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Scents can carry alot of important information
about the environment, conspecifics and other

kairomones

pheromones

food odors

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.

Image by Kaori Kiyokawa and Yasushi Kiyokawa

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.
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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
which molecular cascades are modulated 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 detection mechanisms 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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Scents that Matter

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 (Brechbiihl 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; Brechbiihl 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
(Brechbiihl 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, ie., blends, are usually more efficient
in inducing behavioral changes (summarized in Apfelbach
etal.).

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
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etal.).

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
(Wohr; 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;
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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
(Wohr).

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.
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interesting and high-quality research topic.

We hope that you enjoy reading this research topic as much as
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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,
| 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 and Wysocki, 1987; Bean and Wysocki, 1989; Labov and Wysocki,
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 and Wysocki, 1989; Labov and Wysocki, 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).

Frontiers in Neuroscience | www.frontiersin.org

June 2015 | Volume 9 | Article 221 | 8


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.2015.00221
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive
https://creativecommons.org/licenses/by/4.0/
mailto:cry@stowers.org
http://dx.doi.org/10.3389/fnins.2015.00221
http://journal.frontiersin.org/article/10.3389/fnins.2015.00221/abstract
http://loop.frontiersin.org/people/200339/overview

Yu

Neomorphic behaviors in Trpc2~/~ mice

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 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).

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
Trpcz_/_ mice (Kim et al., 2011). The CACC now has been
identified as TMEM16A/anoctaminl (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 Ca?*
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
Trch’/’ 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 Goo 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 | lllustration of vomeronasal neuron signaling pathway.
Binding of ligands to their cognate receptors trigger the activation of
Gai2/ Gao, 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 Ca?t,
whereas IP3 triggers release of Ca2+ from intracellular stores. Elevated
intracellular Ca?* in turn activates calcium-activated chloride conductance
(CACC) and the small conductance calcium-activated potassium channel

SK3. Activation of G protein also releases By 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 Ca2t 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 Vlr receptor cluster, knockout mutations
of signaling molecules Gai2 and Gao, 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 TI6,
contains sex-specific cues that signal the carrier as females.
This fraction is recognized by a subset of the Vlre 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
etal., 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
CngaZf/* or SK37/~ 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 the mating/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
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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 from multi-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, and mammals 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,
which may 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

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)

A B Cc
Individuals with Trait-specific
different traits metabolic pathways

Trait-specific
compound distributions

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 c¢8. 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 ¢2 and c1. Ultimately, these networks elicit neuronal activity (E) that can distinguish among chemosensory profiles associated with

different traits.
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FIGURE 2 | Detection of a single compound. (A) Simple network that detects the presence of a compound ¢ 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 ¢ 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)

concentration of compound C

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 (Figure2C).
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 much more 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,EI). 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 3]-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 c¢1 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 ¢1 and ¢2. 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 ¢1 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-l) 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 Figure4 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 compounds 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 5AIIl, 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 of multiple
traits more formally, consider a particular compound i, whose
concentration levels C; are determined by a linear combination
of two traits, T} and T, i.e.,, Ci(T},T2) = g1oT1+ greT,. The
gain factors g; and g, 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, g; and g,
are equal, so both traits exert the same influence. In Figure 5BII,
the second trait dominates (g; < g»), while in Figure 5BIII,
the first trait is dominant. In Figure 5BI, neither trait can be
determined without knowing the other. In Figures 5BILIII, 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.,
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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.
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(BI), both traits exert an equal influence on the levels of (C), which is simply their sum. In (Bll), the influence of T2 is dominant, while in (BIll), T1 dominates. (C) Effect
of dilution on specific compound levels. The example illustrates how different dilutions can confound trait identification.
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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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The contexts accommodated by the networks in Figure 6 are  numerically and which modifies the compound distribution in
simple and applicable under very limited conditions. Namely,  a simple (e.g., monotonic), manner. In other cases, the context
the context must be defined by a trait that can be coded 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
etal,, 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 females 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
etal,, 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
MTCGC:s 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
from multiple 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
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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 Liischer, 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 which members 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.

Table1 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
anovel 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
Liischer (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 and Marton (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
Wryatt (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 Liuscher, 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 Chemical messengers, which have to be carried frabom the organ where they are produced to

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

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

B. Semiochemical
from Greek émeion “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 Lischer, 1959a).

2. Allelochemical,
allelomone from Greek allél- “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 acquired1 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 vertebrate species (N = 184). Of these, 98 were concerned with
allomone, kairomone, or synomone in their topic. The narrow, kairomones emitted by vertebrates (mainly humans, as well as dogs,
black line shows their use overall since their coinage in the 1970’s ruminants, hedgehogs, poultry, snakes, and penguins) attracting biting
(N = 2635 publications) found in a search made in January 2015 in or stinging insects (mainly mosquitoes, as well as midges, mites, bed
Topic (which includes words in title, keywords, and abstract) in Web bugs, ticks, tsetse flies, and wasps). Only 32 publications concerning
of Science™ (ver. 5.16.1; Thomson Reuters © 2015). The bold, red odor-based behavioral responses in vertebrate species were found
line shows the number of publications among these, which includes 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 not make 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 signature mixture,
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.

The message 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 same molecules 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
(Brechbiihl 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-Gémez
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
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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® 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
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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 naive 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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Predator odors and defensive behaviors

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 the mating 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).

As mustelids became more popular in scientific research, more
research groups focused on the anal secretions of mustelid 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
and Miiller-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
animal may 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 Bagneres,
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 x 10™* 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 (Zottl 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 that male mice 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
(Miiller-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 (2)
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 four most discussed molecular 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). 3)
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-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.

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 (atleast to humans), its effects are more 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 TMT may 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 cats 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 that mice 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 naive 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
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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. FO mice were subject to odor
fear conditioning before conception, and subsequently in F1
and F2 generations, an increased behavioral sensitivity to the
FO-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-naive 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 native marsupial 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-naive 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 naive 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 (<2 Kg), 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 (Tablel, 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 naively 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 be more 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 50 m 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 (Lonnstedt 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 accompanying molecules 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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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 naive 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; Brechbiihl 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 (Brechbiihl 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 naive,
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/6] 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

e TMT produces robust, invariant levels of freezing with repeated exposure
— Lack of habituation
— Lack of sensitization

e 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

e TMT can support context and flavor-avoidance conditioning of defensive
behaviors

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

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

o What are the environmental constraints of TMT-induced fear conditioning?
— TMT supports limited context conditioning, but good conditioning of
flavor avoidance

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

conditioning?

e 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
(Brechbiihl 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 (Brechbiihl 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 (Brechbiihl 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
(Brechbiihl 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 (Brechbiihl 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 on mitral 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 (Miiller 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 Branddo, 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 the medial 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-Gomez 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-Gomez 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 Il olfactory sensory neurons and the Grueneberg ganglion
project to domain Il 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 VIPAG 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 Dll, 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 Il
olfactory sensory neurons; dIPAG, dorsolateral periaqueductal gray; VIPAG,
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; Miiller 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 than mammals (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
etal., 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 in more 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; Miiller 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 a;,-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

o A pathway from olfactory neurons in the nasal epithelium and Grueneberg
ganglion to the amygdala cortex has been delineated

— Zone |l receptors in nasal epithelium process innate fear to TMT

— Genetic deletion of zone Il 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

o Olfaction, but not nociception, of TMT is critical for TMT-induce freezing
e 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
e 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
o What are the specific olfactory receptors for TMT-induced fear?
— About 100 receptors are possible, further refinement is important

e What is the role of the pyriform and entorhinal cortex in TMT-induced fear and
fear conditioning?

e 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
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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 (PAGdI), which are key sites that
influence innate fear and contextual conditioning. In the second section, we reviewed
how chemical stimulation of the PMd and PAGdI 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-Gomez 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-Gomez 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 (PAGdI) 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 PAGdI) may be used as a useful

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-
Gomez 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-Gomez 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

Amygdala

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,

Predator-responsive hypothalamic circuit

AHN —> PMd —>

Predator Odor « =« MEApv ——> VMHdm ——8888M888™>

locus coeruleus

Innate
dorsal PAG = - = - > Defensive Responses
to Predator Odor

Brainstem

posteroventral part; PAG, periaqueductal gray; PMd, dorsal premammillary
nucleus; VMHdm, ventromedial hypothalamic nucleus, dorsomedial part.
See text for discussion.
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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
plus maze 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 PAGdI 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 (Do Monte
et al., 2008).

In summary, as shown in Figurel, predator odors are
processed by the MEApv, which engages the medial 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 AMy, 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
GABA 4 receptor agonist muscimol blocks conditioned defensive
responses during exposure to a predator-associated environment
(Cezario et al., 2008).
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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; AMy, anteromedial thalamic nucleus, ventral part; BMAp,
basomedial amygdalar nucleus, posterior part; ECT, ectorhinal area; HF,
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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 (Figure2B). 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 PAGdI 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 48h 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
etal., 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 5 min 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; Figure3). 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 PAGdI
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
PAGdI 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 PAGdI
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 PAGdI also projects to a number
of other thalamic sites, including the nucleus reuniens, the lateral

Cortical-hippocampal-amygdalar circuit
related to fear learning
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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; AMy, anteromedial thalamic nucleus, ventral part; ECT, ectorhinal
area; HF, hippocampal formation; IL, intralaminar nuclei; LA, lateral amygdalar
nucleus; LD, laterodorsal thalamic nucleus; PAGdI, 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
etal. (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

A Conditioning Chamber

4201ux

Day 1 — Familiarization- 3min 20s
Day 2 — Conditioning— Amyl acetate (5%)
+ 5 foot-shocks, 0.4mA/2s

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%, 250 nl) was used as the olfactory CS. Five electrical foot
shocks (0.5mA, 2s, 40s 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

B Odor Box

4 lux

Day 3 — Familiarization— no CS, 10 min
Day 4 — CS1 test — olfactory CS, 10 min
Day 5 — CS2 test — Context only — no CS, 10 min

side) and an open (unroofed) compartment (right side). Retention was
tested in 10 min 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).

Frontiers in Neuroscience | www.frontiersin.org

August 2015 | Volume 9 | Article 276 | 72


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

Canteras et al.

Predator odor—neural systems analysis

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

24 h
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FIGURE 5 | Effects of dorsal premammillary nucleus (PMd)
application of the beta-adrenoceptor antagonist atenolol (ATE;
10-40 nmol; 0.3 il on the defensive behavior of rats exposed to an
olfactory conditioned stimulus (CS). The familiarization session and the
olfactory (CS1) and context (CS2) sessions (10 min 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 10 min 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; AMy,

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 10 min 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 Figure6, 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 Cddiz-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
AMyv 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 (ie., 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
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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. When mice were confronted with a mixture
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, CH3 Anal grand secretions from stoats (Mustela Crump, 1978, 1980; Crump
3-propyl-1,2-dithiolane CH3 erminea) and ferrets (M. putorius) and Moors, 1985; Sullivan
s et al., 1988a,b
S
s
Trimethylthiazoline H3C N Feces from red foxes (Vulpes vulpes) Vernet-Maury et al., 1984;
\ Wallace and Rosen, 2000;
>—CH3 Fendt et al., 2005
S
H;C

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

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

Alkylpyrazine analogs

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 km?2.
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 (6 ml 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
etal. (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 A3-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 raw meat
(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. As mentioned 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 [**C] 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 3 min 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) As—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.,
20105 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 Ca’**
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, Brechbtihl et al. (2013) demonstrated that 2-
propylthietane, TMT, and 2-sec-butyl-4, 5-dihydrothiazole elicit
freezing behavior in C57BL/6] mice 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. I 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
etal. (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. "o < 0.05, *p < 0.01, Wilcoxon
signed-rank test. Tp < 0.05, TTp < 0.01, Mann-Whitney U-test. Lower panels show typical photographs of each of the fear-related behaviors. Modified from Osada

etal. (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, Isl-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 corticosterone might 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 (Table1). 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.
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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 (>300 uM
in lion vs. <l M 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 (Brechbiihl
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 (Griineberg, 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; Brechbiihl et al., 2014) is dedicated to
the detection of volatile danger molecules from both intra and
interspecies origins such as alarm pheromones (Brechbiihl et al.,
2008; Debiec and Sullivan, 2014) and kairomones (Brechbiihl
et al, 2013b) which share heterocyclic sulfur- or nitrogen-
containing structures (Mamasuew et al., 2011; Brechbiihl et al.,
2013a,b; Hanke et al., 2013). These chemical cues initiate, in
the recipient animal, stress reactions (Brechbiihl 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, Brechbiihl et al, 2013Db), 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 (Brechbiihl 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 (Brechbiihl
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 (Brechbiihl 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 CO, 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 (0.22 um), 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 cuft/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 cuft 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 x 1cm) were placed in front of each tested mouse
without any animal contact. 100 ul 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; Brechbiihl 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 60 um film thickness (PDMS-
DVB, Supelco) inserted into the headspace of airtight 20 ml
vials (# 8010, Agilent) containing 500 pl of the urine saturated
with sodium chloride and placed on a heater (at 40°C) under
constant magnetic agitation for 30 min. 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 5 min at 250°C. The oven was set at an initial
temperature of 40°C and ran for 20 min until 250°C. The MS
was operated in the full-scan mode between 10 and 300 amu.
The column used (DB-XLB, Agilent) measured 30 m length with
a 0.25mm LD. and 0.25 um 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 (e), 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 8.285 min (RTg »g5) 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
118 mM NaCl, 25 mM NaHCO3, 10 mM D-glucose, 2 mM KCl,
2mM MgCl,, 1.2mM NaH,POy4, and 2mM CaCl, (pH 7.4)
saturated with oxycarbon gas [95% Oj: 5% COy; (vol/vol)]
under a fluorescence-equipped dissecting microscope (M165
FC; Leica). For calcium imaging experiments, acute tissue slice
preparations of the GG were performed (Brechbiihl et al., 2008,
2014). Briefly, the tip of the nose was included in a block of low
melting 4-5% agar. Coronal slices of 70 pum were 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) (5uM; 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 60 min
(37°C, 5% CO;) 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.Al, Zeiss) with a 40x objective and a
sensitive camera (Cool SNAP-HQ?, Photometrics). The software
MetaFluor (MetaFluor, Visitron Systems) was used to monitor
intracellular calcium variations and to acquire images (Brechbiihl
etal.,, 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 100 WM (Spehr et al., 2002; Brechbiihl et al., 2013a).
A short perfusion of extracellular potassium (KCl; 25 mM) 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 KCI response)
was considered as a neuronal evoked-response (Brechbiihl et al.,
2013b).

Behavioral Analysis

An open field exploration test (Bailey and Crawley, 2009;
Brechbiihl 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 12:12h light/dark
inverted cycle. Animals were trained to handling, familiar with
the test arena context (a closed Plexiglas box of 45 x 25 x 19 cm)
and to the presence of a piece of blotting paper (3 x 3cm) 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 (200 pl 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; Brechbiihl 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 500 ms
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 ¢-test or Wilcoxon
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) by measuring the elevation
of mice blood pressure with the tail-cuff approach (Figure 1A)
(Krege etal., 1995). We first challenged this method by measuring
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 11-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
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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; 1-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 in mice 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 (Ctrlgygtolic: 79-6 &= 1.4 mm Hg; Mt.
Liongysgolic: 93.7 & 3.4 mm Hg; t-test: **), diastolic (Ctrlgiastolic:
45.1 & 1.7 mm Hg; Mt. Liongjaseolic: 52.4 & 1.7 mm Hg; t-test: **)
and mean blood pressure (Ctrlpean: 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-cuft method, 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
(Table1 and Figure2). 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 (Figure2A). A
couple of compounds were previously found in predator urines
and/or shown to act as kairomones in mice (Zhang et al., 2005;
Brechbiihl 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 (Brechbiihl 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; Brechbiihl 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 (RTg 2g5; 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-
120 wM 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 2,4-1utidine 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 in mice
(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 (Brechbiihl 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 (Brechbiihl 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 KCI was used to evaluate the GG neuronal viability
(Figures 3B-E). In a total of six individual experiments (# total of
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