relevance to all diagnostic core symptoms of ASD, it was predicted that BTBR

mouse pups would not display a calming response when tested under soiled bedding

conditions with home cage bedding material containing maternal odors, and that similar

isolation-induced USV emission rates would be seen in BTBR mice tested under clean

and soiled bedding conditions. Unexpectedly, however, the present findings show that

BTBR mouse pups display such a calming response and emit fewer isolation-induced

USV when tested under soiled as compared to clean bedding conditions, similar to B6

mouse pups. Yet, in contrast to B6 mouse pups, which emitted isolation-induced USV

with shorter call durations and lower levels of frequency modulation under soiled bedding

conditions, social odor context had no effect on acoustic call features in BTBR mouse

pups. This indicates that the BTBR mouse model for ASD does not display deficits in

detecting changes in social context, but has a limited ability and/or reduced motivation

to adjust to them.

Keywords: animal model, neurodevelopmental disorder, ultrasonic vocalization, ultrasonic communication,

maternal odor

Introduction

The BTBR T+tf/J (BTBR) inbred strain of mice is one of the most commonly used mouse models
for autism spectrum disorders (ASD). BTBR mice display behavioral phenotypes with relevance
to all diagnostic core symptoms of ASD, namely persistent deficits in reciprocal social interac-
tion and communication across multiple contexts, together with restricted, repetitive patterns
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of behavior, activities, and interests (DSM-5, 2013), as com-
pared to the social mouse strain C57BL/6J (B6; for review see:
Blanchard et al., 2012; Meyza et al., 2013; Careaga et al., 2015).

Specifically, BTBR mice display reduced reciprocal social
interaction behavior as juveniles (Yang et al., 2007b, 2009; McFar-
lane et al., 2008; Jones-Davis et al., 2013) and lack of socia-
bility as adults (Bolivar et al., 2007; Moy et al., 2007; Yang
et al., 2007a,b, 2009; McFarlane et al., 2008; Defensor et al.,
2011; Jones-Davis et al., 2013) in standard laboratory settings,
but also semi-natural environments (Pobbe et al., 2010), possi-
bly due to reduced social motivation (Pearson et al., 2012; Mar-
tin et al., 2014). For assessing communication deficits, ultrasonic
vocalizations (USV) are typically studied. As pups, BTBR mice
display an unusual pattern of USV categories, including high lev-
els of harmonics, two-syllable, and composite calls, but vocalize
more than B6 mice when being isolated from mother and litter-
mates (Scattoni et al., 2008). During adolescence, low emission
rates of pro-social USV were observed in BTBR mice, consistent
with their strongly reduced juvenile reciprocal social interaction
behavior (Scattoni et al., 2013). Likewise, during reciprocal social
interactions in adulthood also low emission rates of pro-social
USVwere obtained (Scattoni et al., 2011; Yang et al., 2013). More-
over, male BTBRmice do not emit USV to attract females and dis-
play reduced scent marking behavior in response to female urine
cues, in stark contrast to male B6mice (Wöhr et al., 2011b), while
scent marking behavior in response to male urine cues was found
to be unchanged (Roullet et al., 2011). Deficits in the social trans-
mission of food preferences were also reported (McFarlane et al.,
2008). Finally, BTBR mice show high levels of restricted, repet-
itive behavior, such as perseverative self-grooming and marble-
burying (McFarlane et al., 2008; Yang et al., 2009; Pobbe et al.,
2010; Pearson et al., 2011; Amodeo et al., 2012; Jones-Davis et al.,
2013; Molenhuis et al., 2014) or altered exploratory behavior in
the hole board task (Moy et al., 2008) and the repetitive novel
object contact task (Pearson et al., 2011). They were also reported
to display deficits in reversal learning in the Morris water maze
(Moy et al., 2007; Yang et al., 2012a) and a set-shifting task
(Molenhuis et al., 2014), yet conflicting results were obtained
in T-maze reversal learning and related tasks (Moy et al., 2007;
Amodeo et al., 2012; Guariglia and Chadman, 2013).

In addition, BTBR mice are characterized by alterations in
brain development andmorphology associated with ASD, includ-
ing a lack of the corpus callosum (Wahlsten et al., 2003; Kusek
et al., 2007; MacPherson et al., 2008; Jones-Davis et al., 2013),
altered functional connectivity networks (Dodero et al., 2013;
Ellegood et al., 2013, 2015; Miller et al., 2013; Gogolla et al., 2014;
Sforazzini et al., 2015), as well as reduced hippocampal neuroge-
nesis and changes in neurodevelopmental proteins (Stephenson
et al., 2011). BTBR mice further display ASD-related alterations
in neurotransmitter systems, including serotonin (Gould et al.,
2011, 2014; Zhang et al., 2014), dopamine (Squillace et al., 2014),
and acetylcholine (McTighe et al., 2013), as well as in neuro-
modulators, such as oxytocin (Silverman et al., 2010b) and endo-
cannabinoids (Liu et al., 2009; Onaivi et al., 2011; Gould et al.,
2014). Persistent immune dysregulation was also reported (Heo
et al., 2011; Onore et al., 2013; Schwartzer et al., 2013; Zhang
et al., 2013). Not surprisingly, the BTBR inbred strain of mice is

therefore a mouse model for ASD that is commonly used to test
new pharmacological compounds and strategies for their efficacy
in reversing ASD-related behavioral phenotypes, such as negative
allosteric modulation of the mGluR5 receptor (Silverman et al.,
2012), long-term exposure to intranasal oxytocin (Bales et al.,
2014), and others (Silverman et al., 2010a, 2013a,b; Burket et al.,
2013, 2014; Amodeo et al., 2014a,b; Han et al., 2014; Karvat and
Kimchi, 2014; Langley et al., 2015).

An important diagnostic criterion for social communication
deficits in ASD are difficulties in adjusting behavior to suit dif-
ferent social contexts (DSM-5, 2013). However, little is known
about whether the BTBR mouse model for ASD displays deficits
in detecting changes in social context and their ability to adjust to
them. Yet, the fact that the strain of the partner during reciprocal
social interactions was reported to have minimal effects on the
social behavioral repertoire displayed by BTBR mice is in stark
contrast to the changes that were observed in B6 mice (Yang
et al., 2012a) and suggests that BTBR mice have difficulties in
adjusting their behavior to different social contexts. Here, it was
tested therefore whether the emission of isolation-induced USV
in BTBR mouse pups is affected by the social odor context, in
comparison to the standard control strain with high sociability,
B6. It is known that the presence of odors from mothers and lit-
termates leads to a calming of the isolated mouse pup, and hence
to a reduction in isolation-induced USV emission (Branchi et al.,
1998; Marchlewska-Koj et al., 1999; Kapusta and Szentgyörgyi,
2004; Moles et al., 2004; Zanettini et al., 2010; for similar find-
ings in voles and rats see: Oswalt and Meier, 1975; Conely and
Bell, 1978; Kapusta et al., 1995; Szentgyörgyi et al., 2008; but see:
Lemasson et al., 2005). Highlighting the relevance of this calm-
ing response for behavioral phenotyping of mouse models for
ASD, it was further shown that µ-opioid deficient mice do not
display a reduction in isolation-induced USV emission rates in
the presence of odors from mothers and littermates (Moles et al.,
2004), consistent with a variety of other social and communi-
cation deficits displayed by this ASD mouse model (Tian et al.,
1997; Wöhr et al., 2011a; Cinque et al., 2012; Becker et al., 2014;
Gigliucci et al., 2014; for review see: Oddi et al., 2013).

In accordance with their behavioral phenotypes with relevance
to all diagnostic core symptoms of ASD, it was predicted that
BTBR mouse pups would not display a calming response when
tested under soiled bedding conditions with home cage bedding
material containing maternal odors, and that similar isolation-
induced USV emission rates would be seen in BTBR mice tested
under clean and soiled bedding conditions, while lower isolation-
induced USV emission rates would occur in B6 mice tested
under soiled bedding conditions as compared to clean bedding
conditions.

Materials and Methods

Animals and Housing
Subject mice were N = 30 BTBR T+tf/J (BTBR) and N =

30 C57BL/6J (B6) mice. Breeding pairs were purchased from
The Jackson Laboratory (Bar Harbor, ME, USA) and bred
at the National Institute of Mental Health in Bethesda, MD,
USA. About 2 weeks after pairing for breeding, females were
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individually housed and subsequently inspected daily for preg-
nancy and delivery. The day of birth was considered as postnatal
day (PND) 0. All mice were housed in polycarbonate Makrolon
cages (369 × 156 × 132mm, 435 cm2; 1145T; Tecniplast, Milan,
Italy). Bedding, paper strips, a nestlet square, and a cardboard
tube were provided in each cage. Standard rodent chow andwater
were available ad libitum. The colony room was maintained on
a 12:12 light/dark cycle with lights on at 06:00 h, at 20◦C tem-
perature and 55% humidity. All procedures were conducted in
strict compliance with the National Institutes of Health Guide-
lines for the Care and Use of Laboratory Animals and approved
by the National Institute of Mental Health Animal Care and Use
Committee.

Social Odor Context Manipulation
An experimental design with two independent factors was used
in order to study the effects of social odor context on isolation-
induced pup USV in a strain-dependent manner, namely strain
(BTBR vs. B6) and social odor context (clean bedding vs. soiled
bedding), with N = 15 per strain and social odor context. To
this aim, mouse pups from four different litters per strain (litter
size: BTBR: 7.50 ± 1.50; B6: 7.50 ± 1.26; typically with a male:
female ratio of approximately 50:50 in both strains) were tested
on PND8, using either clean bedding or soiled bedding from the
home cage. Random group assignment was used, with approxi-
mately 50% of pups per sex from a given litter being tested under
clean bedding or soiled bedding conditions, respectively. Pups
were tested only once to avoid carry over effects. Home cages used
to obtain soiled bedding material were not cleaned for at least 2
days prior testing in order to expose mouse pups to sufficiently
distinct odor stimuli.

Isolation-Induced USV—Recording
Pups were isolated from their mother and littermates on PND8
for 5min under room temperature (22–24◦C; humidity: 3–55%).
Pups were removed individually from the nest at random and
gently placed into an isolation container made of glass (10× 8×
7 cm; open surface), containing either clean bedding or soiled
bedding depending on experimental group. The isolation con-
tainer was surrounded by a sound attenuating box (18 × 18 ×

18 cm) made of Styrofoam (thickness of walls: 4 cm). USV emis-
sion was monitored by an UltraSoundGate Condenser Micro-
phone CM16 (Avisoft Bioacoustics, Berlin, Germany) placed in
the roof of the sound attenuating box, 10 cm above the floor.
The microphone was connected via an UltraSoundGate 116
USB audio device (Avisoft Bioacoustics) to a personal com-
puter, where acoustic data were recorded with a sampling rate
of 250,000Hz in 16 bit format by Avisoft RECORDER (version
2.97; Avisoft Bioacoustics). The microphone was sensitive to fre-
quencies of 15–180 kHz with a flat frequency response (±6 dB)
between 25 and 140 kHz. After the 5min isolation period, body
weight and body temperature were determined. Body weight
was measured using a palmscale (PS6-250; My Weigh Europe,
Hückelhoven, Germany). For body temperature determination
a DiGiSense Thermistor Thermometer (Thermo Fisher Scien-
tific Inc., Waltham, MA, USA) was used. Body temperature was
measured by gentle application of the thermal probe onto the

stomach of the mouse pup for 20 s. Isolation occurred between
8:00 and 12:00 h during the light phase of the 12:12 h light/dark
cycle. Prior to each test, behavioral equipment was cleaned using
a 70% ethanol solution, followed by water, and dried with paper
towels.

Isolation-Induced USV—Analysis
For acoustical analysis, recordings were transferred to Avisoft
SASLab Pro (version 4.50; Avisoft Bioacoustics) and a fast Fourier
transform was conducted (512 FFT length, 100% frame, Ham-
ming window, and 75% time window overlap), resulting in spec-
trograms with 488Hz of frequency resolution and 0.512ms of
time resolution. Detection of isolation-induced USV was pro-
vided by an automatic threshold-based algorithm (amplitude
threshold: −40 dB) and a hold-time mechanism (hold time:
10ms). Since no USV were detected below 30 kHz, a high-
pass filter of 30 kHz was used to reduce background noise out-
side the relevant frequency band to 0 dB. The accuracy of USV
detection by the software was verified manually by an expe-
rienced user. When necessary, missed USV were marked by
hand to be included in the automatic parameter analysis. Total
number of isolation-induced USV was calculated for the entire
5min recording session. Based on previous studies on isolation-
induced USV in mouse pups (Wöhr et al., 2008, 2011b; Kurz
et al., 2010; Yang et al., 2012b), the following additional param-
eters were included: latency to start calling, total calling time, call
duration, peak frequency, peak amplitude, and frequency modu-
lation. Peak frequency and peak amplitude were derived from the
average spectrum of the entire USV. Peak amplitude, i.e., loud-
ness, was defined as the point with the highest energy within the
spectrum. Peak frequency was defined as the frequency at the
location of the peak amplitude within the spectrum. The extent of
frequency modulation was defined as the difference between the
lowest and the highest peak frequency within each USV. In addi-
tion, USV subtypes were determined by means of density blots
(Wöhr, 2014), depicting call duration and frequency modulation.
Finally, to assess the temporal organization of isolation-induced
USV emission, sequential analyses were performed by correlating
the durations of given isolation-induced USV with the durations
of the previous ones (N-1), the ones two before (N-2), and the
ones three before (N-3), as described before (Wöhr, 2014).

Statistical Analysis
For statistical comparisons, Two-Way ANOVAs with the
between-subject factors strain (BTBR vs. B6) and social odor
context (clean bedding vs. soiled bedding) were calculated, fol-
lowed by unpaired t-tests when appropriate. Pearson’s prod-
uct moment statistics were used to run correlation analyses
between the durations of given isolation-induced USV with
the durations of the previous ones (N-1), the ones two before
(N-2), and the ones three before (N-3) in mouse pups that
emitted >3 isolation-induced USV. Paired t-tests were used
to compare correlation coefficients against chance level. Sex
had no effect on the emission of isolation-induced USV (all
p > 0.100). A p-value of < 0.050 was considered statistically
significant.
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Results

Effects of Social Odor Context on

Isolation-Induced USV in BTBR and B6 Mouse

Pups
Social odor context significantly affected the emission of
isolation-inducedUSV [main effect social odor context: F(1, 56) =
15.646, p < 0.001; Figure 1A], with emission rates significantly
differing between strains [main effect strain: F(1, 56) = 124.807,
p < 0.001; interaction social odor context × strain: F(1, 56) =

FIGURE 1 | Effects of social odor context on isolation-induced

ultrasonic vocalizations (USV) emitted by BTBR T+tf/J (left) and

C57BL/6J (right) mouse pups (N = 15 per strain and social odor

context). (A) Total number of isolation-induced USV [n] and (B) total calling

time in seconds [s] in BTBR T+tf/J and C57BL/6J mouse pups tested under

clean (black) and soiled (gray) bedding conditions. (C) Call duration in

milliseconds [ms], (D) peak frequency in kilohertz [kHz], (E) peak amplitude in

decibel [dB], and (F) frequency modulation in kilohertz [kHz] of

isolation-induced USV emitted by BTBR T+tf/J and C57BL/6J mouse pups

tested under clean (black) and soiled (gray) bedding conditions. Data are

presented as means ± standard errors of the mean. ⋆p < 0.050 for soiled

bedding vs. clean bedding; #p < 0.050 for BTBR T+tf/J vs. C57BL/6J mouse

pups.

0.001, p = 0.983; Figure 1A]. Specifically, both, BTBR and B6
mouse pups tested under home cage bedding conditions emitted
significantly fewer isolation-induced USV than littermates tested
under clean cage bedding conditions [t(28) = 2.939, p = 0.007
and t(28) = 2.664, p = 0.013; respectively]. In BTBR mouse
pups, a significant reduction in isolation-induced USV was seen
in the first 2min of testing [min 1–5: t(28) = 6.557, p < 0.001;
t(28) = 2.255, p = 0.032; t(28) = 0.605, p = 0.550; t(28) = 0.270,
p = 0.789; t(28) = 0.482, p = 0.633; respectively; Figure 2A],
whereas in B6 mouse pups significant reductions were seen in
the first 4min of testing [min 1–5; t(28) = 2.835, p = 0.008;
t(28) = 2.703, p = 0.012; t(28) = 2.638, p = 0.013; t(28) = 2.332,
p = 0.027; t(28) = 1.470, p = 0.153; respectively; Figure 2B]. As
expected, BTBRmouse pups emitted significantlymore isolation-
induced USV than B6 mouse pups under clean bedding condi-
tions [t(28) = 7.487, p < 0.001], and in line with the results
obtained under clean bedding conditions, BTBRmouse pups also
emitted significantly more isolation-induced USV than B6mouse
pups under soiled bedding conditions [t(28) = 8.385, p < 0.001].

Consistently, total calling time was significantly lower in
mouse pups tested in soiled bedding than in littermates tested in
clean bedding [main effect social odor context: F(1, 56) = 14.127,
p < 0.001; Figure 1B], with total calling times significantly dif-
fering between strains [main effect strain: F(1, 56) = 269.882, p <

0.001; interaction social odor context × strain: F(1, 56) = 2.536,
p = 0.117; Figure 1B]. Importantly, however, the reduction was
again seen in both, BTBR and B6 mouse pups [t(28) = 2.996,
p = 0.006 and t(28) = 2.408, p = 0.023; respectively], despite
total calling times being significantly higher in BTBR than in B6
mouse pups under clean and soiled bedding conditions [t(28) =
14.396, p < 0.001 and t(28) = 9.511, p < 0.001; respectively].
The reductions in isolation-induced USV emission rates and total
calling times seen in mouse pups tested in a soiled odor con-
text were not due to longer latencies to start calling [main effect
social odor context: F(1, 56) = 1.085, p = 0.302; not shown],
yet latencies to start calling differed significantly between strains
[main effect strain: F(1, 56) = 9.654, p = 0.003; interaction social

FIGURE 2 | Effects of social odor context on isolation-induced

ultrasonic vocalizations (USV) emitted by BTBR T+tf/J (left) and

C57BL/6J (right) mouse pups (N = 15 per strain and social odor

context)—Time course. Number of isolation-induced USV [n] in (A) BTBR

T+tf/J and (B) C57BL/6J mouse pups tested under clean (black) and soiled

(gray) bedding conditions per minute [min]. Data are presented as means ±

standard errors of the mean. ⋆p < 0.050 for soiled bedding vs. clean bedding.
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odor context × strain: F(1, 56) = 0.061, p = 0.805; not shown].
Specifically, the latency to start calling was significantly reduced
in BTBRmouse pups as compared to B6 mouse pups under both,
clean and soiled bedding conditions [t(28) = 2.110, p = 0.044
and t(28) = 2.281, p = 0.030; respectively], consistent with an
overall higher level of isolation-induced USV emission in BTBR
mouse pups.

Importantly, two out of four acoustic call features determined
were also significantly affected by social odor context, namely
mean call duration [main effect social odor context: F(1, 54) =

8.937, p = 0.004; Figure 1C] and frequency modulation [main
effect social odor context: F(1, 54) = 6.927, p = 0.011; Figure 1F],
with both of them also significantly differing between strains
[main effect strain: F(1, 54) = 349.882, p < 0.001 and F(1, 54) =
175.969, p < 0.001; respectively; interaction social odor context
× strain: F(1, 54) = 2.817, p = 0.099 and F(1, 54) = 1.221, p =

0.274; respectively; Figures 1C,F]. Interestingly, however, when
comparing BTBR mouse pups tested in the two social odor con-
texts, there were no significant differences in mean call duration
[t(28) = 1.152, p = 0.259] and frequency modulation [t(28) =

1.116, p = 0.274]. In contrast to BTBR mouse pups, mean call
duration was affected by social odor context in B6 mouse pups,
which emitted significantly shorter isolation-induced USV when
tested in soiled bedding than littermates tested in clean bedding
[t(26) = 2.789, p = 0.010]. Furthermore, frequency modula-
tion was affected by social odor context, with B6 mouse pups
tested in soiled bedding emitting significantly less frequency-
modulated isolation-inducedUSV than littermates tested in clean
bedding [t(26) = 2.556, p = 0.017], again in contrast to BTBR
mouse pups. Under both, clean and soiled bedding conditions,
isolation-induced USV emitted by BTBR mouse pups were sig-
nificantly longer [t(28) = 12.464, p < 0.001 and t(28) = 9.511,
p < 0.001; respectively] and higher in frequency modulation
[t(28) = 12.373, p < 0.001 and t(28) = 10.964, p < 0.001; respec-
tively] when compared to isolation-induced USV emitted by B6
mouse pups.

Finally, however, the two other acoustic call features deter-
mined were not significantly affected by social odor context,
namely peak frequency [main effect social odor context: F(1, 54) =
2.324, p = 0.133; Figure 1D] and peak amplitude [main effect
social odor context: F(1, 54) = 0.130, p = 0.719; Figure 1E],
yet significant differences between strains were detected for both
measures [main effect strain: F(1, 54) = 070.351, p < 0.001
and F(1, 54) = 228.079, p < 0.001; respectively; interaction
social odor context × strain: F(1, 54) = 0.123, p = 0.727 and
F(1, 54) = 3.329, p = 0.074; respectively; Figures 1D,E]. Specifi-
cally, under both, clean and soiled bedding conditions, isolation-
induced USV emitted by BTBR mouse pups were significantly
lower in peak frequency [t(28) = 8.050, p < 0.001 and t(28) =

5.172, p < 0.001; respectively], but higher in peak amplitude
[t(28) = 12.373, p < 0.001 and t(28) = 9.101, p < 0.001; respec-
tively] when compared to isolation-induced USV emitted by B6
mouse pups.

Of note, body weight and temperature did not differ signifi-
cantly between the two social odor contexts [main effect social
odor context: F(1, 56) = 0.066, p = 0.797 and F(1, 56) = 0.003,
p = 0.954; respectively; not shown], yet significant differences

between strains were detected for both measures [main effect
strain: F(1,56) = 40.815, p < 0.001 and F(1, 56) = 6.110,
p = 0.017; respectively; interaction social odor context × strain:
F(1, 56) = 0.007, p = 0.932 and F(1, 56) = 0.001, p = 0.995;
respectively; not shown]. Specifically, as expected, body weight
was significantly higher in BTBR than in B6 mouse pups under
clean and soiled bedding conditions [t(28) = 4.053, p < 0.001
and t(28) = 5.147, p < 0.001; respectively]. Yet, when comparing
strains tested either in clean or soiled bedding, no significant dif-
ferences in body temperature were detected, but BTBR tended to
have higher body temperatures than B6 [t(28) = 1.748, p = 0.091
and t(28) = 1.748, p = 0.091; respectively].

Detailed Spectrographic Analysis—Call

Clustering and Temporal Organization in BTBR

and B6 Mouse Pups
A more detailed analysis was performed to identify clusters of
isolation-induced USV emitted by BTBR and B6 mouse pups
under clean and soiled bedding conditions by means of density
plots. For generating density plots, the two acoustic call fea-
tures most strongly affected by social odor context were used,
namely call duration and frequency modulation. In BTBR mouse
pups tested under clean bedding conditions, four prominent call
clusters were detected. One cluster was characterized by short
call durations (<10ms) and low levels of frequency modulation
(<10 kHz). The other three clusters were characterized by long
call durations (30–90ms), with varying levels of frequency mod-
ulation, namely low (<20 kHz), moderate (30–40 kHz), and high
(40–70 kHz; Figure 3A). Consistent with the lack of significant
differences between clean and soiled bedding conditions in mean
call duration and frequency modulation in BTBR mouse pups,
the social odor context had only minor effects on call cluster-
ing, with the call clusters characterized by long call durations
(30–90ms) and low (<20 kHz) or moderate (30–40 kHz) lev-
els of frequency modulation being more prominent (Figure 3B).
While there were only minor social odor context effects on call
clustering in BTBR mouse pups, call clustering markedly dif-
fered between BTBR and B6 mouse pups. Whereas in BTBR four
prominent call clusters were detected, only two prominent call
clusters were detected in B6 mouse pups. One cluster was char-
acterized by short call durations (<40ms) and low levels of fre-
quency modulation (<30 kHz) and therefore broader than the
corresponding call cluster in BTBR mouse pups. The second one
was characterized by comparably long call durations (30–70ms)
and moderate levels of frequency modulation (40–50 kHz), and
thus possibly corresponding to the call cluster in BTBR that
was characterized by long call durations (30–90ms) and moder-
ate frequency modulation (30–40 kHz; Figure 3C). In B6 mouse
pups, social odor context affected call clustering, with the second
call cluster characterized by comparably long call durations (30–
70ms) andmoderate levels of frequencymodulation (40–50 kHz)
being less prominent and coherent under soiled bedding con-
ditions, in line with the overall reduced mean call duration and
frequency modulation (Figure 3D).

An additional sequential analysis of the durations of sub-
sequent isolation-induced USV finally indicated that the call
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FIGURE 3 | Distribution of individual isolation-induced ultrasonic

vocalizations (USV) in BTBR T+tf/J (upper panel) and C57BL/6J (lower

panel) mouse pups (N = 15 per strain and social odor context). Density

plots depicting the distribution of individual isolation-induced USV depending

on call duration in milliseconds [ms] and frequency modulation in kilohertz [kHz]

in BTBR T+tf/J mouse pups tested under (A) clean and (B) soiled bedding

conditions and in C57BL/6J mouse pups tested under (C) clean and (D)

soiled bedding conditions. Color coding reflects frequencies as percentages.

emission pattern is not random in BTBR mouse pups tested
under both, clean and soiled, bedding conditions, since the dura-
tions of given isolation-induced USV could be predicted by the
durations of the previous ones [N–1; clean bedding: t(14) =

15.248, p < 0.001; soiled bedding: t(14) = 12.774, p < 0.001],
by the ones two before [N–2; clean bedding: t(14) = 10.497,
p < 0.001; soiled bedding: t(14) = 8.022, p < 0.001], and by the
ones three before [N–3; clean bedding: t(14) = 6.353, p < 0.001;
soiled bedding: t(14) = 7.313, p < 0.001; Figure 4A]. Evidence
for such a non-random call emission pattern was also obtained
in B6 mouse pups, again, under both, clean and soiled, bedding
conditions [N–1; clean bedding: t(13) = 6.255, p < 0.001; soiled
bedding: t(12) = 5.647, p < 0.001; N–2; clean bedding: t(13) =

3.970, p = 0.002; soiled bedding: t(12) = 3.187, p = 0.008;
N–3; clean bedding: t(13) = 3.992, p = 0.002; soiled bedding:
t(12) = 1.479, p = 0.165; Figure 4B]. Correlation coefficients
did not differ between BTBR and B6 or between clean and soiled
bedding conditions (all p > 0.100).

Discussion

An important diagnostic criterion for social communication
deficits in ASD are difficulties in adjusting behavior to suit dif-
ferent social contexts (DSM-5, 2013). In experimental studies
assessing social context effects on social behavior, for instance,
individuals with ASD display insensitivity to social reputation as
assessed by the occurrence of charitable donations in the presence

FIGURE 4 | Sequential analysis of the durations of subsequent

isolation-induced ultrasonic vocalizations (USV) indicating

non-random call emission patterns in BTBR T+tf/J (upper panel) and

C57BL/6J (lower panel) mouse pups (N = 15 per strain and social odor

context). Correlations between the call durations of given isolation-induced

USV and the call durations of the previous ones (N–1), the call durations of the

ones two before (N–2), or the call durations of the ones three before (N–3) for

(A) BTBR T+tf/J and (B) C57BL/6J mouse pups tested under clean (black

circles) and soiled (gray circles) bedding conditions. Each circle represents one

mouse pup that emitted >3 isolation-induced USV. The solid line represents

the mean per condition.

or absence of an observer (Izuma et al., 2011; Cage et al., 2013)
or flattery behavior following rating of pictures depending on the
drawer’s presence (Chevallier et al., 2012b). Individuals with ASD
further show resistance to social pressure in the Asch conformity
experiment (Bowler and Worley, 1994; Yafai et al., 2014), more
fixed strategies disregarding the partner’s beliefs in a social hunt-
ing game (Yoshida et al., 2010) or trustworthiness in an economic
trust game (Ewing et al., 2015), and lack of social gaze influ-
ences on motor action control (Schilbach et al., 2012). Also, in a
study focusing on social communication, individuals with ASD
were found to use attention-directing behavior less frequently
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than controls and their behavior varied less across social con-
texts (Landry and Loveland, 1989). Together, these experimen-
tal findings echo anecdotal reports of parents emphasizing that
individuals with ASD seem only mildly influenced by considera-
tions of impression management (for review see: Chevallier et al.,
2012a). Finally, social context appears to have opposite effects
on the occurrence of repetitive patterns of behavior in healthy
human subjects and individuals with ASD. While in healthy
human subjects repetitive behavior is inhibited in social situa-
tions (Asendorpf, 1980), studies in individuals with ASD indicate
that repetitive behavior is unchanged or even increased when
exposed to a social context (Baron-Cohen, 1989; Carruthers,
1996).

Considering the diagnostic criteria for ASD and the exper-
imental findings obtained in human ASD studies, surprisingly
little is known about difficulties in adjusting behavior to suit dif-
ferent social contexts in mouse models for ASD (Wöhr and Scat-
toni, 2013). Even in the BTBR mouse model for ASD, which is
one of the most commonly used mouse models (for review see:
Blanchard et al., 2012; Meyza et al., 2013; Careaga et al., 2015),
no study explicitly addressed this issue so far. The present find-
ings show for the first time that BTBR mouse pups adjust their
emission of isolation-induced USV to different social contexts.
Specifically, they displayed a calming response and emitted fewer
isolation-induced USV when tested under soiled bedding con-
ditions with home cage bedding material containing maternal
odors as compared to clean bedding conditions, similar to B6
mouse pups.

This is in contrast to what was expected, considering that
BTBR mice display behavioral phenotypes with relevance to all
diagnostic core symptoms of ASD (for review see: Blanchard
et al., 2012; Meyza et al., 2013; Careaga et al., 2015). The present
findings are further in contrast to a study by Yang et al. (2012a)
who reported that the strain of the partner during reciprocal
social interactions has minimal effects on the social behavioral
repertoire displayed by BTBR mice, suggesting that adult BTBR
mice have difficulties in adjusting their behavior to different social
contexts.

The fact that emission of isolation-induced USV is affected
by social context in BTBR mouse pups might be viewed as
a challenge for the BTBR inbred strain of mice as a mouse
model for ASD. However, it has to be emphasized that very lit-
tle evidence is available up to now supporting the notion that
the inhibition of isolation-induced USV caused by the pres-
ence of odors from mothers and littermates allows the reli-
able assessment of ASD-relevant behavioral alterations in mouse
pups. Probably the strongest finding in support of such a notion
was reported by Moles et al. (2004). They showed that µ-
opioid deficient mice do not display a reduction in isolation-
induced USV emission rates when tested under social odor
conditions, whereas in wildtype controls a clear reduction was
evident. The lack of a calming response in µ-opioid deficient
mice is consistent with a variety of other social and commu-
nication deficits displayed by this ASD mouse model (Tian
et al., 1997; Wöhr et al., 2011a; Cinque et al., 2012; Becker
et al., 2014; Gigliucci et al., 2014; for review see: Oddi et al.,
2013).

It has further to be emphasized that also little is known about
the general mechanisms underlying the inhibition of isolation-
induced USV caused by the presence of odors from mothers and
littermates in mouse pups. In a pioneering study by Branchi et al.
(1998), comparing three different social odor contexts, namely
clean bedding material, bedding material from the home cage,
and bedding material from a male cage, CD-1 mice tended to
vocalize less in the latter two social odor contexts. In similar stud-
ies by Marchlewska-Koj et al. (1999) and Kapusta and Szentgyör-
gyi (2004), CBA mouse pups emitted shorter isolation-induced
USV when tested under home cage bedding conditions as com-
pared to clean bedding conditions, while isolation-induced USV
emission rates and peak frequency were not affected. Finally,
Lemasson et al. (2005) reported no effect of home cage odor on
isolation-induced USV emission rates in B6 mice. In comparison
to most available studies, the inhibition reported in the present
study appears therefore to be comparatively strong, which is
particularly surprising in case of the BTBR mouse model for
ASD. One of the possible reasons for the comparatively strong
odor effects is that isolation-induced USV were recorded for
5min, whereas relatively short recording durations were used
in most other studies (Branchi et al., 1998; Marchlewska-Koj
et al., 1999; Kapusta and Szentgyörgyi, 2004; Lemasson et al.,
2005). However, the detailed time course analysis speaks against
this idea, as the inhibition of isolation-induced USV in mouse
pups tested under soiled bedding conditions was most promi-
nent in the first few minutes of testing, particularly in BTBR
mouse pups.

While BTBR mouse pups unexpectedly displayed a calm-
ing response and emitted fewer isolation-induced USV when
tested under soiled as compared to clean bedding condi-
tions, social odor context had no effect on acoustic call fea-
tures, such as call duration, peak frequency, peak ampli-
tude, and frequency modulation, in BTBR mouse pups.
This is in stark contrast to what was seen in B6 mouse
pups, which emitted isolation-induced USV with shorter call
durations and lower levels of frequency modulation under
soiled bedding conditions as compared to clean bedding
conditions.

At least three possible mechanisms for the reduced adjustment
to different social contexts in BTBR mouse pups can be consid-
ered. Firstly, the fact that social odor context had no effect on
acoustic call features in BTBRmouse pups could be due to deficits
in detecting changes in the social context caused by olfactory
impairments. However, BTBR mice displayed normal olfactory
abilities, both in non-social test paradigms, such as the buried
food task (Moy et al., 2007), as well as in social ones, like the
preference for social novelty task (Moy et al., 2007; McFarlane
et al., 2008). Consistently, olfactory habituation/dishabituation
in response to a sequence of non-social and social odors was
evident in BTBR mice, yet it was clearly less prominent than
in B6 mice (Yang et al., 2012a). It was further reported that
exploratory behavior displayed by BTBR mice in the hole board
task can be altered by presenting soiled bedding (Moy et al.,
2008). Moreover, in a recent study on female-induced USV and
scent marking behavior in adult male mice, both, BTBR and B6
males, spent a similar amount of time in proximity to a salient
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olfactory social cue, a spot of female urine, indicating that female
urine evoked similar levels of interest in BTBR and B6 males
(Wöhr et al., 2011b). Also in pups evidence for intact social olfac-
tory abilities was provided. Specifically, in the homing test, in
which mouse pups are exposed to clean bedding on one side
and soiled bedding from the home cage on the other, it took
BTBR mouse pups less time to reach the side containing the
soiled bedding than B6 mouse pups, yet the finding is difficult to
interpret due to an overall increased level of locomotor activity
in BTBR mouse pups (Scattoni et al., 2008). Finally, the present
results show that both, BTBR and B6mouse pups, display a calm-
ing response and emit fewer isolation-induced USV when tested
under soiled as compared to clean bedding conditions. Together,
this supports the interpretation that BTBR mice are able to pro-
cess social olfactory cues, both in infancy and adulthood, indicat-
ing that the observed deficit in behavioral adjustment to differ-
ent social contexts in BTBR mouse pups is not due to olfactory
impairments.

Secondly, a limited ability to adjust to different social con-
texts could be the reason for the fact that social odor context
had no effect on acoustic call features in BTBR mouse pups. The
unusual repertoire of USV categories seen in BTBR mouse pups,
including high levels of harmonics, two-syllable, and composite
calls (Scattoni et al., 2008), possibly speaks for a limited ability
of BTBR mouse pups to modulate the acoustic call features of
isolation-induced USV, yet the richness of USV subtypes (Scat-
toni et al., 2008) and call clusters in the present study speaks
against it.

Thirdly, a reduced motivation to adjust to different social
contexts could also be the reason and on the basis of the data
available it is currently not possible to differentiate between the
two possible mechanisms. In support of the latter mechanism
it was shown that BTBR mice are characterized by a reduction
in social motivation (Pearson et al., 2012; Martin et al., 2014).
Specifically, Pearson et al. (2012) found no evidence for social
conditioned place preference in BTBR but in B6 mice. Like-
wise, Martin et al. (2014) reported that BTBR mice had lower
breaking points than B6 mice when lever pressing for a social
reward, namely access to a conspecific. Yet, it has to be men-
tioned that breaking points for food reward were also lower
in BTBR, questioning the specificity of the motivational deficit
for the social domain. Finally, it has to be emphasized that a
reduced motivation to adjust to different social context could
also be due to altered levels of anxiety, with anxiety levels being
possibly elevated in BTBR mice (Benno et al., 2009; Frye and
Llaneza, 2010; Pobbe et al., 2011; Gould et al., 2014; Langley et al.,
2015).

In line with the findings obtained by Scattoni et al. (2008)
and Schwartzer et al. (2013), BTBR mouse pups emitted more
isolation-induced USV than B6 mouse pups in the present study.
It is currently unclear what is causing this strain difference in
isolation-induced USV emission rates. It is tempting to spec-
ulate that the strain effect is due to the marked difference in
body weight and/or size between BTBR and B6. Yet, Scattoni
et al. (2008) showed that FVB/NJ mouse pups vocalized almost
as little as B6 mouse pups, despite being close to BTBR mouse

pups in body weight. What also appears possible is that the
strain effect is caused by a difference in anxiety-related behavior.
Isolation-induced USV have been repeatedly associated with anx-
iety in various behavioral studies (for review see: Schwarting
and Wöhr, 2012). For instance, mice selectively bred for high
anxiety-related behavior on the elevated plus maze emit more
isolation-induced USV as pups than mice selectively bred for
low anxiety levels (Krömer et al., 2005; Frank et al., 2009); a
finding confirmed and extended by Kessler et al. (2011) who
showed that this difference is not affected by cross-fostering and
thus likely reflects a line-dependent change in innate anxiety.
Also pharmacological studies support this view (for review see:
Miczek et al., 1995). For instance, anxiolytic benzodiazepines and
other positive modulators of GABA receptors inhibit isolation-
induced USV in mouse pups (Benton and Nastiti, 1988; Nastiti
et al., 1991; Cirulli et al., 1994; Fish et al., 2000; Takahashi et al.,
2009). High levels of isolation-induced USV in BTBR mouse
pups could hence reflect higher responses to stress or higher lev-
els of anxiety-like traits. In fact, Schwartzer et al. (2013) found
that the already high isolation-induced USV emission rates in
BTBR mouse pups can be further enhanced by Poly I:C expo-
sure during pregnancy, mimicking a viral infection and known to
increase anxiety-related behavior in adulthood, including higher
emission rates of fear-induced USV (Yee et al., 2012). Recently,
Langley et al. (2015) further reported increased anxiety-related
behavior in juvenile BTBR mice in the elevated plus maze. More-
over, Pobbe et al. (2011) described more defensiveness to ani-
mate threat stimuli, such as a predator, and an inconsistent
response pattern in elevated plus maze and zero maze in adult
BTBR mice. Most studies, however, did not report an anxiety-
like phenotype in adult BTBR mice in standard tasks, includ-
ing elevated plus-maze, zero maze, and light-dark box (Moy
et al., 2007; McFarlane et al., 2008; Benno et al., 2009; Yang
et al., 2009; Silverman et al., 2010b; Chadman, 2011; Molen-
huis et al., 2014). Also, significantly higher plasma corticos-
terone levels and exaggerated responses to stress were repeatedly
reported in juvenile and adult BTBR mice (Benno et al., 2009;
Frye and Llaneza, 2010; Gould et al., 2014), yet no evidence for
an abnormal stress response was detected by Silverman et al.
(2010b) in adulthood. Thus, it is not clear whether high levels
of isolation-induced USV in BTBR mouse pups reflect higher
responses to stress or higher levels of anxiety-like traits and
future studies on anxiety-related behavior in infant and juvenile
BTBR mice appear indicated. Finally, it is also not clear whether
strain differences in anxiety-like behavior and the production
of isolation-induced USV are due to differences in maternal
behavior. Yang et al. (2007b) reported typical maternal caregiving
behavior in BTBR females and no major changes in the behav-
ioral repertoire of BTBR offspring were seen following cross-
fostering to B6 females. However, when BTBR embryos were
transferred to B6 females, significant improvements in social
and repetitive behavior were observed, yet anxiety-like behavior
and isolation-induced USV were not assessed and it is unclear
whether the observed changes are due to differences in the
maternal immune environment or social factors (Zhang et al.,
2013).
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It is further in line with the findings obtained by Scat-
toni et al. (2008) that the isolation-induced USV emitted by
BTBR mouse pups were longer in call duration, lower in peak
frequency, but higher in peak amplitude than the ones emit-
ted by B6 mouse pups. The higher level of frequency modu-
lation of isolation-induced USV emitted by BTBR muse pups
observed in the present study is probably reflecting the larger
proportion of harmonics, two-syllable, and composite calls, as
reported by Scattoni et al. (2008) before. The present find-
ings show that these strain differences are robust and reliably
detectable in two different social odor contexts, namely clean
and soiled bedding conditions. Such strain differences might
again be due to differences in body weight and/or size, but
also related characteristics, including the length of their vocal
cords.

The present study further identified clusters of isolation-
induced USV emitted by BTBR and B6 mouse pups under clean
and soiled bedding conditions bymeans of density plots. In BTBR
mouse pups, four prominent call clusters were detected, virtually
independent from social odor context, further highlighting their
limited ability and/or reduced motivation to adjust to different
social contexts. One cluster was characterized by short call dura-
tions and low levels of frequency modulation. The other three
clusters were characterized by long call durations, with varying
levels of frequency modulation, namely low, moderate, and high.
Therefore, by means of the quantitative approach applied here,
no clear evidence for the existence of 10 distinct USV subtypes
as reported by Scattoni et al. (2008) was obtained. However, it
has to be emphasized that the 10 USV subtypes differentiated by
Scattoni et al. (2008) were identified by means of visual anal-
yses of waveform patterns; a strategy that allows to take vari-
ous different call features into account, while the quantitative
approach applied here is based on two factors only, namely call
duration and frequency modulation. Yet, despite the different
approach and the difference in USV subtypes/clusters, remark-
able consistencies were obtained. For instance, Scattoni et al.
(2008) reported that USV subtypes characterized by a high level
of frequency-modulation, such as harmonics, two-syllable, and
frequency step calls, are longer in duration than less frequency-
modulated USV subtypes. This is perfectly in line with the
present findings obtained by means of density plots. Future stud-
ies are needed to test whether certain USV subtypes reported
by Scattoni et al. (2008) are exclusively present in specific call
clusters.

Call clustering markedly differed between BTBR and B6
mouse pups. While in BTBR four prominent call clusters were
detected, only two prominent call clusters were detected in B6
mouse pups. One cluster was characterized by short call dura-
tions and low levels of frequency modulation, whereas the sec-
ond one was characterized by comparably long call durations
and moderate levels of frequency modulation. Interestingly, in
B6 mouse pups, social odor context affected call clustering, with
the second call cluster characterized by comparably long call
durations and moderate levels of frequency modulation being
less prominent and coherent, in line with the overall reduced

mean call duration and frequency modulation. Shorter call dura-
tions in mouse pups tested in soiled bedding were reported
before (Marchlewska-Koj et al., 1999; Kapusta and Szentgyörgyi,
2004).

Finally, an additional sequential analysis of the durations
of subsequent isolation-induced USV indicated that the USV
emission pattern is not random in BTBR mouse pups tested
under both, clean and soiled bedding conditions, and that the
temporal pattern does not differ significantly from the one
obtained in B6 mouse pups. Specifically, in both, BTBR and
B6 mouse pups, the durations of given isolation-induced USV
could be predicted by the durations of the previous ones. Con-
sidering the unusual pattern of USV categories displayed by
BTBR mouse pups (Scattoni et al., 2008), it might seem surpris-
ing that the temporal organization as assessed here appears to
be unaltered in the BTBR mouse model for ASD, particularly
because a distorted sequential organization was recently reported
in a genetic mouse model for ASD, the Shank1 deficient mouse
(Wöhr, 2014). Shank1 deficient mice display a variety of behav-
ioral alterations with relevance to ASD (Hung et al., 2008; Silver-
man et al., 2011;Wöhr et al., 2011b; Sungur et al., 2014; for a USV
emission pattern analysis in Shank2 deficient mice see: Ey et al.,
2013).

Conclusion

In accordance with their behavioral phenotypes with relevance
to all diagnostic core symptoms of ASD, it was predicted that
BTBR mouse pups would not display a calming response when
tested under soiled bedding conditions with home cage bedding
material containing maternal odors, and that similar isolation-
induced USV emission rates would be seen in BTBR mice tested
under clean and soiled bedding conditions. Unexpectedly, how-
ever, the present findings show that BTBR mouse pups display
such a calming response and emit fewer isolation-induced USV
when tested under soiled as compared to clean bedding condi-
tions, similar to B6 mouse pups. Yet, in contrast to B6 mouse
pups, which emitted isolation-induced USV with shorter call
durations and lower levels of frequency modulation under soiled
bedding conditions, social odor context had no effect on acous-
tic call features in BTBR mouse pups. This indicates that the
BTBRmousemodel for ASD does not display deficits in detecting
changes in social context, but has a limited ability and/or reduced
motivation to adjust to them.
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In social mammals, the presence of an affiliative conspecific reduces stress responses,

a phenomenon referred to as “social buffering.” In a previous study, we found that

the presence of a conspecific animal ameliorated a variety of stress responses to

an aversive conditioned stimulus (CS), including freezing and Fos expression in the

lateral amygdala (LA) of male rats. Although these findings suggest that the presence

of a conspecific animal suppresses neural activity in the LA, direct neurophysiological

evidence of suppressed activity in the LA during social buffering is still lacking. In the

present study, we analyzed freezing behavior and local field potentials in the LA of

fear-conditioned rats in response to the CS, in the presence or absence of a conspecific.

After auditory aversive conditioning, the CS was presented to the conditioned rats in

the presence or absence of a conspecific animal, on 2 successive days. The presence

of a conspecific animal significantly decreased the mean peak amplitudes of auditory

evoked field potentials, gamma oscillations (25–75Hz) and high frequency oscillations

(100–300Hz) in the LA. Furthermore, magnitudes of these neural responses positively

correlated with freezing duration of the fear-conditioned rats. The results provide the first

electrophysiological evidence that social buffering suppresses CS-induced activation in

the LA, which consequently reduces conditioned fear responses.

Keywords: social buffering, gamma oscillation, high frequency oscillation, lateral amygdala, male rat

Introduction

In social mammals, the presence of an affiliative conspecific reduces stress responses induced by
a variety of stimuli. For example, the presence of an accompanying conspecific, or cues associated
with a conspecific, reduces stress responses to a loud noise in rats (Taylor, 1981), and to a novel
environment in rats (Latane, 1969; Terranova et al., 1999; Wilson, 2000; Kiyokawa et al., 2014b),
sheep (da Costa et al., 2004), cows (Boissy and Le Neindre, 1990), and monkeys (Winslow et al.,
2003). In addition, it ameliorates stress responses to a predator or predator-associated cues in rats
(Bowen et al., 2013) and monkeys (Vogt et al., 1981). This phenomenon is called “social buffering”
(Hennessy et al., 2009).
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Social buffering phenomena have also been reported in experi-
mental models using the fear-conditioning paradigm (Davitz and
Mason, 1955; Stanton et al., 1985). After receiving simultaneous
presentation of a conditioned stimulus (CS) and foot shock dur-
ing the conditioning phase, the animal shows stress responses to
the CS alone during a testing phase. We have previously reported
that a variety of stress responses in adult male rats, including
freezing behavior to an auditory CS, were reduced by the presence
of another adult male rat (Kiyokawa et al., 2007, 2014a), suggest-
ing that social buffering mitigates the conditioned fear response.
This social buffering seems not to be induced by heterospecifics
because the presence of a male guinea pig did not suppress stress
responses in male rats (Kiyokawa et al., 2009). Because these
effects persisted even if the dyad were separated by two wire
mesh screens (Kiyokawa et al., 2009), the subject rat supposedly
received non-somatosensory signals from the accompanying rat.
On exploring this further, we found that when the main olfactory
epithelium (MOE) of the subject rat was lesioned beforehand, the
subject rat showed stress responses even if it was accompanied by
a conspecific (Kiyokawa et al., 2009). In addition, the presence
of olfactory signals alone induced social buffering of conditioned
fear responses (Takahashi et al., 2013; Kiyokawa et al., 2014b).
This evidence suggests that olfactory signals detected by theMOE
play an important role in social buffering of conditioned fear
responses.

In parallel with these studies, we investigated the neural mech-
anism underlying social buffering of conditioned fear responses.
Because anatomical evidence indicates that all signals detected at
the MOE are sent to the main olfactory bulb (Mombaerts et al.,
1996), this would presumably also be true for olfactory signals
responsible for social buffering. Indeed, anatomical and lesion
studies have revealed that the signals responsible for social buffer-
ing are transmitted to the posteromedial region of the olfactory
peduncle (pmOP) (Kiyokawa et al., 2012). Because activation of
the lateral amygdala (LA) plays pivotal roles in aversive con-
ditioning (Nishijo et al., 1988; LeDoux et al., 1990; Ono et al.,
1995; LeDoux, 2000), we hypothesized that the olfactory sig-
nals responsible for social buffering suppress LA activation dur-
ing social buffering of conditioned fear responses. Although our
previous studies have found that the pmOP and amygdala are
anatomically and functionally connected (Kiyokawa et al., 2012)
and that social buffering suppresses Fos expression in the LA
(Kiyokawa et al., 2007, 2014b; Takahashi et al., 2013), direct elec-
trophysiological evidence that supports this hypothesis is lacking.
It is noted that Fos expression could be induced without neuronal
depolarization (e.g., Numan, 2014).

To test this hypothesis, we directly observed neuronal activ-
ity in the LA using neurophysiology. Briefly, fear-conditioned
subjects were exposed to the CS either alone or with a conspe-
cific rat separated by two wire mesh screens. Fear conditioning
has been reported to enhance auditory evoked field potentials
(AEFPs) in the LA (Rogan and LeDoux, 1995; Rogan et al., 1997).
In addition, previous studies have reported that fear conditioning
enhances neuronal responses to CS in the LA (Nishijo et al., 1988;
Muramoto et al., 1993; Quirk et al., 1995; Repa et al., 2001), and
that the power of gamma and high frequency (HF) oscillations of
the local field potentials correlates with local neuronal activities

(Ray and Maunsell, 2011; Buzsáki and Wang, 2012; Buzsáki and
Silva, 2012). Based on these findings, we analyzed AEFPs, and
power of gamma and HF oscillations of the local field potentials
in the LA of rats in the presence or absence of a conspecific rat.

Materials and Methods

Animals
Forty-four experimentally naïve male Wistar rats (aged 6–7
weeks) were used (Charles River Laboratories, Kanagawa, Japan).
The rats were initially housed two animals per cage, in an ambi-
ent temperature of 23 ± 1◦C and under a 12-h light/12-h dark
cycle (lights switched on at 07:00). Food and water were avail-
able ad libitum. The rats were assigned to two groups, either the
subjects (n = 22) or conspecifics (n = 22) that received no fear-
conditioning and were only exposed to the CS during the testing
phase. Five days after their arrival, rats were housed individually.
All rats were handled for 5min per day for 3 days prior to testing
in order to minimize the effects of inevitable handling during the
experiments. All rats were treated in strict compliance with the
United States Public Health Service Policy on Humane Care and
Use of Laboratory Animals, National Institutes of Health Guide
for the Care and Use of Laboratory Animals, and Guidelines
for the Care and Use of Laboratory Animals at the University
of Toyama. All experimental procedures were approved by our
institutional committee for experimental animal ethics.

Surgery
Five days after their arrival, that is, 7 days before condition-
ing, each subject was anesthetized with sodium pentobarbital
(40mg/kg, i.p.). Then, an electrode assembly was implanted uni-
laterally (right side n = 9) or bilaterally (n = 13) aiming at the
LA (2.9mm caudal from the bregma, 4.3–5.3mm lateral from
the midline, and 6.1–6.8mm below the brain surface) based on
the brain atlas of Paxinos and Watson (2006). Each electrode
assembly was composed of four tetrodes and a microdrive. Each
tetrode comprised four tungsten microwires (20µm in diame-
ter; California FineWire, Grover Beach, CA), which were encased
in stainless steel tubes (30 gauge; Hakko, Osaka, Japan). The tip
impedance was around 200 k� at 1 kHz.

Fear Conditioning
Fear conditioning was performed in an illuminated room
between 09:00 and 13:00, and has been described in our previous
studies (Kiyokawa et al., 2009, 2012, 2013). During condition-
ing, each subject was placed in an acrylic conditioning box with a
punctured ceiling andmetal grid floor [28×20× 20 (height) cm]
for 20min, where seven repetitions of a 3-s tone (800Hz, 85 dB)
that terminated concurrently with a foot shock (0.5 s, 0.8mA)
were presented. The intertrial interval randomly varied between
30 and 180 s. After the conditioning, the subject was returned to
its home cage.

Fear-expression Tests and Neurophysiological

Recordings
The apparatus for the fear-expression test consisted of two rect-
angular enclosures [25×25× (height) 45 cm] placed on an acrylic
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board (45× 60 cm) (Figure 1A). Each enclosure comprised three
acrylic walls and one removable wire mesh wall. Clean bed-
ding was spread to cover the floor. The wire mesh wall (height,
45 cm) consisted of a 1-cm2 grid mesh in the lower part (height,
20 cm) and vertical bars spaced at 1-cm intervals in the upper part
(height, 25 cm), which prevented the rats from climbing up. Two
enclosures were placed side-by-side so that the wire mesh walls
of both were adjacent to each other at a distance of 5 cm.

Two fear-expression tests were conducted over 2 successive
days. The first test was conducted one day after conditioning
between 09:00 and 13:00 in an illuminated room as described in
our previous studies (Kiyokawa et al., 2009, 2012, 2013) with a
slight modification. After the cables had been connected to their
heads, the subjects were tested in one of the two conditions: in
“Alone” (n = 10) or “Social” (n = 12) conditions. In the Alone
condition (Figure 1A, left), the subject was placed in one enclo-
sure while the other enclosure was left vacant. In the Social con-
dition (Figure 1A, right), the subject was placed in one enclosure,
and the conspecific was placed in the other. After an acclimation
period of 2–3min, subject rats performed the first fear-expression
test, wherein the CS was presented for a duration of 3 s at 1-min
intervals, for 5min. On the second day, each subject underwent

FIGURE 1 | Experimental conditions (A) and behavioral results (B). (A)

Experimental conditions under which neurophysiological recordings were

conducted. In the Alone condition (left, Alone), a subject rat (white) was

exposed to an auditory conditioned stimulus (CS) without the presence of an

associate. In the Social condition (right, Social), a subject rat was exposed to

the CS in the presence of an conspecific rat (gray). Two wire mesh walls

(dotted lines) were installed in order to prevent physical contact between the

rats. (B) Comparison of the freezing duration between the conditions on each

day of the fear-expression test. ***P < 0.001, Student’s t-test.

the second fear-expression test in a condition different from that
experienced in the first fear-expression test. Thus, all rats were
tested in both conditions. Each subject similarly underwent the
fear-expression test, although the second fear-expression test had
a duration of 20min, and so the CS was presented 20 times.

Subject behavior during the fear-expression tests was recorded
with a CCD camera. The analog signals of neuronal activities
were digitized and stored in a computer via Omniplex (Plexon,
Dallas, TX). For the subjects implanted with two electrode assem-
blies bilaterally, the electrode assembly that detected spontaneous
neural activity at a higher S/N ratio was selected and used for
recording. The amplified neuronal signals were digitized at a
40 kHz sampling rate. The signals were low pass-filtered (300Hz)
and stored on a computer at a 1-kHz sampling rate for the
analysis of field potentials.

Behavioral Data Analysis
A researcher who was blind to the experimental conditions
recorded the duration of freezing behavior (immobile posture
with cessation of skeletal and vibrissae movement except in res-
piration) based on visual observation of the video recordings.
The data are expressed as means ± standard error of means,
and significance was set at P < 0.05 for all statistical tests.
The mean duration of freezing during the first and second fear-
expression tests, as well as during the first 5-min of the second
fear-expression test, were analyzed with the Student’s t-test.

Neurophysiological Data Analysis
In the present study, we analyzed AEFPs and event-related spec-
tral perturbation (ERSP), and spectral power to assess neural
activity in the LA. AEFPs elicited by the CS in the second fear-
expression test were measured against a ground-reference elec-
trode (stainless screw) on the skull over the cerebellum, and were
averaged across the 20 CS presentations. These averaged AEFPs
were corrected for the baseline during 50ms before the CS onset.
The mean amplitudes of the averaged AEFPs around the peak
latencies of the AEFPs (21–23ms after the CS onset) were com-
pared between the Alone and Social condition using the Student’s
t-test.

To analyze localized neural activity in the LA, local field
potentials, recorded by bipolar recording from two electrodes
selected from different tetrodes in the LA that were separated by
around 600µm, were subjected to ERSP and spectral power anal-
yses. ERSPs in individual CS trials in the second fear-expression
test were computed by the Matlab function “newtimef.m,” a
time-frequency decomposition function in the EEGLAB toolbox
(Delorme and Makeig, 2004). The time-frequency decomposi-
tion was performed using Morlet wavelets with a constant three-
cycle length. ERSP values were normalized against the spectral
power during the 50-ms pre-CS period. The grand mean ERSPs
were computed separately for the two conditions (Alone/Social)
by averaging mean ERSPs of individual rats in the second fear-
expression test. To estimate latencies of neural responses to the
CS in gamma (25–75Hz) andHF (100–300Hz) bands, mean nor-
malized ERSP values in gamma and HF bands within a 100ms
window (from−50 to 50ms around the CS onset) were analyzed
with a Two-Way repeated measures ANOVA: two conditions
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(Alone/Social) × 100 time bins (1-ms bins from -50 to 50ms
around the CS onset). Subsequent multiple post-hoc compar-
isons were performed with simple main effect analyses. Response
latency was defined as the time of the first significant difference
between the two conditions after the CS onset.

In the spectral power analysis, power changes after the CS
onset in two frequency bands [gamma (25–75Hz) and HF
(100–300Hz)] were compared between the two conditions. First,
power spectrums in two windows of 80ms (−80ms before the CS
onset; 10–90ms after the CS onset) in individual CS trials for each
condition were computed by Welch’s method (Matlab function
pWelch) using a single Hamming window taper and 50% over-
lapping 40-ms time windows. Total powers in the gamma andHF
bands were then calculated for individual CS trials in each con-
dition for each rat. Power changes were calculated by subtracting
the total powers in the two frequency bands measured within the
two windows of interest (−80–0ms; 10–90ms). In this data pro-
cessing, power changes were computed using two data sets; one
data set consisting of power change data derived from the first
five CS trials in the first and second fear-expression tests, and
another consisting of the power change data derived from the 20
CS trials of the second fear-expression test. In the first data set, the

power changes in gamma and HF bands were compared between
the two conditions using the Friedman test. In the second data
set, the power changes in gamma and HF bands were com-
pared between the two conditions using the Wilcoxon rank-sum
test.

To investigate the relationship between neural and behav-
ioral responses in the second fear-expression test, the correla-
tion between mean AEFP amplitudes and freezing duration was
analyzed using Pearson’s correlation analysis. The correlation
between the power changes in each frequency band and freez-
ing duration were also analyzed using Spearman’s correlation
analysis since the data did not show a normal distribution.

Histology
After the experiments, all subjects were deeply anesthetized with
pentobarbital sodium (50mg/kg, i.p.) and received a 20-µA neg-
ative current through the recording electrodes for 30 s. The
subject rats were then transcardially perfused with 0.9% saline
followed by 10% buffered formalin containing 2% potassium fer-
ricyanide. The brain was removed and fixed in formalin for at
least 48 h. Serial sections of 50µm were cut on a freezing micro-
tome and stained with Cresyl Violet. Electrode locations were

FIGURE 2 | Reduction of mean peak amplitude of the auditory

evoked field potentials (AEFPs) in the Social condition. (A)

Averaged AEFPs in the Alone (red) and Social (blue) conditions. The

dotted line indicates CS onset. The solid lines and translucent areas

indicate the means and SEMs, respectively. (B) Comparison of the

mean peak amplitudes (averaged voltages between 21 and 23ms after

CS onset) between the conditions. *P < 0.05, unpaired t-test. (C)

Locations of AEFP-recording electrodes. Circles indicate the locations.

The value below each section indicates distance (mm) from the

bregma. L, lateral amygdala; BL, basolateral amygdala; BM,

basomedial amygdala; Me, medial amygdala; Ce, central amygdala; LV,

lateral ventricle.
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verified microscopically and mapped onto the appropriate tissue
sections with reference to the atlas of Paxinos andWatson (2006).

Results

Behavioral Analysis
In the present study, fear-conditioned subjects underwent two
fear-expression tests, one alone (Alone condition, Figure 1A, left)
and the other with an a conspecific (Social condition, Figure 1A,
right). The mean duration of freezing was significantly shorter
in the Social than in the Alone condition (Figure 1B) in both

the first fear-expression test (Student’s t-test, P < 0.001) and
first 5-min of the second fear-expression test (Student’s t-test,
P < 0.001). A collective analysis of data from both tests revealed
freezing duration to be significantly shorter in the Social than in
the Alone condition (Social, 17 ± 3 s; Alone, 151 ± 15; Student’s
t-test, P < 0.001).

AEFP Analysis
AEFPs recorded during the presentation of 20 CS in the second
fear-expression test were analyzed. For this test, freezing duration
was significantly shorter in the Social than in the Alone condition

FIGURE 3 | Reduction of gamma and high frequency (HF) oscillations

after the CS in the Social condition in the second fear-expression

test. (A,B) Averaged event-related spectral perturbations (ERSPs) in the

Alone (A) and the Social (B) conditions. The dotted lines indicate CS onset.

Each ERSP value was corrected for a log power spectrum of the −50–0ms

pre-tone period (in dB). (C,D) The time courses of averaged ERSP of gamma

(C) and HF (D) oscillations. The red and blue solid lines indicate the mean

ERSPs in the Alone and Social conditions, respectively. The corresponding

translucent areas indicate the SEMs. The dotted line indicates the CS onset.

Yellow bars indicate the latency windows in which there were significant

differences between the conditions (P < 0.05, simple main effect analysis).

(E,F) Comparison of power changes after the CS in gamma (E) and HF (F)

ranges between the conditions. *P < 0.05, Wilcoxon rank-sum test. (G)

Locations of the electrodes recording local oscillations in bipolar

measurement. Open and filled circles indicate positive and negative poles,

respectively. Other conventions are the same as those of Figure 2C.
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(Social, 49 ± 10 s; Alone, 422 ± 55; Student’s t-test, P < 0.001).
Figure 2A shows grand averaged AEFPs across all rats, and indi-
cates a clear peak at 22ms after CS onset in the Alone condition,
but not in the Social condition. In addition, the mean peak ampli-
tudes (averaged voltages between 21 and 23ms after CS onset)
were significantly smaller in the Social than in the Alone con-
dition (Student’s t-test, P < 0.05) (Figure 2B). Tip locations of
the electrodes recording AEFPs are shown in Figure 2C. All elec-
trode tips were located within the basolateral amygdala, most of
which were located in the lateral nucleus (L) of the amygdala.

ERSP and Spectral Power Analyses
ERSPs recorded during the presentation of 20 CS in the sec-
ond fear-expression test were analyzed. Figure 3 shows the grand
averaged ERSPs across all rats in the Alone (Figure 3A) and
Social (Figure 3B) conditions. Gamma and HF oscillation was
more prominent after CS onset in the Alone compared with the
Social condition. Response latencies in the two frequency bands
were estimated by analyzing at what point after CS onset differ-
ences in ERSP values between the two conditions became signifi-
cant (Figures 3C,D). The first significant differences between the
two conditions were noted 28ms after CS onset in both gamma
(simplemain effect analysis, P< 0.05) andHF (simplemain effect
analysis, P < 0.05) bands. Tip locations of the bipolar electrodes
recording ERSPs are shown in Figure 3G.

Figures 3E,F show results of the spectral power analysis of the
data derived from 20 CS trials in the second fear-expression tests
in gamma (Figure 3E) and HF (Figure 3F) bands. Power changes
in gamma (Wilcoxon rank-sum test, P < 0.05) and HF oscil-
lation (Wilcoxon rank-sum test, P < 0.05) were significantly
smaller in the Social than in the Alone condition. Furthermore,
analysis of data from the initial 5 CS trials in the first and second
fear-expression test revealed similar results; power changes in the
HF band were significantly smaller in the Social than in the Alone
condition (Social, 280 ± 174µV2; Alone, 792 ± 239; Friedman
test, P < 0.05), although there were no significant differences
in power changes in the gamma band (Social, 5654 ± 4721µV2;
Alone, 3057± 1838; Friedman test, P > 0.05).

Correlational Analysis
Figure 4 shows the correlation between behavioral and neu-
ral responses to the CS. Freezing duration significantly and
positively correlated with the peak mean amplitudes of the
AEFPs (Figure 4A) (P < 0.01), power change of gamma oscil-
lations (Figure 4B) (P < 0.01), and power change of HF
oscillations (Figure 4C) (P < 0.05).

Discussion

The Role of the LA in Social Buffering
Previous two studies also reported suppression of the expressions
of the immediate early genes in the LA during social buffering
in sheep and rats (da Costa et al., 2004; Kiyokawa et al., 2007).
However, the expressions of the immediate early genes are indi-
rect measures of neural activity (see Introduction). On the other
hand, local field potentials recorded in the present study more
directly reflects neural activity and enables to analyze precise

FIGURE 4 | Correlation between neurophysiological responses to the

CS and freezing behaviors. Freezing duration positively correlated with

AEFP peak amplitude (A), power change of gamma oscillations (B), and

power change of HF oscillations (C). Red and blue dots indicate the data from

individual rats in the Alone or Social condition, respectively. Values in the

figures indicate Pearson’s (r, A) and Spearman’s correlation coefficients (ρ,

B,C), and the corresponding p-values.

time-courses of neuronal activity in response to the CS. Thus,
the present results provide the first direct electrophysiological
evidence that CS-induced LA activation was suppressed during
social buffering of conditioned fear responses.

Consistent with previous studies (Kiyokawa et al., 2007,
2014a), the present study found that the presence of a conspe-
cific animal suppressed freezing behavior of rat subjects during
presentation of an auditory CS. These results indicate that social
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buffering mitigates conditioned fear responses. Consistent with
these behavioral results, the peak mean amplitudes of AEFPs and
power changes elicited by the CS in gamma and HF bands in the
LA were suppressed in the Social condition. These results thus
provide direct electrophysiological evidence for the suppression
of LA activation during social buffering of conditioned fear
responses. Furthermore, behavioral responses (freezing duration)
positively correlated with the peak mean amplitudes of AEFPs
and power changes in gamma and HF bands, which suggests
that behavioral responses and LA activation were positively cor-
related. Considering that LA lesions block freezing responses to
CS (LeDoux et al., 1990), we can hypothesize that in the present
study, social buffering was mediated through the suppression of
neural activity in the LA in male rats.

The CS-induced activation in the LA observed in the alone
condition had several similar characteristics to those reported in
the previous studies. The peak latency of AEFPs observed in the
present study was 22ms after the onset of the CS, which was
consistent with the previous studies reporting the peak latency
around 10–30ms after the onset of the CS (Rogan and LeDoux,
1995; Rogan et al., 1997). Furthermore, as in the previous study
(Schafe et al., 2005), the peak amplitudes were correlated with
the intensity of freezing behavior in response to the CS. In addi-
tion, the response latencies of gamma and HF oscillations were
28ms in this study. Although, to the best of our knowledge, this
is the first study that measured the change of gamma and HF
oscillations in response to the CS, these oscillations has been sug-
gested to correlate with local neuronal activities (Ray and Maun-
sell, 2011; Buzsáki and Silva, 2012; Buzsáki and Wang, 2012).
In previous studies, single neuronal responses to the CS were
observed around 10–30ms after the onset of the CS (Muramoto
et al., 1993; Quirk et al., 1995; Repa et al., 2001), suggesting that
the response latencies of gamma and HF oscillations in this study
were consistent with the neuronal activities reported in previ-
ous studies. Taken together, these characteristics suggest that CS-
induced activation in the LA observed in the present study was
consistent with those reported in previous literatures.

Neural Pathways for Social Buffering
Because olfactory signals responsible for social buffering are
transmitted from the MOE to the pmOP, which is then activated

(see Introduction), the pmOP is supposedly responsible for this
suppression of LA activation, perhaps via a direct suppression.
We have previously found that the pmOP directly projects to
the LA, and that these two structures are functionally con-
nected (Kiyokawa et al., 2012). The pmOP could therefore sup-
press principal (pyramidal-like) neurons in the LA if its direct
projections are inhibitory. The second possibility is that the
pmOP suppresses activation of principal neurons in the LA via
an activation of GABAergic interneurons in the LA. Finally,
that the pmOP might indirectly suppresses principal neurons
in the LA, whereby intercalated cells might serve as the relay
site for LA suppression. The intercalated cells located as clus-
ters in the fiber bundles surrounding the basolateral complex
of the amygdala (BLA) include GABAergic neurons, and send
projections to the LA and the central amygdala (CeA) (Duvarci
and Pare, 2014). It has been reported that the extinction of

conditioned fear depends on activation of the intercalated cells
that suppress CS-induced CeA activation (Duvarci and Pare,
2014). In addition, the pmOP not only projects to the LA,
but also seems to project to the fiber bundles surrounding the
BLA (Kiyokawa et al., 2012). Considering this, it is possible
that the pmOP activates the intercalated cells, which in turn
suppress CS-induced activation of principal neurons in the LA
in response to the CS during social buffering of conditioned
fear responses. Further studies are required to investigate these
possibilities.

In conclusion, we have shown that LA activation following an
auditory CS is suppressed during social buffering of conditioned
fear responses. Since social buffering is considered one of the key
characteristics for a species to be gregarious, the present find-
ings provide insights for future studies that aim to investigate the
neurobiology of gregariousness and sociability.
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Different lines of investigation suggest that the medial amygdala is causally involved in

the processing of information linked to social behavior in rodents. Here we investigated

the consequences of temporary inhibition of the medial amygdala by bilateral injections

of lidocaine on long-term social recognition memory as tested in the social discrimination

task. Lidocaine or control NaCl solution was infused immediately before learning or before

retrieval. Our data show that lidocaine infusion immediately before learning did not affect

long-term memory retrieval. However, intra-amygdalar lidocaine infusions immediately

before choice interferedwith correct memory retrieval. Analysis of the aggressive behavior

measured simultaneously during all sessions in the social recognition memory task

support the impression that the lidocaine dosage used here was effective as it—at least

partially—reduced the aggressive behavior shown by the experimental subjects toward

the juveniles. Surprisingly, also infusions of NaCl solution blocked recognition memory at

both injection time points. The results are interpreted in the context of the importance of

the medial amygdala for the processing of non-volatile odors as a major contributor to

the olfactory signature for social recognition memory.

Keywords: male C57BL/6JOlaHsd mice, social long-term recognition memory, medial amygdala, olfaction, lesion,

lidocaine, behavior, learning and memory

Introduction

Individual recognition in socially living rodents is primarily based on the acquisition and
processing of the conspecifics’ body odors. They are thought to contain information about age, sex,
reproductive state and the health status and, thus, differ individually and they are often referred to
as the “olfactory signature.” Physico-chemically, body odors are composed of volatile and non-
volatile fractions. Once acquired by the individual, the neuronal processing of such “olfactory
signatures” involves distinct brain areas linked to both the main and the accessory olfactory system.
One of the most important brain areas involved in the processing of olfactory signals is the medial
amygdala (MeA) which has been suggested to play an important role in olfactory social stimulus
processing in rodents (Lehman et al., 1980; Ferguson et al., 2001; Broad et al., 2002; Curtis and
Wang, 2003; Gobrogge et al., 2007; Gutierrez-Castellanos et al., 2014). Not only the analysis of
c-Fos synthesis (Ferguson et al., 2001; Richter et al., 2005; Noack et al., 2010), but also genetic
and pharmacological (Ferguson et al., 2001) studies revealed that this brain area may play a key
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role for social recognition in mice. In this context the MeA
was shown to act not only as a relay station from the
olfactory bulb to deeper brain areas, but also to signal back
to the accessory olfactory bulb thereby controlling the impact
of the non-volatile fraction of the conspecific’s “olfactory
signature” on approach-avoidance behavior (Martel and Baum,
2009). However, it is unclear what might be the consequences
of temporarily blocking the information processing in the
MeA during acquisition/consolidation of olfactory memory vs.
its recall. Therefore, we investigated the effects of bilateral
temporary suppression of action potential propagation in the
MeA by injecting Lidocaine into the MeA prior to both learning
and recall of the individual olfactory information.

Some of the results were previously published in abstract form
(Noack et al., 2012).

Materials and Methods

Experimental Subjects
Male C57BL/6JOlaHsd mice (originally obtained from Harlan-
Winkelmann, Bochern, Germany and subsequently bred in the
animal facility of the Medical faculty of the Otto-von-Guericke-
Universität Magdeburg), aged 9–16 weeks, were kept in groups
of 5 under a constant 12 h:12 h light-dark cycle (light starting at
6 a.m.) with food and water available ad libitum.

Juvenile C57BL/6JOlaHsdmice of both sexes (age 25–35 days)
were used as social stimuli. The suitability of these social stimuli
for the behavioral test used was previously proven in intensive
studies (Engelmann et al., 2011).

All procedures and manipulations were approved by the local
governmental body and according to the European Communities
Council Directive recommendations for the care and use of
laboratory animals (2010/63/EU).

Social Discrimination Procedure
Experimental subjects were separated 2 h before testing. The test
procedure consisted of two sessions (4min each) separated by
a 24 h exposition interval (Figure 1A). During the first session
(sampling), a conspecific juvenile (J1) was presented to the
experimental subject, allowing the adult to acquire the juvenile’s
“olfactory signature.” During the second session (choice) J1 was
re-exposed to the adult together with a second, previously not
encountered juvenile (J2). A significantly longer investigation
duration of J2 vs. J1 during choice was taken as an evidence
for an intact long-term social recognition memory (LTsrM)
(Engelmann et al., 2011). In addition, sexual (e.g., attempts of
mounting) and aggressive behavior [e.g., chasing and biting the
juvenile(s)] were separately monitored (see Engelmann et al.,
2011 for more details).

Surgery

Animals were briefly anesthetized with isoflurane (2%, Baxter,
Unterschleißheim, Germany, applied via an anesthesia system
(MLW, Leipzig, Germany) by a constant flow of 1.2 l/min and
then injected with a mixture of ketamine and xylazine (i.p., 2ml
Ketavet R© (Pfizer Pharmacia, Berlin, Germany), 0.5ml Rompun R©

(Bayer Vital, Leverkusen, Germany), 7.5ml 0.9% NaCl solution).

FIGURE 1 | Experimental protocol. (A) shows the social discrimination

procedure. Arrows indicate time points for intra-amygdalar injections either

directly before sampling (1) or before choice (2); both sampling (white

rectangle) and choice (black-white rectangle) lasted 4min and were separated

by a 24 h exposure interval (EI). During sampling a given Juvenile (J1, white)

was exposed to the experimental subject. During choice J1 (encountered

during sampling) together with a novel, previously not encountered juvenile (J2,

black) were exposed to the experimental subject and the given behavioral

parameters toward each juvenile measured. (B) shows the whole experimental

series involving all manipulations and illustrating the cross-over design. White

and black-white rectangles illustrate the two sessions in social discrimination,

S, surgery to implant the guide cannulas, cylinders indicate intra-amygdalar

injections of NaCl or lidocaine (Lido) during behavioral testing; H, histological

analysis.

Deeply anesthetized animals were fixed into a stereotaxic
frame (TSE Systems, Bad Homburg, Germany). Coordinates for
bilateral implantation of the guide cannulas (stainless surgical
steel 0.55×0.08×9.00mm; Injecta, Klingenthal, Germany) were
selected according to a stereotaxic mouse brain atlas (Franklin
and Paxinos, 1997). The ventral tip of each guide cannula was
placed 1mm above the target area, the MeA, at the following
coordinates starting from Bregma: lateral ± 2.5mm, anterior
0.3mm, ventral 4.5mm. The guide cannulas were secured to
the skull and to two stainless steel screws (1.0 × 2.0mm, Paul
Korth, Lüdenscheid, Germany) inserted into the bone with light
curling dental cement (Ivoclar Vivadent, Schaan, Lichtenstein).
Stylets were made from insect pins and inserted into the guide
cannulas to keep them patent. Animals received an injection
of Meloxicam (s.c., 0.05mg/kg b. wt., Metacam R© Boehringer
Ingelheim Vetmedica, Ingelheim, Germany) to temper post-
operative pain.

Experimental subjects were allowed to recover from surgery
for at least 7 days before the experiment. Pilot studies revealed
that at this time point both body weight and social behavior
reached pre-surgery levels (Figure 2).

Acute Injections, Substances, and Treatment

For simultaneous acute bilateral injections animals were removed
from the cage, anesthetizedwith isoflurane (see above) and placed
on a table. Stylets were removed and injection cannulas gently
inserted into the guide cannulas. Substances were infused via a
constant flow of 0.5µl/min using a microinfusion pump (CMA
Microdialysis, Stockholm, Sweden). The proper application
was controlled by watching the movement of an airbubble
within a scaled tubing connecting the microinfusion pump
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FIGURE 2 | Investigation durations measured a day before bilateral

implantation of guide cannulas targeting the medial amygdala and on

the subsequent days. Adult male mice were exposed in their home cages for

4min toward a previously not encountered conspecific juvenile similar to

sampling in the social discrimination procedure (for more details see text). A

trained observed measured the duration spent by the experimental subjects

investigating the juveniles. **p < 0.01 and ***p < 0.01 compared with the

investigation duration measured during “before.” Repeated measures ANOVA

followed by Dunnett’s-test.

with the injection cannula. We infused a volume of 0.5µl into
each hemisphere. After the infusion injection cannulas were
left in place for an additional minute to allow for complete
delivery. Subsequently, anesthesia was stopped, the injection
cannulas were carefully replaced by the stylets and the animals
were returned to their experimental cages. Given the dosage
of Lidocaine (Xylocitin-loc R©, Mibe, Jena, Germany; 20µg/µl
diluted in 0.9% NaCl solution, Braun, Melsungen, Germany)
used we calculated an inhibition of action potential generation
and propagation by blocking voltage-gated sodium channels,
duration of effect: <60min (Malpeli and Schiller, 1979; Boehnke
and Rasmusson, 2001).

Experimental Design
Before undergoing surgery experimental subjects used in this
study were tested for their intact long-term social discrimination
abilities. Seven days after surgery the animals were tested for
their social discrimination abilities without any further treatment
to confirm that the surgery and the implantation of the guide
cannulas did not cause effects (e.g., by lesions) that per se
interfered with a successful long-term recognition memory.

Recent reports suggest interfering effects of both isoflurane
anesthesia (Pearce et al., 2012) and transport of animals between
rooms (Moura et al., 2011) on olfactory memory performance.
Therefore, we tested the impact of the manipulations linked
to the acute intra-amygdalar injections on the behavioral
parameters as measured in the present study. Our data revealed
that the anesthesia procedure per se did not produce interfering
effects for LTsrM if applied according to our experimental
protocol (Noack, unpublished observations, Camats Perna,

unpublished observations). This is in line with previous reports
that the brief isoflurane-anesthesia performed at different time
intervals before and after sampling fails to corrupt long-term
juvenile recognition abilities in male mice of the mouse strain
under study per se (Richter et al., 2005; Wanisch et al., 2008;
Engelmann, 2009; Engelmann et al., 2011).

As shown in Figure 1B, infusions of lidocaine or NaCl were
performed in a double-blind, cross-over approach either (1)
directly before sampling or (2) directly before choice. The code
for the substances was randomly assigned to each experiment
separately by a co-worker not involved in the infusion and
behavioral testing. The blinding was broken at the end of the
histological verification of the placement of the injection side.
Recovery time between infusion and the onset of the respective
sampling and choice session respectively was ∼ 6min. The same
group of animals (n = 15, divided into two subgroups according
to the protocol shown in Figure 1B) received the infusion of
lidocaine and NaCl (cross-over) before sampling. Another group
of animals (n = 17, also divided into two subgroups and
treated according to Figure 1B) received the infusions (cross-
over) before choice. Thus, each animal in the respective group
received both lidocaine and NaCl. The interval between the two
successive treatments (NaCl followed by lidocaine or lidocaine
followed by NaCl; Figure 1B) was 7 days.

Statistics

Data are presented as means + SEM. For the analysis of
the aggressive/sexual behavior data were submitted in a non-
parametric Friedmans ANOVA followed by Wilcoxon corrected
for repeated measures. For the analysis of the investigation
duration measured during sampling data were analyzed using
paired student’s t-tests. Statistics were performed usingGraphPad
Prism 4.0 (GraphPad Software Inc., La Jolla, U.S.A.). A p < 0.05
was considered to indicate statistical significance.

Results

Aggressive/Sexual Behavior
We observed that the durations spent in aggressive behavior
were—at least under treatment conditions—too low to allow
for a reliable analysis (average duration of an investigation bout
<0.5 s). Therefore, we analyzed the number of bouts instead since
it has been shown to provide a more reliable measure in cases
of low durations of individual investigation bouts (Engelmann
et al., 2011). Our data show that—compared to implanted,
but otherwise untreated conditions—both NaCl and lidocaine
infusions significantly reduced the number of investigation bouts
of aggressive/sexual behavior (Friedmans ANOVA: Fs = 26.53,
p < 0.01; Figure 3). Furthermore, under lidocaine treatment
aggressive/sexual behavior decreased almost completely reaching
statistical significance—compared to NaCl treatment—if the
animals were injected immediately before choice (Friedmans
ANOVA: Fs = 24.14, p < 0.01; Figure 3).

Social Discrimination
After injection of NaCl-solution immediately before sampling
there was no significant difference in the investigation durations
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of the experimental subjects toward both juveniles J1 and J2
during choice (paired T-test, t = 1.099, df = 14, p =

0.29; Figure 4). In contrast, the same animals investigated J2
significantly longer than J1 during choice after receiving the
injection of lidocaine directly before sampling (paired T-test,
t = 2.648, df = 14, p = 0.019).

After receiving injections of NaCl or lidocaine immediately
before choice, the experimental subjects showed no significant
differences in the duration of investigation behavior toward J1
and J2 during choice (NaCl: paired T-test, t = 1.270, df = 16,
p = 0.222; lidocaine: paired T-test, t = 1.050, df = 16,
p = 0.309; Figure 4).

FIGURE 3 | Aggression/Sexual behavior toward J1 during sampling

w/o injection (untreated) and after injection of NaCl or Lidocaine (Lido)

directly before sampling (left panel, n = 15). Aggression/Sexual behavior

toward J1+J2 during choice w/o injection and after injection of NaCl or Lido

directly before choice (right panel, n = 17). a = p < 0.01 vs. b and c; c =

p < 0.05 vs. b, Friedman-test followed by Wilcoxon corrected for repeated

measures.

FIGURE 4 | LTsrM in mice after injection of NaCl or Lidocaine (Lido)

immediately before either sampling (left panel, n = 15) or choice (right

panel, n = 17). Mice treated with NaCl before sampling or choice failed to

recognize the previously encountered juvenile. Injection of Lidocaine directly

before sampling did not affect LTsrM. In contrast, injection of Lidocaine directly

before choice impaired LTsrM. b = p < 0.05 vs. a, paired student’s t-test.

Discussion

The present study was designed to investigate the impact of
temporary inhibition of the medial amygdala on LTsrM. Our data
suggest that the combination of isoflurane anesthesia with direct
bilateral infusions of different drugs is suitable to investigate the
impact for example of temporary lesions of distinct brain areas
for LTsrM in mice. More specifically, the protocol used here
seems to avoid the interfering effects of isoflurane anesthesia
reported by other authors (Pearce et al., 2012).

Previous studies have shown that permanent lesions of the
medial amygdala significantly reduced aggressive behavior not
only in rats (Vochteloo and Koolhaas, 1987), but also in C57Bl/6
mice (Wang et al., 2013). Aggressive behavior is also seen—albeit
in comparably low intensity—during the social discrimination
testing where 13–35% of the total social behavior was considered
to be aggressive and of a sexual nature (Engelmann et al.,
2011). The almost complete lack of aggressive/sexual behavior
toward the stimulus juveniles after administration of lidocaine
(see Figure 3) implies that lidocaine administration inhibited
local neurosignaling that in turn resulted in a suppression
of aggressive/sexual behavior. This observation is important
with respect to the effects observed for recognition memory:
Lidocaine administration failed to interfere with LTsrM if
administered immediately before sampling and blocked the
memory performance if administered immediately before choice
(Figure 4). Thus, temporarily lesioning the medial amygdala
during acquiring the olfactory signature does not affect juvenile
recognition.

Interestingly, intra-amygdalar injection of the NaCl-solution
alone (originally thought to act as “neutral” control) reduced
aggressive behavior (Figure 3) and impaired LTsrM (Figure 4).
This implies that the NaCl-solution triggered behavioral effects
that tended to be similar to that of lidocaine. Indeed, there is
some evidence that infusion of the NaCl-solution also lowers
electrophysiological activity in a short-term manner (Malpeli
and Schiller, 1979; Tehovnik and Sommer, 1997). Nevertheless,
as shown in Figure 3 the behavioral suppressive effect of NaCl
solution treatment was not as pronounced as that of lidocaine.
This may have resulted not only in the reduced aggressive
activity toward the juveniles (Figure 3), but also in an improper
processing of the “olfactory signature” during sampling. This is in
line with results of a study investigating among other contextual
fear conditioning that revealed that injections of NaCl-solutions
into the lateral amygdala mimicked partially effects of lidocaine
when compared with sham injections (Calandreau et al., 2005). It
may be speculative, but we propose that the resulting modified
“olfactory signature” was artificial and could not match with
the correctly processed “olfactory signature” obtained during the
choice session, resulting in an inability to recognize the originally
encountered juvenile, and thus the reported lack of an intact
LTsrM.

Lidocaine should completely block electrical activity in the
MeA, beyond any abovementioned effect of NaCl, and this is
supported by the aggression/sexual behavioral data. We observed
that lidocaine injection before sampling did not interfere with
LTsrM. However, when injected immediately before choice
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successful recognition of the previously encountered juvenile was
blocked (Figure 4). These observations were surprising and led
us to the conclusion that information processing within the MeA
can be blocked without interfering with the successful acquisition
of olfactory information important for LTsrM (electrical block
during sampling). According to our results however, the MeA is
likely to act as an essential relay station for information during
recall after being activated during learning (electrical block only
during choice). In addition, an even more detailed interpretation
of the different consequences of lidocaine treatment for LTsrM
“before sampling” vs. “before choice” may relate to the fact that
the MeA is thought to be primarily involved in the processing
of non-volatile olfactory cues (for review see Baum and Bakker,
2013). Previously it was shown that the non-volatile fraction
of the “olfactory signature” is not essential for a correct social
memory retrieval, if not available during sampling, but it must
be available for successful LTsrM during choice when it was
accessible during sampling (Noack et al., 2010). Our present
results seem to mirror these findings by blocking the information
processing of the non-volatile fraction of the olfactory signature
in the MeA. Blocking the transfer/processing of information
in this brain area by lidocaine, but not NaCl, during learning
does not affect LTsrM when both fractions are accessible during
retrieval. In contrast, when both fractions of the olfactory
signature were processed successfully during sampling (including
the non-volatile fraction in the MeA) the blockade (lidocaine)
and the modulation (NaCl) of the non-volatile odor processing

in the MeA interfered with LTsrM. This hypothesis might be
an attractive target to further investigate the phenomenon of
interference in further studies.

Taken together, the data of the present study suggest that the
MeA seems to play an—albeit dispensable—role in the processing
of the non-volatile-fraction of the “olfactory signature” for
LTsrM. Blocking the generation of action potentials in the MeA
during retrieval also blocks LTsrM. Therefore, our data point
toward a contribution of the MeA in the processing of complete
“olfactory signatures” for social behavior. These observations
illustrate the plasticity of the neuronal substrate for processing
stimuli relevant for social recognition memory in order to
compensate for the temporary lesion of an otherwise essential
brain area.
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Odors of biological relevance (e.g., predator odors, sex odors) are known to effectively
influence basic survival needs of rodents such as anti-predatory defensiveness and
mating behaviors. Research focused on the effects of these odors on rats’ behavior
mostly includes multi-trial paradigms where animals experience single odor exposures
in subsequent, separated experimental sessions. In the present study, we introduce a
modification of the olfactory hole-board test that allows studying the effects of different
odors on rats’ behavior within single trials. First, we demonstrated that the corner
holes of the hole-board were preferentially visited by rats. The placement of different
odors under the corner holes changed this hole preference. We showed that holes
with carnivore urine samples were avoided, while corner holes with female rat urine
samples were preferred. Furthermore, corner holes with urine samples from a carnivore,
herbivore, and omnivore were differentially visited indicating that rats can discriminate
these odors. To test whether anxiolytic treatment specifically modulates the avoidance
of carnivore urine holes, we treated rats with buspirone. Buspirone treatment completely
abolished the avoidance of carnivore urine holes. Taken together, our findings indicate
that the olfactory hole-board test is a valuable tool for measuring avoidance and
preference responses to biologically relevant odors.

Keywords: approach, avoidance, buspirone, carnivore urine, innate fear, female rat urine, hole-board test,
predator

General Introduction

Challenged by the large diversity of natural odor blends in their environment, most mammalian
species have developed highly sensitive olfactory systems to identify and discriminate biologically
relevant odors. In rodents, the detection of some odors is of critical importance because they
trigger different basic behaviors essential for their survival. In particular, odors transmitted
between individuals of the same species (pheromones) are used to communicate information on
the gender, reproductive state, social status, and subject identity. Thus, pheromones have been
highly associated with the mediation of, e.g., mate choice, parental care and territorial behaviors
(Brennan and Kendrick, 2006; Fortes-Marco et al., 2013). Predator odors present a different
group of biologically relevant odors called kairomones (Fortes-Marco et al., 2013; Rajchard, 2013).
Kairomones are odors that damage the interests of the releaser while being beneficial for the
receiving animal (of another species). In this context, predator odors warn prey animals of a
potential confrontation with a predator. For example, odors derived from cats or other carnivorous
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species (e.g., urine samples from foxes, bobcats, pumas, and
coyotes) elicit a range of innate defensive behaviors in rodents
including avoidance and hiding behavior, an increase in risk
assessment behaviors and the suppression of non-defensive
behaviors such as foraging, sexual behavior and overall locomotor
activity (Blanchard and Blanchard, 1989; Apfelbach et al., 2005;
Endres et al., 2005; Masini et al., 2005; Fendt, 2006; Wernecke
et al., 2015).

Research focused on the effects of odors on rats’ behaviors
often include multi-trial paradigms where animals experience
a sequence of single odor exposures (e.g., Wallace and Rosen,
2000; Fendt, 2006; Ferrero et al., 2011; Rivard et al., 2014).
In the current set of experiments, we have used a modified
version of the olfactory hole-board test (Moy et al., 2008) to
study behavioral effects of different odors within single trials.
In this procedure, rats are placed in a standard hole-board
apparatus with automated recording of nose pokes, also called
head dips. Previous work has shown that the hole-board test
offers a simple method for measuring exploratory behavior of
animals in an unfamiliar environment (Takeda et al., 1998; Brown
and Nemes, 2008). Whether an animal prefers or avoids a hole
results from an inner conflict between the natural drive of rodents
to explore and the potential aversive properties of the hole.
Thus, according to this hypothesis, a general decrease in head
dipping behavior is interpreted to reflect increased anxiety in
animals, while high levels of head dipping behavior are defined
as a decline in anxiety (Crawley, 1985; Lister, 1990; Saitoh et al.,
2006).

In the present study, a series of four experiments has been
conducted to investigate if the hole-board test can be used to
investigate behavioral responses of rats to different odors within
single trials. In Experiment 1, rats were tested for hole preference
in the classical 16-hole configuration. Experiments 2 and 3 were
conducted to assess whether rats display a shift in hole preference
when both aversive and attractive odors were presented in the
preferred corner holes. Experiment 4 tested if avoidance behavior

to holes with carnivore urine samples can be reduced by treating
the rats with the anxiolytic compound buspirone.

General Materials and Methods

Subjects
Testing was carried out using 64 experimentally naive male
Sprague-Dawley rats (2–3 months-old) weighing 200–350 g at
the time of testing. Rats were bred and reared at the local animal
facility (original breeding stock: Taconic, Denmark). They were
housed in groups of 5–6 animals in standard Macrolon Type IV
cages with water and food available ad libitum. Cages were kept in
temperature and humidity-controlled rooms (22± 2◦C, 50–55%)
under a 12 h light/dark cycle with lights on at 6:00 am. Behavioral
testing was conducted during the light phase between 8:00 am
and 3:00 pm.

All experiments were carried out in accordance with
international ethical guidelines for the care and use of laboratory
animals for experiments (2010/63/EU), and were approved by
the local authorities (Landesverwaltungsamt Sachsen-Anhalt, Az.
42505-2-1172 UniMD).

Testing Apparatus
All experiments were conducted in a computer-controlled
hole-board apparatus (ActiMot2 Hole-Board System, TSE
Systems, Bad Homburg, Germany) consisting of three
testing boxes constructed from transparent Plexiglas
(51.5 cm× 51.5 cm× 41 cm) and a height-adjustable frame
with infrared detectors (sample rate: 100 Hz). A removable
hole-board with 16 holes (3 cm diameter) in a grid-pattern was
placed on the floor of the testing box. Holes were categorized
into four corner holes (holes 1, 4, 13, 16; see Figure 1B Inlay),
four back wall holes (holes 2, 3, 5, 8), four front wall holes (holes
9, 12, 14, 15) and four center holes (holes 6, 7, 10, 11). Supplier-
specific lids were used to close particular holes, meaning that

FIGURE 1 | General distribution of hole visits (median) during a
hole-board test showing a clear preference for corner holes. (A) Total
numbers of hole visits for individual animals (n = 14) are displayed as a
scatter dot plot with the horizontal line describing the mean. Number of hole

visits (% of total) are depicted for (B) all 16 holes and (C) summed up for
each hole category. ∗∗p < 0.01; ∗∗∗∗p < 0.0001 comparisons as indicated
(Holm-Sidak’s multiple comparison test after significant main effects in an
ANOVA).
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the number and/or the location of the holes could be modified
as required for each experiment. The apparatus was located in
a small testing room with dimmed illumination (illumination:
∼30 lx).

General Testing Procedure and Odor
Presentation
For Experiment 1, the hole-board was used in its 16-hole
configuration. Rats were individually placed into the testing box
and tested for 20min. Rats head-dipping behavior wasmonitored
by the infrared detectors. The software automatically measured
the total number of head dips (hole visits) for each single hole.
More specifically, a head dip was counted when the animal placed
its head into a hole for at least 300 ms with the ears even with the
floor of the hole-board. A minimal time interval of 300 ms had to
elapse after a head dip before a new hole visit was counted. For
the experiments with odor presentations (Experiments 2–4), the
holes of the center region were covered (12-hole configuration).
Then, animals were individually placed into the testing box and
exposed to four odors simultaneously. For this, 1 ml odor samples
(described in detail below) were pipetted into small glass bowls
(4 cm outer diameter, 2.5 cm height) and placed underneath
the hole of each corner prior to testing. The animals were not
able to touch the odor samples. For each test session, one corner
hole contained only water which served as a control odor. The
location of the different types of odor samples was pseudo-
randomly changed across individuals (Experiments 2–4) and tests
(Experiment 4). The wall holes were always left empty. Head
dips into the wall holes were used to assess baseline levels of
exploration behavior and to control for individual differences in
the total number of head dips. After each test, the testing boxes
were thoroughly cleaned with soapy water and ventilated with
clean air, before the next rats were tested.

Odors
Urine samples from foxes, bobcats, pumas and coyotes were
purchased from Maine Outdoor Solutions Inc., (Hermon, ME,
USA). We previously demonstrated that urine samples of
these carnivores induce avoidance behavior in an open-field
experiment (Fendt, 2006). Urine samples from elks and mona
monkeys were obtained from the local zoo (Zoologischer Garten
Magdeburg, Magdeburg, Germany). Female rat urine was self-
collected by placing adult female Sprague-Dawley rats (n = 12,
3–6 months-old) individually in a metabolic cage (Tecniplast,
Hohenpeißenberg, Germany) for ∼30 min on consecutive days.
Female urine samples of individual animals were mixed up to
ensure that urine from all estrus cycle phases were present. All
urine samples were aliquoted into 1 ml portions and stored
at – 18◦C until usage.

Descriptive and Statistical Analysis
Hole visits were expressed as percentages of total hole visits. In
all figures, behavioral data are shown as box-and-whisker plots.
The horizontal line represents the median and the box the lower
and upper quartiles. The whiskers were calculated with the Tukey
method (GraphPad Prism 6.00, GraphPad Software Inc., La Jolla,
CA, USA).

For statistical analysis, data were first tested on normal
distribution (D’Agostino and Pearson omnibus test). For
normally distributed data, analyses of variance (ANOVA) and
post hoc comparisons by Holm-Sidak’s test were used. Non-
normally distributed data were analyzed using the Friedman
test followed by Dunn’s multiple comparisons test. Either hole
location (Experiment 1) or odor (Experiments 2–4) was used as
within-subject factor. A p < 0.05 was considered statistically
significant. All analyses were carried out using GraphPad Prism.

Pilot tests revealed that the hole visit behavior of animals
that are extremely active or extremely inactive is only marginally
modulated by odors (floor/ceiling effects; see also discussion
of Experiment 1). In Experiments 2–4, we therefore excluded
animals with more than 65 or less than 15 total hole visits from
further analysis.

Experiment 1

The first experiment was conducted to determine whether rats
display a specific exploration pattern in the hole-board test when
no odors are present. From other exploration-based tasks (e.g.,
open-field) it is known that rodents prefer to remain in the
periphery of the apparatus (thigmotaxis), whereas the bright and
unprotected areas are usually avoided (Lister, 1990; Wallace and
Rosen, 2000; Litvin et al., 2008). Therefore, we expected that our
rats would show preference (i.e., a high number of visits) to the
holes in the corners and along the side walls, and avoidance (i.e.,
a low number of visits) to the four holes in the center of the
box. This was also observed in the mouse version of the olfactory
hole-board test (Moy et al., 2008).

Subjects and Procedure
Fourteen male Sprague-Dawley rats were tested. They were put
into the middle of the hole-board (all 16 holes open, no odors)
and their hole visits were recorded for 20 min.

Results
Figure 1 illustrates the local distribution of hole visits (16 holes,
no odor). The total number of hole visits ranged between 15
and 74 head dips (Figure 1A), with a mean of 39 head dips.
The subsequent analysis revealed that there were clear differences
in the percentage number of total hole visits according to the
position of the holes [corner vs. center vs. front wall vs. back
wall: ANOVA: F(3,39) = 66.21; p< 0.0001; Figures 1B,C]. Corner
holes were visited significantly more often than holes with other
locations (Holm-Sidak’s tests: ps < 0.0001). Furthermore, the
back wall holes were visited more often than the center holes
(p= 0.001). There were no significant differences in the hole visits
within the different hole categories [corner holes: Friedman test:
Q = 3.24; p = 0.36; wall holes: ANOVA: F(7,91) = 2.21; p = 0.075;
center holes: Friedman test: Q = 6.49; p = 0.09].

Discussion
The behavior of animals in the hole-board test, originally
described by Boisser and Simon (1962, 1964), is determined by
a conflict between curiosity-based exploration and fear-based
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avoidance from novel, unknown locations (Hughes, 2007; Brown
and Nemes, 2008). Thus, altered head dipping activity is often
interpreted as changes in the anxiety state of the animals (Takeda
et al., 1998; Brown and Nemes, 2008). In Experiment 1, rats were
tested in the 16-hole configuration of the hole-board without
any odors. Our results indicate that rats showed the highest
rate of head dips for corner holes, and the lowest rate of head
dips for center holes (Figures 1B,C). This finding is in line with
the results of previous hole-board and related exploration-based
rodent models and can be explained by thigmotaxis (Lister, 1990;
Lamprea et al., 2008; Moy et al., 2008).

Interestingly, Moy et al. (2008) also established an olfactory
hole-board test, however, to model repetitive behavior, a core
symptom of autism, in mice. In their study, different appetitive
odor samples (e.g., familiar cage bedding, food items) were
presented in the less-preferred center holes and the ability of
mice to shift their hole preference was assessed. In contrast
to this, we wanted to mainly investigate how hole visits are
influenced by aversive odors. Based on previous studies from
our laboratory (Fendt, 2006; Ferrero et al., 2011; Wernecke
et al., 2015), we expected that holes with aversive odors will be
visited less often, i.e., avoided. Such avoidance is much easier
to observe when holes are very often visited under control
conditions. Therefore, our approach was to place the test odors
under the corner holes. To further increase the number of corner
hole visits, we closed the four center holes. Given that the hole
visit activity was very different for individual animals, we also
decided that this individual variance should be included into the
analyses of odor effects on hole visits. Therefore, hole visits were
presented as the percentage of total head dips (cf. Moy et al.,
2008).

To avoid floor or ceiling effects we further excluded animals
from the behavioral analysis when these rats were either too
inactive (i.e., few total hole visits) or too active (i.e., many total
hole visits). Based on these thoughts, the testing protocols of the
following studies were designed and the exclusion criteria were
defined.

Experiment 2

It is well-established that aversive odors, such as predator
odors, innately induce a variety of defensive responses including
avoidance and escape behavior (Dielenberg and McGregor, 2001;
Apfelbach et al., 2005; Masini et al., 2005). On the other
hand, attractive odors, such as the odors of female conspecifics,
are approached (Liberles, 2014). To investigate whether these
behaviors can also be observed in the olfactory hole-board test for
rats, we placed urine samples of carnivores, female conspecifics
and a water control sample under the corner holes of the hole-
board. We expected that holes with aversive odors will be avoided
(i.e., less hole visits) and holes with attractive odors will be
preferred (i.e., more hole visits).

Subjects and Procedure
Fourteenmale Sprague-Dawley rats were used in this experiment.
The following odor samples were presented: fox urine, bobcat

urine, female rat urine, and water. The locations of the odor
samples were pseudo-randomized.

Results
The percentage of total hole visits for each corner hole of the
present experiment is shown in Figure 2. The different odor
samples significantly affected the corner hole visits [ANOVA:
F(3,39) = 54.85; p < 0.0001]. Post hoc pairwise comparisons with
the water control indicated a strong increase of visits to the holes
with female rat urine (Holm-Sidak’s test: p < 0.0001), while holes
with fox urine (p = 0.03) or bobcat urine (p = 0.02) were visited
less often. The mean number of total hole visits was 39 (data not
shown).

Discussion
Experiment 2 investigated whether simultaneous presentation of
both aversive and attractive odors led to changes in hole visit
behavior. We showed that holes with carnivore urine samples
were clearly visited less often than the hole with water, i.e.,
carnivore urine was avoided. These results support findings from
previous studies showing avoidance behavior to carnivore urine.
For instance, Osada et al. (2013) observed that mice similarly
avoided the short arm of a Y-maze when it contained wolf
urine. Using an open-field test we previously showed that rats
avoid the quadrant or corner of the testing arena containing
carnivore urine, e.g., from foxes, bobcats, pumas, coyotes, or lions
(Fendt, 2006; Ferrero et al., 2011; Wernecke et al., 2015). This
is confirmed by field studies demonstrating that carnivore urine
samples (e.g., dingo, coyote, bobcat, wolf) are effective repellents

FIGURE 2 | Rats (n = 14) avoided holes with carnivore urine whereas
holes with female rat urine were preferred. Percentages of total hole visits
(median) for the different corner holes are shown. ∗p < 0.05; ∗∗∗∗p < 0.0001
comparisons as indicated (Holm-Sidak’s multiple comparison test after
significant main effects in an ANOVA).
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protecting forestry and agricultural areas from feeding-related
damage (Nolte et al., 1994; Bramley and Waas, 2001; Parsons
et al., 2007).

Our second observation is that rats were attracted to the hole
containing urine from female rats. Sexually naive male mice
similarly preferred to investigate female urine over water in a
Y-maze test (Pankevich et al., 2006). In the present experiment,
the female urine sample was presented simultaneously with
aversive carnivore urine samples. Since we were able to measure
these appetitive effects of the female urine samples, we suggest
that the different odor samples did not strongly diffuse within
the hole-board testing apparatus and that avoidance/preference
responses were most likely restricted to the holes containing the
particular odor sample. Otherwise, an increase in general anxiety
due to the recognition of aversive carnivore odors should be
detectable. This would most probably reduce sexually motivated
behaviors like approach to female urine samples (cf. Retana-
Marquez et al., 1996; Rhees et al., 2001; Kobayashi et al., 2013).

Taken together, the present experiment is in agreement with
the rats’ natural motivation to approach odors of potential
mating partners (Liberles, 2014) and to avoid odors of carnivores
(Apfelbach et al., 2005; Masini et al., 2005). Importantly, using the
olfactory hole-board test, we are able to study olfactory avoidance
and preference behavior to different types of odors presented on
the same hole-board in the same test session.

Experiment 3

The previous experiment showed that rats avoid holes with
carnivore urine and preferred holes with female rat urine.
However, this phenomenon could also be explained by a simple
avoidance of odors from other species, whereas odors from
conspecifics are preferred. To exclude this possibility, we exposed
rats to urine samples from an herbivorous species (elk), an
omnivorous species (mona monkey) and a carnivorous species
(puma). Based on previous studies (Fendt, 2006; Ferrero et al.,
2011), we would expect that carnivore but not herbivore urine
samples will be avoided, whereas omnivore urine may lead to an
intermediate response.

Subjects and Procedure
Twenty two male Sprague-Dawley rats were included in this
experiment. Rats were exposed to carnivore urine (Puma, Puma
concolor), herbivore urine (Elk, Cervus canadensis), omnivore
urine (Monamonkey,Cercopithecus mona) and water as a control
odor.

Results
Again, the holes with the different odor samples were differently
visited by the rats (Figure 3), as indicated by a significant odor
effect (Friedman test: Q = 20.98; p = 0.0001). Post hoc pairwise
comparisons of the percentages of corner hole visits with the
percentage of water control hole visits showed that the holes
with the urine from mona monkeys and pumas were avoided
[Dunn’s test: p = 0.009 (mona monkey urine); p = 0.0001 (puma
urine)], whereas the holes with elk urine were not differently

FIGURE 3 | Rats (n = 22) avoided holes with omnivore and carnivore
urine but not holes with herbivore urine. Percentages of total hole visits
(median) for the different corner holes are shown. ∗∗p < 0.01; ∗∗∗p < 0.001
comparisons as indicated (Dunn’s multiple comparison test after significant
main effects in the Friedman test).

visited (p = 0.14) than the water control hole. The mean number
of total hole visits was 31 (data not shown).

Discussion
Rats were exposed to urine samples from an elk, mona monkey
and puma, as representatives for herbivore, omnivore, and
carnivore species, respectively. Rats avoided the holes containing
urine from either the puma or the mona monkey, whereas
the holes with elk urine appeared to be neutral (Figure 3).
These findings as well as similar findings from literature (Ramp
et al., 2005; Fendt, 2006; Du et al., 2012) suggest that prey
animals are able to discriminate between urine of harmless
herbivore species and urine of omnivore or carnivore species,
both being potential predators. This would be an important
evolutionary adaptation since rats would only invest energy
for the defense from potential predators but would not waste
energy with defensive responses to odors of herbivore species
which are no threat to rats. The question now is by which
mechanisms do rats innately recognize urine from potential
predators? One possibility is that rats detect predators through
common metabolites derived from a carnivorous diet (Nolte
et al., 1994; Berton et al., 1998; Ferrero et al., 2011). Such a
metabolite could be 2-phenylethylamine (PEA), a component of
most carnivore species’ urine and also of some omnivore species’
urine (Ferrero et al., 2011). Only moderate concentrations of PEA
have been identified in urine samples of omnivores or smaller
carnivores (e.g., ferret, fox, cat, human), while higher amounts
of PEA are present in urine samples of larger feline carnivores
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(e.g., tiger, lion, jaguar). These different PEA levels in the urine
may be responsible for the intensity of the expressed avoidance
behaviors.

Experiment 4

The aim of the present experiment was to test whether anxiolytic
treatments specifically modulate the avoidance of carnivore urine
holes without affecting the preference of rats to female rat urine.

Benzodiazepines are highly effective anxiolytic substances
in both humans and animals (Gelfuso et al., 2014). When
tested in predator odor exposure tests, different benzodiazepines
(e.g., midazolam) have been reported to change defensive
responsiveness to cat odor leading to decreased hiding behavior
and increased approach behavior (Blanchard et al., 1998;
Dielenberg et al., 1999; McGregor and Dielenberg, 1999; Siviy
et al., 2010). However, we observed that treatment of rats
with midazolam (0, 0.19, 0.38 mg/kg) had sedative effects and
strongly dose-dependently reduced the number of total hole
visits (Friedman test: Q = 20.46; p < 0.0001; Supplementary
Figure S1). This makes it very difficult to evaluate whether
midazolam treatment affects the avoidance response to carnivore
urine.

An established anxiolytic compound with only minor sedative
properties is the 5-HT1A receptor agonist buspirone (Kehne
et al., 1988; Carli et al., 1989; Moser, 1989). Therefore, rats were
treated with buspirone and the effects on olfactory hole-board
performance were tested.

Subjects and Procedure
Experiment 4 included 14 male Sprague-Dawley rats. 20 min
prior to testing, each animal was pretreated with the vehicle
(saline) or the 5-HT1A receptor agonist buspirone (0.1, 1 mg/kg).
Injections were given intraperitoneal (i.p.) and were administered
at a volume of 1 ml/kg. Each rat received each of the three
treatment conditions in a pseudo-randomized order with 24 h
between each test. Rats were exposed to fox urine, coyote urine,
female rat urine, and water as control odor.

Results
The analysis of the total numbers of hole visits confirmed
that buspirone has only minor sedative properties and did not
significantly affect the total number of hole visits [ANOVA:
F(2,26) = 2.28; p = 0.129, Figure 4A].

The percentages of corner hole visits after treatment with
saline or buspirone (0.1 mg/kg; 1 mg/kg) are illustrated in
Figure 4B. We performed separate ANOVAs for each treatment.
In saline-treated rats, there was a significant main effect of odor
(Friedman test: Q = 29.10; p < 0.0001). Post hoc comparisons
with the water control indicated that rats significantly avoided
the holes with fox (Dunn’s test: p = 0.016) or coyote urine
(p = 0.039). However, there was no effect of female rat urine
(p = 0.237). After treatment with 0.1 mg/kg buspirone, there was
still a significant main effect of odor [ANOVA: F(3,39) = 14.81;
p < 0.0001] with holes with fox urine (Holm-Sidak’s test:
p = 0.005) or coyote urine (p = 0.042) being avoided. The holes
with female rat urine were not visited more often by rats than the

FIGURE 4 | Buspirone treatment specifically blocked the avoidance
of holes with carnivore urine without sedating the rats (n = 14).
(A) Total number of hole visits (median) of rats after treatment with
buspirone (0; 0.1; 1 mg/kg buspirone). (B) Percentages of total hole visits

(median) for the different corner holes and for each treatment are shown.
∗p < 0.05; ∗∗p < 0.01 comparison as indicated (Holm-Sidak’s/Dunn’s
multiple comparison test after significant main effects in an
ANOVA/Friedman test).
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water hole (p = 0.105). Notably, different effects were observed
after treatment with 1 mg/kg buspirone. Although there was
again a main effect of odor (Friedman test:Q= 12.05; p = 0.007),
the percentages of total hole visits for the different corner holes
were not different from water [Dunn’s tests: p> 0.999 (fox urine);
p = 0.563 (coyote urine); p = 0.171 (female rat urine)].

Discussion
Treatment with the 5-HT1A receptor agonist buspirone dose-
dependently blocked the avoidance of holes with carnivore urine
in the olfactory hole-board test. Importantly, buspirone did not
affect the total hole visits and the visits of holes with attractive
female rat urine (Figures 4A,B) indicating a specific anxiolytic
effect on behavioral changes induced by carnivore urine. We
further showed that the olfactory hole-board test is inappropriate
for testing compounds with strong sedative effects such as
midazolam (Supplementary Figure S1).

Our finding that buspirone reduced predator odor-induced
defensive behavior supports previous findings showing
that treatment with 8-OHDPAT [(±)-8-hydroxy-2-(di-n-
propylamino) tetralin], another 5-HT1A receptor agonist,
decreases freezing and increases approach behavior to TMT
(2,4,5 trimethylthiazoline), a synthetic predator odor (Shields
and King, 2008). Similarly, it has been demonstrated that
buspirone effectively reduces anxiety in other rodent anxiety
models, such as the elevated-plus-maze test and the black/white
exploration test (Moser, 1989; Hendrie et al., 1997).

General Discussion

Rodents, as most other mammals, are predominantly olfactory
oriented and largely depend on olfactory cues for operating in
their environment (Sotnikov et al., 2011; Galliot et al., 2012).
Therefore, odors are of considerable significance in guiding
nearly every class of animal behavior (Doty, 1986) and their
perception and discrimination are believed to be crucial for
survival and reproduction. In this sense, the recognition of
predator odors and odors of the sexual counterpart is critically
important. The former induces defensive behaviors, whereas the
latter induces attraction behavior in rats.

The aim of the present study was to assess whether the
olfactory hole-board test can be used as a behavioral paradigm for
investigating olfactory preference and avoidance to biologically
relevant odors, as well as whether such a preference or avoidance
can be selectively modulated by pharmacological treatments. We
made use of the rats’ natural preference for corner holes in
the hole-board test and examined whether this pattern of hole
preference could be manipulated by placing both appetitive and
aversive odors under these holes. Using the innate preference for
corner holes allowed us to circumvent a floor effect since odor-
induced avoidance responses are more easily detected when the
holes are frequently visited under control conditions. The key
advantage of the olfactory hole-board test is that it allows testing
animals’ responses to four odors in a single test session. Moreover,
since appetitive odor samples can be presented simultaneously
with aversive odor samples under different corner holes, we were

further able to test preference and avoidance responses at the
same time. This is unique, since most research focused on the
effects of biologically-relevant odors on the behaviors of rats used
multi-trial paradigms (e.g., olfactory habituation/dishabituation
task) with sequential presentations of different odors (Mandairon
et al., 2009; Silverman et al., 2010; Lehmkuhl et al., 2014).
Moreover, because rodents in nature are not exposed to only one
pure odor but to several odors at the same time, the olfactory
hole-board may present also a more natural test situation.

As mentioned in Experiment 1, Moy et al. (2008) had also
developed an olfactory version of the hole-board test. In contrast
to our study, they made use of the mice’s natural aversion of
the center holes and tested whether the placement of novel,
appetitive odors in these holes may modify this innate aversion.
Consequently, a lack of a hole preference shift to the center
holes has been interpreted to reflect the resistance to adapt their
behavioral responses in regard to environmental factors (Moy
et al., 2008). This suggests that the hole-board test in association
with the presentation of odor samples is versatile allowing the
study of multiple research issues. While the mouse olfactory
hole-board was only used to test appetitive odor samples, in our
version, rats were exposed to both appetitive and aversive odor
samples.

The quality of the olfactory hole-board test in testing
aversion and preferences in the same test session was shown by
Experiments 2 and 3. Rats avoided visiting corner holes with urine
of potential predators (fox, bobcat, puma, coyote, monamonkey).
Simultaneously, rats visited holes with urine from female rats
more often indicating attraction behavior. Importantly, the odor-
induced avoidance response was specific to the urine of omnivore
and carnivore species. In contrast, the number of visits to holes
with urine of an herbivore species was indistinguishable to that
of the control holes. This supports the idea that rats are able to
discriminate between urine of different species, both predator
and non-threatening species (Ramp et al., 2005; Fendt, 2006;
Ferrero et al., 2011; Du et al., 2012). Regarding the experiments
with female rat urine presentation (Experiments 2 and 4), a
variable efficiency to induce hole preference was recognizable.
It has been shown that male rats are more attracted to odors
of estrous females than that of non-estrus females (Hosokawa
and Chiba, 2005; Achiraman and Archunan, 2006; Achiraman
et al., 2010). We collected urine regardless of the female’s estrus
cycle stage. Therefore, different amounts of estrus urine in the
different odor samples may serve as a likely explanation for
the varying effectiveness of female rat urine to attract male
rats.

The present study further tested whether the avoidance of
carnivore urine holes can be reduced by treating the rats with
the anxiolytic compounds midazolam or buspirone (Experiment
4). Treatment with buspirone specifically abolished the avoidance
response to holes with carnivore urine. Notably, such effects
are difficult to detect when the anxiolytic compound has
strong sedative effects, as was the case with midazolam since
too few hole visits were observed after midazolam treatment.
The finding that the olfactory hole-board test provides direct
measures of olfactory responses in rats that can be specifically
pharmacologically manipulated further makes it possible to use
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this test to examine, for instance, the specificity of anxiolytic
treatment effects.

Conclusion

The present study demonstrates that the olfactory hole-board
test may provide an appropriate tool for the assessment of
olfactory aversion and preferences in rats. In contrast to many
other testing paradigms, this paradigm allows testing of up
to four odors simultaneously in single trials. Furthermore,
the olfactory hole-board test is applicable to test anxiolytic
treatments without sedating properties indicating predictive
validity.
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Immune deficiencies are often associated with a number of physical manifestations

including loss of sense of smell and an increased level of anxiety. We have previously

shown that T and B cell-deficient recombinase activating gene (RAG-1)−/− knockout

mice have an increased level of anxiety-like behavior and altered gene expression

involved in olfaction. In this study, we expanded these findings by testing the structure and

functional development of the olfactory system in RAG-1−/− mice. Our results show that

these mice have a reduced engagement in different types of odors and this phenotype

is associated with disorganized architecture of glomerular tissue and atrophy of the main

olfactory epithelium. Most intriguingly this defect manifests specifically in adult age and

is not due to impairment in the patterning of the olfactory neuron staining at the embryo

stage. Together these findings provide a formerly unreported biological evidence for an

altered function of the olfactory system in RAG-1−/− mice.

Keywords: immunosuppression, immunodeficiency, anxiety, olfactory dysfunction, main and accessory olfactory

system (MOS and AOS), main olfactory epithelium (MOE)

Introduction

Many vertebrates, including most mammals and reptiles utilize the sense of smell for their survival
since it is essential for finding nutritious food, a suitable mate and to escape predators (Mombaerts,
2004). Odor perception is a finely regulated process that occurs through a substantial and yet
finite number of odorant receptors. Indeed, mammals have 347 genes coding for functional odor
receptors among a total of 1000 genes and each olfactory receptor is activated by a specific odorant
(Hoover, 2010; Glatz and Bailey-Hill, 2011).

Similar to the olfactory system, the immune system helps us to relate to the external environment
and to differentiate harmful or innocuous agents. Recent clinical evidence have suggested that these
two systems share more than just a similarity and potentially communicate with each other. Indeed,
clinical studies on patients suffering from a wide range of immune disorders such as autoimmune
pathologies like multiple sclerosis (Lutterotti et al., 2011; Erb et al., 2012; Garcia-Gonzalez et al.,
2013), systemic lupus erythematous (Shoenfeld, 2007; Shoenfeld et al., 2009; Cavaco et al., 2012;
Perricone et al., 2013) and Sjögren’s syndrome (Midilli et al., 2013) or immunodeficiencies like
HIV/AIDS (Graham et al., 1995; Mueller et al., 2002; Vance, 2004, 2007; Vance and Burrage,
2006) have often reported a reduction in threshold of discrimination of different odors (TDI)
or olfactory dysfunction typically at the onset of disease. Hence either the absence of adaptive
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immune cells (as in the case of immunodeficiencies) or the
uncontrolled activation of these cells (as in autoimmune diseases)
can cause a loss or reduced ability to smell i.e., anosmia or
hyposmia.

Over the past few years, we have been investigating the
crosstalk between emotions and immune system. Our recent
characterization of the emotional behavior of immunodeficient
recombination activation gene (RAG)-1 knockout mice has
revealed an increased level of anxiety-like behavior in these
animals. Most interestingly, these changes in behavior were
accompanied with changes in the gene expression profile of
the brain including a reduced expression of genes involved in
olfactory transduction. This was a rather interesting finding
considering that the same immunological conditions that cause
anosmia have also been associated with increased incidence of
mental disorders and stress. Most intriguingly, studies using both
pharmacological and surgical impairment of the olfactory system
have also described a significant increase in anxiety-like behavior
thus suggesting the possibility that smell, anxiety and immune
response might share a common molecular pathway.

To test this hypothesis, in this study we investigated if the
increased anxiety—like behavior of RAG-1−/− mice was also
associated with an impaired sense of smell. In addition to this,
because RAG-1 is expressed in olfactory sensory neurons (OSN)
and epithelium (OE) we also investigated if the absence of this
gene would affect the development of the olfactory system. Our
results provide the first experimental evidence for a specific role
of RAG-1 in the conservation of the olfactory system in adult
mice rather than its development at the embryo stage. Most
importantly, our studies provide further evidence for a possible
role ofRAG-1 asmolecular link between emotions, immunity and
sense of smell.

Materials and Methods

Mice
RAG-1−/− mice on C57/BL6 background were kindly provided
by Prof. Hans Stauss, (University College London, UK) while
control C57BL/6 mice were purchased from Charles River. Both
strains were bred in our animal facility. We used 7 week-old
male mice for all the behavioral tests and timed-embryos were
obtained bymatingmice in the evening. The presence of a vaginal
plug in the morning indicates successful mating and the resulting
embryo would be considered 0.5 day old (E0.5). Mice were
housed in groups of maximum 6 animals per cage under specific-
pathogen-free conditions and with free access to food and water.
All the behavioral experiments were performed during the light
phase of the light-dark cycle and no more than 2 tests per day
were performed. All tests were conducted in a blinded fashion
and according to the UK Animals (Scientific Procedures) Act,
1986. The local biological service unit at Queen Mary University
of London approved all experimental protocols.

Buried Food Test
First described in the early 1970s (Alberts and Galef, 1971), the
buried food test has been adapted under various names and a
range of palatable food have been used (e.g., cookies, cereals and

food pellets). The purpose of this experimental test is to measure
an animal’s ability to smell volatile odors and its natural tendency
to use olfactory cues for foraging. Themain parameters measured
in this test are the latency to find the hidden food and the time
spent eating it (Yang and Crawley, 2009). The testing protocol
of 3 days consists of an odor familiarization exercise on day 1,
food deprivation on day 2 and testing on day 3. On day 1, 7-week
male C57BL/6 and RAG-1−/− mice were placed in a clean mouse
plastic cage (25 × 42 × 12 cm) containing 3 cm of fresh cage
bedding. Three Teddy Grahams cookies (Nabisco Inc.; 1 cookie
for every 2 mice) where placed in each cage and left overnight.
Cages were inspected on day 2 to verify that the cookies were
consumed to make sure that the bait is a highly palatable food.
On day 2 at approximately 4 pm (1 day before the test), food
pellets were removed from the cages and testing mice fasted
overnight. The test was performed on day 3 at approximately 11
am after 1-h acclimatization in the testing room. Mice were then
individually introduced into a clean cage containing 3 cm deep of
clean bedding and allowed to acclimate to the cage for 5min to
reduce the interference of novel environment exploration during
the test. A cookie was buried beneath 1 cm of bedding in a
random corner of the cage and the mouse introduced into the
cage. The site of animal placement and the site at which the
cookie was buried remained constant. Time necessary for the
animal to retrieve the cookie with its front paws was measured in
seconds (latency) up to a maximum parameter of 15min (900 s
was the maximum score; Yang and Crawley, 2009).

Olfactory Habituation/Cross-habituation Test
The capability of mice to detect and differentiate various odors
(social and non-social odors) was examined with the olfactory
habituation/cross-habituation test (Luo et al., 2002; Yang and
Crawley, 2009). The main aim of this test is to measure an
animal’s tendency to investigate novel smells and presenting
the mice with a sequence of different odors assesses this. A
common sequence is (1) water; (2) two non-social odors; and (3)
two social odors. Habituation is defined by a decrease in time
spent sniffing the same odor. Cross-habituation is represented
by a reinstatement of olfactory investigation when a novel odor
is presented (Woodley and Baum, 2003; Wrenn et al., 2003;
Wersinger et al., 2007). Prior testing, the mice were allowed to
acclimate for 30min to a clean food- and water-deprived testing
cage with a dry cotton-tipped applicator inserted through the
water bottle hole. This is a necessary practice because it can
reduce the interference of novel environment exploration during
the olfactory test. Non-social odors were prepared in themorning
of the same day of the test, they included: (1) distilled water; (2)
solution with almond extract; (3) solution with banana extract
(McCormick Inc. brand). Almond and banana are standard non-
social odors because they are distinctly different and mildly
attractive natural food odors, but unrelated to the food with
which laboratory rodents are familiar (Huckins et al., 2013). The
solutions were prepared by adding 10µl of almond or banana
extract to 990µl of distilled water (1:1000 dilution). For the social
odors, a cotton-tipped applicator was swiped in a zigzag fashion
5 times on the bottom of a cage. We used 5 day-old dirty cages
of female mice for unfamiliar social cage 1 and male mice of the
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same age for unfamiliar social cage 2. Stimuli were presented
in the following order: water × 3, almond × 3, banana × 3,
social odor × 3. A trial period of 2min was given for each
stimulus presented, and thus the time spent sniffing the tip for
each stimulus was recorded in seconds using a silent stopwatch.

Immunohistochemistry
Immunofluorescence was applied to formaldehyde fixed
cryosections as previously described (Cariboni et al., 2011).
Briefly, coronal sections were blocked with serum free protein
block (DAKO) and immunostained with goat anti–OMP (1:500;
DAKO), rabbit anti-Tuj1 (1:500; Covance), followed by cy3-
and 488-conjugated donkey antigoat/rabbit Fab fragment
secondary antibodies (Jackson ImmunoResearch). Nuclei were
counterstained with DAPI (Sigma). For immunoperoxidase
staining, formaldehyde-fixed sections were processed as
described previously. Briefly, coronal adjacent sections of
formaldehyde-fixed embryo heads of 25m were incubated with
hydrogen peroxide to quench endogenous peroxidase activity
and then blocked and incubated with rabbit anti-peripherin
(1:1000, Chemicon) or rabbit anti-GnRH (1:1000, ImmunoStar)
primary antibodies and followed by biotinylated goat anti-
rabbit antibody (Vector Laboratories). Immunoreactivity
was visualized with the ABC kit (Vector Laboratories) and
3,3-diaminobenzidine (Sigma). The analysis was performed
on at least 3 samples for each genotype. We measured the
pixel intensity of OMP staining in 20µm coronal sections
through the olfactory glomeruli of 3 mice for each genotype.
Haematoxylin and eosin staining (H&E) was applied to paraffin
sections of whole heads as previously described for other tissues
(Maione et al., 2009, 2010; Paschalidis et al., 2009). Briefly,
whole heads were obtained from 7-week old wild-type C57BL/6
and RAG-1−/− mice. Prior fixation with 4% paraformaldehyde
(pH 7.4) and decalcification in 10% EDTA (pH 7.2–7.4), the
heads were embedded in paraffin wax. Sagittal sections were
deparaffinized and stained with haematoxylin and eosin. Digital
images were taken using the Image Pro image analysis software
package.

Data Analysis
All the statistical analysis was performed using GraphPad
Prism software. The buried food test was analyzed using the
nonparametric Mann–Whitney U-test. Statistical significance
was set at p ≤ 0.05 and all data are presented as mean ± SEM as
previously described (Dawson et al., 2005; Fleming et al., 2008).
For the habituation/dishabituation test, One-Way repeated
measured ANOVA within each group was used to compare the
time that subjects spent investigating the stimulus upon the
different exposure. All data are presented as mean± SEM.

The total number of GnRH neurons/head was quantified as
previously described (Cariboni et al., 2011). To compare the
abundance of OMP+-neurons we measured the pixel intensity
of OMP staining in 20-µm coronal sections through the OB of
3 mice for each genotype, by using ImageJ software (NIH). To
compare the area of glomeruli, we measured the area of each
glomerulus in 20-µm coronal sections through the OB of adult
mice for each genotype, at the same anatomical level, by using

ImageJ software. To compare the OE thickness, we measured
the thickness of OE in 10-µm sagittal sections through the nasal
region for each genotype, at the same anatomical level, by using
ImageJ software. To determine statistical significance, we used
the unpaired t-test. A P-value of less than 0.05 was considered
statistically significant. For all experiments, data are expressed as
the mean± SEM.

Results

RAG-1−/− Immunodeficient Mice Have an Altered

Sense of Smell
The buried food test is a reliable protocol that relies on the
natural tendency of the mouse to use olfactory cues for foraging.
The main parameter is the latency to uncover a small piece
of palatable food such as a cookie, hidden beneath a layer of
sawdust, within an established length of time. We first tested the
palatability of the bait leaving the cookie with mice overnight
(see Materials and Methods Section) and observed no difference
between RAG-1−/− and control C57/BL6, i.e., both strains
consumed the whole cookie. However, when we performed the
test of the buried cookie, we observed a significant five-fold
increase in the latency to find the bait (203 s ± 77.7 vs. 42 s ±
18.9; p < 0.001) in the RAG-1−/− compared to control C57/BL6
mice (Figure 1A).

To further assess the olfactory function of RAG-1−/− mice,
we used the habituation/cross-habituation test, which relies on
the animal’s tendency to explore novel smells and is also used
to evaluate its ability to distinguish between different odors
(Yang and Crawley, 2009). When presented with different stimuli
(water, almond, banana, and social odor), control C57BL/6
mice (wild-type) showed the expected increase in time sniffing
(compare number 1 bar in the water group with number 1 bar in
the other groups) every time a new odor was introduced (cross-
habituation). They also showed habituation to the same stimuli
since the time spent sniffing the same stimuli was significantly
reduced upon the second and the third exposure (compare white
bar 1 with bars 2 and 3 in each group) (Figure 1B). In contrast,
RAG-1−/− mice did not follow this pattern and showed an
overall reduction in the time of sniffing. More specifically, the
investigation rate was so low that both habituation and cross–
habituation were difficult to be assessed. Interestingly, however,
RAG-1−/− mice showed an increase in the time spent exploring
the social stimulus compared to unfamiliar ones (almond and
banana) and showed a trend toward a normal pattern of
habituation (although the differences between the 3 exposure
were not significant) suggesting a preserved function of the
vomeronasal organ and an impaired activity of themain olfactory
system (see Discussion).

Histological Assessment of the Olfactory and

Vomeronasal Systems in RAG-1−/− Embryos
The development of the olfactory system is strictly linked
to the development of the gonadotropin-releasing-hormone
neurons, which regulate reproductive function (Wray, 2010;
Forni and Wray, 2014). These neuroendocrine cells originate
in the nasal placode, the embryonic structure that gives rise to
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FIGURE 1 | RAG-1−/− mice show an impaired sense of smell. Adult 7 week-old RAG-1−/− and control C57/BL6 mice were tested with the buried cookie test

(top panels) or the habituation/dishabituation test (bottom panels) as described in Materials and methods. The bar graph in (A) represents the time expressed in

seconds required to find the buried cookie. Values are mean ± SEM obtained from a single experiment with n = 5 mice and representative on n = 4 experiments with

similar results. ***p <0.005 vs. C57BL/6 control mice. The graph in (B) shows the time expressed in seconds spent sniffing the stimuli (water, almond, banana, and

social odor). The numbers on the x-axes (1, 2, and 3) indicate the order of the repetitive exposure i.e., 1st, 2nd, and 3rd. Values are mean ± SEM obtained from a

single experiment with n = 5 mice and representative on n = 3 experiments with similar results. *p < 0.05; **p < 0.01 vs. the 1st exposure. The left top and bottom

pictures show a schematic representation of the buried cookie test (top) and the habituation/cross-habituation test (bottom) described in details Materials and

Methods Section.

the OE and VNO, and migrate toward the brain apposed to
olfactory (OLF) and vomeronasal (VN) axons. To investigate
the mechanisms behind the olfactory deficits observed in the
RAG-1−/− mice, we first analyzed the development of the
main and accessory olfactory systems at day 14.5 (E14.5) by
staining coronal head sections with an anti-peripherin and
anti-GnRH antibodies as previously described (Cariboni et al.,
2011). As shown in Figure 2, we did not observe any defects
in either the fasciculation or the targeting of the olfactory
nerves toward the olfactory bulbs (OB) between wild-type and
RAG-1−/− embryos (Figures 2A,D, respectively). In addition,
the vomeronasal nerves, responsible for pheromone detection
in adulthood, were normal and comparable between the two
genotypes (Figures 2B,E) as it was the migration and the number
of the gonadotropin-releasing hormone neurons responsible for
reproduction (Figures 2C,F,G; total number of GnRH neurons:
wild-types 1317 ± 27.55 vs. RAG-1−/− 1303 ± 33.37, p = 0.76).
Consistent with this, the size of the gonads in 7 week-old mice
showed no gross difference between wild-type and RAG-1−/−

(Supplementary Figure 1, respectively).

Histological Analysis of the Olfactory Bulbs of

Newborn RAG-1−/− Mice
We next conducted a histological assessment of the olfactory
system at birth (day 21) just before the pups are exposed
to external and social stimuli. Analysis of the size and gross

FIGURE 2 | Normal GnRH neuron development in embryonic RAG-1−/−

mice. Coronal sections of embryonic day E14.5 mouse heads RAG-1−/− and

control C57/BL6 mice were stained for peripherin (A,B,D,E) or GnRH (C,F) as

described in Material and Methods. Black arrowheads indicate examples of

extending olfactory/vomeronasal axons (B,E) and of migrating GnRH neurons

in the nasal area (C,F). Quantitation of total GnRH neuron number is displayed

in (G). Pictures are representative of n = 4–6 mice of each genotypes. Scale

bars: 150µm (A,D); 100µm (B,C,E,F).

morphology of the olfactory bulbs in newborn RAG-1−/− mice
showed no differences compared to control wild-type mice
(Figures 3A,B, respectively). Immunostaining of the same tissues
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FIGURE 3 | Histological analysis of the olfactory system in newborn

RAG-1−/− mice. (A,B) Brains from male postnatal age (P) 0 newborn

RAG-1−/− and control C57/BL6 mice were photographed side-by-side to

demonstrate no differences in the size and gross morphology of the brain and

of the olfactory bulbs. (C,D) Coronal sections of the olfactory bulb from the

same mice immunostained with antibodies against OMP and Tuj1 revealed no

differences in the intensity and morphology of the projecting ORNs. DAPI was

used to counterstain the nuclei. (C′,D′) Show higher magnifications of the

same tissue sections. The organization of the olfactory bulb displayed in (C,D)

are labeled as following: gcl, granule cell layer; epl, external plexiform epithelial;

onl, olfactory nerve layer. Pictures are representative of n = 3 mice of each

genotypes. Scale bars: 1mm (A,B); 100µm (C,D).

for the olfactory marker protein OMP and the pan-neuronal
precursor marker Tuj1 confirmed these results and showed no
difference in the localization or level of expression of these two
markers (Figures 3C,D).

Impaired Olfactory System in Adult RAG-1−/−

Mice
Morphological analysis of the olfactory bulb of fully developed
(7 week-old) RAG-1−/− adult mice did not present any
differences in size compared to control age-matched wild-
type (Figures 4A,B, respectively). However, immunofluorescene
staining of the olfactory bulb for OMP showed disorganized
glomeruli (which are the initial sites for synaptic processing
of odor information coming from the nose, Zou et al., 2009;
Sakano, 2010) (Figures 4C,E) as well reduced expression of this
marker (Figures 4D,F). Quantitative analysis of OMP staining
over different sections confirmed these results and showed a
significant (p < 0.01; n = 3) reduction of about 50% of
the pixel intensity in RAG-1−/− mice (15.9 ± 1.7 mean pixel
intensity/area) compared to wild-type control (28.8 ± 2.3 mean
pixel intensity/area). No differences were observed in the size
of each glomerulus, expressed as mean of the area (wild type:
0.0224 ± 0.0017 vs. RAG-1−/− 0.0255 ± 0.0022, p = 0.72; Area
expressed as square mm).

On the opposite site of the glomeruli, olfactory neurons
innervate the olfactory epithelium (Leinwand and Chalasani,
2011; Murthy, 2011; Takeuchi and Sakano, 2014). These tissues
present in the turbinates of the nose act as “platform” for the

olfactory neurons and undergo continuous regeneration. Given
that olfactory bulbectomy has been shown to severely affect
olfactory epithelium regeneration (Suzuki et al., 1998; Makino
et al., 2009), we reasoned that the absence of fully functional
olfactory neurons would impact the status of OE in RAG-1−/−.
Consistent with our expectation, staining of sagittal paraffin
sections with haematoxylin and eosin showed reduced cellularity
and thickness of the MOE in RAG-1−/− tissues compared to
wild-type control (Figures 5A,B, respectively; Figure 5C, OE
thickness: wild type 0.1900 ± 0.01581 vs. RAG-1−/− 0.1000 ±

0.01558; p < 0.005) further supporting the idea that the absence
of immune cells may cause histological changes in olfactory
neurons and an impairment of olfaction mainly in adult mice.

Discussion

Immunodeficiencies have long being associated with a number of
physical manifestations that are not generally linked to immune
functions including anxiety and anosmia. Performing a study
on the behavioral profile of T and B cell-deficient RAG-1−/−

mice we have observed an increased level of anxiety-like and
surprisingly found significant changes in brain gene expression
profiles of these mice when compared with their wild-type
littermates. Pathways analysis of these genes revealed a number
of interesting links to different diseases and unexpectedly a defect
in the signaling pathways involved in the olfactory system. This
was a rather interesting finding since it suggested that RAG-1−/−

mice could represent an ideal experimental system to study the
simultaneous occurrence of anxiety and anosmia that has been
described in clinical cases of immunodeficiency.

To verify our hypothesis, we first tested the olfactory function
of RAG-1−/− mice using classical behavioral models based on the
ability of themouse to recognize the odor of “palatable” baits. Our
results from the buried cookie tests showed an increase in the
latencies to find the buried food and recognizing the stimulus in
RAG-1−/− mice compared to control. These differences in odor
recognition were further confirmed with the habituation/cross-
habituation test where the RAG-1−/− mice showed an impaired
pattern of habituation and cross-habituation to distinct and yet
volatile odors.

As common feature of both tests, RAG-1−/− mice showed
an overall difficulty in preforming the expected task provided
(finding the cookie or being interested in different odor
stimulations) and this might be linked to their increased level
of anxiety-like behavior that makes them distracted from the
task. Consistent with this, other authors have shown an increased
locomotor and exploratory activity and degree of anxieties in
chemically induced anosmicmice (Kudyakova et al., 2007; Glinka
et al., 2012).

Aiming to further understand the cellular mechanism behind
the impaired sense of smell of RAG-1−/− mice, we investigated
whether there were any defects in the cellular structure of the
olfactory organs at three key time points: at the embryo stage,
soon after birth and at adult age (6–8 weeks). Our results
show that RAG-1−/− had no differences in the development
of the olfactory nerves at embryonic day 14.5, which is the
stage of development that follows the establishment of the first
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FIGURE 4 | Impaired tissue structure of the olfactory system of adult RAG-1−/− mice. (A,B) Brains from male postnatal age (P) 21 RAG-1−/− and control

C57/BL6 mice were photographed side-by-side to demonstrate no differences in the size and gross morphology of the brain and of the olfactory bulbs (OB). (C,D)

Coronal sections of the olfactory bulb from the same mice immunostained with an anti-OMP antibody showed a reduced OMP signal in the mutant mice compared to

controls. DAPI was used to stain the nuclei. The funny arrow (E′′) highlights the disorganized structure of the glomerulus in the mutant OB. (D,F) are higher

magnification of the areas pointed by the arrows in (C′′,E′′). Pictures are representative of n = 3 mice of each genotypes. Scale bars: 1mm (A,B); 100µm (C,E).

olfactory sensory link between the olfactory epithelium and the
olfactory bulb. Same results were obtained in the expression of
key olfactory markers OMP and Tuj1 in the olfactory bulb at day
0 suggesting no involvement of RAG-1−/− in the development of
the olfactory system at this stage. Indeed, although we did not
perform any behavioral test for olfaction in newborn mice, at
observational level we did not see any difference in the ability of
the newborn RAG-1−/− to recognize the nipples of the lactating
mother. Nor we observed any difference in the weight of these
pups that would suggest an impaired ability to feed themselves
because of olfactory defects (data not shown).

Histological analysis of the MOE in adult mice provided us
with a completely different scenario featured by a significant
reduction in thickness and cellularity of the epithelium and a
disorganized architecture of the glomerular tissue of the olfactory
bulb in RAG-1−/− mice compared to control C57BL/6 mice.
These structural differences might explain the increased time
needed to track the volatile odor released by the chocolate chip
cookie in RAG-1−/− mice. The MOE is largely tasked with
smelling inherently “neutral odors” (Munger, 2009; Huckins
et al., 2013) and its dysfunction can be readily observed in
anosmic mice that are known to typically display a significant
reduction in the latency to identify an odor stimulus. Most
interestingly, the changes across the MOE might provide an
explanation for the increased anxiety behavior of RAG-1−/−

mice that we have previously reported (Rattazzi et al., 2013).
Congruently, recent studies have suggested that “functional
activation of the MOE but not the VNO causes elevated levels of
anxiety” (Glinka et al., 2012). The reverse might also be true since
studies in humans have also suggested that the induction of a state
of anxiety provoke a shift in the perception of a neutral odor (that
becomes unpleasant) and to an increase in time needed to detect
it (Krusemark et al., 2013).

We did not find any defect in the structure of the VNO (data
not shown) and this might also explain the unperturbed response

of RAG-1−/− mice to social odor. These results are consistent
with previous studies byMcgowan et al. (2011) where the authors
described an intact ability of RAG-1−/− mice to recognize social
odor. The same study, however, differs from our as the authors
have found no changes in the recognition of non-social odors by
RAG-1−/− mice. The differences in the results are most likely due
to the different experimental settings they used i.e., high volatile
odors (lemon and peppermint instead of almond and banana)
and much older mice (3–5 months as opposed to 7–8 week old).
In addition to this, in this study the authors showed no difference
in anxiety-like behavior in the open field test while previous
results from our and other research groups showed significant
difference in open field, marble burying and light/dark box. We
do not know how to explain these discrepancies except with
possible differences in the housing conditions and gut microbiota
that could account for difference in behavior.

The current study does not establish if the defects in olfaction
of the RAG-1−/− are due to the lack of immune system or
to an intrinsic role of RAG-1 gene in the development of the
olfactory system. Previous studies have shown that RAG-1 is
expressed in the olfactory neurons as well as in other brain
regions such as cerebellum and the hippocampal of mice (Chun
et al., 1991)—in the olfactory neurons contained in the two
placodes located anterior and dorsal to the eyes in zebrafish
(Jessen et al., 1999, 2001)—and in a subpopulation of zebrafish
olfactory neurons projecting to the lateral olfactory bulb (Feng
et al., 2005). Consistent with our findings, the study performed
in zebrafish showed that depletion of RAG-1 by morpholino-
mediated knockdown or mutation, did not affect axon targeting.
If we combine these observations together, it is possible to
exclude that RAG-1 plays a key role in OSN development during
the embryo stage.

Looking at the adult stage, our results differ from those
obtained in zebrafish since in these animals there was no changes
of odorant receptor expression or response of OSNs to amino
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FIGURE 5 | Decreased thickness and cellularity of the main olfactory

epithelium of RAG-1−/− mice. The pictures in (A,B) show the hematoxilin

and eosin staining of the MOE of 7 week-old RAG-1−/− and control C57/BL6

mice. The pictures in (A′,B′) are higher magnification of the boxed areas in

(A,B) and highlight the differences in thickness (black segments) between the

two tissues (arrowheads). The different cellular layers of MOE are indicated

with arrows and correspond to: cilia, chemosensory cilia; OSN, olfactory

sensory neurons; connective, connective tissue and cartilage. Quantitation if

OE thickness is displayed in (C). Pictures are representative of n = 3 mice of

each genotypes. Scale bars: 150µm (A,B).

acids. We do not know the reason behind this discrepancy and
we are tempted to think that T cells might be responsible for the
changes in odor perception. The full validation of this hypothesis
would require a full new set of investigations addressing a
number of specific questions. Nevertheless, we think that there
are considerations that can be taken into account in support of
this idea.

First of all, our previous study on the emotional behavior
of RAG-1−/− mice showed that RAG-1−/−/OT-II but not
RAG-1−/−/OT-I could “rescue” the gene expression profile and
behavior of the former (Rattazzi et al., 2013). This suggested
to us that T cells rather than B cells, and CD4+ T cells
(present in RAG-1−/−/OT-II) rather CD8+ T cells (present in
RAG-1−/−/OT-Imice), had a significant impact on the observed
impaired emotional behavior of RAG-1−/− mice. Looking at the
changes in olfactory transduction pathway of these very same
mice, a similar patter of regulation could be observed i.e., RAG-
1−/−/OT-II were similar to wild type supporting the idea that
CD4+ T cells might rescue the olfactory defect of RAG-1−/−

mice(Rattazzi et al., 2013).

In terms of the mechanism by which CD4+ T cells would
control the healthy state of the MOE, we speculate that this
might be linked to the impaired development of nasal-associated
lymphoid tissue (NALT) (Bienenstock and Mcdermott, 2005;
Ruddle and Akirav, 2009). Like all other mucosal-associated
lymphoid tissues, these are organized clusters of T and B
cells that act as patrolling stations and local reservoir of
the immune system in the mucosal districts. Studies on the
origin of NALT have shown these structures develop before
the other secondary lymphoid organs and start at postneonatal
age continuing till weaning (Bienenstock and Mcdermott, 2005;
Drayton et al., 2006; Ruddle and Akirav, 2009; Brandtzaeg, 2011).
Most interesting, the structural differentiation of the NALT has
been proposed to be completed after 6 weeks of age (which
is the age of the mice we have used in our tests) and to be
influenced by environmental stimuli. Given that the presence
of these structures has been shown to be important for the
release of factors regulating olfactory epithelium proliferation,
differentiation, and maturation (Schwob, 2002), it would be
tempting to assume that their absence is one of the main causes
of atrophy (reduced thickness and cellularity) of the MOE of the
RAG-1−/− mice and, as consequence of that, of the impaired
organization of the glomeruli in the olfactory bulb.

In conclusion, the results of this study provide first evidence
for an impaired olfactory function in adult RAG-1−/− mice.
Future studies using this animal model might help to identify
new therapeutic targets or experimental approaches to investigate
possible link between immunodeficiency, anxiety and anosmia.
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